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Abstract. Thermohydraulic CFD code CONV was applied to the simulation of L-4 LIVE test with 
simulant melt 80 mole% KNO3 – 20 mole% NaNO3 as working liquid. Two calculations were 
performed: in the first one the homogeneous heating of liquid was assumed, in the second one the 
spiral heaters that were actually used in the test were modelled. The results of these two 
calculations were compared with each other and with the experimental data. The obtained results 
show that there is no critical difference in the heat flux distribution at the vessel wall for these two 
cases. Thus, the LIVE facility adequately represents thermal conditions of the homogeneously 
heated liquid. 


 
 


                                                           
∗ Correspondent author. 


I. INTRODUCTION 
 
The thermophysical behaviour of a corium pool in 


reactor pressure vessel (RPV) of a pressurised water 
reactor in the course of core melt down accident is of 
principal importance for the prediction of its development. 
One of the key points here is the evaluating of heat flux 
distribution along vessel wall in terms of assessing the 
possibility to remove the released heat by external vessel 
cooling. Such cooling may be considered as an effective 
accident mitigation measure.  


The main objective of the LIVE program1 at KIT 
(Karlsruhe Institute of Technology, Germany) is to 
improve the knowledge in the field of core melt 
phenomena during the late phase of a core melt 
progression in the RPV. The experiments are accompanied 
by theoretical investigations. The current phase of the 


program focuses on the investigation of the core melt 
behaviour after the relocation from the core into the lower 
plenum. The experiments are being carried out in the 
LIVE-3D facility in a hemisphere vessel with an inner 
radius of 50 cm. 


The L-4 test was performed with simulant melt 80 
mole% KNO3 – 20 mole% NaNO3 as working liquid. The 
heating power levels applied to the melt during the five 
phases of the test were 18 kW, 10 kW, 5 kW 10 kW and 
15 kW. The measured parameters were: (i) temperature 
evolution at several points inside the pool and at the inner 
and outer surfaces of the vessel wall and (ii) crust 
thickness at the inner vessel wall during the steady state 
phases. 


The analytical study was performed using the CONV 
code. CONV is a 2-D/3-D thermohydraulic CFD code for 
the simulation of heat transfer due to conduction and 
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convection in complex geometry, crust formation, etc. It 
was developed at IBRAE (Nuclear Safety Institute of 
Russian Academy of Sciences, Moscow).  


Two calculations were carried out: in the first one the 
homogeneous heating of the melt was assumed. In the 
second one the spiral heaters of the LIVE facility heating 
system were modeled. The calculated temperature 
evolution and heat flux density distribution along the 
vessel wall were in reasonable agreement with 
experimental data in both cases. The calculations 
underestimated the crust thickness. Possible reasons for 
this are discussed in the paper. 


 
II. DESCRIPTION OF THE LIVE FACILITY 


 
Core of the LIVE test facility is a 1:5 scaled 


hemispherical bottom of the RPV of a typical pressurized 
water reactor (Figure 1).  


Fig. 1. The LIVE test vessel  


 
The inner diameter of the test vessel is 1 m and the 


wall thickness is 25 mm. The material of the test vessel is 
stainless steel. To investigate the transient as well as the 
steady state behaviour of the simulated core melt, an 
extensive instrumentation of the test vessel is realized 
(Figure 2). 


 


 
Fig. 2. Scheme of LIVE test facility 


The vessel wall is equipped with 17 instrumented 
plugs (Figure 3) at different positions along 4 axes.  
 


 
 


Fig. 3. LIVE instrumentation plug 
 


Each plug consists of a heat flux sensor and 
5 thermocouples. The thermocouples are protruding into 
the melt with different distances from the vessel wall (0, 5, 
10, 15, 20 mm). To measure the temperature at the outer 
surface of the vessel wall, 17 thermocouples are located at 
different positions along 4 axes. In addition to the 
85 thermocouples of the plugs, it is possible to place up to 
80 thermocouples in the melt to measure the temperatures 
of the melt and the crust growth. 


The instrumentation of the test vessel includes also an 
infrared camera and a video camera to observe the melt 
surface, weighting cells to detect quantitatively the melt 
relocation process, and mechanical sensors to measure the 
melt crust thickness at the wall. 


The power input into the melt is recorded and melt 
samples are extracted during the tests. Different openings 
in the upper lid of the test vessel allow pouring of the melt 
to the central region or close to the perimeter of the lower 
head. To be able to investigate the crusts, which are formed 
at the wall of the vessel, the residual melt is sucked out of 
the vessel at the end of the test. 


To investigate the influence of different external 
cooling conditions on the melt pool behaviour, the test 
vessel is enclosed by a second vessel (cooling vessel) to be 
able to cool the test vessel at the outside by a cooling 
medium. The cooling medium is introduced at the bottom 
of the cooling vessel and leaves the vessel at the top. 


The volumetric heating system (Fig. 4) has to simulate 
the decay heat released from the corium melt. 
Consequently, the heating system has to produce the heat 
in the simulant melt as homogeneously as possible. 
Therefore a heater grid with several independent heating 
elements was constructed. The heating elements are 
shrouded electrical resistance wires. The maximum 
temperature of the heating system is 1100 °C. The heating 
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system consists of 6 heating planes at different elevations 
with a distance of about 45 mm. Each heating plane 
consists of a spirally formed heating element with a 
distance of ~40 mm between each winding. The heating 
elements are located in a special cage to ensure the correct 
position. All heating planes together can provide a power 
of about 18 kW. To realize a homogeneous heating of the 
melt, each plane can be controlled separately. The upper 
heating plane is located at the level of 290 mm from the 
lower point of the vessel. 


 


 
 


Fig. 4. LIVE volumetric heating system 
 
To allow transient pouring of the melt into the test 


vessel, the melt is produced in a separate heating furnace 
(Figure 5). 


 


 
 


Fig. 5. Live heating furnace 
 
 The capability of this tilting furnace is 220 l volume. 


Therefore it is possible to produce the total amount of the 
scaled oxide melt mass and additionally the total amount of 


the scaled metallic part of the simulated corium melt. The 
maximum temperature of the heating furnace is 1100 °C. 
When the melt has reached the desired pouring 
temperature, the furnace is tilted and the melt is discharged 
with a specified pouring rate into the test vessel via a 
heated pouring spout. In addition, the heating furnace is 
equipped with a vacuum pump; so it is possible to suck the 
residual melt out of the test vessel back into the heating 
furnace. In summary the LIVE facility has the following 
features: 


 1:5 scale of the lower head of a prototypic 
pressurized water reactor, 


 3-dimensional geometry, 
 furnace to heat up the melt before the pouring of the 


melt, 
 different openings in the upper lid to pour the melt at 


different positions into the vessel, 
 volumetric heating of the simulant melt, 
 17 instrumented plugs at the vessel wall to measure 


the temperature and the heat flux, 
 infrared camera and video camera at the upper lid to 


observe the melt surface, 
 vacuum pump to suck the melt out of the vessel to 


investigate the crust. 
The features allow to investigate effects that could not 


be investigated so far in other test facilities. Especially the 
combination of 3D geometry, volumetric heating and the 
possibility to realize several pouring modes, is unique. 


 
III. LIVE L-4 TEST CONDUCT 


 
In the L-4 test the non-eutectic 80 mole% KNO3 – 20 


mole% NaNO3 melt composition was used. The phase 
diagram of the KNO3-NaNO3 mixture2 is presented in 
Figure 6. The total volume of melt was 210 l (68 kg of 
KNO3 plus 324 kg of NaNO3) which corresponds to 43.5 
cm of the pool height.  


 


 
 


Fig. 6. KNO3-NaNO3 phase diagram 
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The experiment started with the melt pouring from the 
heating furnace into the test vessel with initial temperature 
of the melt was 350°C. Five heating phases were 
conducted. The planned heating powers of the heating 
phase in chronological order were 18 kW, 10 kW, 5 kW, 10 
kW and 15 kW respectively (Figure 7). Each heating phase 
lasted several hours so that the thermal hydraulic steady 
state was established at the end of each heating phase.  
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Fig. 7. Heating power 
 
The test vessel was cooled by flowing water with flow 


rate of 1.3 kg/ thus leading to nearly isothermal conditions 
at the vessel outer surface (temperatures interval was 17-
33°C). 


During the test temperatures were continuously 
measured during the test at several locations inside the 
pool and at the inner and outer surfaces of the vessel.  


The maximum Rayleigh number was estimated as 
1014. 


 
IV. THE CONV CODE 


 
CONV is 2D/3D thermohydraulic CFD code3,4 for the 


simulation of heat transfer due to conduction and 
convection in complex geometry, crust formation, etc. It 
was developed at IBRAE (Nuclear Safety Institute of 
Russian Academy of Sciences, Moscow) within the 
framework of the International RASPLAV project5 to 
validate the concept of melt confinement in reactor 
pressure vessel. Thereupon it was additionally improved 
within the ISTC #2936 Project (Modelling of Reactor Core 
Behaviour under Severe Accident Conditions. Melt 
Formation, Relocation and Evolution of Molten Pool) and 
validated on numerous thermohydraulic tests. Currently 
CONV code is under further development within on-going 
ISTC #3876 Project (Thermo-Hydraulics of Oxidising 
Melt in Severe Accidents). 


For the modelling of heat generating viscous liquid in 
a gravity field with consideration of the buoyancy force in 
a Bousinesque approximation the efficient difference 
scheme is applied to solve unsteady 2D/3D Navier-Stokes 


equations in natural "velocity-pressure" variables on fully 
staggered orthogonal grids for Cartesian coordinates. The 
Large Eddy Simulation (LES) scheme with no SGS closure 
(i.e. with implicit filtering) was realised in the code6.  


The CONV code has been qualified against the 
available analytical solutions6,7,8 and well-instrumented 
and well-defined experiments9. Recently CONV code was 
successfully applied to the simulation of the FSt4 LIVE 
test with water as the working liquid10-12. 
 


V. CALCULATIONS 
 


V.A. Task formulation 
 


One of the objectives of the calculations was to check 
if the LIVE circular volumetric heating systems adequately 
represents the homogeneous heat generation in the liquid 
pool. Since it cannot be demonstrated experimentally, one 
of the possible ways is to use the advanced computer tools, 
like CONV. Therefore, two calculations were performed 
with CONV code:  


i) assuming the homogeneous heat generation in the 
whole pool volume and  


ii) with heat generation using the spiral heaters.  
Another objective was to consider the ability of the 


CONV code to describe crust formation process during 
different phases of the test. 
 


V.B. Nodalization scheme 
 


Due to axial symmetry of the facility the 2D CONV 
version with orthogonal curvi-linear grid was used in the 
calculations. The grid was condensed near the liquid/solid 
boundary and near the upper surface of the liquid (Figure 
8). In the calculation the nodalization 201×201 was used. 
The performed investigation11 show that at such resolution 
the effect of nodalization scheme on the calculation results 
does not exceed the errors introduced by the uncertainties 
in the thermo-physical properties of considered mixture. 


 


 
 


Fig. 8. Orthogonal curvi-linear grid used in the 
calculations 
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V.C. Temperature evolution 
 


In Figures 9-11 the comparison of measured and 
calculated temperature evolution at the designated location 
(polar coordinates counted out from the geometrical centre 
of the considered hemisphere: R = 35.8 cm, ϕ=50°) in the 
bulk of liquid is given.  


Generally, the calculated temperature curves look 
similar to the experimental one. At the designated position 
the calculated melt temperature in the case of the 
homogeneous heating is lower than the experimental value, 
whereas in the case of heating by the heaters the 
calculation overestimates the temperature.  


This difference between two calculations can be 
explained in the following way. The total heating power in 
the two cases is the same, but the heat volumetric 
distribution is different. In the case of heating with the 
heaters the heat is generated only below the level of 29 cm, 
thus the heating density under the level of 29 cm is higher 
in comparison with the homogenous heating case. 
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Fig. 9. Measured and calculated temperature evolution in 
the bulk of liquid at the first phase of the test (18 kW) 
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Fig. 10. Measured and calculated temperature evolution in 
the bulk of liquid at the second phase of the test (10 kW) 
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Fig. 11. Measured and calculated temperature evolution in 
the bulk of liquid at the third phase of the test (5 kW) 


 
Consequently the melt temperature in the melt pool 


lower part is higher in the case of heating by heaters.  
Besides difference in the generated heat distribution 


the heaters represent on the one hand the heat source 
giving rise the buoyancy driven motion of liquid in the 
vicinity of a heater, and on the other hand they represent a 
kind of obstacle to the large-scale motion of liquid. All 
these factors lead to the difference in the two cases.  


As for the temperature evolution curves in the third 
phase of the test, the described tendency takes place here 
as well. However, both calculated curves lie above the 
experimental one. The overestimation of the two cases was 
more apparent due to underestimation of the  heat losses 
through technical holes in the vessel cover during the 5 
kW heating period of the experiment. Moreover the 
possible underestimation of crust thickness also leads to 
higher melt temperature in the calculation (see below).  


 
V.D. Distribution of the heat flux to the side vessel wall  


 
The comparison of the measured (at four locations) 


and calculated heat flux to the vessel wall at three phases 
of the test is given in Figures 12-14.  
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Fig. 12. Heat flux to the vessel side wall at the first phase 
of the test (18 kW) 
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Fig. 13. Heat flux to the vessel side wall at the second 
phase of the test (10 kW) 
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Fig. 14. Heat flux to the vessel side wall at the second 
phase of the test (5 kW) 


 
There is acceptable agreement between experimental 


data and calculation results at the first (18 kW) and the 
second (10 kW) phases of the test. At the same time the 
noticeable disagreement takes place between the measured 
and calculated heat fluxes at the third (5 kW) phase of the 
test.  


In the vicinity of 0º angle the experimental value is 
much higher than the calculated one, and at the positions 
between apr. 30º and 60º the calculation results exceed the 
experimental values. It should be noted that the same 
tendency takes place also at the mentioned above first and 
second phases of the test, but there it does not go beyond 
the accepted calculation and experimental uncertainties.  


Important point here is that according to the results of 
previously performed simulation of the LIVE FSt4 test11, 
one could expect gradual increase of the heat flux to the 
vessel wall with the polar angle increase. In the present 
calculations the similar result was obtained, in obvious 
contradiction with the experimental data, at least at the 
third phase of the test in the area adjacent to the 0º angle. 
This discrepancy may be the result of the measurement 
errors of one of the thermocouples located at the inner 
vessel surface. One should also take into account that the 
temperature difference between inner and outer surfaces of 


the vessel during the test is quite small (several degrees), 
so relatively small TC error led here to such a noticeable 
effect. 


The difference between the two calculation results is 
quite comparable with the uncertainty of the experimental 
data at the first two phases of the test. At the lower pool 
angles the first (homogeneous calculation) curve exceeds 
the second (heaters). At the pool angle range from 20º-35º 
(depending on the test phase) to 65º the second calculation 
result exceeds the first one; at the angles above 65º one has 
once again opposite picture. Such heat flux distribution 
corresponds to the difference in heat release distribution 
considered in the two calculations. 


Generally, the obtained results show that there is no 
critical difference in the heat flux distribution at the vessel 
wall for these two cases, indicating that the LIVE facility 
adequately represents thermal conditions of the 
homogeneously heated liquid. 
 


V.E. Crust thickness  
 


In Figure 15 the comparison of the calculated crust 
thickness at the first and third phase of the test and the 
experimental data is presented.  
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Fig. 15. Measured and calculated crust thickness 


 
One can see rather high underestimation of the crust 


thickness value especially at the third (5 kW) phase of the 
test. Obviously, this fact is directly connected with the 
discrepancy between the measured and calculated heat 
fluxes at the corresponding pool angles (see Fig. 12): the 
lower the heat flux, the lower the temperature of the melt 
and consequently, the higher the crust thickness at the 
considered location.  


One can say that the calculation results with respect to 
heat flux distribution and crust thickness are in good 
correspondence with each other; the analogous 
experimental data also well correlate. At the same time, 
there is substantial disagreement between the calculation 
results and experimental data especially concerning crust 
thickness.  
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Due to dependence of the crust structure and porosity 
on cooling conditions and temperature, the thermal 
conductivity of the crust changes during the test  The 
original calculations were performed assuming crust 
thermal conductivity equal to 0.15 W/m·s. This value was 
estimated using temperatures measured at the outer and 
inner vessel wall surfaces (by knowing thermal 
conductivity of the vessel material (Steel 316Ti) this gives 
the value of the heat flux) and at several points inside the 
crust layer adjacent to the vessel wall inner surface.  


 Additional calculation has been performed with crust 
thermal conductivity equal to 0.42 W/m·s. The calculated 
crust thickness curve (blue line in Fig. 15) is located 
higher, but still much lower than the experimental points. 
So, the uncertainty in the crust thermal conductivity value 
cannot completely explain the disagreement between the 
calculation and experiment results.  


Among possible reasons leading to this disagreement 
may be the fact that current CONV version is able to 
consider only eutectic composition of the melt. Thus, the 
effect of two-phase zone between the crust and the melt is 
not accounted for. The possible gap between the crust and 
vessel wall is not considered and it may also affect the 
results. 


Coming back to Figure 15 one should pay attention to 
the parts of the blue curve marked with the arrows: these 
bents are due to the heaters presence. 


In Figure 16 the comparison between the crust 
thicknesses measured at the first phase of the test and at 
the end of the test as well as the calculated crust thickness. 
At the end of the test, when the power was turned off the 
melt was extracted out of the vessel by the vacuum pump 
rather fast – during 90 seconds. Thus, post-test 
measurements of the crust thickness correspond to last 
phase of the test, when the power was close to the one in 
the first phase.  
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Fig. 16. The comparison between the crust thicknesses 
measured at the first phase of the test and at the end of the 


test as well as the calculated crust thickness  
 


The calculated curve lies lower the results of the 
measurements in correspondence with the previously 


discussed (Figure 15). Noticeable is rather high difference 
between two experimental data sets. The different crust 
thickness during same heating power is mainly a result 
from the filling of gap at crust/vessel interface. 


 
VI. SUMMARY AND CONCLUSIONS 


 
The calculations for the LIVE L-4 experiment were 


carried out with the CFD code CONV. Two calculations 
have been performed:  


i) with assuming homogeneous heat generation in the 
liquid and  
ii) with accounting for wire heaters.  
Though the results of calculations demonstrate 


satisfactory agreement with the experimental 
measurements, in the first case the temperatures were 
underestimated. In the second case the code tends to 
overestimate the temperatures. This may be explained by 
the difference of the generated heat distribution in the two 
cases: the considered thermocouples were located in the 
lower part of the pool where the heaters were situated. 


The calculated values of the heat flux through the 
vessel wall are higher in the case with heaters in the angle 
range 25-65° compared to the case with homogeneous 
heating and lower at the angles above 65° due to the 
difference of the generated heat distribution in the two 
cases. However, taking into account the experimental 
uncertainties in determination of the heat flux, it can be 
concluded that the LIVE facility adequately represents 
thermal conditions of the homogeneously heated liquid. 


The obtained discrepancy between calculated and 
measured heat fluxes at the 5kW phase of the test in the 
area adjacent to the 0º angle may be the result of the 
measurement errors of the thermocouple at the vessel 
lower part. 


The code substantially underestimated the crust 
thickness in comparison with the experimental data. Due to 
dependence of the crust structure and porosity on cooling 
conditions and temperature, the thermal conductivity of the 
crust changes during the test and that can affect the results. 
Among other reasons leading to this disagreement may be 
the fact that current CONV code version is able to consider 
only eutectic composition of the melt. Thus, an effect of 
two-phase zone between the crust and the melt is not 
accounted for.  
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Abstract 
 
Installation,  Operation, Licensing, Maintenance and Decommissioning of a new Nuclear Power Plant (NPP) is the most 
critical challenge for any organization/country. This becomes even more critical for countries, who are intending to embark 
on  Nuclear Power Program  for the first time. Operation and Regulatory Supervision of NPP’s requires highly skilled 
professionals with sufficient amount of Knowledge, Skills and Attitude. This type of specialized knowledge requires many 
years of studies in renowned educational institutes and On the Job Training (OJT) in reputed and experienced  organizations.   
Nuclear Regulatory Body and Nuclear Operating Organization require different kinds of competencies, based upon their 
scope of work. However, required competencies will only be achieved if organization/country follow Systematic Approach to 
Training (SAT).  This paper also highlight different training programs & strategies for regulatory body of countries 
embarking on NPP.  
This paper describes the development of human resources, establishment of training infrastructure and an overview of the 
training activities in Pakistan. This paper summarizes the methodologies adopted for the induction of new technical staff, 
their competency development through a sustainable education and training programme in the fields of nuclear safety and 
radiation protection consistent with good international practices. 
 


I. INTRODUCTION 
 


Regulatory oversight of Nuclear Power Plant (NPP) 
and  radiation facilities require personnel with 
comprehensive  knowledge and skills. Development of 
competent manpower for regulatory oversight needs a lot 
of resources, top management commitment and 
considerable amount of time. This becomes even more 
crucial for the regulators of the countries embarking on 
nuclear power for the first time.  To meet the 
organizational objectives, mission and to attain right 
knowledge, skills and attitude, organizations need to hire 
suitable technical persons and develop comprehensive 
training plan for each employee along with Systematic 
Approach to Training (SAT).1 
 


II. IMPORTANCE OF HUMAN RESOURCE 
DEVELOPMENT 


 
After Chernobyl and Three Mile Island (TMI) 


accident, it was unanimously agreed that some measures 
must be taken to ensure nuclear safety and avoid such 


accidents in future. In this regard, first international legal 
instrument termed as “Convention on Nuclear Safety 
(CNS)” was signed by various IAEA Member States for 
the safety of nuclear power plants worldwide. This was 
adopted on 17 June 1994 with one of the objective “to 
achieve and maintain a high level of nuclear safety 
through enhancement of national measures and 
international co-operation including, where appropriate, 
safety-related technical co-operation. Article 11.2 of the 
CNS states that: 
 


“Each Contracting Party shall take appropriate steps 
to ensure that sufficient numbers of qualified staff with 
appropriate education, training and retraining are 
available for all safety-related activities in or for each 
nuclear installation, throughout its life.” 
 


Competency development of regulatory bodies and 
operating organizations is documented in a number of 
IAEA documents. Special emphasis on regulatory 
competence is mainly provide in the following IAEA 
documents: 
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• IAEA GS-R-1 Part 1, Governmental Legal and 
Regulatory Framework for Safety 


• IAEA GS-R-3, Management System for 
Facilities and Activities 


• IAEA GS-G-3.1, Application of the 
Management System for Facilities and Activities  


• IAEA GS-G-1.1, Organisation and Staffing of 
the Regulatory body for Nuclear Facilities 


• IAEA NG-G-3.1, Milestones in the Development 
of a National Nuclear Power Infrastructure 


• IAEA NG-G-2.1, Managing Human Resources 
in the field of Nuclear Energy 


• IAEA-TECDOC-1254, Training the staff of the 
regulatory body for nuclear facilities:  A 
competency framework 


• IAEA Guidelines on Systematic Assessment of 
Regulatory Competence Needs (SARCON) 
 


III. REGULATORY FUNCTIONS 
 


Regulatory bodies are established to ensure nuclear 
safety, radiation protection, transport and waste safety. 
Main functions of a regulatory body as identified in IAEA 
GSR Part 1 [4] and GS-G-1.1 [5]6,7 are: 
 


• Development of Regulations and Guides 
• Authorization 
• Review and Assessment 
• Inspection and Enforcement 


 
In addition to  main functions,  Regulatory Bodies 


(RB’s) have to perform some supplementary functions. 
Examples of such supplementary functions are: 
 


• Co-ordinating and monitoring Research and 
Development 


• Emergency Preparedness 
• International Co-operation 


 
Initially countries embarking on NPP can develop 


their human resource in one or two functions like 
Development of Regulations & Guides and Authorization 
and can take help from other member states in Review & 
Assessment and Inspection & Enforcement. All the other 
core functions mainly depend upon organization’s 
regulations and guides. Member states can adopt IAEA or 
any member states’ regulations in toto or they can make 
necessary amendments to discharge their regulatory 
duties. 
 


Regarding supplementary functions, these can be 
assigned to the groups dealing with core or main function 
and later on as separate department. 


In order to perform main and supplementary 
functions by staff members, they need to develop proper 
competencies. These competencies can be developed 
through different training courses and workshops. To have 
a clear picture about what type of different training 
courses are required by the staff, they need to carry out a 
comprehensive Training Needs Assessment (TNA). 
 


IV. TRAINING NEEDS ASSESSMENT (TNA) 
 
Training Needs Assessment is systematic approach 


for identifying the competency level for the technical staff 
of RB. In this regards, IAEA issued  TECDOC 1254, 
“Training the staff of the regulatory Body for Nuclear 
Facilities: a competency framework”. This TECDOC 
briefly explains methodology for competency assessment, 
training methodologies, international best practices etc. 
Also this TECDOC provides four quadrant competency 
model to map the existing and desired competencies 
required by the staff of RB’s.2 The four-quadrant model is 
given in Fig. 1. 


 
Fig. 1: Four quadrant competency model for regulatory 


body 
 


A regulator needs four types of competencies, legal 
basis and regulatory process competencies, technical 
discipline competencies, regulatory practices 
competencies and personal and interpersonal effectiveness 
competencies. Legal basis competency is divided into five 
main areas like legal basis, regulatory process, regulatory 
guidance documents, license and licensing documents and 
enforcement process. These competencies are required to 
enable the staff of the RB o have a complete 
understanding of the organization’s legal documents and 
to perform licensing and enforcement actions. Technical 
discipline competencies are grouped in three areas, basic 
technology, applied technology and specialized 
technology. Basic technology is the knowledge of science 
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and engineering fundamentals in any particular field. 
Applied technology is the knowledge and ability to apply 
engineering and science concept in nuclear filed. 
Specialized technology includes competencies related to 
specialized areas such as reactor physics, probabilistic 
safety assessment (PSA), accident analysis, fuel 
neutronics etc. These competencies are required to apply 
basic knowledge in daily activities like licensing and 
inspection and specialized knowledge to carryout review 
& assessment of technical documents.  Regulatory 
practices competencies are grouped in four areas; safety 
focused analytical techniques, inspection techniques, 
auditing techniques and investigation techniques. Personal 
and interpersonal effectiveness competencies are grouped 
in five areas; analytical thinking, problem solving and 
decision making, personal effectiveness, communication, 
team work and management. These competencies are 
required by the regulators to be more effective and 
productive in their job. 
 


VI.A TNA STEPS 
 


To carry out TNA activity by any RB, following 
steps are involved: 
 


a) Identification of the desired competency of 
various groups 


b) Identification of the existing competency of 
various groups 


c) Conducting gap analysis to determine the 
training modules for personnel working in 
specific groups depending on their job 
responsibilities 


d) Identification of the training needs of every 
individual 


e) Finalized Training Modules 
f) Individual Training Plan 
g) Strategies and action plan 


 
To carry out this activity at PNRA, above mentioned 


steps were followed. Initially, to identify the desired 
competencies, a questionnaire was developed and 
Directors/PD’s of the concerned group were requested to 
identify the competency requirements of senior, 
intermediate and junior officers for their groups. 
Classification of different positions was based upon years 
of service at PNRA. Next step was the identification of 
the existing competency level of officers, and for this 
purpose the same questionnaire was used. Results of both 
questionnaires were compared and negative gaps were 
identified. Negative gaps mean existing competency level 


is less than required competency level and positive gap 
highlighted that existing competency is higher than 
required. To enhance the competency level of each 
employee, different training programs were identified. 
Accordingly a training plan was developed and training 
strategies were identified. As training of a particular 
officer and his competency development takes 
considerable amount of time, so in order to ensure 
availability of specific competencies, different hiring 
strategies were also used at PNRA.  
 


TNA methodology applied by PNRA is reflected at 
Figure 2. 
 


 
Fig. 2: PNRA TNA Methodology 


 
V. TRAINING MODULES FOR REGULATORY 


BODY 
 
Once the gaps are identified, it’s time to identify 


training modules to fill these competency gaps. As 
different types of competencies are required by each 
function of RB, so different courses are required. 
However, some courses are common for many functions. 
At PNRA, for each group, TNA was conducted and 
different training courses were identified. However, as a 
guideline, generalized training modules identified for 
Center for Nuclear Safety responsible for safety analysis 
and review & assessment are shown at Figure 3(a) and 
specialized training modules are identified at Figure 3(b). 
These courses are basically grouped in to two sections, 
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one is generalized and some of the courses are for every 
staff member, however the other one is specialized and is 
for only members of the relevant group. These training 
courses are grouped for Junior level, intermediate level 
and senior level officers. Junior level officers include 
those, who are working at PNRA for less than 5 years. 
However, intermediate level officers include officers 
working at PNRA for more than 5 years but less than 12 


years and senior are the officers having more than 12 
years of experience. As seniors are working for long time, 
so they commonly develop necessary technical skills, 
however they need to develop managerial and leadership 
skills, that’s why in their quadrant all course are related to 
interpersonal skills. 
 


 


 
Figure 3 (a): Generalized Training Courses 
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Figure 3 (b): Specialized Training Courses 


 
VI. MANPOWER HIRING STRATEGIES 


 
For hiring of suitable persons, different strategies can be 
sued. Some of the common strategies used at PNRA are: 
 


• Hiring fresh graduates (Engineers, Scientists, 
Business Professional, and Lawyers etc.) 


• Hiring experienced personnel 
Fresh graduates are commonly hired on regular basis 


to meet future needs of human resources. In this regards, 
two approaches are being used. One approach is hiring 
fresh graduates and train them and second is to send them 
to Pakistan Institutes of Engineering & Applied Sciences 
(PIEAS) and Karachi Institute of Nuclear Power 
Engineering (KINPOE) for post graduation in Nuclear 
Engineering, System Engineering and Medical Physics 
etc. Experienced personnel are also hired to fill the 
competency gaps in specific areas. Hiring strategies 


adopted by Pakistan Nuclear Regulatory Authority are 
given in Fig. 4. 


 


 
Fig. 4: Hiring Strategies by PNRA 


 
To perform its core regulatory functions, PNRA has 


hired engineers (Nuclear, Electrical, Mechanical, Civil, 
Chemical, Electronics, Mechatronics and Environmental 
etc.), scientist (Medical Physics, Chemistry, Physics and 
Geo-Physics) and Lawyers. For its supports functions, a 
number of IT professionals and business professionals 
have also been hired. In some of the specific fields, 
experienced engineers are also recruited with on the job 
experience like metal and material testing, 
instrumentation & control and electrical systems of a 
conventional power plant to fill competency gaps. 
 


VII. TRAINING TECHNIQUES 
 
A number of training techniques are being widely 


used worldwide. As a guideline for countries embarking 
on nuclear power, some of the common techniques used 
by PNRA are as follows: 


 
• Internal classroom training 
• External classroom training 
• Distance learning, using manuals, computers, 


TV, films and videos, etc. 
• Laboratory training, such as instrument use 
• On the job training (OJT) 
• Role Playing 
• Coaching and mentoring 


 
VIII. EVALUATION OF EFFECTIVENESS OF 


TRAINING 
 


To ensure the effectiveness of training courses, 
different methods are used by almost every organization 
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in the world. At PNRA, following methods are being 
effectively used:  
 


• Written examinations 
• Oral examinations 
• Performance assessments 
• Computer based tests 
• Supervisor/Peers/Subordinate feedback 


 
To assess knowledge level of the training 


participants, examinations & tests should be conducted at 
the end of each training phase. As a guideline, 
qualification requirements used by PNRA for evaluation 
are as follows: 
 


1) 70% pass marks for engineers. 
2) 60% pass marks for technicians. 
3) 70% pass marks for simulator training. 


 


IX. INFRASTRUCTURE DEVELOPMENT 
 
After a thorough TNA, member state should focus on 


development of infrastructure for training and education 
of RB staff. It is not possible to invite training experts 
from other organizations or IAEA always, so they need to 
develop their own trainers along with proper 
infrastructure. Same strategy was used by PNRA and a 
full fledge School for Nuclear & Radiation Safety (SNRS) 
was established. In the mean time, competencies of staff 
were developed. At present, SNRS is in such a state that 
comprehensive class room and on the job trainings can be 
imparted to countries embarking on NPP’s. 
 
 In this regards, Infrastructure developed at PNRA for 
training and development of staff and stakeholders 
contains following: 
 


1) Class rooms/Lecture halls 
2) Training Labs and Equipments 
3) Softwares 
4) Nuclear Power Plant (NPP) Simulator 
5) Library 
6) Education Aids, etc. 


 
At PNRA, initially senior staff of the organization 


trained their young employees in different areas of 
nuclear safety, radiation safety and regulatory control, 
however for long term capacity building of the staff, in-
house training center and trainers are developed.   
 


Almost in every country, some of training facilities 
are available, but for training of nuclear related personnel, 


they need specific equipments, like physical models of 
NPP, NPP simulator, radiation protection labs etc. Also to 
carry out safety analysis, different software/codes are 
required like MELCOR, Relap and SAPP etc. During 
infrastructure development, next step would be resource 
person’s selection and their training, especially through 
Training of Trainers (TOT) programs. In the initial stages, 
resource persons can be outsourced from countries 
running nuclear power plants and IAEA.  


 
X. CONCLUSION 


 
Regulatory Body personnel require a set of competencies 
and it is very much important that these competencies be 
developed by a systematic approach. In order to develop 
specific competencies, RB need to carryout 
comprehensive TNA activity. TNA methodology provides 
systematic approach of competency assessment and 
development. If this approach is used in a right manner, 
results will give actual competency level of staff and will 
save the time. The results obtained through this 
methodology can be benchmarked with other RB’s for 
improvement. Organization need to assess their 
competency level periodically to find out the actual 
competency gaps and work accordingly to fill those gaps. 
The most important thing is top management commitment 
for providing necessary resources and infrastructure for 
development of highly competent manpower, otherwise 
this will be a useless effort. 
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PNRA Pakistan Nuclear Regulatory Authority 
RB   Regulatory Body 
SNRS School for Nuclear & Radiation Safety 
SAT  Systematic Approach to Training  
TNA  Training Needs Assessment 
TOT Training of Trainers  
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Abstract – “Deliberately small” nuclear reactors are making their way on the market, not as a 
mere shift backwards to the small scale of first commercial reactors, but as concepts designed to 
foster modularization, simplification and serial production. They are proposed by manufacturers 
worldwide (SMART, 4S, SSTAR, mPower, Nuscale, etc.) and are also intended to address 
developed electricity markets. The idea of an economic attractiveness of Small and Medium sized 
Reactors (SMR) is counterintuitive, due to the loss of Economy of Scale on a capital intensive 
investment. Nevertheless a broader understanding of capital costs drivers has shaped a new 
concept of Economy of Multiples, that applies on multiple NPP deployment. It relies on  learning 
accumulation to mitigate construction costs of later NPP units; design modularization to exploit 
the benefits of “serial” production; co-siting economies to decrease the incidence of fixed and 
site-related costs. We assume that smaller NPP size fosters design modularization and 
simplifications, with related cost savings. While the effect of modularization on construction costs 
has been modeled, the estimation of design-based savings may be the upmost arbitrary and 
controversial, but the underlying assumption is that the lower the plant size, the higher may be the 
“Design cost-saving factor”. 
The dynamic and benefits of the Economy of Multiples of SMR have already been investigated on 
a case study of a stand-alone Large Reactor (LR) against four SMR deployed on a single site. The 
two alternative investment projects have been evaluated on their economic performance and 
profitability. 
But Economy of Multiples is not a privilege of SMR. This work aims to analyze at what extent and 
conditions the Economy of Multiples holds against the Economy of Scale, when NPP of different 
sizes are deployed in multiple units, considering that the Economy of Multiples smoothes its 
benefits with the increase in number of units installed and that the maximum size of the sites is a 
limit to its application on LR. The limit case-study of “Very Small Reactors” (VSR) is investigated, 
representing a massive NPP deployment and a huge loss of Economy of Scale. 
Our analysis is performed by mean of INCAS (INtegrated model for the Competitiveness Analysis 
of Small-medium modular reactors) Polimi’s proprietary simulation code. Scenario simulations 
are run managing the Design cost-saving factor of each SMR fleet size as a parameter; its value is 
calculated in order to achieve the same level of economic performance of LR investment scenario. 
In other words we have determined the required design simplification effort needed by each NPP 
size, in order to attain the economic performance of the equivalent LR deployment scenario. 
Our results show that the Economy of Multiples holds as a competitive edge for Medium and 
Small Reactors  even when nuclear site may host multiple LR: 8-9% design cost saving is able to 
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grant the same economic performance of a fleet of LR, even with higher construction cost 
estimates. On the contrary, VSR need to achieve more stretching degree of design simplification 
and related cost savings (up to 15%) in order to be competitive with LR.   


 
 


I. INTRODUCTION 
 
 
The so-called “nuclear renaissance”  is taking place in 


USA and Europe in a changed framework, as compared to 
the first nuclear commercial era. In the nineties, the USA 
regulatory process has tackled  market competition in the 
power generation sector. In the same decade, Western 
Europe countries undertook the privatization of the public 
utility industry (with the exception of the questioned case 
of France). 


Today, submitted to the laws of financial markets, the 
management of the utilities is compelled to take cost-
effective decisions and strategies from a financial and 
operating perspective. Investment strategies has to be 
optimized respect to limited financial resources.  


The nuclear investing characterizes as a capital-
intensive process, with long pay-back times and therefore a 
risky profile as compared to the short-term needs of private 
operators (IAEA, 2008). Financial risk is covered by 
higher cost of capital that translates into higher LUEC 
(Chicago, 2004). For some investors, the capital 
investment effort in big generating units may even be 
unaffordable: capital-at-risk and up-front investment need 
to be curbed by smaller utilities or state-owned operators 
of emerging countries. 


In this context, new NPP concepts, as the 
“Deliberately small reactors”, are being conceived and 
proposed to the international market, against the trend of 
power units’ capacity increase, that took place in the first 
nuclear civil era (Ingersoll, 2009). These concepts 
challenge the Economy of scale paradigm, while offering 
innovative features in term of design modularity, passive 
safety and simplification (Carelli et Al., 2007). Besides 
from their fit to isolated, small markets with smaller 
electricity grids, they may also represent a suitable 
investment option for operators in developed markets, 
allowing a modular approach to the nuclear investing and 
flexible respect to cogeneration uses. 


 
II. EXECUTIVE SUMMARY 


 
Previous researches confirm that economic 


competitiveness of multiple SMR relies on: plant 
modularization, learning process in the construction and 
assembling, multiple units economies on fixed costs, 
design simplification and enhancement (Carelli et Al., 
2010). Furthermore, shorter construction and pay back 
times of SMR relieve the investment capital exposure. 


In particular, plant modularization and design 
simplification are fostered by lower output and plant’s size 
(Reid, 2003). The former leads to cost-savings by higher 
incidence of “serial” factory fabrication; the latter accounts 
for further cost savings due to smaller amount of 
components and more efficient layout and supply chain 
solutions and is synthesized in the so-called “Design 
saving factor” .  


Hence smaller NPP have features that allow to 
partially compensate for their loss of Economy of scale 
and recover economic competitiveness against larger, stand 
alone units, with the same power installed (Boarin and 
Ricotti, 2009). 


In this work INCAS compares the deployment of NPP 
fleets of different reactor sizes, considering the Design 
saving factor as a parameter in the economic 
competitiveness analysis. Balancing the economic 
performance of each different reactor fleet with the LR 
reference fleet, the model is able to provide the Design 
saving factor as the degree of design enhancement 
necessary for smaller reactor concepts to compete with LR. 


Results show that Economy of Multiples intervene to 
balance the loss of Economy of Scale of SMR in the lower 
bound of construction cost estimate. When higher 
construction costs are considered, the loss of Economy of 
Scale has higher incidence and different reactor size fleets 
display different capability to recover it. Very Small 
Reactor plants need challenging target design 
simplifications and enhancements to compensate it. 


Simulations results show that Medium Reactors (MR) 
and Small Reactors (SR) economic performances are very 
similar: SR enjoys high benefits from modularization cost 
savings that fully compensate higher loss of Economy of 
Scale. Nevertheless, when sensitivity analysis is performed 
against more conservative models for capital cost factors, a 
gap opens between economic performance of SR and MR, 
the former being penalized and MR behaving like a robust 
option against model’s uncertainty. 


 
III. METHODOLOGY AND MODEL 


 
INCAS cost model is based on a top-down estimation 


approach, where capital cost of smaller NPP is derived 
from a stand-alone LWR unit construction cost, assumed 
as a reference, with its output size. Construction costs are 
adjusted by mean of capital cost factors that account for 
the so-called “Economy of Multiples”: learning process in 
building and assembling, modularization of the reactor 
concept, fixed costs sharing by multiple units on the same 
site. Finally, specific design enhancement and 
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simplification allowed by smaller NPP are synthesized in a 
Design saving factor that further reduces overnight 
construction costs.  


Learning is a two-variable function that calculates 
construction cost saving factor depending on the number 
of NPP units of the same type already built on the same 
site (on-site learning) and worldwide (extra-site learning). 
Like GEN IV model for learning calculation, INCAS 
accounts for learning accumulation in equipment 
assembling, material handling and human labour. Learning 
process in these areas evolves with different pace either the 
assembling and construction activity is run on the same site 
or has been previously run elsewhere in the world. On-site 
learning on equipment assembling activity allows 6% cost 
saving at each doubling of power installed; on-site learning 
on material handling and labour account for 10% and 8.5% 
cost saving respectively, at each doubling of the power 
installed (Locatelli, 2006). Learning on material handling 
is not exportable extra-site. Model sensitivity is run with 
5% comprehensive on-site cost saving at each doubling of 
power installed on the same site (Fig. 1). For the purpose 
of this analysis we assume no prior learning from 
worldwide building  of reactor plants. 


 
 


 
  
Fig. 1. INCAS Default learning factor curve, depending on 


number of NPP already built worldwide (W) and sensitivity 
curve. 


 
Modularization curve assumes capital cost reduction 


for modular plants, based on the reasonable assumption 
that the lower the NPP size, the highest is the degree of 
design modularization; sensitivity analysis suggests to 
explore a curve with smoother decrease in unit cost below 
200MWe (Fig. 2). 


 
 


 
 
Fig. 2. INCAS Default modularization factor curve and 


sensitivity curve. 
 
Multiple units saving factor shows progressive cost 


reduction due to fixed cost sharing among multiple NPP on 
the same site, until an asymptotic value of 14% for the cost 
saving factor of the nth unit. Sensitivity concerns a more 
conservative case with 10% asymptotic saving (Fig. 3). 


 


 
 
Fig. 3. INCAS Default multiple units factor curve and 


sensitivity curve. 
 
Learning, Modularization, Multiple unit and Design 


factors allow smaller NPP to recover from loss of 
Economy of Scale (Fig. 4), which is modeled through the 
traditional Eq. (1). 


 
Sf = (PWR2/PWR1)(x-1)  (1) 
 
Where PWR2 is the variable reactor power, in MWe, 


and PWR1 is the size of a reference LWR, in MWe; x = 
0.62 is the scale exponent. Sensitivity is run on a 0.68 
exponent, that represents a lower penalty on smalle 
units’costs. 
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Fig. 4. INCAS Default scale factor curve 
 
It may be argued that “Economy of Multiples” is not a 


prerogative of SMR; in this work multiple LR are 
compared to multiple SMR scenarios to investigate the 
differential incidence of the above mentioned capital cost 
factors. For this purpose, we consider different reactor 
plants’ sizes, ranging from 50 to 1500MWe and simulate 
the deployment of multiple NPP units on a multi-site 
scenario, to attain the same 8.1GWe of generation capacity 
installed.  


The comparative economic performance of each NPP 
fleet investment project is analyzed by mean of INCAS 
Polimi’s proprietary simulation code (Boarin and Ricotti, 
2010). 


Nevertheless, Design saving factor may represent the 
upmost controversial parameter, very specific to the real 
NPP concept design. In a top-down approach it is provided 
by “expert elicitation” and may be biased by subjective 
evaluation. A more reliable estimation of Design factor 
may be obtained by a bottom-up approach that accounts 
for specific and detailed design references.  


Without a specific design reference for each NPP size 
and without the knowledge of detailed design NPP 
concepts, we consider the Design factor as an output 
variable of the model, which is set to equal the economic 
performance of each SMR fleet to the reference 
1,000MWe NPP fleet. 


As a consequence, this paper provides a useful 
estimation of what should be the design enhancement 
degree for each SMR size, in order to be economically 
competitive with the reference 1000MWe LWR. The 
degree of design enhancement and simplification necessary 
to make SMR competitive with LR represent a sort of 
“target” design cost-saving factor to attain in the plant 
concept engineering. 


Internal Rate of Return (i.e. IRR) of each investment 
project in a given reactor fleet is assumed as key indicator 
of economic performance (Hayns and Shepherd, 1991 and 
Oxera, 2005). 


Sensitivity of results to INCAS capital cost model 
parameters is tested and discussed. 


 
 


IV. INPUT TO THE MODEL 
 


In this work we consider the deployment of 9GWe of 
nominal power (8,100MWe generation capacity) in 15 
years, by multiple NPP of different LWR sizes multiple 
sites and perform the investment financial appraisal to 
evaluate the economic competitiveness of each scenario. 


We consider site size of total 4,500MWe installed and 
a “small site” of 1,000MWe to represent the opposite 
situation of a country with large availability of land, 
resources for site-cooling and power grid capacity, and an 
emerging power market or a country with a high density of 
population and limited grid capacity, like Italy. 


We analyze fleet of “Very Large Reactors” (VLR, 
1,500MWe), “Large Reactors” (LR, 1,000MWe), “Medium 
Reactors” (MR, 350MWe), “Small Reactors” (SR, 
150MWe) and “Very Small Reactors” (VSR, 50MWe). 
VLR may not be deployed on small 1,000MWe site 
scenario. 


Total power installed is attained through the 
deployment of a different number of NPP on a different 
number of sites, depending on the plant size (Fig. 5 and 
Fig. 6). 


 
NPP power num. NPPs num. Sites site1 site2 site3


tot Mwe
installed


Capacity 
Factor


tot Mwe
generated


1500 3 2 plants 3 3 ‐
Mwe 4500 4500 ‐ 9000 90,0% 8100


1000 9 3 plants 3 3 3
Mwe 3000 3000 3000 9000 90,0% 8100


350 26 3 plants 13 13 ‐
Mwe 4550 4550 ‐ 9100 89,0% 8100


150 60 2 plants 30 30 ‐
Mwe 4500 4500 ‐ 9000 90,0% 8100


50 180 2 plants 90 90 ‐
Mwe 4500 4500 ‐ 9000 90,0% 8100  


 
Fig. 5. NPP deployment on large sites (4,500MWe). 


 
NPP power num. NPPs num. Sites site1 site2 site3 site4 site5 site6 site7 site8 site9


tot Mwe
installed


Capacity 
Factor


tot Mwe
generated


1000 9 3 plants 1 1 1 1 1 1 1 1 1
Mwe 1000 1000 1000 1000 1000 1000 1000 1000 1000 9000 90,0% 8100


350 26 5 plants 3 3 3 3 3 3 3 3 2
Mwe 1050 1050 1050 1050 1050 1050 1050 1050 700 9100 89,0% 8100


150 60 4 plants 7 7 7 7 7 7 7 7 4
Mwe 1050 1050 1050 1050 1050 1050 1050 1050 600 9000 90,0% 8100


50 180 4 plants 20 20 20 20 20 20 20 20 20
Mwe 1000 1000 1000 1000 1000 1000 1000 1000 1000 9000 90,0% 8100  


 
Fig. 6. NPP deployment on small sites (1,000MWe). 
 
Deployment schedule is simulated to attain a uniform 


power installed rate over the period on each site. 
SR and VSR units are considered as stand-alone NPP 


able to operate individually and independently each other: 
this assumption is questionable if the need of common civil 
work infrastructures is considered and the option to serve 
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with the same turbine generator a block of multiple nuclear 
islands.  


Electric power installed rate results as in Fig. 7 and 
Fig. 8. 


 


 
 
Fig. 7. Electric power installed rate on large sites 


(4,500MWe) 
 


 
 
Fig. 8. Electric power installed rate on small sites 


(1,000MWe) 
 
Overnight construction costs are assumed in the range 


of 3,000-5,000€/kWe for a FOAK LR of 1,000MWe and 
scaled for SMR through the application of appropriate 
capital cost factors (see par.3, “Methodology and Model”). 


Interest expenses during construction period are 
capitalized in the amount of loan outstanding. 


Assumptions on specific reactor data and on 
investment scenarios are summarized in Tab. I and Tab. II. 


 
TABLE I 


Reactor-specific assumptions 


Reactor VLR LR 
 


MR SR VSR 


Power [MWe] 1,500 1,000 350 150 50 
O&M [€/MWh] 9.5 9.5 11.4 11.4 11.4 
Fuel [€/MWh] 5.5 5.5 5.5 5.5 5.5 
D&D [€/MWh] 1.4 1.4 2.8 3 3 
Constr. duration [y] 5 4 3 3 2 


 
TABLE II 


Investment-specific assumptions 


Cost of Equity [Ke, %] 15 
Financing mix [E/(E+D), %] 50 
Debt amortization period [y] 15 
Cost of Debt [Kd, %] 8 
Constr. costs escalation [%/y] 2 
Inflation [%/y] 1.6 
Electricity price [€/MWh] 70 
Electricity price increase [%/y] 2 
Depreciation fixed assets [y] 12.5 
Tax rate [%] 35 


 
V. LARGE AND SMR COMPARATIVE 


PERFORMANCE 
 


Economic performance of each NPP fleet has been 
first calculated assuming no design-related savings (i.e. 
100% Design saving factor), in order to appreciate the gap 
between larger reactor and smaller NPP fleets profitability. 
Given our scenario assumptions, we may conclude that 
economy of multiple alone is not able to overcome the loss 
of Economy of Scale for smaller plants, without any design 
related enhancements and further cost saving. 


 


 
 


Fig. 9. Investment profitability with large sites and different 
sized NPP fleets 


 


 
 


Fig. 10. Investment profitability with small sites and 
different sized NPP fleets 


 
Clearly, the lower the reactor size, the lower is the 


profitability. It is interesting to see how MR and SR 
performance is similar. This is mainly accounted by the 
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great gain in modularization attained by 150MWe as 
compared to 350MWe. On the basis of INCAS model’s 
modularization curve, modularization saving factor for SR 
is as low as 73.7% (i.e. 26.3% cost savings), whilst MR’s 
is 87.5%. Modularization curve decreases very sharply in 
the range of smaller NPP (Fig. 2). Thus, 60 SR units 
benefit from much higher degree of learning and 
modularization as compared to 26 MR plants. Loss of 
Economy of Scale in the output range of VSR is too huge 
to let them recover competitiveness, despite of even higher 
cost savings from modularization (Fig. 9 and Fig. 10). 


Different investment profitability is reflected in cost-
effectiveness of each reactor fleet, accordingly (Fig. 11 and 
Fig. 12). 


 


 
 
Fig. 11. LUEC with large sites and different sized NPP fleets 
 


 
 
Fig. 12. LUEC with small sites and different sized NPP 


fleets 
 
It is interesting to see how, given the same total 


reactor fleet size, the Economy of Multiples helps to 
decrease LUEC in large site scenarios, as compared to 
small site scenarios. If the same total number of NPP is 
concentrated in fewer sites, then learning and multiple 
units economies on fixed costs may be exploited in order 
to gain cost-effectiveness. The merit of INCAS is the 
tentative to quantify this intuitive behavior of the 
investment cases: site concentration accounts for some 
5€/MWh decrease in LUEC (Fig. 12) and about 1% 
increase in IRR, that, given the whole investment scale, 


may correspond to a gain of some 800M€ up to 1.5bn€ in 
investment’s Net Present Value (Fig. 10). 


 
 


VI. DESIGN SAVING FACTORS 
 


When economic performance of LR fleet is assumed 
as a reference, Design saving factor of this NPP fleet is set 
to 100% and Design factor of other reactor fleet sizes may 
be adjusted in order to attain the same level of investment 
profitability as LR.  


 Fig. 13 and Fig. 14 show that, if we assume an 
overnight construction cost for a reference 1,000 LWR, 
FOAK, stand alone, then VLR enjoy a gain in Economy of 
Scale, while learning and co-siting economies 
progressively decrease NPP units’ cost. As a result the 
average overnight construction cost of the entire VLR fleet 
is so low that we have to consider a design cost “penalty” 
in order to align the economic performance of VLR on 
LR’s (i.e. Design cost factor>100%). On the contrary, if 
the same design as LR is considered and NPP size is 
simply scaled down, design cost efficiency may be needed 
for SMR to be competitive with LR. 


 


 
 
Fig. 13. Design saving factor ranges for different NPP fleets 


with large sites 
 


 
 
Fig.14 – Design saving factor ranges for different NPP fleets 


with small sites 
 
Concerning large sites scenarios, it is interesting to see 


that in the lower bound of construction cost range (i.e. 
3,000€/kWe) economic competitiveness of Small and 
Medium Reactors attains LR’s without any help from 
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design enhancement and related cost saving: in this case, 
specific features of modular investment in multiple smaller 
units is able to compensate for the loss of Economy of 
Scale as compared to LR fleet. On the contrary, with 
construction cost increasing, the loss of Economy of Scale 
increases its incidence and design enhancements need to 
bring 7.8% and 9.5% cost efficiency to MR and SR 
respectively, at upper bound of construction costs (i.e. 
5,000€/kWe) (Fig. 13). Design cost factor has to fall in the 
range of 97.6-84.6% for VSR to be competitive with LR: 
i.e. the huge burden in loss of Economy of Scale needs a 
2.4-5.4% cost efficiency from design enhancement. 


Small sites scenario limits the Economy of multiple 
application on smaller NPP fleets and accordingly, design 
enhancements and simplification have to bring additional 
cost efficiency: MR and VSR need 98% Design saving 
factor to attain LR economic performance, at lower bound 
construction costs (Fig. 14). Design cost efficiency needed 
by VSR is even higher with 5,000€/kWe construction costs 
as compared to MR and SR. MR appear to be a trade-off 
between Economy of Scale, that helps this fleet to keep 
competitiveness in the upper bound of construction cost 
range (88.8% Design saving factor) and Economy of 
Multiples that applies its highest benefits with lower 
construction costs (97.9% Design saving factor).  


Design-related savings need to fall in the range of 
100-88% for SR: with 3,000€/kWe construction costs, 
Economy of Multiples displays all its benefits and SR do 
not need any help from design cost savings, whilst loss of 
Economy of Scale is limited for SR as compared to VSR.  


It has to be highlighted that Design cost factors in the 
lower bound of construction costs shows little difference 
among MR, SR and VSR (98%, 100%, 98%), this 
difference may even be considered not relevant given the 
uncertainty that affect the model inputs.  


Different situation arises with higher construction 
costs, where economic competitiveness of different fleet 
sizes displays significant differences: from 89%-88% for 
MR and SR to 83% for VSR. The smallest sized reactor 
plants shows all the burden of a loss of Economy of Scale: 
the design cost efficiency needed to overcome this burden 
(i.e. 17%) may be challenging to attain (Fig. 14). 


 
 


VII. SENSITIVITY TO THE MODEL 
 


Estimation curves for Economy of Multiples capital 
cost factors represent a sensitive input parameter in the 
comparative evaluation of LR and SMR, as is the 
Economy of scale factor. 


Given the non-linearity of the functions involved in 
the model, a true elasticity of results against capital cost 
factors depends upon NPPs size and the assumption on 
overnight construction costs for reference NPP. Here we 
have assumed 4,000€/kWe as a central “Base case” 


overnight construction costs for a 1,000MWe LWR and 
tested results sensitivity against more conservative capital 
factors estimating curves (see par. III, “Methodology and 
Model”), in order to appreciate the impact of these factors 
on scenarios’ economic performance.  


INCAS simulations show that the lower is the plant 
size, the more sensitive are capital cost saving factors as 
input parameters. Learning factor is the upmost sensitive 
parameter leading the Economy of Multiples effectiveness. 
Slight change in Scale factor has the most relevant impact 
on economic performance indicators of smaller NPP. These 
evidence suggests that the lower is the size of the NPP, the 
highest is the uncertainty of simulations’ results, due to the 
intrinsic uncertainty of the model parameters’ estimates. 


Fig. 15 and Fig. 16 show that VLR, LR and MR are 
more robust to cost saving factors variations. 


 


 
 


Fig. 15. Large sites scenario: IRR sensitivity to capital cost 
factors (overnight construction cost for reference 1,000MWe 
LWR = 4,000€/kWe) 


 


 
 


Fig. 16. Large sites scenario: LUEC sensitivity to capital 
cost factors (overnight construction cost for reference 1,000MWe 
LWR = 4,000€/kWe) 


 
 


VIII. CONCLUSIONS 
 


This work contributes to the study of comparative 
economic competitiveness of SMR and Large NPP plants. 
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Investment scenario simulations have been run, 
considering different reactor fleet sizes (i.e. from 
1,500MWe to 50MWe) and given the same total power 
installed; economic performance has been measured in 
terms of profitability and cost-effectiveness (i.e. IRR and 
LUEC). Results show that with lower construction costs, 
Economy of Multiples is able to compensate the loss of 
economy of scale of SMR, but as the assumptions on 
construction costs become more conservative, further 
design efficiencies are needed in order to bring additional 
cost-competitiveness to smaller NPP. Among SMR, MR 
and SR (i.e. 350MWe to 150MWe) confirm as the most 
interesting investment target: 8-9% cost savings have to be 
provided by design enhancements and simplification in 
order to attain the same investment profitability as LR 
fleet. MR represent a suitable trade-off between Economy 
of Scale and Economy of Multiples paradigms. SR 
economic competitiveness with larger NPP mostly relies 
on learning and  modularization benefits compensating the 
high loss of Economy of Scale. Finally, VSR need to 
achieve stretching design cost savings in order to be cost-
competitive: up to 15% with construction costs assumption 
in the upper bound of estimates. Sensitivity analysis shows 
that if we question the economic model’s assumptions, 
results are more uncertain with smaller sized reactor plants. 
VLR show the strongest economic performance, with the 
chance to even loose design cost-efficiency (Design saving 
factor>100%) as compared to 1,000MWe LR reference 
design, and keep a competitive edge on all the smaller 
plant sizes. Nevertheless, these scenario analysis are 
“static” as far as boundary conditions are considered: 
without uncertainty on scenario assumptions (i.e. 
electricity price evolution, construction delays, electricity 
demand, etc.) Economy of Scale is easily gaining. But 
when market uncertainty is introduced in the analysis and 
financial default depends on it, then larger monolithic NPP 
may increase investment risk. Further investigation should 
focus on the advantages of modular investment in smaller 
NPP, not only from the mere cost-effectiveness point of 
view, as in this work, but even in the investment risk 
perspective, in order to catch a more complete picture of 
the comparative economic competitiveness of Large versus 
SMR. 


NOMENCLATURE 
 
D&D = Decontamination & Decommissioning 
FOAK = First Of A Kind 
GEN IV = GENeration IV 
INCAS = INtegrated model for the Competitiveness 
Analysis of Small-medium modular reactors 


IRR = Internal Rate of Return 
LR = Large Reactors 
LWR = Light Water Reactor 
MR = Medium Reactor 


NPP = Nuclear Power Plant 
NPV = Net Present Value 
O&M = Operation & Maintenance 
SMR = Small Medium Reactors 
SR = Small Reactors 
VLR = Very Large Reactors 
VSR = Very Small Reactors. 
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Abstract – The surveillance programme (SP) calls upon to predict ahead reactor pressure 
vessel (RPV) materials characteristics conservatively to guarantee RPV structural integrity 
without any compromise. General vice of existing SPs is an impossibility of SP changing and 
development during reactor operation (30, 60 and even more years). Up to day, approach 
based on initial hard nomenclature of surveillance specimens installed in capsules. Therefore, 
practically it is impossible to change anything in SP during RPV service life. Anachronistic 
principle of ahead of time, for some decades of years in advance fabrication and installation 
into reactor vessel the sets of surveillance specimens (SS) without taking into account 
quantitative and qualitative changes of norms; state of the present-day science, testing 
methods and technique contradict to request of RPV operational monitoring technologies 
innovative development during long-term light water reactor (LWR) operation. We propose to 
improve LWR SPs by means of passage from existing «hard» SPs to «flexible» manageable 
SPs (MSP) that would give the possibility of SP adaptation to requirements of time and to 
strengthen technical and scientific potential of investigators and researchers in the future. So, 
we believe that is no sense to leave present-day level of knowledge and technology in congeal 
state to next generation of researchers. Thus for new LWRs with the service life of 60 and 
more years we propose pass on from the SSs of routine nomenclature to MSP i.e. sets of 
archive materials coupons placed in non-hermetic containers and cooled directly by running 
water. It gives a perspective in case of need put into practice an innovative MSP taking into 
account the state-of-the-art safety standards, technical progress, present day level of science 
and technology.  


 
 


 
I. INTRODUCTION 


Modern nuclear power engineering is based on 
LWR type plant reactors. As a main barrier against 
radioactivity outlet, RPV is a key component in terms 
of safety and LWR plant life extension when needed.  


The surveillance programme calls upon to predict 
ahead RPV materials characteristics conservatively to 
guarantee RPV structural integrity without any 
compromise. General vice of existing SPs is an 
impossibility of SP changing and development during 
reactor operation (30, 60 and even more years). Up to 
day, approach based on initial hard nomenclature of 
surveillance specimens installed in capsules. Therefore, 
practically it is impossible to change anything in SP 
during RPV service life. Anachronistic principle of 
ahead of time, for some decades of years in advance 


fabrication and installation into reactor vessel the sets of 
surveillance specimens without taking into account 
quantitative and qualitative changes of norms; state of 
the present-day science, testing methods and technique 
contradict to request of RPV operational monitoring 
technologies innovative development during long-term 
LWR operation.  


II. LWRS SURVEILLANCE PROGRAMME 
IMPROVEMENT ACTUALITY 


 
It is necessary to recognize that there is a 


deficiency of routine SP adequacy to real conditions of 
the RPV operation. The most important item is the 
discrepancy of the actual thermal condition of RPV wall 
from SSs irradiation temperature. At any case because 
of γ-heating, SSs irradiation temperature exceeds the 
real RPV temperature. This fact carries in the element 
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of non-conservatism into the system of control. 
Moreover, because of specimen-to-specimen clearance 
temperature gradients through the SS exist.  


Ideally, surveillance metal has to be irradiated in 
contact with coolant. Archive metal blocks placement 
immediately in running water (in perforated capsules) 
would provide the minimum irradiation temperature and 
therefore would guarantee the most conservative data 
on mechanical properties getting. Clearly, that at this 
case there is no need in temperature monitors.  


The second reason is that inasmuch as there is no 
hard confidence in SS capsules integrity during RPV 
operation (capsules depressurization can take place) the 
idea made sense to put archive metal billet in coolant 
beforehand. To solve the problem of metal corrosion 
archive metal billets (instead finished specimens) for 
surveillance irradiation are proposed. It means that test 
specimens have to be machined after irradiation and 
immediately before testing.  


In reality, it is impossible to exclude 
environmentally assisted cracking of the primary circuit 
stainless steel components during, for instance, 60 years 
of operation. Surveillance metal contacting with water 
in perforated capsules emulate base metal-water 
corrosion reaction appearance as a result of possible 
RPV clad cracking and hydrogen (as a corrosion 
product)-RPV metal interaction. By this means for 
materials susceptible to hydrogen embrittlement the 
degree of SP conservatism grows.  


Evaluation of the SSs testing long-term practice 
and experience allows to propose the new conception of 
RPV metal control by means of passage from existing 
«hard» SPs to «flexible» adaptable, «open» SPs. This 
approach would give the possibility of SP adaptation to 
requirements of time and to strengthen technical and 
scientific potential of investigators and researchers in 
the future.  


Thus for new LWRs with the service life of 60 and 
more years we propose pass on from SPs, that are based 
on SSs of routine nomenclature to manageable SP 
(MSP), which will be based on sets of archive material 
billets placed in non-hermetic containers inside the RPV 
and will cooled directly by running water.  


It clears the way to a perspective in case of need 
put into practice an innovative MSP of anyone content 
and complexity, taking into account state-of-the-art of 
the safety standards, technical progress, level of science 
and technology.  


Consequently, we believe that is no sense to leave 
present-day level of knowledge and technology in 
congeal state to next generation of researchers.  


 
2. PREREQUISITES FOR GOING TO 


MANAGEABLE SURVEILLANCE PROGRAMMES 


 
Routine SPs are characterized by high 


laboriousness1 (Fig. 1) because call for precious rigging, 
containers pressurizing and tightening, necessity of the 
SSs temperature control, in case of depressurizing or 
temperature exceeding the SSs may be lost. 


 


 
Fig. 1. Set of modern SS capsule internals1. 
 
In fact, we propose going to adaptable, «open» SPs 


that in potentiality allow the actualization and 
specialization of SPs and SSs types. These manageable 
SP will be based on sets of archive material billets 
placed inside the RPV closely to wall and will cooled 
directly by primary circuit water.  


It clears the way to a perspective in case of need 
put into practice an innovative MSP of anyone content 
and complexity, taking into account state-of-the-art of 
the safety standards, technical progress, level of science 
and technology.  


Certainly MSPs development and application have 
to be based on disposable similar experience 
understanding and utilization. Let remember it. 


It is known2,3 that for the first generation of the 
Russian PWRs (WWERs) instead of the cancelled SPs 
just RPV (100% surveillance material) for a long time 
serve as billet for thin plates cutting and test specimens 
manufacturing as needed. As a matter, this practice is 
the first prerequisite of the proposed SP technology.  


The second prerequisite is a worldwide experience 
on the through wall probes (trepans) of the ex-service 
RPVs using for actual metal properties examination4-9.  


The third prerequisite is our own long-term practice 
in SSs testing and experience in decommissioned LWR 
pressure vessel material properties study10-12.  


Recently in Russia for the first time in the history 
of the RPV materials study set of the 1T-CT type 
specimens for fracture mechanics tests was produced 
from 140 mm in diameter RPV trepan. Fig. 2 shows the 
steps of 1T-CT manufacturing and testing. Encouraging 
results are obtained and analyzed now. 


 
In a certain sense, proposed MSP procedure 


(technology) is the closest analogy to trepans 
investigation with the exception surveillance billets 
(SB) in advance should be placed inside RPV and ready 
for examination in case of need without extra complex 
RPV cutting. SBs placement inside the RPV as close as 
possible to RPV wall should be the best decision in SP 
performance from all points of view. 


In the upshot, one can say that the scientific and 
technological prerequisites to LWRs surveillance 
programme improvement by means of going to MSP 
exist. 
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Fig. 2. Steps of 1T-CT type specimens from 140 mm in 
diameter PR RPV trepan manufacturing (top) and testing. 


 


In support of the idea, experimental elaboration of 
the MSP prototype version is under development. 
Placed in the stainless steel perforated capsules (fig.3) 
RPV Cr-Ni-Mo steel (base and weld metal, Table 1) 
billets of the cylindrical shape are under irradiation in 
WWER-440/213 SS channels immediately in running 
water.  


Fig. 3. Set of the perforated capsules with 
cylindrical billets inside. 


Sketch of the full size and sub size Charpy 
specimens manufacturing from irradiated billets by 
means of electro discharge machining (EDM) is 
depicted in Fig.4. 


Table I 
RPV materials chemical composition (wt. %%). 


 
Metal C P Cu Cr Mo Ni 
Base 0,14 0,009 0,08 2,00 0,90 1,15 
Weld 0,04 0,005 0,02 1,46 0,65 1,26 


 
 


 


 


 


Fig. 4. Sketch of the specimens manufacturing by EDM.  


New experimental results in the routine form of the 
transition temperature shift (TTS) - fast (E≥0,5 MeV) 
neutron fluence dependence are represented in Fig.5 
(crosses and diamond) against a background of the 
disposable data13 from irradiation experiments produced 
in commercial and test reactors.  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Comparison of the measured base metal ( ) and 
weld metal ( ) TTSs with existing data for Cr-Mo-Ni 


steel.◊┼ 


It is seen that new data are in a good agreement 
with «old» data that were received during numerous 
experiments in commercial and test reactors earlier.  


As an example of the MSP potentialities, 
experiment on so-called «wet» annealing effectiveness 
of the reactor vessel was conducted. Pre-irradiated in 
WWER-440/213 SS channels immediately in running 
water up to 9×1019sm-2 at 270°C base metal (table 1) 
billets of the cylindrical shape were additionally 
irradiated in test reactor IR-8 at 330°C and neutron flux 
level of 3×1011sm-2s-1 during 87 hours. Fig.6 shows the 
experimental billets (pos.1, 2) arrangement and 
irradiation device. One can see and understand that 
simple forms of the billets and device components 
allows providing the possibility of operative and 
inexpensive irradiation process. 


 
 


Fig. 6. Experimental device for RPV steel billets 
irradiation (1 and 2 – RPV metal billets, 3 – capsule for 


neutron monitors, 4 – heater). 
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As it is seen from Fig.7, where experimental results 
are demonstrated, that 17°С recovery of the TTS take 
place. This value is equivalent to 1,5 - fold neutron 
fluence reduction and therefore «wet» annealing 
technology has evident practical benefit. 


 


 


 


 


 


 


 


 


 


 


Fig. 7. Results of the experiment on potential effectiveness of 
the RPV «wet» annealing. 


 


III. CONCLUSION 
 


 
Development of the new SP conception based on 


substitution of the surveillance specimens irradiation in 
sealed capsules by the surveillance billets irradiation in 
perforated containers with following test specimens 
manufacturing allows: 


 
1 - to strengthen the contribution of surveillance 
investigations to improve the safety and performance of 
LWRs; 
2 - to increase the level of LWR type safety on account 
of more adequate conditions of the surveillance metal 
irradiation;  
3 - to improve the informativeness owing to carrying 
over the specimens of actual nomenclature 
manufacturing process immediately to moment of 
testing from initial stage of RPV producing;  
4 - to decrease the laboriousness and specific quantity 
of rigging metal for surveillance metal irradiation and to 
reduce the quantity of radioactive wastes;  
5 - to release funds and resources, to reduce the cost of 
the joint RPV metal surveillance programme execution;  
6 - to make better LWR’s competitiveness.  
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Abstract – The AP1000 is a pressurized water reactor with passive safety features and extensive 
plant simplifications that provides significant and measurable improvements in safety, construction, 
reliability, operation, maintenance and costs. The design of the AP1000 incorporates a standard 
approach, which results in a plant design that can be constructed in multiple geographical regions 
with varying regulatory standards and expectations. The AP1000 uses proven technology, which 
builds on over 40 years of operating PWR experience. The AP1000 received Final Design Approval 
by the US Nuclear Regulatory Commission in September 2004. An update of that FDA was received 
in December 2010; the update addressed several open items including resolution of the long-term 
cooling debris issue.  


The AP1000 Nuclear Power Plant uses natural recirculation of coolant to cool the core following a 
postulated Loss Of Coolant Accident (LOCA). Recirculation screens are provided in strategic areas 
of the plant to remove debris that might migrate with the coolant in containment and adversely 
affect long-term core cooling. The approach used to avoid the potential for debris to plug the 
AP1000 recirculation screens is consistent with the guidance identified in Regulatory Guide 1.82 
Revision 3, the Pressurized Water Reactor (PWR) Industry Guidance of NEI 04-07, and the Nuclear 
Regulatory Commission’s Safety Evaluation on NEI 04-07. Various contributors to screen plugging 
were considered, including debris that could be produced by a LOCA, resident containment debris 
and post accident chemical products that might be generated in the coolant pool that forms on the 
containment floor post-accident. 


The solution developed for AP1000 includes three major aspects: the elimination of debris sources 
by design, features that prevent transportation of debris to the screens and the use of large advanced 
screen designs.  


This paper reviews the sources of debris, their transport, and their impact on screen and fuel 
assembly headloss. The results of the testing performed on the screens are discussed; this testing 
shows that with the debris types, quantities and flow rates applicable to the AP1000 screens that 
there will be essentially no headloss. The extensive test program for the fuel assembly headloss is 
also discussed; this test program shows that the debris that could be transported to and collect on 
the AP1000 fuel assemblies will result in acceptable headloss. Finally, the review and acceptance of 
the AP1000 long-term cooling evaluation by the US NRC is discussed.  


 
 


I. INTRODUCTION 
 
The AP1000 Nuclear Power Plant uses natural 


recirculation for cooling the core following a Loss of 
Coolant Accident (LOCA). This capability of the AP1000 
plant is presented in the Design Control Document (DCD) 
(Reference 1).  This paper summarizes the evaluations, 
testing and analyses performed for the AP1000 design to 


address issues raised in Nuclear Regulatory Commission 
(NRC) Generic Letter 2004-02, “Potential Impact of 
Debris Blockage on Emergency Recirculation During 
Design Basis Accidents at Pressurized Water Reactors” 
(Reference 2). The areas of GSI-191 resolution discussed 
in this report include: 


 Debris characterization (containment latent debris 
and LOCA-generated debris); 
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 Debris transport; 
 Long-term cooling flow required to cool the core; 
 Ex-Vessel Effects of Debris (includes screens and 


other components such as pumps and valves); 
 In-Vessel Effects of Debris (includes effects on 


headloss and chemical deposition in the core). 


This paper also discusses the review and acceptance of 
the AP1000 long-term cooling evaluations by the US NRC. 


 
II. AP1000 DESIGN FEATURES THAT SUPPORT 


LONG-TERM COOLING CONSIDERING DEBRIS 
 
The following characteristics of the AP1000 design 


minimize the potential for a LOCA to generate debris that 
might challenge the recirculation flow path:   


 Use of passive safety systems without a containment 
spray system (used for design basis accidents 
(DBA)), limits washdown of debris and results in 
low recirculation flow velocities which minimize 
the potential for debris transport. 


 No fibrous debris is generated by the LOCA 
blowdown. 
o Metal reflective insulation (MRI), which 


contains no fibrous material, is used on 
components that may be subjected to jet 
impingement loads from a LOCA jet; MRI is not 
transported with the low velocities of the 
recirculating water.  (Reference 1, DCD Tier 1, 
Table 2.2.3-4, Item 8c) Item ix) and Tier 2, 
Section 6.3.2.2.7.1).   


o Other sources of fibrous debris that might be 
generated post-LOCA include fire barriers and 
HVAC filters. Such sources are required to be 
located outside the zone of influence (ZOI) of a 
LOCA jet and above the maximum containment 
flood level during recirculation conditions.  


o Other insulation inside containment, but outside 
the ZOI, is jacketed in order to reduce the 
possibility of generating latent fibrous debris 
during maintenance operations.  (Reference 1, 
DCD Tier 2, Section 6.3.2.2.7.1) 


 Epoxy coatings applied to structures or to 
engineered components are required to have a dry 
film density 1602 kg/m3 (≥100 lbm/ft3) so that if 
they detach, the resulting chips will not transport to 
screens.  As a result, these coatings can be Service 
Level II. The use of inorganic zinc (IOZ) inside 
containment is limited to the containment vessel and 
to applications where epoxy cannot be used; where 
IOZ is used it is required to be Safety-Service Level 
I to prevent detachment during a LOCA.  
(Reference 1, DCD Tier 2, Section 6.1.2.1.5) 


 Protective plates, described in Reference 1, guard 
the containment recirculation (CR) Screens against 
coatings and other debris falling onto or just in front 


of the CR Screens and being transported into the 
screens.  There is also a 24-inch high weir attached 
to the floor at a distance 8 inches from the face of 
each CR screen.  The function of this weir is to 
prevent higher density debris that has settled onto 
the floor from being swept into the lower level of 
the screens.  


 The IRWST has a gutter that collects condensate 
from the inside of the containment vessel and 
returns this water into the IRWST during an 
accident. The routing of the gutter return pipe in the 
in-containment refueling water storage tank 
(IRWST) prevents debris from the gutter from 
entering the IRWST screens.  The gutter return pipe 
extends downward near the bottom of the tank and 
well away from the IRWST screens so that debris 
will not be transported to the IRWST screens.  This 
design prevents higher density debris from being 
transported into the IRWST screens (Reference 1). 


 Other potential sources of transportable material are 
caulking, signs, or equipment tags.  These items 
must be made of stainless steel or another metal 
with a density 1602 kg/m3 (≥ 100 lbm/ft3) when 
these items are installed inside containment below 
the maximum flood level or when they are located 
above the maximum flood level and not inside a 
cabinet or enclosure.  The use of a high-density 
metal prevents the generation of debris that could 
transport to the CR screens, IRWST screens, or into 
a cold leg LOCA break location that is submerged 
during recirculation.  (Reference 1, DCD Tier 2, 
Section 6.3.2.2.7.1)  


 The CR and IRWST screens use an advanced design 
and large surface areas to provide for the collection 
of debris on the screens without impacting 
recirculation flow as shown in Figure 1.  


 
 
 
 


 


Figure 1 AP1000 Type Screen Shown in Operating 


Plant Mockup 
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 Use of materials that might corrode and produce 
large quantities of chemical precipitates are 
minimized. The AP1000 containment has much 
less concrete that can come in contact with the 
post-accident water as a result of the use of 
structural-steel module construction. The only 
significant amount of aluminum in the AP1000 
containment is in the excore detectors.  These 
detectors are enclosed (in stainless steel or 
titanium) so that post-accident containment water 
will not circulate against the aluminum. The 
amount of aluminum located inside containment 
that is located below the post-LOCA flood-up level 
is limited to 27.2 kg (60 lbm) by design.  


 
III. AP1000 DEBRIS CHARACTERIZATION 
 


As a result of these design features, there are only 
three potential sources of debris that may impact the 
AP1000 recirculation flow path and long-term core 
cooling. These debris sources are:  


1. Latent containment debris - Latent containment 
debris, or “resident containment debris” as it is 
sometimes called, is dirt, dust, lint, and other 
miscellaneous materials that might be present 
inside containment before the initiation of a 
LOCA.  


2. ZOI coatings - Coatings located within the zone of 
influent (ZOI) of a LOCA blowdown jet are 
assumed to fail as fines (small particles) and to 
transport to the screens or a flooded break location.  


3. Post-accident chemical effects - Post-accident 
chemical effects are the result of containment sump 
fluid reacting chemically with materials inside 
containment and producing chemical products 
(precipitates).  


Latent debris is defined as unintended dirt, dust, paint 
chips, fibers, pieces of paper (shredded or intact), plastic, 
tape, or adhesive labels, and fines or shards of thermal 
insulation, fireproof barrier, or other materials that are 
already present in the containment prior to a postulated 
break in a high-energy line inside containment. Potential 
origins for this material include activities performed during 
outages and foreign materials brought into containment 
during outages.  


The method used to determine the total mass of latent 
debris inside the AP1000 containment considered the 
results of walkdowns from operating PWRs. The responses 
of thirty-four plants to Generic Letter 2004-02, 
“Supplemental Responses and Close-Out” were evaluated; 
the conclusions from the evaluation are:  


 Plants do maintain low total amounts of latent 
debris as measured in their walkdowns.  


o Average total amount is approximately 40.8 kg 
(90 lbm). 


o A number of plants have less than 22.7 kg (50 
lbm). 


 The licensing basis latent debris mass for these 
plants is greater than the amounts measured in the 
walkdowns: 


o About half of the plants use a total latent debris 


amount of 90.7 kg (200 lbm); this value is 


suggested by the NRC for use when the plants 


have no walkdown data;  


o About half of the plants use 68 kg (150 lbm) or 


less.  


As a result of this evaluation, the AP1000 has adopted 
a total latent debris amount of 59 kg (130 lbm).  


The US NRC has established a conservative value for 
the amount of the total latent debris that may be fiber of 
15% (refer to the NRC Safety Evaluation Report (SER) on 
NEI 04-07).  NUREG/CR-6877 (Reference 3), supports 
the position that the amount of latent fiber found in 
operating PWRs that have performed latent debris 
walkdowns is likely to be smaller than the generic 15%.   


The data provided in NUREG/CR-6877 shows that 3 
of the 4 plants evaluated in the manner described in the 
NEI 04-07 SER have less than 7.5% fiber in their latent 
debris totals and two of the four plants had less than 4% 
fiber.  


Of thirty-four plants sampled for responses to Generic 
Letter 2004-02, “Supplemental Responses and Close-Out”, 
only one has proposed a fiber content less than 15%.  This 
plant performed a debris characterization per the NEI 04-
07 SER and concluded that an appropriate latent fiber 
fraction should be 2.7%.  Observations from other plant 
walkdowns included statements such as “dust with no 
fiber”, “visual inspection showed very little fiber content”, 
and “visual examination of the debris showed very little 
fiber”, further indicating that the assumption that 15% of 
latent debris is fiber is conservative.  


As a result of this evaluation and fuel debris headloss 
testing, the AP1000 design has adopted a fiber latent debris 
amount of 3 kg (6.6 lbm), or about 5% of the total latent 
debris amount.  


The amount of ZOI coating particles that might be 
generated in the AP1000 during a LOCA was calculated 
for different break locations. The limiting break location 
was determined to be a double-ended cold leg break at the 
connection to the steam generator. Based on this 
calculation, the amount of ZOI coating particles was 
conservatively set at 31.7 kg (70 lbm). Note that the break 
of a hot leg line can generate more ZOI coatings however a 
hot leg break does not challenge long-term core cooling for 
AP1000 because latent fiber does not enter the downcomer 
and therefore does not support the formation of a debris 
bed.  
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A consideration in evaluating the effects of the debris 
transported to the sump after a LOCA is the chemical 
products which may form in the post-LOCA sump 
environment. Materials present in containment may 
dissolve or corrode when exposed to the reactor coolant.  
This reaction would result in oxide particulate corrosion 
products and the potential for the formation of precipitates 
due to changes in temperature and reactions with other 
dissolved materials.  These chemical products could 
become another source of debris loading and could impact 
sump screen performance and recirculation flow.  


For the AP1000 design, an analysis was performed to 
determine the type and quantity of chemical precipitates 
which may form in the post-LOCA recirculation fluid for 
the AP1000 design.  The analysis used a methodology that 
has been approved by the US NRC (Reference 4).  As 
discussed in section II of this paper, the AP1000 has 
several features that significantly reduce the amounts of 
materials that could contribute to the formation of 
chemical precipitates. With these design features, the 
amount of chemical debris that might be generated during 
30 days following a LOCA is 25.9 kg (57 lbm), 
significantly less than most operating plants.  


 
IV. DEBRIS TRANSPORT 


 
The industry has provided guidance in NEI 04-07 


(Reference 5) for the selection of break locations within a 
PWR and the corresponding effects on debris generation 
and composition.  Westinghouse has reviewed that 
guidance and determined that, considering the design 
features of the AP1000 plant and the conservative transport 
assumptions made, this reference is not applicable to the 
AP1000 plant.  It should be noted that many of the criteria 
in Reference 5 are intended to determine the break 
locations that produce limiting amounts and compositions 
of debris that can be generated and transported to the 
screens.  The AP1000 does not generate different types or 
amounts of debris for different break locations, except for 
ZOI coatings. In order to simplify long-term cooling 
evaluations, the maximum amount of ZOI coatings is 
assumed for all break locations.  


In order to provide a simple, bounding set of 
conditions for evaluating the transport of debris to the 
AP1000 screens and to the core, the following 
conservative assumption is made:  all of the latent debris, 
ZOI coatings debris, and post-LOCA chemical precipitates 
are assumed to transport and none are assumed to settle 
out. As described in the following paragraphs, different 
amounts of containment debris can transport to the CR 
screens, IRWST screens, and the core for different 
postulated break locations. 


Containment Recirculation Screens - It is 
conservatively assumed that 100% of the total latent 
debris, ZOI coatings debris, and post-LOCA chemical 


precipitates are assumed to transport to the containment 
recirculation screens. 


IRWST Screens – It is conservatively assumed that 
50% of the latent fibrous debris and 100% of the latent 
particle debris, ZOI coating debris, and post-LOCA 
chemical precipitates transport to the IRWST screens. This 
assumption is very conservative because the IRWST is a 
closed tank where debris can only enter through a gutter 
located at the operating deck level around the containment 
wall. Since most of the latent fibrous debris will be located 
at lower elevations the 50% assumption is conservative.  


Core - For the AP1000 plant, some LOCA break 
locations will be flooded during long-term recirculation 
operation because of the relatively high containment flood-
up elevation required to support passive recirculation 
operation. During such operation, a portion of the 
recirculation flow will enter the RCS through the break 
and will not be screened.  The unscreened water can 
transport debris into the core. The larger the LOCA pipe 
break the greater the percentage of the flow that will 
recirculate through the break. A conservative calculation 
has been performed that determined that the maximum 
flow split could be 90% through the break and 10% 
through the CR screens for a double ended cold leg 
(DECL) LOCA. As a result, 90% of the latent fibrous 
debris and 100% of the latent particle debris, ZOI coating 
debris, and post-LOCA chemical precipitates are assumed 
to transport to the core.  


 
V. LONG-TERM COOLING FLOW REQUIRED TO 


COOL THE CORE 
 


A long-term cooling analysis is provided in the 
AP1000 DCD (Reference 1) to demonstrate that the 
passive systems provide adequate emergency core cooling 
system performance during IRWST injection and 
containment recirculation time period.  The long-term 
cooling analysis is performed using the WCOBRA/TRAC 
computer code to verify that the passive injection system is 
providing sufficient flow to the reactor vessel to cool the 
core and to preclude boron precipitation. 


To support long-term cooling debris evaluations, 
additional sensitivity analysis cases were performed. In 
these cases arbitrary flow resistances were added to the 
screens and to the core inlet.  Note that for the AP1000, the 
passive systems require many hours to turn over the 
containment volume; as a result, it will take many hours to 
collect latent debris on the screens and in the core.  


Two limiting cases were developed. One was assumed 
to occur at the earliest initiation of recirculation which is at 
2.6 hours post-LOCA. This case assumes conservative 
flow resistances on the screens as well as in the core. The 
results of this case indicate that the core is adequately 
cooled with a flow of 50.3 kg/sec (111 lbm/sec) and 
debris-induced pressure drop of 0.24 bar (3.5 psi) at the 
core inlet.   
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The other case was assumed to occur at the earliest 
time that the fibrous debris could be transported into the 
core and sufficient chemicals be produced / transported to 
cause a significant headloss; this time is determined to be 
greater than 9 hours post-LOCA by fuel assembly headloss 
testing. The long-term core cooling analysis case was 
conservatively performed at 8.6 hr post-LOCA. The results 
of this case indicate that the core is adequately cooled with 
a flow of 29.5 kg/sec (65 lbm/sec) and debris-induced 
pressure drop of 0.28 bar (4.1 psi) at the core inlet; this 
case shows that a greater debris-induced flow resistance 
(~5 times greater) can be tolerated at this later time.  Also 
note that this case is conservative, in that the core 
conditions are far from the LTC limits.  


 
VI. EX-VESSEL EFFECTS OF DEBRIS 


 
The primary interest of ex-vessel effects of debris are 


with the headloss across the containment recirculation and 
the IRWST screens. Evaluations were also performed for 
the ex-vessel downstream effects on pumps, pipes, valves 
and heat exchangers; AP1000 does not have any pumps or 
heat exchangers in the safety-related recirculation path and 
the other inline components (pipe and valves) were shown 
not to be adversely affected by debris.  


Testing of the AP1000 screen designs has shown that a 
debris bed does not form on the screens and as a result, 
there is no debris-induced headloss. This result is 
understandable given the effective measures incorporated 
into the AP1000 design to eliminate debris sources, to 
reduce the recirculation flow rates (attributable to the use 
of passive safety-related systems), and to utilize large / 
advanced screen designs. Figure 2 shows the small amount 
of debris that accumulates on the AP1000 screens. For 
comparison, Figure 3 shows the amount of debris that can 
accumulate on a typical plant screen which results in a 
much larger headloss.  


 
VII. IN-VESSEL EFFECTS OF DEBRIS 


 
Two different evaluations were performed. One was 


fuel assembly headloss testing, to evaluate the effects of 
debris in the post-LOCA recirculating water on flow 
through the fuel assemblies.   The other one was the ability 
of the fuel rods to tolerate potential scale buildup caused 
by chemicals in the post-LOCA recirculating coolant while 
maintaining effective heat transfer from the fuel rods to the 
coolant; the potential buildup of scale on the fuel rods was 
shown to be much less than occurs during normal power 
operation and as a result is not a concern.  


To address the potential impact of debris being 
transported into the RCS, especially through a flooded 
LOCA pipe break, a series of experiments were performed. 


 
 


Figure 2 AP1000 Screen Tests Show That There Is 
Insufficient Debris to Form a Continuous Debris Bed  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Operating Plant Screen Test With High Debris 


Load Results In Much Higher Head Losses  
 
The experiments, performed at the Westinghouse Research 
and Technology Unit (RTU) in Churchill, PA, used a fuel 
assembly design consistent with that described in the 
AP1000 DCD (Reference 1).  The flow rates and debris 
loadings were selected to conservatively bound those 
conditions expected following a postulated LOCA for the 
AP1000 as defined in the DCD.  The debris load for the 
AP1000, including both particulate, fiber, and chemical 
effects, has been significantly reduced by design as 
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discussed in Section II of this paper.  Figure 4 shows a 
photo of the fuel assembly test section.  
 


 
Figure 4 AP1000 Fuel Assembly Test Fixture 


 


Thirty-nine headloss experiments were performed that 
investigated a spectrum of fibrous and particulate debris 
loads and chemical effects.   The experiments investigated 
sensitivities to:   


 Variations in the debris loads (Particulate, fiber, and 
chemical precipitates). 


 Different fiber lengths and materials (fiberglass and 
others). 


 Flow oscillations (simulating cyclic flow variations 
seen in AP1000 LTC testing and analysis), as well 
as flow decreases from the beginning to the end of 
tests (simulating the impact of debris headloss 
increase on the natural circulation flow process of 
the AP1000 passive systems). 


 Sequence of debris additions, including sequential 
(all particles then all fibers, then all chemicals) and 
concurrent (simultaneous particle, fiber, and 
chemical additions). 


 Water temperature and other chemicals (i.e. boron 
and trisodium phosphate). 


 Cold leg as well as hot leg LOCA conditions.  


The general testing approach was to vary the test 
conditions over the range that they may occur in the plant. 
By test #27, the limiting set of conditions had been 
determined. Subsequent testing investigated repeatability, 
impact of higher temperatures / other chemicals and the 
impact of a hot leg LOCA. These additional tests 
confirmed that test #27 had the largest headloss. All of the 
AP1000 tests met the current headloss acceptance criteria 
with considerable margin, at least 70%.  


In the AP1000 plant, the long-term core cooling flow 
rates tend not to be constant following a LOCA because 
the flows are driven by a natural circulation process.  As a 
result, if debris accumulates in the core region and results 
in increased headloss, the core flow will slow down.  The 
debris accumulation takes many hours because of the large 
containment water volume and low passive safety system 
flow rates. In addition, at any point in time, the flow also 
oscillates for a period of several minutes and with a 
minimum flow rate of about half of the maximum.  Testing 
was performed to evaluate the impacts of these two flow 
variations. Several FA headloss tests were conducted 
where the flow rate was oscillated throughout the test.  
Tests with flow oscillated showed that the headloss was 
reduced somewhat by this effect. Later AP1000 tests were 
performed where the flow was varied from relatively high 
initial flows to lower flows when the debris bed resistance 
increased. This test approach simulated the behavior of the 
natural circulation AP1000 long-term cooling operation. 
This test method was adopted in subsequent AP1000 tests 
because it resulted in higher headlosses. 


About 20 AP1000 FA debris tests were conducted 
using sequential debris addition; all the particles were 
added, then all the fiber, and finally all of the chemicals.  It 
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was determined that it could not be shown that the AP1000 
would operate this way and therefore this debris addition 
sequence would result in bounding headloss.  As a result it 
was decided to repeat one of the sequential tests using a 
concurrent debris addition method where the particles, 
fibers and chemicals were added at the same time in 
multiple batches. This test resulted in higher headloss 
compared to the previous test. Based on this test result, it 
was decided to perform the remainder of the AP1000 tests 
with concurrent debris addition.  


The repeat tests showed that there was considerable 
variation from test to test, using the same test procedure 
(e.g. flows, debris amounts, and debris addition timing).  
The variations included non-uniform debris bed buildup 
within the FA and gaps that sometimes developed in the 
debris bed during the test.  This characteristic indicates that 
considering the whole AP1000 core with 157 FAs, that the 
debris bed in one FA will be different from the debris bed 
in another FA.  The FAs with less restrictive debris bed 
development will be able to pass more flow.  If necessary, 
the higher flows through the low-resistance FAs can cross 
over to assist cooling FAs that have a higher resistance and 
lower core inlet flows. This capability was verified by the 
NRC in a very conservative core cooling analysis 
(Reference 6); this analysis showed that 94.8% of the total 
core inlet flow area could be completely blocked and flow 
through the remaining area would be sufficient to cool all 
of the fuel assemblies. This cooling is possible because 
fuel assemblies with completely blocked inlets can be 
cooled by water entering a few fuel assemblies and then 
crossing over to the fuel assemblies with blocked inlets 
through the open lattice PWR fuel assemblies. Statistical 
analysis of this data confirmed that the headloss across the 
whole core would on average be much less than the worst 
observed single FA test.  


 Experiments were performed with prototypical 
solution chemistry (boric acid and TSP) and at an elevated 
temperature.  Before these experiments were performed, all 
tests used tap water and a low test temperature because 
these conditions were thought to be conservative relative 
to the actual reactor conditions.  The experiments 
performed with the reactor coolant chemicals (boric acid 
and TSP) at the elevated temperature collected less debris 
resulting in a lower headloss.  These sensitivity tests 
proved that the tap water and low temperature tests that 
were run throughout the test program are more limiting. 


Several experiments were performed to simulate the 
conditions that would be seen in a AP1000 during a HL 
LOCA. In such a LOCA, debris can enter the RCS through 
the break and possible transport into the upper plenum and 
from there down into the core through recirculation 
patterns down through low power peripheral FAs and back 
up through central FAs. Tests were performed with down-
flow and up-flow with boiling simulated by the flow of air 
to simulate these HL conditions.  These tests proved that 
the cold-leg tests are more limiting than the hot-leg tests.  


The debris entering the core inlet and forming a bed at the 
bottom nozzle for a cold leg break without simulated 
boiling proved to have a greater headloss compared to both 
the up-flow and down-flow simulating the hot-leg break.   


 
VIII. US NRC REVIEW OF AP1000 LONG-TERM 


COOLING 
 
When the NRC granted AP1000 Design Certification 


in December 2005, the DCD (Revision 15) listed GSI-191 
as a open item to be resolved by the Combined Operating 
License (COL). Afterwards, Westinghouse undertook 
closing of this open item. In addition to the evaluations and 
testing discussed in the previous sections of this paper, the 
following items required significant work / discussion to 
resolve. As of the end of 2010, the NRC had issued an 
Advanced Safety Evaluation Report with no open items 
and the ACRS has issued a letter approving the AP1000 
approach to GSI-191.  


Between early 2008 and early 2010 the NRC staff 
reviewed the AP1000 LTC evaluations and testing. A 
number of meetings were held to discuss this information 
and the NRC issued a number of requests for additional 
information (RAIs). The more significant RAIs included 
the following: 


 Can a hot leg LOCA result in higher headloss? 
 What is the amount of coating debris generated by 


LOCA jet impingement? 
 Can higher temperatures or boiling increase the 


headloss across FA? 
 Is there variability in the FA debris headloss testing?  
 Can boric acid plate out on the fuel rods? 
 Can concrete debris be generated by LOCA jet 


impingement? 


These items were discussed in preceding paragraphs 
except for the last two, boric acid plate out and concrete 
debris generation.  


The resolution of boric acid plate-out was based on 
several factors. One was that the AP1000 passive features 
automatically limited the maximum boric acid 
concentration inside the reactor to modest values, less than 
7400 ppm boron with the current acceptance criteria. 
Another is that testing has been done using a heated rod 
with much higher boric acid concentrations which shows 
that unless the fuel is uncovered boron will not plate out. 
In addition, this testing also shows that if the top of the 
fuel was uncovered for a short period of time, boron that 
would plate out would readily go back into solution when 
the fuel is recovered.  


The resolution of concrete debris generation included 
several considerations. First was that the AP1000 uses steel 
modular construction which eliminates most potential 
locations for LOCA jet impingement of concrete. In 
addition, for the locations where a LOCA jet could impact 
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concrete, calculations were performed showing that the 
stagnation pressures that could exist were generally less 
than the pressures that have been shown not to cause 
concrete damage. Finally, for the few locations where the 
pressure was higher than the no damage pressure, the 
effects of the amount of concrete debris that might be 
generated was shown to be bounded by the particulate and 
chemical effects assumed for breaks in other locations.  


In the time period between November 2009 and 
December 2010 there were 4 meetings with the ACRS sub-
committee on AP1000 and two meetings with the full 
committee.  All but one of these meetings was held 
between October 2010 and December 2010.  Two of the 
more important issues discussed were: 


 Is there additional margin in the LTC analysis 
flow/headloss? 


 What is the relation between headloss margin 
(LTC acceptance criteria vs. test results) and the 
amount of fibrous debris? 


In order to determine if there was more margin 
available in the plant, additional plant LTC analysis 
calculations were performed. In these studies, the added 
fuel debris flow resistance modeled in the analysis was 
increased. Section V of this paper provides information 
about the LTC analysis performed for the AP1000. This 
computer analysis showed that the debris resistance could 
increase by more than a factor of 2 and still allow for 
adequate core cooling. Based on this information, the 
debris collected on the FAs could result in lower flows / 
higher headlosses and still provide for adequate core 
cooling.  


The AP1000 GSI-191 FA debris headloss testing 
demonstrates that there is substantial margin between the 
worst test result and the current acceptance limit (79%). 
With the extended analysis limit discussed in the preceding 
paragraph, this margin increases to more than 85%. The 
question the ARCS raised was how much additional fiber 
would have to exist in the plant to challenge these margins. 
A conservative relationship was developed between the 
amount of fiber and headloss. This relationship indicates 
that the fiber amount transported to the core would have to 
increase by about 50% to have the headloss in the worst 
FA test increase to the current analysis limit. In addition, 
the fiber transported into the core would have to increase 
by about 100% to increase this headloss to the extended 
analysis limit.  
 
IX. CONCLUSIONS 


 
This paper presents a summary of the AP1000 design 


features and the evaluations and testing performed to 
demonstrate that the AP1000 design addresses GSI-191 
concerns and provides for LTC following a LOCA. The 
effectiveness of the design features and the thoroughness 


of the evaluations and testing provide a high level of 
confidence that LTC can be provided.  


After thorough review of the AP1000 GSI-191 
evaluations and testing, the NRC has agreed that the 
regulatory requirements for long-term cooling have been 
adequately met and GSI-191 is closed for the AP1000 
design.  


NOMENCLATURE 
 


ACRS – Advisory Committee on Reactor Safeguards 
CR – Containment Recirculation 
DBA – Design Basis Accident 
DCD – Design Control Document 
DECL – Double-Ended Cold Leg 
FA – Fuel Assembly 
FDA – Final Design Approval 
GSI – Generic Safety Issue 
HVAC – Heating, Ventilation and Air Conditioning 
IRWST – In-Containment Refueling Water Storage Tank 
LOCA – Loss of Coolant Accident 
LTC – Long-Term Cooling 
NEI – Nuclear Energy Institute  
NRC – US Nuclear Regulatory Commission 
PWR – Pressurized Water Reactor 
RTU – Westinghouse Research and Technology Unit 
TSP – Trisodium Phosphate 
ZOI – Zone of Influence 
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Abstract – According to new version of Energy Strategy of Russia up to 2030 approved by the 
Government in November 2009 new NPP will be constructed mostly in the European part, and 
along with light-water reactors fast neutron reactors will be commissioned and appropriate 
infrastructure of closed fuel cycle will be created. It is planned to have 52-62 GWe of nuclear 
capacities by 2030 with share of nuclear electricity in overall country electricity production close 
to 20%. According to the Federal Target Program “Nuclear Energy Technologies of the New 
Generation for 2010-2015 and for perspective up to 2020” approved by the Government in 
February 2010 further development of fast reactors and closed fuel cycle technologies will be 
provided. Main directions of fast reactor technologies development in Russia are presented.   


 
 


I. INRODUCTION 
 
Structure of energy consumption today cannot be 


used as a basis for assurance of energy security and 
sustainable development of civilization. The latter should 
be solved by the considerable increase of share of 
inorganic fuel in power industry, including mainly nuclear 
power and renewable energy sources. 


Thermal reactors and once-through fuel cycle 
technology are currently used in nuclear power. Fuel 
supply of NPP with thermal reactors is provided on the 
basis of technologies of natural uranium production and 
enrichment for uranium fuel fabrication, while temporary 
storage is mainly adopted for spent fuel. NPPs now under 
operation and those under construction are safe, friendly 
to the environment and they produce competitive 
electricity without considering postponed problems. 


However, this technological platform based on the 
use of thermal reactors has certain drawbacks. It is 
impossible to form the large-scale (tens of hundreds GW) 
prospective nuclear power system on this platform for 
scientific, technological, economical, ecological and 
political (non-proliferation) reasons. There are two basic 
system drawbacks hindering this possibility, namely: low 
effectiveness of use of natural raw material and large 
amount of waste per unit of net product. The search of 
ways of crossing of the above obstacles is based on the 
concept of fuel breeding and physical principles of power 
fast neutron reactors, which were stated independently by 
the outstanding physicists E. Fermi in the USA and        
A. I. Leypunsky in the USSR as far back as in 1940-ies1. 


In our country scientific research, design and 
technological studies aimed at the achievement of this 
goal have been already carried out for over half a century. 
Studies are conducted on the development of nuclear 


technologies capable of assuring implication of the total 
natural resources of uranium and thorium in the fuel 
cycle, as well as drastic decrease of radioactive wastes. It 
is these technologies that upon reaching their 
commercialization should be used as a basis for the new 
technological platform of the large scale nuclear power of 
Russia in XXI century.  


First phase of transition to new technological 
platform of nuclear power on the basis of closed fuel 
cycle with fast reactors in Russia is determined by the 
Federal Target Program “Nuclear Energy Technologies of 
the New Generation for 2010-2015 and for perspective up 
to 2020”. According to this Program, in the time frame up 
to 2020, lead-bismuth fast reactor SVBR-100 and lead 
fast reactor BREST-300 will be designed and constructed, 
construction of sodium fast reactor BN-800 is to be 
completed by 2014, and R&D work program for 
justification of the commercial size BN-1200 fast sodium-
cooled reactor design will be accomplished.  


It would be reasonable to complete the head unit of 
the BN-1200 before 2020 as the 5th power unit of 
Beloyarsk NPP, where the whole required infrastructure 
has already been prepared. 


From the standpoint of further development of 
sodium-cooled fast reactor technology it is necessary to 
construct in the mid-term perspective till 2030 a small 
series of power units with fast reactors on the basis of 
experience gained in the design, construction, and 
operation of the BN-1200 head power unit. This would 
make it possible to evaluate the real commercial 
properties of this type of the reactor taking into account 
series fabrication factor. 


As regards reactor facilities with heavy liquid metal 
coolants, it is in this period that the experience of design, 
construction and operation of the head power units will be 
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obtained, and this experience should be taken into account 
when determining prospects of this area of nuclear reactor 
industry. 


In the long-term perspective beyond 2030 the large-
scale introduction of closed fuel cycle into nuclear power 
system of Russia should be implemented with creation of 
appropriate industrial infrastructure on the basis of fast 
and thermal reactors operating in closed fuel cycle. 


 
II. RETROSPECTIVE VIEW ON FAST REACTOR 


TECHNOLOGY DEVELOPMENT IN RUSSIA 
 
At the first stage in the 1940-ies the unique properties 


of fast reactors from the standpoint of nuclear fuel 
breeding and decrease of impact on the environment 
caused by the fuel cycle were justified theoretically. 
Using results of studies on reactor physics, using various 
coolants technologies etc., the image of fast reactor was 
formed in the 1950-ies on the basis of sodium coolant 
technology and the first small size experimental reactors 
were put into operation in United States of America, 
former Soviet Union, France, the United Kingdom, and 
Germany. Later on Japan and India did the same. 


At the next stage during 1960-ies and 1970-ies, 
construction of larger size experimental reactors was 
accompanied by putting into operation of demonstration 
NPPs aimed at gaining experience in constructing and 
operating nuclear power plants with fast sodium cooled 
nuclear reactors. After that, the design and research 
activity was concentrated on the development and 
construction of the first semi-commercial NPPs with 
sodium cooled fast reactors2. 


In the former Soviet Union the concentration of 
experience gained in design, construction, and operation 
of BR-5/10, BOR-60, and BN-350 fast reactors was 
embodied in the BN-600 fast sodium cooled reactor 
design. By now, the third power unit at Beloyarsk NPP 
with the BN-600 fast reactor is the only in the world that 
successfully operated in commercial mode more than      
30 years. Load factor of this reactor is about 75%, that is 
rather good figure for such kind of reactors. It should be 
noted that apart from energy generation in commercial 
mode, this reactor is successfully used for tests of the new 
fuel compositions and structural materials, as well as 
safety systems and equipment. 


It is positive experience of the BN-600 reactor 
operation during thirty years that affords grounds for the 
statement that SFR technology has been proven from the 
standpoint of assurance of industrial level of safety and 
reliability and has right for its further development3. 


Experience gained in mastering SFR technology in 
several countries has shown that the real success can only 
be achieved by its systematic (stage-by-stage) 
development, i.e. on condition that the experience gained 


at the previous stage is taken into account at each next 
stage of development. 


It appears that this thesis is fundamental from the 
standpoint of assurance of successful development of 
alternative technologies of fast reactors based on the use 
of heavy liquid metal and gas coolants. 


Nuclear power plant with the BN-800 fast reactor, 
which is now under construction as the fourth power unit 
at Beloyarsk NPP, is the product of further development 
of this technology4. Taking principal design approaches 
implemented in the BN-600 reactor as the basis, the 
designers updated significantly some components and 
systems of the facility in order to improve its safety, 
technical, and economical characteristics.  


As it has been indicated above, further development 
of fast reactor technology is implemented to some extent 
by the activities within the framework of Generation-IV 
International Forum. Participating countries (Table II) 
carry out R&D work according to their national programs 
and exchange the results of studies on the basis of system 
agreements implemented within the framework of 
Generation-IV International Forum. 


As regards sodium cooled fast reactors, activities in 
this area are now concentrated on R&D for justification of 
the following reactor designs: BN-1200 (Russia), 
«ASTRID» (France), JSFR (Japan), «KALIMER» 
(Republic of Korea) and SMER (USA). 


 
III. FEATURES OF FAST SODIUM                          


REACTOR TECHNOLOGY 
 


Substantial experience on industrial application of 
fast reactors cooled by sodium has been gained in Russia. 
Among total world’s fast-reactor-operating experience to 
date of ~300 reactor-years, the Russian share is about 
40%, i.e., 120 reactor-years5. The fast neutron reactor  
BN-600 at the Beloyarsk NPP has been working 
successfully since 1980 with comparatively high load 
factor. The safe and effective operation of Beloyarsk NPP 
has been noted many times both by Russian appropriate 
bodies and by the World Association of Nuclear 
Operators (WANO) at the international level. 


Construction of BN-800 as unit number 4 at 
Beloyarsk site is currently under way. Commission of the 
BN-800 is due in 2014. 


It is well-known that fast reactors have unique 
surplus of neutrons that can provide both fuel breeding 
and high level of safety which expresses in the following 
physical features of fast reactors:  
− Stable negative feedback on power and 


temperature due to negative temperature and power 
reactivity coefficients and all their constituents; 
well-known drawback connected with positive 
sodium void reactivity can be eliminated; 
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appropriate solutions have been developed and 
more effective means are under investigation; 


− The possibility of reaching internal breeding ratio 
in the core close to 1 that makes it possible to 
design reactor with a virtual zero core excess 
reactivity (or, at least, less than βeff) to compensate 
for fuel burn-up, which makes the reactor more 
safe in case of the unmitigated transient over-
power (UTOP) accidents; 


− Absence of effects like xenon poisoning and 
subsequent positive reactivity insertion; 


− High stability of neutron fields; 
− Impossibility of local criticality in the core even 


under large disturbance of neutron fields; 
− Low coolant pressure due to sodium 


thermodynamic features; 
− The high thermal capacity of integral reactor 


design and intermediate sodium circuit that 
provides large thermal inertia of the processes 
connected with violation of heat transfer; 


− High heat of sodium vaporization providing a large 
margin to sodium boiling (300 ◦C); 


− Keeping in sodium and catching by cold traps of 
substantial share of radioactive fission products if 
they leak out of a fuel pin to the coolant; 


− Low corrosive activity of sodium towards 
structural materials that increases reliability of 
sealed safety barriers. 


 
IV. NEW TECHNOLOGICAL PLATFORM 


 
Four main components of nuclear power fuel cycle 


for existing technological platform (TP) and for new 
technological platform are compared in Table I.  


 
TABLE I 


 
Nuclear fuel cycle for existing and                                 


new technological platforms of nuclear power 
 


Technological 
platforms 


Raw 
resources 


Fuel 
supply 


Energy 
generation 


SNF and 
RAW  


Existing TP 
(once-through 
fuel cycle) 


U-235 Mining Thermal 
neutron 
reactor 


Long-term 
storage 


New TP  
(closed fuel 
cycle) 


U-238 
Th-232 


Reactor-
based 


Fast reactors 
with thermal 


reactors 


SNF 
reprocessing. 


Reduction     
and final 
disposal        
of RAW 


 
As it follows from Table I, the new technological 


platform of nuclear power is conceptually different from 
the existing platform with regard to such important stages 
of nuclear fuel cycle as raw resources – transition to use 
uranium-238 and thorium-232 instead of uranium-235, 


fuel supply technology – transition from uranium ore 
mining to the fuel breeding in fast reactors in closed fuel 
cycle, reactor technologies – transition from thermal 
reactors to the double-component structure of nuclear 
power, including thermal and fast reactors, and later on to 
the structure based on fast reactors only, and technologies 
of spent nuclear fuel (SNF) and radioactive waste (RAW) 
management. 


The increasing role of fast reactors in the prospective 
general structure of reactor technologies is vividly 
demonstrated by the plans of R&D work within the 
framework of Generation-IV International Forum. 
Namely, three out of six reactor technologies proposed for 
the further development refer to fast reactors including 
sodium cooled fast reactor (SFR) lead cooled fast reactor 
(LFR) and gas cooled fast reactor (GFR)6. 


The list of countries participating in the activities on 
justification of various fast reactor designs within the 
framework of Generation-IV International Forum is given 
in Table II. 


By now, only technology of sodium cooled fast 
reactors has achieved practical implementation phase. 
This was caused to a large extent by the wide international 
cooperation in carrying out R&D programs on 
justification of SFR designs, as well as high-grade 
programs of stage-by-stage development of the considered 
technology. 
 


TABLE II 
 


Participants of fast reactor development                        
within the Generation-IV International Forum  


 
Countries Leading organizations Fast reactor system 


SFR GFR LFR 
EURATOM Joint Research Center 


(JRC) of the European 
Commission  


   


France 
Commissariat a 
l’Energie Atomique  
(СЕА) 


   


Japan Japan Atomic Energy 
Agency  (JAEA) 


   


China Ministry of Science 
and Technologies 
(MOST) 


   


Korea Ministry of Science 
and Technologies 
(MOST) 


   


Russia ROSATOM State 
Corporation 


   


Switzerland Paul Scherrer Institute 
(PSI) 


   


USA Department of Energy 
(DOE) 
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V. BN-800 FAST REACTOR 
 


The BN-800 design uses all the principal technical 
solutions that have been realized in the BN-600 reactor 
and proven by BN-600 operation during many years. At 
the same time there are new technical solutions envisaged 
in the BN-800 reactor which substantially increases of 
nuclear unit safety. Such innovative solutions are the 
following: 
− The first time introduced by design to reach zero or 


even negative sodium void reactivity effect figure by 
changing of size and structure of upper axial blanket 
so that in case of sodium boiling in the fuel 
subassembly the neutron leakage sharply increases 
upward and out of the core7.   


− Additional scram rods based on passive activation 
were introduced into reactor control system so that 
once forced coolant circulation stops these control 
rods fall down into the core under gravity and shut 
down the reactor.  


− Additional passive system of emergency cooling 
with sodium-air heat exchanger was introduced into 
the reactor cooling system.  


− There is a special in-vessel catcher envisaged under 
the core to catch and retain fragments of the core in 
case of core disruptive accident. The core fragments 
are this dispersed from each other and recriticality is 
eliminated.   


− Due to additional technical solutions the earthquake 
resistance of all unit structures is increased.  


The main performance parameters of the BN-800 
reactor are given in Table III.  


 
TABLE III 


   
Main performance parameters of the BN-800 reactor 


 
№ Parameter Value 
1. 
2. 


Thermal capacity, MW 
Electric capacity, MW 


2100 
880 


3. 
4. 


Core height, cm 
Core volume, m3 


88 
4.53 


5. Lower axial breeding blanket height, 
cm 


 
35 


6. Sodium plenum height, cm 30 
7. Upper axial boron shield height, cm  


15 
8. 
 


9. 


Number of fuel subassemblies in the 
core 
Among them in zones with different 
plutonium content  


 
565 


 
211/156/218 


10.  
 


11. 
 


12. 


Flat-to-flat size of fuel S/A x wrapper 
tube thickness, mm 
Fuel pin diameter x clad               
thickness, mm 
Number of pins in fuel S/A 


 
94.5x2.5 


 
6.6x0.4 


127 
13. Number of control rods  30 


14. 
 


15. 
 


16. 
 


17. 


Number of S/A in radial breeding 
blanket 
Flat-to-flat size of blanket S/A x 
wrapper tube thickness, mm 
Blanket fuel pin diameter x clad 
thickness, mm 
Number of pins in blanket S/A 


 
90 
 


96x2 
 


14x0.4 
37 


 
Currently some other options of core design are under 


consideration. In particular, option unified with the         
BN-600 reactor related to fuel subassembly and pin size 
in the core, correspondingly 96x2 mm and 6.9x0.4 mm. 
Fuel burn-up increase and use of denser nuclear fuels 
(nitride fuel) are under consideration as well. 


In the current stage of SFR technology development 
in Russia power unit with the BN-800 reactor is an 
important link in mastering technology of management of 
mixed uranium-plutonium fuel and development of some 
elements of closed fuel cycle including fabrication of fuel 
elements and SAs (including those with regenerated 
uranium and plutonium from thermal reactors), 
reprocessing of SNF from fast and thermal reactors and 
RAW management. 


 
V.A. Fuel cycle options of the BN-800 reactor 


 
The main task of BN-800 reactor is to carry out  


national technological problem on mastering closed fuel 
cycle technologies with use of MOX fuel at the industrial 
scale. Simultaneously the BN-800 will be engaged to 
solve so-called “political problem” to utilize plutonium 
being withdrawn from defense programs as it agreed with 
the U.S.  


An option with use of mixed nitride fuel in closed 
fuel cycle of the BN-800 reactor is also under 
consideration. Use of nitride fuel is related to task on self-
breeding of nuclear fuel (that is, the breeding ratio with 
mixed nitride fuel is close to 1) with moderate fuel power 
rating with realization of natural safety principle and 
technological support of nonproliferation. All these 
features may be realized in the BN-800 reactor with 
nitride fuel at the expense of slight increase of fuel 
volume fraction and the elimination of breeding blankets. 
In this case it is possible to arrange fuel cycle without 
separation of plutonium from uranium during spent fuel 
reprocessing and operates reactor with practically zero 
excess reactivity.  


Using MOX fuel in slightly modified core design, it 
is possible to reach total breeding ratio close to 1 taking 
into account the core and lower axial breeding blanket. In 
such a case the BN-800 reactor can operate on its own 
bred plutonium without feeding plutonium from other 
sources.  


It should be taken into account as well that during 
qualification of these new technologies, it is necessary to 
gain practical evidence in advantages of fast reactors from 
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the point of view of ecological safety. Since actinides 
accumulated in the reactor will be burnt in it, even using 
conservative figure of losses during chemical processing 
of spent fuel ~1%, about 0.6 t of plutonium and ~0.025 t 
of neptunium, americium and curium will go out of 
nuclear fuel cycle (it is supposed that during the whole 
reactor life its spent fuel will be reprocessed 20 times). 
For comparison: in spent fuel of VVER-1000 reactor 
accumulates about 8 t of plutonium and 0.800 t of MA 
during reactor life time8. 


Fast reactors are able to utilize weapons plutonium 
very effectively because they use fuel with high content of 
plutonium and hence the rate of its utilization in fast 
reactors is much higher as compared to thermal reactors. 
It should be noted that two units of fast reactors – 
operating BN-600 reactor with partial MOX load (so-
called BN-600 hybrid core) and the currently-being-
constructed BN-800 – can fulfill the whole weapons 
plutonium utilization program according to the Russia-US 
Intergovernmental Agreement of September 2000 within 
period of about 25 years. An important factor is the 
location of the BN-800 reactor at Beloyarsk NPP site in 
the close vicinity of the “Mayak” plant that leads to 
considerable shortening of transport routes with weapons 
plutonium, excluding transportation of MOX fuel through 
European part of the country with a rather large 
population density and hence this factor will provide 
effective control of materials with weapons plutonium and 
at the end high level of safety and nonproliferation. 


 
V.B. Some economic considerations 


 
Assessments of cost of nuclear electricity production 


at NPPs with fast reactors which had been done in the past 
and are currently being done in some countries show that 
capital cost for fast reactors exceeds that for light water 
reactors. For example, during work on European fast 
reactor (EFR) it was shown that due to optimization of 
location of equipment and decreasing of its structural 
material consumption it is possible to reach difference in 
cost approximately 10-20%9. The latest design studies 
aimed at optimization of technical and economic 
parameters of the BN-800 reactor show that in Russian 
conditions this higher comparative cost for fast reactors 
compared to water reactors may place in the same range.  


At the same time conducting of comparable economic 
assessments would be more logical if the whole fuel cycle 
– starting with uranium mining up to nuclear unit 
decommissioning with nuclear wastes final disposal – is 
taken into consideration. Such a requirement is present in 
international program of work on the reactors of the 4th 
generation and in the International Project INPRO.  


However, the most correct way for such an 
economical consideration, according to authors’ opinion, 
does not consist in revealing which reactors are cheaper – 


thermal or fast or some others? It is necessary to take into 
consideration the whole system of nuclear power in which 
fast reactors will play the main role on fuel breeding and 
on using spent fuel of thermal reactors in closed fuel cycle 
of the whole system of NP8.  


 
VI. BN-1200 FAST REACTOR 


 
Design of BN-1200 fast reactor is significantly 


different from the BN-600 and the BN-800 designs10. 
The main attention in the design is given to the 


further improvement of safety, technical and economical 
characteristics (requirement to Generation - IV reactors) 
and decrease of environmental impact. 


For this purpose, complete integration of the primary 
sodium system within the reactor vessel is adopted, and 
all systems of the secondary (non-radioactive) sodium are 
equipped with safety jackets, this practically excludes 
sodium leaks from the circuit. 


Effective use of inherent safety features of sodium 
cooled fast reactors and application of package of special 
design approaches (passive safety devices, optimization of 
core neutronics on safety parameters) made it possible to 
decrease by an order of magnitude core disruption 
probability as compared to that prescribed by regulatory 
documents. 


Because of change for integral arrangement of the 
steam generator using large capacity modules steel 
consumption of the steam generator has been significantly 
decreased. 


Both operation characteristics and design of 
components of refueling system were radically modified. 


Application of the new layout and design approaches 
in a combination with the increase of single-unit power 
facilitated significant decrease of specific metal amount in 
the reactor plant (Table IV), this being an important factor 
of improvement of general technical and economical 
parameters of power unit. 
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Fig. 1. BN-1200 reactor cross-section. 
 
 


TABLE IV 
 


Specific metal amount consumption 
 


 Reactors 
BN-600 BN-800 BN-1200 


Specific metal amount in the 
reactor plant (tons/MWe) 13.8 9.7 5.6 


 
Introduction of power units with BN-1200 fast 


reactors into the structure of nuclear power in Russia 


would require construction of new plants for fabrication 
of uranium-plutonium fuel, reprocessing of SNF and 
facilities for RAW management. This would eventually 
make it possible to create in the mid-term prospect semi-
industrial infrastructure of closed fuel cycle as an 
important component of the new technological platform 
with reactor plant as a backbone system component. 


Similarly to the BN-1200 reactor, foreign designs of 
sodium cooled fast reactors mentioned above are aimed at 
substantiation of properties meeting requirements to the 
nuclear power plants of the fourth generation. 


Studies are carried out on various reactor designs 
(pool-type reactors: ASTRID, KALIMER and SMFR, and 
semi-loop reactor design: JSFR), use of high-density fuel 
(metal, nitride and carbide fuel) and increase of fuel 
lifetime and its burn-up by application of the new design 
approaches. This would eventually result in the 
considerable improvement of technical and economical 
characteristics of reactor designs. 


Studies on safety systems using both active and 
passive operation principles and on their optimal 
relationship taking into account economical criterion are 
very important from the standpoint of reactor safety 
improvement. 


The basic parameters of advanced designs of sodium 
cooled fast reactors are compared in Table V. 


 
TABLE V 


 
The main parameters of BN-1200 fast reactor    
compared with those being developed in GIF 


 
Parameter Reactors 


BN-1200 JSFR KALIMER SMFR 
Thermal power, MWth 2800 3570 1525 125 
Electric power, MWe 1200 1500 600 50 
Primary sodium 
temperature (reactor 
inlet/outlet), 0С 


410/550 395/560 370/495 355/480 


Temperature of 
superheated steam, 0С 


510 503 495 480 


Steam pressure, MPa 14.0 16.7 16.5 20 
Fuel lifetime, years 4-5 1.5-2.2 1.5 30 
Number of refueling 
cycles per fuel lifetime 


4 4 4 1 


Type of fuel МОХ МОХ Metal Metal 
Material of the fuel 
element cladding 


EK-164 
EK-181 


ODS NТ9М NT9 


 
EK-164 stainless steel of austenite class, EK-181 


stainless steel of ferritic-martensite class. 
As follows from the Table V, advanced designs 


demonstrate rather similar approach to parameters of the 
reactors using both MOX and dense fuel (mainly, metal). 


 
 
 
 


1 – intermediate heat exchanger;  
2 – reactor main vessel; 
3 – guard vessel;  
4 – support structure; 
5 – core diagrid;  
6 – core debris catcher; 
7 – core;  
8 – high pressure pipeline; 
9 – main primary pump; 
10 – rotating plugs;  
11 – control rod drives; 
12 – refueling mechanism 
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VII. LEAD-BISMUTH AND  
LEAD FAST REACTOR DESIGNS 


 
Design of small-size modular fast reactor with 


sodium coolant (SMFR) to be designed in the USA is of 
certain interest. The main feature of this design is an 
attempt to create (using fast reactor capability of fuel 
breeding) so called “long-playing” reactor core having at 
least 30 years lifetime. 


Such small-size NPP, which can be fully 
prefabricated, transported, easily mounted and operated 
for a long time without refueling, have good prospects as 
applied to regional power systems. 


Along with the analysis of the experience gained in 
design, justification, construction and operation of sodium 
fast reactors, efforts are made now to significantly 
improve safety, technical, and economical characteristics 
of fast reactors by the use of the alternative coolants, in 
particular, heavy liquid metals (lead-bismuth and lead). It 
is well know drawback of sodium to react with water and 
air, heavy liquid metals don’t have such drawback so 
there is no need to have additional safety systems as in 
case with sodium. This makes simple and cheaper the 
design of fast reactor. 


In this view reactors using lead-bismuth eutectic as 
coolant are most mature with regard to technology. 


In the former Soviet Union certain experience has 
been gained in the designing, manufacturing, and 
operating of such NPPs as applied to the nuclear 
submarines (NS). In total: 2 ground-based test facilities 
and 8 nuclear submarines with lead-bismuth reactors had 
been built, 7 of them of class “Alpha” (in terms of 
NATO). Total experience is 80 reactor-years. 


However, it should be noted that there is significant 
difference between nuclear submarine and nuclear power 
plant as regard to design and operation modes. R&D work 
and design development of demonstration NPP with lead-
bismuth fast reactor SVBR-100 is now in Russia under 
way. All primary components of this plant are located in 
the reactor vessel11. Neither piping nor valves are used in 
the primary lead-bismuth circuit of the reactor (Fig. 2). 


            
Fig. 2. SVBR-100 fast reactor. 


 
The 100-600 MW nuclear power plants can be sited 


in many regions of Russia and other countries where is no 
high-power electricity transmission lines or difficult to 
construct them.  Manufacture of reactor facilities does not 
require unique engineering equipment and can be 
performed at available engineering factories. Manufacture 
of modular power-units of different capacity and purpose 
can be organized at assembly lines in order to 
considerably reduce time and cost.  


The 3rd direction of fast reactor technology in Russia 
is development of lead cooled reactors BREST OD-300 
experimental-demonstration reactor and BREST-1200 of 
industrial scale12. This is two-circuit reactor facility with 
the primary (lead) system located within the reactor 
vessel. Elimination of prompt criticality excursion 
(reactivity margin ∆ρ~beff, CBR~1, equilibrium fuel 
composition). Use of a heavy metal as coolant, 
characterized by:  


o high melting temperature (coolant loss ruled 
out); 


o high boiling temperature (void effect of 
reactivity excluded); 


o slight interaction with water and air (no burning, 
no boiling);  


o low activation. 
Use of high-density and highly heat-conductive U–Pu 


mononitride fuel with МА (low fuel temperature, small 
gas release and swelling), affording fuel cladding stress 
relief. 


 For the purpose of justification of the key approaches 
adopted in this design, certain R&D work has been 
performed by now on coolant technology, reliability of 
the fuel and structural materials, design of the core and 
the main reactor components8. 
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Among the designs of lead cooled fast reactors under 
the development in the other countries within the 
framework of G-IV program, Small Secure Transportable 
Autonomous Reactor (SSTAR) and European Lead 
Cooled System (ELSY) should be mentioned. It is 
supposed to develop SSTAP and ELSY designs within the 
framework of the USA R&D program and the 
EURATOM sixth program, respectively. The main 
parameters of fast reactors with heavy liquid metal 
coolants are presented in Table VI. 


 
TABLE VI 


 
The main parameters of fast reactors                                  


with heavy liquid metal coolants 
 


Parameter 
Reactors 


SVBR-
100 


BREST-
300 


SSTAR ELSY 


Electric power, 
MWe 100 300 19.8 600 


Primary 
coolant 


Lead-
bismuth 


Lead Lead Lead 


Primary 
coolant flow 
mode 


 
Forced 


 
Forced 


 
Natural 


 
Forced 


Primary 
coolant 
temperature 
inlet/outlet, 0С 


345/495 420/540 420/567 400/480 


Steam 
pressure/ 
temperature, 
MPa/0С 


9.5/400 17/505 - - 


Fuel МОХ 
nitride 


nitride nitride МОХ 
nitride 


  
Analysis shows that current status of lead cooled fast 


reactor design is in the stage of experimental justification 
of some technological aspects, since development of the 
reactor components requires construction of the large-
scale test facilities, and comprehensive justification of the 
basic design approaches requires creation of the first in 
the world experimental (pilot) reactor. 


Construction of SVBR-100 and BREST-300 reactors 
in Russia is planned within the framework of 
implementation of the Federal Target Program 
“Nuclear Energy Technologies of the New Generation for 
2010-2015 and for perspective up to 2020”. Only upon 
accomplishment of the above program one can judge the 
declared and really achievable properties of these reactor 
systems. 


 
VIII. CONCLUSIONS 


 
In the current stage of nuclear power development, a 


certain opinion has been formed in the nuclear society 


about the necessity of transition to the new technological 
platform based on closed fuel cycle with fast reactors. The 
extent and the time of transition to closed fuel cycle 
depend on the balance of the nuclear fuel and power 
demand in each country. In the countries with developed 
nuclear power, where there is no need for its rapid  
extension (France, Japan, Korea and USA) deployment of 
commercial fast reactors is planned for about the middle 
of this century. For the countries with developing nuclear 
power (India, China and Russia) introduction of closed 
fuel cycle with fast reactors is important even now. 


By now, only sodium cooled fast reactor technology 
has been actually prepared for commercialization. But due 
to aggressive behavior of sodium towards water and air it 
is necessary to have in fast sodium cooled reactors special 
systems of safety and intermediate curcuit that of course 
influences economics of nuclear power plant. It is 
declared that the use of the alternative coolants (heavy 
liquid metals, gas and steam) could facilitate improvement 
of safety and technical and economical characteristics of 
fast reactors. 


However, the emergence of the real alternative 
technologies can only be stated upon obtaining positive 
results of R&D work, construction of experimental and 
demonstration reactors and their successful operation. 


Due to its inherent properties, fast reactor has rather 
good flexibility that allows it to use different core types in 
the same unit depending on the tasks for the given period 
of time. 


The BN-800 fast reactor design has a more 
substantial level of safety compared to its predecessor 
BN-600 reactor and to analogous designs of fast reactors 
developed abroad. Increased level of safety has been 
reached by introduction of new technical features into the 
design of BN-800 reactor, among them: special sodium 
plenum in the core to decrease sodium void reactivity, 
additional scram rods based on passive activation when 
sodium circulation in the core stops, additional passive 
system of emergency cooling with sodium-air heat 
exchanger, a special in-vessel catcher under the core to 
catch and retain fragments of the core in case of core 
disruptive accident. 


Putting the BN-800 reactor into operation will let 
Russia keeping its priority in fast reactor technology at the 
world’s level, develop the technological base for large-
scale commissioning of such type of reactors for national 
nuclear power, and start to develop technologies of closed 
fuel cycle for innovative nuclear power.  


The BN-800 design comprises all up-to-date 
engineering and technical solutions and, due to those 
substantial improvements, economic parameters are much 
improved compared to the BN-600 reactor. For example, 
consumption of materials in the BN-800 reactor decreased 
by 30% as compared to BN-600 reactor. 
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The BN-800 reactor can be an effective machine to 
solve the political task of weapons plutonium utilization, 
and may serve as an international center to justify the 
advanced nuclear fuel cycle for purpose of sustainability 
and minimization of radioactive wastes.   
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Abstract –Designing and optimising a reactor core is rather complex as it involves neutronics, thermal-hydraulics 
and fuel thermomechanics. In order to tentatively solve quite quickly such a multi-physical system, a new approach, based on 
simplified models, is being developed, which aims at optimising both the core performance (core volume, in-cycle Pu 
inventory, fuel burn-up …) and the core safety characteristics (neutronics coefficients, transient response time…) of a Fast 
Neutron Reactor. 


This new approach, called FARM (FAst Reactor Methodology) is currently used for studying a Helium-Cooled Fast 
Reactor core with mixed carbide fuel pins, and SiC-based CMC (Ceramic Matrix Composite) cladding. This method 
demonstrates that, given an initial set of specifications, 10 optimization variables are sufficient to determine all the core 
design features based on simplified modelling hypotheses. Then, simplified models are built using reference CEA codes 
(ERANOS for neutronics, METEOR for fuel thermomechanics) and polynomial interpolations derived from physical 
analytical considerations. Safety aspects of protected and un-protected accidents are also considered in the analysis, using 
analytical indicators and a global feedback neutronics coefficient methodology. With a multi-criteria genetic algorithm, the 
optimal values of the 10 variables, improving both core performance and safety characteristics, are then searched for. 


This new methodology leads to rather accurate core design features that are the best to fulfil all the requirements. 
Furthermore, the multi-criteria optimisation leads not only to one single core, but to several ones depending on the balance 
being given to the different safety characteristics and performances.  


The current results illustrate that such an approach can be successfully used to optimise Gas cooled Fast Reactor 
core designs. This tool has also been used to check the reference core design being optimised previously and to search for 
new core concepts using innovative technology and achieving high core performance (for example, burn-up increased from 5 
% to 7.5% FIMA).  


 
I. INTRODUCTION 


 
Usually, the core design of Generation IV reactors 


is essentially iterative. Because of the complexity of such a 
multi-physics system, several iterations between 
neutronics, thermal-hydraulics and thermomechanics are 
required before converging towards a concept with 
satisfactory features. Moreover, safety aspects are usually 
addressed in a very simplified manner (maximum 
temperature, core pressure drop, etc …) during the core 
pre-design phase, with most safety analyses being 
performed after the core pre-design phase, resulting in a 
few more iterations. This method allows a core to be 
designed meeting design requirements, but might not be 
the best one. Indeed, it does not allow exploring a large 
domain of parameters and generally leads to 
“conservative” features. Moreover, it also is restricted to a 
limited number of designs. 


Therefore, a new tool is being developed with the 
objective to perform a global optimization of both core 
performance and safety characteristics. Various ways and 
techniques can be used to achieve this goal, which are well 
described in the paper “Innovative methodologies for Fast 


Reactor core design and optimization” [1]. Schematically, 
there are two main approaches; the first, directly couples 
the reference computer codes in order to perform the 
optimization. This way, is currently very difficult to 
implement in nuclear engineering, because of the huge 
computation time required. The second approach, used in 
this study and by other teams working on core design 
optimization, is to use simplified neutronics, thermal-
hydraulics, thermomechanics and safety models derived 
from the CEA reference codes, and then to couple them 
within a new tool. An example of such an optimisation on 
SFR cores has already presented [2], using a genetic 
algorithm and neural network to fit the fuel and neutronics 
behaviour of the core. Another team from EDF R&D used 
spline correlations, in order to explore SFR core design 
with various performance indices (but without 
optimization algorithm) with rather good results [3,4]. Our 
work consists on an optimization of a Gas cooled Fast 
Reactor (GFR), with another tool called FARM (FAst 
Reactor Methodology), using genetic algorithms and 
polynomial correlations.  


One of the main advantages of these approaches, 
compared with the iterative ones, is that optimizations are 
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no longer performed field by field, but directly on the 
integrated design. This enables to compare the gains and 
losses resulting from the variation of a parameter, on 
different physics specialties, and thus to optimize the real 
performance of the core instead of “derived” constraints 
(for example: linear power, fuel volume fraction, etc.). 
Furthermore, the use of simplified models for the core 
physics, allows very low computation times (about ten 
seconds per core in FARM on an averaged PC) thus 
affording the optimization of a larger number of 
parameters (pin gas plenum height, outlet core 
temperature…) and on larger domains.  


Following a previous optimization of the GFR 
core design with FARM [5], a more precise and detailed 
one is presented here. The study concerns a core using 
carbide fuel in a pin with SiC-based CMC (Ceramic Matrix 
Composite) cladding and cooled by pressurized helium. 
Two different kinds of pellet/cladding gap are under study; 
a helium gap, considered as the reference option, and a 
buffer, considered as a more innovative option developed 
by CEA (see V.B for more details).  


In the first part of this paper, the core concept and the 
free parameters are described. The second part focuses on 
the general methodology (core performance and genetic 
algorithm). The third one details the different physical 
models (neutronics and thermomechanics). Finally, the last 
one presents results for the optimization of the two core 
concept, with and without buffer. 


 
II. CORE DESCRIPTION 


 
The type of core considered is consistent with the 


current reference GFR core considered by CEA [6]: a 
homogeneous cylindrical core filled with hexagonal sub-
assemblies, containing a triangular rod array. The fuel is a 
carbide fuel (U,Pu)C, the cladding is in SiC-based CMC, 
and an internal metallic liner, made of W-Re, is added to 
ensure leak-tightness and to prevent fission gas release to 
the primary coolant (figure 1). The cladding thickness is 
fixed at 1mm. The wrapper tube also consists of a SiC-
based CMC. 


 
Figure. 1. Pin composition 


 
Such a system offers many degrees of freedom. One 


has first to define basic constraints has:  
• Criticality throughout all the cycle 
• Heat removal in nominal conditions 


• Maintaining cladding integrity, by avoiding any 
pellet/cladding interaction (because carbide and 
SiC are both low ductility materials)   


• Break-even core (zero breeding gain) at the 
equilibrium cycle  


Then, the type of core considered can be reasonably 
characterized by the following 13 parameters: 


� Core thermal power 
� Helium coolant pressure 
� Inlet core temperature 
� Outlet core temperature 
� Coolant volume fraction in the rod array 
� Core fissile height over core diameter ratio (H/D) 
� Number of sub-assembly rows 
� Number of pin rows in each sub-assembly 
� Average Burn-up at fuel discharge 
� Initial helium pressure inside the pin 
� Expansion volume size 
� (U,Pu)C total porosity 
� (U,Pu)C open porosity fraction (corresponding to 


the interconnection of the fuel porosity, leading to 
more or less fission gas release in the pin) 


All core characteristics can be determined by these 
parameters. Indeed, for a simplified 2D neutronic 
description, without control rods and neglecting the 
reactivity variation (acceptable for a break-even core) the 
core volume fractions and geometry are sufficient to 
estimate the core viability. The rod array geometry 
(neglecting edge effects), thermal power, coolant pressure, 
inlet and outlet temperatures are also sufficient to estimate 
the pressure drop and the axial temperature profile of the 
central pin. Then a quite realistic description of the fuel 
swelling and fission gas release can be achieved using only 
power density, temperature and fuel porosity (total and 
opened fraction). Furthermore, coupling these simplified 
models leads to a reduction of the number of free 
parameters and the number of constraints. (For example, 
the core volume which was a free parameter in the 
conventional method is fixed by the neutronics criticality 
constraint in FARM). And finally, a core can be entirely 
described with these 13 parameters. 


In this study, in order to simplify the problem, and to 
remain close to standard cores, three of these are fixed. 
The thermal power is 2400 MWth (1GWe), the coolant 
pressure is fixed at 70 bar (maximum primary vessel 
pressure), and the core inlet temperature at 400 °C 
(thermodynamic reasons). The other 10 parameters are 
therefore the optimization variables.   
 


III. GENERAL METHODOLOGY 
 
The FARM approach aims to optimize the core design, 


but key questions remain: how to measure core 
performance? Which values must be optimized? And how 
to optimize them? 
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III.A. Performance 


 
The performance of a core could be summarized 


by its contribution to the cost of the delivered electricity 
for the required level of safety. But, such a contribution 
remains difficult to evaluate for innovative reactors and 
cannot yet be used for the optimisation. The evaluation of 
this cost is clearly considered outside of the framework of 
this study, will not be addressed here. It could be done at 
very long term (including primary circuit and reactor 
vessel optimisation), but it is not envisaged right now. 
Nevertheless, this cost is strongly dependant on both, the 
“economic performance” or physical performance of the 
core (meaning main core features very influent on the 
economic, capital and exploitation costs), and the cost of 
the additional safety systems required. This has a strong 
impact on the core design approach, because, in one way, a 
very safe core can be designed (for example with a very 
low power density), but with very bad performance. In the 
other way, many high performance cores can be designed 
and be acceptable, from a safety point of view, but with the 
addition of expensive safety systems. A balance has to be 
found between these two aspects in the core design. Safety 
is not negotiable, but the balance between ensuring safety 
by systems (active or passive ones) or by intrinsic core 
features is an important optimisation criteria to be 
considered, as shown in figure 2.   


 
This is why the “economic performance” and safety 


performance should be described separately (but optimised 
simultaneously). 


 


 
Figure 2: The balance between the core 


performance and the core intrinsic safety performance at a 
given global safety level 


 
III.A.1 Core Performance 


 
In order to estimate the economic performance of 


a core with a given thermal power, N. Todreas [7] 
considers the following five parameters: 


- Plant thermodynamic efficiency : r 
- Discharge burn-up : Bu 


- Irradiation time : Tirr 
- Core volume : V 
- Load factor 
The load factor is strongly dependant on the 


reactor systems. Therefore, it is out of the scope of these 
methods. The remaining 4 parameters are good 
performance estimators and may be considered in two 
ways: 


- They can be directly used in the optimisation. 
The drawback is that it will be difficult to visualize the 
results and to select a core. This option, which enables a 
large choice in the core selection, is rather complex to use 
and interpret. 


- They can be combined in one global parameter, 
the Pu inventory in a whole cycle (tons/GWe), for 
example, which greatly simplifies the interpretation:  
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This single parameter appears to be interesting 


alternative to the four performance indicators of Todreas. 
Easier to interpret, it describes the same tendencies: 
minimizing the cycle Pu inventory is equivalent to 
maximising the irradiation time (which also maximises the 
burn-up), the plant efficiency, and at the same time, 
minimising the core volume. 


Furthermore, minimizing the in-cycle Pu 
inventory has a positive impact on the size of the fuel cycle 
installation (for a given cooling and fabrication time). 
Otherwise, Generation IV reactor deployment will require 
a significant amount of Pu, and the available Pu stocks, 
produced by present water reactors, are limited [8].  


For pressurized reactors (such as GFR), another 
performance indicator could be additionally considered: 
the core diameter. It is quite close to the core volume, but it 
directly influences the primary vessel diameter and 
thickness, which are very important in the reactor cost. As 
a consequence, in this study, we assume that a satisfying 
estimation of the core performance can be evaluated with 
two parameters: the Pu inventory and the core diameter. 


 
III.A.2 Safety Estimators 


 
The safety level of a reactor is not only dependent on 


the core design, but is also strongly determined by the 
reactor safety systems (Decay Heat Removal Loops, 
supply pumps, etc…). As only core optimisation is 
considered in the methodology presented in this paper, the 
core safety characteristics rely on safety estimators, which 
are independent of the systems (or using a simplified 
system that is not necessary representative). The goal of 
these estimators is mainly to allow core comparisons. They 
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do not ensure any safety level (which is meaningless 
without a reactor system), but for example, for a given core 
concept, if core A has a smaller safety estimator than core 
B, it implies that it will be easier to achieve the required 
safety level for this particular accident, and the price of 
additional safety systems could be reduced. Safety 
estimators do not really need to be precise or to correspond 
to a real physical parameter; they need to be discriminating 
and quickly evaluated, in order to be used during the 
optimisation phase. They can address both protected and 
un-protected accident. 


 
Protected accidents: Three safety estimators are 


defined for protected accidents. 
• The Supply Pumping Power (SPP). Representative of 


a Loss Of Coolant Accident (LOCA), it is defined 
as the coolant pumping power needed to remove 
3% of the nominal power with a coolant back up 
pressure of 5 bar and a core outlet temperature of 
1500°C. The Supply Pumping Power itself never 
ensures the acceptability of the accident, but is 
directly linked to the reactor behaviour during the 
accident. That is why, in order to optimise a core for 
a LOCA, this estimator has to be minimised. It is 
quite close to the core pressure drop, but for various 
outlet temperatures in nominal conditions they did 
not represent the same estimator. Indeed, two cores 
with the same pressure drop, but different outlet 
temperature, will not have the same Supply 
Pumping Power. That is why the good parameter to 
consider is the SPP. 


• The “Fuel Grace Time”. For very low coolant 
thermal inertia reactors, such as Gas cooled Fast 
Reactors, the margin to cladding degradation is an 
important safety estimator. One way to quantify it is 
to evaluate the “fuel grace time”; the time before 
cladding failure, in adiabatic conditions, with a 
residual power law, considering a homogenous 
temperature in the pin (conservative model). This 
estimator has to be maximised. 


• The pin internal pressure in accidental conditions. 
The classical way to reduce the thermal impact of 
the fission gas release in the pellet/cladding gap is 
to initially pressurise the pin with Helium. But, the 
major drawback of this option is the fact that in 
accidental conditions the pressure inside the pin can 
reach very high values (100-150 bar), and can 
induce some cladding failure. As the ability to 
withstand the pressure of the SiC cladding is not 
well-known, this value is considered as a safety 
estimator, pending more detailed information. It is 
defined as the internal pressure, considering all the 
gas at end of life (fission gas and helium) at 1500 
°C (very conservative definition). Lower internal 
pressure minimises the risk of cladding failure. 


 
Un-protected accidents: 
   Safety estimators can also be considered for un-


protected accidents, and enable one to optimise the natural 
core behaviour in such events. In this paper, only core-size 
accidents are addressed, and local transients such as TIB 
(Total Instantaneous flow Blockage) or CRW (Control Rod 
Withdrawal) will not be treated, even if they could be 
integrated in such an approach. 


First of all, core-size un-protected accidents can be 
divided into three main problem types (as show in figure 
4): 


 


 
Figure 4: Schematic view of different kind of un-


protected accidents 
 
Slow or Quasi-static Transients: In this kind of 


accident, such as ULOHS (Unprotected Loss Of Heat 
Sink), USTOP (Unprotected Slow Transient Of Power) or 
some types of ULOF (Unprotected Loss Of Flow), the core 
parameters will evolve slowly and steadily, and converge 
to the asymptotic state (shutdown or stabilized power) 
which is the more “problematic” condition. This implies 
that the characteristics of the asymptotic state rule the 
transient, and are good safety estimators of the accident. In 
FARM, three of them are considered, the shutdown 
temperature for ULOHS (TinULOHS), the core outlet 
temperature associated to ULOF with a given back up flow 
(∆TcULOF), and the maximum fuel temperature associated 
with a USTOP (Tmax/fuel


USTOP). These estimators can be very 
quickly calculated using a global feedback coefficient 
methodology, the “ABC method” [9], or using the 
reactivity equation directly between the initial and final 
conditions. The second way, which is more precise but 
requires an implicit equation to be solved, is used in 
FARM. 


Fast Transients: For these accidents, such as UFTOP 
(Unprotected Fast Transient Of Power), or some types of 
ULOF, the more “problematic” condition occurs during the 
transient, with power or temperature overshoot. That is 
why kinetic aspects have to be taken into account. This can 
be done with an innovative approach developed by EDF 
during an ULOF [10], which can estimate very precisely 
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and quickly the maximum coolant outlet temperature. At 
the moment, this approach is not implemented in FARM, 
and only slow transient are treated in the present paper. 


The criticality issue: During very fast transients that 
inject a significant amount of reactivity, such as UFTOP, 
one major safety issue is to avoid prompt-criticality. But, in 
most cases, the time constant of reactivity insertion is 
longer than the Doppler time constant (usually considered 
smaller than a millisecond, but which could be calculated 
with the Usynin and Polyanin Model [11]). And, in this 
case, the Doppler feedback will provide a margin to 
prompt-criticality until the first fuel melting. The non-
prompt-criticality criterion is: 


$1ln <
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The maximum acceptable reactivity insertion is then a 
good safety estimator of UFTOP (∆ρUFTOP). However, in 
the case of an insertion of reactivity which would be faster 
than the Doppler constant time, the only criterion is to limit 
the reactivity insertion to 1$. As in the case of a GFR, a 
primary leak could lead to the loss of coolant in the core 
very quickly, the void effect has to be smaller than 0.9$ 
(1$ - a margin of 0.1$). Nevertheless, the maximum 
acceptable reactivity insertion will also be considered as a 
safety estimator. 


TABLE I 


Reference Core Performance 


Core Performance Protected Safety Estimators 


Pu Inventory 
core/cycle (t/GWe) 


11.3/32.1 
Fuel grace time (s) 192 


Core Diameter (m) 
4.3 Supply pumping 


power (kW) 
84 


Un-Protected Safety Estimators 
Maximum Internal 
Pressure  (bar) 


123 


TinULOHS (°C) 860 Other parameters of interest 
∆TcULOF (°C) 925 Burn-up (%FIMA) 5.0 
Tmax/fuel


USTOP (°C) 1855 Core size (m3) 24.2 
∆ρ


UFTOP (pcm) 863 Pressure drop (bar) 1.1 
∆ρ void 0.89 $ Nsub-ass / rows 13 


Finally, in FARM, the core performance is evaluated 
by 9 parameters; the in-cycle Pu inventory and the core 
diameter for economic performance, 3 safety estimators for 
protected accidents, and 4 for un-protected ones. Using 
these definitions, the reference core performance indices 
are given in table I. They will now be used at the 
optimisation step, in order to explore new cores with 
improved performance or intrinsic safety characteristics. 


 
III.B. Genetic Algorithm Optimization 


 
Once core design performance indices are defined, 


they have to be optimized. This is done by a stochastic 
optimization using a genetic algorithm (MultiGen) solving 


multi-criteria problems [12]. The general idea is to perform 
a natural selection for solving complex equations.  


One starts from an initial population of many core 
designs (each individual core defined by the 10 parameters 
seen before), randomly created, filling the entire variable 
domain. Only the best cores are selected from them. Then 
a new population is created by crossing two core designs 
or muting one. In this population, only the best cores are 
selected, to build the next generation, which themselves 
generate a new population, etc… After several hundred 
iterations, the population tends to the “Pareto Front”, the 
best population relative to fulfilling the requirements.  


The main advantage of this kind of algorithm is that 
several parameters can be optimized. The “Pareto Front”, 
is not just one core design, but the optimized population. 
Each core is the best one for a specific ratio between the 
different parameters. Figure 5 shows a two dimension 
Pareto front, where each point is a different core design, 
and is the best one for a specific ratio between the different 
parameters to optimize. 


 
Figure 5. Example of Pareto Front 


 
This is why the cores presented below are all 


optimized in terms of Pu inventory, as well as core 
diameter, SPP, internal pin pressure, fuel grace time (and 
un-protected estimators). It is up to the designer to choose 
the compromise between the different performance criteria 
in the 5 dimension Pareto front (9 including un-protected 
accidents) given by the optimization. 


 
IV. CORE MODELLING 


 
IV.A. Neutronics 


 
The purpose of the FARM simplified neutronics 


model is to find out the core volume which permits 
criticality while achieving a zero breeding gain at the 
equilibrium cycle. To achieve this goal, two things are 
needed: 


• The geometry; in terms of core Height to 
Diameter Ratio, and the size of the expansion tank 
and reflectors. 


• The macroscopic cross sections. 
To obtain these cross sections, 189 ERANOS [13] 


calculations are performed using a simplified R-Z 
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geometry and composition. Polynomial interpolations1 of 
the microscopic one-group cross sections are then 
performed, using the software SMURFER [14]. This 
software allows uncertainty and sensitivity analyses, 
interpolation and meta-model fitting. Once the microscopic 
cross sections are interpolated, the different macroscopic 
cross sections can subsequently be deduced from the core 
volume fractions.  


Then another interpolation is performed, giving the 
critical volume as a function of macroscopic cross sections 
and geometry: 


( )exp/,/,,, HHfisstravfcritic RDHfV ΣΣΣ=  


      Neutronics feedback coefficients (He void effect, 
Doppler, etc…) are also interpolated in the same time, in 
order to be used in the safety estimator calculations. 


After, as the objective is to study the equilibrium 
cycle, the equilibrium Pu Vector of each core is evaluated, 
using an analytical and simplified heavy nucleus scheme. 
The validation shows good correlation between ERANOS 
calculation and the model (3% maximum deviation). 


 
 Then, as only zero breeding gain cores at equilibrium 


cycle are searched for, a strong constraint is imposed to the 
Pu content, and especially to the U238/Pu239 ratio, which 
can be expressed as below: 
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With a Pu fraction fixed by this criterion, and the 


equilibrium Pu vector, for each studied core, the 
macroscopic cross section can be found, and the core 
critical volume can be deduced from previous 
interpolations. 


Compared to previous studies [5], the neutronics 
model has been strongly improved, and current results 
confirm that every core designed by FARM calculations 
achieves zero breeding gain at the equilibrium cycle 
(breeding gain between 1.5% and 2.3%, with 3000 pcm at 
the beginning of life). 


 
IV.B. Fuel Pin Thermomecanics 


 
One major difficulty of such modelling is to describe 


the fuel behaviour. Indeed this point, essential to estimate 
the average burn-up of the core so as to ensure the clad 
integrity, is closely linked to the thermal behaviour of the 
pin and the carbide fuel behaviour.  


IV.B.1 Interpolation of Carbide Fuel Behavior 
 


                                                           
1 Kriging methods have also been tested successfully, but required 


too long a computation time. Polynomials are sufficient for these kinds of 
interpolations. 


During irradiation, a carbide fuel, on the one hand, 
swells (at a rate of the order of 2% volume expansion per 
% FIMA of burn-up), and on the other hand, releases 
fission gases. These two aspects have major effects on the 
core behaviour; the swelling of carbide determines the 
irradiation duration (avoiding pellet/cladding interaction), 
and the fission gas release strongly influences the thermal 
behaviour (which also has a big impact on swelling).  


The balance between fuel swelling and fission gas 
release is subsequently very important in the pin fuel 
design. In order to model it, 180 METEOR [15] 
calculations were performed, describing a single pellet 
with a fixed external temperature, covering all 
temperatures and power densities representative of core 
conditions, with various pellet diameters and carbide 
micro-structures. The results show that the carbide 
behaviour in various conditions can be reliably 
approximated by a polynomial interpolation.  


 
IV.B.2 Thermal Calculation 


 
To estimate fuel swelling and fission gas release with 


these interpolations (and deduce the burn-up), the fuel 
external temperature is required. For this reason, an 
analytic thermal model has been developed taking into 
account conductive heat transfer, fuel thermal expansion, 
and radiative heat transfer in the pellet/cladding gap.  


However, during the irradiation cycle, the fission gas 
release in the pellet/cladding gap will strongly reduce the 
gap conductivity (Xe, Kr have very low thermal 
conductivity), leading to some increase in the fuel 
temperature. And, at the same time, the swelling will 
reduce the gap size, improving the heat transfer, leading to 
a decrease of the fuel temperature. The competition 
between these two contradictory effects has a strong 
impact on the temperature, as shown in figure 6.  


This even suggests that, at the location where the gap 
first closes, the swelling will be more effective than the 
fission gas pollution and the temperature will decrease. 
But, in the core bottom, for example, the predominant 
effect will be the fission gas release and the temperature 
will increase. 


 
Figure 6. Thermal behaviour of a fuel pin during 


irradiation 
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In FARM, in order to take this phenomenon into 
account, the average temperature variation during 
irradiation is estimated, and some temperature 
“representative of the full irradiation history” is deduced.  


This temperature is used to evaluate the carbide 
behaviour and leads to an acceptable agreement for fission 
gas release and swelling (maximum discrepancy 5%). 


All cores estimated by FARM are validated with 
METEOR calculations, and the maximum discrepancy on 
the end of life burn-up never exceeds 5%.  


 
V. RESULTS 


 
V.A. He-gap GFR 


 
Several optimisation are performed on the reference 


“pressurized helium gap” core concept. For all of them, the 
following constraints are taken into account: 


• Sub-assembly weight < 600 Kg (handling reasons) 
• Core height < 3 m (feasibility reasons) [6] 
• Internal pin diameter > 6.5 mm (manufacturing) 
• He void effect < 0.9 $ (see III.A.2) 
• Pellet/cladding gap size to pellet radius ratio < 4.5 %. 


In order to prevent risk of relocation of fuel fragment 
in the gap possibly leading to cladding deformation 
(or even perforation) [16][17]. The exact value of 
4.5% came from a CEA recommendation.  
A first optimisation is performed aiming at 


determining if the current reference core of CEA, obtained 
after several iterations between the different teams, is 
optimal or not. 7 optimisation variables (the 10 presented 
before, without the burn-up fixed at 5 %FIMA, and the 
carbide micro-structure; field restricted to the objective of 
the project) are searched with the objective to improve all 
performance.  


The results show that cores very similar to the 
reference core can be found, but none is significantly 
better, with the meaning of improving one performance 
without deteriorating another. The reference core is 
therefore optimal, and in the Pareto Front. That highlights 
the capacity of the iterative approach. But, the major 
interest of FARM, is its ability to explore a larger domain 
(higher burn-up, micro-structure optimization …) and 
propose very different cores, directly optimized, and may 
be more suitable to the project needs.  


That is why another optimization has been performed, 
concerning all of the 10 optimization variables (various 
burn-up, wide range of exploration), with the objective to 
quickly propose new cores, more adapted to the project. 


First of all, some general results are especially 
interesting: 


• The fuel porosity (optimized between 15% and 20%) 
is always of 20%. The losses of heavy-metal fraction 
induced by a lower density are fully compensated by 
the gain on fuel mechanical behaviour.  


• The number of sub-assembly rows of optimized cores 
is often near the upper limit allowed, (12 or 13). This 
result can be explained by the sub-assembly weight 
constraint, and also the fact that, even if it increases 
the structure volume fraction, a high number of sub-
assembly favours a lower linear power (which is 
critical to determining pellet/cladding interaction). 
Furthermore if the reference core has 13 sub-
assembly rows, current studies have searched a 
reduced number of rows, for handling reasons. The 
new cores presented below are thus restricted to 12 
rows. 


• Other variables are widespread in their domain, and 
adapted for each core.  


• Slightly reduced Pu inventory (and improved burn-
up) can be achieved (30.5t/GWe or 5.5%FIMA, 
compared to 32.2t/GWe 5%FIMA), but high 
performance core cannot be designed without 
deteriorating other parameters. Indeed, most of the 
optimal cores are limited by the pellet/cladding gap 
constraint. This is the major limitation in the GFR 
He-gap core design.  


• Whether Pu inventory cannot be significantly 
reduced, the most interesting possibility is to improve 
safety estimators. The core called “Benabar” (see 
Table II) is an example of a design improving the Pu 
inventory and fuel grace time (+9%), for the same 
core diameter and SPP, with a higher internal 
pressure. In the same idea, assuming a still higher 
internal pressure, the core “Orlando” is a good 
example of a core improving the Pu inventory, the 
fuel grace time (9%) and the SPP (reduction by 10%). 
Another possibility is to accept cores with larger 
diameters. Indeed, this parameter as a strong impact 
on other core performance. The core “D’artagnan” 
shows good performance with a reduced SPP (-7%), 
increased fuel grace time (+6%), a reduced internal 
pressure (-10%) and reduced Pu inventory (-4%), 
enables by an increase of 20cm of core diameter. 


Everything has a cost. Improvement can be done for 
some performance items, but always deteriorating at least 
another one. But in this case other potentially more 
interesting cores are found, even if the optimisation 
margins are very limited because of the constraint on the 
pellet/cladding gap size. 
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TABLE II 


A selection of He-gap cores performance 


 Reference 
core 


Benabar Orlando D’artagnan 


Pu Inventory core/cycle 
(t/GWe) 


11.3/32.1 11.3/31.0 11.5/30.7 11.4/30.8 


Core Diameter (m) 4.3 4.3 4.3 4.5 
Fuel grace time (s) 192 210 (+9%) 210 (+9%) 204 (+6%) 


Supply Pumping Power 
(kW) 


84 82 76 (-10%) 78 (-7%) 


Maximum Internal 
Pressure  (bar) 


123 206 231 111 (-10%) 


TinULOHS (°C) 860 839 852 837 
∆TcULOF (°C) 925 892 918 897 


Tmax/fuel
USTOP (°C) 1855 1799 1805 1847 


∆ρ
UFTOP (pcm) 863 889 891 862 
∆ρ void 0.89 $ 0.87$ 0.90$ 0.85$ 


Burn-up (%FIMA) 5.0 5.3 5.5 5.3 
Core size (m3) 24.2 24.0 24.6 24.0 


Pressure drop (bar) 1.1 1.3 1.2 1.3 
 


Compared to previous studies [5], the results can look 
less impressive, but it is because the core diameter is now 
considered as a performance. Former results showed 
strongly reduced supply pumping power, but associated to 
very flat cores with excessive core diameters. Considering 
this new performance strongly changes the Pareto Front. 
Indeed, the core diameter is a very important parameter, 
and high performance cores can be found with very high 
diameters. On the opposite, reducing it strongly 
deteriorates core performance. More detailed studies are 
therefore required on this parameter to determine its 
acceptable values. Another reason for this deterioration of 
the results is the fact that the pellet/cladding gap size 
constraint is more restrictive than before. 


 
V.A. GFR using a “Buffer” 


 
As shown before, one major limitation to the 


performance of GFR pin SiC concept is due to the 
constraint on the pellet/cladding gap. Moreover, the low 
thermal conductivity of such a gap also strongly reduces 
the performance. In order to solve these aspects, a new 
innovative bonding has been developed by CEA, the so-
called “buffer” [18]. The “buffer” is a very porous SiC 
matrix, implemented as an interface between the fuel and 
the cladding. During the irradiation, it will squeeze under 
the fuel swelling, without deteriorating the cladding until 
all its porosity is removed by the applied compression 
stress. This has two major benefits: 


• The buffer avoids any relocation of fuel fragment 
in the gap, and the gap size constraint does not 
have to be taken into account; larger gaps are thus 
achievable. 


• The thermal conductivity of such a buffer is 
strongly increased as compared to a Helium gap, 
and enables high performance even with a wide 
pellet/cladding gap. 


This “buffer” is still a prospective technology and 
no such fuel element has been irradiated yet, but appears to 
be very promising.  


A very simplified model of the behaviour of such a 
buffer is introduced in FARM, in order to evaluate the 
potential in core design of this technology.  Its thermal 
conductivity is considered to be proportional to the He-gap 
conductivity with an improvement by a factor 3, and the 
end of life of the fuel is reached when the residual porosity 
of the buffer is equal to zero. 


Thus, another GFR optimisation is performed, with 
the same variables and same constraint as before, except 
for the constraint on the size of the pellet/cladding gap. 
The results are very promising. Indeed, the performances 
are significantly improved, with gains that can be used to 
reduce the Pu inventory, or to improve safety estimators. 


Three cores using a buffer are presented below. The 
first one, “Marguerite” is selected searching a strongly 
reduced Pu inventory (25 t/GWe), which still remains more 
important than for sodium fast reactor (~17t/GWe), and the 
same fuel grace time, SPP, core diameter than the reference 
core. Only the internal pressure is deteriorated to 225 bars. 
“Marguerite” is a good example of the potential of the use 
of a “buffer” to improve economic performance of the 
core.  On the opposite, the second one, called “Picsou”, is 
selected in order to have very good safety estimators and 
significantly reduced Pu inventory (29 t/GWe) for a core 
diameter similar to the reference core. A quite high fuel 
grace time (250s), a reduced SPP (67 kW) can be achieved 
with a quite low internal pressure of 168 bar. The last one, 
“Obiwan Kenobi”, is selected in order to have a very 
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reduced Pu inventory (26.0t/GWe), a strongly improved 
fuel grace time (270s), with the same SPP as the reference 
core. Such performance nevertheless requires a quite high 
internal pressure (232 bar) and an improved core diameter 


of 4.5m. “Obiwan Kenobi” shows that the core diameter is 
a very influent performance, because deteriorating it a little 
gives important margin for other performance indices. 


TABLE III 


A selection of Core performance using a buffer 


 Reference core Marguerite Picsou Obiwan Kenobi 


Pu Inventory core/cycle (t/GWe) 11.3/32.1 10.7/25.0 12.0/28.8 13.1/26.0 
Core Diameter (m) 4.3 4.2 4.4 4.5 
Fuel grace time (s) 192 188  250 (+30%) 270 (+40%) 
Supply pumping power (kW) 84 83 67 (-20%) 80  
Maximum Internal Pressure  (bar) 123 225 168 232  
TinULOHS (°C) 860 825 768 788 
∆TcULOF (°C) 925 796 723 776 
Tmax/fuel


USTOP (°C) 1855 1790 1680 1694 
∆ρ


UFTOP (pcm) 863 895 959 951 
∆ρ void 0.89 $ 0.89$ 0.89$  0.84$ 
Burn-up (%FIMA) 5.0 7.1 6.3 8.15 
Core size (m3) 24.2 23.5 25.3 27.0 
Pressure drop (bar) 1.1 1.3 1.3 1.3 
 


These results show that the buffer technology is 
promising and has to be further developed in order to 
improve performance of current GFR. Moreover, it 
highlights the fact that more information about the 
acceptable values of the internal pressure and the core 
diameter are necessary. Indeed, they strongly influence the 
other core performance and optimal core selection will be 
possible only with clear constraints on them.  


Such an optimization is also carried out much faster, 
and considering more parameters in a larger domain than 
the iterative approach. Indeed, as soon as models are 
established, in a few days plenty of optimal cores are 
found optimizing 10 design variables, compared to several 
months for one core and few parameters with the usual 
method.  


 
VI. CONCLUSIONS 


 
The objective of FARM was to explore and optimize 


core performance and safety characteristics, for protected 
and un-protected accidents, of core designs on a large 
domain: this goal is achieved. Its ability to quickly 
optimize (several days of optimisation compared to several 
months of iterations) a core design in a multi-criteria 
approach is established. That is why FARM, along with the 
essential detailed studies of neutronics, thermomechanics 
and thermal-hydraulics, is a well-adapted tool for 
designing an optimised core.  


In the two examples presented in this paper (GFR 
cores with He-gap or using a buffer), various kinds of core 
have been suggested with ways to optimize the He-gap 
cores (-10% on the SPP), and the demonstration that the 
former reference core is optimal, or ways to achieve strong 


improvements on the key core performances with a buffer 
(-20% on Pu Inventory, +40% on fuel grace time). In each 
case, the optimisations always leave to the designer the 
choice of balancing between the different safety estimators 
(depending on which accident is more problematic one) 
and the core economic performance (and ensure safety by 
systems).  


With the same approach, another type of He-cooled 
fast reactors is under study, with a carbide fuel pin using a 
vanadium based alloy cladding. This study requires 
introducing simplified creep models in FARM.  
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NOMENCLATURE 
 


MSPu core/cycle: Pu Inventory in the core/cycle per GWe 
(tons/GWe) 
MPu: the core Pu mass inventory (tons) 
Pth: Thermal power of the core (GWth) 
Tirr: Irradiation time 
Tcooling+fabrication: Time of cooling before reprocessing and 
fabrication of the new fuel. This very important parameter 
will be fixed at 7 years in this study. 
KD:  Doppler constant, 
 Tcomb


fusion: Average fuel temperature leading to fusion in 
the hot spot 
Tcomb


nom: Average fuel temperature in nominal conditions 
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Σa/f/tr: Macroscopic sections of absorption, fission, 
transport  
H/D: Height Diameter Ratio 
RHfiss/Hexp: Fissile Height / expansion tank height ratio 
Ф: average neutron flux 
σ a/c: the one groupe absorption/capture cross section 
NPu239(0): the initial density of Pu239 in the core 
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Abstract –This paper presents the results of an experimental study on coolability of particulate 
beds packed with multi-size and irregular particles. The POMECO-HT test facility was designed 
and constructed to investigate the dryout conditions of the particulate beds under top-flooding 
and bottom-injection schemes, respectively. The facility features a high power capacity (up to 2.1 
MW/m2) which enables to obtain the dryout heat flux of particulate beds with a broad range of 
porosity and particle diameters as well as coolability-enhanced measures. Two beds (Bed-1 and 
Bed-2) are selected in the present study, and both packed with sands particles with the same size 
distribution. Bed-2 has a “cake” simulant region (160mm×160mm in cross area and 30mm thick). 
The results show that the top-flooding dryout heat flux of Bed-1 can be predicted by the Reed 
model. The dryout heat flux rises significantly with increasing water velocity of bottom injection, 
and correspondingly the first position of dryout is moving from the lower part of the bed to the 
upper part. With the cake simulant in Bed-2, the dryout heat flux of the bed is significantly 
decreased (by ~50%), and the dryout position always occurs in the cake region, for both the top-
flooding and bottom-injection schemes.  


 
 


I. INTRODUCTION 
 
After a severe accident occurred at Three Mile Island 


(TMI-2), many retrofit measures were implemented in 
existing reactors to mitigate consequences of severe 
accident with core degradation and subsequent reactor 
pressure vessel failure to prevent early containment 
failure. Specifically in Swedish ABB atom design BWRs 
reactor cavity is flooded with water from the pressure 
suppression pool to protect concrete basemat from the 
direct attack of the core melt in case of the vessel failure. 
In the light water reactor (LWR) severe accident scenario, 
particulate debris beds may be formed when corium melt 
comes in contact with water. This may occur in the lower 
head when melt is discharged from the core to the lower 
head filled with water. Also debris bed is formed outside 
the reactor pressure vessel (RPV) when melt is discharged 
through the vessel failure site to a pool of water located in 
the containment under RPV. In either (in-vessel or ex-
vessel) case, the coolability of the debris bed is of 
paramount importance to termination and stabilization of 
a severe accident, since the debris bed has more chances 
to be cooled by natural circulation of the coolant than a 
melt pool or solid cake of melt. The debris bed coolability 
is a problem of two-phase flow in porous media per se, 


complicated by volumetric source of decay heat and 
complexity of the bed’s characteristics (i.e. particle size 
and morphology, bed porosity and shape). The key 
question in the coolability study is to answer whether 
decay heat can be completely removed by coolant flow in 
the debris bed1. The dryout heat flux (DHF), the limiting 
parameter for removal of the decay heat by boiling of the 
coolant, has been the focus of many experimental studies 
and theoretical developments during the last three 
decades.  


Reviews on the experiments investigating the dryout 
heat flux have been reported by Bürger et al. (2010)2, 
Schmidt (2004)3 and Lindholm (2002)4. Table I and Table 
II list the characteristics of the particulate beds which are 
used in the most referenced experiments. One can see that 
spherical particles are employed in most experiments, 
with particle sizes and bed height ranging diversely. For 
the beds packed with non-spherical particles, gravel or 
sand particles with a broad size distribution tend to be 
used, heated electrically by embedded resistance wires 
(cartridge heaters). In general, an extensive dryout heat 
flux database exists for particulate beds packed by single-
size spherical particles. It should be noted that most of the 
data are related to top-flooding beds in one-dimensional 
configuration, and only limited data are available for the 
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beds packed with irregular-shape and multi-size particles 
under coolant access by bottom-injection as well as top-


flooding. 


 
TABLE I:  


Experimental Conditions of DHF Tests for Homogenous Particulate Beds with Top Flooding 


                             Parameter 
Test 


Particle 
shape 


Particle size 
(mm) 


Bed 
porosity


Bed depth 
(m) 


Pressure 
(bar) 


Heating method DHF 
(kW/m2) 


UCLA / Schrock et al (1986)5 sphere  
 
 


cylinder 


8 
16 
39 


16 by 16 


0.36-
0.46 


0.25 1 isothermal, steam-water 
counter-current flow 


1500 
1900 
3600 


UCLA / Tung et al (1986)6 sphere 0.6-1.6 * 0.18- 
0.25 


1 volumetrically heated 
by induction coil 


 


Purdue / Hu & Theofanous  
(1986)7 


stone 
gravel 


8 
(average) 


0.387 1.016 1 
2.4 


by heating embedded 
12.7-mm metal balls 


821 
1100 


UKAEA / Stevens(1986)8 sphere 0.22-5 
3.5 
3.5 


* 0.05-0.15  
1 
9 


*  
960 


1350 
Sandia/DDC-1 / 
DDC-2 / Reed et al (1985)9 


UO2 
particles 


0.71 (mean)
2.43 (mean)


0.345 
0.41 


0.5 
 


1-170 
 


internal fission power 20-80 
500-1100


KfK / Barleon et al (1986)10 sphere 0.15-0.71 0.36-0.4 0.16-0.2 1 inductive heating 58-60 
TUM / Zeisberger et al  
(1999)11 


sphere 2 
1 + 4 


0.3 
0.19 


0.13 8-18 
(R314)


inductively heating 
steel balls in glass balls


400 
100 


EdF / Decossin (1999)12 sphere 2 
3.4 
4.7 
7.1 


0.4 0.5 1 inductive heating 700 
1000 
1500 
1650 


KTH / Knonvalikhin (2001)13 sands 0.2 (mean)
0.8 (mean)
1.0 (mean)


0.4 
0.26 
0.36 


0.45 1 embedded heaters 90 
111 
222 


KMU / Bang et al (2005)14 sphere 3.2 
4.8 


0.37 
0.38 


0.3 with 
0.11 glass


1 inductive heating 550 
760 


IKE / Schäfer et al (2004)15 sphere 3 or 6 0.39 0.64 1 or 3 inductive heating  
VTT/ Lindholm et al (2006)1 Al2O3 0.25-10 0.34-


0.37 
0.6 1.15 


-7 
embedded heaters 232 


451 
IKE/ Rashid et al (2008)16 spheres 


+ Al2O3 
3,6 


2-10 
0.38 0.65 1, 


3, 
5 


inductive heating 791.38 
1324.98 
1596.58 


   *unclear or unavailable 
TABLE II:  


Experimental Conditions of DHF Tests for Particulate Beds with Bottom Flooding / Injection 


                             Parameter 
Test 


Particle 
shape 


Particle 
size (mm) 


Bed 
porosity


Bed 
depth 
(m) 


Pressure 
(bar) 


Heating method / 
Bottom injection rate 


DHF 
(kW/m2)


Sandia/DDC-3/ Boldt et al 
(1986)(axial stratified)17 


UO2 
particles 


1.18(mean)
+ 


4.67 (mean)


0.41 0.1 
 + 
0.4 


7 
 


internal fission power /
0.01-0.08 gpm 


179-
1300 


UCLA / Tsai and Catton (1986)18 sphere 1.6, 3.2, 4.8   1 
(R113)


inductive heating / 
0-1 mm/s 


See 
Fig.2&3


KMU / Bang et al (2005)14 sphere 3.2 
4.8 


0.37 
0.38 


0.3 with
0.11 
glass 


1 inductive heating / 
1 kg/m2.s 


1000 
1200 


KTH / Knonvalikhin (2001)  
  (homogenous)13 


sands 0.2 (mean)
0.8 (mean)
1.0 (mean)


0.4 
0.26 
0.36 


0.45 1 embedded heaters 
(with downcomer) 


183 
202 
331 


IKE/ Rashid et al (2008)16 spheres 
+ Al2O3 


3,6 
2-10 


0.38 0.65 1, 
3, 


inductive heating 1596.56.
1672.14
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A good number of models to predict the dryout heat 


flux are also available in the literature. These models are 
mainly based on the maximum heat removal out of a one-
dimensional particulate bed with top flooding when 
coolability is contingent upon Counter-Current Flooding 
Limit (CCFL). For most of the models (e.g. Lipinski 
model19, the early accepted model for DHF estimation), 
the central point in modeling is to provide the formulation 
of the friction laws for momentum equations20-22: 
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where Jl and Jg are the superficial velocities of fluids, and 
K and η are permeability and passability, respectively. For 
uniform spherical particulate beds, they are expressed as 


2


23


)1(150 ε
ε


−
=


dK        
)1(75.1


3


ε
εη


−
=


d               (2) 


where, d and ε are particle diameter and porosity of the 
particulate bed, respectively.  


Table III shows the most applied models in the field 
to estimate the DHF, whose formulations depend on the 
consideration of the capillary pressure (Pg-Pl), interfacial 
friction Fi, and correlations of relative permeability Kr 
and relative passability ηr. 


 
TABLE III: 


Models for Dryout Heat Flux in Particle Beds. 


                  Parameter 
Model lg pp −  Kr ηr Fi Comments 


Lipinski, 0D (1982) 19 


ε
θεσ


⋅
−
d


cos)1(6  Kr,l= s 3 
Kr,g=α3 


ηr,l= s 3 
ηr,g=α3 


0 Homogenous bed 


Lipinski, 1D (1982) 19 
)(cos)1(150 sJ


d ε
θεσ


⋅
− Kr,l= s 3 


Kr,g=α3 
ηr,l=s3 
ηr,g=α3 


0 


5
)1()(


175.01 −
=


−ssJ


Reed (1982) 23  Kr,l= s 3 
Kr,g=α3 


ηr,l= s 5 
ηr,g=α5 


0  


Lipinski (1984) 24  Kr,l= s 3 
Kr,g=α3 


ηr,l= s 5 
ηr,g=α5 


0  


Hu & Theofanous 
 (1991) 25 


0 Kr,l= s 3 
Kr,g=α3 


ηr,l= s 6 
ηr,g=α6 


0  


Schulenberg & Műller 
(1987) 21 


0 Kr,l= s 3 
Kr,g=α3 


ηr,l= s 5 
ηr,g=α6, α>0.3 


ηr,g=0.1α4, α≤0.3


2
7 )(350 ⎟⎟


⎠


⎞
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JJ


g
K


sF lg
gl


l
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ρρ
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ρ


α


 
Experiments of Hofmann (1984)26 indicates that 


these models are unsuitable for situations with a bottom 
water injection. In these experiments, a strongly increased 
dryout heat flux (DHF) is observed (2.2 times the DHF of 
the top-flooding experiments). This increase can not be 
explained by the models without interfacial drag (e.g. 
Lipinski model19, Reed model23 and Hu & Theofanous 
model25). Better agreement is found with the predictions 
of the models including interfacial drag (e.g. Schulenberg 
& Műller model21). 


By comparing the results between several extensively 
used models and the experimental data referring to the 
pressure drop characteristics in particulate beds, Rashid et 
al. (2008)16 suggested that no model can provide accurate 
predictions for both DHF and pressure drop under top-
flooding and bottom-injection flow conditions. It is 
claimed that the model of Schulenberg & Müller21 is more 
suitable for top-flooding and bottom-flooding with low 
inflow rate, whereas the models without interfacial drag 


term (e.g. Reed model23) can better predict bottom-
flooding with relatively high inflow rates16. 


Although many experimental studies and analytical 
models have been reported in the literatures, the available 
data are so scattering1,15,25 that it is hard to conclude a 
universal model for particulate beds, especially for the 
cases with multi-size and irregular particles. There is a 
clear need on more experimental data for validation of the 
existing models, or new development of better predictive 
capabilities.  


The present study is intended to provide complete 
data (dryout heat flux as well as mean particle diameter) 
for a particulate bed (Bed-1) packed with multi-size 
irregular particles. The particles chosen have the similar 
size distribution to the debris particles in the Debris Bed 
Formation DEFOR-S (Snapshot) and DEFOR-A 
(Agglomeration) tests27-29 dedicated to the 
characterization of the debris beds formed in fuel coolant 
interactions (FCI). Thus, the data obtained do not only 
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provide high-quality data for the validation of the 
coolability analysis models, but also can provide insight 
on coolability margins of a debris bed with prototypical 
particle size distribution and morphology.  


Past FCI tests with prototypic corium mixtures (e.g. 
FARO30) suggest that particles can be agglomerated and 
even form impermeable “cakes”. Detailed experimental 
study of the debris agglomeration and cake formation has 
been performed in the framework of DEFOR-A 
(Agglomeration) 27, 29 experiments at KTH. 


One of the main aims of the present work is to 
investigate the influence of a “cake” on the coolability 
limits. Therefore in addition to the homogenous 
particulate bed with uniformly mixed particles, another 
bed (Bed-2) with an embedded cake-simulant is 
investigated to obtain dryout heat flux of a particulate bed 
with a cake-simulant. Such information provides 
understanding of the influence of not complete 
fragmentation and agglomeration of the debris (cause of 
cake formation during FCI) on coolability. 


A test facility named POMECO-HT was constructed 
at Royal Institute of Technology (KTH) to perform the 
related experiments. The facility is designed in such a 
way that it has a high power capacity (up to 84 kW or 2.1 
MW/m2) which enables to reach the coolability limit 
(dryout heat flux) of particulate beds within a broad range 
of porosity and particle diameters as well as coolability-
enhanced measures such as bottom injection of water. As 
a result, the dryout heat flux was also measured for both 
beds at various bottom-injection flowrates. It should be 
noted that previous POMECO13 test facility was 
originally designed for coolability study of particulate 
beds with fine particles or/and low porosity. Maximum 
power supply of the old POMECO facility was only 36 
kW, i.e., 293kW/m2. Such power supply was insufficient 
to reach the dryout heat flux of the particulate beds 
packed with particles similar to DEFOR debris27-29. 
 
 


II. DESCRIPTION OF EXPERIMENTS  
 


II.A. Test Facility and Instrumentation 
 
The schematic of the POMECO-HT facility is shown 


in Fig. 1, which consists of test section, water supply 
system, electrical heaters and their power supply system, 
instrumentation (thermocouples, flowmeters and pressure 
transducers) and data acquisition system (DAS). Fig. 2 is 
the pictures of the test facility before and after providing 
the insulation. The test section for accommodating the 
particulate bed and heaters is a stainless steel vessel 
whose cross-sectional area is 200mm×200mm rectangular 
with the height of 620mm. Over the test section is sitting 
a stainless steel water tank (200mm×200mm) which is 
1000mm tall and connected to the test section through 


flanges. A level meter is installed on the water tank to 
monitor the water level during the experiments. The test 
section and the water tank are well insulated. 


 


 
1-water tank, 2- water flowmeter, 3-particle bed, 4-heaters, 
5-data acquisition system, 6-steam flowmeter, 7- pressure 
transducer, 8-thermocouples, 9-water level gauge 


Fig. 1. Schematic of POMECO-HT facility. 


 


 
(a) before insulating                  (b) after insulating 


Fig. 2. The photos of POMECO-HT facility. 


 
A total number of 120 electrical resistance heaters are 


uniformly distributed in the particulate bed, as shown in 
Fig. 3. Each heater has the diameter of 3mm and the total 
length of 235 mm, with the heated part of 195mm. The 
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power rating of each heater is 700 W, so the maximum 
power capacity of facility is 84 kW. The particulate bed is 
also provided with 96 thermocouples installed at 16 
vertical levels, each having 6 thermocouples at different 
locations of the cross-section (Fig. 3b). 


 


 
(a) side view                         (b) top view 


Fig. 3. The distribution of heaters and thermocouples. 
 


The flowrate of water injection from the bottom of 
the beds is measured by OMEGA flowmeter (rotameter, 
FL-2050). The temperatures are monitored by using 
OMEGA K-type thermocouples. Two Rosement-3051 
differential pressure transmitters with an uncertainty of 
±0.25% of the full scale value are installed to measure 
pressure drops along entire and half bed, respectively. 
The differential pressure transmitters are connected to the 
test section through valve manifolds and pressure tapping 
of 10mm diameter. A small chamber serving as a 
steam/water separator is provided at each pressure tap to 
prevent steam from entering the pressure lines. The valve 
manifolds are used with the differential pressure 
transmitters to perform the block, equalizing and vent 
requirements of the transmitters. A Data Acquisition 
System (DAS) is established by using National 
Instruments data input instruments and a computer 
program written in LabView. The program collects the 
data from the thermocouples and the flowmeters, and 
employs the indicators to show the numeric data. 


Tests to determine the dryout power are started with 
a fully saturated bed, and the power to the bed is 
increased in small steps in order not to disturb the bed 
geometry. Waiting times of at least 15 min are necessary 
after a power step to make reasonable power 
measurements. Close to the expected dryout the power 
steps are chosen extremely small to minimize the 
overshoot of the critical dryout heat flux above which 
dryout occurs. A dryout is considered to be reached in a 


location where the temperature sensor reading is at least 
more than 10 oC higher than the saturation temperature. 


 
II.B. Particulate Beds 


 
Bed-1 and Bed-2 are both packed with sand particles 


whose size distributions are similar to that of the DEFOR-
A27-29 debris particles, as shown in Fig. 4. Also the 
measured particles size data from core melt fragmentation 
tests (e.g. FARO, CCM and MIRA, data from Lindholm, 
20024) are plotted in Fig.4 for comparison with present 
study. The lower part of the two beds is occupied with a 
50mm thick layer of big particles (4.75-5.6 mm) arranged 
to facilitate uniform distribution of water flow for bottom-
fed tests. The mixture of sand particles was loaded atop 
the big particle layer. Moreover, the uppermost row (R1 
in Fig.3a) and lowermost row (R15 in Fig.3a) of the 
heaters were not applied in Bed-2, due to the burnout of 
the heaters in the previous experiments performed on 
Bed-1. Thus, the effective heating height (between the 
row R2 and R14) of Bed-2 is 456 mm, while that is 532 
mm (between the row R1 and R15) for Bed-1.  
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Fig. 4. Size distribution of particles in the test beds. 
 


Another feature of Bed-2 is a cake-simulant region 
embedded in the upper part of the bed. The cake-simulant 
is formed by a fine-particle (<0.5mm) layer surrounded 
from the top and the bottom by an aluminum foil. The 
thickness of the cake is ~30 mm, with the cross-sectional 
area of 160×160 mm2. It is centrally located between the 
row R5 and the row R6 of the heaters, 385 mm above the 
bottom of test section. No heaters are embedded in the 
cake region. Position of the cake at the top of the bed was 
selected based on the experimental observation from the 
DEFOR-A27, 29 tests. 


The mean diameter of the sand particles employed in 
the particulate beds is 1.75mm, which was obtained by a 
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companion test performed on the POMECO-FL facility 
for investigation on adiabatic single-phase and two-phase 
flow in porous media31. The porosity of the beds is 0.37. 


 
III. RESULTS AND DISCUSSION 


 
III.A. Dryout Heat Flux of Bed-1 


 
The top-flooding experiment with Bed-1 is carried 


out on the POMECO-HT facility with the focus to 
achieve the dryout heat flux of the particulate bed. The 
bed is flooded from the top, with overlying water pool of 
500mm. The water is at saturated temperature under 
atmospheric pressure. The power at which the dryout 
takes place is 18 kW, resulting in the dryout heat flux of 
450kW/m2. As illustrated in Fig. 5, this value is very 
close to the prediction of the Reed’s model for dryout 
heat flux in a top-flooding bed with the mean particle 
diameter of 1.75mm and porosity of 0.37. It is found that 
the dryout position first occurs at the position of 120 mm 
above the bottom of test section. 
 


 
Model: 1 –Hu & Theofaneous25, 2–Schulenberg & Műller21, 3 – 


Reed23, 4 – Lipinski24 
Fig. 5. Dryout heat flux measured and predicted by various 


models for Bed-1. 
 


Bottom-injection experiments with Bed-1 are also 
performed in present study. Fig. 6 shows the measured 
results of dryout heat flux with the increasing flowrate of 
bottom injection. The dryout position in vertical direction 
at different bottom-injection flowrate is plotted in Fig. 7. 
For comparison, the dryout heat flux and dryout position 
in top-flooding condition (the bottom-injection flowrate is 
0 mm/s) are also plotted in Fig. 6 and Fig. 7  


As shown in Fig. 6, compared with top-flooding 
condition, the bottom injection increases the dryout heat 
flux significantly, and the dryout heat flux rises with 
increasing water flowrate of bottom injection. The dryout 
heat flux of the bed can be more than double that of top-


flooding case, if the superficial velocity of water injection 
is greater than 0.27 mm/s. 


It is clear from Fig.7 that at top-flooding case the 
dryout first occurs at the position of 120 mm above the 
bottom of the particulate bed in vertical direction. With 
the increasing of bottom injection flowrate, the dryout 
position is shifted upward, and the first position of dryout 
is moving from the lower part of Bed-1 to the upper part. 


For a homogenous debris bed with top flooding, the 
dryout heat flux is determined by the CCFL, where the 
interfacial friction provides resistance to the water 
ingression. When coolant injected from beneath, the 
interfacial drag will have the same direction with the 
coolant, which increases the inflow and the dryout heat 
flux accordingly. As the flow increases the DHF region 
moves upward gradually (Fig. 7), CCFL is playing 
significant role at high flow rates of bottom injection. 
 


 
Fig. 6. Dryout heat flux measured at different bottom-injection 


flowrate for Bed-1. 
 


 
Fig. 7. Dryout position (vertical direction) at different bottom-


injection flowrate for Bed-1. 
 


III.B. Dryout Heat Flux of Bed-2 
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In some of the FCI tests, a cake (a large piece of non-
fragmented chunk of melt) was found to be formed in the 
debris beds under certain fuel coolant interaction 
conditions (i.e., low sub-cooling, shallow water pool, etc.). 
Analysis performed by Yakush and Kudinov (2009)32 
demonstrates that such low permeability cake region has 
an unfavorable influence on the debris bed coolability32. 
Tests on Bed-2 were intended to provide experimental 
data and insights to the impact of such a cake on 
coolability.  


Totally eight thermocouples are used to measure the 
temperature of the cake region in Bed-2. Six of them are 
in the middle of the cake layer at the level of 400 mm 
away from the bottom of test section. The remaining two 
thermocouples are installed 100 mm from the cake center 
to measure the temperatures near the top and bottom 
surfaces of the cake. Both top-flooding and bottom-
injection tests are performed on Bed-2. Fig. 8 shows the 
measured results of dryout heat flux with increasing water 
flowrate of bottom injection (where bottom-injection 
flowrate “Jl=0 mm/s” corresponds to top-flooding case), 
while Fig. 9 illustrates the dryout position in the vertical 
direction at different bottom-injection flowrate, where 
two dryout positions are observed for the cases with four 
larger flowrates, corresponding to two colors in Fig. 9. 


 


 
Fig. 8. Dryout heat flux measured at different bottom-injection 


flowrate for Bed-2. 
 


In comparison with Bed-1 (see Fig.5), the dryout heat 
flux of Bed-2 is significantly decreased (less than 50% of 
that in Bed-1) at top-flooding condition. This implies that 
the existence of non-fragmented melt chunk in the debris 
beds will deteriorate the debris coolability. However, it 
can be seen from Fig. 8 that the dryout heat flux can be 
increased by bottom injection of water, and the gains are 
more pronounced, say, tripled for the case with water 
injection at superficial velocity of 0.333 mm/s. More 
comparisons of dryout heat flux between Bed-1 and Bed-


2 are plotted in Fig. 10, showing the dryout heat flux of 
Bed-2 with a cake existing in the particulate bed is 
decreased by 44-63%, depending on the bottom-injection 
flowrate. 
 


 
Fig. 9. Dryout position (vertical direction) at different bottom-


injection flowrate for Bed-2. 
 


As shown in Fig. 9, the dryout tends to occur in the 
positions with the vertical coordinates of 400 mm and 382 
mm above the test section bottom. The position with the 
vertical coordinate 400 mm is situated in the middle of 
cake while that of 382 mm is at the bottom of cake. The 
first dryout position always occurs in the cake, and does 
not move upward with increasing flowrate of bottom 
injection. This is different from the observations of the 
tests performed on Bed-1. 
 


 
Fig. 10. Comparisons of Dryout heat flux measured from 


Bed-1 and Bed-2. 
 


IV. CONCLUSIONS 
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Experiments were performed on the POMECO-HT 
test facility to investigate the dryout heat flux of two 
particulate beds packed with sand particles which have 
the similar size distribution of DEFOR-A27, 29 debris 
particles, under the conditions of top flooding and bottom 
injection, respectively. Based on the experimental 
observation and data, the following points can be 
concluded: 


• Given the mean particle diameter, the dryout heat 
flux of the homogenous particulate bed under top-
flooding condition can be predicted by the Reed’s 
model; 


• The dryout heat flux is significantly decreased for 
a non-homogenous bed with a cake (say, ~50% 
decrease for the top-flooding bed of 200×200×600 
mm3 with a cake of 160×160×30 mm3).   


• Bottom injection of coolant increases the dryout 
heat flux significantly. The larger the injection 
flowrate, the higher the dryout heat flux and the 
dryout elevation. 
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NOMENCLATURE 
 


d diameter(m) 
F interfacial friction(N) 
g gravitational constant (ms-2) 
J superficial velocity(ms-1) 
P pressure (Pa) 
s saturation, (1-α) 
  
Greek letters 
α void fraction 
ε porosity 
η passability 
ηr relative passability 
θ contact angle 
κ permeability 
κr relative permeability 
μ dynamic viscosity (Pa s) 


ρ density(kg m-3) 


σ surface tension(N m) 
  
Subscripts 
g gas 
l  liquid 
  
Abbreviations 
BWR Boiling Water Reactor 
CCFL Counter-Current Flooding Limit 
DHF Dryout Heat Flux 
FCI Fuel Coolant Interaction 
LWR Light Water Reactor 
RPV Reactor Pressure Vessel 
TMI Three-Mile-Island reactor 
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Figure 1 – AP1000 Plant Cavity Flooding and Long 
Term Core Cooling
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Abstract –Uncertainties in molten debris bed chemistry and mixing behavior in the lower plenum 
of a RPV, at the extreme bounding limits, have been suggested to potentially result in lower 
plenum debris bed configurations that may challenge vessel integrity during IVR.  To resolve 
epistemic uncertainties related to severe accident phenomena, the uncertainties are addressed via
engineered severe accident management solutions that are shown to be reliable using a 
probabilistic framework to quantify success.  Vessel failure probability and large release frequency
in the AP1000® plant design are demonstrated to be as low as reasonably practicable (ALARP), 
and the IVR strategy is demonstrated to provide a robust approach to severe accident management
in the AP1000 plant, capable of addressing postulated uncertainties and concerns.


I. INTRODUCTION


In-vessel retention (IVR) of core debris via external 
reactor vessel cooling is an important severe accident 
management strategy that is inherent in the AP1000®


passive nuclear power plant.  For design basis loss of 
coolant accident (LOCA) scenarios, the reactor coolant 
system (RCS) is depressurized and the reactor pressure 
vessel (RPV) is submerged in water to establish long-term 


core cooling (Figure 1).  In a severe accident, these same 
engineered safeguards promote IVR by reducing the 
stresses on the RPV wall and cooling the RPV external 
surface.  Additional design features of the AP1000 plant 
facilitate IVR by minimizing the heat fluxes from the 
debris to the lower head and maximizing the surface 
cooling by the water submerging the RPV. 


 The core is situated low in the RPV with the lower 
core support plate completely within the RPV lower 
plenum so that molten core debris in the lower 
plenum will contact the support plate, melting it and 
core shroud onto the top of the debris bed to 
mitigate a postulated focusing effect from a thin top 
metal layer on the lower plenum debris bed.


 The RPV reflective metal insulation forms a baffle 
and cooling annulus outside the vessel that enhances 
the external vessel surface cooling by turbulent two-
phase natural circulation resulting in an increased 
critical heat flux at the vessel surface.


Westinghouse has presented analyses for the AP1000
plant design demonstrating that for likely two- and three-
layer lower plenum debris bed configurations vessel failure 
was not predicted given successful RCS depressurization 
and cavity flooding sufficient to submerge the RPV1,2.  
However, an analysis of a three-layer lower plenum debris 
bed configuration presented by Seiler3 assuming more 
bounding conditions with respect to mixing of molten 
metal and oxide in the lower plenum debris concludes 
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there is potential to challenge RPV integrity.  The Seiler 
analysis includes two important assumptions that are quite 
extreme and non-mechanistic: it assumes that 100% of the 
unoxidized zirconium metal mixes with the U-Zr-O debris 
to maximize the formation of metallic uranium in the 
debris bed and that the maximum molten steel mass mixes 
with uranium and zirconium metal to form a bottom metal 
layer and thin the top metal layer.  These hypothetical 
assumptions result in the top metal layer “focusing effect” 
that challenges lower head integrity in Seiler’s analysis.


II. ADDRESSING EPISTEMIC UNCERTAINTY


Two fundamental approaches are available to address 
epistemic uncertainties such as these in severe accident 
phenomenological behavior: The first approach is to 
challenge the characterization and the uncertainties of the 
phenomena, supported by experimental and theoretical 
research. Difficulties of this approach are related to the 
complex nature of severe accidents and the impossibility of 
performing large-scale severe accident testing.  Even with 
experimental data, it is often impossible to get experts to 
converge on a conclusion.  The second approach relies 
instead in demonstrating the capability of the design to 
provide sufficient margin to manage the effect of the 
uncertainties and demonstrate success of the accident 
management strategy in spite of them. This second 
approach is used to address the impact of lower plenum 
debris bed chemistry and mixing uncertainties in the 
AP1000 plant IVR strategy.  


Westinghouse has adopted the Risk Oriented Accident 
Analysis Methodology (ROAAM)4 for developing severe 
accident management strategies and addressing epistemic 
uncertainties related to severe accident phenomena in the 
passive plant5.  A phenomenological condition that may be 
postulated to produce failure is addressed using an 
engineered solution to mitigate the condition.  The 
reliability of such a strategy is quantifiable within a 
probabilistic framework using established PSA techniques 
to demonstrate success.  This approach provides a 
fundamental basis for the severe accident management.  
The epistemic uncertainties associated with unquantifiable 
severe accident phenomenological conditions are mitigated 
by a demonstrably reliable engineered system and 
therefore do not control the outcome.


The purpose of this paper is to show that IVR is a 
reliable severe accident management strategy in the 
AP1000 plant design, even if extreme bounding 
hypothetical assumptions are applied with respect to the 
lower plenum debris bed mixing and chemistry 
uncertainties.  The design mitigates conditions that are 
postulated to result in RPV failure during IVR while 
preserving containment integrity.  Therefore, vessel failure 
and large release of radioactivity to the environment from 
AP1000 plant is demonstrated to be as low as reasonably 
practicable (ALARP).  Expensive countermeasures for ex-


vessel debris management, such as redesigning the AP1000
plant containment to accommodate an ex-vessel core 
catcher, do not provide significant benefit, are not 
reasonably practicable and are therefore unnecessary.


III. METHODOLOGY


The methodology that is used to evaluate IVR with 
conservative debris mixing and chemistry assumptions 
includes the following elements:


 Definition of the AP1000 plant severe accident 
scenarios relevant for IVR evaluation.


 Review of Emergency Operating Procedures (EOPs) 
and Severe Accident Management Guidelines 
(SAMG) strategies that would be performed during 
the relevant accident scenarios. 


 MAAP4.0.7 analyses to establish scenario timing, 
zirconium oxidation fractions, system success 
criteria and operator action timing windows.


 Quantification of heat loads for reactor vessel dry 
out scenarios with bounding assumptions for the 
debris mixing and chemistry uncertainties.


 Development of a probabilistic framework to 
quantify the success of IVR for at-power AP1000
plant scenarios given appropriate consideration for 
the systems and accident management actions that 
will be used during the events.


 Evaluation of the potential for and consequences of 
additional hydrogen releases to the containment 
considering the accident management actions.


IV. IVR SCENARIOS


In the AP1000 plant Probabilistic Safety Assessment 
(PSA)6, IVR is credited if two conditions have been 
satisfied: the RCS is depressurized and the vessel is 
submerged in water to an elevation that supports two-phase 
natural circulation cooling through the vessel cooling 
annulus.  Plant damage states (PDSs) or accident 
sequences that do not meet these success criteria do not 
credit IVR.  Multiple failures are required for the failure of 
these systems and the frequency of such sequences is very 
low.  Therefore, all scenarios considered for evaluation in 
this analysis include successful RCS depressurization and 
successful flooding of the reactor cavity surrounding the 
RPV to support IVR. 


The classical IVR scenario that has typically been used 
to evaluate the success of IVR in the AP1000 plant is a 
LOCA that progresses quickly through RCS 
depressurization and reactor vessel dryout with no water 
injection into the vessel.  This scenario is conservative for 
IVR analysis because core uncovery occurs early in the 
scenario when the decay heat is high.  It also produces 
relatively little zirconium-water reaction because the water 
inventory in the vessel is limited. However, this bounding 
scenario represents a small fraction of the core damage 
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Figure 2 - One train of the AP1000 PXS and ADS Systems


frequency in the AP1000 plant PSA.  To examine the plant 
response for a detailed deconstruction of IVR with 
bounding hypothetical assumptions regarding debris bed 
configuration, it is appropriate to consider more detailed 
accident scenario definitions than one bounding case.  


This section outlines the AP1000 plant severe accident 
scenarios (as determined by the PSA) that credit IVR and 
provides additional information regarding the passive plant 
response, which is strongly related to the availability of 
components within the passive core cooling system (PXS) 
and the automatic depressurization system (ADS) as 
defined by the PDSs.  A diagram showing one train of the 
two-train PXS and ADS systems is presented in Figure 2.


IV.A Passive Injection Failure
(Plant Damage State 3BE)


From the PSA, PDS 3BE sequences are fully 
depressurized (minimum 3 of 4 ADS-4 valves open)
sufficiently for gravity-driven passive injection into the 
RCS.  However, multiple failures within the PXS system 
cause injection of the in-containment refueling water 
storage tank (IRWST) water to fail, which results in core 
damage.  The accident sequences are adequately 
depressurized for passive injection, but the normal 
engineered flow paths for water to drain from the IRWST 
into the RPV direct vessel injection line (DVI) have failed.  
Operator action is typically required for successful cavity 
flooding to support IVR.  The operator floods the cavity by 
opening a minimum of 1 of 2 squib isolation valves in the 


PXS recirculation line with the normally open MOV (see 
Figure 2).  The water flows from the IRWST to the 
containment floodable region through the recirculation 
sump screen and submerges the reactor vessel.


If the RCS break elevation is below the water level in 
the containment floodable region, it may be possible for 
water to refill the vessel through the break when the 
containment water level submerges the break.  However, in 
this analysis, only flow paths that are known to be 
submerged are credited for refilling the reactor vessel.  
Therefore, refilling the vessel through loop breaks is not 
credited.  Alternate flow paths that may be established by 
the EOPs or SAMGs could provide pumped or gravity 
driven injection into the depressurized RCS. 


PDS 3BE contributes 34% of the at-power core 
damage frequency.


IV.B Passive Recirculation Failure
(Plant Damage State 3BL)


PDS 3BL sequences are fully depressurized sequences 
(minimum 3 of 4 ADS-4 valves open) with successful PXS 
injection and subsequent failure of PXS recirculation.  
During passive injection, the water drains from the IRWST 
through the PXS system into the RPV DVI line.  It spills 
through the break and the ADS system into the floodable 
containment region and submerges the reactor vessel.  The 
PXS recirculation lines from the containment floodable 
region to the DVI receive a signal to open on a low IRWST 
level.  However, in 3BL sequences the recirculation lines 
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fail to open and long-term core cooling is eventually lost.  
Breaks in PDS 3BL are above the water level in the 
containment or are too small to provide a pathway to refill 
the vessel.  Operator action to flood the cavity is not 
needed because the cavity is flooded by the progression of 
the accident prior to core damage.


PXS injection is successful in accident class 3BL, so 
there is a known open engineered pathway from the 
IRWST to the reactor vessel until such time as the IRWST 
loses sufficient water head to provide long-term core 
cooling.  Steam venting from ADS-4 to the containment
atmosphere condenses on the passive containment cooling 
system (PCS) cooling surface.  The condensate water from 
the PCS is recirculated to the IRWST, which delays the 
time that the IRWST runs out of water.  The condensate 
water is returned to the IRWST via the PXS gutter system
(Figure 2), so theoretically water can be continuously 
supplied to the RCS from the IRWST.  However, some
water will be lost from the system due to water carry-over 
from the RCS through the ADS-4 valves.  Some PCS 
condensate water may also bypass the condensate return 
gutters due to dripping from the shell.  The bypass water 
collects in the containment floodable region.  With the
failure of the PXS recirculation, over time, the water level 
in the IRWST becomes inadequate to support long-term 
core cooling.  As the water level in the RCS drops, the loss 
of water through the ADS-4 valves stops.  Thus failure of 
recirculation is not anticipated to produce core uncovery 
until much later in the accident sequence unless the PXS 
gutter system fails to align with the IRWST.  After core 
uncovery, core damage will proceed slowly as decay heat 
is lower out in time and water loss through the ADS-4 
valves is reduced at the low RCS level.  Once water begins 
boiling in the containment floodable region at the RPV 
surface and venting steam to the containment, 
condensation on the PCS shell adds water to the IRWST 
again.  


Accident class 3BL contributes 10% to the at-power
core damage frequency.  


IV.C Inadequate RCS Depressurization
(Plant Damage States 3D)


PDSs 3D sequences are partially depressurized.  The 
RCS pressure is reduced sufficiently to allow pumped RNS 
injection prior to core uncovery, but not sufficiently to 
allow adequate passive PXS injection to prevent core 
damage.  In these scenarios, failures within the ADS 
system prevent adequate depressurization but a minimum 
of 2 of 4 ADS-2/3 valves or 1 of 4 ADS-4 valves are open 
by definition of the PDS.  PXS injection/recirculation lines 
are most likely available, but are not credited in the PSA 
because they do not prevent core damage without full RCS 
depressurization.  However, during the core melt, water 
may "leak" into the RCS through open PXS lines and 
provide water to the reactor vessel as the core uncovers.  
Successful actuation of the PXS for some partially 


depressurized accident sequences will allow the IRWST 
water to “chug” into the reactor vessel.  This type of 
cooling is not credited with preventing core damage, 
however it could be sufficient to cool the damaged core in 
the reactor vessel, especially over time as decay heat is 
reduced.  Operator action is required to flood the reactor 
cavity to credit IVR because the cavity does not flood up 
fast enough to meet the IVR success criteria unless the 
cavity flooding lines are opened.


Accident class 3D contributes 25% to the at-power 
core damage frequency.  


IV.D Inadequate Core Reflooding
(Plant Damage States 3BR/3C)


PDSs 3BR and 3C are, by definition, large LOCAs 
that do not have successful initial reactor vessel reflooding.  
The core is uncovered immediately after accident initiation
and water cannot refill the RPV fast enough to prevent core 
damage while the decay heat is very high.  In accident 
class 3BR, the accumulators fail to deliver water to the 
core following the voiding of the RPV and the gravity-
driven injection from the core makeup tanks (CMTs) and 
IRWST is not able to make up water fast enough to prevent 
core damage.  Accident class 3C is a large LOCA below 
the top of the core (vessel rupture), so make-up water spills 
to the containment without refilling the vessel sufficiently 
to prevent core damage.  In the vessel rupture sequence in 
the AP1000 plant, the vessel will refill as the containment 
floodable volume surrounding the RPV floods with water 
and submerges the vessel.


PDSs 3BR and 3C contribute 23% to the core damage 
frequency and all of these sequences are considered to be 
reflooded vessel scenarios by virtue of the accident 
progression.  


IV.E Other Plant Damage States


The other PDS sequences in the PSA are steam 
generator tube rupture or small LOCA and transient 
initiated accident sequences with failure of RCS 
depressurization that have led to core damage.  These high 
pressure core damage scenarios are susceptible to induced 
steam generator tube rupture and subsequent containment 
bypass to the environment, which produces a large release.  
Bypass release scenarios do not credit IVR.  


Recovered high pressure scenarios that have been 
successfully depressurized after core damage and prior to 
large release may be considered for reactor vessel 
reflooding and IVR.  Assuming that the RCS is 
depressurized through the ADS and that the PXS injection 
lines open after core damage has occurred, the recovered 
high pressure sequences are reflooded by virtue of the 
accident progression and behave like the PDS 3BR 
accident sequences described earlier.  Otherwise, the high 
pressure PDSs do not meet the success criteria for IVR and 
are not considered within this analysis.
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V. ACCIDENT MANAGEMENT STRATEGIES


Symptom-based emergency operating procedures 
(EOPs) and severe accident management guidelines 
(SAMGs) have been developed and are implemented as an 
ALARP feature in all Westinghouse PWRs, including the 
AP1000 passive plant.  During an accident scenario, the 
operators will perform actions to recover the plant as 
outlined by the EOPs.  These actions are designed to inject 
water to cool and protect the barriers to fission product 
release: the fuel rods, RCS pressure boundary and 
containment pressure boundary.  The operators will not 
know if an event is a severe accident at the outset.  They 
will progress through the procedures as dictated by the 
control room indications.  If plant conditions continue to 
degrade beyond core uncovery while in the EOPs, the 
operators will transition to the SAMGs and continue to 
attempt to refill the RPV.  This section discusses the post-
core uncovery actions performed by the plant operators.


V.1 Emergency Operating Procedure FR-C.1


After core uncovery, steam flowing past the fuel rods 
will become superheated and the core-exit gas temperature 
will rise.  When the core-exit temperature indication is 
greater than 650°C, the operator will enter Functional 
Restoration Guideline FR.C-1, the procedure for 
recovering from inadequate core cooling.  The basic 
actions performed in the AP1000 plant procedure FR-C.1 
are summarized here in the order they are performed:


 Flood the reactor cavity for IVR
 Turn on the hydrogen igniters
 Check the status of the CMTs and PRHR and 


actuate if needed
 Start the CVS pumps to inject borated water into 


the vessel
 Check the status of RCS depressurization and 


open ADS-1/2/3 if needed
 Start the RNS pumps to inject IRWST water into 


the vessel
 Open ADS-4 if needed
 Check the status of PXS injection or recirculation
 Transition to the SAMGs if core cooling cannot


be established.
The availability of some systems called out in this 


procedure has already been considered in determining the 
core damage frequency.  Care must be taken not to credit 
failed systems in the consideration of the success of 
accident management strategies for core damage scenarios.  
However, some of the systems called out by FR-C.1 have 
not been considered in the assessment of core damage and 
may be credited for severe accident management.  The 
post-core uncovery actions, systems and availability are 
discussed here.


Cavity Flooding – cavity flooding is performed by 
opening squib valves in 1 of 2 PXS recirculation lines that 
are provided to drain IRWST water into the cavity (see 


Figure 2).  The failure of these lines has been established 
only in PDS 3BL, which is already flooded during 
successful PXS injection and does not require operator 
action to flood the cavity.


Hydrogen Igniters – Hydrogen igniters are 
containment system components and are not considered in 
the core damage assessment.  They are only considered for 
containment hydrogen control to mitigate challenges to 
containment integrity from hydrogen combustion.


Pumped CVS Injection – Pumped CVS injection is not 
considered to be able to prevent core damage, except for 
small RCS leaks that do not contribute to the scenarios 
considered here.  The CVS pumps are high head, low flow 
pumps and will not prevent core damage for LOCAs that 
actuate ADS.  CVS injection is turned on in FR-C.1 and 
will add water to the vessel after core uncovery.  The CVS 
pumps take suction from the boric acid storage tank, which 
supplies borated water for up to 7 hours of pumped 
injection.


RCS Depressurization – The availability of RCS 
depressurization has been established in the core damage 
assessment and is defined within the plant damage states.  
PDSs 3BE, 3BL, and 3BR are fully depressurized 
(minimum 3 of 4 ADS-4 valves open) and PDS 3D is 
partially depressurized (minimum 2 of 4 ADS-2/3 valves or 
1 of 4 ADS-4 valves open).  No additional depressurization 
is considered for the accident management assessment.


Pumped RNS Injection – Pumped RNS injection of 
IRWST water into the core has been considered in the 
assessment of core damage for all the fully and partially 
depressurized accident sequences.  If pumped RNS 
injection had worked, the accident sequence would not 
have progressed to core damage.  Therefore pumped RNS 
injection is known to be failed for these scenarios and is 
not credited for successful post-core damage accident 
management in this analysis.


Passive PXS Injection – Passive PXS injection has 
been considered in the evaluation of core damage for the 
fully depressurized PDSs 3BE and 3BL.  It is failed by 
definition for 3BE and available by definition in 3BL, in 
which PXS recirculation has failed.  The availability of the 
PXS injection valves has not been considered for PDS 3D 
because PXS is considered to be failed by the RCS 
depressurization failure in ADS.  Therefore, PXS injection 
may be available for cooling in-vessel core debris in 
PDSs 3BL and 3D.


V.2 Alternate Passive Injection Strategy


The operators are instructed by SAMGs to inject water 
into the RPV after core damage.  The SAMGs may be 
credited to provide additional water cooling to the in-vessel 
debris bed to extend the time of debris bed dry out or 
establish a long term cooling pathway to the vessel.  Post-
core damage SAMG actions to refill the vessel are not 
credited in the current at-power PSA.   
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Figure 3 – RNS Suction Lines for the European AP1000 and Alternate RCS Passive Injection Strategy


The success of the strategy to inject into the reactor 
vessel is quantified in this analysis by considering one 
particular passive injection pathway.  In the event that the 
normal PXS injection flow path is not available and the 
RCS is fully depressurized (PDS 3BE), the valves in the 
suction line of the normal residual heat removal system 
(RNS) may be manually aligned to drain the IRWST into 
the hot leg of the reactor coolant system (Figure 3) as an 
alternate passive injection pathway.  This is not pumped 
RNS injection (which is failed).  If the RNS suction line 
isolation valves can be manually opened, the IRWST will 
drain by gravity into the RCS hot leg.


Opening the RNS suction line is a SAMG strategy and 
is not credited for preventing core damage within the EOPs 
for accident sequences at-power.  Opening an alternative 
pathway late in an accident sequence (after core uncovery) 
that refills the vessel from the hot leg side cannot guarantee 
that the core will be effectively cooled prior to core 
damage due to counter-current flooding limits. Therefore, 
this action is only credited as a post-core damage SAMG 
strategy to reflood a damaged core.


The advantages of this countermeasure are: 
 The reactor vessel would flood with IRWST water 


to cool core debris from both inside and outside the 
vessel.


 The timing of the flooding inside the vessel could 
potentially reflood the damaged core in time to 
prevent relocation of a significant mass of molten 


debris to the lower plenum in many accident 
sequences.


 If the sump recirculation squib valves fail to open to 
flood the reactor cavity, this could be a diverse and 
redundant alternate path to flood the cavity and refill 
the vessel simultaneously.  However, the success of 
this method for flooding the reactor cavity is
unanalyzed and is not credited in this analysis.


 Quantifying this SAMG action to refill the reactor 
vessel in the PSA could support AP1000 plant
licensing in Europe where there are concerns about 
addressing the uncertainties in the lower plenum 
debris bed chemical reactions and mixing.


The potential disadvantage of this countermeasure is 
that reflooding the damaged core increases the overall 
hydrogen generation for accident sequences that currently 
have a lower fraction of zirconium-water reaction.  The 
increased release of hydrogen to the containment may 
produce a small increase in hydrogen-induced containment 
failures in the PSA.  However, modeling the operator 
actions is a more realistic and more accurate treatment of 
the actual plant response and as such should be quantified 
properly.


The accident management strategy to refill the vessel 
through the hot leg via the RNS suction line is assumed to 
occur at the last step of FR-C.1 as a transition step into the 
SAMGs.
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Figure 6 – PDS 3BL, Vessel Mixture Level for RPV Refilling 
Scenarios 


Figure 7 PDS 3BL – Zirc Oxidation Fraction for RPV 
Refilling Scenarios


Figure 4 – PDS 3BE Reactor Vessel Mixture Level for RPV 
Refilling Scenarios


Figure 5 – PDS 3BE, Zirc Oxidation Fraction for RPV 
Refilling Scenarios


VI. MAAP4 ANALYSES OF IVR SEQUENCES


Analyses of the PDS 3BE, 3BL and 3D accident 
scenarios were performed with the MAAP4.0.7 severe 
accident analysis program. These are the IVR accident 
scenarios that may potentially dry out the reactor vessel.  
MAAP4.0.7 models the core, RCS and containment in an 
integrated package and captures the coupled nature of the 
passive injection and the passive containment systems.  
Scenarios with combinations of success and failure of 
operator actions that would be expected to be performed 
during FR-C.1 were modeled in the analyses.  Base case 
modeling parameters were chosen to minimize zirconium 
oxidation and sensitivity analyses were performed on 
modeling parameters that impact oxidation and core 
relocation time.


The purpose of the MAAP4.0.7 analyses is to establish 
accident sequence timing, zirconium oxidation fractions 
and operator action timing windows for the PDS 3BE, 3BL 
and 3D accident scenarios.  Additionally, ADS success 


criteria were established for passively reflooding the 
damaged core for the partial ADS failure sequences in 
PDS 3D.


Thirty-six MAAP4.0.7 cases were run.  Representative 
results are presented here in Figures 4 through 10.  The 
following insights were drawn from the results:


 The CVS system can provide up to 7 hours of low 
flow pumped water injection from the boric acid 
storage tank to the reactor vessel.  The operator 
action to actuate the CVS pumps occurs in 
Emergency Operating Procedure FR-C.1 step 6.  It 
is estimated that the operator can successfully
perform this action between 6 minutes and 
25 minutes after entering EOP FR-C.1.


 The timing of the start of CVS injection 
significantly impacts the degree of zirconium-water 
reaction expected from the accident sequences.  
Earliest injection produces on the order of 60% 
zirconium oxidation and the latest injection timing 
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Figure 8 – PDS 3D Reactor Vessel Mixture Level for RPV 
Refilling Scenarios by PXS Injection


Figure 9 – PDS 3D Zirc Oxidation Fraction for RPV 
Refilling Scenarios by PXS Injection


Figure 10 – PDS 3D Lower Plenum Metal Debris 
Temperature for RPV Refilling Scenarios by PXS 


Injection


produces ~35% cladding oxidation for PDS 3BE.  
The difference is due to the loss of core geometry 
and cladding surface area over the operator action 
timing window for CVS success.


 If PXS injection lines have failed to open (PDS 
3BE) and full ADS is available, the alternative 
passive injection pathway via the RNS suction lines 
may be opened to refill the reactor vessel with water 
drained by gravity from the IRWST.  This action 
along with successful reactor cavity flooding will 
establish a recirculation pathway for long-term in-
vessel debris cooling after CVS pumped injection is 
completed.


 If the CVS pumps fail to operate, the RNS suction 
lines must be opened within 45 minutes of entering 
FR-C.1 to prevent vessel dry out.  If the operator 
action to start the CVS pumps fails, it is assumed 
that the operator also fails to open the RNS suction.


 If PXS recirculation valves have failed to open 
(PDS 3BL), successful operation of the PXS gutter 
system to drain water condensing on the PCS
cooling surface back to the IRWST will provide 
debris cooling water to the reactor vessel via the 
PXS DVI line and prevent post-core damage reactor 
vessel dry out.


 For inadequately depressurized scenarios (PDS 3D), 
a minimum of 3 of 4 ADS-2/3 valves or 1 of 4 ADS-
4 valves will allow core debris cooling water to leak 
into the reactor vessel via the PXS, if it is available.


 MAAP4 cases investigating the sensitivity of the 
results to variations in the modeling parameters 
impacting zirconium oxidation and core melt and 
relocation timing were performed.  None of the 
analyses conclusions were impacted by the 
parametric analyses.


The MAAP4 cases can be categorized into three 
results: 1) vessel reflood, 2) early vessel dry out with low 
zirconium oxidation and 3) late reactor vessel dry out with 
high zirconium oxidation.  The MAAP4 results for the 
cases that dry out the reactor vessel, including the model 
parameter sensitivity cases, were used to produce boundary 
conditions (time of the final IVR bounding state and 
zirconium oxidation fraction) for further analysis of the top 
metal layer focusing effect.


VII. CALCULATION OF BOUNDING TOP METAL 
LAYER HEAT FLUX TO VESSEL


The threat to the reactor vessel integrity from the 
formation of a stratified molten core debris bed in the 
lower plenum is due to the heat transfer through a thinned 
top metal layer7.  Numerous studies have confirmed that 
maximum heat flux to the vessel is concentrated at the 
molten steel surface layer due to its focusing effect2,3,8,9.
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TABLE I


Maximum Fe Mass that Can Stratify below the 
Oxidic Corium (Ref. 3)


Zirc Oxidation Fraction 
(%)


Max Mass of Fe that 
can Stratify in Bottom 


Layer
(kg x 103)


0 60


10 48


20 35


25 32


30 24


40 10


50 0


For the AP1000 plant accident scenarios that dryout 
the reactor vessel based on the MAAP4.0.7 results, the 
bounding heat flux to the RPV wall is calculated using a 
stand-alone two-dimensional model of the lower plenum 
debris pool top metal layer (Figure 11).  The MAAP4.0.7 
lower plenum debris bed model is not used to calculate the 
heat flux to the vessel.  It does not model the total metal 
mass from the relocation of RPV internals into the debris 
bed or the partitioning of the metals to a bottom metal 
layer.  The MAAP4.0.7 analyses provide the zirconium 
oxidation fraction and the timing of the final IVR bounding 
state (FIBS) to determine the total decay heat and the 
fraction of decay heat in the lower plenum debris bed.


Within the stand-alone model, it is conservatively 
assumed that 50% of the decay heat in the lower plenum 
debris is transferred through the top metal layer3.  The heat 
transfer through the top metal debris layer is calculated 
using the Globe-Dropkin10 correlation at the top and 
bottom surfaces and the Churchill-Chu11 correlation at the 
lateral surface.  The surface is radiating to the vessel 
internals, which are assumed to be melting (Tinf ~ 1800 K) 
and the emissivity of the surface is 0.43 based on testing 
performed during the AP600 IVR ROAAM analyses7.  The 
other material properties of the molten steel pool are also 
taken from Theofanous7.  


Figure 11 – Metal Layer Heat Transfer Model


The total mass of steel in the lower plenum debris is 
the mass of the structures within the lower plenum, the 
mass of the lower core support plate and the mass of the 
core shroud and the melted mass of the core barrel.  The 
mass of the carbon steel vessel wall melted by the oxide 
layer and the bottom metal layer is conservatively 
calculated from the heat in debris and added to the mass of 
molten metal in the lower plenum.


The maximum mass of steel that may be assumed to 
be mixed into a bottom heavy metal layer is removed from 
the top metal layer steel mass.  This mass is based on the 
Fe mass required to balance the oxide and bottom metal 
layer densities as outlined by Seiler3, which is summarized 
in Table I.  This is a highly conservative, non-mechanistic 
assumption in this analysis; that is to say, there is no 
credible mechanism to mix the entire lower core support 


plate steel mass below the oxide layer.  The entire purpose 
of this assumption is to address the debris bed chemistry 
and mixing uncertainties in a bounding manner to evaluate 
where the potential vulnerabilities lie so they can be 
addressed and quantified.  A better estimate analysis of the 
top metal layer heat transfer has been presented previously 
by Scobel2 and did not result in a threat to the vessel 
integrity.


As demonstrated by Sieler3, the maximum mass of 
steel that may be assumed to reside in the bottom metal 
layer (and therefore removed from the top metal layer) is 
strongly dependent on the mass of unoxidized zirconium 
mixed into the oxide debris.  The addition of water to the 
reactor vessel after core uncovery tends to oxidize more 
zirconium than dry vessel scenarios. The oxidation of 
zirconium reduces the amount of metallic uranium that 
may form in the debris bed, minimizing the potential
thinning of the top metal layer.  


A summary of results of the metal layer heat transfer 
analysis is presented in Table II.  The heat flux to the 
vessel may be compared to the heat removal capacity of 
the water flow cooling the RPV as determined in the 
ULPU Configuration V testing12 to determine the margin to 
failure.  The heat is removed from the external surface of 
the vessel by forced subcooled boiling in the cooling 
annulus surrounding the vessel, which is driven by two-
phase natural circulation through the channel.  The critical 
heat flux in the region of the top metal layer was 
determined to be greater than 1800 kW/m2. 


The results of the metal layer calculation show that the 
accident sequences with early RPV dryout and low 
zirconium oxidation may be vulnerable to the bounding 
debris chemistry and mixing assumptions.  Accident 
sequences with water addition to the vessel, higher 
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TABLE II


Metal Layer Heat Transfer Calculation Results Assuming Maximum Fe in Bottom Metal Layer


Plant Damage State 3BE 3BE 3BL 3BL 3D 3D


CVS Pumped Injection? No Yes No Yes No Yes


IVR End State E-lo L_hi E-lo L-hi E-lo L-hi Units


Input Values


Zirc Oxidation Fraction 18.8 38.6 20.1 53.1 25.2 69.2 %


Time of FIBS 7977 46625 34574 60393 25313 52798 secs


Mass UO2 95.9 95.9 95.9 95.9 95.9 95.9 kg x 103


Mass Zr 21.9 21.9 21.9 21.9 21.9 21.9 kg x 103


Mass SS 48.4 48.4 48.4 48.4 48.4 48.4 kg x 103


Initial 
Debris 
Masses


Mass Wall 14.9 7.9 9.2 7.7 10.3 8.0 kg x 103


Output Values


Total Heat 37.2 23.1 25.5 21.8 27.2 22.5 MWt
Decay Heat


Debris Heat 27.8 19.2 20.8 18.4 21.9 18.8 MWt


Bottom 
Metal Layer


Mass Fe 36.6 12.0 34.9 0.0 31.7 0.0 kg x 103


Mass Fe 26.8 44.4 22.7 56.1 27.1 56.5 kg x 103


Thickness 29.8 49.4 25.3 62.4 30.1 62.8 cm
Top Metal 


Layer
Heat Flux 2640 1129 2214 867 2017 886 kW/m2


zirconium oxidation and later core damage show large 
margin to vessel failure.  


The accident scenarios that may be vulnerable to the 
debris chemistry and mixing uncertainties are accident 
sequences that never inject water into the RPV and melt 
the core early in the sequence of events.  The addition of 
water to the RPV alleviates the uncertainty of vessel 
integrity during IVR, even if the RPV eventually dries out 
later, by oxidizing zirconium, extending the time to dry out 
and reducing decay heat.


VIII. PROBABILISTIC FRAMEWORK AND 
QUANTIFICATION OF IVR SCENARIOS


As shown in the MAAP4.0.7 analyses, the passive 
systems responses and the accident management strategies 
employed in the AP1000 plant design tend to add water to 
the reactor vessel even during core damage sequences.  A 


probabilistic framework has been constructed to quantify 
the frequency of unreflooded, low zirconium oxidation, 
high decay heat scenarios for the accident sequences from 
the at-power PSA (Figure 12).  The unflooded sequences 
are the core damage scenarios that may be vulnerable to 
the debris chemistry and mixing uncertainties.  Shutdown 
scenarios are not considered to be vulnerable due to the 
low decay heat in the core.  


VIII.1 Event Tree Nodal Events


The events considered in the probabilistic framework 
and their nodal questions are discussed here:


Containment Isolation – Is the containment 
successfully isolated from the environment?  The accident 
sequences in this analysis are core damage scenarios.  
Failure to isolate the containment results in large release to 
the environment and thus IVR becomes a moot point.
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Figure 12 – Probabilistic Framework for Quantification of IVR Scenarios


Cavity Flooding – Is the containment floodable region 
filled with water to a minimum elevation to support IVR?  
The RPV must be submerged in water to an elevation 
sufficient to support two-phase natural circulation cooling 
of the vessel external surface for successful IVR either by 
accident progression or operator action.


Pumped CVS Injection – Does the operator 
successfully perform the step in FR-C.1 to start the CVS 
pumps?  CVS injection into the vessel delays vessel dryout 
and oxidizes zirconium.


Degree of ADS – Are there a sufficient number of 
open ADS valves to allow IRWST water to drain into the 
vessel to cool core debris either by PXS or RNS suction 
line?  Full depressurization PDSs are guaranteed success.  
Partial ADS PDS must meet success criteria.


Passive Injection Pathway – Is there an injection 
pathway available to drain water to the RPV?  For the PDS 
3BE sequences the RNS suction line must open, for the 
PDS 3D sequences the PXS line must open and for the 
PDS 3BL sequences, the PXS gutter must open.   Opening 
the RNS suction line is an operator action and is 
conditional on the success of the CVS operator action.  If 
the operator fails to start the CVS, it is assumed he also 
fails to perform the RNS action.  If the RCS is sufficiently 
depressurized and there is an open injection pathway, long-
term cooling to the in-vessel debris may be established.


VIII.2 Event Tree End States


The end states of the probabilistic framework define 
the plant condition with respect to IVR:


NoDry – the reactor vessel never dries out and an 
engineered long-term flow path is established to prevent 
future dry out.


L-hi – water injection to the vessel occurs during the 
accident sequence, but long-term injection is not 
established.  Zirconium oxidation fraction is high and 
decay heat in the debris bed is low because the core melt 
and relocation to the lower plenum was delayed by the 
injection.


E-lo – there is no water injection into the vessel 
through an engineered flow path.  Zirconium oxidation 
fraction is low and decay heat in the debris bed is high.


VF – The cavity is not flood and external cooling of 
the vessel is not established.  IVR fails because a success 
criterion for vessel cooling is not met.


CIF – The containment is not isolated and there is a 
large release of radionuclides to the environment.


The E-lo end state represents the IVR scenarios that 
may be postulated to fail the RPV under the extreme debris 
bed chemistry and mixing assumptions.  The L-hi end state 
represents severe accident scenarios that eventually dry out 
the RPV but have sufficiently low decay heat and high 
zirconium oxidation to mitigate the uncertainties.  


The nodal failure probabilities were quantified using 
fault tree models of AP1000 plant systems.  A Human 
Reliability Analysis (HRA) was performed for evaluating 
the success of operator actions modeled in the analysis.  
The quantification was performed with 3BE, 3BL and 3D 
accident sequences from the PSA.


The results of the quantification show that 88.5% of 
the AP1000 plant at-power core damage scenarios (by 
frequency) successfully isolate the radioactive releases and 
never dry out the RPV.  Less than 5% of the at-power core 
damage scenarios ever dry out the RPV.  The frequency of 
E-low, the early core melt, low zirconium oxidation 
scenarios that may be vulnerable to debris bed chemistry 
and mixing uncertainties, is less than 2% of the AP1000
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plant at-power CDF.  If 100% of the E-lo sequences were 
conservatively assumed to fail the containment, the overall 
large release frequency would still be less than 10% of the 
CDF.


IX. CONSEQUENCES OF IN-VESSEL HYDROGEN 
GENERATION DURING REFLOOD


The EOP and SAMG operator actions that the operator 
will perform during an accident will oxidize zirconium in 
the reactor vessel during the reflood.  The additional 
zirconium oxidation will produce hydrogen releases to the 
containment that may be postulated to threaten 
containment integrity.  Therefore, the consequences of 
these actions on containment integrity must be considered.


The AP1000 plant containment has been designed 
within the framework of the Utility Requirements 
Document13 and the 10 CFR 50.44 requirements of the 
United States Nuclear Regulatory Commission.  Therefore, 
the containment is designed to structurally accommodate 
hydrogen deflagration associated with 100% cladding 
reaction.  Additionally, a two-train distributed hydrogen 
ignition system that is powered by diverse, redundant 
power sources is provided in the containment to keep the 
hydrogen concentration below limits for potential flame 
acceleration and deflagration-to-detonation transition 
(DDT).  Testing has demonstrated distributed igniter 
systems maintain hydrogen concentrations at the lower 
flammability limit for prototypical release rates14.  The 
AP1000 plant design also includes passive autocatalytic 
recombiners to control slower hydrogen generations rates 
associated with design basis accidents, however the PARs 
are not credited for severe accidents.  Ignition of the 
hydrogen is expected to produce standing flames at the 
hydrogen source location.  Provisions have been made in 
vent locations that may be postulated to release hydrogen 
so that burning will not occur near the containment shell or 
penetrations to prevent potential overtemperature failure of 
the containment pressure boundary.  All modes of 
hydrogen combustion are addressed by reliable engineered 
systems that mitigate the phenomena.  Therefore, it is not 
anticipated that additional hydrogen releases will 
significantly impact the containment integrity.


An analysis was performed to calculate the increase in 
the containment failure probability due to hydrogen 
generation associated with RPV reflooding that occurs 
during the EOP and SAMG actions credited in this
analysis.  The analysis used the same methodology as the 
AP1000 plant PSA and evaluated the containment failure 
probability associated with the failure of the igniters, 
hydrogen vents and containment structures.  The zirconium 
oxidation fractions calculated for the PSA were used as the 
basis for the hydrogen generation because the zirconium 
oxidation fractions calculated for this IVR analyses were 
skewed to the lower bound, which is conservative for IVR 
but not for hydrogen analysis. 


The results of the analysis show that the increase in the 
containment failure probability due to additional hydrogen 
generation is negligible.  The total increase in early and 
intermediate (< 24 hrs) conditional containment failure 
probability is less than 0.1%.


X. CONCLUSIONS


The AP1000 plant design provides a flexible active 
and passive system defense-in-depth approach to 
mitigating severe accidents.  Severe accident phenomena 
are addressed with engineered systems that mitigate the 
conditions that may be postulated to result in vessel failure, 
containment failure and large release to the environment.  


Due to the passive nature of the AP1000 plant, many 
severe accident sequences refill the RV during the accident 
progression without ever drying out the lower plenum.   In 
other cases, EOPs and SAMGs instruct the operator to 
refill the vessel using alternative pumped and passive 
(gravity) injection sources to reflood the damaged core.   
Reflooding the vessel with water in a timely manner after 
core damage may prevent significant debris relocation to 
the lower plenum, provide cooling water to debris, or 
extend the time of in-vessel core dry out thus reducing the 
decay heat transferred from debris to the vessel wall.  
Zirconium oxidation due to the water addition reduces the 
mass of unoxidized zirconium in the debris, a primary 
reactant in the lower plenum debris bed chemistry.  Under 
these conditions, assuming reactor vessel dry out and the 
most limiting postulated debris bed configurations induced 
by chemistry and mixing uncertainties, RV failure is not 
predicted to occur. 


The reliability of RPV reflooding is quantified within 
the AP1000 plant PSA framework.  Examination of the 
accident management strategies using PSA techniques 
assures that the systems and operator actions needed to 
perform the strategies are reliable even considering the 
combinations of failures leading to core damage. By 
modeling realistic accident progression and accident 
management, the frequency of the accident sequences that 
may produce conditions susceptible to IVR uncertainty due 
to debris bed chemistry and mixing is shown to be less 
than 2% of the AP1000 plant core damage frequency for 
internal events at-power.  


A potential negative impact of reflooding a damaged 
core is additional in-vessel hydrogen generation that is 
released to the containment where it may combust and 
threaten containment integrity.  However, the AP1000 plant 
containment is designed to accept the release of hydrogen 
associated with oxidation of 100% of the active cladding in 
the core, therefore, the impact on the conditional 
containment failure probability is demonstrated to be 
negligible.  


The reactor vessel failure probability in the AP1000
passive plant is demonstrated to be as low as reasonably 
practicable.  Therefore, IVR provides a robust, consistent
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approach to severe accident management that is capable, in 
the AP1000 plant design, of addressing uncertainties and 
concerns postulated by some international research.


NOMENCLATURE


ADS – automatic depressurization system
ALARP – as low as reasonably practicable
CDF – core damage frequency
CVS – chemical and volume control system
DDT – deflagration-to-detonation transition
DVI – direct vessel injection
EOP – emergency operating procedure 
FIBS – final IVR bounding state
HRA – human reliability analysis
LOCA – loss of coolant accident
IVR – in-vessel retention of molten core debris
PAR – passive autocatalytic recombiner
PCS – passive containment cooling system
PDS – plant damage state
PSA – probabilistic safety assessment
PXS – passive core cooling system
RNS – normal pumped residual heat removal system
ROAAM–risk-oriented accident analysis methodology
RPV – reactor pressure vessel
RCS – reactor coolant system
SAMG – severe accident management guidelines
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Abstract – Coping with socio-cognitive complexity in large critical technological infrastructures, 
as in the case of managing safety in a nuclear power plant, is a crucial topic in today’s large 
systems technology. In such complex and not transparent humans-computers networks, each 
activity can be associated with a non-negligible risk probability. In  nuclear power plants, the 
management of complexity closely relates to the safety monitoring and control of a whole plant by 
plant operators and managers. The aim of this work is a preliminary analysis of how a systemic 
methodological approach can be used for the modeling of complex human-technology activities in 
the frame of Integrated Safety Management (ISM) strategies in Large Complex Critical 
Infrastructures (LCCIs), such as nuclear plants systems. Top-down Object-based Goal-oriented 
Approach (TOGA) has been applied as a meta-modeling framework. 


 
 


 
 
 
        INTRODUCTION 


 
Modern safety management in nuclear power plants 


involves not only technological features of such systems. 
Statistics of incidents and accidents occurring in nuclear 
power plants show that the so-called human factor is 
essential for more than 70 percent of system failures. Yet, 
experience also shows that with a thorough understanding 
of all processes taking place inside the plant the human 
intervention can be very effective. 


This is the reason why during the last decades the 
interest in the design of an efficient interface between man 
and machine has been continuously increasing. The 
application of cognitive ergonomics [14], reasoning 
modeling and development of always more advanced 
decision support systems [6],[15] enables not only to 
prevent human errors but also to provide valid assistance to 
the operator in coping with unforeseen events. At present, 
among the innovative features of new generation nuclear 
plants design there is the optimization of human factors 
affecting safety systems. 


In fact, the increasing social demand and societal 
comprehension of safety, leads to the conclusion that this 
concept should also be extended today to the human-based  
components of Nuclear Power Plants Systems (NPPSs). It 


then refers to individual and organizational behavior of 
humans in the roles of nuclear plants operators, managers, 
stakeholders and policymakers. 


Recently, IAEA [12] has recognized that the 
interaction between technical aspects and human and 
organizational factors should be of primary importance 
both from the design and safety perspective. This 
interaction involves all the fields traditionally belonging to 
NPP engineering. In fact, «human and organizational 
factors are those elements that influence the performance of 
people operating or maintaining equipment and systems, or 
undertaking projects or programs; they include behavioral, 
medical, operational, task-load, management, machine 
interface and work environment factors» [12].  


Typically, human reliability has been analyzed as a 
quantitative term. It usually refers to data on failure rates or 
error probabilities that can be treated in the context of 
probabilistic safety assessment (PSA). 


From another point of view, it has been described by 
means of a qualitative approach. In this sense, reliability 
can be viewed as the final aim for successful human 
performance of activities necessary for system availability, 
maintainability and safety.  


But there is a third way, which tends to integrate both 
the qualitative and quantitative approach to the modeling of 
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human and organizational factors (HOFs), due to the 
intrinsic complexity of relationships between the requested 
deterministic and statistical knowledge.  Therefore, 
«consideration of HOF requires a systemic and integrated 
approach and incorporation of multidisciplinary 
contributions from psychology, engineering, industrial 
design, statistics, operations research and anthropometry» 
[12].  


Following this approach, this work aims to provide a 
preliminary analysis of how a systemic methodological 
approach can be used for the modeling of complex human 
and technological activities in the frame of Integrated 
Safety Management (ISM) strategies in Large Complex 
Critical Infrastructures (LCCIs), such as telecommunication 
networks or nuclear plants systems. 


Section I describes the context of a novel discipline, 
Socio-Cognitive Engineering, in order to explain how to 
link human and technological activities. 


Section II explains the concept of vulnerability in the 
framework of critical human organizations.  


Section III illustrates with a suggested methodology 
for coping with nuclear power plant complexity. This 
approach, based on the TOGA conceptual tool, has been 
already described by one of the authors and will be only 
briefly depicted.  


Section IV shows a possible application of the TOGA 
tool to the NPP safety management. 


Section V contains the main conclusions of this work 
and a discussion on the open problems. 


 
 
 
I. SOCIO-COGNITIVE ENGINEERING  
 
Socio-Cognitive Engineering (SCE) is an emergent 


systemic and cognitive initiative in the field of common 
human technological and cultural interdisciplinary activity. 
We may argue that it belongs to the so-called third 
generation research in the human culture, i.e. based on a 
shared top conceptualizations and a systemic ontology [4].  
In such conceptual frame, SCE requires the cooperation of 
inter- and over-disciplinary specialists. Their mission 
extends beyond the borders of technical research and tends 
to investigate also areas classically belonging to the 
humanities. A new, socio-technological domain of research 
and engineering requires, especially in high-risk situations, 
functional computational models of the two basic socio-
cognitive interactions. The interaction between a man and 
technology and the interaction between a man and an 
organization: “Human Intelligent Agent - technological 
systems” and “Human Intelligent Agent - human 
organizations”, respectively.  


SCE includes the identification, construction and 
improvement of human-technology aggregates. It is 
especially focused on the real-world high-risk human 


managerial problems. As it requires an integrated effort of 
specialists coming from different fields, a common 
systemic language is needed. We may argue that an 
essential strategic factor of the social sustainable 
development is to cope with the subsequent socio-cognitive 
barriers [16]: 


• technology barrier,  
• knowledge barrier,  
• cognitive barrier,  
• organizational barrier,  
• socio-political  
• cultural barrier. 


The concepts of abstract intelligence and decision-
making are considered key properties of every socio-
cognitive system modeling. Due to humans related safety 
problems complexity, a meta-theory should be employed to 
the analysis of human motivations, real needs, and possible 
know-how of socio-cognitive engineering. The socio-
cognitive paradigms can be considered useful for the study 
of individual personal thinking, as well as for the analysis 
and understanding of decisional processes on individual 
and social levels.  


In this sense, human components of a nuclear 
aggregate require a socio-cognitive modeling and 
monitoring, as well as an assessment of the ergonomics and 
efficacy of  human-computer  interactions, especially in the 
case of emergency/crisis.  


Coping with socio-cognitive complexity, when 
managing safety in a nuclear power plant, is therefore a 
crucial topic in today’s large systems technology. This is 
particularly true whenever one deals with organizations 
intrinsically affected by some sorts of liability to physical 
failures, injuries or attacks. 


 
 


II.  HUMAN ORGANIZATION SOCIO-   
      COGNITIVE VULNERABILITY 
 
In human organizations, efficiency plays a fundamental 


role during the mitigation of disasters, calamities, energy 
blackouts and other large-scale emergencies. Vulnerability 
in emergency management organizations, such as civil 
protections, local administrations, large energy plants and 
telecommunication networks, is a critical factor, yet usually 
not well visible under the normal (i.e. not extreme) 
everyday conditions. Long periods without crisis and 
dangerous events can be the cause of an illusion of safety 
[10]. In the analysis of risks concerning large human-
technology systems, the probability of human errors 
becomes the dominating parameter in the assessment of 
their reliability [9]. This tends to become crucial in all 
those activities where a lack of safety could pose serious 
threats to people (workers and citizens), as in the nuclear 
power case.  


1049







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11177 


   


An organization unit may be highly vulnerable to one 
mode of attack or unexpected events but have a low level 
of vulnerability to another, depending on a variety of 
factors.  For example, according to [11] for risk 
management framework, the vulnerability indicator for an 
organization or an urban center can be assumed to be the 
probability that a particular attempted attack can be 
successful.  
Human organization socio-cognitive vulnerability [8] can 
be seen as a state of the organization when possible 
dangerous events are able to cause wrong decisions or may 
lead to an internal crisis. Organization decisions can 
usually be described as individual or collective. In both 
cases, they involve a lot of social constrains and depend on 
complex cognitive and psychological factors [1]. 
Socio-Cognitive Complexity is the serious problem of 
societal safety for the management of all Large Complex 
Critical Infrastructures (LCCIs) [2], such as Nuclear Power 
Plants, their (sub)systems and networks. Herein, 
complexity in SCE must not only be intended as physical 
but it also includes the complexity due to mental processes 
and actions of an intelligent entity (i.e. plant operators, 
managers and policymakers). 


Socio-cognitive complexity depends on cognitive 
attributes as: vagueness, uncertainty, incompleteness of 
knowledge, variable accessibility to information, emotions, 
irrationality, ethical preferences, organizational & socio-
cultural factors, which do not exist in classical engineering 
problems. All of them do influence human decisional 
processes.  


We assume that the nature of complexity is abstract 
and independent on its physical carriers, but it is closely 
related to the properties of mathematical tools and their 
users. In order to focus on an abstract intelligence (i.e. an 
Abstract Intelligent Agent, AIA), and its/his/her perception, 
interpretation, inference and acting capacities, as well as 
its/his/her objectives and values, a meta-complexity 
approach seems mandatory. In this sense, a meta-
complexity [7] study is based on human capacities of 
identification and computational formalization of ontology 
and epistemology of complexity. 


  
 


III. METHODOLOGY FOR COPING WITH 
NUCLEAR POWER PLANT COMPLEXITY 


 
In order to face so complex socio-cognitive domain 


and objectives, a robust conceptualization and reliable 
methodology must be chosen. Top-down Object-Based 
Goal-oriented Approach (TOGA) [5], [8] is a goal-oriented 
knowledge ordering computational tool for complex 
systems. TOGA is one of most advanced computational 
modeling frameworks currently available in the literature.  
It integrates physics, systemic, engineering, cognitive and 
social paradigms, which allow for the construction of 


complete, reciprocally congruent and heterogeneous 
models of human decision-making, and its domains 
together.   


It includes a meta-ontology and its application 
methodology. It assumes a top-down observation point of 
view: complex problems seen from the “bird eye’s view” of 
an intelligent entity. On the other hand, every problem is 
explicitly seen as an interaction of a pre-selected AIA with 
its Environment (En).  


Given a problem and a pair (AIA, En), TOGA starts 
from the identification of its most general context 
constraints, which remain always true and mandatory for 
every successive level of specification (“fleshing out”). 
After the first level sketch, it goes on a formal step-by-step 
goal-directed decomposition/specialization of the models 
and concepts involved in a triple (AIA, En, In), where In 
represents a basic model of AIA-En Interaction.  This type 
of decomposition can be done for the nuclear plant 
operators and for the other staff members of nuclear plant.  


In particular, the TOGA meta-theory is composed with 
three basic conceptualization entities: 


 
TAO – Theory of Abstract Objects, which assumes 


that every problem can be represented in the generic 
ontology of the abstract objects, by their interrelations, 
attributes, and their incorporation in worlds of abstract 
objects. The concepts of abstract attribute, property, object 
and relation consist in a common conceptualization 
platform for different task dependent ontologies, as well as 
for the modeling of human components in socio-
technological systems.   


 
KNOCS – KNowledge COnceptualization  System. 


It includes four meta-ontology systems.  
The first one is called Universal Domain Paradigm 


(UDP). It is the top framework of the description of every 
domain of activity D of AIA. It consists in the specification 
of the decomposition of the relation between a system and 
its design goal in the form of the formal relation chain 
System-Process-Function-Goal (see Fig. 1).  Here a 
function is the necessary goal-oriented property of process 
or system in the distinguished domain of the intelligent 
agent activity.  


 
Fig. 1 Universal Domain Paradigm (UDP)  as a conceptualization 


framework for every artificial and goal-oriented system [5]. 
 


The second meta-ontological system is called 
Universal Reasoning Paradigm (URP). Its carrier is AIA. 
URP assumes as the reasoning basic element the cognitive 
information processing triangle composed of Information, 
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Preferences and Knowledge bases (IPK). All relate to a 
preselected domain D of activity of AIA. 


Information (I) relates to the state of domain D, 
Knowledge transforms I into other information I’ 
(descriptive knowledge), or is a specification of an 
operation (operational knowledge). Preferences are 
relations and indicate which states S of D are more 
important/desirable than others by AIA (set of Sa is better 
than Sb). In such way, in every concrete situation, for AIA 
it exists, as a minimum, one state that is most preferred, and 
this is called current intervention goal. 


Subsequently, if an agent has more than one goal, then 
its preferences become its domain of activity for a higher 
level IPK. Learning process relies on the modification of 
the AIA goal-domain knowledge, also by another, higher 
level  IPK.  


Fig. 2 presents the IPK cell. It is an elementary 
component of the TOGA computational model of a mind.  
Its application is repetitive and can be used for the 
reasoning from different points of view [5], [6]. 


 
Fig. 2  An example of the IPK structures in Abstract Intelligent 


Agent [5]. 
 
The third meta-ontological system is called the Universal 
Activity Paradigm (UAP). This is a framework for the 
conceptualization of the relation between a problem world 
and a goal of intervention of intelligent agent in the form: 
AIA_World–Action–Tasks–Intervention_Goal interrelation 
(Fig.3). In UAP the task is a specification of what has to be 
done, and an action specifies how a task can be executed in 
a concrete domain D. We may notice that one task can be  
satisfied by different actions, and one action can realize 
few different tasks.  


 
Fig. 3. The Universal Activity Paradigm is a formal 


decomposition on four graph layers of the relation between the 
intelligent agent world and the agent’s intervention-goal [5]. 


 
The last meta-ontological framework is the Universal 
Management Paradigm. The UMP extends the URP 
paradigm over the relative functional structure of 
interactions of a manager. In TOGA, this structure is also 
the functional definition of the manager concept. 
 


 
 
Fig. 4 This figure presents the necessary functional actors of any 
management, and their main interrelations according to the 
Universal Management Paradigm. 
 
The UMP selects and defines, by interactions, the relative 
manager-oriented roles (Fig. 4) in the frame of an 
organization, where a role is defined by the triple:  
(competences, responsibility, privileges). They 
subsequently relates to the manager knowledge, 
preferences and access to information. 
As we may see, every role is specified by its own IPK sets. 
Every element of the UMP structure is subjective, 
incremental, recursive and modular because it is an 
intelligent agent, and may represent a human employer, 
organization unit or institution. 
In the UMP context, a human organization is defined as a 
set of interacting/communicating intelligent subjects with 
reciprocally dependent formal roles, behavioral procedures 
and decision mechanisms, which should act in order to 
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achieve common goals, usually only roughly defined in the 
organization’s statute or temporal missions [8]. 
 
MRUS - Methodological Rules System. In the third 
conceptualization entity in TOGA, the applications of the 
KNOCS paradigms are governed by the object-based, top-
down, goal-oriented Methodological Rules System 
(MRUS). It is focused on the ordered specification or 
identification (s/i) of the modeler’s IPK related to a 
selected real-world complex problem. 
MRUS is the universal IA tool for the specification (if not 
existing yet) or identification (if physically existing) 
complex real-world systems or problems. It indicates how 
TAO and KNOCS have to be used according to the top-
down and goal-oriented rules. The methodology is based 
on Zoom Metaphor, which is top-down goal-oriented, and 
it starts from the axiomatic consensus building related to 
the choice of the initial problem definition and the 
successive accepting its generic specialization rules. 
A meta-methodological frame for the MRUS application of 
UAP to the specification/identification of intelligent agent 
goal-orientated behavior is illustrated on the Fig 5. 
 


 
Fig. 5  Top-down specification or identification of the intelligent 


agent goal-oriented behavior using  the TOGA’s  Universal  
Activity Paradigm.  


 
 
IV.  APPLICATION OF TOGA 


  
Choosing TOGA as a methodological framework 


allows us to maintain completeness and sufficient precision 
of the problem specification. It provides tools which can be 
used for identification/specification of real-world problems 
and for modeling intelligent entities with human factors, 
such as various rational and emotive/irrational motivations 
[8]. In particular we may identify possible human causes of 
vulnerabilities, abnormal behaviors, and crisis of nuclear 
power systems. 


Fig.6 illustrates an initial idea of the specialization of 
top TOGA conceptualization frame to the domain of 
Nuclear Integrated Safety Management. 


 
Fig. 6. Socio-cognitive complexity of in the meta-complexity 


TOGA framework. 
 


On the other hand, in the context we have dealing with, 
this paper suggests a top-ontology for the specification of a 
Nuclear Integrated Safety Management NISM as depicted 
in Fig. 7. 


 


 
Fig. 7  The figure presents the TOGA-based top Methodology-
System semantic network where three layers (knowledge layer,  


task-activity layer and system layer) are distinguished. The aim of 
this network is to present the complex relation between the 


management efficiency of high risk plants (such as nuclear) and 
the method applied for that safety management modeling. 


 
ISM should integrate monitoring and improvement of the 
safety conditions related to the physical part of the nuclear 
plant system with the proper state and well functioning of 
the human individual and organizational system. 


Application of the TOGA meta-theory requires from 
the beginning to recognize on the most general 
conceptualization level, maximal negative consequences of 
the human malfunctioning components of the systems. The 
present study does not take into account for the malicious 
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intentional attacks to the nuclear plant or its information 
infrastructure.  


In general, the human decisions are caused by the 
distinguished decisional units (DU). DU can be an 
individual or grouped human staff. DU in the TOGA 
conceptualization is represented by an intelligent agent 
composed with AIA and its physical carrier system (one or 
more people). They are related to the role of DU in the 
frame of NPPS organization.         


From the cognitive perspective,  the results of decision 
making depends on  the structural properties of the DUs 
and on the roles of the agent’s competence, duties and 
power, which are subsequently dependent on the  
intelligent agent’s  knowledge , preferences and availability 
of information, i.e. on IPK bases. 


Each role is connected with an adequate node in the 
organization network, therefore the consequences of the 
decisions propagates to the technological part of NPPS. 


 


 
 
Fig. 8. Relations between main DU involved in safety 
management and interrelations between their intervention 
oriented properties which are potential carrier of the human errors 
[8].  
 


Fig. 8 illustrates the complete relation between NPPS 
employers properties using the Universal Activity Paradigm 
ontology. It shows the possibility of a conflict between 
employer personal preferences, and social expectation and 
organization goal specialized in the form of the employer 
tasks. Such conflict can lead to decisional errors which will 
propagate according to the structural relations presented on 
Fig. 9, which also illustrates the other functional nodes as 
the possible sources of human errors in the frame of the 
UMP ontology.  


 
Fig. 9  In the case of a plant failure, the socio-cognitive 


vulnerability of DU is a cause of the human errors which 
propagates according to the distribution of information or tasks, 
as illustrated. 


 
On the other hand, in the context of NPPS, the human 


errors cause abnormalities on the level of the nuclear plant 
functions, processes and structures of systems. They 
propagate according to the Universal Domain Paradigm, 
and using UDP framework it can be foreseen by NPPS 
safety manager too.   


In the organization layer of the NPPS operators, the 
operators are either transmitters of the managerial errors, or 
can be their primary cause. From the plant operator 
perspective the diagnostics based on the goal-function-
process-system interrelation is very useful. The plant 
monitoring is initially based on the surveillance of the 
presence of all plant reactors critical functions from the 
safety perspective. The abnormalities of the plant functions 
are caused by unexpected behavior of the plant processes. 
The processes and, as a consequence, the functions of the 
plant are monitored by the measured states of the plant 
dynamic variables, such as neutron flux, temperatures, 
pressures, power and many others. Abnormalities of energy 
production processes can be caused only by: extreme 
change of the plant external conditions; improper control 
actions of the operator; or structural failure of the 
component/system. In this sense, in order to decrease the 
probability of operators cognitive errors, the executive staff 
should be supported by a computerized diagnostic Decision 
Support System with structural dynamic maps of plant 
functions network, processes network, as well as 
system/components networks, which are the carriers of the 
processes.  
In a long term safety management strategy, the application 
of the MRUS rules, i.e. the top TOGA methodology, should 
rely on: 
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1. Recognition of the abnormal plant situations 
which can be caused by human operators and 
manager decisions in frame of the matrix (roles x 
categories of abnormalities) and UDP; 


2. Identification of  vulnerable couples (AIA, 
Domain-of-activity) an their interrelations; 


3. Recognition of the possible causes of the human 
wrong decisions using UAP; 


4. Using UAP and UMP, the elaboration of 
computational cognitive decision-making model 
which (especially in the stress conditions) may 
support operators and managers decision after its 
implementation in the form of Intelligent Decision 
Support System; 


5. Introduction of the TOGA ontology and 
methodology into the IAEA safety standards. 


 
At the end of this paragraph, we would like to recall that 
the TOGA-based analysis of the organization vulnerability 
has been computationally formalized with details in a 
recent paper by Gadomski [8]. The UDP ontology of the 
human errors propagation has been done with respect to the 
technological part of a nuclear reactor, using TRIGA RC1 
research ensemble model [4]. 
 


 
Fig. 10 Diagnostic model based on UDP. Detection of the sources 
and propagation of failures during plant operation.  


 
 


V. CONCLUSIONS 
 


Today, SCE is a response to the non-negligible risk of 
negative consequences of human errors, especially in all 
those activities in which the interrelation between 
technological and human factors are complex and under 
strong time constraints, such as in Nuclear Power Plants 
management. 


The SCE approach is involved in the vulnerability 
analysis and in the improvement of robustness of large 
complex nuclear systems. In fact, it focuses on modeling 
and simulation of users/human activities (plant operators 
and managers), organizational structures and the 
corresponding decision-making modeling. SCE provides 
ontological and methodological frames for an assessment 
of social risks and impacts, for a formalization of intrusions 
and mismanagement, as well as for a development of 
(simulated) autonomous artificial intelligent organizations 
embedded in complex human-technology systems.  


The complexity of social safety problems in nuclear 
plant systems requires new third generation research 
approaches/(conceptual tools), such as the TOGA multi-
factor problem representation and parallel modeling, as 
well as the development of Intelligent Decision Support 
Systems for managing huge amounts of information and 
facing unexpected situations [6]. In the context we have 
described above, this paper presents a proposal for the 
main frame of a top-ontology for the specification of a 
Nuclear ISM as depicted in Fig. 1. 


We have to stress that the integrated socio-cognitive-
technological complexity together with the high human 
risks requires in the near future an intensive development 
of IDSS networks for NPPSs, where, in our opinion, the 
application of the TOGA or TOGA-like ontologies and  
paradigms will be necessary. 


The above mentioned tasks have to be supported by 
strong theoretical foundations and, as a consequence, by a 
conscious and wise (i.e. with the proper preferences), 
socio-ethical responsible decision-making model. This is 
particularly true in all those systems having a psycho-social 
impact on citizens who definitely are the main stakeholders 
in deciding on controversial social issues (e.g. if and where 
developing nuclear power plants). Therefore, such studies 
also help to persuade the public opinion that the risks of 
using nuclear fission as a power source can be offset 
through the development of a new computational cognitive 
technology which will be able to support effectively the 
knowledge related to the novel Integrated Safety 
Management (ISM) strategies [3]. 
In this context, IAEA is developing a series of guidance 
documents on Knowledge Management, including 
knowledge preservation, knowledge loss risk assessment, 
and knowledge transfer for the safety management in 
nuclear sector [17].  Related activities are being designed 
to assist nuclear organizations in Member States in 
applying this guidance and in benchmarking their practices.  


 
Final Remark – We should remember that TOGA does not 
guarantee the solution of every identification or 
specification problem, but may lead to such a 
decomposition level which will indicate that, for example, 
we have not sufficient knowledge for the development of 
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more detailed models, or that any process or system cannot 
realize a previously defined function.  
In the case of the identification of a real-word system on 
the basis of previously modeled processes which depend on 
observable and measurable variables, we may have not 
sufficient criteria for its decomposition. The complexity of 
such problem (or system) still remains irreducible. 
Fortunately, such case does not refer to the identification 
and design of nuclear plants aggregates. 
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Abstract – Liberalisation of the European energy market has led to the deregulation of electricity 
generation and supply. More and more nuclear industry and utilities evolve in an international 
framework. Diversity of national regulations can seriously distort competition. Undoubtedly, 
harmonizing regulations is the best way of ensuring that the industry can evolve within a stable 
legal framework. Consequently, European nuclear license holders supported the work of the 
Western European Nuclear Regulators Association (WENRA) on the harmonization of European 
safety standards for existing nuclear power plants, as well as for waste and decommissioning. This 
support led to the creation, within FORATOM, of the ENISS (European Nuclear Installations 
Safety Standards) Initiative, in May 2005, in Brussels. The principal mission of ENISS is to bring 
together decision-makers, operators and specialists from the nuclear industry with national 
regulators in order to identify and possibly agree upon the scope and substance of harmonized 
safety standards. ENISS currently represents the nuclear utilities and operating companies from 
16 European countries with nuclear power programme. ENISS above all provides the nuclear 
industry with the platform that it needs to express its views, provides expert input and interacts 
fully with regulators throughout the harmonization process. ENISS first task has been to present a 
common industry position with regards to the Safety Reference Levels that WENRA has proposed. 
By engaging in a constructive debate with WENRA and playing a dynamic role in the process, 
ENISS also defends the industry’s interests in a proactive way.  
 
Another task of ENISS is to strengthen the industry influence in the revision work of the IAEA 
Safety Standards. In February 2007, the IAEA and ENISS launched their cooperation agreement. 
ENISS as an NGO is actively involved in the IAEA safety standards revision process in providing 
comments on draft safety standards, in particular as regards those where the industry has 
particular competence or interest. Those areas are NPP design and operation, management 
systems, waste management/treatment, decommissioning and radiation protection with respect to 
nuclear safety. ENISS send also experts to participate in IAEA drafting groups and attend the 
meetings of the IAEA Safety Standards Committees (NUSSC, WASSC, and RASSC) as an observer. 
 
At the European level, ENISS is also monitoring the work of the European Commission on 
regulatory issues in the area of nuclear safety, waste management, decommissioning and radiation 
protection and participate in ENEF groups. 


 
 


I. INTRODUCTION 
I.A Importance of Nuclear Energy in the EU 
The spring 2007 European Council endorsed the 


Commission proposal to cut greenhouse gas emissions by 
20%, to increase energy efficiency in the EU by the same 
amount by 2020 as well as the renewable energy in the 
energy consumption. The publication by the Commission 
of the second Strategic Energy Review and the updated 
PINC (5th Illustrative Nuclear Program based on Article 40 
of the Euratom Treaty) in November 2008 underline the 
progress that has been made in signposting the future of 
nuclear energy in the EU. It further endorses the important 
role that nuclear energy plays, along with other low-carbon 
energy sources, “in the transition to a low-carbon 
economy.”  


 
The European Commission (EC) published on 


November 10, 2010 its proposed action plan on energy 
entitled, A strategy for competitive, sustainable and secure 
energy that defines the energy priorities for the next ten 
years. The strategy clearly recognises nuclear energy‟s 
security of supply, competitiveness and low-carbon 


economy credentials and calls for “replacing and expanding 
existing capacities” to maintain its contribution. 


 
The European Commission also intends to publish in 


the first half of 2011 a Communication on the development 
of a Roadmap for a Low Carbon Economy by 2050 
outlining a strategy to enable and steer the transition to a 
low carbon economy.  


 
Today, nuclear energy generates approximately 935 


TWh/y which presents two thirds of the EU low carbon 
electricity and makes an important contribution to 
mitigation of global climate change. The current operation 
of the 143 NPPs in the EU avoids around about 630 million 
tonnes of CO2 per year. 


 
The contribution of nuclear energy to the overall 


electricity supply will substantially decrease, unless new 
plants are built on time and NPPs in service are operated 
longer (so called “long-term operation” or LTO). 
Insufficient base load capacity may jeopardise the stability 
of the EU's electricity network unless countermeasures on a 
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large scale are introduced. According to current 
projections, the nuclear generation capacity in the EU 
Member States that is in 2010 approximately 130 GWe 
would fall by as much as 35 GWe by 2020. This figure 
takes into account original technical design basis lifetime, 
already agreed life time extensions, firm decisions on new 
NPPs and the currently announced phase-outs. If this loss 
of base load capacity is not replaced by nuclear, a 
significant part of it will be generated by CO2-emitting gas 
or coal-fired plants. Renewable energy sources will 
increase their share but other energy sources will be 
needed, since possibilities to store electricity are limited 
and demand has to be met at all times. Therefore LTO of 
existing reactors and licensing and construction of new 
reactors as well is an urgent need to achieve the EU GHE 
targets. In order to contribute to these targets in a 
sustainable manner at the EU level, the European nuclear 
power plant operators support the harmonisation of safety 
requirements for the operation of existing reactors and the 
standardisation efforts for design and construction of new 
built. 


 
Decisions to construct new or replace existing nuclear 


power plants have been taken in Finland, France, Romania 
and Slovakia. At the sites Olkiluoto, Flamanville, 
Cernavoda and Mochovzce a total of 6 NPPs are under 
construction with a capacity of 6.200MWe. Firm plans are 
underway in Bulgaria (Belene NPP), in the United 
Kingdom (10 sites have been identified as potential 
locations for new nuclear reactors), in Finland (two more 
units online by 2020), in Hungary (two new units are 
expected to come into operation by 2025), in Poland (first 
NPP by 2022 at Zarnowiec) and in France (second EPR 
unit online by 2017 at Penly). Other EU countries, 
including the Czech Republic, Slovenia and the 
Netherlands are also considering new nuclear power plants. 


 
On February 9, 2010, the Italian government signed a 


decree defining criteria and procedures for the construction 
of at least 4 nuclear power plants (EPRs) in the country by 
2020. Construction works are scheduled to start in 2013. 


 
On February 5, 2009, the Swedish government 


announced in a statement that it intends to reverse the 
country‟s long-standing ban on nuclear energy and allow 
the building of new nuclear reactors to gradually replace its 
existing nuclear fleet. The Swedish parliament voted on 
June 18 2010 to officially bring to an end the nuclear 
phase-out policy that was first introduced in 1980 and 
paves the way for the building of new nuclear reactors in 
Sweden. 


 
Decisions to extend the operating lives of nuclear 


plants beyond their original design life time have already 
been taken in some EU countries. The Dutch government 


has decided to prolong the life of the country's sole nuclear 
power plant (Borssele) to 2033. The Spanish government 
announced on 2 July 2009 that it has decided to grant an 
operating licence to the Garoña nuclear power plant in 
Northern Spain for a further four years. On October 12, 
2009, the Belgian government decided to extend the period 
of operation of three reactors at the country‟s nuclear 
power plants (Doel 1, Doel 2 and Tihange 1) by 10 years. 
This decision still needs to be approved by Belgium‟s 
federal parliament. The German government agreed on 
September 5, 2010 to extend the operational duration of the 
country‟s 17 nuclear power plants (NPPs) by 12 years on 
average beyond 2021. 


 
I.B Public acceptance of nuclear energy in the EU 
The EU institutions have in recent years acknowledged 


nuclear energy as a key component of Europe‟s energy mix. 
Nuclear energy is today recognised as a sustainable low-
carbon technology, which has a role to play combating 
climate change, enhancing the EU‟s competitiveness and 
ensuring the security of energy supply.  


 
At the same time, the issue of public acceptance of 


nuclear power and safety have seen important and positive 
turns for the better. The 2010 Eurobarometer on Nuclear 
Safety confirms the overall positive evolution of public 
acceptance towards nuclear showing 56% of EU citizens 
want nuclear energy to be maintained or increased (up 8% 
on the results in the previous Eurobarometerr on Nuclear 
Safety in 2007). The awareness of nuclear‟s credentials has 
remained stable since 2007. The results of the survey show 
that 68% (-1 point) believe that using more nuclear energy 
would make Europe less dependent on fuel imports, 51% 
(+1 point) think that it helps ensure stable prices, and 46% 
that it contributes to the fight against global warming. 


 
A majority of EU citizens (59%) are confident that 


nuclear power plants can be operated safely. In countries, 
which use nuclear energy to produce electricity, people 
generally believe in the safety of the nuclear power plants 
(Hungary= 80%, Finland= 78%, Slovakia= 77%, Sweden= 
75%). Most citizens (51%) think that nuclear safety 
authorities are capable of ensuring that nuclear power 
plants are safe. Nevertheless, people are quite divided on 
the capacity of nuclear operators to run the plants safely 
(47% trust nuclear companies, against 43% in 2007). If the 
waste issue was solved, a majority of EU citizens would be 
in favour of nuclear power (around 61%). 
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II. Regulatory activities - Standards 


II.A Nuclear Safety and Harmonisation  
 
II.A.1Benefits of harmonisation 
 
For the licensees, harmonization will reduce the 


overall engineering and construction time and cost. 
Economies of scale will be achieved by building plants in 
series. Moreover, fleets of standardized nuclear power 
plants offer the potential for increased operational 
excellence, availability and capacity factors and improved 
maintenance efficiency because of operational experience 
feedback. Suppliers of high-quality nuclear components 
will also realize benefits (supply of standard components 
should be at lower costs and higher quality than supply of 
custom-made components). Harmonisation will also offer 
the possibility for an owner to choose a standard design and 
to order that design without major changes. 


A greater convergence and harmonization of national 
standards would also allow for increased international 
cooperation among regulators. The process of 
harmonization can lead to a mutual understanding in safety 
issues and helps to find and define best practice and 
common solution which can have a positive impact on 
public confidence in regulatory decisions. 


 
II.A.2 Which initiatives have been reached / are on the 


road? 
 
To achieve a harmonized level of nuclear safety 


various organizations and initiatives have developed sets of 
requirements and instruments for supervision over the last 
two decades 


 
1. Regulatory 


1.1 The IAEA 
The Convention of Nuclear Safety (CNS) and the 


IAEA Safety Standards, divided in Fundamentals, 
Requirements and Guides are highly recognised in the 
nuclear community as the leading sets of requirements, due 
to the holistic approach, the hierarchy applied and the 
detailing. The IAEA Safety Standards are developed with 
the help of expert committees and often used as the base of 
Member States national regulations.  


 
1.2 MDEP 


The Multinational Design Evaluation Programme 
(MDEP) is a multinational initiative to develop innovative 
approaches to leverage the resources and knowledge of the 
national regulatory authorities who will be tasked with the 
review of new reactor power plant designs. Today this 
includes: Canada, China, Finland, France, Japan, Korea, 
Russian Federation, South Africa, the United Kingdom and 
the United States. IAEA will take part in the work of 


MDEP. The OECD Nuclear Energy Agency (NEA) is 
performing the Technical Secretariat function. 


 
2. Industry 


2.1 WANO 
In addition, WANO is a platform for the exchange of 


operating experience, professional and technical 
development amongst the NPPs as well as technical 
support and exchange of information.  


 
2.2 EUR/URD 


NPP licensees implemented the European Utilities 
Requirements (EUR) defining and benchmarking safety 
requirements and operational targets for new reactor 
designs.  


The EUR (European Utility Requirements) 
organization has been working on the development of 
harmonized utility requirements (safety and performances) 
for the European Gen 3 LWR stations since 1991. Started 
with five partners, the organisation today includes the 19 
major European utilities, or group of ones, planning to 
invest and operate in new build.  


 
The main objective, since the inception of the works, 


has been to level a uniform playing ground on which the 
vendors could develop standard products that could be 
used by all the participants with no or only minor design 
changes. For that two main directions of work have been 
defined: a generic specification and evaluations of 
compliance of the designs offered in Europe vs. this 
specification. Since the beginning of the 2000's the EUR 
works have been focused on the evaluations of the designs: 
As of today seven designs have been evaluated by the EUR 
utilities in close cooperation with the interested vendors. 
This has requested a substantial investment by all parties 
but today the designs that have successfully passed the 
evaluation process can be legitimately shortlisted by the 
utilities that open a consultation for new build.  


 
The organization is preparing a revision D of the 


generic specification, based upon the feedback 
accumulated in its own activities since 2001 and taking into 
account the evolution of the regulatory background in 
Europe as well as at global level. More, some new reactors 
assessments are likely to be done in the near future. For 
that, strong relations have been tied with the other 
international organizations that may impact the designs of 
the future Gen 3 LWR plants, such as WENRA, IAEA, 
ENISS and WNA. The objective is to contribute to make 
the major stakeholders agree on common positions 
reasonable for industry and regulators. 


 
The Utility Requirements Document (URD) is the US 


counterpart of the EUR. The purpose of the URD is to 
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present a clear, complete statement of utility requirements 
for the next generation of nuclear plants.  


 
2.3 WNA 


The nuclear industry established the WNA Working 
Group on “Cooperation in Reactor Design Evaluation and 
Licensing” (CORDEL) with the aim of stimulating a 
dialogue with nuclear regulators on the benefits of globally 
standardised designs for new reactors. Among others, all 
greater European NPP operators are supporting this group. 
Achieving reactor design standardization will require the 
combined efforts of industry, regulators, policy makers, 
governments and international institutions. 


 
The CORDEL Group proposed a conceptual three-


phase programme introducing a mutual acceptance and 
eventually internationally valid design approvals for 
standardized reactor designs. But such an evolution 
towards internationally valid design approvals would 
necessarily occur in a manner consistent with each 
country's sovereignty over its own regulatory framework. 
Each country's regulator would remain responsible for a 
comprehensive licensing and oversight process, with a 
streamlined design approval simply being one part of it. No 
aspect of the CORDEL proposal is meant to imply that any 
national regulatory process would be subordinated or 
limited by foreign decisions. 


 
II.B European Community legislation 
None of these above mentioned approaches has 


reached the status of a legal binding European Safety 
Requirements until now. To achieve a harmonised high 
level of nuclear safety in Europe these approaches have to 
be considered. The EU community initiative to legalize 
common nuclear standards for nuclear installations can 
only be developed in context with these sets of 
requirements and instruments of supervisions. 


 
The Euratom Treaty does not explicitly address the 


particular aspects of nuclear installation safety. While the 
European legislation provides for a binding framework as 
far as authorization, inspection and enforcement are 
concerned, the responsibility for implementing and 
enforcing such a European legislation lies with the Member 
States. Such directives are legally binding for Member 
States and shall be transposed into national regulations. 
The new Council Directive 2009/71/EURATOM  
establishing a Community Framework for Nuclear Safety 
adopted in June 2009 provides binding legal force to the 
main international nuclear safety standards, namely the 
Safety Fundamentals established by the International 
Atomic Energy Agency (IAEA) and the obligations 
resulting from the Convention on Nuclear Safety.  


 


Regarding radiation protection, the Council Directive 
96/92/EURATOM is currently under revision. The 
European Commission decided in 2006 to revise its basic 
safety standards on radiation protection to reflect the new 
recommendation of the International Commission on 
radiological protection (ICRP) and to strengthen the 
Community legislation. In total 5 acts on radioprotection 
will be recast into a single Commission act. Directive 
96/29/Euratom of May 13, 1996 laying down basic safety 
standards for the protection of the health of workers and the 
general public against the dangers arising from ionizing 
radiation will be revised taking into account operational 
experience, new scientific evidence and consolidating the 
existing acquis. It is expected that the new text will be 
adopted by the Commission by early 2011. 


 
The European Commission (EC) published on 


November 3 a Proposal for a Council Directive on the 
management of spent fuel and radioactive waste. The 
proposal aims to set up an EU framework for the safe 
management of radioactive waste and spent fuel from 
nuclear power plants, research, medicine and industry. 


The Waste Directive includes measures that accelerate 
the implementation of decisions for the final disposal of 
radioactive waste. The national programmes that should 
include plans, a concrete timetable and a financing scheme 
for the construction of final disposal facilities ought to be 
set out by Member States within four year of the adoption 
of the Directive, so approximately by 2015. 


 
II.C The WENRA Process 
The Western European Nuclear Regulators Association 


(WENRA) aims harmonising nuclear regulatory systems in 
the EU countries with nuclear programmes and Switzerland 
by 2010.  


WENRA was established in 1999 as an informal 
association to develop a common approach to nuclear 
safety and to provide an independent capability to examine 
nuclear safety in the (at that time) applicant countries. 
More recently its objectives were extended to become “a 
network of chief nuclear safety officers in Europe, 
exchanging information and discussing significant safety 
issues”. It comprises top regulators from all nuclear EU 
Member States and Switzerland 


 
In fulfilment of its goals WENRA established two 


working groups to consider harmonisation of safety 
approaches in Europe, one on reactor safety and another on 
decommissioning and radioactive waste/spent fuel storage 
(WDWG). The Reactor Harmonisation Working Group 
(RHWG) consisting of experts from the WENRA 
regulatory bodies, was established in 2000. During 2000-
2002 the group carried out a pilot study to develop and test 
a methodology for making systematic comparisons of 
national requirements and their implementation on selected 
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reactor safety issues and to arrive at conclusions about what 
needs to be addressed at the national levels in order to 
reach common safety levels. The methodology is described 
in a report published in March 2003. 


 
The main study started in 2003 with basically the same 


methodology as the pilot study. The report “Harmonisation 
of Reactor Safety in WENRA Countries” was issued on the 
WENRA website in January 2006, with two additional 
reports “Waste and Spent Fuel Storage Safety Reference 
Levels Report for Nuclear Facilities” and 
“Decommissioning Safety Reference Level Report for 
Nuclear Facilities”. 


Regarding the Reactor Safety Reference Levels, 
WENRA countries benchmarked and scrutinized 
thoroughly by comprehensive processes their national 
regulations against all Reference Levels. 


 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
The figure above summarizes the legal requirement 


data from all 17 WENRA countries. It indicates that the 
Reference Levels are formally required for over half of the 
assessments, and 4% have differences that can be justified 
(grey coloured). Hence, for harmonization on the legal 
side, there is a need for a significant number of additional, 
formally issued, generic national requirements. 


 
In January 2010, WENRA issued a report on “Safety 


Objectives for new Reactors”. WENRA‟s RHWG has been 
working since March 2008 on the formulation of safety 
objectives for new reactors so as to allow WENRA 
members to define a common approach to the safety of new 
reactors. Stakeholders were invited to provide comments 
on the report, in particular on the proposed safety 
objectives, before the end of June 2010. 


 
 
 
 


III. Activities of Nuclear Licensees 
III.A ENISS – The European Nuclear Installation 
Safety Standard Initiative 
 
Safety is and will always remain the nuclear industry's 


top priority. Nuclear installations in the EU have an 
exemplary safety record which plant operators are 
committed to maintaining and improving. Nuclear power 
plants are operated under the strict control of national 
regulatory authorities. These government agencies enforce 
state regulations that are mainly based on requirements, 
guidelines and conventions established by international 
organisations, such as the IAEA. National safety 
requirements in EU Member States are implementing or 
will implement the Safety Reference Levels that WENRA 
proposed in 2006 for existing nuclear plants, as well as 
those for waste and decommissioning.  


 
The European nuclear industry recognized that with 


the deregulation and internationalization of the electricity 
market, diversity of national regulations could seriously 
distort competition. Therefore harmonizing regulatory 
practices is one of the best way of ensuring that the 
industry can evolve within a stable legal framework. In 
order to pool resources, European licensees launched mid 
2005 ENISS (European Nuclear Installation Safety 
Standard Initiative) under the umbrella of FORATOM. The 
principal mission of ENISS is to bring together decision-
makers, operators and specialists from the nuclear industry 
with national regulators in order to identify and possibly 
agree upon the scope and substance of harmonized safety 
standards. ENISS currently represents the nuclear utilities 
and operating companies from 16 European countries with 
nuclear power programme.  


 
The ENISS Objectives can be summarized as follows: 


ensees view with respect 
to the WENRA documents and to present the industry 
position in discussions with WENRA in a proactive way 


interaction of license holders with their national regulators, 
in order to achieve a harmonised set of national new 
regulations.  


nuclear license holders with respect to new national and 
international regulatory activities. 


revision work of the IAEA Safety Standards 


regulatory issues in the area of nuclear safety, radiation 
protection, waste management and decommissioning 


with regulatory issues 
 


R
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Safety Issues


Already Harmonised Adressed for Harmonisation


WENRA Countries – Legal Evaluation WENRA RLs (2006)
Based on legally binding and formally issued Requirements


R
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WENRA Countries – Legal Evaluation WENRA RLs (2006)
Based on legally binding and formally issued Requirements
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ENISS first task was to establish a common industry 
position with regards to the safety reference levels that 
WENRA proposed in 2006 for existing nuclear plants, as 
well as for waste and decommissioning. ENISS sees 
WENRA‟s action as an important step towards finalising, in 
close collaboration with the nuclear industry, a blueprint 
for delivering and implementing improved safety standards. 
It is also consistent with the industry‟s improved safety 
culture. ENISS carried out a thorough analysis of WENRA 
harmonisation reports and made official comments on all 
three reports at the end of May 2006. ENISS considers that 
the last version issued by WENRA in January 2008 of the 
reference levels applicable to reactor safety represents a 
decent and delicate equilibrium between the regulator‟s and 
industry‟s positions, with which most NPP operators in 
Europe could live with. 


 
Following the publication by WENRA in January 2010 


of a pilot study on “Safety Objectives for New Power 
Reactors”, a specific organisation has been set up to 
analyse the report and put forward comments which were 
submitted to WENRA at the end of June 2010. This 
organisation includes ENISS and the EUR group. A 
cooperation agreement between ENISS and EUR was 
approved in September 2008 according to which both 
parties will co-ordinate their positions and actions and co-
operate in their relations with WENRA regarding 
requirements for new reactors.  


 
Another task of ENISS is to strengthen the industry 


influence in the revision work of the IAEA Safety 
Standards. In February 2007, the IAEA and ENISS 
launched their cooperation agreement. ENISS as an NGO 
is actively involved in the IAEA safety standards revision 
process in providing comments on draft safety standards 
and feedback on the experience gained from applying the 
IAEA safety standards, in particular as regards those where 
the industry has particular competence or interest. Those 
areas are NPP design and operation, management systems, 
assessment and verification, waste management/treatment, 
decommissioning and radiation protection with respect to 
nuclear safety. ENISS send also experts to participate in the 
IAEA drafting groups and attend the meetings of the IAEA 
Safety Standards Committees (NUSSC, WASSC, and 
RASSC) as an observer. 


 
At the European level, ENISS is also monitoring the 


work of the European Commission on regulatory issues in 
the area of nuclear safety, waste management, 
decommissioning and radiation protection. 


 
III-B The European Nuclear Energy Forum (ENEF) 
  
Support for discussion and debate on nuclear energy 


has been supported over the past few years by the European 


Union through the establishment of, for example the 
European Nuclear Safety Regulators Group (ENSREG) 
whose role is to help to „establish the conditions for 
continuous improvement and to reach a common 
understanding in the areas of nuclear safety and radioactive 
waste management‟. 


 
Along with the establishment of ENSREG in 2007, the 


European Commission announced that the Czech Republic 
and Slovakia would co-host the European Nuclear Energy 
Forum (ENEF). The announcement in the conclusions of 
the Spring Council “suggest[ed] that broad discussion takes 
place among all relevant stakeholders on the opportunities 
and risks of nuclear energy.” confirmed the growing 
recognition of the important role nuclear plays in the EU‟s 
energy mix and that a Forum was needed in order to help 
develop a roadmap for the future of nuclear energy in 
Europe.  


 
ENEF was established in order to provide a platform 


for open debate “without any taboo” between the nuclear 
industry, European institutions, EU Member States, 
financial institutions, trade associations, civil society and 
other actors. Ultimately, ENEF is a progression of the 
overall European energy debate with the EU sending a 
clear message that nuclear plays a vital role now and in the 
future of the EU‟s electricity supply.  


 
The Forum has a number of Working Groups 


(opportunities, risks, transparency) aiming to provide 
advice and guidance to the EC. Under the Working Groups 
are Sub-Working Groups covering among others issues 
from nuclear safety, waste management, legal issues, 
education and training, competitiveness, financing.  


 
ENISS have been a keen supporter and participant of 


the ENEF process and in particular has been involved on 
the issue of nuclear safety which is tackled under the 
„Risks‟ Working Group inside the Forum. The group 
undertook in January 2008 an investigation into nuclear 
safety harmonisation in the EU and prepared a document 
entitled Considerations on a potential EU Directive based 
on Common Fundamental Safety Principles for Nuclear 
Installations. The paper recommended that an EU Directive 
regarding safety of nuclear installations should be based on 
common Fundamental Safety Principles. This paper was 
adopted as formal input from ENEF on the draft proposal 
from the European Commission on a Community 
Framework for Nuclear Safety.  


 
In March 2009, the “Risks” Working Group mandated 


its Sub-Working Group “Nuclear Installation Safety” to 
consider possible criteria and safety objectives for long-
term operation of NPPs, including the risk-informed 
approach. The SWG developed a paper entitled: 
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Considerations on harmonised conditions for safe long-
term operation of Nuclear Power Plants in the EU. The 
SWG will now prepare a detailed proposal for an EC 
Recommendation on conditions for long-term operation.  


 
Due to the international character of new built a small 


number of standardized designs was deployed worldwide. 
Manufacturing of nuclear components is performed in a 
global supply chain. In Europe major utilities emerged as 
multinational utilities establishing cross-border joint 
ventures. These new market conditions need to establish 
international elements in licensing procedures across 
Europe to achieve standardisation. That means for instance 
international cooperation of regulators in design 
assessments and its mutual acceptance based on a common 
set of codes and standards used for safety demonstration, in 
the long term intergovernmental agreements on acceptance 
of design approvals. This issue is handled in the ENEF 
subWG Legal Roadmap. 


 
For the nuclear industry greater harmonization of 


licensing procedures in the EU is a major topic. The Legal 
Roadmap subWG issued in October 2008 a position paper 
titled “The Importance of New Approaches in Licensing”. 
Proposals were provided on how to facilitate the licensing 
of new nuclear power plants by harmonizing and 
streamlining licensing procedures and encouraging 
cooperation among Member States in design assessment 
and design certification. The subWG will support the 
Commission in launching the study “Survey of licensing 
procedures of EU Member States”. Best practices should 
be recommended and ways towards international 
assessment of standard designs should be shown. 


 
 
  


IV. CONCLUSIONS Nuclear safety -   A challenge to 
harmonise safety practices 


 
Nuclear safety of NPPs aims to protect people and the 


environment against the harmful effects of ionizing 
radiation. To this effect, all practical efforts must be made 
by the licensee to operate the plant under normal 
conditions, to prevent nuclear or radiological accidents 
from occurring and to mitigate any consequences of such 
events. “Defence-in-depth” has been identified as the main 
concept here, involving a number of consecutive levels of 
protection which ensure that no single technical, human or 
organisational failure could lead to harmful effects, and that 
combinations of failures that could give rise to significant 
harmful effects are of very low probability. 


 
From an organisational point of view, a strong 


management commitment to safety is required, 
accompanied by the implementation of a reliable 


management system and a strong safety culture. While the 
prime responsibility for nuclear safety rests with the license 
holder, the implementation has to be verified and enforced 
by an effective regulatory framework for nuclear safety. 


 
Therefore nuclear safety is far more than just a 


technical challenge: Nuclear Safety is the integration of 
human, technical, organisational and regulatory issues. 
Resulting from this consideration the harmonisation of 
safety requirements and practices and their implementation 
should cover all of these issues and be applicable not only 
to nuclear power plants but to all nuclear installations in all 
stages (siting, licensing, construction, operation and 
decommissioning). Due to the process of implementation, 
the harmonisation of safety requirements can be considered 
as a tool for safety improvement. 


 
The European Nuclear Industry considers that the 


existing arrangements for ensuring nuclear safety in the EU 
under the guidance of international nuclear organisations, 
conventions and under the control of the national safety 
authorities have delivered excellent safety records. 
However, the industry has a role to play in the further 
harmonisation processes and is therefore willing to 
contribute to the dialogue with all possible stakeholders.  
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Abstract – In this paper we present a model which takes into account the multi-size aspect of a
bubble population in a two-phase flow. Several methods exist in the literature to deal with such
problematic. For its relative simplicity, the method of moments is here used in addition to a classical
two-fluid model. It consists in determining the evolution of the topological and statistical quanti-
ties of the two-phase flow by solving additional transport equations on the bubble size distribution
moment densities. These so-called geometrical equations involve all phenomena responsible for
the changes in the bubble size distribution, namely coalescence and break-up but also dispersed
phase compressibility and phase change. To close the bubble size distribution appearing in different
source terms of the geometrical equations, a two-parameter quadratic expression is here proposed.
The simplicity of this quadratic law allows to derived quite easily the geometrical equation source
terms and implies to solve only two additional equations. The resulting multi-size model is therefore
easy to implement and numerically efficient. Numerical simulation of a DEBORA test case (upward
bubbly boiling flow in a vertical tube) has been performed with the NEPTUNE_CFD code to test the
ability of the multi-size model to represent sub-cooled boiling bubbly flows.


I. INTRODUCTION


Two-phase bubbly flows occur in various industrial
systems, such as petroleum, chemical or nuclear energy-
producing industries. Design optimization or safety anal-
ysis in these domains often involve an accurate prediction
of the local flow structure, as spatial distribution of phases
or morphology of exchange surface areas between phases.
The present work focuses on the modeling of sub-cooled
boiling bubbly flows encountered in the context of nuclear
power plant safety studies. The multi-size aspect of such
bubbly flows is of particular interest since the flow structure
is directly related to inter-phase transfers (e.g. heat and mass
transfers, coalescence and break-up phenomena) .


Several methods are available to deal with multiple sizes
in bubbly flows. A classic approach is the so-called multi-
group method (MGM)1,2 in which the bubble size spectrum
is discretized in a finite number of bubble groups. Three
equations (mass, momentum and energy) are solved for each
bubble group, the bubble group diameter being known and
remaining constant during the simulation. Minimal and
maximal diameters of the bubble size spectrum are pre-
sumed and also remain constant. This is clearly a weakness
of the method because the results are inevitably sensitive to


the spectrum segmentation adopted to represent the bubble
size distribution (BSD).3 Moreover, as the MGM consists in
solving three equations for each bubble group, a substantial
number of equations need generally to be solved in order to
obtain a reasonable BSD representation. This often involves
prohibitive computational costs for dealing with real cases
of particular interest.


An alternative to the MGM is the so-called method of
moments (MOM),4 which is based on the idea of track-
ing only lower-order moment densities of the BSD, rather
than the BSD itself. The main advantage of this method is
its numerical efficiency, since only few BSD moment den-
sities need generally to be solved in addition to the usual
mass, momentum and energy equations. However, the mo-
ment density transport equations need to be written in a
closed form, that is, involving only functions of the moment
densities themselves. As a consequence, the BSD must be
closed. Two main categories of BSD closure methods can be
cited: the use of a quadrature approximation,5,6,7 or a pre-
sumed expression (e.g. Laguerre polynomials or distribution
laws).5,8,9,10


The second alternative has been chosen in the present
study. BSD modeling with a presumed log-normal law has
been widely addressed in the context of various flow struc-
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tures (drops, bubbles, as well as solid particles).8,9,11 Unfor-
tunately, the inability of this law to deal with bubble break-
up phenomenon do not allow to use it in the context of bub-
bly flow modeling we are interested in. To cope with this
difficulty, a two-parameter quadratic BSD is presented here.
Of course, a quadratic-shaped BSD is not always represen-
tative of experimentally observed BSD, but the evolution of
bubble population statistics (e.g. average size, standard de-
viation) is generally more essential than an exact represen-
tation of the BSD itself. Besides, it has been shown that an
exact representation of the BSD is not always necessary to
obtain results of a reasonable accuracy.3


The paper is organized as follows. In the next sec-
tion, the additional geometrical equations of the multi-size
model are presented. Then, a two-parameter quadratic law
is proposed for modeling the BSD of the bubble population.
In section IV., closure relationships for the particular case
of sub-cooled boiling bubbly flows are derived by taking
into account the multi-size aspect of the bubble population.
Finally, the NEPTUNE_CFD code is used to evaluate the
present model and a validation test case with the DEBORA
experimental database (upward sub-cooled boiling bubbly
flow in a vertical pipe) is presented in a last part.


II. GOVERNING EQUATIONS


In this study, a two-fluid approach is used to model
the multi-phase system, that is, both phases are described
by three averaged balance equations (mass, momentum and
energy).12,13 Two-fluid equations used in this study are the
ones implemented in the NEPTUNE_CFD code.14,15


In addition to these six equations, an equation on the
interfacial area concentration (IAC), sometimes called geo-
metrical equation, is generally written to take into account
the flow structure variation.15 To take into account the poly-
dispersion in size of a bubbly flow, more than a single
IAC equation is however necessary. Additional geometri-
cal equations have to be derived, what is generally carried
out using the kinetic theory.9,16


II.A. Kinetic theory and ensemble averaging


For bubbly flows, geometrical equations can be written
as well using the two-fluid approach as using a kinetic the-
ory approach.17 Both methods are equivalent in this partic-
ular case, but the dispersed aspect of the bubble population
makes a kinetic theory approach more relevant. The main
advantage of this kind of model is clearly a best readabil-
ity and understanding of the averaged quantities and closure
terms.


In kinetic theory, we consider a bubble population asso-
ciated to a particular realization of the two-phase flow. Mak-
ing the assumptions that bubbles are spherical and that all of
them behave similarly in the flow, we introduce the BSD


P(d). This normalized function represents the probability
of a bubble to have a diameter between d and d + dd, at a
given time t and in the spatial range dx about a position x.
Based on this BSD, ensemble averaging of a quantity ψ(d)
is given by:〈


ψ(d)
〉


=̂
�
ψ(d) P(d) dd. (1)


II.B. Moment densities and their transport equation


The multi-size aspect of the bubble population is ad-
dressed here through the MOM, we chose because of its rel-
ative simplicity. This method consists in solving additional
balance equations on some moment densities of the NDF.
The γth order moment density of P(d) is defined as:


Mγ =̂ n


�
dγ P(d) dd = n


〈
dγ
〉


(2)


where n stands for the bubble number density.
Some moment densities are related to geometrical and


statistical quantities of the bubble population. Actually, by
defining the IAC aI as the bubble surface ensemble aver-
age and the void fraction αd as the bubble volume ensemble
average, the following relationships are derived:


aI =̂ n
〈
π d2


〉
= πM2 (3)


αd =̂ n
〈π


6
d3
〉


=
π


6
M3. (4)


Rigorously, these definitions of aI and αd are different to
those derived with the two-fluid model, but for slightly non-
homogeneous bubble distributions they are equivalent.17,18


In addition to aI and αd, an infinity of mean diameter can
be written using the following definition:19


dpq =̂
(
Mp


Mq


) 1
p−q


(5)


from which the commonly used Sauter mean diameter d32


can be deduced (d32 = 6 αd/aI).
The transport equation of Mγ obeys to a Liouville-


Boltzmann-type equation and writes:9,11


∂Mγ


∂t
+∇ ·


(
Mγ V d


)
= n


2 γ
ρd


�
dγ−1 ṁd(d) P(d) dd


− γ


3 ρd


(
∂ρd
∂t


+ V d · ∇ ρd
)
Mγ


+ ΦCOγ + ΦBUγ + ΦNUγ (6)


where ρd denotes the dispersed phase density, V d the av-
eraged velocity of the dispersed phase and ṁd the bubble
mass gain per unit surface due to phase change at the bubble
interface. In this equation, the first term of the right-hand
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side corresponds to the phase change contribution, the sec-
ond one to the vapor compressibility and the last three terms
to the coalescence, break-up and (wall) nucleation contribu-
tions respectively. All of these terms are closed in section
IV.


In the next section, a two-parameter expression is pro-
posed for modeling P(d). Both of these parameters be-
ing analytically related to some moment densitiesMγ , the
system is close by solving two additional balance equation,
namely onM1 andM2.


III. BUBBLE SIZE DISTRIBUTION APPROXIMATION


III.A. Two-parameter quadratic BSD


By following Ruyer & al.10, a quadratic shaped-BSD is
here assumed. The one-parameter quadratic law introduced
by these authors to model P(d) has its median diameter and
standard deviation analytically related. To avoid this unreal-
istic BSD behavior, the following two-parameter quadratic
law, let us say the Q2 law, is proposed:


P(d) =



3


4
√


5 σ̃


(
1−


(
d− d00√


5 σ̃


)2
)


for dmin ≤ d ≤ dmax
0 otherwise.


(7)


d00 and σ̃ respectively denote the median mean diameter and
the standard deviation of P(d) and are defined as:


d00 =̂
M1


M0
(8)


σ̃ =̂


√
M2


M0
−
(
M1


M0


)2


. (9)


In the definition of P(d), dmin and dmax stand for the min-
imum and maximum diameter respectively; they are given
by:


dmin = d00 −
√


5 σ̃ (10)


dmax = d00 +
√


5 σ̃. (11)


By using the Q2 law expression for P(d), the following
relationships relating d00 and σ̃ to the lower-order moment
densities of P(d) can be derived:


M1 = n d00 (12a)


M2 = n
(
σ̃2 + d2


00


)
(12b)


M3 = n d00


(
3 σ̃2 + d2


00


)
. (12c)


Rearranging these equations leads to a geometrical re-
lationship giving n:


n =
1


36 π
a3
I


α2
d


5
(
5 + 3 σ̃? 2


)2
(5 + σ̃? 2)3


(13)


where aI and αd have been introduced through (3) and (4)
and σ̃? denotes a non-dimensional standard deviation de-
fined as:


σ̃? =̂
√


5 σ̃
d00


. (14)


III.B. Numerical conditioning of the Q2 law


Two limit cases must be avoided so that the Q2 law
keeps a consistent behavior, namely dmin < 0 and σ̃ < 0.
Taking into account both of these limit cases and rearrang-
ing (8), (9), (10) and (12) leads to the following condition
on the moment densities:


0.9 <
π


6
M2


2


M1 αd
< 1. (15)


Respect of this condition implies the following interval def-
inition for σ̃?:


0 < σ̃? < 1 (16)


In other words, the limit case σ̃?= 0 is equivalent to σ̃ = 0
(i.e. single-size assumption) and the limit case σ̃? = 1 is
equivalent to dmin = 0 (i.e. one-parameter quadratic law of
Ruyer & al.10).


IV. CLOSURE RELATIONSHIPS


This section describes the closure of the different source
terms of (6).


IV.A. Coalescence and Break-up


A very large amount of coalescence and break-up mod-
els can be found in literature. Unfortunately, the physics
underlying these phenomena is often speculative, what can
sometimes lead to self-contradictory models.


Although numerous sources of bubble coalescence and
break-up have been reported,20,21 only turbulent induced co-
alescence and break-up events are addressed hereafter. In
case of turbulent flows we are interested in, these kinds of
events are assumed to be predominant with respect to the
other sources of coalescence and break-up15.


IV.A.1. Bubble coalescence


Binary turbulence induced coalescence is here consid-
ered. Such coalescence event then involves a couple of col-
liding bubbles with different diameters, let us say d1 and d2.
The coalescence source term of (6) is modeled by summing
the coalescence contributions of all combinations of collid-
ing bubble couples {d1; d2}:


ΦCOγ =
1
2


� dmax


dmin


∆MCO
γ (d1, d2)φCO(d1, d2) dd1dd2 (17)
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where φCO denotes the elementary coalescence frequency
and ∆MCO


γ corresponds to the decrease inMγ due to one
coalescence event. The factor 1/2 in (17) avoids double
counting of the same coalescence event. By assuming con-
servation of the gas volume during the coalescence process,
∆MCO


γ writes:


∆MCO
γ =


(
d3
1 + d3


2


)γ/3
− dγ1 − d


γ
2 . (18)


The coalescence frequency can be written as the product of a
collision frequency φCL and a coalescence probability ηCO


(also sometimes called collision efficiency):


φCO(d1, d2) = φCL(d1, d2) ηCO(d1, d2). (19)


We chose here to use the model of Kamp & al.9 for the
modeling of φCL and ηCO:


φCL(d1, d2) = 2


√
8π
3
n2 P(d1)P(d2)


(
d1 + d2


2


)2
× Ct√


1.61


(
εc
d1 + d2


2


)1/3
(20)


ηCO(d1, d2) = exp


(
−Kη√


6
Ct√
1.61


(
εc
d1 + d2


2


)1/3
×
√


3 ρc deq
Cvm σ


)
(21)


where ρc and εc respectively denote the density and the dis-
sipation rate of the turbulent kinetic energy of the continu-
ous phase and σ the surface tension. In this model, Kη is a
constant set equal to 2 by the authors and deq stands for an
equivalent bubble diameter defined as:


deq =̂
2 d1 d2


d1 + d2
. (22)


Ct denotes the ratio between the bubble velocity fluctuations
and the liquid velocity fluctuations and can be expressed,
among others, as a function of d00. Cvm corresponds to the
virtual mass coefficient of two touching spheres and can be
expressed as a function of the ratio d1/d2. Detailed expres-
sions of both of these coefficients can be found in the origi-
nal paper of Kamp & al.9


Coalescence source term ΦCOγ can be rearranged as:


ΦCOγ = 0.2546 Ct(d00) dγ+
7
3


00 n2 ε
1/3


× ICOγ (ηCO00 , σ̃?) (23)


where ICOγ stands for the double integral over all bubble
sizes of all terms depending on d1 and d2. This integral
is function of the two non-dimensional parameters σ̃? and
ηCO00 , the latter being defined as:


ηCO00 =̂ exp
(
−Kη


Ct√
1.61


(εc
2


)1/3√ρc
σ
d


5/6
00


)
. (24)


Fig. 1. Computed and fitted values of the integral −ICO1 .


Fig. 2. Computed and fitted values of the coefficients
−c11 and −c12.


A similar numerical method of Kamp & al.’s one is used
here to estimate ICOγ . In Fig. 1, −ICO1 is plotted against
ηCO00 , for several values of σ̃? and for γ = 1.


Similar computation for γ = 2 shows ICOγ can be well
approximated by a polynomial expression:


ICOγ (ηCO00 , σ̃?) ∼= cγ1(σ̃?)ηCO00 + cγ2(σ̃?) ηCO00


2
(25)


where cγ1 and cγ2 are polynomial functions of σ̃? (see Fig.
2 for the case γ = 1):


cγ1(σ̃?) = cγ11 + cγ12 σ̃
? (26a)


cγ2(σ̃?) = cγ21 σ̃
? 2 + cγ22 σ̃


? 3 (26b)


whose coefficients are given in Table I.


TABLE I
Values of the coalescence source term integral coefficients


γ cγ11 cγ12 cγ21 cγ22


1 -7.0431 1.9557 -4.3631 1.0821
2 -3.7261 0.5477 -2.6682 0.1248
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IV.A.2. Bubble break-up


For the sake of simplicity, we only focus on the mod-
eling of homogeneous binary bubble break-up, that is, the
break-up of one bubble into two daughter bubbles of equal
size. Non-homogeneous binary break-up will be addressed
in a future work, using a similar approach to the one of Luo
& Svendsen22.


The break-up source term of (6) is modeled by summing
the contributions onMBU


γ of all breaking bubbles:


ΦBUγ =
� dmax


dmin


∆MBU
γ (d) φBU(d) dd (27)


where φBU denotes the elementary break-up frequency and
∆MBU


γ corresponds to the increase inMγ due to one break-
up event. By assuming conservation of the gas volume dur-
ing the break-up process, ∆MBU


γ writes:


∆MBU
γ = dγ


(
21− γ


3 − 1
)
. (28)


Several authors consider that the turbulent induced bub-
ble break-up occurs through collision of bubbles with turbu-
lent eddies of the liquid. Prince & Blanch20 therefore pro-
posed for modeling model the break-up frequency similarly
to the coalescence one:


φBU(d) = φCLe (d) ηBU(d). (29)


where φCLe denotes the collision frequency of bubble with a
turbulent eddy and ηBU the probability this collision results
in a break-up event. According to these authors, φCLe and
ηBU are given by:


φCLe (d) =
� de,max


de,min


√
2
π


4
n P(d) Fe(de)


(
d+ de


2


)2


× ε1/3
c


√
d


2/3+ d
2/3
e dde (30)


ηBU(d) = exp
(
− Wecr


We(d)


)
(31)


where We denotes the turbulent bubble Weber number:


We(d) =
2.0 ρc ε


2/3
c d5/3


σ
. (32)


The critical Weber number Wecr appearing in (31) can be es-
timated by balancing the natural frequency of a bubble with
the characteristic frequency of the turbulent flow:23


Wecr =
2 ι (ι+ 1) (ι− 1) (ι+ 2)


π2
(


(ι+ 1) ρdρc + ι
) ≈ 2.4


∣∣∣
ι=2


(33)


where ι stands for the bubble oscillation mode.


In (30) , Fe denotes the distribution function in size of
the turbulent eddies in the liquid and can be approximated
by:15,22


Fe(de) = 0.8
(


1− αd
)
d−4
e . (34)


Assuming that only equal-sized eddies or marginally smaller
ones can cause a break-up event, de,max is chosen equal to
d and de,min has been set to 0.65·d by Yao & Morel15 (ad-
justment with experimental data of the DEBORA database).


Finally, break-up source term ΦBUγ can be rewritten as:


ΦBUγ = 0.1666
(


21− γ
3 − 1


)
n
(


1− αd
)
d
γ−2/3
00 ε


1/3
c


× IBUγ (σ̃?, ηBU00 ) (35)


where IBUγ stands for the integral over all bubble sizes of all
terms depending on d. This integral is function of the two
non-dimensional parameters σ̃? and ηBU00 , the latter being
defined as:


ηBU00 =̂ exp
(
− Wecr


We(d00)


)
. (36)


IBUγ can be estimated similarly to ICOγ :


IBUγ (ηBU00 , σ̃?) ∼= bγ1(σ̃?) ηBU00


1/2


+ bγ2(σ̃?) ηBU00


3/2
(37)


where bγ1 and bγ2 are polynomial functions of σ̃?:


bγ1(σ̃?) = bγ11 σ̃
? + bγ12 σ̃


? 2 (38a)
bγ2(σ̃?) = bγ21 + bγ22 σ̃


? (38b)


whose coefficients are given in Table II.


TABLE II
Values of the break-up source term integral coefficients


γ bγ11 bγ12 bγ21 bγ22


1 3.6795 -1.5726 4.4491 -1.8453
2 4.0258 -0.6557 4.6578 -2.7944


IV.B. Phase change


The different closures proposed in this section are writ-
ten in the framework of sub-cooled boiling bubbly flows.
In this case, the phase change can be divided schematically
into two contributions: the nucleation of new bubbles near
the walls and the condensation of these bubbles in the sub-
cooled bulk liquid.
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IV.B.1. Bulk phase change


Bulk phase change source term of the Mγ transport
equation (6) involves the interfacial rate of phase change of a
single bubble ṁd. An expression for ṁd can be determined
from the local instantaneous interfacial balance of total en-
ergy integrated on the surface of a spherical bubble:11,12


ṁd =
− q id − q ic


π d2
(
H i
d −H i


c


) (39)


where Hi
d and Hi


c denote the vapor and liquid enthalpies
at bubble surface respectively; they are generally assumed
to be equal to corresponding saturation enthalpies. In this
equation q ik stands for the heat flux between the bubble sur-
face and phase k.


We assume that the bubbles are small enough so that all
the vapor inside them is at the same temperature that the bub-
ble surface, namely the saturation temperature. the bubbles
are small enough to be always at the saturation temperature.
The heat exchange between the vapor inside the bubble and
the interface can therefore be neglected (q id = 0).


As for q ic , a classical modeling is to introduce a Nusselt
number:


q ic =
Nuc λc
d


π d2
(
θsat − θc


)
(40)


where θsat denotes the saturation temperature and λc the
liquid thermal conductivity. Numerous correlations can be
found in the literature to model the condensation Nusselt
number Nuc.24 After several tests, we chose the correlation
of Chen & Mayinger:25


Nuc = 0.185 Re0.7
b Pr0.5c (41)


where Prc stands for the liquid Prandtl number:


Prc =̂
ρc Cpc νc


λc
. (42)


and Reb stands for the bubble Reynolds number:


Reb =̂
d∆V
νc


. (43)


Cpc denotes the liquid heat capacity at constant pressure, νc
the liquid kinematic viscosity and ∆V the bubble relative
velocity.


An usual approximation of this relative velocity is
the norm of the averaged velocity difference |V d − V c|.
By making some assumption on the flow configuration, a
diameter-dependent expression for ∆V can however be de-
rived. Thus, for a mostly ascendant flow, the balance be-
tween buoyancy and drag forces acting on a single bubble
leads to the following diameter-dependent bubble terminal
velocity:


∆V (d) ∼=


√
4
3
g


(
1− αd


)(
1− ρd


ρc


)
d


CD(d)
(44)


where the gas volume fraction αd has been introduced
through the mixture density ρm = αd ρd +(1− αd) ρc . In
equation (44), CD(d) denotes the bubble drag coefficient
given by:12


CD(d) =
24


Reb


(
1 + 0.1 Re


3/4
b


)
≈ 24


10
Re


1/4
b (45)


where we assumed 0.1 Re
3/4
b � 1 to simplify CD.


Finally, rearranging all of these equations leads to the
following bulk phase change source term for (6):


n
2 γ
ρd


�
dγ−1 ṁd(d) P(d) dd


= − 2 γ
λc
ρd


aI
π d 2


32


(
θsat − θc
H i
d −H i


c


)
× Nu+


c,γ(d00, σ̃) γ = 1, 2 (46)


where Nu+
c,1 and Nu+


c,2 are polydisperse Nusselt numbers.


IV.B.2. Wall nucleation


In our context of sub-cooled boiling flow, the nucleation
of new vapor bubbles is assumed to be only located near
the duct walls. Therefore, only a thin layer of fluid in con-
tact with the heated walls are concerned by wall nucleation
source terms.


An homogeneous single-size wall nucleation is as-
sumed here. Corresponding source terms is given by:


ΦNUγ = Dγ
d φ


NUnNU (47)


where φNU denotes the bubble departure frequency and
nNU the density of active nucleation sites. Modeling of
φNU and nNU is carried out with the model of Kurul &
Podowski,26 whereas the bubble departure diameter Dd is
modeled with Ünal’s correlation.27


V. NUMERICAL SIMULATIONS OF A BOILING
BUBBLY FLOW


The multi-size model described above has been im-
plemented in the three dimensional multiphase CFD code
NEPTUNE_CFD.14 Experimental tests of the DEBORA
database have being chosen to evaluate numerical results.


Several multi-size models have already been imple-
mented in NEPTUNE_CFD. Morel & al.3 carried out a com-
parative study of the performance of these multi-size mod-
els: a multi-group method and two MOM based models
(log-normal and one-parameter quadratic law BSD model-
ing). This study was performed on an adiabatic experiment.
Morel & Laviéville11 also work of the modeling of boiling
flows with a MOM based on a log-normal BSD modeling,
whereas Ruyer & Seiler28 carried out a similar study with
a one-parameter quadratic BSD. Both of these latter studies
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Fig. 3. Comparison of experimental (subscript exp) and numerical (subscript num) results
(r/R = 0 stands for the duct center and r/R = 1 for the heated wall)


used the DEBORA database as experimental reference. The
work presented in this paper is therefore the continuation of
all of these studies.


V.A. Experimental and numerical details


The DEBORA experiment is carried out at the CEA
Grenoble (Commissariat à l’Énergie Atomique et aux Éner-
gies Alternatives, Grenoble, France). It consists in a vertical
pipe having an internal diameter equal to 19.2 mm inside
which some liquid flows upwardly.


A part of the tube wall of 3.5 m long is electrically
heated. As a consequence, numerous vapor bubbles are nu-
cleated onto the heated wall surface and condense in the core
of the flow, where the liquid is sub-cooled. At the end of the
heated section, the radial profiles of the void fraction, bub-
ble diameter and vertical bubble velocity are measured by
means of an optical probe and the mixture temperature is
measured by means of a thermocouple. In order to simulate
the pressurized water reactor conditions under low pressure,
the R-12 has been adopted as the working fluid. More de-


tails on the DEBORA experiment can be found in the paper
of Garnier & al. 29


A particular DEBORA experimental test case, whose
controlling parameters are detailed in Table III, has been
chosen for this study.


TABLE III
Controlling parameters of the DEBORA selected test case


Pressure
(bar)


Inlet mass
flow rate
(kg·m-2·s-1)


Liquid inlet
temperature
(◦C)


Wall to fluid
heat flux den-
sity (kW·m-2)


14.59 2027 28.52 73.161


The flow being assumed axi-symmetric, a two-
dimensional axi-symmetric computation grid has been used.
After a mesh convergence test, a grid characterized by 400
axial meshes and 20 radial meshes has been chosen.


V.B. Results and discussion


Results of the simulated DEBORA test case are pre-
sented on Figure 3 and compared to experimental data at
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the end of the heated section. The turbulent dispersion co-
efficient has been used as an adjustment parameter on the
void fraction profile. For the selected test case, we set
CTD = 1.25.


Whereas the void fraction αd, Fig. 3(a), is very well rep-
resented, the interfacial area concentration aI , Fig. 3(b), is
overestimated. This discrepancy results in a large underes-
timation of the Sauter mean diameter (d32 = 6αd/aI), Fig.
3(c). The overestimation of aI can be imputed to the co-
alescence and/or break-up models: the coalescence source
terms are too weak and/or the break-up source terms are too
strong, what leads to bubbles over-all too small.


Anyways, despite this point, the simulation is in good
agreement with the experimental data. The vapor velocity,
Fig. 3(d), is indeed also very well represented and the mix-
ture temperature, Fig. 3(e), is only 1 ◦C overestimated, what
could be attributed to some uncertainties on the R-12 ther-
mophysical properties.


VI. CONCLUSIONS


A two-parameter quadratic BSD (Q2 law) has been pro-
posed for modeling the size spectrum of a bubble population
in a two-phase bubbly flow. The MOM, which consists in
solving moment density transport equations to deduce the
evolution of the BSD itself, has been used to link this BSD to
a classical two-fluid model. The form of the moment density
transport equations derived makes these equations can be
implemented as simple additional scalar transport equations.
In addition, since only two of such equations are needed to
close the system, this method appears to be quite simple to
implement and numerically efficient. Thus the multi-size
model proposed here is particularly convenient for dealing
with CFD simulations where large computation domains are
tackled.


A particular asset of the Q2 law is its simple polynomial
expression. The different mechanisms involved in the geo-
metrical equation source terms (phase change, bubble coa-
lescence and break-up) can easily be computed, either ana-
lytically or using polynomial interpolations. Although it was
not presented here, the simplicity of the Q2 law also allows
to derived polydisperse hydrodynamic forces, as shown by
Ruyer & al.10 for their one-parameter quadratic BSD. This
is particularly interesting when all the bubbles have not the
same hydrodynamic behavior in the flow. This can be ob-
served when the BSD width is large, in other words when
small bubbles coexist with much larger ones.


Numerical simulation carried out with the NEP-
TUNE_CFD code showed the ability of this multi-size
model to deal with sub-cooled boiling flows. Although nu-
merical results are in good agreement with experimental data
of the DEBORA database, it appears that the coalescence
and/or break-up models may not be realistic enough, what
results in an overestimation of the IAC. Improvement of the


break-up source term can be envisaged by considering the
non-homogeneous aspect of the mechanism: most of the
time, a bubble breaks into two bubbles whose diameters are
different.22 Taking into account of other source of coales-
cence and break-up events (e.g. buoyancy-driven, laminar
shear, wake entrainment. . . ) could also improve the IAC
prediction.
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NOMENCLATURE


aI interfacial area concentration
Cpk heat capacity at constant pressure of phase k
d bubble diameter
d00 median diameter
d32 Sauter mean diameter
Dd wall nucleation bubble departure diameter
H i
k enthalpy at the bubble interface of phase k
Mγ γth order moment density of P
ṁd bubble mass gain per unit surface due to phase


change
n bubble number density
Nu Nusselt number
P bubble size distribution
Pr Prandtl number
q ik heat flux between the surface of a single bubble and


phase k
R duct radius
r position along the duct radius
Re Reynolds number
t time
V k averaged velocity of phase k
We Weber number
x position vector


Greek symbols
αk volume fraction of phase k
εk dissipation rate of the turbulent kinetic energy of


phase k
η efficiency
ι bubble oscillation mode
λk thermal conductivity of phase k
νk kinematic viscosity of phase k
φ frequency
Φγ source term of theMγ transport equation
ρk density of phase k
σ surface tension
σ̃ standard deviation
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θk averaged temperature of phase k


Subscripts


b bubble
c continuous phase
cr critical
d dispersed phase
e turbulent eddy
eq equivalent
m mixture
max maximum
min minimum
sat saturation


Superscripts


BU break-up
CL collision
CO coalescence
exp experimental
num numerical
NU nucleation
+ polydisperse
? non-dimensional


Acronyms


BSD bubble size distribution
CFD computational fluid dynamics
IAC interfacial area concentration
MGM multi-group method
MOM method of moments
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Abstract – Best-Estimate calculation results from complex thermal-hydraulic system 


codes (like Relap5, Cathare, Athlet, Trace, etc..) are affected by unavoidable 


approximations that are un-predictable without the use of computational tools that 


account for the various sources of uncertainty. Therefore the use of best-estimate codes 


within the reactor technology, either for design or safety purposes, implies understanding 


and accepting the limitations and the deficiencies of those codes. Uncertainties may have 


different origins ranging from the approximation of the models, to the approximation of 


the numerical solution, and to the lack of precision of the values adopted for boundary 


and initial conditions. The amount of uncertainty that affects a calculation may strongly 


depend upon the codes and the modeling techniques (i.e. the code’s users). A consistent 


and robust uncertainty methodology must be developed taking into consideration all the 


above aspects. The CIAU (Code with the capability of Internal Assessment of 


Uncertainty) and the UMAE (Uncertainty Methodology based on Accuracy Evaluation) 


methods have been developed by University of Pisa (UNIPI) in the framework of a long 


lasting research activities started since 80’s and involving several researchers. CIAU is 


extensively discussed in the available technical literature, Refs. [1, 2, 3, 4, 5, 6, 7], and 


tens of additional relevant papers, that provide comprehensive details about the method, 


can be found in the bibliography lists of the above references. Therefore, the present 


paper supplies only ‘spot-information’ about CIAU and focuses mostly on the 


applications to some cases of industrial interest. In particular the application of CIAU to 


the OECD BEMUSE (Best Estimate Methods Uncertainty and Sensitivity Evaluation, [8, 


9]) project is discussed and a critical comparison respect with other uncertainty methods 


(in relation to items like: sources of uncertainties, selection of the input parameters and 


quantification of their uncertainty ranges, ranking process, etc.) is presented.  


 


 


I. INTRODUCTION 


 


The best-estimate calculation results from complex 


thermal-hydraulic system codes are affected by approximations 


that are un-predictable without the use of computational tools 


that account for the various sources of uncertainty. Therefore 


the use of best-estimate codes within the reactor technology, 


either for design or safety purposes, implies understanding and 


accepting the limitations and the deficiencies of those codes. 


In a general case when conservative input conditions are 


adopted together with a best estimate code, the conservatism in 


the results cannot be ensured because of the obscuring influence 


that an assigned input conservative parameter value may have 


upon the prediction of the wide variety of phenomena that 


combine for a typical reactor accident scenario. In addition, the 


amount of conservatism, when this can be ensured for an 


assigned output quantity, may suffer from two limitations: a) it 


does not correspond to a conservatism in the prediction of a 


different system relevant variable (e.g. a conservative prediction 


for rod surface temperature does not correspond to a 


conservative prediction of emergency system flow-rate or of 


containment pressure) and b) the amount of conservatism is 


unknown. 


Consequently a consistent and robust use of a best estimate 


code implies the adoption of realistic boundary and initial 


conditions and the evaluation of the uncertainties affecting the 


computed results. This type of analysis is referred to as a Best 


Estimate Plus Uncertainty (BEPU) approach. A best estimate 


approach provides more realistic information about the physical 


behaviour and can identify the most relevant safety issues 


evaluating the existing margins between the results of the 


calculations and the acceptance criteria. 


Uncertainties may have different origins ranging from the 


approximation of the models, to the approximation of the 


numerical solution, and to the lack of precision of the values 


adopted for boundary and initial conditions. The amount of 
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uncertainty that affects a calculation may strongly depend upon 


the codes and the modeling techniques (i.e. the code-users). A 


consistent and robust uncertainty methodology must be 


developed taking into consideration all the above aspects. 


A variety of uncertainty methods is available and they have 


been adopted by various institutions. Notwithstanding existing 


differences among the proposed methodologies, the major part 


of them are affected by two main limitations: 


• The resources needed for their application may be very 


demanding, ranging up to several man-years; 


• The achieved results may be strongly method/user 


dependent. 


The last item should be considered together with the code-


user effect, widely studied in the past, and may threaten the 


usefulness or the practical applicability of the results achieved 


by an uncertainty method. Therefore, the Internal Assessment of 


Uncertainty (IAU) was requested as the follow-up of 


international conferences [10, 11]. The approach CIAU, Code 


with capability of IAU, has been developed with the objective 


of reducing the limitations mentioned above. 


CIAU is extensively discussed in the available technical 


literature, Refs. [1, 2, 3, 4, 5, 6, 7], and tens of additional 


relevant papers, that provide comprehensive details about the 


method, can be found in the bibliography lists of the above 


references. Therefore, the present paper supplies only ‘spot-


information’ about CIAU and focuses mostly on the 


advancements of the methodology, that constitute the original 


contributions of the present work. In particular, the extension of 


the uncertainty database and the development of a procedure for 


the ‘internal’ qualification of the method are discussed. Both 


aspects result in a more accurate CIAU uncertainty evaluation 


as they contribute respectively to improve the statistic (in fact 


more tests are inside the database) and to perform a systematic 


qualitative and quantitative analysis of the data constituting the 


CIAU database. 


 


II. THE BASES OF THE METHOD 


 


The bases of the CIAU method can be summarized in four 


steps: 


1.  The use of the ‘UMAE (Uncertainty Methodology based on 


Accuracy Evaluation [12]) method as tool for qualifying 


thermal-hydraulic code calculations’ related both to Integral 


Tests Facilities (ITFs, used in the ‘development process’ of 


CIAU) and to Nuclear Power Plants (NPPs, for the CIAU 


‘application process’, i.e. the step dealing with the 


uncertainty evaluation of the NPP code calculation); 


2. The ‘NPP status approach’ to identify ‘phase spaces’ (i.e. 


combinations of finite intervals of selected – driving – 


quantities) to which associate single uncertainty values for 


each of the selected – output – quantities (i.e. responses); 


3. The ‘separation and recombination of time and quantity 


error’ to split the physical- (i.e. phenomena based) statistical 


treatment of the uncertainty in two contributions associated 


with the values of the selected – output – quantities (i.e. 


responses) and with the time when those values are reached 


during the transient; 


4. The ‘error filling process and the error extraction process’ to 


first generate the accuracy database and second to use the 


derived uncertainty database for the uncertainty evaluation 


of the NPP code calculation. 


 


II.A. The UMAE Qualification Process (the Engine of CIAU) 


 


The UMAE methodology [12] can be used in combination 


with a thermal-hydraulic code to produce the CIAU. It involves 


the fulfillment of different ‘conditions of acceptability’ for 


demonstrating the achievement of qualified ITF and NPP 


nodalizations and related code calculations (in this term it can 


be considered like the ‘engine’ of the CIAU). Various steps in 


the method, including the use of statistics, are introduced to 


avoid the expert judgments at any level in the process.  Data 


coming from generic experiments in integral facilities and in 


separate effect test facilities, other than counterpart and similar 


tests can be processed in the UMAE.  One condition for the 


application of the method is the similarity between the 


concerned plant scenario, in relation to which uncertainty must 


be calculated, and the experimental database originating the 


accuracy of the code. 


 


II.B. The NPP Status Approach 


 


The usual characterization of any transient or event 


occurred or calculated in a typical LWR (Light Water Reactor) 


is through a number of time trends, e.g. pressures, levels, 


temperatures, mass flow-rates versus time. The event time, or 


the time elapsed since the event beginning, constitutes the main 


way to characterize the transient together with the initial and 


boundary conditions. In this case, which can be identified as 


‘time-domain’, time is taken as horizontal axis in the graphical 


representation of the transient evolution. Therefore, in the area 


of uncertainty evaluation, each transient becomes unique, thus 


requiring a specific evaluation of the error that characterizes 


any of the time trends. This is true notwithstanding the 


possibility to consider Key Phenomena or Relevant 


Thermalhydraulic Aspects (RTAs) [13, 14], that are common to 


classes of transients. 


A different way to look at the same transients involves the 


use of the ‘phase-space’. This approach consists in selecting a 


fixed, small group of quantities (called “driving quantities” Qd) 


and in describing any event taking place in a NPP not as a 


function of time, but by the group of values assumed by the 


selected quantities: each group of the selected variables 


represents a status of the plant. This approach is actually 


utilized to optimize the emergency procedures of NPPs.  In the 


graphical representation, any relevant quantity can be used in 


the vertical or horizontal axis. Fig. 1 shows the comparison of 


relevant quantities among data of five experiments reproducing 


LBLOCA (Large Break Loss of Coolant Accident), SBLOCA 


(Small Break Loss of Coolant Accident) and LOFW (Loss Of 
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Feed-Water) scenarios in different PWR simulators (BETHSY, 


LSTF, LOFT, SPES and LOBI) and gives an idea of differences 


between the ‘time-domain’ and the ‘phase-space’ approaches, 


[15]. Differences in the two sets of graphics are obvious.  


The basic idea of the CIAU method is that at any of the 


regions into which the ‘phase-space’ is subdivided can be 


assigned one uncertainty value for the selected output quantities 


(called “object quantities”, Y). In other words, the NPP status is 


a region of phase-space where the uncertainty in the code 


prediction is assumed to be ‘uniform’. The same idea, referring 


to specific thermalhydraulic phenomena, is discussed in Refs 


[15, 16]. Those papers show that phenomenological areas or 


regions in the ‘phase-space’ are suitable for the use in scaling 


and extrapolation studies. Additional support for planning the 


method come from the characterization of generic plant status 


for the actuation of accident management countermeasures, as 


discussed in Ref. [17]. Finally, the pursued approach is similar 


to  what proposed by D.C. Groeneveld and P. Kirillov [18]: in 


that case, pressure, quality and flow rate are entered into the 


‘look-up’ table that produces a suitable value for the CHF 


(Critical Heat Flux). In the present case, proper ‘driving 


quantities’ are entered into matrices and vector and produce 


uncertainty values. 


 


II.C. The Separation and Recombination of Time and 


Quantity Error 


 


The definition of time and quantity error can be drawn 


from Fig. 2. The dotted line is the result of a system code 


calculation: Y is a generic thermalhydraulic code output plotted 


versus time. Each point value in the curve is affected by a time 


error (Et in Fig. 2a) and by a quantity error (Eq. in Fig. 2b).  


The availability of experimental data (measured in appropriate 


NPP simulators, i.e. ITFs) allows to quantify those errors and to 


 
Comparison in the ‘time-domain’ 


 
a) Primary system pressure b) Cladding temperature 


 


Comparison in the ‘phase-space’ 


 


 
c) Primary system mass inventory Vs pressure d) Cladding temperature Vs primary system mass 


 


Fig. 1. Comparison between ‘time domain’ and ‘phase-space’ representation among selected quantity 


evolutions characterizing different transients. 
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Time


Y
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b) only Quantity Error (Eq) is present


Y


c) Combination of Time (Ut) and
Quantity (Uq) Uncertainty


Time


d) Derivation of Continuous Uncertainty Bands


Y
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a) only Time Error (Et) is present


Y
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Y


Ut Uq


 
 


Fig. 2. Definition of quantity and time errors to be included into 


the quantity and time uncertainty database. 


 


generate the so-called (in the CIAU nomenclature) Time and 


Quantity Accuracy database. Owing to the uncertainty affecting 


any thermal-hydraulic code calculation, each point value of the 


NPP code result may take any value within the rectangle (Fig. 


2c) identified by the time (Ut) and quantity (Uq) error 


(uncertainty). The amount of the uncertainty value (i.e. each 


edge of the rectangle) can be defined in probabilistic terms, 


consistently with what recommended by current licensing 


approaches; e.g., a 95% probability level is considered 


acceptable to the US NRC staff for comparison of best-estimate 


predictions of postulated transients to the licensing limits in 10 


CFR (Code of Federal Regulations) Part 50 [19]. The way used 


to combine the rectangles at the end of the CIAU process for 


generating the CIAU uncertainty bands can be seen in Fig. 2d. 


The adopted process is ensuring a higher (still non quantified) 


level of probability respect to the 95% probability usually 


associated with the edge of the rectangle. 


 


II.D. The Error Filling Process and the Error 


Extraction Process 


 


Two processes are foreseen for the realization of the CIAU 


method: the ‘error filling’ process and the ‘error extraction’ 


process (Fig. 3). The former is dealing with: a) the selection of 


relevant experiments (ITF and SETF), i.e. of those experiments 


whose geometrical properties of the facility and boundary and 


initial conditions are similar to those of the concerned plant 


scenarios; b) the code calculation results qualified following the 


UMAE criteria; c) the derivation of the separate time and 


quantity accuracy (error) database; d) the identification of the 


NPP statuses; e) the storing of the time and quantity accuracy 


(error) values inside the selected (by the ITF and/or SETF 


experiment scenario) NPP statuses. 


After that a qualified NPP code calculation has been made 


available by UMAE, the ‘error extraction’ process is used to 


draw out from the selected (by the transient) NPP statuses the 


uncertainty values to be associated with the nominal (best 


estimate) values of the object quantities for the uncertainty 


evaluation. It shall be noted that only   one   NPP   best-estimate 
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Fig. 3. The error filling process and the error  


extraction process. 
 


calculation per transient is sufficient for performing the 


uncertainty analysis. Between the two processes, the step 


dealing with the accuracy extrapolation is performed for passing 


from the accuracy database (output of the ‘error filling’ process) 


to the uncertainty database (input of the ‘error extraction’ 


process). 


 


III. BEPU APPLICATIONS BY CIAU 
 


Best Estimate Plus Uncertainty applications of the CIAU 


methodology with relevance to the nuclear industry are 


presented hereafter. More details may be found in Refs [20, 21, 


22, 23]. 
 


III.A. Uncertainty Analysis of the LBLOCA-DBA of the 


Angra-2 PWR NPP 
 


Angra-2 is a 4 loop 3765 MWth PWR designed by 


Siemens KWU. The NPP is owned and operated by the ETN 


utility in Brazil. The NPP design was ready in the ‘80s, while 


the operation start occurred in the year 2000 following about 


ten-year stop of the construction. The innovation proposed to 


the licensing process by the applicant consists in the use of a 


Best Estimate tool and methodology to demonstrate the 


compliance of the NPP safety performance with applicable 


acceptance criteria set forth in the Brazilian nuclear rule. 


In this study [20], the CIAU application aimed at 


performing an ‘independent’ best-estimate plus uncertainty 


analysis of the LBLOCA-DBA of the Angra-2 PWR NPP. The 


analysis is classified as ‘independent’ in the sense that it was 


carried out by computational tools (code and uncertainty 


method) different from those utilized by the applicant utility. 


The main results are summarized in Fig. 4 and 5, where the 


PCT and the related uncertainty bands obtained through the 


CIAU and through the computational tools adopted by the 


applicant, are given. The following comments apply: 


• Continuous uncertainty bands have been obtained by CIAU 


related to rod surface temperature (Fig. 4), pressure and 


mass inventory in primary system. Only point values for 


PCT are considered in Fig. 5;  
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Fig. 4. Result of CIAU application to 


Angra-2LBLOCA analysis. 


 


• The CIAU (and the applicant) analysis has been carried out 


as best-estimate analysis: however, current rules for such 


analysis might not be free of undue conservatism and the use 


of peak factors for linear power is the most visible example; 


• The conservatism included in the reference input deck 


constitutes the main reason for getting the ‘PCT licensing’ 


from the CIAU application above the acceptability limit of 


1200 °C; 


• The amplitude of the uncertainty bands is quite similar 


between the CIAU and the applicant. Discrepancies in the 


evaluation of the ‘PCT licensing’ outcome from the way of 


considering the ‘center’ of the uncertainty bands. In the case 


of CIAU, the ‘center’ of the uncertainty bands is represented 


by the phenomenological result for PCT obtained by the 


reference calculation (1100 °C in Fig. 4). In the case of 


applicant the ‘center’ of the uncertainty bands is a statistical 


value obtained from a process where the reference 


calculation has no role (796 °C in Fig. 5); 


 
 


 


Fig. 5: Angra-2 LBLOCA uncertainty evaluation: final result 


from CIAU and comparison applicant results. 


 


• The reference best estimate PCT calculated by the applicant 


(result on the left of Fig. 5) plus the calculated uncertainty is 


lower than the allowed licensing limit of 1473 K; 


• The reference best estimate PCT calculated by CIAU (result 


on the right of Fig. 5) is higher than the PCT ‘proposed’ by 


the applicant and the upper limit for the rod surface 


temperature even overpasses the allowed licensing limit of 


1473 K thus triggering licensing issues; 


• Based on the results at the previous point, new evidences 


from experimental data have been made available by the 


applicant. This allowed to repeat the best estimate reference 


calculation (both for the CIAU and the applicant). The new 


reference best estimate PCT calculated by CIAU is lower 


than the previous (about 200 °C) and close to the new 


reference PCT calculated by the applicant (‘base case’ in 


Fig. 5); 


• It is shown that the new CIAU upper limit for the rod 


surface temperature is lower than the allowed licensing limit 


of 1473 K. 
 


III.B. Kozloduy-3 200 mm Break to show Similarity 


of Code Results 
 


Results of independent safety evaluations [21] of the 


transient behaviour of the Kozloduy unit 3 VVER 440/230 NPP 


(675 MWth) following Large Break LOCA is discussed in the 


following. The considered LOCA is originated by a 200 mm 


single ended break in cold leg, and conservative boundary and 


initial conditions were assumed. A comprehensive analysis of 


the ‘LBLOCA 200 mm’ transient was carried out. The specific 


purposes of the analysis include: 


- the demonstration that the use of the CATHARE code 


provides quantitatively and qualitatively similar 


predictions as the RELAP5; 


- the execution of an independent safety analysis 


supported by CIAU uncertainty evaluation. 


The following comments apply: 


• The application of the uncertainty method to the results of 


the ‘LBLOCA 200 mm’ might be not justified owing to the 


use of some conservative input data. However, within the 


present context, the CIAU uncertainty evaluation to the 


RELAP5 analysis allows the quantitative evaluation of the 


results and of the CATHARE results predicted by UNIPI;  


• Uncertainty results related to the rod surface temperature 


that are obtained from the application of CIAU having as 


reference the UNIPI-RELAP5 calculation are summarized 


in Fig. 6; 


• The ‘PCT licensing’ predicted by CIAU (1062 °C) lies 


within the licensing acceptability threshold (1200 °C). The 


available safety margin is close to 150 K. The uncertainty 


results obtained by CIAU are supported by the outcome of 


the sensitivity study. The removal of the conservatism 


considered in the process (that could not be justified within 


the performed analysis) is expected to bring the predicted 


‘PCT licensing’ below 1000 °C; 
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Fig. 6. Uncertainty analysis of the ‘200 mm’ LOCA-DBA of 


VVER-440 NPP: main result from CIAU application. 


 


• The demonstration that the results of predictions by 


RELAP5 and CATHARE are not in contradiction has been 


obtained through the uncertainty bands calculated by CIAU 


having as reference the RELAP5 calculation. Fig. 6 shows 


that the CATHARE results are embedded within the 


uncertainty bands of the RELAP5, when the same transient 


is calculated with the same boundary and initial conditions, 


thus allowing a successful solution to the assigned problem. 


 


III.C. Best Estimate and Uncertainty Evaluation of LBLOCA 


500 mm for Kozloduy-3 


 


The analysis of the ‘LBLOCA 500 mm’ (DEGB in CL) 


transient [22] was carried out by adopting the Relap5 code. The 


specific purposes of the analysis include the assessment of the 


results and the execution of an independent safety analysis 


supported by uncertainty evaluation. A BE transient prediction 


of the ‘LBLOCA 500 mm’ was performed. Evaluation of the 


uncertainty was performed by CIAU for the RPV upper plenum 


pressure, the mass inventory in primary system and the hot rod 


cladding temperature. Only the last parameter is shown in Fig. 7 


together with the uncertainty bands. The most relevant result is 


the demonstration that the PCT in the concerned hot rod is 


below the licensing limit. 


In the same Fig. 7, bounding results (PCT and time of 


quenching) from two conservative calculations (i.e. obtained by 


a BE code utilizing conservative input assumptions) are given: 


one is the conservative calculation (‘driven’ conservatism in 


Fig. 7) performed by the applicant, the other is the conservative 


calculation performed by UNIPI (‘rigorous’ conservatism in 


Fig. 7). The following can be noted: 


a) The ‘driven’ conservative calculation has been performed 


by the applicant using a set of values for the selected 


conservative input parameters different respect to the 


values adopted in a previous analysis and accepted by the 


regulatory body; 


b) The ‘driven’ conservative calculation is not “conservative” 


and does not bound entirely the BE + uncertainty upper 


bound. This implies that code uncertainties are not properly 


accounted for by the adopted conservative input parameter 


values; The ‘rigorous’ conservative calculation performed 


by UNIPI [22] is correctly conservative (i.e. it use the same 


set of values for the selected conservative input parameters 


previously licensed), but its conservatism is such to cause 


PCT above the licensing limit; 


c) The ‘rigorous’ conservative calculation performed by 


UNIPI [22] is correctly conservative (i.e. it use the same 


set of values for the selected conservative input parameters 


previously licensed), but its conservatism is such to cause 


PCT above the licensing limit; 


d) The comparison between the conservative PCT obtained by 


UNIPI and the CIAU upper band of the BE+uncertainty 


calculation shows the importance of using a full BE 


approach with a suitable evaluation of the uncertainty. 


 


III.D. CIAU Evaluation of Zion NPP LBLOCA DEGB Transient 


(BEMUSE Project) 


 


The present section deals with the Phase IV and V of the 


OECD BEMUSE (Best Estimate Methods, Uncertainty and 


Sensitivity Evaluation) project whose objectives were the 


prediction of the BE calculation of the ZION NPP LBLOCA 


scenario and the following uncertainty evaluation. Zion NPP, a 


dual-reactor nuclear power plant operated and owned by the 


Commonwealth Edison network, was a Westinghouse 4 loops 


PWR with a thermal power of 3250 MWth (1040 MWe). The 


25-year old plant had not been in operation since February, 


1997. In 1998 Commonwealth Edison, owner of the plant, 


concluded that Zion could not produce competitively priced 


power and the two-unit Zion Nuclear Power Station was retired 


in February, 1998.  At this time, plans were started to keep the 


facility in long-term safe storage and to begin dismantlement 


after 2010. 


RELAP5 code and CIAU method were used by UNIPI to 


predict the BE calculation of the ZION NPP LBLOCA scenario 


[24] and the following uncertainty evaluation [25]. A qualified 


application of CIAU to a selected NPP scenario requests to 


investigate whether the phenomena occurring during the NPP 


transient are covered by a sufficient number of ITF experiments 


implemented in the uncertainty database. This step constitutes a 


fundamental pre-requisite for the CIAU application and for 


generating uncertainty bands supported by experimental 


evidences. The fulfilment of this step can be derived from Ref.  


[23]. A more exhaustive process (not discussed here) is then 


apply to each identified experiment and consists in: a) 


characterization of the time span when the phenomenon is 


occurring, b) quantification of the accuracy between experiment 


and calculated values. 


Figure 8 show the uncertainty bands calculated by CIAU for the 


maximum cladding temperature (defined as the maximum value 


- envelope value   -   of   all    the    rod    surface    temperatures  
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Fig. 7. BE reference 500 mm LBLOCA analysis for Kozloduy 


Unit 3 NPP: Surface temperature at the PCT location in hot rod 


and uncertainty bands derived by CIAU. 


 


irrespective of the location - assembly or elevation - and the 


power level). The uncertainty evaluation for some single value 


output parameters (i.e. first and second PCT, time of 


accumulator injection, time of complete quenching) are in Table 


1.  The analysis of CIAU uncertainty bands shall be done 


considering the following: 


• CIAU is a method that gives emphasis (i.e. takes into 


account and propagates consistently) the time error: this 


implies a ‘larger error’ (and a larger band width) when 


gradients are steep. This fact shall be connected with the 


prediction of suitable error for the accumulator intervention 


time (see Table I); 


• The CIAU uncertainty bands provide more than the 95% 


percentile: if the 95% percentile value for maximum and 


minimum values of the uncertainty bands are considered 


(typical value adopted in a licensing process), smaller band 


widths would be produced by CIAU. 


 


TABLE I 
 


Single value output parameters. 
 


OUTPUT  UNCERTAIN  PARAMETERS 


 LOWER 
UNCERTAINTY 


BAND 


REFERENCE 
CALCULATION 


UPPER 
UNCERTAINTY 


BAND 


1st PCT (K) 905.7 1053.5 1175.9 


2nd PCT (K) 848.2 1198.4 1418 


Time of 
Accumulator 
Injection 


(s) 5.8 16.2 27.2 


Time of 
Accumulator 
Empty 


(s) 42.7 80.1 118.5 


Time of 
Complete 
Quenching 


(s) 172 264 356 
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Fig. 8. Maximum cladding temperature: reference calculation 


and uncertainty bands. 


 


IV. COMPARISON BETWEEN CIAU AND OTHER 


UNCERTAINTY METHODS 


 


Topic #1: List of uncertainty sources  


The process of application of best-estimate (or realistic) 


computer codes to the safety analysis of NPPs implies the 


evaluation of uncertainties.  This is connected with the 


(imperfect) nature of the code and of the process of code 


application.  In other words, ‘sources of uncertainty’ affect the 


prediction results of best-estimate codes and must be taken into 


account.  The list of uncertainty sources considered by CIAU 


method are independent on the uncertainty scenario and are 


listed in Ref [4]. 


 


Topic #2: Establishment of the input uncertain parameters 


The UMAE/CIAU uses a data base of “relevant” transients 


in “relevant” facilities. It is therefore a necessary condition for 


the application of the methodology that such experimental data 


are available. “Relevant” facilities have been identified as those 


facilities designed having in mind the ‘time preserving’ and the 


‘power-to-volume’ scaling ratios. LOFT, Semiscale, LOBI, 


SPES, BETHSY, LSTF, PKL, PMK, Pactel and Mist are 


examples of integral test facilities satisfying the above 


requirements in the PWR area. It is assumed that at least one 


experiment has been performed in at least one of these facilities 


having similar boundary and initial conditions to those of the 


selected reference transient. 


The information about the sources and the types of 


uncertainties is implicit in the data base constituted by 


experimental and calculated trends. The following process 


applies for the identification of uncertainties: 


a) Selection of the experiment representative of the reference 


NPP test scenario; 


b) Identification of Relevant Thermalhydraulic Aspects 


(RTA); 
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c) Characterisation of RTA: each RTA must be characterised 


by numerical values constituting the SVP, NDP, IPA and 


TSE (Single Valued Parameters, Non Dimensional 


Parameters, Integral Parameters, parameters belonging to 


the Time Sequence of Events, respectively): at least forty 


parameters must be selected to characterise a test scenario 


(the consideration of a relatively high minimum number of 


parameters removes the importance of subjective choices in 


this phase of the method); 


d) Identification of a minimum number of similar 


experiments. The following considerations apply: 


 - Several tens of tests similar among each other exist for 


a generic NPP transient; 


 - The adopted number of similar tests is a function of 


the resources available (increasing the number of 


selected similar tests increases the ‘confidence’ in the 


results); 


- Tentatively, the minimum number of similar tests to be 


specifically considered for each application can be 


fixed as three (provided no unexpected situations are 


measured); this means that if in any set of three tests, 


performed in differently scaled facilities, an 


unexpected situation occurs (in the sense that a RTA 


occurs only in one test) the three experiments cannot 


be used for the UMAE/CIAU unless the origin of the 


problem is very well understood (for example 


connected to the boundary conditions) and the new 


RTA is very well predicted by the code; 


- Limiting situations may be envisaged: let us assume 


that ten experiments are used for the extrapolation. It 


may happen that all the ten experiments are 


characterised by one RTA but only in five (or less) of 


the experiments another RTA occurs. In such a 


situation the extrapolation process implies that in the 


same transient 10 data are used to extrapolate the first 


RTA and only 5 (or less) data are used to extrapolate 


the second RTA. The realism in the data extrapolation 


is not substantially affected considering that, even in 


the worst situation, 10 overall similar scenarios remain 


the basis for the extrapolation process. In addition, this 


situation does not occur if one extrapolates the 


accuracy for pressure and residual mass; it may occur 


when extrapolating the accuracy of rod surface 


temperature in case of CHF; 


e) Execution of code runs simulating the selected 


experimental scenarios: several conditions, identified in the 


UMAE/CIAU description, must be fulfilled in relation to 


the development of the nodalizations, the achievement of 


steady state, the acceptability of the code results. 


 


Topic #3: Quantification of the input parameters 


The ‘propagation of output errors’ is at the basis of 


UMAE/CIAU method. In no case a characterization of the input 


uncertainty parameters is adopted (as explained above all 


possible input uncertain parameters are considered by the 


method through the direct comparison between experiment and 


calculation results).  The following applies to the 


characterization of the output uncertainties: 


a) The ‘Accuracy A’ (experimental value / calculated value) is 


a measure of the discrepancy between the experimental and 


calculated value of any of the parameters (RTA) discussed 


above; 


b) The quantity A is a stochastic variable. 


Uncertainties associated with nodalization inadequacies 


(including the need to nodalize 3D systems with 1D 


components), model inadequacies including numerics, 


imperfect knowledge of boundary and initial conditions and 


user effects), are combined all together in the UMAE/CIAU 


process (see also Ref. 28). In this case it is assumed that the 


same uncertainty ranges characterise the facilities and the 


reference NPP. There are no assumptions connected with the 


linearity between parameters (RTA) and phenomena and with 


the mutual independence of the input uncertainties.  


 


Topic #4: Phenomena identification and ranking process 


A prioritization process constituted by phenomena 


identification and phenomena characterisation tables are 


included in different steps of the UMAE/CIAU. However in no 


case ‘ranking’ is adopted. 


In connection with the prioritization process it seems 


worthwhile to report here two observations, giving a reason 


why the ranking of phenomena is not considered in the 


UMAE/CIAU: 


- The phenomena identified (RTA in the case of the 


UMAE/CIAU) are not independent among each other (i.e. 


misprediction of break flow may be caused by misprediction 


in CCFL and vice versa): so, ranking of one phenomenon 


implies the ranking of many others that are not usually 


identified; 


- A highly ranked phenomenon (phenomenon (a), e.g. forced 


convection heat transfer) might be known with high level of 


accuracy; a low ranked phenomenon (phenomenon (b), e.g. 


behaviour of non condensable gases) might be known with a 


very low level of accuracy. In the frame of uncertainty 


evaluation the phenomenon (b) might cause a greater error 


than phenomenon (a), but owing to its low rate it is not 


considered. 


 


V. CONCLUSIONS 


 


Best-estimate applications of complex thermal-hydraulic 


system codes are recommended to be supported by uncertainty 


evaluation for the relevant output quantities. The Internal 


Assessment of Uncertainty is a desirable capability in the area 


that was already identified by the technical community in 1996: 


it allows the ‘automatic’ association of uncertainty bands to 


code calculations results, considering the uncertainty as a 


‘peculiarity’ of the assigned code. Consequently, the influence 


of code-user upon the predicted uncertainty values should be 


negligible when a robust uncertainty method is available. The 
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recommendation to explore this area considering the economic 


benefit of IAU applications has been followed at University of 


Pisa through the consideration and development of the CIAU 


method. 


The key applications discussed in the present paper reveal 


the achieved maturity level of the CIAU methodology that is 


characterized by the capability a) to deal with all source of 


uncertainty, b) to takes into account and propagates consistently 


the time error and c) to minimize the engineering judgements 


(in the phase of the application of the method) needed for 


performing the uncertainty evaluation. 
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Abstract – Reduction of radiation exposure is one of important issues during the outage at 
nuclear power plants.  Low environmental dose rate in the containment vessel is desirable.  


Chemical decontamination is one of effective methods to reduce it.  However, it is difficult to keep 
a low piping dose rate for several operation cycles after chemical decontamination.  So, Hi-F 


Coat (Hitachi Ferrite Coating) was developed and applied to an actual plant.  This method was 
first targeted for the stainless steel piping.  A carbon steel piping is also used for the reactor water 


clean-up system (RWCU) and residual heat removal system.  Dose rate of these carbon steel 
piping also becomes high and the chemical decontamination is applied in some plants.  Then, the 


new application condition to make a fine magnetite film on the carbon steel was developed.  
The new method which uses the premixed chemicals enabled to make a fine magnetite film on 


carbon steel.  As a result of laboratory experiments, Co deposition on carbon steel was reduced to 
about half up to 1500 hours under the simulated normal water chemistry conditions of boiling 


water reactors.  Weight loss was reduced to about 1/4 at the same time.   
In order to confirm the applicability of this new procedure for carbon steel, a mock up test 


apparatus was manufactured.  The pipe diameter of its test section is 200A which is almost same 
as the maximum one of the RWCU piping.  The preliminary test results showed that the magnetite 


film on the carbon steel was formed just like on the stainless steel.   
 
 


I. INTRODUCTION 
 
Reduction of radiation exposure is one of important 


issues during the outage at nuclear power plants.  Chemical 
decontamination is one of effective methods to reduce 
environmental dose rate in the containment vessel before 
large scale maintenance or inspections in order to reduce 
radiation exposure at nuclear power plants.  However, it is 
difficult to keep a low piping dose rate for several 
operation cycles after chemical decontamination.  Rapid 
dose rate increases within a few operating cycles have 
been seen in some plants1, 2.  This is due to the removal of 
oxide film by chemical decontamination, which brings on a 
rapid oxide film formation during the power operation 
after chemical decontamination, resulting in the high Co 
deposition rate under certain circumstances such as 
reducing condition.  So, we developed a new method to 
make an artificial oxide film after chemical 
decontamination3-5.  Laboratory data showed a 60Co 
deposition reduction effect of 1/5 compared to non-


treatment for up to 3100 hours3.  We named this new 
method Hi-F Coat (Hitachi Ferrite Coating).  Hi-F Coat 
was first applied to an actual plant in 2008 and the 
reduction effect of recontamination was confirmed after 1 
cycle operation in 2009.  Dose rate increase of reactor 
recirculation system (RRS) piping with Hi-F Coat was 
about 1/2 compared to the previous case without Hi-F 
Coat6.   


This successful result was for the RRS piping made of 
stainless steel.  However, a carbon steel piping is also used 
for the reactor water clean-up system and residual heat 
removal system (RHR).  Dose rate of these carbon steel 
piping also becomes high and the chemical 
decontamination is applied in some plants.  Then, the 
development of Hi-F Coat for the carbon steel was started.  
By using the same condition for the stainless steel, a fine 
magnetite film was not formed on the carbon steel surface 
due to the high corrosion rate of the carbon steel under low 
pH with iron formate solution.  So, a new procedure to 
make a Hi-F Coat film on carbon steel was developed.  


 


927







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11088 


This new procedure, the laboratory test results of Co 
deposition reduction effect and preliminary mock up test 
results are described in this paper.   
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II. FILM FORMATION CONDITIONS 
 
As the standard film formation conditions developed 


for stainless steel was not applicable for carbon steel, the 
new one was developed for carbon steel.  Laboratory test 
condition and its results to determine the new procedure to 
make a film on carbon steel were described in this chapter.    


Fig. 1. Relationship between pH and corrosion rate of CS  
 II.A. Test Condition TABLE I  Injection order of chemicals to form a film  


Case 
Injection order 


1st 2nd 3rd 


1 (pH4) Fe(HCOO)2 N2H4 H2O2 


2 (pH7) Injection of all chemicals mixture 


3 (pH9) N2H4 Fe(HCOO)2 H2O2 


The cause of an insufficient film on carbon steel under 
the standard film formation conditions developed for 
stainless steel was considered due to the corrosion of the 
base metal during the film formation process.  The 
standard film formation procedure is as follows.  At first, 
iron formate is injected.  The solution pH becomes about 4 
at this time.  Then hydrogen peroxide is injected.  But the 
solution pH keeps almost the same.  Hydrazine is at last 
injected into the solution to raise pH around 7 to make a 
film.  So, pH under the standard procedure becomes low 
on the way to finish all chemicals injection, resulting in the 
acceleration of carbon steel corrosion.  The relationship 
between pH of solution and a corrosion rate of carbon steel 
is shown in Fig. 17.  Corrosion rate of carbon steel 
becomes quite larger below pH of 5.  If this low pH 
obstructs the film formation, higher pH is desirable to 
reduce the corrosion of carbon steel and make a film.   


 


So, two types of new procedure to inject all chemicals 
without low pH during the process are studied.  These two 
procedures are shown in Table I and Fig. 2 compared to the 
standard procedure.  Case 1 is the standard procedure for 
the stainless steel.  Case 2 is one of new procedures to 
keep pH around 7 during the injection process by mixing 
all three chemicals in advance.  Case 3 is another new 
procedure to raise pH around 9 on the way to finish 
injection by changing the injection order of chemicals; 
hydrazine, iron formate and hydrogen peroxide in this 
order.   


In order to confirm the applicability of new 
procedures, beaker scale experiments were conducted.  
Outline of test apparatus is shown in Fig. 3.  Stainless steel 
and carbon steel test specimens whose sizes are 15 mm 
long, 8 mm wide and 1.5 mm thick are hanging with 
polytetrafluoroethylene covered stainless steel wire in the 
separable flask, which is on a hot stirrer.   
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Fig. 2. pH change during the injection process 
 


Experimental procedures are as follows.   
i. One litter of pure water is poured into the 


separable flask.   
ii. Water is heated up to 363K with nitrogen gas 


bubbling.   
iii. Test specimens are set in the flask.   
iv. Chemicals are injected into the flask according to 


each injection case.   
v. Test specimens are picked up after 3 hours.   


Iron and hydrogen peroxide concentrations are 300 
and 50 ppm respectively.  Hydrazine is injected to keep pH 
of solution around 7 during 3 hours reaction time.  So, its 
concentration increases from about 100 to 1500 ppm.   


Test specimens are analyzed by scanning electron 
microscope (SEM) and Raman spectroscopy after the film 
formation experiments to confirm the film structure and 
chemical forms of the formed film.   
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Fig. 3. Outline of test apparatus 


 
II.B. Test Results 


 
The effect of chemicals injection procedure on the 


film formation is shown in Fig. 4.  The weight change of 
the stainless steel test specimens was almost the same 
regardless of pH difference.  That is to say, Hi-F film 
formation on stainless steel does not depend on the 
chemicals injection order.  On the other hand, weight 
change of case 1 (pH4) for carbon steel test specimen 
became less than -2 g/m2.  There was almost no magnetite 
film on this test specimen.  This means that dissolution of 
carbon steel base metal occurred.  However, there were Hi-
F film on carbon steel test specimen for case 2 and case 3.  
Weight gain was observed for these carbon steel test 
specimens.  Though these values were a little smaller than 
those for stainless steel test specimens, film amount may 
be the same because the dissolution of base metal was 
different for these materials.   
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Fig. 4. Weight change of test specimens 


 
In order to confirm the chemical form of the formed 


film, we used Raman spectroscopy.  Fig. 5 shows Raman 
spectra of the film on the carbon steel test specimen of the 
case 2 and standard substances.  This film was apparently 
identified as magnetite.   
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Fig. 5. Raman spectra of formed film and standard iron oxide 
 
Figure 6 shows the appearance and SEM photos of the 


test specimens before and after Hi-F treatment.  The 
appearance and surface SEM image of a test specimen 
before Hi-F treatment is shown in Fig. 6(a) as a reference.  
Its appearance shows metallic luster and the trace of 
mechanical polishing was observed in the SEM surface 
image.  The appearance of the Hi-F treated stainless steel 
and carbon steel test specimens were both dark brownish 
black shown in Fig. 6 (b) and (c).  The surface of stainless 
steel and carbon steel were covered by fine ferrite film.  
The ferrite film was a close packed oxide, consisting of 
crystalline particles of about 0.1 μm in size.  The ferrite 
film thickness was about 0.3μm.  The boundary of base 
metal and Hi-F film was almost straight for stainless steel.  
However, it was wavy for the carbon steel.  Its cause might 
be the trace of base metal corrosion of the carbon steel.  
Regardless of this wavy surface, Hi-F film was found to be 
almost constant thickness along the boundary line.   
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Fig. 6. Appearance and SEM photos 
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To identify the crystalline form of the film, an X-ray 
diffraction pattern of the film formed on a carbon steel 
surface was measured and shown in Fig. 7.  There was no 
discernible impurity phase.  The peak positions of the film 
were identical to those of a standard Fe3O4 polycrystalline 
form8 and the Fe3O4 film formed on the carbon steel 
surface was concluded to have a single spinel 
polycrystalline phase.  This phase might be attributable to 
a cubic spinel type structure in the Fe3O4.   
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Fig. 7. X-ray diffraction pattern of Hi-F film and standard 
substances 


 
 


III. EFEECT OF FILM FORMATION 
 


In order to confirm the Co deposition reduction effect 
of Hi-F film on carbon steel, 60Co deposition test was 
carried out.  Test conditions and results were described in 
this chapter.   


 
III.A. Test Condition 


 
Hi-F film was formed using case 2 conditions on the 


polished carbon steel specimens in amounts of more than 
0.9 g/m2 to examine the Co deposition reduction effect.   


A flow diagram of the experimental apparatus for the 
60Co deposition test is shown in Fig. 8. To simulate the 
normal water chemistry condition in boiling water reactors 
(BWRs), the gases O2 and N2 were bubbled into the 
reservoir tank to keep O2 concentration at a desired level of 
100 ppb.  H2O2 and CrO4


2- were injected into the test line 
to attain 200 ppb and 10 ppb, respectively.  To prevent the 
decomposition of H2O2 on metal surfaces at elevated 
temperature, the autoclave (inner diameter, 10.7 mm; 
height, 220 mm) and H2O2 injection line were all lined 
with polytetrafluoroethylene (PTFE).  Two polished 
specimens and two ferrite film-coated specimens were set 
in the autoclave.   


In the test apparatus, the temperature and pressure 
were controlled at 553K and 7.8 MPa, respectively, to 
simulate actual plants.  60Co (activity: 6.7 Bq/kg) was 
chosen as a tracer, and the cobalt ion concentration was 0.1 


ppb with cobalt sulfate. The flow velocity of the test loop 
water at the specimen set point was controlled to 0.1 m/s.   


The amounts of 60Co on the test specimens were 
measured using a germanium gamma ray detector with a 
multichannel pulse height analyzer.  The quantities of 60Co 
deposition were converted by using the specific 
radioactivity to give the amount of elemental deposition.   
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Fig. 8. Flow diagram of experimental apparatus for 60Co 


deposition test    
 


III.B. Test Results 
 


60Co deposition test was conducted up to 1500 hours.  
Test specimens were taken out at every 500 hours to 
measure 60Co deposition amount on them.  The test results 
were shown in Fig. 9.  60Co deposition amount of Hi-F 
treated specimen was less than half compared to that of 
polished one under simulated NWC conditions.  This Co 
deposition reduction effect of carbon steel was worth to 
prevent the dose rate of carbon steel equipment and piping 
from increasing after chemical decontamination.   


The weight change of these specimens was shown in 
Fig. 10.  The weight increase of Hi-F treated specimen was 
about 1/4 of that of polished specimen.  Hi-F film 
suppressed the corrosion of carbon steel which was 
considered to result in the reduction of 60Co deposition 
amount.   
 


 
IV. MOCK UP TEST 


 
As Hi-F film formation condition on carbon steel was 


established and its Co deposition reduction effect was 
confirmed, a mock up test was carried out to confirm the 
applicability of film formation conditions obtained by the 
laboratory tests to actual plants.  The mock up test 
apparatus and preliminary test results were described in 
this chapter.   
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Fig. 9. 60Co deposition test result 
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Fig. 10. Weight change of test specimen 


 
 


IV.A. Test Apparatus and Procedure 
 
Figure 11 shows the flow diagram of mock up test 


apparatus.  It consists of a test section and equipment for 
chemical decontamination and Hi-F treatment, such as a 
surge tank with a heater, two circulation pumps, a hopper 
and an ejector to inject oxalic acid and potassium 
permanganate, a cation exchange column to remove Mn 
and Fe ions during the reduction decontamination and 
decomposition steps, a mixed resin column to remove all 
ions during clean up step, a catalyst column to decompose 
oxalic acid and hydrazine, a cooler, a hydrogen peroxide 
injection pump, a hydrazine injection pump, flow meters, 
conductivity and pH sensors, valves and connecting pipes.  
The test section is U shaped pipe made of stainless steel 
and carbon steel as shown in Fig. 12.  Pipe diameter is 
200A.  Pipe length of carbon steel is 0.5 m with 150A 
branch pipe.  The height of the test section is 3 m.  The 
maximum volume of the test section is about 0.25 m3.   


The test apparatus has a filter and an iron formate 
injection pump for the Hi-F treatment.  The filter is used to 


remove small iron oxide particles formed in the solution 
after the Hi-F treatment.   
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Fig. 11. Flow diagram of mockup test apparatus 
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Fig. 12. Schematic diagram of test section 
 
Test procedure is almost the same as actual application 


to actual plant except for the time of decontamination steps 
as follows.   


i. Fill up pure water in the test apparatus. 
ii. Heat up the temperature up to 363 K. 


iii. Add potassium permanganate to make 200 ppm 
solution and keep 1 hour as an oxidation 
decontamination step. 


iv. Decompose potassium permanganate by adding 
oxalic acid. 


v. Add further oxalic acid and hydrazine to make 
2000 ppm of oxalic acid solution controlled at pH 
of 2.5 and keep 1 hour as a reduction 
decontamination step. 


vi. Decompose oxalic acid and hydrazine by using 
catalyst column with hydrogen peroxide injection. 


vii. Clean up water for 0.5 hour as a intermediate 
purification. 


viii. Add pre-mixed chemicals of iron formate, 
hydrogen peroxide and hydrazine and keep 4 
hours as a Hi-F treatment step. 


ix. Remove oxide particle with a filter. 
x. Decompose formic ion and hydrazine by using 


catalyst column with hydrogen peroxide injection. 
xi. Clean up water as a final purification. 
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IV.B. Test Results CS
 


AThe mock up test was conducted by separating the test 
procedures into two.  Procedures from i to vii were carried 
out in the first day and the rest ones were carried out in the 
second day.  The surface of carbon steel was confirmed 
clean before chemical decontamination and Hi-F treatment 
as shown in Fig. 13 (a).  There were no iron oxides on the 
surface of a carbon steel flange and inner surface of a short 
pipe of the test section.   


A B


After all test procedures, water was drained and the 
carbon steel flange was removed.  The photos of the flange 
and the inner surface of the branch pipe were shown in the 
left side of Fig. 13 (b).  Brown iron oxide was seen on the 
surface of carbon steel.  This iron oxide was thought to be 
formed around the air bubble during the Hi-F treatment 
step and moved to the wall of pipe when water was drained.  
It was easily removed by wiping with wetted paper towel.  
The photos after wiping were shown in the right side of 
Fig. 13 (b).  Under the brown iron oxide, grayish oxide 
was seen.  It might be the magnetite thin film.  Though the 
film amount was not measured, it was confirmed that the 
Hi-F film was formed on the carbon steel pipe of realistic 
scale in an actual plants.   


 
 


V. CONCLUSIONS 
 


The new procedure to form a fine magnetite film on 
carbon steel to reduce dose rate of such as a reactor water 
clean-up system and a residual heat removal system after 
chemical decontamination was developed.  The new 
method uses the premixed chemicals of iron formate, 
hydrogen peroxide and hydrazine.  As a result of 
laboratory experiments, Co deposition on carbon steel was 
reduced to about half up to 1500 hours under the simulated 
normal water chemistry conditions of boiling water 
reactors.  Weight loss of the test specimen was reduced to 
about 1/4 at the same time.   


In order to confirm the applicability of this new 
procedure for carbon steel, a mock up test apparatus was 
manufactured.  The pipe diameter of its test section is 
200A which is almost the same as the maximum one of the 
RWCU piping.  The preliminary test results showed that 
the magnetite film was formed on the carbon steel just like 
on the stainless steel.   


 


Flange Inside of pipe


B


Flange


Inside of pipe


280mm


 
(a) Before chemical decontamination and Hi-F treatment 


CS


A


Before wiping After wiping


B


A


B


 
(b) After chemical decontamination and Hi-F treatment 


Fig. 13. Photos of carbon steel test section  
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NOMENCLATURE 
 


Hi-F Coat: Name of ferrite film formation method given 
from Hitachi Ferrite Coating 


RWCU: Reactor Water Clean-Up system 
BWR: Boiling Water Reactor 
RRS: Reactor Recirculation System 
RHR: Residual Heat Removal system 
Fe(HCOO)2: Iron formate 
N2H4: Hydrazine 
H2O2: Hydrogen peroxide 
CS: Carbon Steel 
SS: Stainless Steel 
SEM: Scanning Electron Microscope 
Fe(OH)3: Iron(III) hydroxide 
PTFE: Polytetrafluoroethylene 
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Abstract – In nuclear safety, the Best-Estimate (BE) codes may be used in demonstration and 
licensing, provided that uncertainties are added to the relevant output parameters before 
comparing them with the acceptance criteria. The uncertainty of output parameters, which comes 
mainly from the lack of knowledge of the input parameters, is evaluated by estimating the 95% 
percentile with a high degree of confidence. IRSN, technical support of the French Safety 
Authority, develops methods of uncertainty and sensitivity analysis. The BE code used is 
CATHARE-2 V2.5 in order to evaluate the first Peak Cladding Temperature (PCT) of the fuel 
during a Large Break Loss Of Coolant Accident (LB-LOCA) event, starting from a large number 
of input parameters. 
 
However, a sensitivity analysis is needed in order to limit the number of input parameters and to 
quantify the influence of each one on the response variability of the numerical model. As a general 
rule the Global Sensitivity Analysis (GSA) is done with linear correlation coefficients. This paper 
presents a new approach to perform a more accurate GSA to determine and to classify the main 
uncertain parameters: the SOBOL methodology.  
 
This technique requires simulating many sets of parameters to propagate uncertainties correctly, 
which makes of it a time-consuming approach. Therefore, it is natural to replace the complex 
computer code by an approximate mathematical model, called response surface or surrogate 
model. We have tested Artificial Neural Network (ANN) methodology for its construction and the 
SOBOL methodology for the GSA. 
 
The paper presents a numerical application of the previously described methodology on the LOFT 
(Loss-Of-Fluid Test) L2-5 experiment. LOFT L2-5 has been the experiment retained for the 
BEMUSE international problem and simulated a double-ended offset shear of a cold leg in the 
primary coolant system. The output is the first maximum PCT of the fuel which depends on 42 
input parameters. This application outlined that the methodology could be applied to high-
dimensional complex problems. 


 
 


I. INTRODUCTION 
 
The methods using best estimate codes, associated 


with an evaluation of uncertainties related to the relevant 
output parameters, will be used much more than ever in 
safety demonstration for nuclear power plants (NPP). In 
order to develop a method of uncertainty propagation and 


to get more insight to these methodologies, IRSN chose to 
test it to the calculation of the LOFT experiment. In our 
study, we will be mainly focusing on the relevant output 
parameter which corresponds to the first maximum peak 
cladding temperature of the fuel during the transient.  
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In order to evaluate the PCT, we use the best-estimate 
code CATHARE2 V2.5, a thermal hydraulics code 
developed by CEA, IRSN, EDF and AREVA for PWR 
safety analysis. 42 input parameters, whose uncertainties 
have been estimated by the IRSN and CEA experts in 
thermal hydraulics, were chosen. In this paper, we try to 
quantify the influence of each uncertain input parameter on 
the response variability of the numerical model with a 
global sensitivity analysis. GSA focuses on the output 
uncertainty over the entire range of variations of the input 
parameters. We propose the Sobol' approach, which is a 
variance-based method, to evaluate how the variance of an 
input contributes into the variance of output. 


 
Toward the objective of assessing uncertainty, it is 


useful to further analyze the PCT. For instance, we would 
like to trace the sensitivity of the PCT to each input 
parameter, or to determine the situations that result in high 
temperatures. Such information is difficult to obtain using 
the CATHARE code, because it is quite time-consuming to 
apply directly the GSA methods. Therefore, it is natural to 
try to replace the complex computer code CATHARE by an 
approximate mathematical model, called response surface 
or surrogate model. The response surface method is used to 
build a function which simulates the behaviour of a 
physical phenomenon, starting from a certain number of 
experiments and in our case for computer case.  


 
This function must be as representative of the 


computer code as possible, with good prediction 
capabilities and must require a negligible calculation time. 
Several response surfaces are classically used: polynomials, 
splines, neural networks, kriging. We use in this paper the 
Artificial Neural Network (ANN) approach for the 
construction of response surface. 


 
This paper is organized as follows. In section 2, we 


present the approaches for the construction of response 
surfaces and in section 3 for the sensitivity analysis. Then 
we apply them on large break LOCA scenario in LOFT 
L2−5 (section 4). Finally, concluding remarks are in section 
5. 


 
II. MODEL FOR THE CONSTRUCTION OF RESPONSE 


SURFACES 
 
For this section, we will assume that we have obtained 


the outputs of n runs by the CATHARE code. Each run 
corresponds to a vector of some input parameters values 
x1,…,xk. We call that vector a point and we denote it by a 
bold letter x =  (x1,…,xk). The n points corresponding to the 
runs are called an experimental design and will be denoted 
(x(1),…,x(n)). The CATHARE code can be viewed as a 
function ysim. Denote y(1),…,y(n) the outputs corresponding 
to the runs: y(i) =  ysim(x(i)), i=1,2,…,n. Since we cannot use 


directly the costly function ysim, we want to use the 
knowledge that we get at (x(1),…,x(n)) to model it the most 
accurately as possible. This problem can be addressed in 
using an interpolation technique: the artificial neural 
network method1. 


 
II.A. Experimental Design 


 
The quality of the response surfaces depends on the 


choice of the experimental design. This explains why there 
is a huge literature on the topic, mostly devoted to physical 
experiments. The specificities of computer experiments 
have led to new designs, named Latin hypercube designs2, 
that ensure little redundancy of design points when some of 
the input parameters have a small effect on the output. 
Some of them have, in addition, good optimality and 
orthogonallity properties. The optimality property 
guarantees the estimation quality, and the orthogonallity 
property ensures that the effects of input parameters are 
distinguishable. For instance, Butler3 shows how to 
construct Latin hypercube designs with good properties 
when the model is a second order polynomial linear 
regression (this assumption is currently done by 
statisticians). However, we do not know a similar 
construction for artificial neural network. We have decided 
to use the Latin hypercube design suggested by Butler3. 
Even if we have no idea about optimality and 
orthogonallity in the artificial neural network case, the 
results obtained with this design are encouraging. 


 
II.B. Artificial Neural Network 


 
Neural networks have seen an explosion of interest 


over the last few years, and are being successfully applied 
across a large range of domains like engineering (voice 
recognition), finance (stock market prediction), medicine 
(cancer detection), insurance (policy application 
evaluation), telecommunications (image and data 
compression), …  


 
ANNs were originally designed as simple conceptual 


models of the human brain. ANNs are derived from work 
in the field of artificial intelligence. A neural network is a 
powerful data modeling tool that is able to represent 
complex input/output relationships (non-linearity, high 
dimensionality, discontinuity…).  


 
Artifcial neural network consist of a group of simple 


processing units, called basic artificial neurons, which are 
simply inspired by biological neuron (electronically 
modeled). Interconnected and operating in parallel, basic 
artificial neurons communicate by sending signals to each 
other over a large number of weighted connections. They 
perform a relatively simple job: reception of an input signal 
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(from neighbor or external source), computation of an 
output signal which is propagated to other neurons. 


 
A basic artificial neuron (Fig. 1) is actually a non-


linear function F of n inputs X1, X2,…Xn associated with 
their own weights W1j, W2j,…Wnj.  
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Fig. 1. Representation of an artificial neuron 
 
The weighted sum of the inputs, and the bias (or 


threshold) W0j added (each neuron has a single bias value), 
compose the activation value (or potential) Vj: 
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Then, a transfer function F, called activation function 


of the neuron (step), produces the output Yi (the activation 
signal) from the potential signal Vj: 
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There are different types of activation functions 


(Identity, Threshold, Linear…), but the most commonly 
used is the non-linear Sigmoïd function (Fig. 2): 


 


 
Fig. 2. Activation functions: Threshold, Linear, Sigmoïd 
 
To build a network, basic neurons are organized in a 


particular architecture, which consist of a description of the 
number of layers, the number of neurons in each layer, the 
activation functions and the connection process. The layer 
that produces the network output is called the output layer, 
and all other layers are called hidden layers (hidden 
neurons play an internal role in the network). Each layer 
has a weight matrix, a bias vector, an output vector, and an 
activation function (generally a sigmoïd for hidden layers 
and linear for output layer). A huge number of architectures 
exist (Adaline, Radial Basic Functions, Hopfield, Kohonen, 
recurrent network of Jordan …), but the most common 
ANN model is the Multi-Layer Perceptron  (MLP, Fig. 


3). A MLP has a feed-forward structure, meaning that 
signals propagate strictly from inputs to outputs, in contrast 
with feed-back structure (recurrent networks) which 
contain connections back from output to input neurons. 
Thus, the behaviour of the feed-forward structure is more 
stable. Finally, the choice of architecture depends on the 
type of problem to be represented by the network. 
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Fig. 3. Configuration of a 2-Layers Perceptron Network 


 
II.C. Optimization 


 
After the architecture definition, an ANN has to be 


configured (or trained) to do a particular job by adjusting 
the weights according to a learning rule. During this 
training phase, neural network learn the input/output 
relationship such that the application of a set of inputs 
produces outputs closer to the desired set of outputs 
(targets): the MLP is trained using this type of supervised 
learning.  


 
Among algorithms of supervised training (Conjugate 


Gradient Descent, Levenberg-Marquardt, Resilient rétro-
PROPagation, Widrow-Hoff…), the best-known is called 
back-propagation4. Input vectors and the corresponding 
target vectors are repeatedly presented to the neural 
network. The ANN output is compared to the desired 
output and an error E is computed. The criterium used to 
measure to proximity of the neural network prediction to its 
target is generally the Least Mean Squares method. This 
prediction error is then fed back (backpropagated) to the 
neural network, and used to adjust the weights in order to 
minimize the error. ANN training is essentially an 
exploration of the error surface (optimization approach) 
seeking for the global minimum. In this iterative process, 
the network is adjusted until error reaches an acceptable 
level (ANN output gets closer to the target). 


Back propagation algorithm calculates the gradient 
vector of the error surface ∂E/∂Wij  in order to assess a new 
weight value Wij(t) at iteration t:  
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with η the learning rate which conditions the 
convergence of the algorithm. A small value of η is 
required for stable learning, even if it slows down the 
algorithm. Hopefully, inclusion of a momentum term α 
permits to converge more rapidly (and sometimes to 
improve the training):  


( ) ( ) ( ) ( )[ ]211 −−−×+
∂
∂×−=−−=∆ tWtW
W


E
tWtWW ijij


ij
ijijij αη  


Finally, one major problem with training algorithm is 
over-fitting  (or over-learning). In fact, the purpose of 
statistical modeling (as for example in neural networks) is 
not to adjust too precisely a model on a training set, but to 
learn the underlying model that was used to generate the 
training data. However, if the model learned by the network 
is becoming too powerful, it learns the particularities of the 
training set to the detriment of the underlying structure of 
the data: we are talking about over-fitting. So, the most 
desirable property of a neural network is its ability to 
generalize to new cases. To limit the over-fitting, it's 
needed to find a good compromise between learning and 
generalization performances (Bias/Variance dilemma). 


In practice, we identify the over-fitting appearance by 
comparing the curves of evolution of the errors of training 
and validation (or generalization with a new sample). The 
error of learning decreases gradually in time. It's the same 
for the error of validation in the first iterations, but from a 
certain moment, performance on the validation set stop 
improving and get worse. The minimum reached by the 
error of validation thus marks the beginning of over-fitting 
(Fig. 4). A way to prevent over-fitting is to select the 
appropriate number of parameters (weights of hidden 
neurons).  


Over-Fitting 


E
rr


or
 


Number of parameters 


Training 


Validation  


 
Fig. 4. Over-fitting identification 


 
The method of degradation of the weights ("weight 


decay") is a technique of regularization (or stabilization) 
allowing to avoid the problems of over-fitting connected to 
an abundance of parameters (neurons of the hidden layer). 
It consists in adding a penalty to the error function E to 
limit the combinations of parameters giving a too complex 
network. The penalty takes generally the following shape:  


∑×
ij


ijW 2λ  


The parameter of regularization λ, is a positive 
coefficient which allows to control the penalty.  


 
III. SENSITIVITY ANALYSIS: SOBOL' APPROACH 


 
Sensitivity Analysis5 (SA) of a model output aims to 


quantify the relative importance of each input model 
parameter in determining the value of an assigned output 
variable. Global SA focuses on the output uncertainty over 
the entire range of values of the input parameters. The main 
idea of variance-based methods is to evaluate how the 
variance of an input or a group of inputs contributes into 
the variance of output. 


Among the variance-based global methods, the 
approach of SOBOL makes it possible to estimate the 
fraction of variance of the response code explained by one 
of the input parameters. The main idea behind this 
approach is the decomposition of the function of the input 
parameters into summands of increasing dimensionality. It 
does not make any assumption on the model, but requires 
the independence of the input parameters. 


 
In order to study the impact of the independent input 


parameters x = (x1,…,xk) on the variance of the output 
y = f(x1,…,xk), we can compare the variance of y namely 
V(y) with the conditional variance of y with xi fixed to its 
true value xi


*, V(y | xi=xi
*). Unfortunately, in general the 


true values of the input parameters are not known. 
Therefore, a solution is to study the conditional expectation 
E[V(y | xi)] , whereby it is built into all possible values of xi.  


 
The sensitivity indices of Sobol are given by: 
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The first order sensitivity indices Si measure the main 


effect of each unknown parameter xi on the output y, or the 
fraction of variance of y due to the variance of xi alone. The 
second order index Sij expresses sensitivity of the model to 
the interaction between the variables xi and xj, (without the 
individual effects of xi and xj), and so on for the third, and 
higher order effects. 


 
Finally, we define the total sensitivity index of variable 


xi which is defined as the sum of its all sensitivity indices, 
its main effect as well as all the higher order effects in 
which this value appears: 


∑
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SOBOL6 proposes to estimate the sensitivity indices by 


a method of Monte Carlo.  
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IV. APPLICATION ON LARGE BREAK LOCA 
SCENARIO IN LOFT L2-5 


 
In this section, we present a numerical application of 


the previously described methodology (response surface 
and sensitivity analysis) to the calculation of the Peak 
Cladding Temperature (PCT) with CATHARE-2 V2.5 code 
during a Large Break (LB) LOCA event for LOFT (Loss-
Of-Fluid Test) L2-5 experiment.  


 
IV.A. LOFT Experiment 


 
The LOFT device (Fig. 5), 50 MW(t) power, was a 


scaled down facility simulating a typical 4-loop 1000 
MW(t) commercial pressurized water reactor (PWR). The 
L2.5 test simulated a double-ended offset shear of a cold 
leg in the primary coolant system. Consistent with the loss 
of power, the starting of the high- and low-pressure 
injection systems was delayed. The emergency core cooling 
system re-flooded the core and quenched the cladding. 
There was no core damage detected. This test was already 
the subject of ISP-13 (International Standard Problem) in 
the late seventies and more recently of the ongoing 
BEMUSE OECD program (phase 2 and 3, Best Estimate 
Methods – Uncertainty and Sensitivity Evaluation). 


 


 


Fig. 5. LOFT experiment 
 
 


IV.B. Modeling 
 
The best-estimate code CATHARE2 V2.57 (Code for 


Analysis of Thermalhydraulics during Accident and for 
Reactor safety Evaluation) was used for the assessment of 
the first maximum PCT (Fig. 6). 
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Fig. 6. Temporal evolution of the PCT 


 
The CATHARE 2 code is the outcome of more than 30 


years of joint development effort by CEA, IRSN, EDF and 
AREVA NP. It is a system code devoted to 
thermalhydraulics transient calculations for nuclear reactor 
safety analysis. Two-phase flows are described using two-
fluid six-equation model and the presence of non-
condensable gases can be taken into account by one to four 
additive transport equations. The code allows a three-
dimensional modelling of the Pressure Vessel. It comes 
with a complete physical assessment. 


 
Actually, this study (artificial neural network approach 


and sensitivity analysis) was carried out 2 times: the first 
time, we applied the artificial neural network method with 
42 input parameters and we used a coarse Sobol' analysis 
(with N = 50 000 Monte-Carlo iterations) in a prior-design 
stage to screen out 31 variables that are probabilistically 
insignificant, and the second time to obtain precise results 
(with N = 400 000). Thus, we reduced dimension (and time 
of calculation) selecting 11 input parameters which will be 
considered in this section: Initial power, Gap size, Residual 
power, UO2 conductivity, UO2 specific heat, Film boiling, 
Vapour-wall friction, Interfacial friction, Vapour-wall heat 
transfer, Vapour-wall heat flux, and Bubbles raise velocity.  
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Input parameters uncertainties are obtained by expert's 
judgements (Table I). 
 


Table I. Uncertainty of input parameters 


N° 
(h) 


Input Parameter (h) Uncertainty 


1 Initial power [0.97;1.03] 


2 Gap size [0.8;1.2] 


3 Residual power [0.9;1.1] 


4 UO2 conductivity [0.8;1.2] 


5 UO2 specific heat [0.8;1.2] 


6 Film boiling (temperature) [-42;60]*  


7 Vapour-wall friction [0.8;1.9] 


8 Interfacial friction [0.6;1.8] 


9 Vapour-wall heat transfer [0.5;2] 


10 Vapour-wall heat flux [0.15;6.5] 


11 Bubbles raise velocity [0.4;5] 


           * Additive coefficient 
 


IV.C. Response Surface 
 
To build the response surface considering 11 input 


uncertain parameters, we used a 121 points Latin 
hypercube design. Its construction was carried out 
according to a specific method3. We used as network a 
perceptron with 1 hidden layer. The number of neurons to 
be considered for this hidden layer was optimized by 
analysis of error (RMSE, Root Mean Squared Error) curves 
for learning (121 observations) and validation samples (221 
observations), as described in section II.C. So, the network 
is constituted by 22 neurons (see Fig. 7), trained with a 
weight decay of 2.E-5 on 5 000 iterations and then 
validated with 221 points of observation in several 
configurations.  
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Fig. 7. Evolution of the errors of learning and validation 


according to the number of neurons 
 
The model adequacy is checked by validation with a 


221 points test sample calculated at random. We observe 
on Fig. 8 that the points are well distributed around the first 
bisectrix, which shows that there is no prediction bias at all, 
except for 2 outliers (circled) poorly forecasted by around 
130°C. 


 


 
Fig. 8. Comparison of the simulator outputs and the 


predictions from the neural network model for training and 
validation sample 
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IV.D. Sensitivity Analysis 
 
The response surface constructed by artificial neural 


network method can be used to identify and to classify the 
most important parameters and visualize their effects. We 
present here results of the sensitivity analysis of the 
response surface. Numerical experiments have been made 
repeating all indices computations 5 times, with 
N = 110 000 Monte-Carlo iterations. Mean of these 5 
estimations are presented in Table II (main effects) and 
Table III (interactions).  


 
Table II. Sobol' Indices (First order) for each input 


parameter 


Input Parameter Main effect Si 


UO2 conductivity 32.0% 


Vapour-wall heat flux 22.2% 


UO2 specific heat 20.6% 


Gap size 11.2% 


Vapour-wall heat transfer 4.2% 


Bubbles raise velocity 2.9% 


Vapour-wall friction 1.8% 


Residual power 1.5% 


Interfacial friction 0.8% 


Initial power 0.6% 


Film boiling 0.5% 


 
 


Table III.  Sobol' Indices (Second order) for larger 
interactions 


Input Parameter Interaction Sij 


UO2 specific heat / Vapour-
wall heat flux 


1.6% 


Bubbles raise velocity / 
Vapour-wall heat flux 


0.8% 


UO2 conductivity / Vapour-
wall heat flux 


0.6% 


 


The approach of "scatter plots" is undoubtedly the 
simplest sensitivity analysis technique, and consists of 
generating plots of the points (input parameter; neural 
network response). We present on Fig. 9 the scatter plots 
(100 000 points) for parameter "Vapour-wall heat flux" and 
we note the large dispersion especially for big values 
(between 0.5 and 1). However, the calculated PCT by 
CATHARE have the same tendency as the calculated PCT 
by the surrogate model and are bounded by them. It is 
another mean to check the good accuracy of the ANN 
response surface. 


 


 
Fig. 9. Scatter plots  for "Vapour-wall heat flux" with 


normalized values in [0;1] ; Blue: 100 000 Monte Carlo 
calculations; Green: 221 LHS points  


 
We can visualize main effects on Fig. 10 which are 


obtained by averaging the predicted values of a given 
parameter over all other parameters. It shows a parabolic 
shape for parameter "Vapour-wall heat flux", and near-
linear shape for all others. Largest variations of the fisrt 
PCT are obtained for parameters "UO2 conductivity", 
"Vapour-wall heat flux", "UO2 specific heat", and "Gap 
size". So, the scatter plots approach confirms the last 
results of sensitivity analysis (Sobol methodology).  
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Fig. 10. Estimated main efftect (PCT's variation in K) for 
each parameter with normalized values in [0;1] 


 
Multidimensional analysis allows us to conclude that 


the first PCT is sensitive essentially to input parameters 
"UO2 conductivity", "UO2 specific heat", "Vapour-wall 
heat flux", and "Gap size". The fraction of output variance 
explained by the first order indices of those 4 parameters is 
around 85%. These results are in agreement with the 
expert's judgements. 


 
V. CONCLUSION 


 
We presented the artificial neural network 


methodology for the construction of response surfaces, and 
applied it to the modelling of the first Peak Cladding 
Temperature during a LB-LOCA scenario. It turns out that 
neural network technique leads to accurate results in our 
case study. The principal explanation is that neural network 
approach is very flexible, and can handle situations where 
the PCT surface is smooth in one direction, and irregular in 
another. We showed a new methodology of global 
sensitivity analysis applied to the nuclear field. We coupled 
the Sobol' approach with artificial neural network 
methodology (response surface), to quantify the influence 


of each uncertain input parameter on the response 
variability of the numerical model.  


 
In the case of LOFT L2-5, this methodology allowed 


us to classify and quantify the main input parameters which 
are the "UO2 conductivity", the "Vapour-wall heat flux", 
the"UO2 specific heat", and the "Gap size" of the fuel. 
These results are in agreement with the expert's 
judgements.  


 
The big challenge remaining is the evaluation of the 


input parameters uncertainty. The bounds and the 
probability functions for these parameters are difficult to 
evaluate. The IRSN has developed its own method, but 
many improvements are still needed. 
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Abstract – In the design study on a large-scale sodium-cooled fast reactor, the reactor vessel is 


compactified to reduce the construction costs and enhance the economical competitiveness. 


However, such a reactor vessel induces higher coolant flows in the vessel and causes several 


thermal-hydraulics issues, e.g. gas entrainment (GE) phenomenon. The GE in the JSFR may occur 


at the cover gas-coolant interface in the vessel by a strong vortex at the interface. This type of GE 


has been studied experimentally, numerically and theoretically. Therefore, the onset condition of 


the GE can be evaluated conservatively. However, to clarify the negative influences of the GE on 


the JSFR, not only the onset condition of the GE but also the  entrained gas (bubble) flow rate has 


to be evaluated. As long as we know, studies on the entrained gas flow rates are quite limited in 


both experimental and numerical fields. In this study, the authors performs numerical simulations 


to investigate the entrained gas amount in a hollow vortex experiment (a cylindrical vessel 


experiment). To simulate interfacial deformations accurately, a high-precision numerical 


simulation algorithm for gas-liquid two-phase flows is employed.  In the first place, fine cells are 


applied to the region near the center of the vortex to reproduce the steep radial gradient of the 


circumferential velocity in this region. Then, the entrained gas flow rates are evaluated in the 


simulation results and are compared to the experimental data. As a result, the numerical 


simulation gives somewhat larger entrained gas flow rate than the experiment. However, both the 


numerical simulation and experiment show the entrained gas flow rates which are proportional to 


the outlet water velocity. In conclusion, it is confirmed that the developed numerical simulation 


algorithm can be applied to the quantitative evaluation of the GE. 


 
 


I. INTRODUCTION 


 


Japan Atomic Energy Agency has conducted a 


conceptional design study of a large-scale sodium-cooled 


fast reactor (JSFR) in the FaCT (Fast Reactor Cycle 


Technology Development) project [1]. In this design study, 


the compact reactor vessel is employed to enhance 


economical competitiveness. However, such a reactor 


vessel induces higher coolant flows at the upper core 


region in the vessel. Therefore, the occurrences of several 


thermal-hydraulics issues, e.g. thermal striping 


phenomenon [2], are discussed and investigated actively. 


Gas entrainment (GE) is one of those issues which may 


occur at the cover gas-coolant interface in the reactor 


vessel when a strong vortex at the interface causes a large 


interfacial dent (gas core) and bubble entrainments from 


the tip of the gas core [3, 4]. In the design study, the 


suppression of the GE occurrences is considered as a key to 


achieve stable operations of JSFR. Therefore, a lot of 


experimental, numerical and theoretical studies have been 
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performed to evaluate the GE occurrences in JSFR. Some 


of those studies are quite useful to judge the GE 


occurrences [5, 6]. However, due to the complexity of the 


GE, the GE has not been evaluated quantitatively. Namely, 


the amount of entrained bubbles can not be estimated 


accurately. 


The authors are developing a high-precision numerical 


simulation algorithm for gas-liquid two-phase flows to 


evaluate the GE in JSFR quantitatively [7, 8]. In the 


simulation algorithm, the piecewise linear interface 


reconstruction (PLIC) algorithm (a high-precision volume-


of-fluid algorithm) [9] is employed as an interface-tracking 


method and physics-basis formulations are introduced to 


enhance the numerical reproducibility of complicated 


interfacial flows. As a result of validation tests, it is 


confirmed that the developed numerical simulation 


algorithm can reproduce the GE occurrence in a simple 


experiment [10]. In fact, the mechanisms of vortex 


development, gas core elongation and bubble pinch-off are 


reproduced in the simulation results. In this study, 


numerical simulations are performed on a hollow vortex 


experiment in a cylindrical vessel [11]. In the experiment, a 


quasi-steady strong vortex is induced near the center of the 


cylindrical vessel and it causes a gas core which becomes 


longer with the vortex strength. To simulate the vortex and 


gas core shape accurately, fine cells are applied to the 


region near the center of the vortex to reproduce the steep 


radial gradient of the circumferential velocity in this region. 


Then, the entrained gas flow rates are evaluated in the 


simulation results and are compared to the experimental 


data to validate the applicability of the simulation 


algorithm to quantitative evaluations of the GE. 


 


II. BRIEF DESCRIPTOIN OF HIGH-PRECISION 


NUMERICAL AL SIMULATION ALGORITHM FOR 


GAS-LIQUID TWO-PHASE FLOWS 


 


In our high-precision numerical simulation algorithm 


for gas-liquid two-phase flows, the volume-of-fluid 


algorithm is employed as an interface-tracking method. The 


volume-of-fluid algorithm solves the volume fraction 


transport equation to track gas-liquid interfaces. The PLIC 


algorithm is one of high-precision volume-of-fluid 


algorithms which works to produce highly accurate 


solutions of the transport equation. Namely, the transports 


of the volume fraction in the PLIC algorithm are performed 


in consideration of  the locations of gas-liquid interfaces 


which are reconstructed geometrically from the volume 


fraction distribution. It has been clarified that the PLIC 


algorithm is efficient to simulate interfacial dynamic 


phenomena accurately [12]. However, the PLIC algorithm 


is developed originally on structured meshes and is studied 


hardly on unstructured meshes which are necessary to 


simulate the GE in JSFR. Therefore, we have been 


developing the PLIC algorithm on unstructured meshes. In 


the first place, the interface reconstruction algorithms on 


unstructured meshes with arbitrary-shaped cells were 


developed and verified. Furthermore, the transport method 


for the volume fraction was discussed, and a volume-


conservative method which established perfect volume 


conservation for gas and liquid phases was proposed.  In 


the next place, the physical modeling on gas-liquid 


interfaces are discussed. It is well known that unphysical 


solutions, e.g. spurious currents near a gas-liquid interface, 


can be generated in the numerical simulations of interfacial 


phenomena when the mechanical balance at the interface is 


not considered appropriately. Namely, the appropriate 


physical modeling on gas-liquid interfaces is necessary to 


achieve accurate numerical simulations. Therefore, we 


developed two physics-basis methods to reduce unphysical 


solutions [13]. One is an improved velocity calculation 


method in which velocity and momentum are defined 


independently to calculate physically appropriate velocity 


at an interfacial cell. In this calculation method, the 


velocities in gas and liquid phases can be defined by means 


of the volume fraction, mixed-phase velocity and 


momentum at an interfacial cell. The other is the improved 


calculation method of the pressure gradient at an interfacial 


cell. In this method, the physically appropriate mechanical 


balance between pressure gradient and surface tension at 


the interfacial cell is considered to calculate the pressure 


gradient consistent with the surface tension. 


Verifications of the developed numerical simulation 


algorithm were performed on several basic problems, e.g. 


the slotted-disk revolution problem. Then, as the first 


validation test, a rising gas bubble in a liquid was simulated 


under several Eötvös number conditions. In this test, we 


intentionally employed a highly-distorted unstructured 


mesh. Nevertheless, the simulation results showed very 


good agreements with the simulation results on a structured 


mesh and the experimental data. Therefore, it was 


confirmed that the developed simulation algorithms 


provided highly accurate simulation results of interfacial 


flows even on unstructured meshes. As the second 


validation test, a simple GE experiment is simulated 


numerically. The simple GE experiment consists of a 


vertical square rod and a vertical suction pipe set in a 


rectangular channel. In the rectangular channel, a wake is 


generated on an gas-liquid (air-water) interface behind the 


square rod when an inlet flow passes through the square 


rod. The wake becomes a vortex as it is advected 


downward to the region near the suction pipe. Then, the 


vortex interacts with the downward flow towards the 


suction pipe and intensified rapidly. The growth of the 


vortex generates a gas core (an interfacial dent) at the 


center of the vortex. Furthermore, the gas core is elongated 


towards the suction pipe with the growth of the vortex. 


Finally, when the tip of the gas core reaches to the mouth of 


the suction pipe, the gas is entrained into the suction pipe 


(occurrence of the GE). In the numerical simulation, an 
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unstructured mesh with hexahedral cells are employed (the 


number of cells is about 0.6 million). Fine cells are applied 


to the region near the suction pipe where the GE occurs. 


Figure 1 shows the gas core shape when the GE occurs. In 


this figure, the gas core is highly elongated and reaches to 


the mouth of the suction pipe. Furthermore, two entrained 


bubbles are identified in the suction pipe. Compared to the 


experimental data under the same boundary condition, it 


was confirmed that the occurrence mechanism of the GE in 


the simulation result was the same as that in the experiment. 


Therefore, the developed simulation algorithm was 


validated to be capable of reproducing the GE. 


 


 
Fig. 1. Simulation result of the simple GE experiment. 


 


III. SETUP OF HOLLOW VORTEX EXPERIMENT 


 


The hollow vortex experiment has been conducted at 


the Shinshu university. The experimental apparatus consists 


of a test section, a flow visualization section, a bubble 


catcher, a circulation pump, a water cooler, a water 


temperature stabilizing unit and rotameters. The test section 


(shown in Fig. 2) is a cylindrical vessel with the inner 


diameter of 100 mm. The test section has an inlet slit 


tangentially installed on the side wall and an outlet nozzle 


installed at the center of the bottom. The width of the slit is 


10 mm and the diameter of the outlet nozzle is 8 mm. In the 


experimental apparatus, a distilled water is pumped out by 


the circulation pump and flows into the test section 


tangentially through the inlet slit. This inlet flow generates 


a vortex in the cylindrical vessel and the strength of the 


vortex is highly intensified by the interaction with a 


downward flow towards the outlet nozzle. As a result, a gas 


core is formed in the test vessel. Just beneath the outlet 


nozzle, there is the flow visualization section. In this 


section, a gas-liquid two-phase flow in the vertical pipe 


with the diameter of 8 mm is recorded with a high speed 


video camera. 


Measurements of the entrained gas flow rates are 


performed by two techniques depending on the types of the 


GE, i.e. "the entrainment of a vortex flow" and "the 


entrainment of a bubble flow". These types are defined in 


terms of the flow states in the flow visualization is section. 


Namely, when the flow state here is a bubbly flow, the GE 


is called "the entrainment of a bubble flow" and when the 


flow state is a slug flow or an annular flow, the GE is called 


"the entrainment of a vortex flow". As for the entrainment 


of a bubbly flow, the diameters of each bubble and the 


number of bubbles are derived from the images recorded 


by the high speed video camera to calculate the entrained 


gas flow rate. In this case, it is assumed that the bubble is 


ellipsoidal. On the other hand, as for the entrainment of a 


vortex flow, the entrained gas flow rate is calculated by the 


change rate of the gas volume in the bubble catcher at the 


downstream of the flow visualization section. In other 


words, the entrained bubbles are separated from water and 


accumulates in the bubble catcher, and therefore, the 


entrained gas flow rate can be evaluated by measuring the 


water level lowering rate. The bubble catcher is a 


cylindrical tank with the inner diameter of 100 mm. 


In the experiment, water temperature is controlled to 


be constant (23 degrees Celsius) by the water cooler and 


the water temperature stabilizing unit. The experiments are 


conducted under several liquid level condition (from 30 


mm to 210 mm) in the test section and various water flow 


rates conditions. 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Fig. 2. Test section of hollow vortex experiment. 


 


IV. SIMULATION CONDITIONS 


 


The numerical simulations are performed under the 


liquid level condition of 60 mm and three water flow rate 


conditions (2.0 L/min, 2.5 L/min and 3.0 L/min). In this 
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study, three components are modeled, i.e. the cylindrical 


tank with inlet slit, a buffer tank which mimics the bubble 


catcher and an connection pipe which connects the vessel 


and the buffer tank. Figure 3 shows the simulation mesh 


which consists of hexahedral cells. As for the horizontal 


mesh arrangement, fine cells are applied to the central 


region of the cylindrical vessel and the inner region of the 


outlet pipe. The horizontal size of the fine cells is about 0.4 


mm. On the other hand, the vertical cell size is also about 


0.4 mm in the vicinity of the gas-liquid interface and the 


bottom of the cylindrical tank. The total number of cells is 


about 256 thousand. 


As the inlet boundary condition, an uniform velocity is 


applied to the inlet slit. Similarly, an uniform outlet 


velocity is set at the outlet flow hole on the bottom of the 


buffer tank. Table 1 shows the boundary velocity 


conditions in each simulation case. The upper open 


boundary is treated as an uniform pressure boundary and 


the all walls are treated as non-slip walls. 


As for the discretization schemes in the simulation 


algorithm, the first-order Euler, the second-order upwind 


and the second-order central schemes are applied to the 


unsteady, the advection and the diffusion terms, 


respectively, in the Navier-Stokes equation. For the 


velocity-pressure coupling, the SMAC method [14] is 


employed. The numerical simulation is performed on 


DELL Precision PWS690 (Intel Xeon CPU X5365 


3.00GHz Dual, 16.0GB RAM)  
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Fig. 3. Simulation mesh. 
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TABLE I 


Velocity boundary conditions 


Cases 
Liquid 


level  m 


Water 


flow rate 


L/min 


Inlet 


velocity  


m/s 


Outlet 


velocity  


m/s 


Q2.5 0.06 2.5 0.0694 0.417 


Q2.7 0.06 2.7 0.0750 0.450 


Q3.0 0.06 3.0 0.0833 0.500 


 


V. SIMULATION RESULTS 


 


We investigated the flow state and the entrained gas 


flow rate in each simulation case. The entrained gas flow 


rate is calculated from the inflow and outflow volume-of-


fluid values on the calculation surfaces. 


In the first place, the simulation result of the case Q3.0 


(the flow rate of 3.0 L/min) is discussed. Figure 4 shows 


the interfacial deformation (the iso-surface with the 


volume-of-fluid value of 0.5. The gas core grows rapidly 


towards the outlet nozzle and is elongated in the connection 


pipe. Then, the tip of the gas core enters into the buffer 


tank and breaks-up into bubbles. Those bubbles goes 


upward by the buoyancy force and accumulate at the upper 


region of the buffer tank. Figure 5 shows the velocity 


distribution (color vector) and the volume-of-fluid value 


(monochrome contour) in the vertical cross-section at the 


bending pipe and the buffer tank regions. In the bending 


pipe, the velocity at the central region is largest until the 


gas core comes. Then, after the gas core invasion, the 


liquid phase flows at the lower region in the pipe with 


higher velocity than that in the gas phase. In the buffer tank, 


the liquid phase flows almost straight to the outlet hole. On 


the other hand, the gas phase flows slowly into the tank and 


immediately goes upward along the vertical wall. Therefore, 


it is obvious that the separations of the gas and liquid 


phases is established in the numerical simulation as well as 


the experiment. The entrained gas flow rates are calculated 


on three surfaces, i.e. the cylindrical vessel outlet, the 


buffer tank inlet and the buffer tank outlet. As shown in Fig. 


6, the entrained gas flow rates fluctuates temporally in 


accordance with the flow fluctuations on each surface. At 


the cylindrical tank outlet, the entrained gas flow rate 


increases rapidly when the gas core reaches to the outlet 


nozzle. Then, the entrained gas flow rate converges on an 


almost constant value. Similarly, the entrained gas flow rate 


calculated on the buffer tank inlet increases rapidly when 


the gas core enters into the buffer tank. It is obvious that 


the entrained gas flow rate at the buffer tank inlet 


converges to almost the same value as that at the cylindrical 


tank outlet. As a result, the entrained gas flow rate at the 


buffer tank outlet is very small compared to the other two 


gas flow rates. Therefore, the amount of the gas outflow 


from the buffer tank is negligible. In the simulation result, 


the accumulated gas amount in the buffer tank increases in 


proportion to time as shown in Fig. 7.  
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Fig. 4. Interfacial deformation (case Q3.0). 
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 Fig. 5. Velocity distribution and volume-of-fluid value near 


buffer tank inlet (case Q3.0). 
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Fig. 6. Entrained gas flow rates (case Q3.0). 


 


0.0


0.5


1.0


0.0 0.2 0.4 0.6 0.8


Time  s


A
cc
u
m
u
la
te
d
 g
as
 a
m
o
u
n
t 
 m


3


[x 10-5]


 
Fig. 7. Accumulated gas amount in buffer tank (case Q3.0). 


 


In the next place, the entrained gas flow rates in each 


simulation case are compared to the experimental data. 


Figure 8 shows the entrained gas flow rates under several 


outlet water velocity conditions. As mentioned above, the 


entrained gas flow rates in the simulation result fluctuates 


in time. Therefore, time-averaged values are used in this 


figure. The numerical simulation provides larger entrained 


gas flow rates than the experimental data under each outlet 


water velocity condition. This discrepancy seems to be 


originated in the insufficient mesh resolution especially in 


the connection pipe. Therefore, the simulation accuracy 


may be enhanced by applying finer cells to the pipe region. 


However, the simulation results reproduces the gradient of 


the entrained gas flow rate against the outlet water velocity 


in the experimental data. The entrained flow rates in both 


the simulation result and the experimental data increase in 


proportion to the outlet water velocity. In conclusion, it is 
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confirmed that the numerical simulation can evaluate the 


entrained gas flow rate at least qualitatively and has an 


ability for the quantitative evaluations of the GE. 
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 Fig. 8. Comparison of entrained gas flow rate (liquid level 60 


mm). 


 


VI. CONCLUSIONS 


 


In this study, the authors performs numerical 


simulations on the hollow vortex experiment by means of 


the high-precision numerical simulation algorithm for gas-


liquid two-phase flows. As a result, the flow state 


(interfacial deformation and/or velocity distribution) in the 


simulation domain is investigated in detail. In addition, the 


entrained gas flow rates are evaluated in the simulation 


results and are compared to the experimental data. This 


comparison shows that the numerical simulation provides 


somewhat larger entrained gas flow rate than the 


experiment. However, both the numerical simulation and 


experiment show the entrained gas flow rates which are 


proportional to the outlet water velocity. In conclusion, it is 


confirmed that the developed numerical simulation 


algorithm can be applied to the quantitative evaluations of 


the GE. 


Here, it is better to mention the validity of water 


experiments and simulations to investigate the GE 


behaviors in sodium-cooled fast reactors. In past 


experiments, it have been confirmed that the onset 


conditions of the GE in sodium flows are almost the same 


as that in water flows
15)
. Therefore, it is valid to consider 


that the GE amount in sodium flows can be estimated by 


the quantitative evaluation results in water experiments and 


simulations. However, the effects of physical properties 


should be investigated and the authors have started 


experiments with another fluid, e.g. silicone oil. The results 


will be published in near future with simulation results. 
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Abstract – In response to the potential for new nuclear build in the United Kingdom (UK), the UK has adopted a two phase 
licensing process, with the objective of improving clarity and certainty in the new nuclear power station regulatory process.


Phase 1 is a Generic Design Assessment (GDA) that assesses the safety, security, and environmental implications of 
particular generic reactor designs before an application is made for the permission to build at a particular site. Phase 2 
relates to Site Specific Licensing which is the assessment of the application to build a nuclear power plant, which is therefore 
site, reactor design and operator specific. One key outcome from the GDA process is a commitment from the regulators at the 
site specific stage not to further assess aspects of the safety case already assessed and accepted at the generic design stage. 


The GDA comprises 4 steps: 
 Step 1 is the preparatory design assessment process, which involves discussions between Nuclear Directorate (ND) 


and Environment Agency (EA) with the requesting party, to establish a full understanding of the requirements and 
processes that will be applied, and to prepare their safety submissions.


 Step 2 is a review of the fundamental acceptability of the proposed reactor design concept within the UK regulatory 
regime to identify any fundamental design aspects or safety shortfalls that could prevent the proposed design from 
being licensed in the UK. 


 Step 3 is a review of a detailed generic Pre-Construction Safety Report (PCSR) for the ND and an Environment 
Report(ER) for the EA. 


 Step 4 is an in-depth assessment by ND and EA of the safety case and generic site envelope. This step is a fully 
detailed examination, on a sampling basis, of the evidence given by the safety analyses. At the end of each step of 
GDA, ND/EA issue reports on key findings. 


The first implementation of the GDA started with applications for 4 designs, and is currently approaching the end of step 4 in 
June 2011 for 2 designs, one of which is the Westinghouse AP1000®  design. 


 In this paper, several important aspects of the AP1000 design GDA review will be explored, including: 


 A summary status of the AP1000 design review approaching GDA completion is provided 
 Critical AP1000 UK licensing documents are reviewed and a general roadmap to UK licensing documentation is 


provided, including a discussion of the UK unique approach based on “Claims, Arguments, Evidence” 
 While the UK two phase process (generic design evaluation followed by site specific licence) may appear similar to 


the United States (US)  Nuclear Regulatory Commission (NRC) Part 52 licensing process, there are fundamental 
differences in the approach taken by the two regulatory organisations. Critical differences between the UK design 
assessment and the US design certification process are therefore discussed 
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 Since this is the first full-fledged  design and safety case review for the AP1000 design in a European country, 
critical lessons learned from the GDA process are identified that are relevant to other European countries.


I. INTRODUCTION


The 2006 UK Government's report on the Energy 
Review, The Energy Challenge1, concluded that new 
nuclear power stations would make a significant 
contribution to meeting the UK’s energy policy goals.  It 
highlighted that it would be for the private sector to 
initiate, fund, construct and operate new nuclear plants and 
to cover the full cost of decommissioning and their full 
share of long-term waste management costs. But in view of 
the potential benefits in meeting public policy goals, the 
Government proposed to address potential barriers to new 
nuclear build. 


One specific action would be to assist the nuclear 
regulators in pursuing a process of assessment of industry-
preferred designs of nuclear power reactors to complement 
the existing site-specific licensing process. 


This paper is presented in two primary sections; the 
first outlines the UK regulatory regime and licensing 
process whilst the second reviews the experiences of 
Westinghouse in its application for the AP1000 design.  


II. UK REGULATORY REGIME


II.A. The UK Nuclear Regulators


The UK nuclear regulatory regime is based on the 
Nuclear Installations Act 1965 (as amended). The sections 
of this ct relating to licensing and inspection of nuclear 
installations implement the statutory provisions of the 
Health and Safety at Work Act 1974.


Three principal organisations are involved in the 
regulation of civil nuclear power plants in the UK:


The Nuclear Installations Inspectorate (NII) is part of 
the Health and Safety Executive’s (HSE) Nuclear 
Directorate (ND) and grants site licences to the operators 
of nuclear facilities. Applicants must satisfy the NII about 
the safety aspects of the design, manufacture, construction, 
commissioning, operation, maintenance, and 
decommissioning of the installation and the management 
of the radioactive waste on the site before a licence is 
granted. 


The Office for Civil Nuclear Security (OCNS) is part 
of ND and is the security regulator for the UK’s civil 
nuclear industry. Its role is to ensure that the vendor’s site 
security plan meets UK standards and requirements.


The Environment Agency (EA) has a role in the 
regulation of licensed nuclear sites in England and Wales 
alongside the NII. The EA’s role is to ensure protection of 
the environment, primarily through regulation of all 
disposal of radioactive waste on nuclear licensed sites. This 
includes authorised discharges to air and water and 
management and/or disposal of solid wastes.


II.B. The Generic Design Assessment Process


In May 2007, The UK Department of Trade and 
Industry published a White Paper on future energy 
provision in the UK2, which includes the provision of 
nuclear power reactors to meet the UK’s energy needs from 
around the mid 2010s.


A Generic Design Assessment3 process has been 
established to assess the safety, security, and environmental 
implications of particular generic reactor designs before an 
application is made for the permission to build at a 
particular site. This provides a coordinated approach by all 
of the regulators.


For ND, this has been developed into a two-phase 
process:


 Phase 1: Generic Design Assessment (GDA) - the 
assessment of the safety case for a generic design, 
leading to the issue of a Design Acceptance 
Confirmation (DAC) if the outcome is positive; 
and


 Phase 2: Site Specfic Licensing - the assessment 
of the application for a Nuclear Site Licence, 
which is therefore site, reactor design and 
operator specific.


Phase 1 of the GDA process has four steps:
 Step 1 is the preparatory design assessment 


process, which involves discussions between ND 
and EA with the requesting party, to establish a 
full understanding of the requirements and 
processes that will be applied, and to prepare their 
safety submissions.


 Step 2 is a review of the fundamental 
acceptability of the proposed reactor design 
concept within the UK regulatory regime to 
identify any fundamental design aspects or safety 
shortfalls that could prevent the proposed design 
from being licensed in the UK.


 Step 3 requires the requesting party to provide a 
detailed generic PCSR for ND and an ER for the 
EA to review the safety and environment aspects 
of the proposed reactor design. The general 
intention is to move from the fundamentals of the 
previous step to an analysis of the design, 
primarily by examination at the system level and 
by analysis of the requesting party’s supporting 
arguments.


 Step 4 is an in-depth assessment by ND  of the 
safety case and generic site envelope submitted. 
The general intention of this step is to move from 
the system-level assessment of Step 3 to a fully 
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detailed examination of the evidence, on a 
sampling basis, given by the safety analyses. The 
aim of this step is to confirm that the higher-level 
claims, such as system functionality, are properly 
justified and to provide a detailed assessment to 
allow ND to come to a judgment on the adequacy 
of the safety, security and environmental 
justification.  


The EA published guidance4 on the process it would 
follow, namely a preliminary then detailed assessment 
followed by a public consultation.  Whilst GDA was a new 
process, EA had significant experience in their approach to 
assessment.


OCNS also published guidance5 which defines the 
requirement to produce a Conceptual Security Plan for 
GDA


At the end of the GDA process, the ND/EA will decide 
if the proposed designs are acceptable for build in the UK. 
If acceptable, then ND would issue a Design Acceptance 
Confirmation (DAC) and EA would issue a Statement of 
Design Acceptability (SoDA).  


Westinghouse is a Requesting Party (RP) in the GDA 
process as it seeks the DAC and SoDA from the EA for its 
AP1000 Standard Design.


III. GDA and the AP1000 Design


III.A. US vs UK Regulatory Approach


The NRC approach is prescribed in NUREG-0800 
which defines actions required by the licensee, including 
the submittal of a Design Control Document (DCD). The 
AP1000 DCD is a comprehensive and integrated 
description of the plant design which provides the basis for 
the safety case.


Westinghouse has gained significant experience with 
USNRC in licensing of the innovative passive features of 
the AP600 and AP1000 design in the US.  The AP1000 
design received Design Certification in the US in January 
2006.  Following completion of the design certification 
process, Westinghouse signed EPC (Engineering, 
Procurement and Construction) contracts for multiple US 
AP1000 units: in order to simplify the site specific 
licensing process (Combined Operating License COL),) 
Westinghouse submitted a DCD Amendment request in 
2007, which included resolution of nearly 40% of the 
identified COL information items (i.e. the ones design 
related). Without such a DCD Amendment, all items would 
require COL application departures and exemptions in each 
COL application. Additionally, as part of the resolution of 
these items, the amended DCD incorporates design 
changes resulting from recent USNRC/Industry 
developments or resulting from evolution of the detailed 
design. In particular, in response to world events, the NRC 
challenged new plant design organisations to meet 
enhanced aircraft impact design standards and 


Westinghouse modified the shield building design. This 
improved shield building design was thus reviewed as part 
of the DCD amendment request.  NRC completed its 
Advance Final Safety Evaluation and is now performing 
final validation review of the DCD to ensure the Design 
Certification Amendment request conforms to the safety 
evaluation.  This will result in the Final Safety Evaluation 
being issued which is expected in April 2011 timeframe, 
which will support the previously published rulemaking 
schedule which anticipates the revised Design Certification 
being issued in September 2011.


In support of its various international licensing efforts, 
Westinghouse has prepared a version of the DCD specific 
for the 50Hz market, namely the European Design Control 
Document (EDCD). The EDCD adapts the DCD structure 
to a standard format usable to support international 
licensing effort and implements the design changes 
included in the AP1000 50Hz standard design.


However, the regulatory regime in the UK is different 
from many other countries.  ND/EA recognized this and 
issued guidance to Requesting Parties on the UK 
approach6.  This Guidance explained that the UK approach 
follows two primary concepts.  


The first concept of ‘as low as reasonably practicable’ 
(ALARP) is a legal requirement in the UK to demonstrate 
that risks are reduced so far as is reasonably practicable, 
such that any further measures to reduce the risk would 
entail a gross disproportion between the sacrifice (time, 
trouble and money) and the risk averted by their adoption.  
While meeting good practice is a fundamental requirement 
for safety cases, this is expected to be supported by a 
demonstration of how risk assessments have been used to 
identify any potential weaknesses in the proposed facility 
design and operation, showing where improvements were 
considered and to demonstrate that safety is not unduly 
reliant on a small set of particular safety features. The 
application of ALARP is to be carried out comprehensively 
and must show that any further risk reduction measures are 
grossly disproportionate to the risk averted.


The second concept is that of the Safety Assessment 
Principles for Nuclear Facilities7 (SAPS).  To ensure 
consistency with international requirements, the SAPs have 
been benchmarked against IAEA’s nuclear safety 
standards. During assessment, ND inspectors are guided in 
their judgement by the SAPs which set out relevant good 
practice for a wide range of nuclear facilities. 


ND inspectors will use SAPs when reaching a 
judgement on the acceptability of the safety case for the 
proposed design. It is important to highlight that the SAPs 
are not seen as criteria but an aid to judgement. Priority is 
given to achieving an overall balance of safety rather than 
satisfying each principle or making an ALARP judgement 
against each principle.


The SAPs also provide information on the regulatory 
principles against which safety provisions will be assessed 
and judged by NII inspectors. However, the SAPs have 
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been developed as guidance for assessing safety cases and 
as such they are not intended, nor are they sufficient, to be 
used as design or operational standards. Similarly, the 
SAPs are not sufficient to be used as an outline for any 
safety case development.


A further requirement was that ND wished to see the 
safety case presented based on the concept of claims, 
arguments and evidence which is a hierarchical approach 
to demonstrating how that particular technical aspect of the 
design was shown to be safe, secure, environmentally 
acceptable, and ALARP.


In summary, whilst the NRC approach can be 
described as prescriptive, the UK approach in contrast may 
best be described as goal setting and non prescriptive.  The 
UK approach is not based on compliance with regulations 
apart from statutory radiological worker and public dose 
limits for normal operation, rather the onus is on the 
licensee to demonstrate that the design, construction and 
operation of the plant is safe and that risks are as low as 
reasonably practicable.


This approach proves challenging for designs already 
licensed in a prescriptive regime.


III.B. UK AP1000 Safety Submission


In the UK, the regulators would normally commence 
their assessment against the PCSR.  This is a substantial 
document that did not exist for the AP1000 design at the 
start of GDA and differs from the DCD in that it seeks to 
justify the safety claims made on systems, structures and 
components by providing underpinning arguments and 
detailed supporting evidence.


The GDA assessment was therefore initially based on 
a work breakdown structure made up of 17 technical areas.  
Westinghouse added a further two, safety submission and 
programme management, in generating its own work 
breakdown structure.  The full list of 19 areas is shown 
below;


 Internal Hazards
 Civil Engineering
 External Hazards
 Probabilistic Safety Analysis (PSA)
 Fault Studies
 Control & Instrumentation
 Electrical Power Supply Systems
 Fuel Design
 Reactor Chemistry
 Radiation Protection/Level 3 PSA
 Mechanical Engineering
 Structural Integrity
 Human Factors
 Management of Safety/Quality Assurance
 Radwaste & Decommissioning
 Environment
 Security


 Safety Submission
 Programme Management


As Westinghouse gained experience with the UK 
regulatory expectations in these technical areas, two 
different approaches became appropriate.


Some of the technical areas closely matched the 
Westinghouse available documentation and hence 
assessment could commence immediately, examples are 
mechanical and civil engineering.  For these areas though, 
it was typical for Westinghouse to have to produce further 
analysis or recraft its analysis into the claims, arguments 
and evidence format.


Some technical areas did not match Westinghouse 
available documentation.  In this event, Westinghouse had 
to form a task team to first understand the specific UK 
requirements and then generate the appropriate analysis.  
Examples are Human Factors and Internal Hazards where 
separate topical reports were produced.


During this assessment, significant reference was 
made to the EDCD. The standardisation that is enabled by 
the EDCD is intended to promote efficiency of 
construction and licensing and the sharing of relevant 
operational experience amongst operating utilities in the 
future.


The EDCD provides a comprehensive description of 
the European AP1000 design, analysis associated with its 
response to fault conditions, risk evaluation and design 
control processes for application throughout plant life.  
However, given it is a prescriptive response to a USNRC 
approach, the EDCD is not accepted by ND as a substitute 
for a PCSR.


During Step 4, a PCSR was created which 
incorporated the various topical reports to create a single 
document which tells the story of how the AP1000 design 
meets the UK regulatory requirements.  Given the PCSR
reflects particular UK requirements, UK based company 
Serco Group plc were hired to support the PCSR 
production and bring specific UK safety case generation 
expertise.


The information in the EDCD and supporting 
licensing documents was used extensively in the PCSR and 
its supporting documents to underpin the nuclear safety 
claims made on systems, structures, and components.


To meet the requirements of the EA, an Environment 
Report (ER) was produced which demonstrated that the 
appropriate hierarchy of controls was in place to minimise 
the impact of AP1000 units on the environment, and that 
Best Available Techniques were being used.  This was a 
particular challenge for Westinghouse given that it is a 
reactor vendor and that environmental issues are usually 
dealt with by the utility as part of the site specific 
assessment.  Given this, Westinghouse contracted the UK 
based company Aker Solutions to support the production of 
the Environment Report.  This proved beneficial in 
combining particular UK environmental and regulatory 
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knowledge with the Westinghouse detailed technical 
understanding of the AP1000 design. 


OCNS required the production of a Conceptual 
Security Assessment (CSA).  Given the  general security 
agreements  for the protection of classified information that 
exist between the US and the UK for the transfer of 
relevant information for this work, this was  best achieved 
using US expertise located in the UK for the duration of 
step 4.


Providing the baseline for the overall assessment is the 
Design Reference (DR).  The DR lists the documents, 
together with their revision status, that describe the design 
of the reactor and associated plant that the GDA 
submissions refer to.  It includes design criteria and 
detailed design documentation for Systems, Structures and 
Components, that have been identified as having an effect 
on safety.  Regulators expect this to be ‘frozen’ at a 
specific date known as the Design Reference Point (DRP).


This then facilitates the identification of any safety 
significant changes when a phase two application for site 
licensing is made for the construction and operation of the 
AP1000 design in the UK.


In summary, the primary submissions for the UK GDA 
are the PCSR, ER, CSA and DRP.  Supporting these are the 
topical reports, EDCD, and other detailed evidence based 
documents.


III.C Current AP1000 Design GDA Status


This paper is written in February 2011 and reflects the 
AP1000 design GDA status at that time. The assessment 
phase of Step 4 essentially concluded in December 2010, 
although some technical areas progressed into February 
2011.  


ND/EA adopted a hierarchical approach to seeking 
information on the AP1000 design.  This involves 
requesting information via three approaches.  


The first is a Technical Query (TQ) which is request 
for clarification or further information resulting from the 
inspection/assessment process.  At the end of February 
2011, over 1280 TQs had been raised; with Westinghouse 
having provided responses to over 1250.  


The second is a Regulatory Observation (RO) which 
typically requires further analysis and justification of the 
safety case.  Each RO is accompanied by a number of RO 
actions (ROAs).  At the end of February 2011, ND had 
raised over 220 ROAs with Westinghouse having 
responded to over 215.  


The third is a Regulatory Issue (RI) which is similar to 
an RO in requesting further analysis and justification of the 
safety case.  The difference between and RO and an RI is 
that an RI is considered of sufficient importance by the 
Regulators that it would prevent the award of a DAC if not 
resolved.


Westinghouse received one RI in the civil engineering 
area related to the justification of the steel-concrete-steel 


(SCS) modular construction.  There is currently no specific 
design code for these structures in the US or in Europe.  
Westinghouse provided a detailed response to the RI in 
October 2010, with further follow up information being 
provided through January 2011.   ND is reviewing these 
submissions and if satisfied it will lift the RI.  
Instrumentation and Control (I&C) is another area of 
significant workload for Westinghouse, given the 
differences between the US and UK approaches 
highlighted previously.  This has resulted in a small 
number of design changes to improve diversity and 
robustness, coupled with the generation of very detailed 
basis of safety cases.


Fault Studies is the third area of high workload arising 
from the different regulatory approaches.  This included 
the generation of a fault schedule to include shutdown and 
spent fuel faults, and significant analysis to demonstrate 
diversity for frequent faults.


Notwithstanding this significant workload, ND/EA 
have indicated in each of its Quarterly Reports that they 
see no showstoppers which would prevent the AP1000 
design receiving a DAC.


The PCSR, ER, CSA and DRP were all submitted in 
2010.  In May 2010, the EA began a public consultation 
which ran until October 2010 and will inform its decision 
on the designs.


III.D. Next Steps


ND/EA has published Guidance on Management of 
GDA Outcomes8; key aspects are extracted and reproduced 
below. 


At the end of GDA Step 4 there may remain 
significant issues that ND/EA would require to be resolved 
before GDA could be considered as having been 
completed.  These are called GDA Issues and are defined 
as follows:


Unresolved issues considered by regulators to be 
significant, but resolvable, and which require resolution 
before nuclear island safety-related construction of such a 
reactor could be considered. Where there are GDA Issues, 
the Design Acceptance Confirmation or Statement of 
Design Acceptability would be designated as ‘Interim’.


There are three main cases that could result in GDA 
Issues:


a) The proposed civil structure may not be suitable 
i.e. either there may be concerns over the civil 
design itself, or modifications may be necessary 
that cannot be accommodated by the proposed 
foundations or within the building shell and 
structural components. Example: before giving 
permission to proceed with nuclear safety-related 
construction, ND/EA would need to be satisfied 
that the safety case for the nuclear safety related 
buildings demonstrated that the buildings could 
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withstand the impact of external factors, such as 
high winds and earthquakes. 


b) A Category A or B safety function is challenged or 
there are other concerns that the risks may not be 
ALARP, for example if there is evidence in the 
PCSR of shortfalls against Relevant Good 
Practice.  Example: on design basis accident 
analysis (the main way of determining Category A 
Safety Functions and Related Class 1 SSCs) an 
omission of an important fault sequence would be 
a GDA Issue.   


c)  There is a fundamental gap in the safety case 
Example: If there was insufficient information on 
the materials for the main reactor pressure vessels.


The generic safety case that forms the basis of the 
GDA submission will also inform any site-specific safety 
case and it therefore follows that our GDA assessment will 
inform the site-specific assessment.  


The link from GDA to site-specific assessment for 
important safety items is assured by identification of GDA 
Assessment Findings, which are defined as follows:


Findings identified during the regulators’ GDA 
assessment that are important to safety, but not considered 
critical to the decision to start nuclear island safety-related 
construction of such a reactor.  


The Findings are primarily about ensuring the 
provision of additional safety case evidence to confirm 
certain safety aspects as the project progresses through the 
detailed design, construction and commissioning stages. 
There are two main cases that could result in GDA 
Assessment Findings:


a) Shortfalls in the PCSR where ND/EA require 
additional confirmatory analysis, but are content 
that the work can be undertaken after the pouring 
of first safety related concrete. 


b) Important conditions linked to major verification 
and validation commitments given by the RP in its 
PCSR and supporting documents that cannot be 
supplied until the construction/commissioning 
phase.


Work is underway jointly between ND/EA and 
Westinghouse to identify what GDA Issues and GDA 
Assessment Findings might exist.  The GDA Issues will be 
uniquely numbered and listed in any Interim DAC or 
Interim SoDA provided.  


As part of the drafting process the GDA Issues and 
Actions will be referred to as ‘Potential’ and they will 
retain this status until the ND/EA Assessment Review 
Group has endorsed them and until the associated 
assessment reports are issued.


GDA Issues will need to be cleared before a Final 
DAC or SODA will be provided and before consideration 
is given to granting Consent, under a Nuclear Site Licence, 
for nuclear island safety related construction.


In March 2011, Westinghouse will submit its 
consolidated safety submission comprising updated PCSR, 


ER, CSA and DRP.  Westinghouse will also submit its 
Resolution plans for any GDA Issues.  At the same time, 
ND/EA will be drafting its step 4 reports..


In June 2011, ND/EA plan to produce and publish Step 
4 Reports which will set out its findings and final 
conclusion of the assessment.  


ND/EA has already indicated that the likely outcome is 
an iDAC/iSoDA.


III.E. Critical Lessons Learned


Westinghouse has been involved in various 
commercial and licensing activities over several years with 
different European organisations, for example via the 
European Passive Plant (EPP) program and the AP1000 
design European Utility Requirements (EUR) assessment.  
However, this is the first fully fledged regulatory review 
experience for the AP1000 design in a European country, 
and as a result, Westinghouse have identified a number of 
key learning points which it will take forward into future 
activities in Europe and globally.  These learning points are 
detailed below:


At the beginning of Step 1, both the regulators and 
Westinghouse were not fully resourced primarily due to an 
underestimate of the work required in moving from a 
prescriptive US safety case to a non prescriptive UK safety 
case. Both the DRP and the PCSR were developed during 
steps 3 and 4.  This resulted in the programme being 
somewhat back end loaded which placed extra challenges 
on both parties.  To mitigate this, Westinghouse established 
a strong UK presence towards the end of Step 3 comprising 
US and European personnel with key technical expertise 
coupled with UK personnel and subcontractors with 
significant experience of working with the UK Regulators 
and in the UK regulatory regime.  This combination 
coupled to a strong programme mentality proved critical in 
successfully managing the challenges of the back end 
loaded schedule. Earlier generation of the DRP and PCSR 
coupled with an earlier Westinghouse UK presence would 
have mitigated some of the back end loading.


For GDA, ND/EA established a Joint Programme 
Office to bring a project management approach.  This was 
innovative for the UK regulators, and was matched by an 
equivalent approach by Westinghouse.  This has allowed a 
common programme approach to be generated which 
improves alignment on the overall schedule. 


The Regulatory Nuclear Interface Process (RNIP) 
includes a hierarchical meeting process whose purpose is 
to provide a measured methodology to escalate issues of 
importance within ND/EA.  This process has worked very 
well and the relationships through the Levels have ensured 
robust, balanced and proportionate responses.  In 
particular, Westinghouse believes the Convergence 
Meetings process which took place in late 2010 has been 
challenging, robust and has added great value to set the 
way forward on key issues.
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A set of metrics were defined which comprised 5 
traffic light colours which identified if the GDA project 
was on track, if the depth, quality and timeliness of the RPs 
deliverables were acceptable, and if there were any 
potential issues which might threaten a meaningful GDA.  
The use of detailed metrics at the monthly RNIP project 
meetings has driven a clear focus on issues, schedule and 
resources.


The Regulators have issued public Quarterly Progress 
Reports which highlight the metrics, progress and key 
issues arising.  This transparency has been welcomed by 
the general public and by Westinghouse.  


At the commencement of GDA, Westinghouse formed 
a multi party agreement with a number of European 
utilities to support Westinghouse through the process.  This 
support included utility attendance at technical meetings 
and review of significant GDA documentation.  This 
provided mutual benefit – the utilities gained detailed 
technical understanding of the design and its safety case 
which will prove beneficial for them in any subsequent site 
licensing phase, and Westinghouse gained detailed 
operational input into the safety case generation.  Both 
aspects were also viewed as positive by the Regulators. 


The Irish dramatist George Bernard Shaw observed 
that “England and America are two countries separated by 
a common language”.  This is highlighted in the area of 
safety classification where the AP1000 active defence in 
depth features are classified as class 2 in the UK but non-
safety in the US.  The term non safety was the cause of 
early debate!  This highlighted the need for both early 
clarification of the safety classification issue, and 
reinforced the requirement to use the Human Performance 
tool of Three Way Communication. It is important that 
language and key principles are clarified as early as 
possible to avoid significant delays later.


Certain behaviours demonstrated by both regulators 
and Westinghouse have proven fundamental to the success 
of GDA. The first is to value programme management such 
that the importance of meeting the challenging timescales 
of GDA is understood, accepted and positively pursued.  
The second is to practise three way communication to 
ensure that both parties can agree (or disagree) from a 
position of common understanding.  The third builds on the 
second and is the adoption a facilitating approach 
recognising that the roles of the regulator and of 
Westinghouse are different, but that there is a common goal 
of achieving a meaningful GDA.


IV. CONCLUSIONS


The challenge of bringing a US design already 
certified to a US approach into a very different UK 
regulatory regime has proven significant.  Huge progress 
has been made such that the regulators have indicated that 
there are no showstoppers.  Significant learning has been 


gathered which will prove valuable as the AP1000 design 
is licensed in other European countries.  
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Abstract – With the utilization of nuclear energy transuranic elements like Pu, Am and Cm are 
produced causing high, long-term radioactivity and radio toxicity, respectively. To reduce the 
radiological impact on the environment and to the repository Partitioning and Transmutation are 
considered as an efficient way. In this respect, comprehensive research works are performed at 
different research institutes worldwide. The results show that the transmutation of TRU is achieved 
with fast neutrons due to the high fission probability. Based on Accelerator Driven Systems (ADS) 
those neutrons are used in a particular system, in which mainly liquid metal eutectic (lead 
bismuth) is used as coolant. 
The neutronic behavior of an ADS system based on gas cooling is examined in this work by using 
the simulation tools MCNPX and ORIGEN. The main character of the MCNPX code is the use of 
the Monte-Carlo method allowing a high dimensional simulation of the physical processes. The 
whole model of the core is nodalized in 3 dimensional zones including the target structure, which 
provides the initial spallation neutrons for the chain reaction in the fuel zone. 
At the beginning, MOX fuel with 19.5 wt% Pu/(Pu+U) is loaded in order to investigate the 
technical feasibility of a test facility. The fuel assemblies are replaced step by step with Plutonium 
and minoren actinides (PuMa) uranium free fuel according to a loading and shuffling pattern.  
The designed test facility consists of 120 fuel assemblies each 91 fuel rods which are arranged 
around the spallation target. For a thermal power of 100 MW the burn-up and transmutation rate 
is studied. The first results for the MOX and partially PuMa fuel loaded core are presented in this 
paper. For the PuMa fuel two compositions are investigated. The focus is on the transmutation 
rate and the safety parameters for the MOX fuel configuration as well as for the partially loaded 
PuMa core with two different fuel compositions. 
  


 
I. INTRODUCTION 


 
Partitioning and transmutation are considered as the 


most efficient way for the incineration and reduction of the 
waste inventory and radiological burden on the repository. 
Worldwide, R&D have been initiated on the utilization of 
accelerator-hybrid reactors for the transmutation of high 
level radioactive transuranic elements (Pu, Np, Am as well 
as Cm)1,2. The results show that the performance of such a 
hybrid system depends on the fuel type and assembly and 
target-blanket configuration. As a consequence, a high-
level optimization of the transmutation rate and 
performance could be achieved by variation of the system 
design, fuel composition and operational mode. In parallel 
to the development of the liquid-Metal Cooled-ADS, the 
Gas Cooled concept has been considered as a promising 


option resulting from the enhanced fast neutron spectrum 
and inert character of the coolant3. The feasibility of such a 
gas-cooled design called Advanced Gas-cooled 
Accelerator-driven Transmutation Experiment – AGATE4, 
has been undertaken on the basis of elaborated models and 
comprehensive neutronic analysis with different fuel 
options. For comparison purposes, first a fuel blanket 
configuration consisting of MOX fuel was investigated to 
show the behavior of this fuel type in a gas cooled ADS 
and demonstrate the need for alternative fuel types with 
positive transmutation yield as well as safety 
characteristics. For the existing work, the system is 
considered as a TRU-burner, in which uranium free 
CERCER fuel of PU/MA-O2-x is applied. 
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II. CORE CONFIGURATION AND CALCULATION 
METHOD 


 
II.A. Geometry and Core Configuration 


 
The conceptional design of AGATE is realized by 


using the computer code MCNPX5
 for modeling. The main 


configurations are a thermal power of 100 MWth and an 
initial keff of 0.97 using MOX fuel with a Pu enrichment 
less than 20%wt. Furthermore, the protons of the 
accelerator have the energy of 600 MeV. The current 
available for the MOX fueled core is 5 mA and 10 mA in 
case of PuMa fuel. Due to spallation processes in the target 
the proton current provides the initial neutrons for the 
chain reaction in the fuel zone. In order to achieve the 
initial value of keff of 0.97 a loading of 4.25 t heavy metal 
is necessary. The cooling of the spallation target and the 
fuel rods is ensured by He gas with a pressure of 6 MPa. 


 
Fig. 1 Design of a fuel rod with surrounded helium 


 
For the first draw the geometry is kept simple. The 


fuel elements and the core consist of uniform fuel rods as 
shown in Fig. 1. The cladding is 1 mm thick ensuring 
sufficient surface for interaction with the coolant and 
reservation of fission products (FP). The hexagonal fuel 
assemblies encompass of 91 rods each as shown in Fig. 2. 
In total, 120 assemblies are arranged around the cylindrical 
spallation target in hexagonal structure as illustrated in Fig. 
3. The core is divided in three zones with the inner one 
(red) consisting of two inner rings of fuel assemblies 
surrounding the target. The outer zone (green) also consists 
of two rings whereas the middle zone (blue) has of only 
one ring of fuel assemblies. In every individual zone, the 
physical quantities like neutron flux and energy spectrum 
are averaged, allowing a detailed simulation and short 
calculation time. 


 
II.B. Calculations Methods and Tools 


 
For the calculation MCNPX 2.7c is adopted allowing 


the calculation of neutrons generated by the spallation 
process of the protons directly. For energies above 20 MeV 
physics models are employed for neutrons and for protons 
in whole energy range. The nuclear data below 20 MeV is 


provided by the ENDF/B VII library with cross-sections 
for various isotopes and temperatures.  


.  


 
Fig. 2 Hexagonal structure of the assemblies  


 
 Fig. 3 Hexagonal arrangement of the fuel assemblies 


    around the spallation target (white circle) 
 
The transmutation calculations are performed by using 


the MC-Burn6 code package. Accordingly, the spectrum in 
one zone is used, produced by MCNPX, to calculate one-
group cross-section libraries for the isotope depletion code 
ORIGEN 2.1. Since MC-Burn is developed for LWR cores 
modifications were applied resulting in the reduction of the 
accuracy for the one-group cross-sections. Based on the 
calculations made by Myrrha7 team, the time steps of 
irradiation and shut-down period are 90 and 30 days, 
respectively. In total, 12 steps are applied leading to 1080 
effective full power days followed by a final decay time of 
2030 days. During this time, short lived isotopes are 
disintegrated. The burn-up calculations are performed for 
all three zones. In order to compare the transmutation 
behavior for the innovative fuel, a constant linear power 
density is assumed. 
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III. SIMULATION RESULTS 
 


For the initial phase of the feasibility study, MOX fuel 
with the composition given in Table I is used. The power 
distribution in the three fuel zones (see Fig. 3) is then 
determined together with the energy spectrum. The burn-up 
calculations carried out by Origen code managed with the 
MC-Burn code. As a result of depletion calculation, the 
composition of the local fuel zone is changed in 
accordance with the burn-up. After every time step, keff, 
power distribution, and energy spectrum are analyzed. 
Furthermore, the development of the prompt removal 
lifetime, fraction of the delayed neutrons, and fuel 
temperature coefficient are determined. Some values are 
shown in Fig. 4 which remain negative for the whole 
operational period BOC to EOC. The relatively high 
statistical error bars within one standard deviation result 
from the fact that the variation of keff with the temperature 
is low leading to a high calculation uncertainty of the fuel 
temperature coefficients. The fraction of delayed neutrons 
slightly declines due to the shift to heavier isotopes.  


 
Following the study of core with MOX fuel, the first 


ring of fuel assemblies is replaced with an innovated fuel 
type as used in the EFIT8 design with a Pu enrichment of 
45.7%. The basis for the nuclide vector is originating from 
spent UO2 and MOX fuel of a PWR. The second fuel 
option, BS II, is based on the fuel used in the MYRRHA 
project5 and is chosen for the detailed investigation of the 
transmutation performance of the fuel. The initial 
composition of all three fuel materials is shown in Table I. 
The remaining fuel assemblies existing in the core consist 
of the partially burned MOX fuel. 


  
TABLE I 


Used initial fuel compositions 


Vector wt% fraction 
Mox fuel  
U/Pu/O 71.96 / 17.2 / 11.84 
U-235/238 0.7 /  99.3 
Pu-238/239/240/241/242 2.59 / 53.85 / 23.65 / 13.12 / 6.79 
  
BS I  
Np/Pu/Am/Cm/Mg/O 1.3 / 28.25 / 30.94 /1.4 / 18.57 / 19.54 
Pu-238/239/240/241/242 3.71 / 46.30 / 34.16 / 3.87 / 11.96 
Am-241/243 82.35 / 17.65 
Cm-244/245 72.38 / 27.62 
  
BS II  
Pu/Am/Cm/Mg/O 24.7  / 31.11./ 6.22 / 18.32 / 20.36 
Pu-238/239/240/241/242 5.02 / 37.76 / 30.32 / 13.27 / 13.63 
Am - 241/243 
Cm - 244/245 


66.49 / 33.51 
89.96 / 10.04 


 
The results of calculations in terms of the 


transmutation rate are summarized in Table II for different 


fuel types and core loadings. Accordingly the MOX fuel 
shows the highest transmutation rate for Pu resulting from 
the fission process. Pu-239 is burned only in a small 
amount because of the build-up due to the breading process 
based on U-238. The decrease of plutonium is mainly 
observed for the isotope Pu-241 as a result of fission, 
decay and neutron capture. Pu-242 is remaining almost 
constant due to neutron capture in Pu-241. 


 
TABLE II 


Transmutation rate for the different fuel compositions 


g/GWdth MOX BS I BS II 
U -809 51 45 
Np 6 16 52 
Pu -460 94 167 
Am 262 -1255 -1190 
Cm 1 94 -74 


 
 For the innovative fuels the results for each group are 


also shown in Table II. There is no significant difference in 
the transmutation rate for U and Am between the fuel 
types. Plutonium and curium, however, are transformed 
with different fraction. In order to understand this behavior, 
the individual isotopes are compiled in detail in Table III 
and Table IV. The difference in the curium is mainly 
caused by the decay at the end of the burn-up of 2030 days. 
In that time, the amount of Cm-244 is significantly 
decreased due to the half-life of 18.1 years. The fuels are 
different in the initial amount of Cm-244 and also in the 
fraction of americium. Therefore, the build up by neutron 
capture and transmutation of Am-241 to Am-242 causes 
the generation of Cm-242, which has a half-life of 163 
days only. Due to high cross section for capture the 
conversion of Am-243 to build up Cm-244 and heavier 
isotopes is significantly higher. Both reasons lead to the 
different results in the transmutation behavior of the two 
different BS fuels for curium given in Table II. The decay 
of Cm-242 and Cm-244 causes an increase of Pu 
additionally resulting in a difference there as well. 


 


Fig. 4 Temperature coefficient for MOX fuel at four 
time steps 
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TABLE III 
 


Transmutation behavior of BS I fuel in detail 
 


  BOC (g) EOC (g) variation (g) 


Np237 3.32E+00 3.51E+00 1.95E-01 


Np 3.32 3.51 0.19 


Pu238 2.70E+00 9.68E+00 6.98E+00 
Pu239 3.37E+01 2.71E+01 -6.60E+00 
Pu240 2.48E+01 2.52E+01 3.84E-01 
Pu241 2.81E+00 2.03E+00 -7.83E-01 


Pu242 8.69E+00 9.85E+00 1.15E+00 


Pu 72.67 73.81 1.14 


Am241 6.55E+01 5.16E+01 -13.97 
Am242 


 
1.68E+00 1.68E+00 


Am243 1.40E+01 1.11E+01 -2.95E+00 


Am 79.58 64.34 -15.24 


Cm243 
 


2.36E-02 2.36E-02 
Cm244 2.64E+00 3.76E+00 1.13E+00 
Cm245 1.01E+00 9.42E-01 -6.44E-02 
Cm246 


 
4.61E-02 4.61E-02 


Cm 3.64 4.78 1.14 
 


TABLE IV 
 


Transmutation behavior of BS II fuel in detail 
 


  BOC (g) EOC (g) variation (g) 


Np237 
 


6.34E-01 6.34E-01 


Np 0.00 0.63 0.63 


Pu238 3.16E+00 8.38E+00 5.23E+00 


Pu239 2.37E+01 1.91E+01 -4.65E+00 


Pu240 1.91E+01 2.33E+01 4.26E+00 


Pu241 8.34E+00 4.50E+00 -3.84E+00 


Pu242 8.57E+00 9.60E+00 1.03E+00 


Pu 62.87 64.90 2.03 


Am241 5.26E+01 4.28E+01 -9.81 


Am242 
 


1.38E+00 1.38E+00 


Am243 2.65E+01 2.05E+01 -6.05E+00 


Am 79.19 64.72 -14.47 


Cm243 
 


2.10E-02 2.10E-02 


Cm244 1.44E+01 1.29E+01 -1.44E+00 


Cm245 1.61E+00 2.03E+00 4.28E-01 


Cm246 
 


8.96E-02 8.96E-02 


Cm 15.99 15.10 -0.90 


IV. CONCLUSIONS 
 


Using high dimensional simulation tools the 
transmutation performance of different fuels in a gas 
cooled ADS is studied. In the case of the innovative fuels 
the potential for a considerable reduction of the amount of 
TRU elements is shown. In particular, both fuel types 
chosen for the analysis demonstrate the capability of the 
incineration of americium. The simulations show that the 
initial composition has significant influence on the 
transmutation rate. The deployment of MOX type fuel in 
the ADS core causes a considerable consumption of Pu but 
a significant generation of americium. Further studies are 
under way for the comprehensive study of the innovative 
and transmutation relevant fuels in the proposed gas-
cooled ADS under the consideration of an optimized 
recycling and shuffling scheme.  
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Abstract – The mechanical behavior of the T91 martensitic steel has been studied in air and in 
liquid sodium in the temperature range of 300°C to 550°C by using small punch test. Attention 
has been paid on the role of microstructure which has been modified by tempering temperature, 
of test temperature and of loading rate. In the standard conditions of heat treatment (tempering 
at 750°C), the T91 steel is ductile at 450°C in air and in liquid sodium. A ductile to brittle 
transition induced by liquid sodium has been observed for hard materials (tempered outside the 
recommended conditions). The role of liquid sodium on embrittlement occurrence appears during 
the crack initiation period as well as in the crack propagation one. In absence of an external 
defect, it is found that sodium affects grain boundary strength and initiates an intergranular 
crack which then propagates by cleavage in the bulk.  


  
 
 


I. INTRODUCTION 
 
New generation of fission reactors is presently under 


intensive research in the Generation IV plans. The Sodium 
Fast Reactor (SFR) appears to be one of the most credible 
options to be operated at short time and therefore there is a 
need to assess the mechanical behavior of structural 
materials in contact with liquid sodium. Especially, the 
risk of liquid sodium embrittlement has to be documented 
in respect with the materials available at present time. 
Liquid metal embrittlement is a serious situation for a 
ductile material. Indeed, when strained in liquid metals, 
an otherwise ductile material can exhibit a loss of ductility 
and, sometime a brittle fracture. Many metals, pure or 
alloyed, are known to be sensitive Al-Ga1, Ni-Li2, Cu-Bi3, 
T91-Pb-Bi4, 5. Generally speaking, it can be stated that no 
material can be considered as immune against liquid metal 
embrittlement. However, pointing out its occurrence has 
the advantage to increase the reliability of the use of the 
material and does not mean a total reject of this material. 
For example, the T91 steel can be embrittled by lead-
bismuth eutectic (LBE) alloy but this occurs only for a 
specific set of conditions. Working outside this critical 
situation allows for safe use of the material as proved 


thanks to the MEGAPIE-test project6. Provided a set of 
critical conditions are encountered (microstructure, notch 
effect, loading…), it has been possible to observe a ductile 
to brittle transition induced by lead or LBE alloys in the 
range 300°C- 450°C in the T91 steel, a modified 9Cr1Mo 
steel. The heat treatment applied to T91 steel has a strong 
impact on the sensitivity to liquid metal embrittlement 
(LME) by LBE4. 
The objective of the present paper is first to study the 
sensitivity of the T91 steel to liquid sodium embrittlement 
as a function of heat treatment and in different testing 
conditions of temperature and loading rate. Secondly, 
attention will be paid to the role of liquid sodium on crack 
initiation and crack propagation.  


 
II. MATERIAL 


 
T91 steel is a modified 9Cr1Mo steel developed to 


increase the mechanical strength by addition of Nb and V 
that promotes the nucleation of a fine distribution of 
M23C6 carbides after appropriate tempering treatment.  
The chemical composition of the studied T91 is given in 
Table I.  
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TABLE I 


Chemical composition of the T91 steel (wt %, Fe bal) 


C Cr Mo Nb V Si Mn Ni 


0.11 8.80 1.00 0.07 0.25 0.41 0.38 0.17 
 
According to tempering temperature, different 
precipitation processes occur which modifie the hardness. 
Therefore it was decided to perform the following heat 
treatments: 
 
a) the standard treatment noted “TR750”, which consists 
of an austenitisation at 1050 °C during one hour followed 
by air cooling and tempering at 750 °C for one hour,  
b) an austenitisation at 1050 °C during one hour without 
tempering, followed by air cooling, noted “T”. 
c) an austenitisation at 1050 °C during one hour followed 
by air cooling and tempering at 650 °C for one hour, noted 
“TR650”. 
d) an austenitisation at 1050 °C during one hour followed 
by air cooling and tempering at 550 °C for one hour, noted 
“TR550”. 
 


TABLE II 


Hardness (HV) of T91 steel according to the heat 
treatment 


Heat treatment  T TR550 TR650 TR750 
HV 380 ±5 420 ±10  320 ±5 250 ±5 


 
The corresponding hardness values are reported in Table 
II. According to literature7, 8, T material is expected to 
contain entangled dislocations in the martensitic laths and 
is expected to be free of precipitates if complete 
dissolution of precipitates, especially NbC, really occurred 
during austenitization treatment or to contain undissolved 
NbC precipitates and (Fe,Cr)3C particles. On the one 
hand, tempering the material leads a recovery of 
dislocations produced during the quench which tends to 
soften the material. On the other hand, precipitation 
occurs and the feature depends on the tempering 
temperature. Tempering at 760°C gives rise to a well 
established and stable chemistry of carbides: VC 
precipitates and (Fe-Cr-Mo)23 C6 (along lath boundaries 
and prior austenite boundaries). Indeed, high temperatures 
are required for Mo, V and Ti to operate in the 
precipitation processes while effects due to Cr diffusion 
can be realized at lower temperature, e.g. 500°C. Cr2C 
and (Cr,Fe)23C6  particles are expected to form after the 
tempering at 550°C.  Tempering at 650°C promotes Cr2C 
and (Cr-Fe-Mo)23C6 precipitates.   
However, both materials have the same former austenitic 
grains size of 20µm. 


III. EXPERIMENTAL 
 


The mechanical resistance of the materials was 
carried out using the Small Punch Test (SPT) which was 
designed to perform tests in air and in liquid sodium at 
temperatures up to 550°C. It consists of a specimen 
holder, a pushing rod and a ball. The specimen holder 
includes a lower die, an upper die which is also used as 
the tank for the liquid sodium and four clamping screws. 
The load is transferred onto the specimen by means of a 
pushing rod and a 2.5 mm diameter tungsten carbide ball 
in contact with the lower surface of the specimen. In this 
way, the puncher being under the specimen (unlike usual 
small punch test setup), the upper surface of the specimen 
is in contact with the liquid metal and is submitted to 
tensile loading. Specimen has a squared shape 10x10 mm. 
Before testing, the sample surfaces were mechanically 
polished with SiC paper up to 1200 grade and then electro 
polished, in order to avoid effects due to the roughness of 
the surface and residual stresses developed during the 
mechanical polishing. The final thickness was 500 (±20) 
µm.   
The SPT was performed at 300°C, 450°C and 550°C using 
an electro mechanical machine with a controlled cross-
head speed of 0.5 mm/min or 0.05 mm/min, in air and in 
liquid sodium. The experiments were performed in an 
environment-controlled cell in which the oxygen and 
water vapour content could be lowered down to 100 ppm. 
Load – crosshead displacement curves were recorded 
during the tests. The mechanical response can be 
characterized by some typical values measured from the 
curves5 such as the yielding load Fe, the maximum load 
Fm, the fracture energy (derived from the area under the 
load versus displacement curve) Jf and the displacement to 
fracture df. An embrittlement factor has been defined as: 
 
                           E.F. = 1 - JnfNa /JnfAIR   (1) 
 
where JnfNa is the normalized fracture energy (fracture 
energy divided by thickness of specimen) measured from 
test in liquid sodium and  JnfAIR  the normalized fracture 
energy measured from test in air.  
The sodium has been provided by Sigma Aldrich 
Company and has the chemical composition given in 
Table III. 
 
 
 


TABLE III 


Chemical composition of sodium used in the study 


Impurities  Cl-  PO4-  Fe  N  Pb  
ppm  20  5  10  30  5  
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IV. RESULTS 
 


IV.A. Effect of Hardness on Behavior of T91 Steel 
 in Air and in Liquid Sodium at 450°C 


 
T, TR550, TR650 tested at 450°C and at a cross head 


displacement of 0.05 mm/min, exhibited a load–
displacement curve which was different depending on 
whether the material was tested in air or in liquid sodium.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: SPT response of TR550-T91 steel in air and in liquid 
sodium at 450°C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 


 
 
Fig. 2: Evolution of the embrittlement factor with hardness of the 
T91 steel at 450°C and a crosshead speed of 0.05 mm/min 


In air, all materials exhibit high mechanical resistance 
involving Fm values from 1800 N for the TR650 (the 
softest material) up to 2250 N for the T550 (the hardest 
one). In liquid sodium, the curves superimpose at the 
beginning of test, in the elastic part and diverge in the 
plastic domain. The maximum load Fm as well the 
corresponding value of displacement are strongly reduced 
e.g. from 2300 N in air test to 1355 N in liquid sodium for 
the TR550 steel (Fig. 1).  
For the TR750, experimental curves recorded during tests 
in air and in liquid sodium superimpose. 
The evolution of the embrittlement factor as a function of 
the hardness of the material is reported Fig. 2.  
As can be seen, the hardest the material, the more 
sensitive to liquid sodium. Moreover, the evolution of the 
factor is nearly linear. 
Scanning Electron Microscopy (SEM) observations at low 
and high magnification of the fractured specimens 
revealed also a difference depending on whether the test 
was performed in air or in liquid sodium. For each 
material fractured at 450°C in air as well as the TR750 
steel fractured at 450°C in liquid sodium, the specimen 
dome contained a circular crack (Fig. 3a) and the fracture 
surface contained dimples typical of ductile rupture (Fig. 
3b).  
 


 
 
Fig. 3a: SEM macroview showing a main circular crack and 
radial cracks on fractured samples of T material tested in air at 
450 °C, with a crosshead speed of 0.05 mm/min. 
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Fig. 3b: SEM micrographs showing a dimples ductile fracture in 
fractured samples of T material tested in air at 450 °C, with a 
crosshead speed of 0.05 mm/min 
 
 
The general tendency for the T and TR550 materials 
fractured at 450°C in liquid sodium is that cracking 
contains circular parts with large radial cracks (Fig. 4a).   
The weak mechanical properties of these two materials are 
associated with a fully brittle fracture mode. The brittle 
fracture surface comprises an intergranular zone (Fig. 4b) 
close to the external surface in contact with the liquid 
sodium which changes for transgranular one (Fig. 4c) in 
the rest of the specimen. 
 


 
 
 
 
 
 


 


 
 


 
 
 
 
Fig. 4: SEM micrographs of the TR550 specimen tested in 
sodium at 450 °C, with a crosshead speed of 0.05 mm/min (a, 
left, bottom) macro view showing large radial cracks (b, right, 
top) intergranular fracture near the surface in contact with liquid 
sodium (c, right bottom)  cleavage fracture in the interior of the 
specimen 


 
 
 
However, a mixture of ductile and brittle fracture was 
observed for the TR650.   
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IV.B Effect of Test Temperature on Behavior of 
 TR550 Steel in Air and in Liquid Sodium 


 
The effect of temperature on SPT response has been 


studied on the TR550 steel at a crosshead displacement of 
0.05 mm/min. Three test temperatures have been 
considered: 300°C, 450°C and 550°C. 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 


Fig. 5: Evolution of the normalized energy fracture Jnf with test 
temperature for the TR550 steel tested in air and in liquid 
sodium 
 
For a given environment, air or liquid sodium, the general 
shape of the SPT curves was not strongly modified by the 
test temperature. In air as in liquid sodium, changing test 
temperature had a weak impact on the response of the 
material as the normalized fracture energy Jnf is 
considered (Fig. 5). Let us notice that Jnf has an average 
minimal value at 450°C which makes wonder if a ductility 
trough exists or not for the couple T91/Na as it was the 
case for the couple T91/LBE and T91/Pb12. However, the 
scattering of data, especially high in the present study 
involving liquid sodium, cannot allow concluding at the 
moment. 
 
IV.C. Effect of Loading Rate on Behavior of T Steel in Air 


and in Liquid Sodium 
 


The effect of loading rate on SPT response has been 
studied on the T steel at 450°C. The loading rate has been 
modified by changing the crosshead speed from 0.05 
mm/min to 0.5mm/min.  
In air, both test conditions lead to the same normalized 
fracture energy Jnf. However, in liquid sodium, the low 


loading rate test is characterized by a lower normalized 
fracture energy Jnf  (Fig. 6). 
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Fig. 6: Evolution of the normalized energy fracture Jnf with 
crosshead speed for the T-T91 steel tested in air and in liquid 
sodium at 450°C 
 
 


The present results suggest that T91 steel exhibits a 
rather strong sensitivity to liquid metal embrittlement as 
liquid LBE4,5 and liquid sodium can degrade the ductile 
behavior observed in air. However, there is one major 
difference in the role plaid by these two liquid metals. For 
liquid LBE, the brittle fracture was to a large extent 
transgranular while intergranular mode was less 
frequently observed5. Liquid sodium embrittlement in T91 
steel is first characterized by both inter and trans granular 
feature, and secondly by the sequence of events 
occurrence. Since intergranular is always observed at the 
initiation step, it can be believed that liquid sodium first 
allows initiation of the crack at grain boundary and then 
promotes the growth transgranularly.  
 
 


IV-D Transition from intergranular to transgranular 
feature in liquid sodium embrittled T91 


 
 In order to check the role of liquid sodium on crack 
initiation and crack propagation, the polished surface of 
the SPT specimens was gently fitted out with a micro 
defect. The latter was constructed by deposit of a serial of 
close indentation prints made with a Vickers indenter 
using a load of 30 kg. The surface defect has an average 
length of 2 mm and a width of 0.2 mm.  
The same SPT experiments have been carried out as on 
smooth specimens of T material, in air and sodium, at 
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450°C and at a cross head speed of 0.05 mm/min. All 
other things being equal, the macroscopic response (load-
displacement curve) was similar for specimens with and 
without micro notch, as well for the tests in air as for the 
test in liquid sodium. T material is still ductile after test in 
air and brittle after test in liquid sodium. The specimen 
still contains circular parts with large radial cracks (Fig. 
7a). However, SEM examinations show that the brittle 
fracture is now purely transgranular even in the part of 
material in the vicinity of the surface in contact with the 
liquid sodium (Fig. 7b). 
 
 


 
 
Fig. 7a: SEM macro view showing large radial cracks in T micro 
notched specimen tested in sodium at 450 °C, with a crosshead 
speed of 0.05 mm/min  
 


 
 
Fig. 7b: SEM micrograph showing pure cleavage in T micro 
notched specimen tested in sodium at 450 °C, with a crosshead 
speed of 0.05 mm/min  


V. DISCUSSION 
 


The present study shows that T91 steel can be 
embrittled by liquid sodium as it occurred with liquid tin, 
lead or LBE13. However, one must become aware that a 
ductile to brittle transition by liquid metals in T91 has 
required special heat treatments such as tempering the 
material outside recommended temperature (e.g. 550°C 
instead of 750°C). The results are also in agreement with 
published results that steels could be embrittled by liquid 
sodium9,10. It is claimed that embrittlement of T91 by 
liquid LBE is rather transgranular4,5 while rather 
intergranular by liquid sodium9,10 though sometimes a 
mixture of inter and trans granular fracture is observed. 
Our study shows that these two modes of brittle fracture 
are also observed after failure in liquid sodium. However, 
the main finding of the investigation is that intergranular 
fracture is associated with the initiation step and  
transgranular fracture with the propagation step. So these 
two features of the brittle fracture are located at two 
distinct areas of the fracture surface and are not 
homogeneously mixed.  
The common point between liquid sodium and liquid Sn, 
Pb or LBE is that both the light and the heavy liquid 
metals promote brittle transgranular crack growth by 
decreasing the stress intensity factor in the micro volume 
of material ahead the defect. This can occur on assuming a 
decrease in surface energy caused by adsorbed atoms. In 
this way, the increase in the embrittlement factor with  
hardness (Fig.2) can be directly linked with the difference 
of the toughness of the material (which is as high as the 
material is soft) and the local stress intensity factor ahead 
the crack.  
However, a noticeable difference between liquid sodium 
and liquid Sn, Pb or LBE is that a defect is necessary to be 
externally initiated (by mechanical effect or corrosion) in 
the heavy liquid metals while liquid sodium seems to 
affect enough the grain boundary strength so that a crack 
initiates.  
But intergranular crack initiation by liquid sodium is not a 
pre requested step in the brittle fracture process. 
In other words, it can be stated that the liquid sodium 
environment, including its impurities, promotes as well 
the formation of the critical defect as the propagation of a 
crack. It turns out that embrittlement by liquid sodium 
environment seems to be more critical than for heavy 
liquid metal. 
In general, intergranular cracking by liquid metals 
suggests that the material should exhibit easy grain 
boundary penetration by the liquid metal. If so, this effect 
is controlled according to the rate of penetration which 
strongly depends on material couples. Data for Ag-Hg, Al-
Ga, Cu-Hg [10], and Cu-Bi [3] are available but scarce or 
missing at the author’s knowledge for T91-Na. Increasing 
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test duration e.g. by decreasing the strain rate or by pre 
immersing the specimen in the liquid metal before 
mechanical test should promote penetration. Though there 
is a lack of data for the T91-Na couple but taking into 
account the propensity to observe intergranular cracking 
with sodium, Na grain boundary penetration is likely.  
However, intergranular crack initiation is skipped for 
transgranular in micro notched specimens for the same 
exposure duration. This would indicate that plastic 
deformation localization appears also one of key 
parameters that controls inter or intra granular fracture. 
Therefore, additional investigation are now undertaken to 
study liquid metal penetration at grain boundary. 
 


VI. CONCLUSIONS  
 


The mechanical behavior of the T91 martensitic steel has 
been studied in air and in liquid sodium to evidence the 
sensitivity to liquid sodium embrittlement. For that, T91 
has been tempered at different temperatures after quench 
in order to modify the hardness. 
The main conclusions of the present are: 
- in air, T91 steel exhibits a ductile behavior from 300°C 
to 550°C regardless the tempering temperature  
- in the recommended heat treatment, i.e. tempering at 
750°C, T91 is ductile at 450°C as well in air as in liquid 
sodium 
- T91 can be embrittled by liquid sodium only if 
recommended tempering conditions have not been 
respected 
- the brittle fracture comprises intergranular and cleavage 
zones.  
- liquid sodium plays a role as well on the crack initiation 
step by weakening grain boundary strength as on the crack 
propagation by promoting transgranular crack growth 
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Abstract – Operating LWR reactor pressure vessels (RPV) are subject to multi-factor 
influence. It is practically impossible to reproduce some of this factors («long-time bias», 
e.g.) in the framework of experimental investigations including RPV surveillance 
specimens tests. Detailed information that can be obtained by means of taking through 
RPV wall samples immediate from the decommissioned RPVs is more representative than 
received by any another ways and therefore has a highest value. Along with routine 
investigations in Russia, systematic research on actual radiation embrittlement of the 
decommissioned LWR pressure vessel via through samples (trepans) has been carried 
out. Testing and investigations presented a unique opportunity for qualifying the effects 
of long-term irradiation and multi-factor influence on actual RPV properties.  
The information gained would be relevant to the RPV degradation mechanisms 
consideration and understanding, also to current LWR generation lifetime extension 
evaluation. 


 
 


I. INTRODUCTION 
 


Operating LWR reactor pressure vessels (RPV) are 
subject to multi-factor influence. It is practically 
impossible to reproduce some of this factors («long-time 
bias», e.g.) in the framework of experimental 
investigations including RPV surveillance specimens 
tests. Detailed information that can be obtained by 
means of taking through RPV wall samples immediate 
from the decommissioned RPVs is more representative 
than received by any another ways and therefore has a 
highest value.  


Along with routine investigations in Russia 
systematic research on actual radiation embrittlement of 
the decommissioned LWR pressure vessel via through 
samples (trepans) has been carried out.  


The earliest commercial LWR prototype unit 
Novovoronezh-1 RPV after 20 years of operation was 
trepanned in 1987. Then Novovoronezh-2, the oldest 
PWR type experimental prototype reactor and, finely, 
nuclear icebreaker «Lenin» RPVs also were trepanned.  


 
 
List of these decommissioned units is present in 


Table I.  
 
 


TABLE I . 
 


List of the decommissioned units 
 


Unit 
name 


Output 
(MW) 


Operation:  
start-


shutdown 


Operating  
temperature 


(oC) 


Neutron  
fluence* 


(sm-2) 
NV1 210e 1964-1984 250 2,5×1019 
NV2 365e 1969-1990 250 9×1019 
PR 100t 1956-1986 275 7×1019 
IbL  159t 1970-1989 290 1,7×1020 


 
Notes: NV1 - Novovoronezh Unit 1; NV2 - Novovoronezh 
Unit 2; PR - Prototype reactor ;IbL -Icebreacer «Lenin»; 
* E≥0,5MeV 


 


II. REVIEW OF RPV SAMPLING AND 
SPECIMEN MANUFACTURING 


 


Through-thickness RPV wall samples had been cut 
out using trepanning tools such as boring machine with 
annular drill, anodic-mechanical and electric resistance 
cut machines.  


Scheme of the nuclear icebreaker RPV trepanning is 
presented in Fig. 1. 
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Fig. 1. Scheme of the nuclear icebreaker RPV trepanning. 
1,2 and 5 –base metal trepans; 3 and 4 –weld metal trepans. 


 
Mechanical technique is the most advanced one, but 


the use requires periodic presence of a man in the reactor 
for inspections and adjustments. Thus, the use of a heavy 
protection cabin is necessary. 


Anodic-mechanical cutting and contact arc 
cutting are fully remote technologies. However, each of 
them has a set of disadvantages, which eliminate this 
convenience. 


Anodic-mechanical cutting requires liquid glass as a 
technological substance with following utilization of this 
radioactive waste. 


Electric resistance cutting use water as a 
technological substance but is a very rough cutting 
method. The main disadvantage is a significant size of 
the heat-affected zone, therefore trepan material cannot 
be completely used. The emission of hydrogen is a 
potentially dangerous factor. Typical dimensions of 
trepans were 120-140 mm in diameter and 120 mm 
lengthwise. Test pieces and specimens were fabricated 
from trepans by means of electro-discharge wire cutting 
machine (Figs.2,3). 


 
 


Fig. 2. View of weld metal trepan from RPV NV-2 unit.  
 


 
 


 
 


 
 


 
 


 
 


 
Fig. 3. Scheme of the test pieces and specimens fabrication by 


means of electro-discharge wire cutting machine. 
 


III. EXPERIMENTAL PROCEDURES 
 


Chemical composition determination. Chemical 
analyses of the RPVs material were carried out with 
FSQ «Baird» optical emission spectrometer. Results can 
be seen in Table II. 
 


TABLE II. 


Chemical composition (%% mass) of the RPV materials  


Unit, material C Mn P Cu Ni Cr 
weld 0,05 0,52 0,033 0,15 0,12 1,45 NV-1 base 0,17 0,49 0,013 0,18 0,15 2,78 
weld 0,07 1,05 0,036 0,16 0,14 1,42 NV-2 
base 0,15 0,53 0,014 0,12 0,16 2.59 


PR base 0,24 0,49 0,018 0,10 1,07 3,30 
KRB-A base1 0,22 0,71 0,013 0,16 0,75 0,38 


weld 0,05 1,03 0,035 0,15 0,17 1,39 IbL base 0,17 0,45 0,018 0,09 0,35 2,75 
 
Fast neutron fluence evaluation. Fast (E≥0,5MeV) 


neutron fluence evaluation was based on the specific 
Mn-54 and Nb-93m activities of the vessels steel and on 
the Nb-93m activity of the cladding. 
 
Charpy V-testing. The RPV materials radiation 
degradation (embrittlement) was determined by finding 
the ductile-to-brittle transition temperature shift (TTS). 
RKP-300 impact pendulum test machine for standard 
Charpy specimens testing was used. 


The general dependence of the TTS on radiation 
embrittlement coefficient (REC) AF is as follows: 


TTS=AF×Fn , 
where AF is the radiation embrittlement coefficient 
(chemical factor) and F is the fast (E≥0,5MeV) neutron 
fluence in units of 1018sm-2(fluence factor), n – 
coefficient (~1/3).  


For Russian RPV Cr-Mo-V base steel 
AF=A×(P+0,07Cu), where A – coefficient (800 at 
270°C), P and Cu – are the mass concentrations of these 
elements. 
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IV. TEST RESULTS 
 


Results of the NV-1 trepans 2 and 4 weld metal 
examination are present in Fig.4, where one can 
recognize that the actual (measured) radiation 
embrittlement coefficients of the trepan materials are 
significantly higher that received earlier in radiation 
experiments. 


0,015 0,020 0,025 0,030 0,035 0,040 0,045 0,050
0


10


20


30


40


50


60


70


80


A
F,


 °
C


Impurities (P+0,1Cu) concentration, %% mass.


Trepan 2 weld metal
Trepan 4 weld metal
Cr-Mo-V steel weld metal  
 Trepan 7 base metal
 Cr-Mo-V steel


 
 


Fig. 4. Measured properties of the NV-1 RPV trepans materials 
in comparison with data that were available for Cr-Mo-V steel. 


 
Controversy the actual radiation embrittlement 


coefficients of the NV-2 trepan materials are very close 
to the values predicted (Fig.5). 
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Fig. 5. Measured and predicted properties of the NV-2 RPV 


trepans material. 
 


Comparison of the Charpy actual PR trepan metal 
impact properties with results from irradiation 
experiments in MR test reactor is shown in Fig. 6.  


Results of the icebreaker RPV weld and base metal 
study are given in Fig. 7, where one can recognize that 
the actual (measured) radiation embrittlement 
coefficients of the trepan materials for the periphery 
(remote) zone of the vessel are significantly higher that 
for the inner part. This can be seen that hardness 
measurement and Charpy impact testing results agree. 


Total data on actual (measured) and calculated 
(predicted) radiation embrittlement coefficients AF of 
the materials named summarized in Table III. One can 


recognize that dissimilarity of the measured AF from 
calculated values is high. 
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Fig. 6. Comparison of the measured Charpy PR trepan (27BM) 


metal impact properties with results from irradiation 
experiments in MR test reactor. 
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Fig. 7. Radiation embrittlement coefficient AF and hardness 


value HB through the icebreaker RPV wall distribution.  
Note: HB=252|189kgf/mm2 - hardness values at as-received 


condition|after annealing 650°C/2h.  
 


TABLE III 


Data on actual (meas.) and calculated AF of the materials. 
 


Impurities, 
%% mass. Unit,  


material P Cu 


Neutron  
flux,  
×1010  


sm-2s-1 


Neutron 
fluence,  
×1018  


sm-2 


AF,  
°C 


(meas.) 


AF, 
°C 


(calc.) 


NV-1 weld 0.033 0.15 7 
3 


24 
11 


26 
54 36 


NV-2 weld 0.036 0.16 12 
8 


60 
40 


43 
48 50 


PR base 0.018 0.10 30 
7 


62 
14 


77 
69 27 


weld 0,035 0,15 
6 
4 
3 


24 
16 
12 


24 
27 
42 


 
37 
 IbL 


base 0,018 0,09 
28 
7 
3 


105 
26 
12 


17 
16 
31 


 
19 
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V. DISCUSSION 
 


First impression from foregoing decommissioned 
LWR pressure vessel material properties study – 
enhanced degradation rate at low neutron fluxes. 
Examples for icebreaker base metal and weld metal are 
demonstrated in Fig. 8. Registered facts denote that 
known as «flux effect» factor was in action. Unexpected 
circumstance however is reduced embrittlement zone 
appearance that follows after of previous part of 
enhanced embrittlement.  


 
 


0 25 50 75 100 125 150 175 200 225
0


10


20


30


40


50


60


70


80


90


100


Cu=0,09%; P=0,018%.


F=1,9x1020sm-2


F=1,5×1020sm-2


F=3,7×1019sm-2


F=1,7×1019sm-2


Aditional irradiation (WWER-440)
=240×1010sm-2s-1


=39×1010sm-2s-1


=10×1010sm-2s-1


=4,3×1010sm-2s-1


ϕ


ϕ


ϕ


ϕ


 
Guide:TTS=14×(F×10


-18 )
0,33


TT
S,


°C


Neutron fluence, ×1018sm-2


- remote region


-  beltline inside surface


 


0 10 20 30 40 50 60
0


20


40


60


80


100


120


140


-  remote region


Guide: TTS=32×(F×10
-18 )


0,33


F=3,2×1019sm-2


F=1,7×1019sm-2


ϕ=7×1010sm-2s-1


T
TS


,°
C


Neutron fluence, ×10
18


sm
-2


=3×1010sm-2s-1ϕ


Cu=0,15%;P=0,035%


 
 
Fig.8. Comparison of the TTSs between «remote» and «inside»  


RPV base metal (top) and weld metal icebreaker RPV 
specimens 


 
 
In support of the materials gained, we started «flux 


effect» study using surveillance specimens (SS) from 
commercial WWER-440/213 RPV. Taking into account 
the flux level additional sub size specimens were 
manufactured and tested. Analysis shows that 3 fold 
difference in flux level may lead to evident distinction in 
terms of TTS: ~ 60°С at neutron fluence of 4×1019sm-2 
and copper concentration as low as ~0,1% mass. 


 
 


 


Search of similar far from trivial effect brings to 
example where it characterized by authors as «quite 
atypical» for Doel I, II weld metal SS data2. Similar data 
were demonstrated later3. 


 
For the sake of correctness, it is necessary to 


underline that the first mention concerning distinction 
between test reactors and low-lead-factor (surveillance) 
data had appeared as early as 1980 (Fig. 9)4. 


 
Fig. 9. Comparison of the test reactor data and low-lead-factor 


(surveillance) data4. 
 
In this context let look at data received as a result of 


Chooz A RPV trepanning and testing5, Fig. 10. 
 


 
Fig.10. Comparison between TTSs measured in trepans 


(indicated by arrows) and from RPV surveillance programs5. 
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Of course, favourable data has received. 
Nevertheless, it is not the whole of truth because the 
initial section of the neutron exposition with the 
probable enhanced damage is omitted. Note, trepan data 
occurrences are close to «critical» meaning of fluence 
that approximately is equal to 2×1019sm-2 (Е≥1MeV) or 
~4×1019sm-2 (Е≥0,5MeV).  


Summing the previously mentioned on the subject 
discussed one might conclude, that depending of the 
fluence level reached manifestation of the «flux effect» 
(FE) in reference to Guide pattern may be quite 
different, namely: negative, positive and «two zeros» as 
represented in fig.11. Situation looks like famous 
parable «blind men and an elephant», where a group of 
blind men (or men in the dark) touch an elephant to learn 
what it is like. The story is used to indicate that reality 
may be viewed differently depending upon one's 
perspective, suggesting that what seems an absolute truth 
may be relative due to the deceptive nature of half-
truths. 
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Fig.11. Sketch of the flux effect manifestation. 


 
Regulatory Guide dependence (formula) has 


appeared as a result of forced irradiation in test reactors. 
One can recognize however that specific properties of 
metal and actual reactor environment may deform this 
trajectory. The very wonderful fact is the appearance of 
the temporary weakening of the embrittlement. Possible 
comprehensible explanation is as follows: the radiation-
induced copper-rich precipitates nature (dimensions and 


concentration) alteration. Evidently, we have fixed 
phenomenon similar to observed in paper6 where 
neutron irradiation in some range of doses improves the 
mechanical properties of the mild steel.  


Service-induced embrittlement of the PR metal 
appeared to be much greater than that produced by the 
test reactor irradiation (Fig. 6). Examining this figure, 
one can say that contrary to previously mentioned TTS-
fluence dependence with low-lead-factor has a 
monotonic character. It forced to suppose that in this 
case only monotonous transformation of the precipitates 
take place. Fig.12 compares ex-service PR vessel metal 
properties (including STM images) with published data 
on Nuclear Power Plant Gundremmingen-A RPV trepan 
metal anomalous behavior7. 


 
 


 
 
 
 
 
 
 
 
 
 
 
 
 


 


 


 


 


 


 


 


Fig.12. Comparison of the actual service-induced 
embrittlement (PR and Gundremmingen KRB-A reactor) with 
that produced by the test reactors irradiation. STM images are 


shown. 
 


Important that as it follows from Fig.12 annealing 
result in enhanced metal stability against radiation 
impact. So «irradiation – annealing» treatment acts as 
processing to improve resistance to radiation 
environment. Possibly this phenomenon originate from 
carbide conversion (coagulation?) because it is seen 
from Fig. 12 that annealing 650°C/2h leads to evident 
relief smoothing. Grain boundaries chemical 
composition determination by means of Auger electron 
spectroscopy shows (Table IV)8 that neutron dose 
dependencies exist not only for detrimental elements Cu 
and P, but for «neutral» C also. It means – carbon may 
take part in radiation-induced processes. 
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TABLE IV.  
PR metal grain boundaries chemical composition (Auger 


electron spectroscopy data). 
 


Element concentration (at.%%)  
at neutron fluence, ×1018sm-2 Element 


14 42 48 62 
P 2 3 5 6 
C 4-6 7-13 7-13 9-16 


Mo  ~1 2-3 1-2 
Cu   ~1 ≤3 
Ni  2-3 3 2-3 
Cr 3-6  3-5 2-4 


 
For the first time in the history of the RPV materials 


study set of the 1T-CT type specimens for fracture 
mechanics tests was produced from 140 mm in diameter 
PR RPV trepan. Fig. 16 shows the steps of 1T-CT 
manufacturing and testing.  


 


 


 


 


 


 


 


 


 


 


 


 


 


Fig. 16. Steps of 1T-CT type specimens from 140 mm in 
diameter PR RPV trepan manufacturing (top) and testing.  


 


VI. CONCLUSIONS 
 
In conclusion, one can say that examination of the 


specimens originated from the RPV trepans presented a 
unique opportunity for qualifying the effects of long-
term irradiation and multi-factor influence on actual 
RPV properties. In such a way vessel thermal annealing 
conditions for the first generation Russian PWRs were 
optimized, taking templates and using for in-service 
escort of WWER-440/230 units instead cancelled 
surveillance programmes were grounded, absence of 
hydrogen-assisted degradation for uncladed RPVs was 
confirmed, data on radiation damage change through the 
RPVs taking into account chemical factor and neutron 
flux were obtained. Unique data on anomalous 
Gundremmingen-A and PR metal service-induced 
embrittlement are analyzed and interpreted. 


The information gained would be relevant to the 
RPV degradation mechanisms consideration and 
understanding, also to possible current LWR generation 
lifetime extension evaluation.  


 


Obtained results allow to propose, substantiate 
and create new conception of surveillance procedure, 
namely - passage from existing «hard» surveillance 
programmes (SP) to «flexible» adaptable, «open» SP 
that would give the possibility of SP adaptation to 
requirements of time and to strengthen technical and 
scientific potential of investigators and researchers in the 
future9.  
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Abstract - The U.S. Nuclear Regulatory Commission (NRC) is responsible for licensing the construction 
and operation of new commercial power reactors proposed in the United States. This paper will provide a 
brief overview of the NRC’s Code of Federal Regulations (10 CFR) Part 52, “Licenses, Certifications, 
and Approvals for Nuclear Power Plants,” licensing process for nuclear reactors.  The paper will 
provide a snapshot of the status of large light water reactor new reactor licensing reviews and 
projections for future applications.  The paper will then provide a discussion of the regulatory, technical 
and environmental issues that have created challenges for the NRC in completing its required licensing 
activities.  The paper will then close by discussing future regulatory challenges as licensees are 
constructing plants. 
 
 


I. STATUS OF THE CURRENT NEW 
REACTOR LICENSING REVIEWS 


 
 


 To date, the U.S. Nuclear Regulatory 
Commission (NRC) has issued four design 
certification rulemakings:  General Electric (GE) 
Nuclear Energy’s Advanced Boiling Water Reactor 
(ABWR) design; Westinghouse Electric Company 
LLC’s (Westinghouse’s) System 80+ design; 
Westinghouse’s Advanced Passive (AP) 600 design; 
and Westinghouse’s AP1000 design.   
 


The NRC staff is currently performing the 
design certification reviews:  for the GE-Hitachi 
Nuclear Energy’s Economic Simplified Boiling 
Water Reactor (ESBWR); the Westinghouse’s 
AP1000 Design Certification Amendment; AREVA 
Nuclear Power’s U.S. Evolutionary Power Reactor 
(US EPR); Mitsubishi Heavy Industries, Ltd.’s 


(MHI’s) U.S.- Advanced Pressurized Water Reactor 
(US-APWR); and STP Nuclear Operating 
Company’s ABWR design certification amendment 
application to comply with the aircraft impact rule.  
The NRC has completed the safety reviews 
supporting the ESBWR design certification, the US-
ABWR design certification rule amendment, and the 
AP1000 design certification amendment.  As of April 
2011, the AP1000 design certification amendment, 
the US ABWR aircraft impact amendment, and the 
ESBWR design certification are in our rulemaking 
process.   
 
 We currently have 12 active COL 
applications.  All combined license applications 
under review by the NRC are relying on (referencing) 
five different large light water reactor designs (six for 
AP1000, one for ABWR, two for ESBWR, one for 
USAPWR, and two for EPR).  All of the referenced 
designs are designs that are in the process of being 
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reviewed for original certification (ESBWR, 
USAPWR, EPR) or are designs previously certified 
that are in the process of being amended (AP1000, 
ABWR).  Out of the 12 active combined license 
applications, only two reference an early site permit.   
 


We have issued draft environmental impact 
statements for 12 units and final environmental 
impact statements for South Texas Project and Vogtle 
combined license applications.  These 
accomplishments have the NRC poised to issue its 
first two combined licenses under Part 52 by the end 
of 2011.   
 


With a look into the future, the NRC has 
already received two ABWR design certification 
renewal requests in calendar year 2010 and expects to 
receive one new design certification application by 
October FY2012.  Further we have received 2 early 
site permit applications and are projecting to receive 
at least 1 or 2 more during this calendar year.  We 
currently do not project receipt of any additional 
combined license applications until late 2013 or 
2014.   
 
 


II. TECHNICAL CHALLENGES 
 


i. Level of Detail 


One common issue on both design certification 
and combined license application has to do with the 
level of detail the applicants have provided in their 
applications with regard to the analysis methods or 
system details in their licensing bases.  In most cases, 
several rounds of requests for additional information 
have been requested related to the level of detail in 
the following areas: hydrology, seismology, geology, 
National Environmental Policy Act, security, and loss 
of large areas of a nuclear power plant due to 
explosion or fire.  Some of these issues are discussed 
in greater detail below.  


ii. Digital Instrumentation and Control 


NRC regulations require licensees to incorporate 
diversity and defense-in-depth into a nuclear 
facility’s overall safety strategy to ensure that 
abnormal operating occurrences and design basis 
events do not adversely affect public health and 
safety. The responsibility for incorporating 
appropriate diverse systems and defense-in-depth 
approaches into safety system designs lies with the 
licensee. The responsibility for independently 
evaluating the design lies with the NRC. Historically, 


safety system designers have relied on three 
strategies for addressing potential common cause 
failures: functional defense-in-depth, functional 
diversity, and system diversity. These approaches 
have worked well in analog protection systems 
because common cause failures were assumed to be 
caused by slow processes such as corrosion and 
equipment wearing out, which could be identified by 
an operator in sufficient time to prevent multiple 
failures. This assumption, does not fully address the 
potential for common cause failures in software-
based safety systems. Implicit in the development of 
digital safety systems is the need to eliminate or 
mitigate the effects of potential common cause 
failures during the safety system development 
process. However, the ability to identify common 
cause failure vulnerabilities during the system 
development phase has become especially 
problematic as the complexity of safety systems has 
increased.  
 


The NRC published requirements and guidance 
for identifying and mitigating common cause failures 
by analyzing safety system designs to ensure an 
acceptable level of diversity and defense-in-depth 
was present.  None the less, the NRC continues to 
experience challenges on all the design certification 
application reviews in the area of digital 
instrumentation and control design with respect to 
communication independence and diversity and 
defense-in-depth.  For example, several applicants’ 
methods for manual actuation of engineered safety 
features are not consistent with regulations in that 
approximately half of the automatic actuation 
controls are used for manual actuation.  This 
approach is a concern to the NRC because a potential 
common-cause failure of the automatic actuation 
controls could also disable the manual actuation 
controls.  The NRC and the applicants continue to 
work together closely to resolve the issues through 
future interactions.   
 


iii. Aircraft Impact 
 


The Commission issued a rule adding 
requirements for consideration of aircraft impacts for 
new nuclear power reactors in June 2009.  Existing 
designs of current operating plants, together with 
security program actions mandated by NRC orders 
(now codified in regulations), provide a much 
enhanced level of protection against aircraft impacts.  
The rule requires new nuclear power plant designers 
to perform a rigorous assessment of the design to 
identify design features that could provide additional 
inherent protection to withstand the effects of an 
aircraft impact.  For each design certification review, 
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the NRC staff will conduct an inspection of the 
applicant’s aircraft impact assessment conducted in 
support of the applicant’s application.  The NRC has 
performed inspections of three of the five applicants 
with new reactor designs under review, namely, the 
U.S. ABWR, the ESBWR, and the AP1000 designs.   
 


The NRC also faced technical challenges in the 
development and implementation of guidance for 
performing aircraft impact assessments.  Because 
there has been limited research done on the types of 
phenomena expected from the impact of a large 
commercial aircraft on the kinds of structures typical 
of a nuclear power plant, limited information was 
available from which to develop a reasonable 
assessment methodology.  The NRC worked for 
several years with the nuclear industry to develop 
guidance that provided confidence that the results 
from implementation of the assessments were 
reliable.  The resultant industry methodology is a 
combination of analysis and rule sets that consider 
the effects of physical damage as well as fire and 
shock effects from the aircraft impact based on 
experiments, analysis reports, and expert judgment. 
 


The NRC faced both technical and policy 
challenges in implementing the aircraft impact 
assessment rule.  Because of the need to protect the 
sensitive information contained in the assessments 
performed by the reactor vendors, the NRC did not 
require the applicants to submit the actual 
assessments to the NRC.  Issues with the assessments 
identified during the inspections resulted in design 
changes to the certification application.  For example, 
with regards to the Aircraft Impact Assessment (AIA) 
structural damage assessment deficiency, an 
applicant failed to adequately consider finite element 
analyses boundary conditions, initial conditions, and 
the time duration; to perform mesh refinement 
sensitivity analyses.  Also the NRC found that an 
applicant did not provide a technical justification for 
the preliminary impact scenarios selected and not 
selected for the final structural analysis using the 
NRC specified loading and the material properties 
given in NEI 07-13, Revision 7.  In another 
inspection, the NRC found with regards to the AIA 
structural damage assessment, the applicant failed to 
address the potential effects of the aircraft impact on 
the gantry crane in its analyses of the aircraft impact 
on the refueling floor shield plugs. In addition, the 
NRC found that the applicant credited structural 
design features such as the spent fuel pool liner plate 
thickness and reactor building interior walls and 
barrier doors concrete wall strength and 
reinforcement requirements that were not identified 
and incorporated into its design. In another case, the 


NRC found, with regards to AIA fire damage 
assessment, the applicant failed to failed to identify 
and incorporated all the design features into its 
design; failed to provide a technical justification for 
crediting a water tank and Turbine Building 
equipment in damage footprint analyses; and credited 
less than a 3-hour rated fire barrier to prevent the 
propagation of fire into adjacent spaces. 
 


These situations highlighted the importance of 
the timing of the inspections relative to the 
completion of the NRC staff’s review work on the 
associated design changes.  
 


iv. Long Term Cooling 
 


Unlike other country’s regulations, the NRC 
regulations require that applicants address long term 
cooling during loss-of-coolant accident (LOCA) 
covering both sump blockage and downstream fuel 
effects.   
 


As part of the Part 52 license application review, 
the NRC evaluates the ability of the safety systems to 
provide adequate core cooling over extended time 
periods when the Emergency Core Cooling System 
(ECCS) recirculation mode is activated during a 
design basis accident..   In addition to the staff’s 
evaluation, the Advisory Committee on Reactor 
Safeguard  advises the staff and Commission on the 
adequacy of the design basis long-term core cooling 
approach for each new reactor design based, as 
appropriate, on either its review of the design 
certification or the first license application 
referencing the reactor design.   
 


The staff had some technical challenges 
regarding long term cooling evaluations submitted by 
some Part 52 license applications.  These challenges 
can be divided into three categories.  First, the fiber 
debris by-pass amount through the strainer and the 
impact on the in-vessel downstream effect during 
long term cooling after LOCA.  Second, the fuel 
assembly head loss measurement uncertainty 
evaluation assuming accumulation of fiber, 
particulate and chemical precipitates.  The third is the 
localized fuel pin heat transfer analysis with the 
presence of debris bed at first or second spacer grids.   
 


Some applicants conservatively assume that all 
the debris passes through the strainer with a 100% 
by-pass fraction because the fuel assembly head loss 
testing demonstrates the ability to tolerate that much 
of debris accumulation.  Some applicants choose to 
take the credit of debris blockage on the surface of 
strainers.  If the strainer performance test is used to 
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determine the debris by-pass fraction, the maximum 
flow rate through the strainer should be considered 
assuming low vessel pressure, and, the debris loading 
should be determined assuming all trains of ECCS 
are available. Some applicants performed by-pass 
testing with non-conservative assumptions of flow 
rate and debris loading, which caused non-
conservative determination of debris by-pass fraction.   
 


The second part of the challenge is associated 
with the methodology to determine the fuel head loss 
measurement uncertainty.  It has been demonstrated 
that high flow rate across the fuel assembly with 
sufficient debris loading can cause significant 
pressure drop oscillations during the test and the 
repeatability of the test is low.  Because of this, 
applicants need to develop methods to quantify the 
measurement uncertainty so that the upper bound 
head loss can be determined.   
 


Third, the localized fuel pin surface heat transfer 
also needs to be evaluated with the assumption that 
debris would accumulate on the fuel pin surface. One 
challenging assumption is the accumulation of debris 
bed at the 1st and 2nd spacer grid if they exist. Once a 
debris bed is formed, the fuel pin surface underneath 
the debris bed may experience localized heat-up and 
the increase of the peak cladding temperature. In 
addition, if localized boiling occurs in a pressurized 
water reactor, the localized boron precipitation may 
occur and can potentially cause the accumulation of 
solid boric acid particulate.  The NRC is working 
with the applicants to provide additional information 
regarding its resolution issues associated with the 
challenges discussed above.   
 


v. Balance of Plant Design 
 


The NRC evaluates the design, performance and 
testing of safety-related cooling water systems, 
including the essential service water system, the 
component cooling water system, the chilled water 
system and the ultimate heat sink.  For several design 
certification application reviews, the NRC staff 
identified that information that are specified in the 
Standard Review Plan (NUREG-0800) and 
Regulatory Guide (RG) 1.206, “Combined License 
Applications for Nuclear Power Plants,” to 
demonstrate compliance with the General Design 
Criteria in Appendix A to 
10 CFR Part 50, were not sufficiently provided in the 
initial design certification applications.  For example, 
operating experiences, system/component margins, 
system interactions (pump and valve automatic 
alignments during accident conditions), and failure 
modes and effects analysis were not adequately 


described or addressed.  In addition, conceptual 
design information, interface requirements, and 
inspection, testing, analysis, acceptance criteria 
(ITAAC) were missing and/or incomplete.  Since the 
NRC staff needed this information in order to make 
its reasonable assurance finding in the safety 
evaluation report, a significant amount of resources 
and time was expended during the review by both the 
NRC and the applicant. To expand on this, for one 
design center, phone calls between the staff and the 
applicant concurred twice a week for over seven 
months.   
 


III. ENVIRONMENTAL ISSUES 
 


Shifting the focus to environmental lessons 
learned, I’d like to describe some of the challenge 
issues we’ve faced in completing both our site safety 
and environmental reviews.   
 


The first item I’d like to discuss in seismic 
hazards.  In order to characterize the seismic hazard 
for a particular site, the NRC permits the use of a 
probabilistic seismic hazard analysis (PSHA) for 
determining earthquake inputs for seismic design of 
nuclear power plants.  Previously, Appendix A to 10 
CFR Part 100 specified a deterministic seismic 
hazard analyses (DSHA) for determining the Safe 
Shutdown Earthquake (SSE) ground motion levels.  
Under DSHA, an earthquake scenario, often a worst-
case or maximum credible event is assumed in terms 
of magnitude and location.  In contrast, PSHA 
incorporates the effects of all the earthquakes capable 
of affecting the site and includes the uncertainties in 
the earthquake size, location, rate of recurrence, and 
ground motion amplitude in the analysis.   
 


Because current applicants considered that the 
reference probability value was based on outdated 
seismic hazard evaluations and resulted in overly 
conservative site SSE ground motion levels for their 
sites, they adopted the seismic performance-based 
approach for determining the design level ground 
motion, which was under development as part of 
American Society of Civil Engineers (ASCE) 
Standard 43-05.  The adoption of this new approach 
resulted in considerable additional review time for 
the NRC staff and a re-evaluation of the use of the 
reference-probability approach for determining the 
SSE.   
 


The NRC staff is currently reviewing several 
combined license applications that implement the 
performance-based approach.  Recognizing that 
many new studies have resulted in re-evaluation of 
the seismic hazard, each of the early site permit and 
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combined license applicants have examined these 
new studies before either using the original or 
updating the Electric Power Research Institute 
(EPRI) seismic models.  Currently the staff spends a 
considerable amount of effort validating the 
continued use of the older EPRI source models, as 
well as revisions to the models proposed by the 
applicants. 
 


In the area of hydrology, during its review of 
recent early site permit and combined license  
applications, the staff identified recurring issues 
involving inconsistencies and gaps between guidance 
relating to on-site hydrogeologic testing and 
measurements, conceptual model development of 
radionuclide transport in groundwater, and analysis 
of the radiological consequences of releases.  To 
address the inconsistencies the staff developed two 
Interim Staff Guidance (ISG) documents.  The first 
ISG (ISG-013) emphasizes the definition of the 
location and conditions of the assumed release, the 
role of mitigating design features, the definition of 
exposure scenarios, and potential technical 
specifications limiting radioactive tank contents.  The 
second ISG (ISG-014) provides additional guidance 
on analyzing the aqueous transport of radionuclides 
through the subsurface with groundwater through the 
use of a structured hierarchical approach.  This 
approach begins by determining the basic conditions 
for the analysis such as hydrogeologic characteristics, 
release location, groundwater pathways, travel time, 
and release volume.  If mitigating design features are 
present and acceptable, the analysis is concluded, 
otherwise, contaminant transport analysis is 
performed using progressively more complex 
modeling techniques, as needed. 
 


The staff has also learned from recent 
experiences regarding the application of site selection 
process guidance, primarily the NRC staff’s 
Environmental Standard Review Plan (ESRP)1, and 
the EPRI’s siting guide2.  The NRC found in most 
cases that the applicant has not applied its siting 
criteria in the same way to all sites.  This occurs most 
often when applicants attempt to use the results of 
older site selection studies.  But we have also seen 


                                                 
1 Standard Review Plans for Environmental Reviews for 
Nuclear Power Plants, U.S. NRC, NUREG-1555, March 
2000, but including 2007 revisions.  Site selection is 
addressed in Section 9.3. 
2 Siting Guide: Site Selection and Evaluation Criteria for 
an Early Site Permit Application, Final Report.  Electric 
Power Research Institute (EPRI), 2002, Product ID:  
1006878, EPRI, Palo Alto, California. 


this problem occur when an applicants’ selection 
process “evolves” over time. 
 


An enormous challenge facing many of the 
proposed plants is access to and availability of water 
for cooling.  Many parts of the U.S. are already 
challenged for water and adding big power plants 
with big heat loads exacerbates the problem.  A 
number of applicants have selected sites where they 
already have operating nuclear units.  While on the 
surface this would appear to make sense, the NRC 
looks closely at the basis for the choice and at other 
options.  For example, if existing units are already 
withdrawing a significant amount of water from a 
river, adding one or more new units at that location 
may lead to unacceptable impacts to the river.  The 
staff must also balance the search for good alternative 
sites with the amount of effort involved.  
Environmental guidance leads us to look for sites that 
are “among the best” that can be found3.  This means 
that the NRC staff must show that they used a sound 
process that would be expected to find good sites.  
But the NRC staff does not have to prove that the 
chosen site is the best site possible. 
 


The NRC staff has also experienced challenges 
regarding interagency coordination.  For any review, 
there are a large number of Federal, State and local 
agencies that will have some role in licensing, 
permitting, or otherwise authorizing all or part of the 
project.  And in many cases these agencies also 
consider site selection as a part of their review.  At 
the outset, it is useful to determine which agencies 
the applicant has already contacted and the extent of 
their interactions.  The NRC staff has often been 
surprised by the relatively low level of 
communication and coordination between the 
applicant and affected agencies before the start of the 
NRC review.   
 


The NRC staff is also adapting to the 
participation of public stakeholders.  During the last 
big round of licensing for new plants, public access 
to data and information was difficult.  And 
coordination among citizens had to be performed by 
phone, by mail, or in person.  Today, the Internet, 
blogs, and other tools allow citizens instant access to 
information and provide the ability to rapidly share 
information and ideas with large numbers of people.  
Today’s public interest groups are typically better 
informed and better organized, and they expect their 


                                                 
3 Standard Review Plans for Environmental Reviews for 
Nuclear Power Plants, U.S. NRC, NUREG-1555, March 
2000, but including 2007 revisions.  See Section 9.3, 
Revision 1, page 9.3-6. 
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Government agencies to keep up.  Establishing a 
good web page for projects is only the beginning for 
us.  We have had to be more effective in reaching out 
to the groups and in working with them.  But while 
NRC does this, in general, agencies must not forget 
that there are still people who will be affected by 
their decision who aren’t linked in through the 
Internet.  So agencies should not abandon the old-
fashioned methods – paper documents in libraries for 
example. 
 
 


IV. INSIGHTS GAINED FROM THE NEW 
REACTOR PROGRAM 


 
Given the external licensing activities to this 


point, it is clear that the efficiencies of the Part 52 
process will only be realized when the rule is 
implemented in the process envisioned by the 
original drafters of the rule.  That process envisioned 
that a combined license application would reference a 
previously certified design.  The licensing 
environment today is one in which the resolution of 
challenging technical issues on design certification 
application reviews leads to schedule delays not only 
for the design certification applicants but also for the 
combined license applicants referencing that design.   
 


Further, to enhance the effectiveness of the Part 
52 process, there needs to be some schedule offset 
between a design certification application under 
review and a combined license application 
referencing that design.  However, this is a delicate 
balance between the value of having an active 
combined license application review in parallel with 
a design certification application review and 
completing the design certification review in 
isolation. The combination of active design 
certification and combined license application 
reviews serves to clarify the interface requirements 
between the design certification and the combined 
license review and substantially enhances the level of 
detail associated with the design under review. 
 
 


V. REGULATORY CHALLENGES AS 
LICENSEES ARE 
CONSTRUCTING PLANTS 


 
The combined license process allows for a range 


of post-COL licensing actions.  NRC anticipates 
post-COL license amendments to include as-built or 
as-procured information during construction; 
proposed changes to ITAAC design certifications and 
combined licenses and proposed changes to the Final 
Safety Analysis Report (FSAR) or Tier 2 that exceed 


the threshold in the 50.59 or 50.59-like change 
process. 
 


Under our Part 52, new plant construction must 
be conducted in accordance with the combined 
license (licensing basis), Atomic Energy Act, and 
applicable regulations.  The change process for 
combined licenses is set forth in 10 CFR 52.98 and 
certain changes to the facility are allowed without 
prior approval from the NRC (10 CFR 50.59).  Other 
changes require a license amendment and approval in 
advance of implementation.  There is no “in-
between” in the regulations, i.e., the regulations do 
not provide for any “at risk” facility change 
implementation.  All construction must still be 
conducted in accordance with the license.  
 


Because the current regulations do not permit “at 
risk” construction, any proposed changes that 
combined license licensees want to make during 
construction, be reviewed and approved by the NRC 
before physically constructing the change.  In the past 
some license amendments have taken up to two years 
to complete. Industry has asked NRC to examine if 
any activities can be performed by licensees during 
construction while the NRC is reviewing requested 
changes to the licensing basis (license amendments).   
Given the first-of-kind nature of the lead new plant 
projects, the industry expects a significant number of 
changes to the standard and plant-specific designs 
described in the FSAR could be identified as a result 
of detailed design, procurement and first-time 
fabrication/construction.  Industry believes that there 
will be situations that will require expedient action to 
avoid creating unnecessary delays to the COL 
licensee’s ongoing construction activities.  NRC is in 
the process of identifying what specific plant change 
or modification requires a license amendment and 
identifying what plant change or modifications can be 
installed before the license amendment is approved, 
if any.   The NRC is also considering when is a plant 
change or modification “implemented” or placed into 
service. 
 


NRC is examining these concerns and plans to 
provide guidance, as appropriate for effective 
processing of licensee plant changes and 
modifications during the construction period under a 
Part 52 combined license. 
 
 


VI. CONCLUSIONS 
 


Implementation of the new reactor licensing 
program is well underway, with 12 combined license 
applications and 3 design certification applications 
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and 2 design certification amendments in-house and 
under review. The NRC’s goals in establishing Part 
52 included standardization, enhanced safety, and a 
more predictable licensing process, as well as 
resolving safety and environmental issues before 
authorizing construction.  In addition, Part 52 goals 
included providing for timely and meaningful public 
participation, encouraging standardization of nuclear 
plant designs and reducing financial risks to 
licensees.  All of these goals are being realized, 
although it has been much harder to achieve than 
initially expected. 
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Abstract – Debris bed formation in the reactor pool is considered for the gradual melt 


release scenario. It was shown earlier that, under saturated conditions, natural convection flows 
developing in pool due to heat and vapor release in the debris bed cause effective spreading of the 
falling particles over the pool basemat. Here, numerical simulations by DECOSIM code are 
presented, in which the effects of pool subcooling on the formation of debris bed are studied. It is 
shown that, in the case of initially subcooled pool void generation is suppressed due to vapor 
condensation. However localized heating and boiling of water in a plum above the debris bed are 
shown to be sufficient for the development of large-scale natural circulation flows, strong enough 
for the particle spreading to be effective. The influence of water subcooling degree on the ultimate 
shape of debris bed is demonstrated by comparing the results obtained for high and low 
subcooling. 


 
 


I. INTRODUCTION 
 
Deep water pool in the lower drywell is considered an 


effective means of arrest and long-term cooling of the 
corium released from the reactor pressure vessel in the case 
of a hypothetical severe accident in Swedish type Boiling 
Water Reactors (BWRs). Corium melt interaction with 
water is expected to result in the material fragmentation 
and formation of a porous debris bed on the containment 
basemat. From the safety point of view, it is essential to 
quantify the conditions under which the debris bed remains 
coolable for long enough period without corium remelting 
due to the internal heat release.1 Previous research results 
have clearly demonstrated that, given the total mass of the 
material, the conditions for the occurrence of local dryout 
are contingent on the particle diameters, porosity, as well as 
on the debris bed shape. In particular, a tall mound-shaped 
debris bed would be more prone to dryout than a debris 


layer of the same volume uniformly spread over the pool 
basemat. 


Debris bed formation is a rather complex process 
involving such multiphase phenomena as fragmentation of 
corium melt in water, freezing of melt droplets, 
sedimentation, packing, agglomeration and relocation of 
corium particles. For comprehensive assessment of 
coolability margins of an ex-vessel debris bed, it is required 
to develop a “map” of possible debris bed shapes. The map 
has to connect the melt release scenario parameters and the 
resulting shape of the bed. The most important scenario 
parameters are the timing and scenario of reactor pressure 
vessel (RPV) failure, ex-vessel melt relocation conditions, 
initial temperature and depth of the water pool in the lower 
drywell. There are many uncertainties in these parameters, 
so that parametric studies are necessary. 


Development of a debris bed shape map, together with 
the studies on debris agglomeration, size distribution, 
porosity, friction laws and dryout incipience is a key 
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element in the development of a generic “coolability map” 
needed for the issue resolution related to long-term ex-
vessel coolability of reactor debris in the case of a severe 
accident. While this is the ultimate goal of the present 
research, the current paper addresses a more specific topic, 
namely, formation of a debris bed from gradually release 
corium particles in an initially subcooled water pool. 


For the BWR designs adopted in Sweden and Finland, 
one of the severe accident scenarios to be considered is the 
gradual melt release, when the molten corium is released 
over a long time (hours) rather than as a concentrated jet. 
This case was studied recently by using a dedicated 
computer code DECOSIM (DEbris COolability SIMulator) 
developed at KTH.2-4 The code implements the multifluid 
model for liquid-vapor flows in the heat-releasing debris 
bed, as well as and in the volume of pool. The following 
phenomena are taken into account in the modeling: i) 
filtration of water and vapor in the porous debris bed with 
heat release; ii) turbulent natural convection flows in the 
water pool; iii) sedimentation of melt particles and their 
interaction with circulatory flow in the pool due to drag and 
turbulent dispersion; iv) fallout of particles, their packing, 
avalanche and growth of debris bed. To address the 
multiscale nature of the problem, a computationally 
efficient “gap-tooth” algorithm was developed to speed up 
considerably the simulations of long transients typical of 
gradual melt release mode. 


Previous DECOSIM simulations of debris bed growth 
from falling melt particles were performed assuming that 
the conditions in the pool correspond to the saturation 
temperature at the system pressure. It was shown that large 
scale natural circulation flows developing in the pool due 
to vapor production in the porous debris bed, affect 
significantly the debris bed shape because they capture the 
particles and cause their spreading over the basemat of the 
containment, making the debris bed more flattened and 
increasing its coolability potential. However, an important 
question remained on how these results would be affected if 
the pool water was initially subcooled. In this case, 
condensation of vapor in the pool reduces the mixture 
buoyancy, which can decrease the effectiveness of particle 
spreading. On the other hand, vapor condensation results in 
heating of water, which promotes the circulation. 
Clarification of the overall effect of pool subcooling on 
particle spreading efficiency is the primary focus of this 
paper. 


 
II. MODEL FOR DEBRIS BED IN SUBCOOLED 


WATER POOL 
 


II.A. Multiphase model 
 


In the previous version of DECOSIM,2-4 saturated 
conditions were assumed, therefore, to describe the 
water/vapor flows in the pool, it was sufficient to solve the 


momentum and continuity equations for the liquid and gas 
phases, without the need to consider the phase energy 
equations. Under saturated conditions, the vapor released in 
the debris bed does not condense in water, it reaches the 
pool surface and enters the gas space leaving it through the 
open upper boundary. This assumption simplifies the 
mathematical model; however, it does not allow us to take 
into account possible vapor condensation in cold water, or, 
vice versa, boil-up of hot water as it flows upwards from 
higher to lower pressure levels due to change in the 
hydrostatic head. 


To simulate the two-phase flows in the pool with 
subcooled water, the phase energy equations were 
implemented in this work. However, simplifications were 
made which take into account the specifics of flows in 
question. Firstly, it is assumed that the vapor released in the 
debris bed is at saturation conditions, and remains saturated 
until it condenses in the subcooled water outside the debris 
bed. This assumption, in fact, means that we do not solve 
for vapor phase energy equation, neglecting the vapor 
energy changes due to the changes in its temperature (but, 
of course, not due to evaporation/condensation). Secondly, 
we assume that the gas above the pool surface is a mixture 
of saturated vapor and air at the temperature equal to the 
system temperature (therefore, partial pressure of vapor is 
less than the total pressure). For the problem considered 
(formation of debris bed from melt particles) the processes 
in the upper gas space are of minor importance, because 
melt particles have high density and the drag exerted on 
them by the gas phase is negligible in comparison with the 
drag in the pool exerted by water. With these 
simplifications, we can limit ourselves to the solution of 
only one energy equation (for the liquid phase), while the 
energy equation for the gas phase is substituted by the 
condition of local vapor saturation at the respective 
pressure. 


The system of governing equations for mass and 
momentum conservation of both phases, as well as for 
liquid-phase energy conservation is presented below: 
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where slQɺ  and ilQɺ are source terms due to heat exchange 


with porous medium and interphase surface, respectively. 
Also, the heat source FCIQɺ  due to latent heat and fusion 


heat of corium melt transferred by the particles as they 
move in water is taken into account in the pool volume (as 
opposed to the source term slQɺ  due to the decay heat in 


corium material which is taken into account only in the 
porous debris bed). Note that it is FCIQɺ  which is normally 


considered in fuel-coolant interaction (FCI) studies, while 


slQɺ  appears in the coolability models. Here, we have to 


take into account both heat sources to describe correctly the 
heat balance in the initially subcooled pool. 


In DECOSIM, Eqs. (1)-(3) are solved in the whole 
computational domain, i.e., without posing internal 
boundary conditions at the interfaces between the pool flow 
and porous debris bed, or between the pool and gas space 
above it. This is achieved by ramping respective terms of 
the equations to zero, or ramping variables to some 
background values in the subdomains where they become 
irrelevant. 


In the ambient flow we have 1=ε  in Eqs. (1)-(3), and 
the porous drag terms vanish: 0ip =F . The stress tensors in 


the momentum equations (2) are 
 


2
, 0


3
T


l eff l l l vµ δ = ∇ + ∇ − ∇⋅ = 
 


τ U U U τ  (4) 


 
Un the liquid-phase, the effective viscosity and thermal 


conductivity are obtained as the sums of laminar and 
turbulent quantities, the latter obtained from the k ε−  
model of turbulence modified by the volume fraction lα : 
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The standard set of constants is used: 0.09Cµ = , 


1 1.44C = , 2 1.92C = , 1.0kσ = , 1.3εσ = , Pr 0.71t = . In 


the regions where water becomes the dispersed phase 
( 0.3lα < ) all terms of Eqs.(4)-(6) are ramped to zero. The 


heat source term plQ  in the energy equation (4) is zero 


outside the debris bed. 
In the porous debris bed, the phase momentum 


equations (2) are simplified by ramping to zero the time 
derivatives and inertial terms on the left-hand side, as well 
as viscous stress terms on the right-hand side. As a result, 
the momentum equations (2) are reduced to the well-known 
filtration equations  


 


i i i ip ijPεα εα ρ− ∇ + = +g F F , (9) 


 
where jiij FF −=  is the interphase drag, while isF  are the 


drag terms due to the interaction of i-th phase with the 
porous medium. In the equations of turbulent kinetic energy 
and dissipation rate (4)-(7) all transport and source terms 
are ramped to zero, so that both turbulent quantities remain 
equal to small background values. Also, in the porous 
region the turbulent viscosity and thermal conductivity of 
liquid phase (8) are set to zero. 


 
II.B. Closing relationships 


 
The properties of water in liquid and vapor states 


(densities, enthalpies, viscosities, thermal conductivities, 
saturation line) as functions of pressure and temperature are 
implemented as polynomials according to IAPWS-IF97 
formulation (“Steam tables”).5  


The drag and heat exchange source terms are 
implemented differently in the ambient flow and in the 
porous medium. 


In the ambient flow, the interphase drag terms ijF  are 


calculated from liquid-gas drag correlations accounting for 
different flow regimes determined by the local void 
fraction α . The force acting on the dispersed phase i 
surrounded by the continuous phase j is expressed as6 
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where the drag coefficient ijDC  depends on the flow regime 


determined by the void fraction α . The following 
correlations are used for the drag coefficient.7,8 For the 
churn turbulent flow ( )0.3 0.7α< <  
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whereas for the dispersed flow (bubbly and droplet flow 
regimes) 


 


( )( )
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26/71/ 2 1 17.672
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3 18.67
iij


D i
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fg
C D
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αρ
σ α


 +∆   =   
    


 (12) 


 
In the case of bubbly flow ( 0.3α ≤ ) we have 


( ) ( )3/ 2
, , 1ii v j l f α α= = = − , while for the droplet regime 


( 0.7α ≥ ) ( ) 3, , ii l j v f α α= = = . To take into account the 


turbulent dispersion of bubbles, a term proportional to the 
gradient of void fraction is added to the drag force. 


The evaporation rate v lΓ = Γ = −Γ  is determined by 


the heat balance at the interphase surface 
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where the interface temperature iT  is equal to the 
saturation temperature at the local pressure (pure vapor is 
assumed in the bubbles): ( )i


satT T P= . The phase 


enthalpies at the interface are taken according to the 
direction of phase transition: 
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(the quantity i


lh  also enters the last term in the liquid 


energy equation (3)). It should be noted that Eq. (13) is 
presented in the general form, however, under the 
assumption that vapor in the pool always remains at 
saturation ( i


vT T= ) the heat flux from vapor phase to the 


interface is always equal to zero ( 0viQ =ɺ  in Eq. 13), the 


corresponding source term in the energy equation (3) is 


il liQ Q= −ɺ ɺ . 


The heat transfer coefficient and the specific area of 
interphase surface are 
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A
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where the bubble diameter bD  and the Reynolds number 


are determined from 
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Here, We 8cr =  is the critical Weber number for bubbles in 


liquid, l vU∆ = −U U  is the relative velocity, Pr is the 


Prandtl number of liquid phase. 
The source term FCIQɺ  is modeled assuming that the 


corium melt particles falling in the pool transfer the latent 
and fusion heat to water. More details on the source term 
are given below in Section IIC where the dispersed phase is 
considered. 


In the porous medium, the drag terms are expressed as 
functions of the phase superficial velocity iii Uj εα=  via 


the permeability K  (linear term) and passability η  


(quadratic term) of the porous medium, with multiphase 
effects taken into account by the relative permeability riK  


and passability riη , respectively: 
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In this work, Tung and Dhir’s model10 for porous and 


interphase drag with the modifications proposed and 
validated by Schmidt et al11,12 was used. In the original 
model,10 the following relationships describe the gas-
particle drag: 
• 30 α α≤ ≤  (bubbly and slug flow): 


4 / 3
41


1rvK
ε α


εα
− =  − 


,   
2 / 3


41


1rv


εη α
εα


− =  − 
 (15) 


• 3 4α α α≤ ≤  (transition) 


• 4 1α α≤ ≤  (pure annular flow): 
4 / 3


31


1rvK
ε α


εα
− =  − 


,   
2 / 3


31


1rv


εη α
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− =  − 
 (16) 


The boundaries between different flow regimes are  
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1


2 3 4
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 (17) 


 
The liquid drag due to interaction with the porous 


medium particles is described by the relative phase 
permeability and passability 


 


( )4
1rl rlK η α= = − . (18) 
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The interphase drag in the porous medium is 
 


( ) ( ) ( )2


1 22


1
1 1L Gl


ij r r r
b b


C C
D D


α ρ αρµε α α
− +


= − + −F j j j  (19) 


 
where / /(1 )r v lα α= − −j j j  is the relative phase velocity. 


The bubble diameter used in the above relations for the 
porous medium drag is 


 


( )1.35b
L G


D
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σ
ρ ρ
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 (20) 


 
The friction coefficients are given separately for bubbly 
and slug flow: 


 
• 10 α α≤ ≤  (bubbly flow): 


1 18C α= , ( )3


2 0.34 1C α α= −  (21) 


 
• 2 3α α α≤ ≤ : (slug flow) 


1 5.21C α= , ( )3


2 0.92 1C α α= −   (22) 


 
For void fractions 4 1α α≤ ≤  the drag is obtained from 


 


( ) ( )1 1v v
ij r r r


rv rvKK


µ ρα α α
ηη


= − + −F j j j  (23) 


 
Smooth transition between flow regimes is obtained by 
third-order interpolation polynomials. 


The modifications to the porous medium drag model 
by Schmidt et al11,12 include limiting the bubble diameter 
by the minimum of value given by Eq. (20) and 0.41 pD , as 


well as altering the boundaries between flow regimes (17) 
for particle diameters below 6-8 mm. Also, for small 
particles Eq. (23) is multiplied by a factor proportional to 


( )2
1 α− . 


The source terms in the liquid energy equation (3) are 
modeled assuming that liquid water is a wetting liquid 
which is in contact with particles, so that all heat flux from 
the particles goes directly to liquid (i.e., ( )1sl pQ W ρ ε= −ɺ , 


where W is the specific power per unit mass of solid 
material), while the source term due to melt particle latent 
and fusion heat FCIQɺ  is set to zero. The interphase heat 


exchange source term ilQɺ  in the bubbly regime 


( 30 α α≤ ≤ ) is evaluated in the same way as in the free 


flow (Eqs. (13), (14)), but with the bubble diameters for 
porous medium (Eq. (20)). For higher void fractions, 
annular regime is assumed, with the specific interface area 


1/ 24


p


A
D


α=  (24) 


 
The heat transfer coefficient liβ  was set to a large 


constant number (103), which is sufficient to limit the liquid 
superheat to few degrees. Heat transfer from the vapor 
phase is not relevant in the adopted model, therefore it was 
assumed that 0viβ = . Evidently, more sophisticated 


approach taking into account vapor heating at high void 
fractions would be necessary for the studies of the debris 
bed post-dryout conditions, which is beyond the scope of 
this work. 


 
II.C. Dispersed particles 


 
When DECOSIM is run in the mode where formation 


of debris bed is considered, sedimentation of melt particles 
is described by the Lagrangian model, in which a large 
number of particles is considered, each representing some 
portion of total particle collection. Each k-th representative 
melt particle is characterized by its position vector kr , and 
velocity k


mU . All particles have the same material density 


mρ , their diameters k
mD  are picked from a prescribed 


particle size distribution. The flow-particle interaction is 
primarily due to drag, which depends on the particle 
diameter, relative velocity and phase composition of the 
ambient two-phase mixture. The following equations are 
solved: 
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ρ ρ ρ= − − − −U


F F g , (26) 


 
where vla αρραρ +−= )1(  is the void fraction-weighted 


ambient density. The drag force due to the interaction of 
melt particle with i-th phase ( ),vli =  is 
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where k
mD  is the melt particle diameter and iU


~
 is the 


effective velocity of i-th phase. The drag coefficient 
 


24 4
(Re ) 0.4


Re Re


k
D mi k k


mi mi


C = + +  (28) 


is calculated as a function of the particle Reynolds number 


with respect to i-th phase, Re /k k k
m i m i m iDρ µ= −U Uɶ . 


1243







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11416 


   


Turbulent dispersion of particles is modeled by adding 
a fluctuating component to the liquid velocity; the 
statistical characteristics of the fluctuating component (the 
mean value and time after which a new random value is 
picked) depend on the local turbulent characteristics 
provided by the turbulence model (5), (6), see details in3). 


To evaluate the source term FCIQɺ  in Eq. (3), it is 


supposed that each particle, before reaching the surface of 
growing debris bed or pool basemat, cools down from its 
initial temperature 0


mT  (above the melting point M
mT ) to the 


pool saturation temperature 0 ( )sat sat sysT T P= . The total heat 


transferred from k-th particle of mass km  is k kQ qm= , 


where  
 


( ) ( )0 0
, ,


M M
m l m m f m s m satq c T T H c T T= − + ∆ + −  (29) 


 
is the latent and fusion heat release per unit mass of corium 
material ( ,m lc and ,m sc  are the specific heat capacities of 


corium in liquid and solid states, fH∆  is the fusion heat, 


respectively). Given the total melt supply rate mMɺ , the 


total instantaneous heat release rate due to fuel-coolant 
interaction is mqMɺ . The source term FCIQɺ  is obtained by 


distributing this power over the pool volume proportionally 
to the mass of particles which passed a respective grid cell. 
In this way, the spatial distribution of the volumetric heat 
source FCIQɺ  is time-dependent and self-adjusting to the 


trajectories of the melt particles calculated from the 
Lagrangian model (25)-(28), however, its volume integral 
is constant and is determined by the total melt supply rate. 
Note that with this approach we do not calculate the 
transient cooling of each particle. This can be taken into 
account in the further studies. 


 
II.D. Debris Bed Growth Model 


 
In the simulations of transient debris bed formation, 


particles are released at the top boundary of the 
computational domain (corresponding to the gas space 
above the pool) with zero initial velocity (dripping mode). 
Each particle is traced until it hits either the pool bottom, or 
the already existing debris bed. A simple model is taken for 
particle packing: it is assumed that the newly arrived 
particles form a porous medium with the same porosity as 
in the previously existing debris bed. 


In the previous studies of debris bed formation in a 
saturated pool2-4 it is assumed that the bed grows only 
upwards (i.e., no lateral motion of debris masses occurs 
after packing of the debris). This provided a conservative 
estimate in the case where the particles are subjected to 
strong convective flows in the boiling pool.  


However, in the subcooled case this approach fails 
because at the initial stage the flows in the pool are rather 
weak, and the debris bed shape is mostly determined by a 
different mechanism, namely, by avalanching of 
particles13. A simple avalanche model was introduced in 
DECOSIM: after each update to debris bed due to falling 
particles, a condition on the debris bed shape was checked, 
and particles were redistributed to the neighboring cells 
until the bed surface angle to horizon was below or equal 
to the angle of repose 0α . In the case of a small 


concentrated particle source and no particle-flow 
interaction, this would give a cone-shaped debris bed with 
the surface angle to horizon exactly equal to the angle of 
repose. 


Thus, debris bed formation is governed by two 
mechanisms, namely, by particle avalanching and by lateral 
spreading of particles by the convective flows. While in a 
saturated pool the latter mechanism plays the predominant 
role (at least for particle sizes below 5 mm), both 
mechanisms can contribute to particle spreading in a 
subcooled pool, as will be demonstrated in this paper. 


 
II.E. Numerical Implementation 


 
In DECOSIM, all transport equations are discretized 


on a staggered orthogonal grid in the 2D axisymmetric 
geometry. On each time step, the momentum equations are 
solved first to find out the preliminary velocity components 
of each phase. The velocity corrections are expressed in 
terms of pressure and volume fraction corrections, with the 
phase change terms taken into account implicitly. They are 
then substituted into the phase continuity and energy 
equation which are solved in a fully coupled manner by an 
efficient ILUT-preconditioned PGMRES solver. Global 
iterations are performed on each time step until 
convergence with prescribed accuracy is achieved. The 
time step is varied adaptively in the course of transient 
calculations, depending on convergence success or failure. 


Calculation of debris bed growth in a subcooled pool 
is more complicated than that in a saturated pool because 
the process is transient not only due to the varying debris 
bed size and total heat release rate, but also because the 
water temperature varies in time and space in the whole 
pool. Application of the “gap-tooth” algorithm to such a 
problem is questionable because to maintain the overall 
heat balance during the “gap” time, it is necessary to guess 
how the thermal energy supplied over this period is 
distributed over the pool. For this reason, in the present 
simulations the “gap-tooth” approach was not applied, and 
the flow was simulated over the whole melt release time, 
with the melt particle paths and volumetric heat source 


FCIQɺ  recalculated every second into the simulation. Further 


studies are necessary to see if the “gap-tooth” approach 
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can still be used to speed up simulations of long transients 
in a subcooled pool. 


III. ENERGY BALANCE IN SUBCOOLED POOL 
 


At some point, convective flows are intensified when 
the pool reaches saturation and the vapor generated in the 
debris bed no longer condenses. In this section, we present 
simple estimates for pool heating and debris bed formation, 
based on the integral (average) characteristics of the pool. 


Consider a water pool of mass wM  at an initial 


subcooling 0
wT∆ (absolute value). The melt is supplied at a 


constant mass rate mMɺ  starting from 0t = , so that by a 


time t the mass of debris bed is ( ) ( )0
0m m mM t M t M t t= =ɺ , 


where 0
mM  is the total mass of melt, 0t  is the release time. 


The energy balance of the pool is described by the relation 
 


( )w
w w m m m


dT
M c qM WM M q Wt


dt
= + = +ɺ ɺ  (30) 


 
which implies that the average pool temperature is 
described a quadratic polynomial of time. Introduce the 
non-dimensional time of pool boil-up, 0boilt tτ =  where 


boilt  is the time after which the pool temperature is 


increased by 0
wT∆ , i.e., the pool becomes saturated. Then, 


by solving Eq. (30) with respect to time, we obtain easily 
the following non-dimensional relation: 


 


2 1 1Bξτ
ξ
+ −


= , (31) 


 
where B is the ratio of energy necessary to bring the pool to 
saturation and the total latent and fusion energy of melt, 
while ξ  is the ratio of decay and latent heat release rates: 
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w w w
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M c T
B


M q


∆= ,  0Wt


q
ξ =  (32) 


 
Assume that before the pool boil up the debris bed 


formation is governed by the avalanche mechanism only, 
i.e., the debris bed is a cone with the angle to horizon equal 
to the angle of repose 0α . Then the volume of debris bed 


and its height grow with time as  
 


( ) ( )
( ) ( )


0
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1/3 1/31/3max 2
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0 0


,
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= = = ⋅
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= =    
     


 (33) 


 


Therefore, the debris bed volume and height at the time of 
pool boil-up can be evaluated as 


max max 1/3,boil boil
B B B BV V H Hτ τ= =  (34) 


 
with τ  obtained by Eq. (31). 


As an example, numerical values are presented in 
Table 1 for the following problem parameters: water mass 
in the pool 740wM =  t, mass of corium 0 200mM = t 


(typical of Swedish-design BWRs), the system pressure 
was taken 1sysP = atm. The corium properties are14 


8285.1mρ = kg/m3, , 680.7m lc = J/kg K, , 566.2m sc = , 


428fH∆ =  kJ/kg, 2811M
mT = K. For the assumed initial 


temperature of molten corium 0 3000mT = K and 
0 ( ) 373sat sat sysT T P= = K this gives 1.937q = MJ/kg (see 


Eq. (29)). The specific heat release rate in the corium 
material was 250W = W/kg (corresponds to about 1.5% of 
the nominal power). The maximum debris bed volume and 
height are max 40.2BV = m3 and max 2.66BH = m, with the 


angle of repose taken 0 35α = ° from the experiments for 


granular materials13 and porosity 0.4ε = . In Table I, the 
time to boil-up boilt  is presented together with the mass 


0boil
B mM M τ=  and height boil


BH  of debris bed at the onset of 


boiling. 
TABLE I 


Heating of subcooled pool by corium melt 


0
wT∆ , 


K 
ξ  B τ  boilt , 


min 


boil
BM , 


[t] 


boil
BH , 


[m] 
Release time 0 1t = h 


80 0.465 0.642 0.567 34 113 2.20 
50 0.465 0.401 0.368 22 73.9 1.91 
20 0.465 0.160 0.155 9.5 31 1.43 


Release time 0 2t = h 


80 0.929 0.642 0.517 62 103 2.14 
50 0.929 0.401 0.346 42 69.1 1.87 
20 0.929 0.160 0.150 18 30 1.41 


Release time 0 4t = h 


80 1.859 0.642 0.452 108 90.4 2.04 
50 1.859 0.401 0.311 75 62.2 1.81 
20 1.859 0.160 0.142 34 28.4 1.39 


 
The results presented in Table I imply that for small 


subcoolings (about 20K) the release time has only weak 
effect on the relative time to boiling onset, as well as on the 
parameters of debris bed at the time when boiling starts. 
This is because the pool heating is mostly provided by the 
latent and fusion heat of corium, and decay heat plays only 
a minor role. Note that the specific decay heat power enters 
the parameter ξ  in combination with the release time, so 


that the same conclusion applies to its effect on pool 
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boiling (this was confirmed by calculations for 
170W = W/kg, that is about 1% of the nominal power). 
Deeper subcoolings delay the pool boiling, resulting in 


taller debris beds. The release time has more pronounced 
effect on the relative time to pool boil-up which becomes 
shorter for longer releases, as the debris bed decay heat has 
more time to heat up the pool, and plays the role 
comparable with the latent and fusion heat. Anyway, in the 
worst case (subcooling 80 degrees, release time 1 h) pool 
boiling starts when about 57% of corium was released. It 
can be expected that sedimentation of the remaining corium 
will be affected by natural circulation restricting the 
upward growth of debris bed. 


Note finally that the above estimates were based on 
pool-average values. Local heating and boil-up of water in 
the hot plum above the debris bed can induce circulation 
necessary for particle spreading earlier than conservative 
estimates expected from this model. 


 
IV. NUMERICAL RESULTS 


 
IV.A. Scenario parameters 


 
The geometry used in calculations corresponds to the 


parameters typical of BWR designs adopted in Sweden. 
The pool diameter was taken equal to 11.4 m (which gives 
the effective pool area of 102 m2), pool height 12 m, the 
initial fill level 7.56 m (volume of water 884 m3). 


The corium had the initial temperature 0 3000mT = K, 


its thermophysical properties are 8285.1mρ = kg/m3, 


, 680.7m lc = J/kg K, , 566.2m sc = , 428fH∆ =  kJ/kg, 


2811M
mT = K (see14). The porosity of debris bed was taken 


constant 0.4ε = . 
The particle size distribution assumed in the 


calculations is presented in Fig. 1. Seven groups of 
particles with diameters ranging from 1 to 10 mm were 
specified, with the Sauter mean diameter equal to 


2.6mD = mm, typical of FCI experiments (e.g.15). For each 


particle sort, total of 104 representative particles were used 
in the Lagrangian model. 


The angle of repose for the debris bed was taken 


0 35α = °  from the experiments for granular materials13. It 


should be kept in mind that these experiments were 
performed for non-boiling setup. Boiling in the debris bed 
can lead to partial fluidization of particles and reduce the 
angle of repose by promoting the avalanching and gradual 
lateral spreading. Note that the debris bed height (and, as a 
consequence, bed coolability) is sensitive to the angle of 
repose, therefore, the result obtained for the above angle of 
repose are conservative. 
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Fig. 1. Assumed corium particle size distribution used in 
simulations of debris bed formation in an initially 
subcooled pool 


 
Total of 0 200mM = t of corium was released over the 


release time 0 1t =  h. Melt was supplied by a source 


located on the top boundary (at the height 12 m), with 
Gaussian distribution of particle mass flux (the 
characteristic radius was 1 m, the flux was clipped at the 
radius 2 m). Calculations were carried out on a uniform 
grid containing 15×32 cells in the radial and vertical 
directions. Each simulation was run up to complete 
sedimentation of corium particles. The time step in 
DECOSIM varied according to flow conditions and 
solution convergence, with the average time step about 
0.02 s (however, rapid flow restructuring after onset of 
boiling required time steps as low as 10-4 s). 


The initial temperature of water in the pool is an 
uncertain parameter because the pool can be heated by 
vapor condensation prior to melt release. Two initial 
subcoolings of the pool water, 0


wT∆  = 20 and 50K (initial 


temperatures 353 and 323K) were used in the simulations. 
 


IV.B. Debris bed formation in subcooled pool 
 


Consider first the results obtained for the higher initial 
water temperature (353K) which demonstrate clearly the 
effects of feedback between natural circulation and the 
formation of debris bed. In Fig. 2, the flow structure at six 
consecutive instants is shown. The void fraction 
distribution is shown in the right part of each picture 
together with the water superficial velocity vectors. In the 
left pats of each picture, the distribution of water 
subcooling l satT T−  is shown. The shape of the debris bed 


is shown in each picture by the dashed line. 
At the initial stage (Fig 2, 100t =  and 200 s), melt 


particle trajectories are weakly affected by the convective 
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flow (the maximum upward velocity is as low as 0.6-
0.7 m/s), and growth of debris bed is mainly governed by 
particle avalanching. It can be seen that the fluid heated by 
the debris bed, as well as by the falling particles, rises 
upwards and spreads under the pool surface, reducing the 
subcooling in the top part of the pool. As a result, 
temperature stratification develops in the pool. 


As the water reaches saturation and boils up near the 
pool surface, the convection in the pool is intensified 
dramatically. At 700t =  s the maximum vertical velocity of 
liquid water reaches 3.53 m/s, further increasing to 
5.50 m/s at 1520t =  s and stabilizing at about 4.4 m/s for 
the rest of the process. Boiling distorts the horizontal pool 
surface as large amounts of vapor are generated. 


One can see that, after the pool boils up, the debris bed 
mostly grows laterally, rather than upwards. Thus, 
spreading of particles by the convective flows plays the 
predominant role at this stage. In Fig. 3, the radial 
distributions of mass fluxes of different particles on the 
bottom boundary are plotted at 3600t = s. One can see that 
smaller particles are distributed by the flow almost 
uniformly over the basemat. Even the largest particles are 
deflected by the flow. The overall mass flux of particles 
(sum of all fluxes shown in Fig. 3) is presented in Fig. 4 
together with the mass flux distribution in the debris 
source. Both graphs demonstrate the effectiveness of lateral 
spreading of melt particles by the convective flows. 


For a pool with deeper subcooling, the onset of boiling 
is delayed because it takes more time to bring water to 
saturation. To elucidate the effect of subcooling on the 
debris bed formation, calculations were also carried out for 
the 50 K initial subcooling. The qualitative picture obtained 
is similar to that presented in Fig. 2. However, a taller 
debris bed was obtained before the boiling started to spread 
particles laterally. 


To demonstrate the effect particle spreading on the 
shape of growing debris bed, the radial distributions of 
debris bed height are shown in Figs. 5 and 6 for the 50C 
and 20C subcoolings, respectively. One can see that the 
central cone-shaped part of the debris bed is formed on the 
initial (pre-boiling) stage of the process, whereas at the 
later stages the “wings” of the debris bed are formed due to 
the enhanced particle spreading. 


The time history of maximum debris bed height 
obtained in these calculations is presented in Fig. 7 together 
with the cubic root curve plotted according to Eq. (33) and 
corresponding to the case where the debris bed growth is 
governed solely by avalanching (dashed line). 


In Fig. 8, for the two initial subcoolings, the time 
histories of the total (integrated over the pool volume) 
enthalpy of the liquid phase are plotted. The increasing 
parts of the curves correspond to the initial stage at which 
water evaporation in the porous debris bed and vapor 
condensation outside it compensate each other, so that all 


energy released is transferred to the liquid phase. The kinks 
correspond to the onset of boiling, after which the total 
enthalpy starts to decrease because of the decrease in the 
mass of liquid water. 


Comparison of the characteristic times in Figs. 7 and 8 
confirms that the rapid decrease in the debris bed vertical 
growth rate and boil up in the pool are well correlated. It is 
interesting to note that the times to the onset of pool boiling 
obtained in Section III from simple considerations correlate 
quite well with the numerical predictions. Namely, in 
Table I the times to pool boiling are 9.5 and 23 min, which 
practically coincide with the positions of kinks on the 
debris bed height (Fig. 7) and total enthalpy of liquid 
(Fig. 8) curves. Moreover, the corresponding debris bed 
heights (1.43 and 1.85 m, respectively) agree well with the 
numerical predictions. Thus, the simple model presented in 
Section III can be used for screening purposes, allowing 
quick conservative estimates for the boil up times and 
debris bed heights to be made. 


 
 


IV. CONCLUSIONS 
 


As it was shown in the previous work, a tall mound-
shaped configuration of the debris bed can be non-coolable. 
The results obtained in this work suggest that development 
of natural convection in an initially subcooled pool can 
affect the formation of debris bed in the case of gradual 
corium melt release.  


Intensive convective flows capable of spreading melt 
particles over the pool basemat start to develop as soon as 
local boil up of water in the upper stratified layer occurs. 
Such spreading of the debris effectively limits the 
maximum height of the debris bed and helps to prevent the 
formation of non-coolable configurations. 


However initial subcooling of the pool affects timing 
of the onset of boiling and large scale circulation and thus 
maximum height of the debris bed. This phenomenon can 
be considered in development of severe accident 
managment guidelines and procedures. 


Further research is needed to obtain the complete 
debris bed shape map depending on various problem 
parameters, and to estimate the implications of particle 
spreading on debris bed coolability in the initially 
subcooled water pool. 
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Fig. 2. Formation of debris bed in a pool  
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Fig. 3. Radial distribution of sedimentation flux for 
different particle sizes at 3600t = s 
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Fig. 5. Debris bed shape at different times for initial pool 


temperature 50C 
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Fig. 6. Debris bed shape at different times for initial pool 


temperature 80C 
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Fig. 7. Maximum debris bed height for different 


subcoolings 
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Fig. 8. Total enthalpy of liquid water in pool for different 
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NOMENCLATURE 
 


A specific area of interphase surface 
B ratio of pool and melt energies 


DC  drag coefficient 


fC  factor in drag law 


lC  specific heat capacity of liquid phase 


21,, CCCµ  constants in ε−k  turbulence model 


c  specific heat capacity 
D  diameter 


ijF  drag on i-th phase from j-th phase 


G  turbulence generation term 
g  gravity acceleration 


fH∆  fusion heat of melt 


H  height 


ih  enthalpy of i-th phase 


ij  superficial velocity of i-th phase 


r  permeability 


tk  kinetic energy of turbulence 


mMɺ  melt supply rate 


P  pressure 
Pr Prandlt number 
Q thermal energy 
Qɺ  heat transfer rate 


q specific heat 
Re Reynolds number 
r  position vector of melt droplet 
T  temperature 
t  time 


iU  velocity of i-th phase  


V  volume 
 


 
 


NOMENCLATURE 
 


A specific area of interphase surface 
B ratio of pool and melt energies 


DC  drag coefficient 


fC  factor in drag law 


lC  specific heat capacity of liquid phase 


21,, CCCµ  constants in ε−k  turbulence model 


c  specific heat capacity 
D  diameter 


ijF  drag on i-th phase from j-th phase 


G  turbulence generation term 
g  gravity acceleration 


fH∆  fusion heat of melt 


H  height 


ih  enthalpy of i-th phase 


ij  superficial velocity of i-th phase 


r  permeability 


tk  kinetic energy of turbulence 


mMɺ  melt supply rate 


P  pressure 
Pr Prandlt number 
Q thermal energy 
Qɺ  heat transfer rate 


q specific heat 
Re Reynolds number 
r  position vector of melt droplet 
T  temperature 
t  time 


iU  velocity of i-th phase  


V  volume 
W decay heat release rate (specific power) 
 


Greek 


α  void fraction ( vα α= ) 


iα  volume fraction of i-th phase 


,l vβ β  heat transfer coefficient of liquid and vapor 
phases 


Γ  evaporation rate 
ε  porosity 


tε  turbulent dissipation rate 


λ  thermal conductivity 
µ  viscosity 


tν  kinematic turbulent viscosity 


ξ  ratio of heat release rates 
ρ  phase density 


ρ∆  phase density difference, gl ρρ −  


mρ  melt density 


σ  surface tension 


ασ  constant in turbulent dispersion term (see 
Eq. (10)) 


εσσ ,k  constants in ε−k  turbulence model 


τ  stress tensor 
η  passability 


Subscripts 


B  debris bed 
b  bubble 
boil boiling 
eff effective value 
FCI fuel-coolant interaction due to latent heat 
i interphase surface 
l  liquid 
m  melt 
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P  pool 
p  particle 
r  relative permeability and passability 
s  porous medium 
t  turbulent characteristics 
v  vapor 
w water in pool 


Superscripts 


i water-vapor interface 
k representative melt particle index 
M melting point of corium 
0 gas space above pool 
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Abstract –This paper describes the critical digital review (CDR) procedure, which was developed 
by Institute of Nuclear Energy Research (INER), and sponsored by Taiwan Power Company 
(TPC). A preliminary CDR application experience which was performed by INER, is also 
described in this paper. Currently, CDR becomes one of the policies for digital Instrumentation 
and Control (I&C) system replacement in TPC. The contents of this CDR procedure include: 
Scope, Responsibility, Operation Procedure, Operation Flow Chart, CDR review items. The 
“CDR Review Items” chapter proposes optional review items, including the comparison of the 
design change, Software Verification and Validation (SV&V), Failure Mode and Effects Analysis 
(FMEA), Evaluation of Watchdog Timer, Evaluation of Electromagnetic Compatibility (EMC), 
Evaluation of Grounding for System/Component, Seismic Evaluation, HFE Evaluation, Witness 
and Inspection, Lessons Learnt from the Digital I&C Failure Events. Since CDR has become a 
TPC policy, Chin Shan Nuclear Power Plant (NPP) performed the CDR practice of Automatic 
Voltage Regulator (AVR) digital I&C replacement, even though the project had been on the half 
way. The major review items of this CDR were: the comparison of the design change, SV&V, 
FMEA, Evaluation of Watchdog Timer, Evaluation of Electromagnetic Compatibility (EMC), 
Evaluation of Grounding for System/ Component, Witness and Inspection, Lessons Learnt from 
the Digital I&C Failure Events. The experience of the CDR showed the importance of preparation 
of the documents by the vendor. This means the communication with the vendors for the bid 
preparation is crucial. 


 


 
I. INTRODUCTION 


 
Nowadays, adopting digital instrumentation and 


control (I&C) systems for new nuclear power plant (NPP) 
is a world-wide trend. Due to obsolescence of analog I&C 
system, digital I&C system replacement becomes an 
unavoidable situation.  


The Electric Power Research Institute (EPRI) defined 
critical function as: The failure of some of these functions 
has the potential to affect plant performance and/or safety 
adversely and significantly. The systems that implement 
critical functions are referred to as critical systems. A CDR 
is the review for a critical system digital Instrumentation 
and Control (I&C) replacement. 


The major reference of this procedure is “Handbook 
for Evaluating Critical Digital Equipment and Systems” 
which was published by EPRI. INER developed the 


procedure as a TPC-specific one. Currently, CDR becomes 
one of the policies for digital I&C replacement in TPC.  


The objectives of CDR are not only for obtaining a 
high quality of digital I&C system, but also for regulatory 
review by regulatory body. Therefore, “CDR Review 
Items” in the procedure also focuses on the regulatory basis. 


 
II. CDR PROCEDURE   


 
The contents of this CDR procedure include: Scope, 


Responsibility, Operation Procedure, and CDR review 
items which are described as below: 


 
II.A. Scope  


All the safety-grade I&C systems are mandatory. For 
non-safety grade I&C systems, Feedwater Control System 
and Digital Electronic Hydraulic (DEH)/ Electro Hydraulic 
Control (EHC) are mandatory. Other non-safety grade I&C 
systems are non-mandatory, which can be decided by the 
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personnel who is responsible for the digital I&C system 
replacement. 


 
II.B. Responsibility   


The responsibilities of stakeholders include the 
responsible section, the CDR team, and the vendor. 


The responsible section (e.g. I&C section or Electrical 
section in the NPP) is in charge of all the digital I&C 
replacement. 


The CDR team is in charge of the digital I&C 
replacement CDR. The members of CDR team can be (1) 
the personnel of section is in charge, (2) the personnel from 
other section in the NPP, (3) the personnel from other NPP, 
and (4) the personnel from head quarters (HQs) of utility. 
The consultants from consultant company can also be 
included. 


The vendor prepares the documents and performed the 
works which are required for CDR. 


 
II.C. Operation Procedure 


The CDR phases include Feasibility Phase, Conceptual 
Design Phase, Approval Phase, Bid Specification Phase, 
Bid Phase, Detail Design/Implementation/Facility 
integration Phase, Factory Acceptance Test Phase, 
Installation Phase, and Site Acceptance Test Phase. The 
procedure is also expressed by Flow Chart in the 
“Operation Flow Chart” chapter, please refer to Figure 1. 


 
(1) Feasibility Phase  


In this phase, the feasibility of digital I&C replacement 
is under evaluation. The responsible section preliminarily 
determinates the CDR review items. 


 
(2) Conceptual Design Phase  


In this phase, the feasibility of digital I&C replacement 
has been confirmed, and then the conceptual design of the 
of digital I&C replacement project is started to plan. The 
manager of responsible section coordinates the potential 
specialists to establish the CDR team preliminarily. The 
CDR team confirms  the CDR review items.  


 
(3) Approval Phase  


In this phase, the digital I&C replacement project is 
approved. The members who join the CDR team are 
confirmed. 


The CDR team determinates the documents and works 
of each CDR review item. The CRD contacts the potential 
digital I&C system vendors, and explains to the vendor 
what the vendor need to prepare, i.e. the documents and 
works, for CDR review. 


 
(4) Bid Specification Phase  


In this phase, the responsible section prepares the bid 
specification, and include the required documents and 
works list in the bid specification. The vendors, who are 


interested in the digital I&C replacement bid, prepare the 
plans for the CDR required documents and works. 


 
(5) Bid Phase  


In this phase, the vendors attend the bid. If the digital 
I&C application is developed during the replacement 
process, the vendors propose the plans for the CDR 
required documents and works. The CDR team reviews the 
plans. The plans proposed by vendor are: (i) Plan for 
Comparison of the design change, (ii) Plan for Evaluation 
of Watchdog Timer, (iii) Plan for Evaluation of 
Electromagnetic Compatibility, (iv)Plan for Evaluation of 
Grounding for System/ Component, (v)Plan for Seismic 
Evaluation, (vi)Plan for Human Factors Engineering 
Evaluation, (vii)Software Development Plan, (viii) 
Software Safety Analysis Plan, (ix) Software Verification 
and Validation Plan (SVVP), and (x)Software 
Configuration Plan (SCMP). 


If the digital I&C system is a package, that means the 
application has been developed before the bid, the vendors 
need to deliver the documents for the all the phases of the 
development. In this case, the engineers just tune the 
parameters, do not develop software or hardware during the 
digital I&C replacement after obtaining the bid. The CDR 
team reviews the digital I&C development documents. The 
reports delivered by vendor are: (i)Software Safety 
Analysis reports (before installation phase), and (ii) 
Software Verification and Validation Plan reports (before 
installation phase). 


 
(6) Detail Design/Implementation/Facility integration Phase  


In this phase, the vendor, who obtains the bid, performs  
the works of detail design/ implementation/ facility 
integration phase. The related documented are delivered for 
CDR. The reports delivered by vendor are: (i)Software 
Safety Analysis reports (before validation phase), and (ii) 
Software Verification and Validation Plan reports (before 
validation phase). 


If the digital I&C system is a package, the related 
documents has been reviewed in the bid phase. As a result, 
the vendor needs not deliver these documents. 


 
(7) Factory Acceptance Test Phase 


In this phase, the vendor performs  the works of d 
factory acceptance test phase. The related documented are 
delivered for CDR. The reports delivered by vendor are: 
(i)Software Safety Analysis report (validation phase), and 
(ii) Software Verification and Validation Plan report 
(validation phase). 


If the digital I&C system is a package, the related 
documents has been reviewed in the bid phase. As a result, 
the vendor needs not deliver these documents. 


 
(8) Installation Phase 
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The vendor installs the digital I&C system in the site. 
The CDR team performs the witness.  


 
(9) Site Acceptance Test Phase 


The vendor performs Site Acceptance Test(SAT) and 
Power Ascension Test (PAT), and also delivers the related 
documents (test procedures and test reports). There are two 
sub-phases in SAT, the first one is static functional test, the 
second one is closed loop functional test. The CDR team 
performs the witness and reviews the related documents. 


The reports delivered by vendor are: (i)Comparison of 
the design change report, (ii)Evaluation report of Watchdog 
Timer, (iii)Evaluation report of Electromagnetic 
Compatibility, (iv) Evaluation report of Grounding for 
System/ Component, (v) Seismic Evaluation report, 
(vi)Human Factors Engineering Evaluation report, 
(vii)Software Safety Analysis report (installation phase), 
and (viii) Software Verification and Validation Plan report 
(installation phase). 


 
II.D. CDR Review Items 


The “CDR Review Items” chapter proposes optional 
review items, including the comparison of the design 
change, Software Verification and Validation (SV&V), 
Failure Mode and Effects Analysis (FMEA), Evaluation of 
Watchdog Timer, Evaluation of Electromagnetic 
Compatibility (EMC), Evaluation of Grounding for 
System/Component, Seismic Evaluation, Human Factors 
Engineering (HFE) Evaluation, Witness and Inspection, 
Lessons Learnt from the Digital I&C Failure Events. 


 
(1) Comparison of the design change 


The vendor compares the design change, and confirms 
the new functions are properly set up, and the old functions 
which are no longer needed are properly removed. The 
vendor delivers the report of comparison of design change, 
the CDR team reviews the report. 


 
(2) Software Verification and Validation (SV&V)  


The regulatory basis of SV&V is RG 1.168 (2004) 
"Verification, Validation, Reviews, And Audits For Digital 
Computer Software Used In Safety Systems Of Nuclear 
Power Plants", which endorses IEEE 1012-1998 "Standard 
for Software Verification and Validation. The major 
development phases are concept phase, requirements phase, 
design phase, implementation  phase, test phase, and 
installation phase. The major works include traceability 
analysis, interface analysis, hazard analysis, etc. 


The vendor perform SV&V and delivers SV&V reports. 
the CDR team reviews the reports. 


 
(3) Failure Mode and Effects Analysis (FMEA)  


BTP 7-14 "Guidance on Software Reviews for Digital 
Computer-based Instrumentation and Control Systems" 
requires to perform Software Safety Analysis (SSA) in each 


phase of software development life cycle, which includes: 
requirement phase, design phase, implementation  phase, 
validation phase, and installation phase. FMEA is the most 
common practice of SSA. FMEA identifies the failure mode, 
failure mechanism, and the effect of a function, and also 
describes how the failure can be discovered, and how the 
system can resolve failure or mitigate the consequence. 


The vendor performs FMEA and delivers the reports. 
The CDR team reviews FMEA report. 


 
(4) Evaluation of Watchdog Timer  


A watchdog timer is a computer hardware or software 
timer that triggers a system reset or other corrective action 
if the main program, due to some fault condition, such as a 
hang, neglects to regularly service the watchdog. 


The vendor evaluates the design of watchdog timer to 
ensure the function is sufficient to monitor the digital 
controller, and delivers the evaluation report. The CDR 
team reviews the evaluation report. Table I shows the 
evaluation table of watchdog timer 


 
(5) Evaluation of Electromagnetic Compatibility(EMC)  


The regulatory basis of EMC is RG 1.180 "Guidelines 
for Evaluating EMI/RFI in Safety-Related I&C Systems." 
The vendor delivers EMC factory acceptance test report 
based on RG 1.180. The CDR team reviews the test report. 


The vendor, who is responsible for installing and 
testing the digital I&C system, should measure the 
electromagnetic emissions before and after the installation. 
The vendor delivers EMC site acceptance test report based 
on RG 1.180. The CDR team reviews the test report. 


 
(6) Evaluation of Grounding for System/ Component  


The basis for Evaluation of Grounding for 
System/Component is IEEE Std 1050/1996 "Guide for 
Instrumentation and Control Equipment Grounding in 
Generating Stations." The vendor should evaluate the 
grounding of the digital I&C system and the cable 
connection based on IEEE Std 1050/1996, and delivers the 
evaluation report. The CDR team reviews the report. 


 
(7) Seismic Evaluation  


The basis for Seismic Evaluation is IEEE Std 344 
"IEEE Recommended Practice for Seismic Qualification of 
Class 1E Equipment for Nuclear Power Generating 
Stations." The approach of Seismic Evaluation can be 
Analysis, Testing, or Combined analysis and testing. The 
utility should provide the response spectrum of building 
floor where the digital I&C facility is located. The vendor 
performs the seismic evaluation based on IEEE Std 344 and 
delivers the evaluation report. The CDR team reviews the 
report. 


 
(8) Human Factors Engineering (HFE) Evaluation 
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The regulatory basis for HFE is NUREG-0700, 
"Human-System Interface Design Review Guideline"(2002) 
and NUREG-0711, "Human Factors Engineering Program 
Review Model" (2004). EPRI TR-102348 R1(or NEI 01-01) 
"Guideline on Licensing Digital Upgrades" request HFE 
evaluation while performing 10CFR 10.59 evaluation. 
10CFR 10.59 "Changes, tests and experiments" is the 
regulatory basis for digital I&C replacement. The vendor 
performs the HFE evaluation and delivers the evaluation 
report. The CDR team reviews the report. 


 
(9) Witness and Inspection  


The CDR performs witness and inspection during FAT, 
SAT, and PAT, to ensure the correctness and completeness 
of the tests. 


 
(10) Lessons Learnt from the Digital I&C Failure Events 


The vendor should collect the digital I&C failure 
events as the lessons learnt of the digital I&C replacement 
project. 


 
III. PRELIMINARY CDR EXPERIENCE   


 


Since CDR has become a TPC policy, Chin Shan 
Nuclear Power Plant (NPP) performed the CDR practice of 
Automatic Voltage Regulator (AVR) digital I&C 
replacement, even though the project had been on the half 
way. The major review items of this CDR were: the 
comparison of the design change, SV&V, FMEA, 
Evaluation of Watchdog Timer, Evaluation of 
Electromagnetic Compatibility (EMC), Evaluation of 
Grounding for System/Component, Witness and Inspection, 
Lessons Learnt from the Digital I&C Failure Events. The 
experience of the CDR showed the importance of 
preparation of the documents by the vendor. This means the 
communication with the vendors for the bid preparation is 
crucial. 


 
IV. CONCLUSIONS  


 
This work developed a CDR procedure for TPC. For 


TPC, all the safety-grade I&C systems are critical systems. 
The critical  non-safety grade I&C systems include  
Feedwater Control System and Digital Electronic Hydraulic 
(DEH)/ Electro Hydraulic Control (EHC). The CDR phases 
include Feasibility Phase, Conceptual Design Phase, 
Approval Phase, Bid Specification Phase, Bid Phase, Detail 
Design/ Implementation/ Facility integration Phase, Factory 
Acceptance Test Phase, Installation Phase, and Site 
Acceptance Test Phase. 


The objectives of CDR are not only for obtaining a 
high quality of digital I&C system, but also for regulatory 


review by regulatory body. Therefore, CDR Review Items 
in the procedure also focus on the regulatory basis. 


The CDR Review Items include the comparison of the 
design change, Software Verification and Validation 
(SV&V), Failure Mode and Effects Analysis (FMEA), 
Evaluation of Watchdog Timer, Evaluation of  
Electromagnetic Compatibility (EMC), Evaluation of 
Grounding for System/Component, Seismic Evaluation, 
Human Factors Engineering (HFE) Evaluation, Witness and 
Inspection, Lessons Learnt from the Digital I&C Failure 
Events. 


The preliminary CDR experience of Automatic Voltage 
Regulator (AVR) digital I&C replacement shows the 
importance of preparation of the documents by the vendor. 
This means the communication with the vendors for the bid 
preparation is crucial. CDR has become one of the policies 
of TPC, as a result, the NPP of TPC can prepare for CDR in 
the earlier phase of digital I&C replacement. Therefore, the 
vendor will clearly understand the documents they should 
prepare and works they should perform. 
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TABLE I 


Evaluation table of watchdog timer  


Design of Watchdog timer Evaluation 


Redundancy 
(Dual redundancy/ 
Triple redundancy/ 


No) 


 


Fail Safe(Yes/No)  


Hardware (Yes/No)  


Independent circuit (clock) 
(Yes/No)  


Power monitoring (Yes/No)  


Heartbeat (Yes/No)  


failure be detected (Yes/No)  


Adopting different OS for timer 
reset 


(Yes/No) 
 


Active/Passive  


Testability (Yes/No)  
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Fig. 1. Operation Flow Chart of Critical Digital Review (CDR) 
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Abstract 


 


The Enhanced CANDU 6® (EC6®) nuclear power plant is a mid-sized Pressurized Heavy Water 
Reactor design, based on the highly successful CANDU 6 family of power plants, and upgraded to 
meet today’s Canadian and international safety requirements and to satisfy Generation 3 design 
expectations.  The EC6 operates on natural uranium fuel, but also offers fuel flexibility, including 
options in development for the use of recovered uranium (RU) or thorium -based fuels.  The EC6 
offers the proven reliability and performance of the existing CANDU 6 reference plant design, 
together with enhancements that provide added benefits in safety, defense-in-depth, operating 
margin, operating performance and plant life. Atomic Energy of Canada Ltd. (AECL®) has 
incorporated many design enhancements, some developed in the Advanced CANDU Reactor® 
Program, into the EC6 design.  This paper describes the electrical, control, and information 
system (EC&I) design feature improvements of the EC6.  These additional features are carefully 
integrated into the EC6 design platform, and are engineered with consideration of operational 
feedback, human factors, and leveraging the advantages of digital instrumentation and control 
(I&C) technology to create a coherent I&C architecture in support of safe and high performance 
operation.  The design drivers for the selection of advanced features are also discussed. 


 
 


I. INTRODUCTION 
 


CANDU nuclear power plants are designed and built by 
Atomic Energy Canada Ltd. (AECL).  AECL is wholly 
owned by the Government of Canada.  AECL is composed 
of two main divisions:  Commercial Operations, the 
commercial part of the organization (which includes 
“CANDU Services” who provide full service capability to 
the existing CANDU fleet and “Product Development” 
who are a full scope design engineering group responsible 
for reactor development and the new build program); and a 
world-class nuclear R&D lab at Chalk River Labs (CRL).  
CRL supports extensive R&D faculties including hot cells, 
fuel fabrication and test facilities, research reactors, isotope 
production facilities and waste management facilities.  
AECL is a unique and tightly integrated technology-driven 
organization with a strong nuclear knowledge base across 
many engineering and science disciplines.  In addition, 
AECL also has a strong network of new build partners and 
a flexible supply chain network capable of adapting to 
meet demand cycles.  The CANDU Owner‟s Group (COG) 
is a well coordinated and active CANDU operator‟s 
network that provides a wide range of utility services 
including training, knowledge transfers, community of 
practice programs, as well as co-funded R&D. 


There are currently 29 operating CANDU reactors world-
wide.  This includes 20 in Canada, 4 in Korea, 2 in China, 
2 in Romania, and 1 in Argentina.  The first standard 
design CANDU 6 plant in Canada was Point Lepreau in 
New Brunswick.  It was licensed and started operation in 
1983.  There are now 11 standard CANDU 6 design 
reactors operating successfully and safely throughout the 
world, all designed and built by AECL.  These plants are 
economic to operate and achieve high production 
reliability.  Incremental improvements have been made to 
each successive CANDU 6 new build.  The most recent 
CANDU 6 plant to go into operation was Cernavoda 2 in 
Romania, which came on-line in 2007. 


The EC6 design is an evolution of the very successful 
CANDU 6 design (i.e., the Reference Design).  It has been 
designed to retain the fundamental and proven 
characteristics of CANDU 6 while further enhancing safety 
to meet latest codes and standards and improving 
operability.  It retains the fundamental design of the 
CANDU 6 reactor core – a heavy-water moderated, 
heavy-water cooled pressure tube reactor using natural 
uranium fuel.  Included in the enhancements are several 
innovations developed under the Advanced CANDU 
Reactor (ACR®) development program, improvements 
made to existing CANDU 6‟s as part of recent 
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refurbishments, and other changes specifically designed for 
the EC6. 


A unique advantage of the CANDU 6 and EC6 designs 
relative to competing Gen III reactor designs available 
today is its ability to operate on natural uranium and 
possible provision for other alternative fuels such as 
thorium or recovered uranium.  The fuel bundle is a simple 
but robust design that can be manufactured locally in a 
country where an EC6 is built (see Figure 1). 


Figure 1.Simple 37-element CANDU fuel bundle 
 


Another key feature of the EC6, similar to its predecessor 
the CANDU 6, is that it is refuelled at-power.  A 
channelized reactor core and advanced digitally controlled 
robotic fuelling machines are a signature characteristic of 
all CANDU reactors that permit extended operating cycles 
without the need for refuelling outages (see Figure 2).  
Reactor units in  Ontario Power Generation‟s Darlington 
station operate reliably on a 30-month interval between 
maintenance outages without compromising high 
equipment performance and safety.  The EC6 is designed 
to extend this to operate on a 36 month cycle between 
maintenance outages. 


 
Figure 2. CANDU channelized core and fuelling machines 


 


EC6 is designed to meet the latest (more demanding) 
requirements of the Canadian Nuclear Safety Commission 
(CNSC) for new nuclear power plants in Canada as defined 
in the RD-337 standard [1].  The EC6 is also designed to 
meet higher operational targets of a 94% year-to-year 
capacity factor, a 1% forced outage rate, and to achieve a 
60-year plant design life. Careful consideration of 
operating experience feedback in the design, systematic 
elimination of single points of vulnerability, human factors 


engineering, and design for maintainability and reliability 
have all been incorporated in the design to ensure these 
targets are met.  Finally the design addresses various 
equipment obsolescence and modernization objectives.  
These new features strengthen existing and already proven 
CANDU 6 features to provide an enhanced plant design 
that achieves very high reliability of safety functions and 
meets Canadian and international safety goals. 


As part of the EC6 Project design improvements, the 
instrumentation, controls, electrical, and plant information 
systems are being significantly upgraded and modernized 
to take advantage of proven technological advancements 
and to enhance plant safety, production reliability, and 
economics. This paper describes these design 
improvements as well as the overall development program 
framework.  The following topics will be covered:   
 I&C design philosophy and architecture: 


o Basic principles 
o The overall architecture 
o Electrical systems 
o Defense in depth 
o Categorization and classification 
o Prevention of common cause failure 
o Design philosophy for MCR upgrades 


 Specific I&C design enhancements: 
o Drivers for design changes 
o Enhancements to the main control room (MCR), 


secondary control area (SCA) and the technical 
support centre (TSC) 


o Additional use of Digital control systems 
o Main Control Room (MCR) control/safety panels 
o Plant display system (PDS) 
o Digital safety systems 
o Safety system testing and monitoring 
o Operational support systems (OSS) 


 Generic engineering programs (e.g., applied to the 
design of all or many plant systems) 
o Dynamic simulator and MCR mock-up facility 
o Design quality assurance 
o Human factors engineering 
o Operating experience feedback 
o Equipment qualification (EQ) 


To provide a full context for this discussion, the following 
section describes the overall design philosophy and 
architecture of the instrumentation, control, and electrical 
systems of the EC6 plant design.  
  


 
II.  I&C DESIGN PHILOSOPHY AND 


ARCHITECTURE 


 
The following section explains the basic I&C design 


principles and features of the EC6.  The I&C architecture 
including electrical systems is described, the categorization 
approach is outlined, and the defense in depth and common 
cause failure defenses are summarized. 
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II.a. BASIC PRINCIPLES 
 


A key safety principle behind the EC6 I&C design (dating 
back to the original CANDU 6 design) is the defense-in-
depth concept of the nuclear plant design.   This consists of 
multiple layers, with the first three being the process 
system, the protective system(s) and the containment 
system.  The design is such that these systems act 
independent of one another, and as each is high reliability, 
the probability of a significant release of radioactive 
material to the public domain is extremely small [1].  Thus 
a fundamental principle in the I&C architecture is to ensure 
independence between safety and control is not 
compromised. 


From the very outset, this led to the requirement for the 
safety systems to be physically and functionally separate 
and independent from the control systems - and from each 
other.  CANDU power reactors employ two equally 
capable reactor shutdown systems (SDSs), each capable of 
shutting down the reactor using entirely separate means 
during any postulated accident condition (see Figure 3).   


 
Figure 3. CANDU Shutdown Systems 


 
Over the years, with increasing design and operating 
experience, and with ongoing evolution of the CANDU 
reactors, the original design has undergone several 
refinements; however these key safety principles have 
remained and are retained in the EC6 design. 
 


II.b. THE OVERALL ARCHITECTURE 
 
The reactor and process control systems are backed up by 
the special safety systems, which include the two shutdown 
systems, the emergency core cooling system, emergency 
heat removal system, and the containment system.  Each of 
these safety systems operates completely independent of 
the other and independent of the reactor and process 


control systems. The two SDSs are independent and 
diverse from each other (including fully separate and 
diverse voting, actuation and shut-down mechanisms) and 
each employ triplicated (3-channel) computerized trip 
channels.  Two out of three voting logic is employed 
between channels in each SDS.  The emergency core 
cooling and the containment systems also employ 
redundant channels and will include at a minimum, 
computerized testing and, where appropriate, digital safety 
logic.  


The EC6 control room features an array of panels for 
operator interface and is closely based on the reference 
CANDU 6 design (shown in Figure 4).  The 
instrumentation and controls on the panels are grouped on 
a system basis, with a separate panel allocated to each 
special safety system.  For EC6, a combination of digital 
and conventional display and annunciation instrumentation 
will be provided for all safety and production systems. In 
general, the CANDU 6 allocation of systems to the 
operator interface panels is preserved in the EC6 design 
with a minimal number of changes.  Independence between 
control and safety systems is implemented at the sensor 
level and is preserved all the way through the wiring and 
logic to the operator interface level. 


 
Figure 4. The CANDU 6 Main Control Room 


 


Similar to the proven CANDU 6 design, the control room 
panels of the EC6 design are complemented with central 
large screen displays, dedicated alarm annunciation 
displays and an operations console.  The central large 
screen displays serve to improve situational awareness 
with an uncluttered and integrated plant monitoring 
capability.  Important safety system information is 
available via a combination of hardwired panel indicators 
and soft panel displays on the safety panels and this 
information is also made available to the computer-based 
central annunciation, computer-based procedures and plant 
display system. 
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A computerized and seismically qualified safety system 
monitoring computer (SSMC) receives data from the trip 
computers and the partitions belonging to the essential 
control subsystem of the distributed control system (DCS) 
and provides the safety parameter display and post accident 
monitoring (PAM) functionality.  In addition, each of the 
post accident monitoring parameters can also be monitored 
by hardwired means on the safety panels and this is fully 
independent of the SSMCs. 


There are manual hardwired controls in the main control 
room (MCR) and secondary control area (SCA), not only 
to shutdown the reactor but also to perform several other 
key safety functions.  These manual hardwired controls 
work backup the automated functions of the safety 
systems. 


The plant annunciation system includes a primary system 
as well as a back-up system.  The primary annunciation 
system is implemented as a computer-based message list 
system.  The alarms of high safety significance are also 
provided in an independent back-up annunciation system, 
which is implemented using modern hardwired “window 
tile” technology. 


The EC6 design uses multiple distributed control system 
(DCS) equipment subsystems to provide data acquisition 
and control logic for all plant production functions as well 
as many important to safety (ITS) functions.  The nuclear 
steam plant (NSP) DCS interfaces with the plant display 
system (PDS), plant annunciation system, and safety 
system monitor computer (SSMC) to provide monitoring 
and alarms for the operator.  The control, normal 
monitoring and safety monitoring functions are in separate 
independent systems for high reliability and as an added 
defence against common cause failure.  Figure 5 provides 
an overview of the EC6 I&C Architecture. 
 


II.c. ELECTRICAL SYSTEMS 
 


The emergency power supply (EPS) part of electrical 
distribution system for EC6 has been expanded to meet the 
automatic start and single failure criteria (SFC) 
requirements of CNSC RD-337 [1], Section 8.9.  


The EPS distribution system has been connected to Class 
III system so as to distribute both normal Class III power 
and emergency power to the critical loads.  Provisions have 
been added to allow testing of the EPS under load 
conditions.  Seismically qualified uninterruptible power 
supplies (UPSs) have been added to ensure the automation 
of start-up and control of all essential loads and the 
powering of essential loads.  


The EC6 EPS is fully automated.  As well, a full manual 
mode of operation control is retained.  The safety loads are 
automatically connected to EPS on a design basis event 
(DBE).  To meet SFC each unit in EC6 has a dedicated pair 
of redundant EPS standby generators.  In addition manual 


tie-in breakers between the redundant buses of the two 
units enhance availability of the EPS in each Unit. 


The defense in depth is achieved as follows: 
 The EPS is an entirely separate system for each unit in 


the typical 2-unit EC6 configuration, 
 EPS loads are normally supplied from Class III power 


with backup from EPS standby generators for a DBE, 
 Manual tie-in breakers are provided between 


redundant EPS buses of the two units. 
The Severe Accident Recovery & Heat Removal System 
(SARHRS) has been added to the EC6 design and is 
supplied by a dedicated diesel generator independent of 
EPS. 
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Figure 5. EC6 I&C Architecture 


 
II.d. DEFENSE IN DEPTH 


 
The layers of defence are primarily the process control 
system, the protective systems that include the shutdown 
systems and the cooling systems, and the containment 
system.  The control system operates continuously to 
maintain plant parameters within operational limits.  If it 
fails for any reason to do this, a separate Class 2 mitigating 
controller (i.e., the “essential control” sub-system) will 
independently reduce reactor power (i.e. a fast power 
“step-back” function).  In the unlikely even that this 
function fails; the reactor shutdown systems will activate.  
In the very unlikely event of a design basis accident, the 
cooling systems continue to cool the fuel and the 
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containment system provides the physical barriers to 
radiological release and thus allows time for other actions 
to be taken by reactor operators (i.e., further mitigation 
measures).  A minimum complement of independent 
monitoring and supervisory control capability is 
additionally provided to help perform tasks for 
achievement of key safety functions. 


 
II.e. CATEGORIZATION AND CLASSIFICATION 


 
Plant safety functions are categorized based on their 
importance to nuclear safety.  The categorization 
determines the safety class required for the equipment that 
implements those functions, which in turn determines the 
required level of engineering design process rigour and 
quality assurance.  This ensures that the I&C equipment 
meets the reliability and quality required to perform its 
safety functions.  If a component serves multiple functions 
of different categories, it is designed according to the 
safety class appropriate for the functions of highest safety 
significance. 


The I&C systems in the EC6 design are classified in a 
manner consistent with IEC 61513 [2] as Class 1, 2 and 3.  
The Class 1 safety systems include reactor shutdown, 
emergency core cooling and containment functions.  Class 
2 and 3 I&C systems include all the other systems 
important to safety whose malfunction or failure, in the 
absence of safety or mitigating system action, could lead to 
core damage or radiation exposure of the site personnel or 
members of the public.  Equipments used for the systems 
important to safety are qualified to ensure that the quality 
and reliability is commensurate with the safety significance 
of the function(s) implemented.   


 
II.f.   PREVENTION OF COMMON CAUSE FAILURE 


 
For the different layers of defence to be truly independent, 
care has to be taken to design them to be immune to 
common cause failures (CCF).  This becomes especially 
pertinent in the context of computer based systems because 
of additional vulnerabilities caused by the use of digital 
technologies in any design.  Failures can be compounded 
by use of the same technology (manufacturer, product 
design) across different systems, as latent software / 
hardware / communication faults or external stressors such 
as electromagnetic interference (EMI) can simultaneously 
render multiple systems ineffective.  Although less likely, 
it is possible for CCF to defeat redundancy or separate 
layers of defence.  As a consequence, the principle of 
design diversity gains importance, particularly for safety 
systems. 


In the EC6 plant design (consistent with the CANDU 6 
design philosophy), to provide defence against low 
probability common cause events such as fires or missiles 
(turbine blades, aircraft strikes etc), the station safety, post 


shutdown, and safety support systems are separated into 
two “safety groups” with strong separation that are 
physically and functionally independent of each other.  
This is in addition to the normal separation provided 
between redundant channels of a channelized system.  
Each safety group includes process equipment to shutdown 
the reactor, remove decay heat if the process systems are 
intact, or if they are not intact, to prevent or minimize 
release to the public, and, to supply the necessary 
information for post accident monitoring.  Measurements 
and control/instrumentation cabinets for Group 1 are 
connected to the MCR for implementation of the control 
logic and monitoring, whereas Group 2 is primarily 
connected to SCA (see Figure 6). Group 2 equipment is 
also siesmically qualified to withstand DBEs.  Electrically 
buffered information and actuation signals are made 
available from each group to the other control room. 


Reactor


Building


Main Control


Room


Secondary


Control Area


Group 2


Group 1


 
Figure 6. CANDU Two Group Separation 


 


Each safety shutdown system (SDS1 and SDS2) uses a 
separate hardware platform from different vendors.  In 
addition, there is software diversity between the two 
systems (different program organization, software 
environment, compilers, application language, etc.), and 
the two systems use different product architecture.  
Furthermore, the use of functional diversity (different 
underlying mechanisms such as rod insertion versus poison 
injection, etc.), and signal diversity (different sensors or 
reactor process parameters etc.) contribute in ensuring that 
the two shutdown systems meet their reliability goals. 


Functional and electrical isolation are maintained between 
the Class 1 shutdown systems and the Class 2 monitoring 
and controls systems by the use of qualified isolator 
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connections only.  These isolation devices are considered 
to be part of the Class 1 shutdown systems and are 
rigorously qualified accordingly.  Qualification includes 
functional isolation to ensure that any failure of the Class 2 
system or of the communications prototcol or link itself 
will not affect the safety function of the Class 1 system. 


II.g.   DESIGN PHILOSOPHY FOR MCR UPGRADES 


 
The existing CANDU 6 MCR design is based on a 
conventional “operate at the panel” philosophy.  The EC6 
design, while incorporating digital device control 
enhancements and providing an upgraded plant display 
system with advanced alarm annunciation and computer 
based procedure support, deliberately retains this proven 
design philosophy in what is referred to as a “hybrid 
MCR” design.  This means it incorporates the advantages 
of modern digital control systems without total reliance on 
software based controls from a centralized operator 
console.  The centralized operator console provides 
monitoring and test function support, and limited 
supervisory capability only.  Digital signal exchange 
between device and group control functions enable a 
feature rich implementation of the alarm annunciation 
system, computer based procedures and plant display 
system. 
 


III.  SPECIFIC I&C DESIGN ENHANCEMENTS 
 


The following section describes the motives and objectives 
of the EC&I enhancements and highlights the specific 
changes being made relative to the CANDU 6 reference 
design. 
 


III.a.      DRIVERS FOR DESIGN CHANGES 


 
There are several important drivers for change behind the 
EC6 EC&I enhancements.  These include: 


 the need for compliance with new and more stringent 
licensing requirements in Canada for new reactor 
builds (i.e. as specified in the CNSC RD-337 [1] 
standard), 


 improvements to enhance plant safety margins, 
 improvements to address customer feedback and 


deficiencies identified from operating experience 
reviews, 


 improvements to achieve higher plant performance 
targets, reduce capital costs and achieve more 
economic life-cycle operation, and 


 design changes to address obsolescence, take 
advantage of proven advances in equipment 
technology, improve maintainability, and achieve 
longer plant-life. 


 


III.b.   ENHANCEMENTS TO MCR, SCA AND TSC 
 


The EC6 Main Control Room (MCR) is designed to allow 
operators to control, cool, and shutdown the plant during 
all plant operational states, and accident conditions 
including normal operation, Anticipated Operational 
Occurrences (AOOs), Design Basis Accidents (DBAs), and 
Beyond Design Basis Accidents (BDBAs).  The design of 
the MCR is based on the philosophy of having sufficient 
displays, controls and annunciation to allow the plant to be 
safely operated and support measures to be taken to 
maintain the plant in a safe state or to bring it back into 
such a state after the onset of AOOs, DBAs, and to the 
extent practicable, following beyond DBAs.  The MCR 
will have the required controls to manually initiate any 
safety functions which are also initiated by automatic 
control logic.  The MCR contains traditional control 
panels, computerized control and display workstations, 
large screen displays, and communication equipment. 
There are three main MCR instrumentation panel groups: 
one for the reactor and turbine, including the safety 
systems; one of the electrical distribution systems and 
switchyard, including miscellaneous auxiliary systems; and 
one for fuel handling systems. 


The MCR includes interfaces for the advanced 
annunciation system. This includes both window alarms, 
located on the control panels and video display units for 
the computerized alarm system. Functionality for the 
computerized alarm system is accessed through the PDS.  
Communication devices are available in the MCR to 
communicate directly with the TSC and SCA as required. 
Communication is also available to make emergency 
announcements over the plant public address system. 


The function of the SCA is to provide the necessary 
displays and controls to put and keep the plant in a safe 
shutdown state if the MCR is ever unavailable. The SCA 
contains the required indications and controls to perform 
the following functions: 


 shut down the reactor and maintain it in a safe shut 
down state, 


 remove heat from the reactor core, 
 limit release of radioactivity material by maintaining 


the containment barrier, and 
 monitor the plant conditions and perform actions 


necessary to maintain the above functions. 


The SCA will have the required controls to manually 
initiate any safety functions which are initiated by 
automatic control logic. 


In existing CANDU 6 plants, the SCA is qualified to 
remain functional during and after a Design Basis 
Earthquake (DBE).   In the EC6 the monitoring and control 
of critical safety functions from the MCR and the 
monitoring of critical safety functions from the Technical 
Support Centre (TSC) are also seismically qualified to 
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remain operational during and after DBEs.  Other MCR 
supporting systems such as electrical power, lighting, and 
heating ventilation and air conditioning (HVAC) will be 
updated form the original CANDU 6 design to provide a 
habitable MCR complex during all plant operational and 
design basis accident states. 


The MCR includes indications and controls capable of 
monitoring and controlling the plant safety systems as well 
as control systems.  A seismically qualified safety system 
monitoring computer (SSMC) which provides displays 
containing safety parameter information, post accident 
monitoring information and detailed status information 
regarding the safety and safety support systems will be 
provided in both the MCR and the Secondary Control Area 
(SCA).  The upgrades to the MCR design will maintain the 
original plant design‟s group separation philosophy, 
namely Group 1 systems will reside in the MCR and are 
generally non-seismically qualified, while Group 2 systems 
will reside in the SCA and are credited during design basis 
events (DBE).  Group 2 functionality available in the MCR 
(including display and manual actuation) will still maintain 
buffered and isolated signal connections to/from the Group 
2 I&C system equipment which remains located in the 
SCA.  Any DBE-credited functions supported from the 
MCR are thus provided through the Group 2 systems in the 
SCA, and the bufferred and isolated Group 2 signal 
connections to/from the MCR and SCA will be via a 
seismically qualified route and powered by a seismically 
qualified source.  Similarly, Group 1 functionality located 
in the SCA (including display and manual actuation) will 
maintain buffered and isolated signal connections to/from 
the Group 1 I&C system equipment which remains located 
in the MCR control equipment room (CER). 


The SCA contains safety grade indications and controls to 
allow an operator to achieve and maintain safe shutdown 
of the plant following an evacuation of the MCR.  The 
SCA is a unitized, seismically qualified facility only 
utilized for the scenarios where the MCR complex 
becomes uninhabitable (e.g. a fire in the MCR complex).  
This is in contrast to the CANDU 6, where transfer of plant 
control to the SCA is the usual response to a DBE, and 
relocation of the operator to the SCA is assumed. 


The SCA will contain a dedicated Secondary Control 
Room (SCR).  For human factors reasons, the SCR safety 
panels will be similar in design to the corresponding MCR 
backup and safety panels to provide the same operational 
interface (with the exception of any testing functions).  In 
addition to the conventional controls, the SCR includes 
SSMC displays similar to those in the MCR. 


 
III.c.   DIGITAL CONTROL SYSTEMS 
 
Modern digital control systems technology is deployed in 
the EC6 to achieve an integrated architecture.  However, 
careful use of redundancy and sub-system partitioning in 


the design provides defense against common cause failures 
and single points of failure.  Communication links respect 
the segmentation rules to minimize inter-dependencies 
between functional partitions and redundant trains.  This 
provides a robust design immune to random faults.  The 
DCS platform is qualified to handle both Class 2 and 3 
functions.  
 
In addition to DCS technology, several important 
architectural changes have been made to the digital control 
systems of the CANDU 6: 
 
 the fuel handling system control and display systems, 


although implemented using the same DCS and PDS 
platform technology, have been made a fully separate 
partition with an independent digital sub-system to 
implement safety interlocks. 


 All important to safety mitigating functions previously 
in the digital control computers are now implemented 
in a separate Class 2 mitigating controller referred to 
as the “essential control sub-system”. 


 Fully digital device control sub-systems will interface 
via digital communications with the digital group 
controls. 


 Read-backs are provided from the digital device 
control sub-systems (including panel status 
information) to the PDS, the advanced alarm 
annunciation system, and the computer based 
procedures.  This enables improved situational 
awareness and provides richer operator support 
functions. 


 Use of local input/output stations and redundant digital 
control bus communications will simplify plant 
wiring. 
 


III.d. MCR SAFETY AND CONTROL PANELS 
 
A number of changes are required to the MCR panels to 
address process system design improvements (such as 
accomodating the new SARHRS design), to accommodate 
the digital enhancements to the safety systems, 
computerized safety system testing, changes to support 
digital device control and component obsolescence issues.  
At the same time, the design objective is to retain the 
allocation of functions to panels except where obvious 
human factor or operational or safety benefit is realized.  
As a result, EC6 design will be combining modest use of 
“touch panel” display technology with conventional 
hardwired panel instrumentation in what is referred to as a 
“hybrid MCR” design that optimizes safety and reliability.  
The implementation follows strict design guides developed 
to ensure a consistent approach to human machine 
interface design and logic implementation, while retaining 
necessary independence of redundant equipment and 
electrical supplies and ensuring adequate defenses against 
single points of failure and common cause failure.  Careful 
consideration  to classification of control loops based on 
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safety function categorization is given through-out the 
design process. 


 


III.e. PLANT DISPLAY SYSTEM (PDS) 
 
Building on the success of the Qinshan CANDU 6 PDS, 
the EC6 will add significant additional display support in 
the PDS.  A full implementation of the CANDU Advanced 
Message List System (CAMLS) will provide advanced 
alarm annunciation and management.  This system 
provides rule-based processing of alarms to filter, sort, and 
prioritize their display to the operator in a more meaningful 
format.  This means during abnormal conditions, alarm 
flooding is eliminated and situational awareness is 
improved to improve operator response times and reduce 
the likelihood of human error.  Operators have the choice 
of alarm display formats including priority-based or time-
sequential displays. 


Computer based procedures provide operator assistance in 
performing both routine testing or infrequent tasks (e.g.   
emergency operating procedures).  CBPs walk the operator 
through a sequence, log his/her progress, warn of 
deviations or incomplete steps, and log a history.  Read-
backs from the control panels and from digital device 
controllers confirm the equipment states are correct and 
operator actions have been completed.  Links to operating 
manuals and other supporting documentation are provided. 


 
III.f. DIGITAL SAFETY SYSTEMS 
 
Two completely independent and diverse Class 1 shutdown 
systems, SDS1 and SDS2, are used in CANDU reactors. 
Each system contains three independent safety channels 
arranged in a 2-out-of-3 voting system.  Channelized 
instrumentation is used to monitor a number of plant 
neutronic and process variables.  If variables in any two 
channels of a single system are outside pre-determined 
envelopes, a shutdown is initiated. In all existing CANDU 
6 plants except one, neutronic trips are hardwired while 
process trips are implemented in digital trip computers.  
Hardwired relay logic provides fast response for neutronic 
trips and trip computers provide intelligent trip logic (such 
as power-dependent setpoints) for process trips.   


Improvements in EC6 include:  


 digital neutronic trips (including computer-assisted 
neutronic amplifier gain calibrations), 


 faster digital platforms for both SDS1 and SDS2, and 
 additional fast neutronic linear rate trips and additional 


process trips. 
These improvements in EC6 provide improved trip 
coverage, improved trip margin (improved plant 
performance), and reduced operation and maintenance 
costs.  In addition, this change addresses obsolescence 
concerns, facilitates operation and maintenance by 


permitting less error-prone (and more rapid) computer-
assisted calibration of the in-core flux detectors.  
Incoporating digital neutronics trips in the EC6 design 
provides the ability to respond more quickly to changes in 
reactivity configuration, and accommodates possible future 
changes to the trip logic.  This approach was implemented 
at the Darlington CANDU design and has been 
demonstrated through years of operational experience to be 
effective in terms of high reliability (with few failures and 
human error related events), and improvement in trip 
margins.  
The emergency core cooling (ECC) is a third safety system 
currently in the CANDU 6 design that contains Class 1 
safety functions.  The ECC trip logic functions and test 
functions in previous CANDU 6 (C6) plants were 
implemented using hardwired relay and timer logic 
circuits.  The proposed design change implements the logic 
of the ECC system in channelized digital controllers.  The 
ODD and EVEN separation of the existing ECC logic will 
be retained and all existing performance requirements will 
be met, with improved self-testing capabilities, and 
additional component status and diagnostic information.  
Partial ECC computerization has been previously 
successfully implemented at the Darlington CANDU 
station.  A fully digital implementation of the ECC system 
would reduce the need to retain specialized resources to 
maintain highly complex Class 1 relay logic.  The digital 
implementation of the ECC logic simplifies interfaces to 
operator display systems, improves the performance and 
coverage of ECC availability testing, and provides more 
comprehensive status and diagnostic information for the 
ECC system. 


The fourth Class 1 safety system is the containment 
system.  In the CANDU 6 this system is a conventional 
relay-based design.  In the EC6, at a minimum the test 
functions of this system will be a digital implementation.  
Finally, the Class 2 emergency heat removal system 
(EHRS) is the newly added fifth safety system in the EC6.  
It too will at minimum have its test functions implemented 
with digital technology.  


 
III.g. SAFETY SYSTEM TESTING & MONITORING 
 
In CANDU 6 reactors such as Qinshan, safety system 
testing (SST) is performed by operating many hand-
switches and pushbuttons on the MCR safety panels.  This 
change will simplify the safety panels and testing 
procedures.  It will also save operator time and help to 
reduce the likelihood of operator error. Hardwired panel 
instrumentation for testing will be replaced by computer-
assisted testing similar to what is implemented in the 
Darlington CANDU design where testing is semi-
automatic via a computer system.  Some pushbuttons are 
retained on the safety system panels for test initiation 
(channel trip and interlock functions) but the operating 
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sequences of the various tests are computerized. The 
operator initiates the test before being guided by a 
computerized menu as the computer-based procedures 
(CBPs) are run.  The operator can interrupt the tests or 
pause the tests for any length of time at various hold-points 
but does not have to make any decisions other than 
stop/go.  In this fashion, the tests are semi-automatic in 
nature.  The procedure-based automation (PBA) provides 
the detailed decision-making and controls the outputs for 
direct tests of individual end-devices and control 
components (e.g., valves, pumps, shut-off rods, and relay 
contacts), for electrical injection of simulated signals (e.g., 
into the neutronic amplifiers) and for entire loop tests. 
 
The EC6 plant design will also provide computerized on-
line monitoring of safety system pressure, level, and flow 
measurement instrumentation to provide added confidence 
between scheduled calibration/test intervals.  


 
III.h. OPERATIONAL SUPPORT SYSTEMS (OSS) 
 


To ensure the EC6 achieves its higher performance targets 
of 94% annual capacity factor, 36-month operating 
intervals, and 1% forced loss rate, an integrated suite of 
operational support systems and related design 
improvements are provided as part of the standard design.  
These include: 


 Systematic assessment and identification of single 
points of vulnerability (SPV) and critical components 
in the plant design and either elimination of the SPV 
(i.e. design it out) or addition of increased monitoring 
of SPV and critical component equipment, 


 Increased equipment and system health monitoring of 
select critical components, equipment, or systems to 
enable proactive preventive maintenance, 


 Provision of an online safety monitor for operations 
decision support that provides an overall assessment of 
plant safety margins (e.g. severe core damage 
frequency) as a function of plant state and equipment 
availability.  This enables increased awareness of plant 
safety and aids in key decisions related to equipment 
maintenance at power verses during an outage. 


 Provision of an online equipment status monitor to 
provide workflow and track approvals on equipment 
tag-outs.  This system enables closer coordination 
between operations and maintenance, improves worker 
safety, and reduces maintenance times. 


 Provision of a historical data system (HDS) that logs 
life-of-plant process data and is an important aid to 
system / equipment engineers in system / equipment 
health monitoring. 


 Provision of “smart” P&ID style flow-sheets that 
provide system engineers online status information on 
a system basis and allow links to other design basis 
and maintenance information systems. 


 Provision of SMART CANDU® system health 
monitoring applications such as ThermAND®, and 
ChemAND® to help achieve improved plant 
performance. This is an integrated suite of software 
modules which provide on-line health monitoring and 
diagnostics for plant chemistry, thermal performance, 
and performance of components. It helps operators 
determine maintenance requirements and optimal 
operating conditions and ensure maximum power 
output.  The SMART CANDU modules combine 
process, chemistry and inspection data to provide an 
up-to-date assessment of the current status of key plant 
systems and components. Data is stored in the HDS 
where it can be easily retrieved and displayed to 
compare the current status with past behaviour. Thus, 
SMART CANDU modules facilitate the execution of 
the plant‟s life-cycle management plans. 


All of these OSS tools support integrated data exchange 
capability, including data extraction from the Intergraph 
SmartPlant Foundation 3D plant model. 


 
IV.  GENERIC ENGINEERING PROGRAMS 


 


In addition, to achieve a high quality design that meets all 
regulatory requirements, international standards, and 
industry best practices, the EC6 development program 
incorporates several generic programs that apply to design 
related activities for systems.  These programs are 
integrated into the instrumentation, controls, electrical, and 
plant information systems design effort and include: 
 use simulation tools and a MCR mock-up facility, 
 design quality assurance (QA) requirements, 
 human factors (HF) engineering program, 
 operating experience (OPEX) design feedback, and 
 equipment qualification (EQ) program. 


An overview of each of these programs is described. 
 


IV.a.   DYNAMIC SIMULATOR AND MCR MOCK-UP 
 
An EC6 version of the CANDU 6 desktop simulator 
(EC6SIM) is currently being developed to support EC6 
design activities.  EC6SIM is an integrated simulation tool 
which consists of a reactor physics model, thermahydraulic 
model and control model.  This analysis tool has been 
developed under a strict QA program for scientiefic and 
analytical software compliant with CSA N286.7 [7].  Key 
capabilities of the EC6SIM simulator include: 


 validation of control function specifications for new or 
changed control strategies 


 analysis of dynamic response of improvements to 
existing designs (e.g., to test the effects of design 
changes to reactivity control devices on dynamic 
response and stability of the reactor, to analyze the 
effects of design changes to the liquid zone control 
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system, to evaluate control strategy changes to steam 
generator (SG) level control, etc.) 


 use as a virtual plant to stimulate (i.e., create plant 
response signals for) a display system or a control 
system testbed for dynamic testing purposes (e.g. DCS 
testing or plant display system testing, or alarm 
annunciation system testing) 


 use to generate test profiles for trip computer 
reliability testing (e.g. anticipated operational 
occurrence transients). 
 
A complete MCR “mock-up” facility which includes 


actual PDS displays combined with “soft-panel” 
emulations provides the capability to develop and validate 
all of the MCR HMI-related design changes.  The mock-up 
facility provides a fully functional virtual control room that 
permits the integrated testing of the DCS application logic, 
ACCIS plant display system, SSMC, CBPs, CAMLS alarm 
annunciation, panel upgrades (including digital device 
control and touch-panel functions), safety-system testing, 
etc.  Full MCR sequences for normal or emergency 
operation can be evaluated from an HF or operations 
perspective.   The mock-up facility can be „stimulated‟ in 
real-time by the EC6Sim simulator to provide accurate 
virtual plant dynamics.  The facility provides high 
confidence in the MCR design changes. 


 
IV.b. DESIGN QUALTIY ASSURANCE 
 
I&C systems are developed in accordance with widely 
accepted nuclear I&C standards IEC 61513 [2], IEC 62138 
[3], and IEC 60880 [4], as appropriate to the system class.  
Application software that is developed for safety systems 
and other systems important to safety (ITS) is developed in 
a manner appropriate to the safety function category 
(i.e., Category A, B, C) and the safety class (i.e., Class 1, 2, 
3) of the system.  The system safety class is used to 
determine which standards and procedures are appropriate.  
IEC 61513 is the top-level system life-cycle standard that 
applies to all I&C systems considered ITS. IEC 60880 
applies to software functions in Class 1 safety systems and 
IEC 62138 applies to software functions of Class 2 and 3 
systems (see Figure 7).  A comprehensive in-house 
developed QA framework with supporting quality project 
plans (QPPs) and development procedures are utilized.   


 
Figure 7. CANDU I&C Design Standards 


 


IV.c. HUMAN FACTORS ENGINEERING 
 
The EC6 project has defined a Human Factors Engineering 
Program to be executed as an engineering activity.  The 
HFE program specifies activities and design processes 
which will result in effective EC6 human system interface 
designs which, in turn, can be safely operated and 
maintained in an operational environment, and which are 
compatible with human information requirements, 
capabilities and limitations. Specific HFE activities to 
improve the MCR include: 


 Detailed Control Room Design Review - The purpose 
of the detailed control room design review is to 
identify non-compliances with modern standards and 
identify design modifications that would significantly 
reduce the risk of operator error and enhance 
operational safety. 


 Usability Tests and Integrated Validation Activities – 
The objective of the usability tests and integrated 
validations are to check that personnel performance 
with integrated human-system interfaces is acceptable. 
This is accomplished by confirming that the design 
enables plant personnel to successfully perform their 
tasks to achieve plant safety and other operational 
goals.  The mock-up of the MCR will be used for the 
usability testing.  The formal integrated validation 
activities will be conducted in a full-scope training 
simulator. 
 


IV.d. OPERATING EXPERIENCE FEEDBACK 
 
The EC6 Development program has implemented a 
comprehensive operating experience feedback program.  
At the outset of the project or prior to considering specific 
design changes, designers responsible for each plant 
system review OPEX event reports, previous plant 
commissioning reports, field service bulletins and other 
sources of design feedback information to identify 
deficiencies and assess if and how the design can be 
improved.  Direct customer feedback may also be obtained 
in some cases from CANDU plant technical support 
engineers or operations specialists with respect to possible 
design improvements or proposed design options.  


 
IV.e. EQUIPMENT QUALIFICATION 
 
The EC6 design and equipment environmental 
qualification program applies a structured process to 
ensure that systems and components instrumental in a safe 
shut down of the reactor, residual heat removal after 
shutdown, limitation of radioactive material release to the 
prescribed limits, and post-accident monitoring are capable 
of performing their designated safety functions while 
exposed to applicable service environmental conditions. 


IEC 60880


IEC 61513


IEC 62138
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The environmental conditions accounted for are those 
associated with the plant operating in normal conditions, 
during anticipated operational occurances (AOOs), and 
during the design basis accident (DBA) events.  The 
normal service and AOOs transient environmental 
conditions are classified as mild.  The DBA events result in 
harsh environmental conditions in defined areas of the 
plant.  The required systems and components are identified 
and, for each piece of equipment, designated functional 
safety and performance requirements are defined, along 
with applicable service conditions.  Identification of 
equipment and corresponding qualification activities and 
their results are demonstrated in a traceable manner. 


For systems and components located in mild 
environmental conditions, qualification is established by 
design and purchase specifications which define functional 
requirements and applicable service conditions.  The 
vendor‟s documentation demonstrating compliance with 
these specifications constitutes qualification evidence.  For 
systems and components located in areas that may be 
subject to accident and post-accident harsh service 
conditions, qualification is demonstrated by a formal EQ 
process defined by CSA-N290.13 [6] requirements.  In 
addition, equipment credited to operate during beyond 
DBA conditions (including severe accidents) and located 
in the harsh environmental conditions resulting from these 
events is assessed for its survivability. 


Functional and environmental qualification of pre-
developed programmable electronic system (PES) products 
follows the approach and requirements as defined in 
standards IEC 61513 [2], IEC 62138 [3], and IEC 60880 
[4] as appropriate to the system class.  Environmental 
factors are location dependent and may include 
environmental threats such as electro-magnetic 
interference, vibration, humidity, flooding, dust, 
temperature cycles, or radiation.  Other considerations 
include cyber security, protections against both random 
and systematic faults, and human factors (including 
maintenance errors).  The approach followed is also 
consistent with CAN N290.14 [5].  This qualification 
process is applicable to PES products in safety, mitigating, 
control, monitoring, or testing roles in Class 1, 2, or 3 
systems. 


 
IV. CONCLUSIONS 


 
The EC6 plant is an innovative design that improves upon 
the proven safety and performance of the CANDU 6 and 
incorporates important design improvements to meet 
Canadian and international new build requirements for Gen 
III plants. Several important design improvements to the 
I&C systems have been made.  In addition, a new suite of 
integrated OSS tools are being developed as part of the 
standard plant design to aid in plant operations and 
maintenance.  These enhancements and their benefits have 


been described.  Collectively, all of these changes will 
enable higher plant performance, improve safety, reduce 
operator errors, and improve overall plant life-cycle 
economics. 


ACKNOWLEDGMENTS 
 


The EC6 electrical, control, and instrumentation system 
design team leads:  S. Tikku, J. Harber, A. Xing, R. Brown, 
R. Leger, S. Inamdar, and K. Doerffer, and their respective 
design team members. 


REFERENCES 
 


1. CNSC Regulatory Standard RD-337:  Design of New 
Nuclear Power Plants. November 2008. 


2. IEC 61513 - 2001, Nuclear Power Plants - 
Instrumentation and Control for Systems Important to 
Safety - General Requirements for Systems. 


3. IEC 62138 - 2004, Nuclear Power Plants - 
Instrumentation and Control Important to Safety - 
Software Aspects for Computer-based Systems 
Performing Category B and C Functions. 


4. IEC 60880 - 2006, Nuclear Power Plants - 
Instrumentation and Control Important to Safety - 
Software Aspects for Computer-based Systems 
Performing Category A Functions. 


5. CSA N290.14-07, Qualification of Pre-developed 
Software for use in Safety-related Instrumentation and 
Control in Nuclear Power Plants. 


6. CSA N290.13-05, Environmental Qualification of 
Equipment for CANDU Nuclear Power Plant  


7. CSA N286.7-07, Quality Assurance of Analytical, 
Scientific and Design Computer Programs for Nuclear 
Power Plants 


 


869








Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11475 


 


 
Experiences and Challenges of New Reactor Construction in Korea 


 
 


Kjumyeng Oh (KINS) 
 


 
Abstract-The Korea Institute of Nuclear Safety (KINS) functions as the nuclear regulatory body 
of South Korea. The South Korean nuclear power sector maintains capacity factors of over 95% 
and has maintained continuous construction activities since 1970. This paper will focus on the 
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Abstract – With the potential worldwide deployment of a number of new nuclear systems it is 
important to take advantage of the multi–decade experience gained from the surveillance 
programs of light water reactor (LWR) pressure vessels to address the monitoring of radiation 
damage in the critical components. These critical components will likely experience conditions 
that cannot be accurately foreseen because of the current lack of knowledge and experience. 
Therefore, from the safety assessment and licensing point of view, an appropriate surveillance 
strategy will be required. This strategy should not be limited in merely monitoring the change of 
the ductile–to–brittle transition temperature (DBTT) of materials, but should also be extended to 
other potential degradation phenomena that are associated with the harsher environmental 
conditions and that are not well understood and/or are difficult to extrapolate in the long run. In 
fact, limitations can be clearly identified from current surveillance programs, while it is becoming 
clear that more advanced approaches are needed to ensure the correct evaluation of the effects of 
irradiation and the other environmental variables on material behavior. One of the major changes 
in the future surveillance programs is most probably the replacement of the Charpy impact test by 
fracture toughness testing. This change is not dictated by the need to replace an 'outdated' 
technique by a more advanced one, but because of fundamental reasons behind the determination 
of the DBTT. Moreover, because of the correlation between the various properties, a more global 
property assessment approach should preferably be considered. In this paper, after reviewing 
some of the pros and cons of the present LWR surveillance programs, an attempt to define an 
appropriate surveillance program for critical components of the next generation reactors will be 
given along with several examples and illustrations.  


 
 


I. INTRODUCTION 
 
The operation license of any nuclear system requires a 
number of regulatory procedures to demonstrate and 
ensure its safe operation. In the case of light water reactors 
(LWR) the vessel is the most critical component, because it 
constitutes the first important barrier between the fuel 
products and the environment. It is also irreplaceable. 
Since the structural integrity of LWRs should be 
guaranteed throughout the service lifetime (including 
normal, abnormal, and accidental conditions), regular 
inspections are usually required together with a material 
surveillance program to monitor irradiation damage in 
materials that are representative of the vessel. In this paper, 
we do not consider the inspection program, but the 
surveillance program related to the materials used to 
fabricate critical reactor components. For Gen–II (second 
generation) LWRs, surveillance programs allow to monitor 


simultaneously the irradiation conditions, i.e. neutron 
exposure and temperature, and the degradation of the 
materials of the most critical component, namely the 
reactor pressure vessel (RPV). This way, it is possible to 
monitor the change of the mechanical properties directly 
on vessel-representative materials in actual operating 
conditions. The data derived from surveillance programs 
are essential for the integrity and safety assessment of 
Gen–II reactors.  


 
With the potential worldwide deployment of a number 


of new nuclear systems, the so–called Gen–IV (fourth 
generation) reactors, it is interesting to question the 
appropriateness of a surveillance program for these 
systems. Moreover, it is also interesting to consider how to 
effectively implement a surveillance program for a Gen–IV 
system, in case it is deemed necessary. Apart from ensuring 
that safety assessment is done in a conservative way, the 
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experimental data produced by the surveillance program 
can be very helpful in understanding irradiation damage in 
real operating conditions and offer the possibility to 
correlate them to experimental data obtained from other 
reactors, including materials test reactors.  


 
After briefly reviewing the Gen–II LWR surveillance 


programs and comparing the Gen–II and Gen–IV reactor 
systems, the present paper attempts to use the experience 
gained from Gen–II LWR surveillance programs to give 
some initial recommendations on potentially important 
aspects of the surveillance programs of Gen–IV reactors. 


 
 


II. SURVEILLANCE PROGRAMS OF GEN–II LWR 
SYSTEMS 


 
Surveillance programs of operating nuclear reactors 


have provided and still provide valuable information that 
allows a better understanding of irradiation damage of 
RPV materials and a reliable assessment of vessel integrity. 
RPVs are usually made with low-alloyed ferritic steels, 
such as A302B, A533B, A508 type steels. RPV integrity is 
a key limiting factor for the operation of these reactors. 
Therefore, the associated surveillance program addresses 
specifically the embrittlement of RPV materials. It should 
be mentioned that other internal structures are subjected to 
more severe conditions, but what makes RPVs critical is 
their lifetime, which is typically set at 40 years. So, it is 
important to emphasize that the surveillance program 
monitors the most critical - in terms of safety factor - 
component, and not the component that is exposed to the 
most severe service conditions, as in the case with some 
replaceable components. In that respect, surveillance 
programs are key elements in supporting the possible 
extension of reactor lifetime to 60 years or even more, for 
many reactors worldwide [1].  


 
All materials constituting the vessel, in particular at 


the beltline location, are considered in the surveillance 
program. As a result, base metal, weld, and heat–affected 
zone (HAZ) specimens are typically included in the 
surveillance capsules. A so–called 'monitor material' is also 
sometimes included, in order to offer a reference behavior 
that allows the validation of the irradiation conditions. The 
'monitor material' has been thoroughly characterized in a 
number of other reactors and its behavior under irradiation 
is well-known. Finally, neutron monitors and temperature 
fuses are added in the surveillance capsules to validate the 
neutron fluence and irradiation temperature range.   


 
In the following, a brief description of the LWR 


surveillance program is outlined, while more details can be 
found in [2]. At the beginning of life (BOL), i.e., in the 
unirradiated condition, the materials representative of the 


vessel, i.e., base metals (forgings or plates) and their welds 
should satisfy a number of requirements. Drop weight tests 
combined with Charpy impact tests allow to determine the 
reference temperature of nil ductility transition, RTNDT. 
The fracture toughness temperature dependence is, then, 
fully determined in the ductile–to–brittle transition regime, 
using the lower bound ASME fracture toughness curve 
indexed to a single variable, the RTNDT. Because of space 
limitations, it is not possible to include large specimens in 
the surveillance capsules. So, instead of using large 
samples, Charpy impact specimens are used to determine 
the ductile–to–brittle transition temperature, DBTT (see 
Fig. 1). The shift in DBTT caused by irradiation is used to 
determine the corresponding RTNDT. This way, the fracture 
toughness in the irradiated condition is obtained by adding 
the shift of the Charpy impact transition curve to the 
ASME fracture toughness curve (see Fig. 2).  
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Fig. 1. Effect of irradiation on the Charpy impact transition 


curve.  
 


 
Fig. 2. The fracture toughness curve is obtained by shifting 


the ASME curve by the DBTT–shift determined using Charpy 
impact data. 


 
In parallel to the experimental part, the irradiation–


induced transition temperature shift is evaluated according 
to a regulatory trend curve. An illustration is given in Fig. 
3, which presents the experimentally-determined transition 
temperature shifts, ΔRTNDT, as a function of neutron 
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exposure. The ultimate goal, however, is to verify that in 
case of a pressurized thermal shock (PTS) event [3], which 
is considered as a potentially severe accident, the integrity 
of the vessel is still guaranteed. For illustration and 
referring to Fig. 3,  the vessel integrity can only be 
guaranteed when the transition temperature, RTNDT, 
remains below the PTS criterion line for all neutron 
exposure levels (see Fig. 4).  
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for six surveillance capsules.  
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Fig. 4. Comparison of surveillance data to the PTS screening 


criterion. 
 
As may be noticed, the procedure just described above 


relies mainly on the Charpy impact test. A major drawback 
of this procedure is that the behavior of the irradiated 
material depends heavily on the initial (i.e. unirradiated) 
material condition. This is basically due to the indirect 
determination of the RTNDT: for example, if the initial 
RTNDT is inaccurately measured, the resulting 'bias' will be 
transmitted to the post–irradiation condition. It should be 
emphasized that this procedure is often found to be very 
conservative. During the last two decades, however, 
significant improvements were made in characterizing 
fracture toughness in the transition region using small-size 
samples. As a result, the master curve procedure is well 
established nowadays and can be used to determine the 


absolute fracture toughness – temperature dependence 
using small-size specimens [4]. It is also used as an 
alternative to the RTNDT procedure for the assessment of 
the integrity of RPVs [5]. Moreover, the empirically-
established embrittlement trend curves are constantly being 
revisited to produce trend curves that better account for the 
underlying physical mechanisms leading to embrittlement 
[6].  


 
 


III. SPECIFIC ISSUES OF GEN–IV REACTOR 
SYSTEMS IN COMPARISON TO GEN-II LWRs 


 
In comparison to Gen–II reactors, the Gen–IV critical 


components are likely to experience conditions that are not 
fully predictable, because of the current lack in knowledge 
and experience. The operational conditions of Gen–IV 
reactors differ significantly from those of Gen–II LWRs. In 
particular, neutron exposure levels and temperatures are 
significantly enhanced and the cooling medium could be 
highly corrosive, as in the case of lead- and lead/bismuth-
cooled reactors.  


 
For some Gen–IV nuclear reactors, e.g., lead fast 


reactors, the constraints on the vessel are significantly less 
stringent in comparison to Gen–II reactor systems. 
However, long-term material exposure to high 
temperatures and in the presence of a potentially corrosive 
environment should also be taken into account. On the 
other hand, core structures will be heavily loaded in a 
range of neutron levels and temperatures. Note that it is 
again important to distinguish between irreplaceable 
components, such as the vessel, and other components that 
might be replaced after a limited time span. 


 
Two of the principal candidate structural materials for 


Gen–IV reactor systems are the 316L austenitic stainless 
steel (AISI 316L) and the ferritic/martensitic 9%Cr–steel 
(T91). The rather extensive available knowledge on the 
behavior of these two materials, including the effect of 
irradiation, is one of the motivations for using them in 
Gen–IV systems. The 316L austenitic stainless steel is the 
prime candidate material for components used in the lower 
operation temperature range, while for components that are 
called to combine high-temperature strength with good 
swelling resistance, the 9%Cr–steel is the preferred 
material.  


 
It is clear that the surveillance program cannot address 


all potential issues that can occur in the reactor. Moreover, 
the surveillance strategy will depend on two principal 
elements: 


1. The regulatory requirements in terms of materials 
properties that will be used in the integrity 
assessment; 
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2. The safety impact factor of each nuclear 
component.  


 
Indeed, a detailed analysis of the potential failures of 


each component and their impact on the safe operation of 
the whole system is required, including environmental 
protection. On the other hand, the regulatory procedures 
will establish the property requirements of the materials 
constituting the critical components in both their regular 
in–service condition, as well as in accidental conditions. 
Only the materials with a high safety impact factor will be 
used in the surveillance program. An important reminder at 
this point is that the surveillance program as such is not 
sufficient and that a number of accompanying in–service 
inspections are usually considered. 


 
During the design of a specific Gen–IV nuclear 


system, the components and structures are designed 
according to codes and regulations specifying the lowest 
allowable property values of the candidate structural 
materials [7–8]. The problem is that some of these 
properties play a key role in the determination of the 
operation conditions of specific components, but may be 
subjected to changes during in–service operation. 
Undoubtedly, such specific property changes should be 
monitored throughout the lifetime of the component. It is 
important to mention that all experimental studies that are 
required to understand the materials behavior in terms of 
irradiation effects, environmental effects, etc., cannot be 
substituted by the surveillance program. The latter should 
primarily only be a confirmation of what has been 
discovered by other studies. 


 
Table I compares the main environmental conditions 


of vessels in Gen–IV heavy liquid metal-cooled reactors 
(HLM), such as sodium fast reactors (SFR) and lead fast 
reactors (LFR), in comparison to Gen–II LWRs. Even 
though HLM reactor vessels are exposed to relatively low 
neutron fluxes, they must operate at high temperatures in 
the presence of a potentially corrosive liquid metal. 


 
TABLE I 


Comparison of operating conditions of Gen–II and Gen–IV 
vessels. 


Header Gen–II LWR Gen–IV (SFR, LFR) 
Coolant Water HLM (Pb, Pb/Bi, Na) 
Temperature ~290°C 360–500°C 
Neutron exposure <0.2 dpa <0.01 dpa 


 
Based on the experience gained from Gen–II LWR 


surveillance programs and assuming that a surveillance 
program is also necessary for a Gen–IV reactor system, the 
following section examines how should such a program be 
updated so as to meet the needs of the Gen–IV system. Of 


course, the suggested approach is purely hypothetical until 
detailed and accurate safety evaluation files are available, 
which indicate the critical materials and material properties 
that should be monitored throughout the surveillance 
program. 


 
IV. LESSONS LEARNED FROM GEN–II 


SURVEILLANCE PROGRAMS 
 


As already mentioned, the Charpy impact test provides 
the key factor in the assessment of vessel embrittlement. 
Originally, the Charpy test was a quality assurance test 
used to check the quality of steel heats that were 
commercially produced by steel makers. For instance, 
Charpy impact tests are regularly performed at a specific 
temperature, say -40°C, with the aim to guarantee that the 
absorbed energy during steel fracture remains above a 
minimum specified level, e.g., 25 J. A steel heat that does 
not fulfill such a requirement is not qualified. With the 
development of nuclear energy and due to the limitation of 
the available space in the reactor, the Charpy impact test is 
used to determine the ductile–to–brittle transition behavior 
(see Fig. 1). The DBTT is then determined at a certain 
arbitrary energy level, which is set at 41 J in the US, 56 J 
in France (RCCM), and 47 J in Russia. Although this 
DBTT definition has led most of the reactors worldwide to 
operate in relatively safe conditions, it is questionable. As 
a matter of fact, the existing procedures that are applicable 
to operating LWR systems are often overly conservative. 


 


 
Fig. 5. Typical load – time Charpy impact test record, 


showing four characteristic loads. 
 
Fundamental improvements were made during the last 


decades, however, with respect to the better understanding 
of the Charpy impact test. Today, instrumented Charpy 
impact tests allow the continuous recording of the applied 
load as a function of time and displacement. Such a record 
is depicted in Fig. 5 and shows four characteristic points: 
the load at general yield, Fgy, the maximum load, Fm, the 
load at unstable brittle fracture, Fu, and the crack arrest 
load, Fa. The fracture surface is intimately related to these 
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loads. For example, Fu and Fa are not observed in the 
record of a Charpy impact specimen that has failed in a 
fully ductile manner. On the other hand, when fracture 
occurs at the general yield, it is fully brittle. Moreover, the 
higher the difference between Fu and Fa, the higher the 
fraction of brittle fracture. So, the analysis of such a test 
record allows a better understanding of the operating 
fracture mechanisms. 


 
As already mentioned, the DBTT is evaluated at an 


arbitrary energy level. It is interesting to examine whether 
the characteristic loads described in Fig. 5 have changed 
upon irradiation. Such a comparison is shown in Fig. 6, for 
an energy level of 49 J. As can be observed, the load – 
time test records are not necessarily identical. The shear 
fracture appearance (SFA) increases after irradiation, as 
indicated by the increase in the energy associated with the 
tail of the load – time curve past the crack arrest load. The 
latter was observed on a large experimental database. 
There is a clear tendency, as can be seen from the shift of 
Fa in Fig. 6, to transfer a larger part of the absorbed energy 
to shear lips formation. The flow behavior and further 
ductile crack extension, which is represented by the record 
portion between Fgy and Fm is also modified by irradiation. 
This example is not unique and clearly indicates the 
limitations of arbitrarily fixing the energy level at which 
the DBTT is evaluated. 
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Fig. 6. Effect of irradiation on the Charpy impact test record 


at constant absorbed energy. LE is the lateral sample expansion. 
 
There is another drawback of the Charpy impact test 


that could bias the actual irradiation-induced change of the 
DBTT. To be more precise, Charpy impact testing must not 
be used for highly-irradiated structural materials relevant 
for Gen–IV reactor conditions. Such materials experience 
plastic flow localization after irradiation, which is 
associated with the loss work-hardening capacity; 
however, the Charpy impact test does not take this 
phenomenon into account due to intrinsic dynamic and 
inertial effects. Moreover, defining the DBTT based on an 
arbitrary energy level implies that a fraction of the 
absorbed energy is associated with ductile crack extension, 


which means that the ductile crack behavior affects the 
measured DBTT. Under quasi–static loading, plastic flow 
localization affects significantly the material resistance to 
crack propagation [9]. Under dynamic loading, however, 
this is inhibited by dynamic and inertial effects. Due to the 
above, the DBTT–shift measured by Charpy impact testing 
is smaller in comparison with the shift in the quasi–static 
fracture toughness transition temperature [10]. 


 
Finally, it is also known that in this ductile regime, the 


Charpy impact test generally exhibits a plateau indicating 
constant toughness. However, this is not correct and it is 
often found that the fracture toughness decreases with the 
test temperature, in the usually considered range of 
temperatures, namely less than 300°C for LWRs [11]. This 
is the reason why a more accurate evaluation of fracture 
toughness at high temperatures should be implemented in a 
more advanced surveillance strategy. Note that the 
specimen size effect on the fracture toughness in the 
ductile regime is still an open issue and should receive 
more attention in the future. 


 
The DBTT–shifts that are experimentally determined 


using the specimens of the surveillance program are 
usually compared to embrittlement trend curves. Such a 
curve can typically be described by the following function 
[12]: 



DBTT = f(Cu, Ni, )  (1) 
 


where Cu and Ni are the copper and nickel contents and  
is the neutron fluence. In the function given in Eq. (1), Cu 
and Ni are considered as the only elements to favor 
irradiation embrittlement, but other elements can also be 
considered [6, 13–14]. Although important in terms of 
embrittlement, the irradiation temperature is usually 
omitted from these trend curves, because the database on 
which they are developed is often limited to a narrow 
temperature range, typically around 290°C.  


 
The regulatory requirements are evolving with time, 


taking into account the progress that has been made in 
better understanding the underlying physical mechanisms 
that are responsible for the observed materials degradation. 
Therefore, the general tendency around the development of 
these embrittlement trend curves is not to simply fit the 
data so as to minimize the deviations, but to consider the 
active physical mechanisms. For example, the next 
generation of trend curves should definitely refer to the 
irradiation temperature [6, 15].  


 
Finally, it is very important to consider the property–


to–property correlation, because it does not only provide a 
quality assurance on the experimental measurements but 
also gives better insight into the macroscopic damage 
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mechanisms. As a matter of fact, tensile properties are 
usually neglected, while they should play a key role 
especially from a modeling perspective. The increase in 
yield strength can be related to the microstructural defects 
produced during irradiation, while the embrittlement is 
often a consequence of material hardening.  


 
 


V. OTHER GEN–IV SPECIFIC ISSUES 
 


The previous section addressed only properties that 
are considered in present LWR surveillance programs. 
However, in Gen–IV nuclear systems, one may distinguish 
two basic types of materials degradation phenomena, first 
the ones affecting the bulk properties, e.g., irradiation 
damage, and second the ones affecting the properties of 
surfaces in direct contact with an aggressive environment, 
e.g., liquid metal corrosion and stress–corrosion cracking. 
Moreover, synergies may occur between more than one 
degradation phenomenon: a good example of this is the 
synergy between neutron irradiation and stress–corrosion 
cracking. Finally, the lifetime of Gen–IV systems is 
anticipated to reach or even exceed 60 years. This opens 
the question of the effect of long-term operation at high 
temperatures on the stability of the structural materials.  


 
While the effects of irradiation on the bulk properties 


are more or less understood, the long-term effects of 
corrosion and stress–corrosion cracking in environments 
such as liquid lead (Pb) or liquid lead/bismuth (Pb/Bi) are, 
unfortunately, not known. Other issues, such as creep–
fatigue interaction in a corrosive environment are 
relatively new and should receive a lot of attention. The 
lack of knowledge on such issues is aggravated by the 
absence of standardized testing procedures. This is one of 
the primary motivations for the launch of the FP7 
European project MATTER, which aims at outlining best-
practice mechanical and corrosion testing guidelines in the 
presence of liquid Pb/Bi. 


 
Defining the surveillance program for Gen–IV reactor 


systems is far more complicated than for Gen–II LWRs, 
mainly due to the potential negative effect of an aggressive 
coolant. At this stage, it is difficult to provide a generic 
surveillance program for Gen–IV systems, because of the 
variety of the challenges faced by each component and the 
associated variety of candidate coolants. Nevertheless, the 
following paragraphs will attempt to outline some ideas 
that could be considered in future surveillance programs. 
Rather than targeting a specific component or system, few 
physical phenomena that could affect the operation and/or 
integrity of any component exposed to the liquid metal 
coolant are addressed.  


 


Let us consider a hypothetical nuclear component that 
operates in contact with liquid Pb and the rupture of which 
has a large impact on the operation of the system. Such a 
hypothesis indicates that the material constituting this 
component should be included in the system surveillance 
program. Assuming that the rupture of the component is 
probably caused by stress–corrosion cracking (SCC), how 
could this be integrated into a surveillance program, in 
case such a program is a regulatory requirement? Note that 
SCC is also a hot topic in LWR systems, although it is not 
included in the present surveillance programs. Still, this 
degradation mechanism is regularly monitored in the 
undertaken inspection programs.  


 
Tentatively, a surveillance program can be envisaged, 


where compact tensile specimens are pre–loaded to a well–
defined stress intensity factor level and then placed in the 
surveillance capsules in contact with liquid Pb. This way, 
the combined effect of irradiation and environment could 
be simultaneously assessed by monitoring the crack 
propagation. Similar to SCC testing in water, disposition 
curves could be developed and used as SCC trend curves 
in liquid Pb. This hypothetical example highlights the 
importance of establishing standard testing procedures to 
generate reliable databases.  


 
The state-of-the-art knowledge on the liquid metal 


corrosion (LMC) resistance of structural steels, such as the 
AISI 316L austenitic stainless steel and the T91 
ferritic/martensitic steel, indicates that this degradation 
phenomenon is affected by many factors, including the 
liquid metal impurity concentration, the temperature, and 
the liquid metal flow velocity [16–19]. Many studies have 
already shown that LMC in Pb and Pb/Bi coolants is more 
severe when the liquid metal is depleted in oxygen. 
Moreover, the higher the temperature and flow velocity of 
the liquid metal, the higher the LMC rate. However, a lot 
of research must still be done so as to gain a thorough 
understanding of the underlying LMC mechanisms. It is 
also worthwhile mentioning that the synergy between 
LMC and other degradation phenomena, such as fatigue, 
liquid metal embrittlement (LME), and/or irradiation 
damage has not been systematically addressed up to now. 
It is, thus, very early to make mature suggestions on how 
best to incorporate LMC in Gen–IV surveillance programs, 
despite the fact that this material degradation phenomenon 
is likely to have a severe impact on safety. For example, 
incorporating capsules with specimens that are exposed to 
stagnant liquid metal cannot, obviously, address the effect 
of the liquid metal flow. Therefore, if the surveillance 
program should address LMC due to safety or economic 
reasons, the corrosion conditions imposed on the samples 
in the surveillance capsules must be equivalent or even 
harsher than the conditions experienced by the component 
that is endangered by LMC.  
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One may conclude, at this point, that the surveillance 


program strategy for Gen–IV reactor systems will probably 
address a number of issues that were not considered in the 
LWR surveillance programs. However, the eventual 
implementation of surveillance programs will largely 
depend on the design rules, the regulatory requirements, as 
well as the standard material testing procedures that must 
still be developed. 
 
 


VI. SUMMARY AND CONCLUSIONS 
 


The surveillance programs for LWR systems were 
developed in order to monitor irradiation effects on the 
embrittlement of reactor pressure vessel materials. The 
LWR surveillance programs rely primarily on Charpy 
impact testing, which allows an indirect determination of 
the fracture toughness transition temperature curve. This 
procedure suffers from a number of assumptions that were 
addressed in this article. Nowadays, more reliable 
procedures are available, where fracture toughness is 
directly measured on small samples; these procedures offer 
a better insight into the underlying damage mechanisms. 
Therefore, Gen–IV nuclear systems should benefit from 
this experience.  


 
For materials undergoing a ductile–to–brittle transition 


in their fracture behavior, the Charpy impact test should be 
replaced by fracture toughness testing according to the 
master curve methodology. The experimental data can then 
be directly incorporated in a safety assessment perspective 
without referring to the initial, unirradiated condition.  


 
For ductile fracture behavior, it is also important to 


perform ductile crack resistance measurements directly on 
the surveillance samples, on the condition that the 
specimen size effect is reliably taken into account.  


 
Tensile test specimens should also be included in the 
surveillance capsules, as they provide a direct link to the 
microstructural defects produced during irradiation.  


Even though the available testing procedures allow the 
assessment of irradiation embrittlement, they do not 
address the additional issues related to embrittlement in the 
presence of an aggressive coolant. Long-term operation at 
various temperatures in contact with a corrosive medium 
will undoubtedly affect the material behavior, resulting in a 
plethora of not–well understood degradation phenomena, 
such as liquid metal corrosion, liquid metal embrittlement, 
and stress–corrosion cracking. Therefore, the final 
template of the surveillance program will primarily depend 
on two key elements: the employed design methods and 
associated design requirements on one hand, and the safety 
impact of the eventual rupture of a specific component on 


the other. Moreover, an important effort in normalizing 
testing procedures relevant for Gen–IV reactor conditions 
is required so as to develop reliable trend curves describing 
the material behavior.  


 
It is also considered advisable to make provision of 


sufficient archive key materials from critical components, 
in order to comply with eventual changes in the testing 
procedures and gain more knowledge over the material 
behavior.  


 
Finally, it is necessary to point out once more that the 


views expressed by the authors are mainly based on the 
experience gained from Gen–II LWR surveillance 
programs. Although not addressed here, experience gained 
in sodium reactors should also be considered. Using this 
prior experience and extrapolating it to address the harsher 
conditions in Gen–IV systems, the authors tried to indicate 
important attention points that might be considered in a 
potential surveillance program for such systems. These 
attention points ranged from the limitations of Gen–II 
testing strategies to the challenges involved in making new 
testing procedures so as to address the degradation of 
structural materials that are exposed to liquid metal 
coolants. However, it is possible that certain effects have 
been neglected or that the proposed guidelines do not 
represent the best possible practice when defining a 
surveillance program.  


 


NOMENCLATURE 
 


ASME : American Society of Mechanical Engineers 
BOL : Beginning Of Life 
DBTT : Ductile–to–Brittle Transition Temperature 
DBTT : DBTT–shift 
Gen–II : Generation 2 
Gen–IV : Generation 4 
HAZ : Heat Affected Zone 
HLM : Heavy Liquid Metal 
LFR : Lead Fast Reactor 
LMC : Liquid Metal Corrosion 
LME : Liquid Metal Embrittlement 
LWR : Light Water Reactor 
RPV : Reactor Pressure Vessel 
RTNDT : Reference Temperature of Nil Ductility Transition 
SCC : Stress–Corrosion Cracking 
SFA : Shear Fracture Appearance 
SFR : Sodium Fast Reactor 
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Abstract – Accelerators Driven Systems (ADS) are an innovative type of nuclear system, which is 
useful for long-lived fission product transmutation and fuel regeneration. The ADS consist of a 
coupling of a sub-critical nuclear core reactor and a proton beam produced by a particle 
accelerator. These particles are   injected into a target for the neutrons production by spallation 
reactions. Such neutrons are used for the maintenance of the fission chain in the sub-critical core. 
The aim of this study is to investigate the fuel regeneration potential of a lead cooled accelerator 
driven system. The fuel studied is a mixture based upon 232Th and 233U. Since thorium is an 
abundant fertile material, there is hope for the thorium-cycle fuels for an accelerator driven sub-
critical system. The target is a lead spallation target and the core is filled with a hexagonal lattice. 
In order to reduce the negative reactivity caused by the presence of protactinium are used high 
energy neutrons, since this effect is most pronounced in the thermal range of the neutron spectrum. 
For that reason, such material is not added moderator to the system. In this work is used the 
Monte Carlo code MCNPX 2.6.0, such version is quite interesting for the ADS simulation because 
it allows the description of external sources from spallation reactions and also to monitor the 
nuclear fuel evolution. The results show the fuel evolution in the ADS and the effective 233U 
production in the system. 
  


 
 


I. INTRODUCTION 
 
The Accelerator Driven Subcritical System (ADS) is 


an innovative nuclear reactor which has been studied to 
produce energy and transmute radioactive wastes, or as a 
starter to breed the required 233U in a thorium based type of 
fuel. A great number of works on the ADSs and the relative 
neutronics has been reported in the scientific literature 1, 2, 3, 


4, 5, 6. The concept of ADS combines a particle accelerator 
with a sub-critical core. The sub–criticality enables that a 
fuel with a large fraction of fuel and/or minor actinides can 
be loaded into the sub–critical system without any 
reactivity induced safety problems, this system can be 
controlled safely and easily because the sub–critical 
systems need an external source of neutrons to start 
the nuclear reactions. An ADS consists of three parts: (1) 
particle accelerator, (2) spallation target and (3) subcritical 
reactor core. A high intensity continuous wave proton beam 


with an energy of around 1 GeV and a current of several 
tens milliamperes is injected into a target of  heavy metal 
resulting in a spallation reaction that emits neutrons. Such 
neutrons are used to maintain the fission chain in the 
subcritical core. 
      At the present rate of consumption, the known uranium 
resources on earth will be insufficient to continue its use as 
fuel for nuclear energy production, beyond some 200 more 
years. Accelerator driven systems are an interesting solution 
to this problem since they could use as a starter to breed the 
required 233U in a thorium based type of fuel 4. 
     There are many reasons for the resurgence of interest in 
the thorium fuel cycle nowadays. The phenomenal increase 
in the price of uranium and thorium’s abundance is about 
three times of uranium are probably the most compelling 
reasons. A better neutronic characteristic of 232Th and the 
regenerated 233U are attractive because several previous 
studies have shown some promising reactor physics 
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performances of thorium-fueled core due to those 
characteristics. Thorium-fueled reactor is also an attractive 
tool to produce long-term nuclear energy with low 
radiotoxicity waste 7. 


In this work we report results obtained from the 
simulation of an ADS for regeneration fuel and durable 
energy production. Our goal has been to evaluate the 
feasibility of the concept of accelerator- driven subcritical 
reactors for the 233U production, by performing an analysis 
of the fuel composition throughout the operation period. 
For this simulation the Monte Carlo code MCNPX 2.6.0 is 
used. Such version is quite interesting for the ADS 
simulation because it allows to obtain the nuclear fuel 
evolution during the operation. The results indicate that 
fuel cycle based on thorium can be used for long-time 
nuclear energy generation in accelerator-driven reactors. 


 


  Fig. 1: ADS geometry (X-slice for x=0). 
 


 
         Fig. 2: ADS geometry (Z-slice for z=0). 


 
   Table 1 summarizes the geometrical and operational 


parameters of the system simulated in this study. The 
accelerator tube has a radius of 1.5 cm, and the axial 
position center of the target. The simulated system consists 
of four different sections: (i) the spallation neutron target 
(central cylinder), (ii) the subcritical core, (iii) the reflector 
zone. 


 
 


TABLE I 


Main parameters of the system. 


  232Th/ 233U system 
Core volume 6.0 m3 


232ThO2 + 15% 233UO2 
4.58 t 


515 MWt 


Fuel mixture (initial) 
Fuel mass 
Thermal power 


 
II.A. The spallation neutron target 


 
Due to their higher neutron yields only heavy targets 


are considered practical. Lead3, or more often, lead-
bismuth8, are proposed as liquid targets. The use of only 
lead for the target prevents the radiological hazards from 
210Po, maintaining a high neutrons production by spallation, 
since the values of spallations cross sections for the two 
materials are very close. Since the Lead has a good heat 
transfer rate, it also is used as a coolant. The Pb cylindrical 
target has 9.5 cm radius and 39 cm height. 


 
II.B. The subcritical core 


 
The core is a cylinder of 6.0 m3 filled with a hexagonal 


lattice loaded with 232ThO2 + 15% 233UO2. The volumetric 
fractions of coolant (54 %) and fuel (8 %) were adjusted to 
obtain initial keff = 0.99. The inner diameter of the fuel rods 
is 2 cm and the number of fuel rods is 156. The coolant 
used is natural Lead. This design offers many advantages 
like convective cooling, passive safety and small neutron 
absorption cross section9. 


Another advantage of Lead is that it is not a neutron 
moderator. This is important because the protactinium 
effect, which limits the achievable values of keff , is less 
severe for fast spectra. In general reactor control is easier 
with fast spectra, especially for the thorium based cycle. 
For solid fuels, due to smaller capture cross-sections of 
fission products, the variations of keff are less severe for fast 
than for thermal spectra. However, the inventory of 233U is 
much larger in fast reactors (about 7 times) , with the 
associated larger breeding times and inventory 
radiotoxicity9. 


 
II.C. The reflector zone 
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The Lead reflector thickness was kept fixed at 50 cm. 


III. CALCULATIONAL PROCEDURE 


The MCNPX 2.6.0 code10 was used to simulate the 
geometrical and operational characteristics of the system. 
For all simulations in this study, the keff values have been 
obtained by running the MCNPX calculation in the 
KCODE-mode, and the fuel compositions and the radial 
thicknesses have been adjusted to obtain keff = 0.99. 


In the burnup calculations, Monte Carlo code MCNPX 
2.6.0, which is a combination of LAHET11 and MCNP, was 
used. The depletion/burnup capability is based on 
CINDER90. MCNPX depletion is a linked process 
involving steady-state flux calculations by MCNPX and 
nuclide depletion calculations by CINDER90. The code 
runs a steady-state calculation to determine the system 
eigenvalue, 63-group fluxes, energy-integrated reaction 
rates, fission multiplicity (ν), and recoverable energy per
fission (Q values). CINDER90 then takes those MCNPX-
generated values and performs the depletion calculation to 
generate new number densities for the next time step. 
CINDER 90 has inherent decay and 63-group cross-section 
data library for 3400 isotopes. In general, CINDER 90 
utilizes one group cross sections tallied by MCNPX. 
However, for isotopes without continuous energy cross 
sections data, one group cross sections are obtained by 
collapsing 63-group CINDER90 cross-section set and 63-
group neutron spectrum calculated by MCNPX. MCNPX 
takes these new number densities and generates another set 
of fluxes and reaction rates. The process repeats itself until 
after the final time step specified by the user12. It could 
induce some differences in the composition during the 
system evolution, but it is a reasonable approximation for 
the qualitative analysis proposed in this work. The results 
provided in this paper allow a general analysis of the 
nuclear fuel evolution. 


In this work were used 73 time steps of 50 days (total 
time=10 years). The thermal power of operation throughout 
this period was 515 MWt. 


  
IV. RESULTS 


Fig. 3 shows the multiplication factor as a function of 
time for the 232Th/233U hybrid system running with its 
original fuel over 10 years. The keff with its standard 
deviation for the first step was 0.99129 (0.00040) and keff =
0.55886 (0.00025) for a last step. The drop of the keff value 
is mainly due to the increased poisoning caused by the 
accumulation of fission products having large neutron 
capture cross-sections and, of course, the constant energy 
generation by the system. 


Fig. 4 and fig.5 show the flux as a function of the 
energy in the fuel, and in the Lead of the core (coolant). 


Both spectrum have their maximum around 250 keV. This 
value will be used for the fuel evolution analysis.


Fig. 3: Evolution of the 232Th/233U system reactivity . 


Fig. 4: Neutron flux in the fuel. 
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 Fig. 5: Neutron flux in the lead. 


IV.A. Analysis of the 232Th concentration in the operational time 


Fig. 6 describes the 232Th concentration during the 10 
years of operation. It can be verified that the concentration 
of this isotope is reduced by about 43% during the 
operation time. It is the result of the considerable capture 
cross section of this isotope, which allows the 233U
production. The total cross sections and capture (n, 
gamma) cross section for 232Th are shown in Fig. 7 and 
Fig.8. From these figures we can see that the most probable 
value of neutron energy for our system (0.251 MeV) is 
located after the resonances region. The total cross-section 
of 232Th for this neutrons energy is around 10 barns, while 
the cross section for radiative captures is close to 1 barn. 
Around 10% of the neutron interactions with this isotope 
generates radiative capture. This captures lead to 233Th  
formation. In addition to the generation of 233U, it further 
contributes weakly to the system criticality through fission 
reactions, since the cross section of fission of this nucleus
(Fig. 9) to the energy of interest is very low (less than 10-6


barns). 


Fig. 6: Mass variation of the 232Th. 


Fig. 7: Total cross section for 232Th. 
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Fig. 8: Capture cross section for 232Th. 


Fig. 9: Fission cross section for 232Th. 


IV.B. Analysis of the 233Pa concentration in the operational time 


A relevant question in the neutron spectrum choice is 
the protactinium effect. 233U is formed when 232Th captures 
a neutron, and soon then undergoes two beta decays: 


232Th + n            33Th 233Pa            233U


 The presence of protactinium imposes limits on the 
admissible neutron flux when using solid fuels. This 
limitation is due to two detrimental effects of 
protactinium9: 


1) Protactinium captures neutrons, and, thus, decreases 
the reactivity of the reactor. 


2) After a reactor stop, the 233Pa inventory transforms 
into 233U, which leads to an increase of the reactivity. This 
increase may lead to criticality of the reactor. The 
characteristic time for such evolution is of the order of the 
life-time of 233Pa, i.e., about one month. Corrective actions 
could be easily taken by insertion of a negative reactivity. 
However the advantage of passive safety of hybrid systems 
would be lost. It is, thus, interesting to keep the system sub-
critical in all circumstances.  


 From Fig. 3 it can be observed that the values of the 
system reactivity are always lower than 1, i.e., the increase 
of the reactivity due to the protactinium effect was small, 
not requiring the adoption of corrective actions.


Fig. 10: Mass variation of the 233Pa. 


Fig. 10 shows the 233Pa concentration during the 10 
years of operation. It may be noted that this isotope is 
formed in large scale which contributes negatively to the 
reactivity. 


Fig. 11 and fig. 12 shows the total neutron cross 
section and neutron capture cross section for 233Pa. The 
233Pa can, through the neutron capture, to generate the 
isotope 234Pa. When this happens, it does not decay (via 
beta decay) for 233U, what is a disadvantage for a system 
that aims to produce this isotope. 
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Fig. 11: Total cross section for 233Pa. 


Fig. 12: Capture cross section for 233Pa. 


From Fig. 12 it can be observed that the capture cross 
section for the region of interest is relatively low (around 1 
barn), representing about 10 % of the also small total cross-
section (around 10 barns). It can be verified that non-use 
moderator facilitates the fuel regeneration and the system 
reactivity maintenance, since the total cross-section for the 
233Pa in the fast region of the neutron spectrum is clearly 
lower than in the thermal region. So, the negative effect of 
protactinium in the system reactivity (and thus in the fuel 
regeneration) is less pronounced than if are used low-
energy neutrons. 


IV.C. Analysis of the 233U concentration in the operational time 


Fig. 13 presents the 233U concentration during the 
operation time. As can be verified in this figure the 
concentration of this isotope decreases with the time. This 
isotope is produced by the regeneration of the 232Th, but it 


is constantly consumed for power generation, since the 
initial loading is used to generate 515 M Wt thermal power 
for 10 years. After all, the 233U is the main fissile isotope of 
the system. 


The burnup rate for the system simulated is 561.35 
g/day. For ten years of operation the consumption is 
approximately 2049 kg of this isotope. It can be verified 
that the concentration of this isotope 232Th is reduced by 
about 380 kg during the 10 years of operation. This proves 
that not all the 233U spent for the power generation comes 
from initial loading system, but it comes from regeneration 
of the 232Th. 


Fig. 13: Mass variation of the 233U. 


V. CONCLUSIONS 


In this paper we have presented MCNPX 2.6.0 
calculations of fast subcritical hybrid system using fuel 
based on thorium. The main conclusions have been: 


 The MCNPX 2.6.0 simulations can be performed 
to study the nuclear fuel evolution in subcritical 
systems over very long periods of reactor 
operation. 


 Fuel cycle based on thorium can be used for long-
time nuclear energy generation in accelerator-
driven reactors. 


 The use of fast neutrons is privileged with respect 
to the use of thermal neutrons in systems that 
operate in the Th /U cycle. 
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  Despite the low keff it is possible to generate 
electricity and regenerate fuel. 
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Abstract – In this paper we use advanced CFD methods to analyze the influence of turbulence 
enhancement appendages on coolant flow conditions inside pressure tubes. Turbulence enhancement 
appendages are proposed for new fuel bundles aiming to be used in existing CANDU6 nuclear reactors or 
in advanced pressure tube nuclear reactors like ACR1000. Generating turbulence in the coolant, it is 
expected that the presence of appendages at some locations prevent the occurrence of the critical heat flux 
(CHF) without significantly increasing the hydraulic resistance in the fuel channel. Safety limits are 
increased on maximum power that can be produced by fuel channel. Parameters that are provided by CFD 
analysis are pressure drop (penalty) and the turbulence generated in coolant downstream of the location of 
turbulence enhancement appendages. Turbulence appendages proposed in this paper have some specific 
oval shapes and a range of heights. The locations along fuel rods are at ¼ and ¾ from the end and radial 
wherever the space between fuel rods is large enough to accommodate 1 to 4 appendages. The results 
obtained in this paper shows that while pressure drop is significant (~8.8% from total) the increase in 
turbulence kinetic energy and turbulence intensity is limited and in the same time, in axial direction, 
turbulence last for only 4- 5 cm downstream. CFD analysis was performed at UPB Bucharest with 
FLUENT CFD code. 
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Abstract - The application of standardized plant designs across countries must be sensitive to the differences in 


operating practices and nowhere is this more evident than in the design of the Human-System Interface (HSI). This 


paper presents and discusses the critical differences that must be considered in the development and use of plant 


procedures. Specifically, the operating practices of Japan and the United States, and their resulting effects on the 


design and application of a procedure system are used as an example. 


Over a three-year period, the US-APWR program completed a series of human-in-the-loop dynamic tests, with the 


principal purpose of identifying the modifications needed in the basic Japanese HSI design as it moves into the 


United States (US). Using the Mitsubishi Electric Power Products (MEPPI) simulator, licensed US operating crews 


and preselected test scenarios, both subjective and objective data were collected on crew performance for various 


specific interface design elements. These data were then analyzed for impacts on individual and crew performance 
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including workload, situation awareness, the ability to keep pace with evolving plant events and the ability to look 


ahead. As would be expected, one important topic that affected each of these performance areas was that of the 


procedure design and implementation. As the tests were performed, subsequent designs of the procedure system 


moved from a simple translation into English of the Japanese style procedures, to the currently in use format of US 


paper procedures, to the simple computerization of these US paper procedures, IEEE level 1, to the resulting final 


design of a computer based procedure (CBP) system, IEEE level 2, that supports the US operating practices. This 


paper describes the differences between the US and Japanese practices along with a discussion of why the authors 


believe both have been highly successful in their respective countries but are not one to one applicable between the 


countries.  The test results suggested changes to the procedure system from that used in Japan to be applied to the 


final US-APWR CBP system. How the final US-APWR CBP system design specifically supports US operating crew 


needs are discussed, including the impact on crew mental workload and subsequent overall HSI design. 


 


 


I. INTRODUCTION 


Over the past three years, a series of human in 
the loop simulator-based tests were performed in 
support of the US-APWR control room design 
program with the goal of moving the Human System 
Interface (HSI) from its bases in Japan to US 
application.1   As one part of these tests, various 
media for the presentation of operating procedures 
were evaluated that ranged from conventional paper 
to a Computer Based Procedure (CBP) system.  Since 
the focus was to identify design changes that would 
facilitate the use of the HSI, originally designed for 
Japanese operators by US operators, the testing 
program included use of the interface by both US and 
Japanese operators. During this part of the program it 
was noted that there was a significant difference in 
operating philosophy between the US and Japan that 
was driven by country culture and management, 
regulator, and industry oversight groups expectations 
regarding the structure and use of procedures. It was 
concluded that these differences had a critical impact 
on the design and implementation of a procedure 
system and especially that of a CBP system. As a 
result of these tests, the Japanese procedure system 
was modified to fit US practices and expectations. In 
addition US normal operating procedures were 
modified to better use the strengths of the new digital 
interface. This paper explores these differences and 
their potential impact on plant procedures.  


II. BACKGROUND 


 Following the March 1979 event at TMI-2, much 
has been said and done with respect to improving the 
design of nuclear power plants.  Since the event 
occurred in large part because of human error on the 
part of the operating crew, a significant amount of 


that effort focused on improving human performance 
and reliability within the Main Control Room.  
Human error is separated into two categories based 
on the intent of the performer: 


1. Errors of Execution, sometimes called 
‘slips’, which involve human action in 
which the human understood clearly what 
needed to be done, but for whatever reason 
grabbed the wrong switch to do it. 
 


2. Errors of Intention, sometimes called 
‘mistakes’, which involve human action in 
which the human did not clearly understand 
what needed to be done and executed 
actions that were an appropriate response to 
a different problem or situation. 


 In their final report after analyzing the TMI-2 
event, the Advisory Committee on Reactor Safe-
guards concluded that the TMI-2 event was an Error 
of Intention.  In that event, the control room 
operators, in spite of extensive training and the 
correct use of available procedures did not clearly 
understand the event that they were facing and 
executed the wrong actions. 


 In the intervening three decades since the TMI-2 
event, the US nuclear power industry has worked to 
improve performance of nuclear plant equipment and 
workers.  In a parallel effort, the USNRC has 
developed regulations and inspections to ensure the 
licensees self identify and correct deficiencies that 
contribute to potential nuclear worker performance 
degradation.  In addition, in an attempt to bring to 
bear the industry’s collective thinking, the industry 
has and continues to sponsor organizations such as 
INPO, WANO, EPRI, NEI and the PWR and BWR 
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Owners Groups that promote further improvements 
in human performance and reliability.  


Certain aspects of operator performance were 
identified as root or contributing causes in the TMI-2 
event as well as other significant events in the 
subsequent years.  The most significant of those 
received increased scrutiny and ultimately focused 
improvement efforts.  


 Examples of enhancements implemented in the 
US that relate to the design and application of plant 
procedures are: 


 Procedure use and adherence – understand the 
intent while following the procedure as written. 
When the procedure does not work as written stop to 
collaborate with supervision and correct the 
procedure if required. 


 Effective communication (three-part) – each 
communication regarding plant status or control 
should be clearly stated by the sender, repeated by 
the receiver, and verified by the sender (the sender 
verifies the intended message was understood by the 
receiver.) 


 Self verification  – the performer makes a 
deliberate effort to ensure he/she is about to operate 
the intended component, to consider the expected 
plant response when the component is activated, and 
to ensure the expected outcome occurred as 
anticipated following operation. 


 Peer checks – a peer operator (not the 
supervisor) verifies the action about to be taken.  


 Control room supervisor remains in an 
oversight role – the supervisor does not become 
distracted by the details of an in-progress activity 


 Control room staff situational awareness 


 Industry improvement in these areas can be 
shown to have resulted, in part, to the dramatic 
reduction in significant events (improvements in 
nuclear safety), transients, scrams, and, as a 
byproduct, the significant improvement in capacity 
factors (from approximately 60% in 1980 to 
approximately 96% today)  


 There are some challenges that come along with 
many of these improvements, the most significant of 
which is time.  The very deliberate fashion in which 
US procedure steps are performed and communicated 
can cause a delay in identifying and executing the 
appropriate mitigation actions.  In addition, the tools 


that the industry currently uses to effect improvement 
were specifically designed for use in an analog 
control room.  The critical differences which exist 
between an analog and a digital control room 
exacerbate the challenges already in place. For-
tunately there are improvements that can be made 
through the use of CBPs, including their interface 
with the digital controls which minimize, and in some 
cases greatly improve on the status quo. 


 The Japanese nuclear industry has taken a 
somewhat different approach. They have left the 
structure of their procedures much the same, i.e., the 
procedures are intended to be high level guidance for 
the operators that do not including all of the detailed 
actions required to achieve the objectives. The 
Japanese operators depend instead, on their own 
knowledge of the required lower level, detailed, 
steps. The senior operator checks the operator by 
referencing a check list that is based on the operating 
procedure being used by the operator, not by direct 
reference to the operating procedure as in the US. In 
Japanese plants, both paper and CBPs are used, with 
the paper procedures being the primary source.  This 
results in the CBP function being limited and simple. 
To support the transition between the two, the paper 
and the CBP s are the identical. The study discussed 
in this paper was undertaken as part of the overall 
design of the human system interface of the main 
control room for the Mitsubishi family of industries 
(MHI, MELCO, MNES, MEPPI) US-APWR as it 
transitions from application in Japan to the US 
marketplace.  


 The following sections of this paper examine 
some of the details of how and why the current 
operating procedures are what they are in today’s 
nuclear power plants and how they may be carried 
over into the ‘new build’ plants. The central focus of 
this paper is an examination of a series of real-time 
human-system interface tests2,3 that set a basis for 
comparing and contrasting these two different 
approaches to plant operation.  These tests included a 
typical set of today’s US operating procedures 
executed by crews from a currently operating US 
nuclear power plant and a typical set of Japanese 
procedures executed on the same simulator with the 
same test scenario by operator training instructors 
from Japan. The paper concludes with a discussion of 
the pluses and minuses that were revealed in these 
real-time tests of the consequences of the regulations 
and design decisions that are being made to address 
the potential benefits and the concerns that currently 
exist in this evolving environment.  
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III. US-APWR TESTING PROGRAM 


III.A. Description of the US-APWR Human -System 
Interface 


 The US-APWR control room Human-System 
Interface is composed of several elements, each with 
a different objective with respect to the types of 
operational support that are needed by the operating 
crew. Of these, the following were employed during 
the execution of those test scenarios that are of 
interest in this paper: 


 A Large Display Panel (LDP), which is 
composed of a set of large spatially-
dedicated-continuously-visible VDUs 
arranged together in a nearly seamless 
manner to form one very large visual display 
unit, the purpose of which is to present a 
summary of plant process state data. The 
graphics on this LDP are basically a large 
mimic of the major plant components, 
interspersed with graphic representations of 
engraved enunciator alarm message tiles and 
various graphics intended to provide the 
functionality of the Safety Parameter 
Display System (SPDS) By-passed and 
Inoperable Status Indication (BISI) system 
and numerical process data that is updated in 
time. 


 Another large operator selectable VDU, 
approximately one-quarter the length of the 
LDP. 


 An operator sit-down bench board console 
that contains multiple VDUs that fulfill the 
following functions: 
 


o Two sets of three (3) VDUs, one 
set for each of two possible 
licensed Reactor Operators that 
provide the graphics that show the 
physical arrangement of plant 
equipment and up-dated process 
data, i.e., temperatures, pressures, 
flows, levels, etc., and equipment 
component states, e.g., open vs 
closed, on vs. off, etc., 


o Two (2) VDUs that are dedicated to 
the display of detailed data that is 
related to the analysis of plant 
abnormalities, i.e., detailed alarm 
system data, 


o A panel of four (4) safety class 1-E 
VDUs for monitoring Post-
Accident safety class 1-E data, i.e., 


the Reg. Guide 1.974 Post-Accident 
Monitoring System, (PAMS). 


o A companion panel of traditional 
analog hardwired system level 
switches for operating safety class 
1-E systems, e.g., Reactor Trip, 
Safety Injection, etc., 


o Two (2) VDUs, one for each active 
RO at the console that was the 
interface for the CBP system. 
 


 An operator sit-down bench board console 
that is intended to provide the requisite data 
for supporting the activities of a licensed 
Senior Reactor Operator, SRO, and, in 
addition and when required, the licensed 
Shift Technical Advisor, STA. This console 
contained the following equipment: 
 


o Two sets of two (2) VDUs, one set 
each for the SRO and the STA, that 
provided the same process graphics 
that are found on the RO console, 


o Two VDUs, one each for the SRO 
and the STA, that is dedicated to 
the presentation of detailed plant 
process abnormality data, i.e., the 
alarm system data, 


o One (1) VDU that enabled the SRO 
to select the graphic that the RO is 
currently using to execute a control 
action so as to perform the requisite 
‘second pair of eyes’ oversight 
duties, 


o Two VDUs, one (1) for the SRO 
and one (1) for the STA that is the 
interface for the CBP system. 


III.B. Test Facility 


 The test facility data collection capability that 
was created within the simulated main control room 
included: 2, 3 


 Voice and video of the RO and SRO through 
four cameras. Data was merged, in a unified 
computer data base, with screen shots of 
VDU actions, 


 Simulator data containing real time plant 
parameters along with component operation, 


 Questionnaires to collect subjective post 
scenario and post-test set opinions and 
observations of the operating crew and the 
test observers.  


 Post -scenarios debriefing session notes 
from the observers. 
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III.C. Test Program 


 The test program for the US operators consisted 
of two separate series of tests, 2,3 each containing 
seven or eight separate scenarios, each of which 
typically contained a series of minor plant process 
events, e.g., instrument failures, typical minor 
process equipment malfunctions, failures of various 
elements of the man-machine interface, etc., coupled 
with a major emergency event, e.g., Loss of Coolant 
Accident, Steam Line Break, etc., or with a major 
plant evolution, e.g., a plant startup. Each of these 
scenarios was tracked with audio and video 
equipment to form a permanent electronic file of the 
scenario that could be reviewed by analysts at a later 
time. Coupled with this electronic data collection, the 
operator test subjects were extensively interviewed 
after each scenario was completed. Audio and video 
records of these interviews were also collected. 
Finally, each operator test subject was given a battery 
of questionnaires that were constructed by a human 
factors expert who was highly experienced in 
constructing them and analyzing their content. These 
questionnaires focused not only on what the test 
subjects liked, but also what they did not like, and 
what, to them, did not seem to work well. 


 The Japanese operator worked through a limited 
subset of the same scenarios as the US operators. 
Because of the language difference, the face-to-face 
interviews were generally shorter and did not query 
the operator’s likes and dislikes. Also, the Japanese 
operator did not complete the battery of question-
naires. Attempts to get the Japanese operator to 
verbalize his thoughts as he worked through the 
scenario were only mildly successful. Because of the 
multiple-person structure of the US crews, such 
verbalization was unnecessary due to the industry 
requirement to perform three-part communications as 
a matter of course in addressing their coordination 
and second-person oversight with respect to 
procedure execution. 


IV. CURRENT PRACTICES 


 There exist differences in operating culture 
between countries that result in operating practices 
and expectations that directly impact the use of 
operating procedure systems. The authors of this 
paper have explored this aspect of operations through 
a multi-goal design testing program, and have shown 
how these differences can impact the design of a 
procedure presentation system. In specific this paper 
will discuss the use of procedures using, as an 
example, a comparison between Japanese and US 
nuclear power plants.  


IV.A. Comparing Japanese and US Practices 


 In Japan, operators rely heavily on training and 
skill in their craft without the detailed procedures as 
in the US, for normal, abnormal and emergency 
operating conditions.  They use both paper as well as 
CBPs, with paper being the primary system. Based 
on this practice the Japanese do not currently use, or 
have need for, detailed procedures displayed in a 
CBP. This approach was seen, during the tests, to 
give the Japanese operator more flexibility than their 
US counterparts when managing unusual events. 
Although not included in the testing program, the use 
of a checklist by the senior operator to check the 
operators’ activities, instead of the full procedure as 
in the US may also support teamwork and situation 
awareness.   On the other hand US operators are 
required to use a significantly more detailed  and 
rigid set of  rules including such attributes as  
procedure use and adherence, procedure place 
keeping, supervisory command and control, 
supervisory oversight, and effective three-part 
communication.   


 These expectations for the US operators can 
cause excessive delays in starting and effectively 
working through the appropriate mitigation strategy, 
and provide a distraction to the control room staff 
inhibiting their ability to maintain appropriate 
situational awareness. This delay, as compared to a 
conventional analog control room, is based on the 
limitations of a digital HSI which lacks the breadth of 
an analog control room’s continuously visible, 
spatially dedicated meters and status lights. The 
digital HSI relies on a limited set of fixed data on the 
Large Panel Display, much of which requires 
cognitive integration of discrete values. The US 
operating philosophy requiring the rigorous step-by- 
step implementation of low-level procedural steps 
does not exploit the strengths of a CBP system while 
exacerbating a digital human-system interface's 
weakness. An additional impediment is the excessive 
communication currently required by stepwise 
procedure use in verifying automatic actions and 
direction/communication from the Control Room 
Supervisor to the Reactor Operator and back. 5  


IV.B. Implications of Differences 


  A properly designed CBP system, which 
imports plant status, supports computerized checking 
of plant equipment status and parameter and aids in 
crew place keeping s, takes advantage of the areas 
where digital HSI improves upon routine operator 
actions and associated crew communication 
requirements. The CBP system can eliminate 
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inefficient and superfluous actions, thus improving 
efficiency and providing the control room staff with 
more time to assess conditions and focus on timely 
recovery actions. The frequency and consequences of 
human performance errors should be reduced, and 
needed recovery time should be added as there will 
be fewer challenges with and more back-up from the 
computer system. As a result of these tests the US-
APWR HSI is well on its way to providing a system 
that provides these improvements.  Automatic checks 
of plant equipment status and parameters will be 
performed by the system and displayed on the CBP 
eliminating the need to communicate and repeat each 
of these individual detailed steps.  As a result 
mitigating actions are started much sooner enabling 
required timelines to be easily achieved, particularly 
for response to a steam generator tube rupture or 
inadvertent safety injection.  Traditionally these 
timelines have become increasingly difficult to meet 
when utilizing all of the traditional, non-
computerized operator error reducing human 
performance tools. In addition, the streamlined 
procedure steps, associated communication, and 
automated place-keeping enable more time for the 
control room staff to review plant conditions and 
maintain situational awareness.  One conclusion from 
this work is that each operating philosophy has 
strengths, and as a CBP is designed and implemented 
there is a need to revisit a country’s procedure 
implementations by building on these cross-country 
strengths while maintaining the currently employed 
core philosophy. 


V. RESULTS & OBSERVATIONS 


 US operators, while able to use the paper and 
computerized procedures to effectively control the 
plant, were never-the-less slowed down by the need 
to follow detailed procedures, particularly in the CBP 
version.  Also, they reported, reduced ability to 
maintain broad situation awareness because of the 
need to focus on collecting and verifying the detailed 
plant parameter values required by the individual 
steps in the procedure.  In contrast, the Japanese 
operator, using Japanese style procedure was able to 
complete the procedures and stabilize the plant more 
quickly. Interestingly, the performance of the 
Japanese operator was comparable to the 
performance of the U. S. operators when he was 
required to utilize U. S. style procedures.  As the tests 
progressed, it became clear that the level of detail of 
the US procedures requiring stepwise execution, and 
the three-peat communications protocol of the US 
crews, although meeting test acceptance criteria in 
most cases, could result in a race to mitigate the event 
in a timely manner. The pace of the response to the 


event became based entirely on the operator. As a 
result, the magnitude and duration of the event was 
larger with the current US practice of using 
prescriptive procedures. It should be noted that this 
result was based on using either current style paper 
procedures or a first generation simplified CBP 
system. As US crews stepped through levels of tasks 
and sub tasks, the Japanese operator was able to 
focus on managing the event. Because of this, the 
Japanese operator was never in a race with the 
process evolution and was not subjected to the 
keyhole type of effect created by the US style 
procedures. In several cases the US style procedures 
also created a situation in which the crew was not 
aware of the physical plant situation and was not sure 
of the procedure step's effects on the event process.   


 In order to test this observation, one of the US 
test crews was given a repeated time-critical scenario, 
that of a Steam Generator Tube Rupture (SGTR). 
Prior to the second time through the scenario, the 
crew was told to work toward controlling the event 
without rigid compliance to the procedures. The 
outcome of the second SGTR showed the crew 
adopting a process that was somewhere between the 
US and the Japanese style, and the event was more 
successfully and rapidly managed.  Figures 1 and 2 
show SG level vs. time curves for each test.   
However, this result must be used cautiously. First, 
only one crew took part, and second, the crew had an 
additional 12 hours of training between scenarios that 
included added hands-on experience with the HSI , 
and although the crew did not know what scenario 
was in front of them, they had already gone through a 
SGTR earlier in the test week. These test limitations 
notwithstanding, the difference of performance 
between the scenarios and in general between the US 
and Japanese practices must be factored in when 
designing the procedures and implementing them in a 
CBP system. 


 As a result of an assessment of the test results, 
the US-APWR CBP design has evolved to a form 
that better supports the operator by taking advantage 
of some of the inherent capabilities of a computer 
based system. The CBP design, although not yet 
finalized, can now perform many of the required 
routine checks of plant equipment alignment and 
parameters currently performed by the operator. It 
supports many levels of reactor operator and senior 
reactor operator record keeping, inter-crew 
communications, and place keeping. Based on the 
CBP system design, the procedures themselves 
(operating, abnormal and emergency procedures) are 
now taking on a modified form that should address 
the issues found in this study. To assure that the 
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system has moved in a positive direction and 
enhances human performance, additional design 
confirmatory testing will be performed. 


VI. CONCLUSIONS & RECOMMENDATIONS 


 The tests performed in support of the US-APWR 
design clearly demonstrate the critical differences 
between country/cultural based operating 
philosophies to which the designers of procedure 
systems need to be sensitive.  Nowhere was this seen 
to be more important than in the design of and 
application of CBPs. This fact needs to be integrated 
into the current industry’s drive towards standardized 
designs.  


 In addition, this study highlighted the potential 
benefit to the industry as a whole of a systematic 
review of cross-country differences in operating 
philosophy. Much could be gained by comparing 
these practices, their performance and their bases, 
when used on a paper based vs. digital platform. 
Results could support changes that optimize how 
procedures are used in future nuclear power plants as 
well as existing plant modernization programs. 


 The test program described in this paper suggests 
that changes in today's procedures when presented in 
a CBP system on a modern digital HSI have the 
ability to minimize the TMI type of Errors of Intent. 
Designers, however, need to remain vigilant, when 
suggesting these changes, so as not to introduce new 
errors, including Errors of Execution. A correctly 
designed procedure system can be expected to 


increase crew situation awareness of plant conditions 
and procedure's objectives.  
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Fig 1 SGTR with typical use of US procedures  


 


 


Fig 2 SGTR with relaxed use of US procedures   
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The past and/or current approach to cycle count is a deviation from the current license basis (CLB)/design stress report, 
CENC-1150 Analytical Report, as applied in the fatigue evaluations for pressure and thermal cycles. These departures are 
relative to design projection versus actual operating experience in relation to “Cyclic Life” and the intent of ASME III, 
Section N-415 component suitability requirements for power operations of 40 years and subsequent life extension beyond to 
60 years.  In general, the practice of counting scram events does not accurately represent the “Cyclic Life” and is overly 
conservative, resulting in inaccurate projections of component reliability. 


The Nuclear Regulatory Commission (NRC) requires licensees to keep an account of the number of transient occurrences to 
ensure that design assumptions used in the fatigue evaluation required by ASME Section III are not exceeded. In the mid 
1970s, typical plant technical specifications required "the number of the transients which are comparable to or more severe 
than the transients evaluated in the stress report Code fatigue usage calculations will be recorded in a log book." In the mid 
1980s this transitioned into counting of transients, "this program provides controls to track the Final Safety Analysis Report, 
Section [], cyclic and transient occurrences to ensure that components are maintained within the design limits" (NUREG-
1434, Section 5.5.5).  In addition, the evaluation of Time-Limiting Age Analysis per Title 10 Code of Federal Regulation Part 
54, Section 54.21(c). 


Cycle counting is used to summarize lengthy, irregular load-versus-time histories by providing the number of times cycles of 
various amplitudes occur. The definition of a cycle varies with the method of cycle counting. In fatigue analysis, a cycle is 
the load variation from valley-to-peak-to-valley. Cycle counts can be made for time histories of force, stress, strain, torque, 
acceleration, deflection or other loading parameters of interest. In general, the operational transients plants experience do not 
approach the magnitude or severity of the bounding events used in these analysis. Thus counting every transient as equal to a 
design event is unnecessarily conservative. However, no clear specific guidance for Owners on how to perform cycle 
counting has been promulgated. 


This paper provides guidance for formulating a fatigue management program that takes advantage of the original analytical 
design stress reports.  


I. INTRODUCTION 


The emphasis on fatigue cycle monitoring (FCM) by 
the nuclear industry can be attributed to the Boiler Water 
Reactors’ (BWR) challenges with Feedwater Nozzle 
cladding cracking1 and/or sensitized stainless steel 
materials2 based on early operating experienced from 1961 
to 1982.  This stochastic cycle counting approach was 
formally instituted as an administrative process for record 
retention through the plants’ standardized Technical 
Specification3.  This initial approach’s intent was to assure 
the “Cyclic Life” criteria for a 40-year4 life would not be 
exceeded prior to a revision to the design stress report 
(DSR), mitigation, repair and/or replacement of the 
component(s).  However, the cycle information reported 
and presented in the NUREG-0619, see Fig. 1 suggested 
the endurance limit was being reached just after 10-years 
of operation for the BWR fleet. 


Figure 1 NUREG-0619 Table 1 Information 
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In addition, this information provides some insight to 
the challenges of implementing an effective FCM program.  
The first item is the number of start-ups/shut-downs 
reported.  The problem is with the interpretation of what 
constitutes a cycle.  The operational perspective is a 
reactivity change, referred to as a scram.  In regards to the 
fatigue analysis in the DSR4 it is a stress transition from 
valley-to-peak-to-valley15.  In this case the number of 
cycles reported is misleading regarding the actual cause of 
these cracks.   The data also suggests crack nucleation is a 
material and/or fabrication issue and not the result of 
excessive cyclic stress or the environment.  


 
The principal components of fatigue failure are simply 


cyclic stress and embrittlement.  The approach taken by the 
ASME III code5 for design is to apply the Miners rule 
against a modified Goodman diagram such as the a S-N 
curve(s) to define the endurance limit (“Cyclic Life”) that 
would assure material ductility.  This approach in principle 
considers a variety of variances within the two principle 
components that are: 


 
1. Cyclic Stress: 


a. High and/or Low cycles; 
b. High and/or Low stress; 
c. Residual stress; 
d. Range, Magnitude and Direction of 


stress and; 
e. Fatigue Strength Reduction Factor 


(FSRF) or Stress Concentration. 
2. Embrittlement 


a. Tensile Properties; 
b. Surface irregularities/quality; 
c. Impurities caused by the forging process 


or environment and; 
d. Temperature. 


 
This method is based on more than a century of 


research on iron, steel and alloy materials fatigue failures.  
The expectation from this vast knowledge on fatigue is the 
ability to reasonably predict material reliability.  The 
challenges, as suggested by previous experiences, are in 
acquiring meaningful information from an in-situ or 
stochastic condition to determine material reliability.  
Therefore, the focus of this discussion is to present an 
approach of quantifying cyclic stress and embrittlement 
that will constitute as an affective FCM program. 
 


II. CYCLIC STRESS 
 
This discussion will begin by identifying the 


operational conditions that represent the composite load 
cycle used by the DSR.  This information then can be used 
to apply the peak stress location, range, magnitude and 
direction and FSRF that are available in the plant’s DSR.  
Finally, identifying stochastic information that should be 


considered in a comprehensive FCM program completes 
this process. 


 
The first step is to identifying the composite loads that 


are generally different for each component as dependent on 
the system functional requirements.  For example, the 
reactor vessel feedwater nozzle that has the highest cyclic 
stress for the BWR, see Fig 2. 
 


This figure represents a typical 
BWR thermal plant cycles and 
incident cycles as a comparison 
between the General Electric (GE) 
specifications to the Combustion 
Engineering (CE) DSR.  This 
figure also identifies the maximum 
composite loading conditions.  The 
order of magnitude and number of 
cycles is the plant cycle shutdown, 
incident cycle loss of feedwater 
pump (LFWP) and final another 
plant cycle startup.  In addition, 
one should note that incidence 
cycles are typically step changes 
and represent a higher strain rate 
than plant cycles.  This information 
is considered as the upper bound 
design condition and in general 
does not represent actual operating 
events based on information from 
plant monitoring instrumentation.  
Therefore, in order to have a 
consistent and accurate cycle 
counting system relative to the 
plant cycles and incident cycles it is necessary to develop 
event trigger logic diagrams. For, example one of the 
highest cyclic stress incidents is the LFWP and it is also 
the most inaccurately identified transient event.  This DSR 
thermal cycle event is not solely the result of LFWP.  


Loss of Feedwater
Pump, IV Closed


Event 11


Mode
1


≤0 Mlbs/Hr
{C004}


Power
Oper ation


≥-37”
{B021}


Nozzle
Temp.
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RCIC
HPCS


≥ 527°F
Nozzle T emp.
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Figure 3 LFWP/ICV 
Event Trigger 


Figure 2 Feedwater Fatigue Load Diagram 
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However, it is a direct result when reactor water level 
exposes the nozzles’ surface to a steam environment, see 
Fig 3.  This incident assumes a loss of offsite power, no 
operator interaction and automatic initiation of the RCIC 
and/or HPCI emergency systems that are representative of 
this event cycle.  This event trigger format simplifies the 
interpretation of components’ plant cycles and incident 
cycles relative to the DSR, see Fig 1 & 5.  In addition, it 
provides the limiting conditions for the consideration of 
partial or full cycles as well as the supporting 
instrumentation for validation of this thermal cyclic stress 
transient. 


The startup and shutdown cyclic 
stresses have also been misapplied 
relative to initial/current cycle 
counting method that are based on 
scram events.  The problem with 
this approach is that scram events 
are changes in reactor power and are 
not a direct quantifier of the 
magnitude of cyclic stress.  For 
example, the significant cyclic stress 
condition for the feedwater nozzle is 
not the startup, but is the turbine roll 
event that results in a step change.  
This cyclic stress amplitude is also 
dependent on the percent of flow 
(level control) and heat exchangers’ 
performance relative to the 
extraction steam and hotwell 
temperatures.  Therefore, the 
maximum possible cyclic stress 
amplitude is based on feedwater 
control after returning from 
maintenance and/or refueling 
outage(s) during the winter months, 
see Fig 4. 


 
The shutdown event is generally inclusive of power 


reduction, hot standby and returning to cold shutdown 
using residual heat removal (RHR) system for either 
maintenance and/or refueling outage.  The thermal cycles, 
see Fig 2 are affected by flow and changes in level that 
result in the cooling process and changes in reactor vessel 
volume.  However, the actual operating conditions are 
quite different as result of better controls and improved 
understanding of the shutdown process, see Fig 5.  This 
event demonstrates several important cyclic stress issues: 


1. Event definition; 
2. Feedwater control; 
3. Actual cycles and; 
4. Magnitude. 


This was initially identified as LFWP event, but it does not 
meet the criteria and more importantly does not represent 
the DSR stress magnitude or number of cycles.  This is 


directly the result of no loss of offsite power, feedwater 
controls and operator actions.   These actions maintain the 
reactor vessel level above -37” and prevent a significant 
thermal cycle to the feedwater nozzle and/or reactor vessel.  
In addition, after the recovery of feedwater control and a 


decision to shutdown for maintenance outage, represents a 
typical shutdown plant cycle, see Fig 5.  The thermal 
cycles are more on a range of 50°F versus the DSR step 
change of 500°F shown on Fig 2.  This example of a 
typical cooldown rate at about 50°F/hr (limit 100°F/hr) is a 
very favorable strain rate for environmental fatigue 
evaluation per NUREG/CR 69096 and overall for material 
reliable. 


 
The previous discussion has covered how to identify 


the DSR composite fatigue load relative to operational 
cycles and a method to formalize the cycle counting 
process.  The next effort is to organize the peak stress 
magnitudes, locations and directions.   The original 
designers’ of the reactor vessel and piping system 
components formulated this information in a standardized 
manner as defined by the ASME code5.   The feedwater 


Figure 4 Turbine Roll 
Event Trigger 


Figure 5 LFWP Shutdown Event 


Figure 6 Feedwater Nozzle Math Model 
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nozzle and safe end, for example are generally presented as 
an analytical math model, see Fig 6.  These models 
indicate the section and/or location of the calculated stress 
are based on these identified locations and for the retrieval 
of the peak stress, direction and concentrated stress factors 
from the DSR.  This information will provide the stress 
amplitude or Salt value and with the number of cycles 
combined using the Miner Rule and applying ASME code 
fatigue curves allowable number of cycles for any location 
will determine the cumulative usage factor or relative 
endurance limit. 


However, this FCM cyclic stress data is not complete, 
based only on composite loading and cycles.  The 
industry’s experience1,2&13 has shown that surface 
irregularity and residual stress is an important factor in 
determining component material reliability.  For example, 
the testing performed by GE’s 2T2 (Two temperatures, 
70°F feedwater and 160°F reactor water) sparger test 
facility was intended to produce a thermal-hydraulic 
phenomena that could simulate surface cracking was 
unsuccessful.   This test was moved to the Moss Landing 
test facility for a more extreme test conditions in the form 
of a higher temperature and pressure that was not 
representative of the actual conditions.  However, this 
thermal cyclic loading was applied to a flat plate under 
tension loading with a hole, by applying hot and cold water 
cycles until a fatigue failure (crack initiation) occurred as a 
validation of this phenomenon.  An interesting note from 
these tests is that stainless steel clad reduced the number of 
cycles to failure and cold working improved this condition 
by increasing yield strength through dislocation movement 
within the grain.  These results are similar to the discussion 
by S. Timoshenko, 1934 publication7 and experience for 
analysis and repairs made to the S.S. Leviathan8, 1930.  
This is basically the FSRF component for DSR applied to a 
nozzle bore and in general is the basis for the 
reinforcement criteria in the ASME code.  In addition, the 
work directed by Atomic Energy Commission (AEC) 
resulted in a computer program9 Seal-Shell-2 that could 
determine loads, stresses and deformations in thick 
sections.  The significance of these historical, ASME code 
and analytical methods is to assure material ductility that 
can experience large deformation.  In addition, these 
considerations have been shown by the Heavy Steel 
Section Technology program at Oak Ridge National 
Laboratory10 to have great resistance to crack propagation 
for this type of material and nozzle configuration. 


 
The importance of this discussion is to emphasize that 


fatigue failure is not a new phenomena and the ASME 
code is based on a considerable amount of research and 
development to assure material reliability.  The process of 
material forging and fabrication can improve and/or reduce 
the material:  


1. Reliability;  
2. Number of cycle; 


3. Stress and; 
4. Rate fatigue failure. 


Therefore, it is important to understand these conditions in 
applying additional information to the FCM program. 


 
 For example, forging in the form of weld that results 


in residual stress in a double groove butt weld pipe joint 
induces large axial compression stress at the root of the 
weld pipe inside diameter.  This condition is the result of 
the weld passes and geometry that is a form of jacketing, a 
similar principle to an overlay weld for increased inside 


diameter compression, see Fig 7.  However, just outside of 
the weld heat affected zone, the inside diameter is in axial 
tension and is a location that has experienced cracking for 
sensitized stainless steel and nozzle safe-ends. The other 
indicator of high residual stress for component can be 
identified through the fabrication travelers and/or visual 
inspection of distortion that can be equated into stress.  
This information in conjunction with the material type can 
be used to categorize components with higher risk based 
on fabrication affects and can result in higher Salt values, 
but must be reflective of conservative margin already 
applied in the DSR. 
 


III. EMBRITTLEMENT 
 


The primary consideration for material embrittlement 
issues is in general addressed by the ASME code Design 
Fatigue Curves (DFC) initially based on TSBD11 
(Tentative Structural Design Basis) criteria that is as 
follows: 


 
“This curve was constructed in the following manner: 


 


Figure 7 Pipe Residual Stress Distributions 
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(a) Available strain fatigue data for this general class 
of material were plotted in the form of total strain 
(elastic plus plastic) range versus cycles-to-failure.  
Machine specimens without notches that were 
tested at temperatures less than 600°F were 
considered. The mean curve for each material was 
drawn. 


(b) A lower limit of the mean curves was drawn and 
then converted to a stress amplitude versus cycles- 
to-failure curve by multiplying the strain range by 
E/2, where E was taken as 26 x 106 psi. 


(c) The design fatigue curve was then constructed by 
applying a factor of safety of either 2.0 on stress 
amplitude or a factor of 20 on cycles whichever 
was more conservative at each point.  The factor of 
20 on life is the product of the following sub-
factors: 
1. Scatter of data (minimum to mean) 2.0 
2. Size Effect 2.5 
3. Surface finish, atmosphere, etc. 4.0 


{environmental effects in air 2.012} 
(a) The design fatigue curve stress amplitude for less 


than 100 cycles was taken as the value at 100 
cycles.” 


This approach is based on a safety factor for data 
scatter, size effect, surface finish, and atmosphere and 
environment effect.  However, the evaluation of structural 
components to withstand fatigue loading per ASME 
Article I-10, section I-1080(f) had additional 
considerations such as strain rate for which temperatures 
creep and stress-rupture and test temperature are 
significant factor.  In addition, this section presents a good 
explanation of the steps to create a DFC, see Fig 8. This 


method is basically factoring the stress and cyclic life 
above the DFC threshold limit defined by the ASME code 
figure N-415(A) Carbon, Low-Alloy and High Tensile 
Steel or figure No-415(B) for 18-8 Stainless Steel, Nickel-
Chromium-Iron Alloy, Nickel-Iron Chromium and Nickel 
Copper Alloy.  This S!T curve is used as criteria for 


testing the structural capability of the component(s) and/or 
specimen(s) to withstand cyclic loading.  However, these 
curves were adjusted from the ASME code, 1963 DFC for 
a strain-range controlling factor of fatigue life for high-
cycle region is strength and low-cycle region is ductility13.  
A study by J.H. Gross noted: 


 
“At present, safety index can be best estimated by 
comparing the fatigue strength of a simple specimen 
with that of complex structure to obtain a fatigue-
strength-reduction factor, ke, which measures the 
quality of the fabrication and inspection of the 
structure.”  
 
Using this perspective by J.H. Gross, the nuclear 


industry experience has been successful for more than 50 
years.   In addition, the ASME code defined failure modes 
such as burst and gross distortion, plastic collapse, 
excessive plastic deformation, and progressive distortion 
and lack of shakedown are consent with this perspective.  
Therefore, the FCM program must consider the fabrication 
and inspection in regards to the four stages of fatigue 
failure that is: 


1. Crack nucleation; 
2. Stage I crack-growth; 
3. Stage II crack-growth and; 
4. Ultimate ductile failure. 


As suggested by J.H. Gross, fabrication and inspection 
range relative to FSRF is ke = 10 for poor and ke < 5 for 
good quality and based on the industry experience appears 
to be accurate.  However, the challenges for the FCM 
program are the environmental effects in stagnant areas 
and early detection by the current inspection approach, 
which is limited to Stage II detection.  The USA nuclear 
industry experience on environment effects is based on two 
different categories of pressure and temperature.  The 
BWR industry has been challenged by sensitized stainless 
steel cracking in a low temperature and pressure 
environment.  The Pressurized Water Reactors (PWR) 
have been challenge with stagnate areas that have resulted 
in stress corrosion cracking in high temperature and 
pressure environment16.  The industry’s approach to 
address these condition is apply a environmental assisted 
factor Fen as proposed by O’Donnell12, Chopra and Shack6 
that have suggested specific factors for temperature, 
oxygen, sulfide and strain.  The approach modifies the 
ASME code DFC by reducing the cyclic life factor from 20 
to 10 and applying Fen in attempt to address different 
environmental affects.  However, a FCM program applying 
this approach has a few challenges such as: 
 


1. The actual strain rate as compared to testing data 
relative to complex geometry has significant 
challenges.  


 


Figure 8 Design Fatigue Curve Template 
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2. The determination of oxygen and sulfide is 
limited based on reactor water chemistry at single 
sampling area in the reactor core with the highest 
flow area. 


 
3. The system temperatures are also limited to the 


available thermocouples for specific areas and 
many components that are not monitored such as 
the recirculation, instrument, core spray, and main 
steam nozzles, etc. 


 
4. The NUREG/CR-6909 Fen does not consider the 


most important contributor to stress corrosion 
cracking due to chlorides affect on surface 
passivation for stainless steel material. 


 
In considering the difference between ASME code versus 
NURGEG/CR-6909 intent is really about predicting 
material reliability at Stage II versus Stage I for 
progression of fatigue failure.  The important issue here is 
not about safety, since the ASME code criterion has been 
very successful, but operational cost.  As suggested by J.H. 
Gross the inspection and/or FCM program can reduce the 
FSRF ke < 5 and the benefits are clear in reducing the 
overall cost of operation by trending material reliability for 
mitigation, repair and/or replacement prior to Stage II 
crack growth condition. 


 
IV. CONCLUSIONS 


 
A FCM program simply starts with an understanding 


of the DSR composite loading conditions.  This 
information provides a definition of the event trigger logic 
diagrams that provide the consistency and accuracy 
necessary for cyclic counting.  The plant DSR will provide 
peak stresses and the FSRF for the different components.  
This collection of information will initially provide a basis 
for determining the current CUF using the ASME code or 
NUREG/CR-6909 (using the default values for dissolved 
oxygen, sulfide and strain rate). 


 
However, an effective FCM program should also 


include the following: 
 
1. The fabrication records that identified material 


type, manufacture, properties, test data and 
discrepancy reports. 


 
2. The inspection reports including a non-destructive 


examination, and should expand the program to 
identifying excessive distortions and/or ovality 
conditions. 


 
3. In case of stagnant areas and/or low area of flow 


an environmental model should be created to 
present the material conditioning that could affect 


the FSRF as shown in Fig. 9. This proposed 
environmental condition14 assumes the film layer 
is preventing repassivation where an oxygenated 
solution changes from a base to an acid. 
Therefore, this condition can result in the 
depletion of iron, chromium, and molybdenum 
ions into solution. The depleted ions are then 
replaced by impurities such as silicon and 
phosphorus in a process of corrosion at the 
transpassive region or optimal condition.  Taking 
sludge samples to determine the chemical 
environment evolution can assess these 
conditions. 


 


This information can then be formulated into a FSRF 
and compared to the current limits to determine if a change 
in CUF is necessary for trending material condition in the 
FCM program.  This program can now be considered as a 
dynamic process adjusting to inspection, operational 
practice and industry experience for the overall material 
health of the system components. 
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NOMENCLATURE 
 
BWR - Boiler Water Reactor 


Figure 9 Environmental Model For Crack Nucleation 
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FCM  - Fatigue Cycle Monitoring 
DSR - Design Stress Report 
FSRF - Fatigue Strength Reduction Factor 
ASME - American Society of Mechanical Engineers 
GE - General Electric 
CE - Combustion Engineering 
LFWP - Loss of Feedwater Pump 
RCIC - Reactor Core Isolation Cooling 
HPCI - High Pressure Coolant Injection 
IVC - Isolation Valve Closure 
RHR - Residual Heat Removal 
AEC - Atomic Energy Commission 
DFC - Design Fatigue Curve 
TSDB - Tentative Structural Design Basis 
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Abstract – Fluoride Volatility Method is regarded to be a promising advanced pyrochemical 
reprocessing technology, which can be used for reprocessing mainly of oxide spent fuels coming from 
future GEN IV fast reactors. The technology should be chiefly suitable for the reprocessing of advanced 
oxide fuels with inert matrixes of very high burn-up and short cooling time, which can be hardly 
reprocessed by hydrometallurgical technologies. Fluoride Volatility Method is based on direct 
fluorination of powdered spent fuel with fluorine gas in a flame fluorination reactor, where the volatile 
fluorides (mostly UF6) are separated from the non-volatile ones (trivalent minor actinides and majority 
of fission products). The subsequent operations necessary for partitioning of volatile fluorides are 
condensation and evaporation of volatile fluorides, thermal decomposition of PuF6 and finally 
distillation and sorption used for the purification of uranium product. Fluoride Volatility Method is 
under technological development in the Nuclear Research Institute Řež plc.  


 
 


I. INTRODUCTION 
 


 Fluoride Volatility Method (FVM) is regarded as a 
promising advanced pyrochemical reprocessing 
technology, which can be used for reprocessing mainly of 
oxide spent fuels coming from future Generation IV fast 
reactors (FR), especially of fast breeders (FBR). The 
technology should be chiefly suitable for the reprocessing 
of advanced oxide fuel types e.g. fuels with inert matrixes 
and/or fuels of very high burn-up, high content of 
plutonium and very short cooling time, which can be 
hardly reprocessed by hydrometallurgical technologies due 
to their high radioactivity.  


 Fluoride Volatility Method is based on a separation 
process, which comes out from the specific property of 
uranium, neptunium and plutonium of forming volatile 
hexafluorides whereas most of fission products 
(lanthanides) and higher transplutonium elements present 
in irradiated fuel form non-volatile trifluorides. This 
property has led to the development of several 
technological processes based on fluorination of irradiated 
fuel either by strong fluorinating agents like BrF3, BrF5, 
ClF3 or even by pure fluorine gas. Major former activities 
were carried out in 1950s and 1960s in US at Brookhaven, 
Argonne and Oak Ridge laboratories, in 1970s in France at 
Fontenay-aux-Roses and in Belgium at Mol, in 1970s and 
1980s in former Soviet Union at Dimitrovgrad and in 
former Czechoslovakia at Řež.1,2,3,4 


 Original intention of the development of this dry 
reprocessing method of spent fuel was motivated in the 
past by the assumed commercial utilization of fast breeder 
reactors. Nowadays, the renewed interest in the dry 
(pyrochemical) reprocessing methods is motivated by 
requirements on the development of advanced fuel cycle 
technologies devoted to the Gen IV nuclear reactor 
systems. Among the pyrochemical technologies under 
present development, the Fluoride Volatility Method is 
almost the only one, which is not based on the use of 
molten salt techniques. Pyrochemical reprocessing based 
on Fluoride volatility technology is now under 
development in the Czech Republic.  


 
II. DESCRIPTION OF FLUORIDE VOLATILITY 


PROCESS 
 


The reprocessing technology based on the Fluoride 
Volatility Method consists of the following main 
operations: 


1. Fluorination of the powdered fuel (the 
purpose of this operation is the separation of 
the uranium component from plutonium, 
minor actinides and most of fission products) 


2. Purification of the products obtained 


However before the fluorination of the powdered fuel, 
the removal of cladding material and subsequent 
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transformation of the fuel into a powdered form of a 
suitable granulometry has to be done. These two 
preparatory stages for FVM itself can be realized 
separately from the FVM. Suitable technology of the 
cladding material removal is melting in high temperature 
furnace. The cladding material of oxide fuel is either 
zircalloy (LWR) or stainless steel (FR) and both can be 
fully removed. Transformation of the fuel pellets into a 
powder is possible either mechanically by grinding or by 
partial oxidation of UO2 into U3O8. This chemical process 
is known as voloxidation. Either flowing air or oxygen at 
575 °C to 650 °C is used as oxidizing agent.5  


Flame fluorination reaction of a spent oxide fuel is a 
basic unit operation of the whole process. The reaction 
between the fuel powder and pure fluorine gas is 
spontaneous and highly exothermic. Principal fluorination 
reactions of main or significant fuel components are 
following: 


uranium: 
UO2 (s) + 3F2 (g)  →  UF6 (g) +   O2 (g)  
or 
U3O8 (s) + 9F2 (g)  →  3UF6 (g) + 4O2 (g)  


plutonium: 
PuO2 (s) + 2F2 (g) →  PuF4 (s) + O2 (g)  


     PuO2 (s) + 3F2 (g) →  PuF6 (g) + O2 (g)  
   PuF4 (s) + F2 (g)  PuF6 (g),    
                                         Kp= [PuF6] / [F2] 


minor actinides: 
- neptunium: 
      NpO2 (s) + 3F2 (g) →  NpF6 (g) + O2 (g)     
      NpO2 (s) + 2F2 (g) →  NpF4 (s) + O2 (g)    
          NpF4 (s) + F2 (g)  NpF6 (g),                                  
                                                Kp= [NpF6] / [F2] 
- americium and curium: 
      2Am2O3 (s) + 6F2 (g) →  4AmF3


 (s) + 3O2 (g), 
      2Cm2O3 (s) + 6F2 (g) →  4CmF3


 (s) + 3O2 (g). 


lanthanides: 
      2Ln2O3 (s) + 6F2 (g) →  4LnF3


 (s) + 3O2 (g), 
 
Based on these reactions, the main partitioning of 


spent fuel is realized directly in the fluorination reactor. 
Whereas the volatile products of the fluorination reaction 
leave the apparatus, the non-volatile fluorides remain 
catched in the bottom part of fluorinator in the form of ash. 
The further separation of most of individual components 
forming volatile fluorides is generally possible by sorption, 
condensation or distillation processes. While the 
fluorination of uranium into volatile hexavalent form is 
spontaneous, plutonium hexafluoride is thermally unstable 
and can be obtained only at considerable surplus of 
fluorine gas. Behavior of neptunium during the process 
varies between uranium and plutonium, however the 


thermal stability of neptunium hexafluoride is substantially 
higher than of plutonium hexafluoride.  


Final purification of uranium hexafluoride from MoF6, 
TcF6, IF5 and SbF5, which tend to accompany UF6 through 
the system, could be done by rectification process. 
Distillation of UF6 is usually done in temperature range 
from 75 °C to 90 °C at pressure of about 2 atm in order to 
keep uranium hexafluoride in liquid form.  


 
III. CURRENT STATUS OF R&D ON FLUORIDE 


VOLATILITY PROCESS 
 


Nuclear Research Institute Řež plc has been 
developing the FVM in the frame of fuel cycle of devoted 
to selected Generation IV reactor systems. The current 
experimental R&D program of the verification 
pyrochemical reprocessing of current and advanced oxide 
fuel types was opened in 2004.6 


The process flow-sheet of the FVM, which was 
designed and calculated, is shown in Fig. 1. The process 
flow-sheet of investigated technology is based on the 
direct fluorination of powdered spent fuel by fluorine gas 
and on the subsequent purification of volatile products by 
condensation, sorption, thermal decomposition and 
rectification.  


For the experimental verification of the technology, the 
semi-pilot line called FERDA was realized in 
radiochemical laboratory of NRI Řež plc. The FERDA line 
is an experimental technology of the batch character with 
the short-time capacity 1-3 kg of powdered fuel per hour. 
The maximum capacity of volatile fluorides (UF6) 
accumulated in the technology is about 7 kg. Following 
technological apparatuses were designed and manufactured 
for the FERDA line: 


 Scroll feeders for powdered spent fuel with a 
capacity of 1 - 3 kg fuel/hour 


 Flame fluorination reactors 


 Condensers-evaporators for condensation and 
evaporation of volatile fluorides 


 Sorption columns 


 Distillation column for the rectification of UF6 - 
MoF6 - TcF6 - IF5 - SbF5 mixture 
 


Current experimental R&D program is focused mainly 
to the technological verification of individual unit 
operations, apparatuses and material research and to the 
process control.7 Today, the main experimental effort is 
focused to the mastering of the fluorination process and to 
the elimination of some bottlenecks of the technology. 
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Fig. 1. Process flow-sheet of Fluoride Volatility Method 
 


After the first fluorination tests done with the uranium 
fuel based on U3O8 and UO2, the follow-up program has 
been aimed to the verification of the main unit operations 
with the simulated spent oxide fuel constituted from a 
mixture of uranium oxides and non-radioactive oxides 
representing selected fission products (lanthanides, Cs, Sr 
etc.). The objective of the experiments with simulated 
spent fuel has been the verification of the partitioning of 
volatile from non-volatile products of fluorination 
reaction. The simulated fuel consisted from uranium 
oxides and selected representatives of fission product 
elements simulated for this case by non-radioactive 
oxides (Y2O3, Nd2O3, CeO2, Sm2O3, BaO and SrO). 


The realized fluorination experiments fully verified 
the ability of the technology to separate uranium in 
volatile form of UF6 from non-volatile simulants of 
fission products elements forming solid fluorides. 
Whereas the volatile UF6 passed into the series of 
condensers, the fission products simulants were collected 
in the bottom part of the flame fluorinator in the special 
container. The presence of the fission products simulants, 
which was tested in the range of 3 – 5 %, has no 
measurable effect on the flame fluorination reaction.  


The subsequent attention in the experimental program 
will be focused in addition to the further study of 
fluorination with simulated fuels and inert matrix fuels 
also to the study of purification of the uranium product 
(UF6) by rectification process. Because UF6 has not liquid 
phase at normal atmosphere, the process has to be 
performed under the pressure over two atmospheres when 
a liquid phase of UF6 exists. 


 
IV. CONCLUSIONS 


 


Fluoride Volatility Method has a good potential to be 
used within the fuel cycles of several current or advanced 
reactor types for reprocessing of current or future 
advanced oxide fuel types. The main attractiveness of the 
technology can be found in the reprocessing of fast 
breeder reactors spent fuel owing to the extreme high 
radiation resistance of the used chemical agents (fluorine 
gas, inorganic fluorides), which allows to reprocess the 
spent fuels after the cooling time of about six months 
only.  
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Also the attractiveness to use FVM as the “Front-
end” technology of Molten-Salt Transmutation Reactor is 
high due to the conversion of original oxide form of spent 
fuel into fluorides – the chemical form of Molten-Salt 
Reactors. As the basic principles of Fluoride Volatility 
Method were already verified the present R&D effort 
should be focused in the first instance to the engineering 
development of individual apparatuses and the pilot 
technology to eliminate technological bottlenecks of the 
process. 


ACKNOWLEDGMENTS 
 


Current research and development on the FVM is 
realized in the Nuclear Research Institute Řež plc thanks 
to existing financial support of the Ministry of Industry 
and Trade of the Czech Republic. 


 


REFERENCES 
 


1. J. J. Schmets, Atomic Energy Review, 8(1970), 3 


2. M. Bourgeois, B. Cochet-Muchy, Bulletin 
d’Informations Scientific et Technoques, 161(1971), 
pp. 41-50 


3. M. A. Demjanowich et al., RIAR report No. 50(565), 
1982, RIAR Dimitrovgrad, USSR (Russia) 


4. P. Novy et al, NRI report No. 9062Ch, 1989, NRI 
Rez, Czech Republic (in Czech) 


5. M. Benedict, T. H. Pigford, H. W. Levi, In: Nuclear 
Chemical Engineering, Second Edition, McGraw-Hill 
Book Company, New York, 1981, Chapter 10, p. 476 


6. M. Mareček, F. Lisý and J. Uhlíř, “Technological 
development of fluoride volatility method for front-
end of molten salt transmutation reactor fuel cycle”, 
Proc. InWor for P&T and ADS 2003, Mol, Belgium, 
October 6 – 8, 2003 


7. J. Uhlíř, M. Mareček, “Fluoride volatility method for 
reprocessing of LWR and FR fuels“, J. of Fluorine 
Chemistry, 130, 1, pp. 89-93 (2009) 


 


   


2177








Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11378 


 


 


POOL and LOOP type Sodium-cooled Fast Reactors – Identification of 
cooperation possibilities 


 
Nicolas Devictor*, Yoshitaka Chikazawa**, Manuel Saez*, Gilles Rodriguez* and Hiroki Hayafune** 


*CEA, Nuclear Energy Directorate, Cadarache Center, 13108 St-Paul lez Durance, France 
** JAEA, Advanced Nuclear System R&D Directorate, O-arai Research and Development Center 


Higashi-ibaraki-gun, Ibaraki 311-1393, Japan 
Contact author: Nicolas Devictor, +33442253005, nicolas.devictor@cea.fr 


 


Abstract – The Commissariat à L’Énergie Atomique et aux Énergies Alternatives (CEA) and the 
Japan Atomic Energy Agency (JAEA) intend to develop prototype or demonstration (proto/demo) 
of sodium-cooled fast reactors within these two decades. Common final goals of their respective 
programs are SFR commercialization. The target of commercialized SFR for both parties is 
basically consistent with the Generation IV goals. Due to industrial backgrounds and feedback of 
past/existing reactor experiences, ASTRID and JSFR have selected pool and loop configurations 
respectively. CEA and JAEA have cross-analyzed both pool and loop concepts (ASTRID and 
demonstration JSFR). The analysis results showed that both concepts are technologically feasible 
and meet design goals. From the view point of collaboration, the present analysis has identified a 
wide range of collaborative items; they are described in the paper. 


 
 


I. INTRODUCTION 
 


Objectives of this joint paper between Commissariat à 
L’Énergie Atomique et aux Énergies Alternatives (CEA) 
and Japan Atomic Energy Agency (JAEA) are the review 
of advanced pool-type and loop-type sodium-cooled fast 
reactor (SFR) configurations and the identification of 
collaborative fields.  In January 2006, the French 
president announced a national project of a fourth 
generation type prototype reactor, in operation in 2020. 
Sodium has been selected as coolant of this prototype 
reactor. In Japan, “Feasibility Study on Commercialized 
Fast Reactor Fuel Cycle Systems (FS)” was achieved 
from 1999 to 2006.  Based on the FS result, sodium has 
been selected as coolant of fast reactor. “Fast Reactor 
Cycle Technology Development Project (FaCT)” which 
targets a demonstration SFR plant construction in 2025 
has been launched since April 2006. Thus, CEA and 
JAEA intend to develop prototype or demonstration 
(proto/demo) SFRs within these two decades. Common 
final goals of their respective programs are SFR 
commercialization. The target of commercialized SFR for 
both parties is basically consistent with the following 
Generation IV goals: 
- Sustainability: generate energy sustainably, promote 


long-term availability of nuclear fuel, minimize 
nuclear waste and reduce the long term stewardship 
burden, 


- Safety and Reliability: excel in safety and reliability, 


have a very low likelihood and degree of reactor core 
damage, and eliminate the need for offsite emergency 
response, 


- Economics: have a life cycle cost advantage over 
other energy sources, and have a level of financial 
risk comparable to other energy projects, 


- Proliferation Resistance & Physical Protection: be a 
very unattractive route for diversion or theft of 
weapons-usable materials, and provide increased 
physical protection against acts of terrorism. 


Since both parties have plans to construct proto/demo 
SFRs of future commercial SFR in the same timing and 
have experienced SFR operations, it is beneficial for them 
to cooperate efficiently. From the viewpoint of plant 
system designs, CEA and JAEA have selected 
respectively pool and loop configurations for their 
proto/demo SFRs. In this paper, both parties are going to 
review both plant system designs to analyze differences 
and similarities. The purpose of this analysis is to confirm 
that, even if both parties have selected different 
configurations, the major issues for the commercial SFR 
development are basically common and a wide range of 
R&D studies and achievements can be shared. This 
analysis ought to figure out collaborative areas and 
possible collaborative levels from the technical point of 
view. The two next chapters describe the advanced loop 
and pool type concepts. Their content is used for the 
analysis of similarities and differences, in support to the 
identification of possibilities of cooperation. 
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I.A. Types of architectures 


 
The architectures of Sodium-cooled Fast Reactors 


can be differentiated by the primary cooling system type: 


- POOL-type primary system; in this concept, all the 
primary sodium is contained inside the main vessel 
where primary pumps and intermediate heat 
exchangers are plunged through the cover slab of the 
vessel. A structure called internal vessel separates hot 
and cold plena and allows the primary sodium to 
circulate. This pool concept is used particularly for 
EBR 2 in the USA, PFR in Great Britain, BN 600 
and 800 in Russia, PHENIX and SUPERPHENIX in 
France, PFBR in India, and for the EFR European 
project; 


- LOOP-type primary cooling system; in this case, the 
primary pumps and intermediate heat exchangers are 
located outside the reactor primary vessel, which then 
only contains the core, and are connected to it by 
primary pipes. This LOOP primary circuit concept is 
applied to almost all experimental reactors including 
Dounreay Fast Reactor in Great-Britain and 
RAPSODIE in France, on demonstration reactors BN 
350 in Kazakhstan, SNR 300 in Germany and 
MONJU in Japan, FFTF, CRBR in the United States 
and the Japanese JSFR power reactor project. 


 
II. Advanced LOOP concept 


 
II.A. Background 


 
In Japan, fast reactor development started from the 


experimental fast reactor Joyo and the prototype fast 
breeder reactor Monju which was restarted at May 6th, 
2010. Considering the fast reactor situation change, a 
joint team of Japan Atomic Energy Agency (JAEA) and 
Japan Atomic Power Company (JAPC) as a representative 
of the Japanese utilities had conducted a comprehensive 
study on fast reactor cycle named “Feasibility Study on 
Commercialized Fast Reactor Cycle Systems (FS)” since 
1999 [1]. In the FS and FaCT project, high development 
targets aiming commercialized fast reactor fuel cycle 
system around 2050 were established as follows: 


- Ensuring Safety: enhance the prevention capability 
against core disruptive accident (CDA) initiators by 
passive mechanism, and the mitigation capability 
against CDA consequences within the vessel without 
severe energetics; 


- Economic Competitiveness:  
- Step 1: Achieve power generation cost 


comparable to that of future LWRs (150 GWd/t 
burnup, over 90% availability), 


- Step 2: Ensure cost competitiveness in the global 


market; 
- Efficient Utilization of Resources: sustainable usage 


of nuclear energy, breeding core and TRU burning; 
- Reduction of Environmental Burden; 
- Enhancement of Nuclear Non-proliferation: no pure 


Pu in any FR cycle system. 
Major motivations to develop a fast reactor cycle 


system instead of the present light water reactor cycle 
system are sustainable energy production, reduction of 
environmental burden and proliferation resistance. These 
three items are thought to be inherent characteristics of 
the fast reactor. Safety is an essential and common 
requirement for all nuclear energy production systems. It 
is clear a system cannot be acceptable without meeting 
this requirement. One important requirement from the 
viewpoint of the commercial fast reactor cycle system in 
Japan is economical competitiveness against other energy 
resources. Even though the FR cycle system is attractive 
from the viewpoint of sustainable energy utilization, 
reduction of environmental burden and proliferation 
resistance, it might not be introduced nor commercialized 
without economical competitiveness. Therefore, in the FS 
and FaCT project, economical competitiveness has been 
focused and innovative technologies are investigated to 
achieve the cost target while keeping other targets in 
mind.  


In the FS, various sodium-cooled fast reactor concepts 
have been designed based on the above backgrounds and 
the concepts adopt innovative technologies to achieve the 
economical competitiveness. From the viewpoint of plant 
system configuration, there seems no major difference in 
sustainability, reduction of environmental burden or 
proliferation resistance. Therefore, the most important 
discussion point of the plant configuration comparison is 
how to achieve economical targets including construction 
cost, operation and maintenance capability while 
satisfying safety requirements. The advanced loop type 
concept was selected since it succeeded to dramatically 
reduce construction cost from conventional loop 
concepts, i.e. namely prototype reactor Monju with 
innovative technologies, showing higher economical 
potential than advanced pool types and maintaining 
advantages of general loop concepts [2]. Major 
parameters for the commercial JSFR are: [3] 
• Primary / secondary coolant : sodium / sodium 
• Number of loops : 2 
• Power: 3530 MWth (1500 MWe), 
• Reference core:  oxide core, 
• Average outlet / inlet core temperature : 550 / 395 °C 
• Turbine : Conventional steam 
 


II.B. Innovative technologies 
 


Based on the FS results, Fast Reactor Cycle 
Technology Development Project (FaCT Project) was 


665







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11378 


   


launched in 2006 by the joint Japanese team focusing on 
development of the selected concepts. Mitsubishi Heavy 
Industries, Ltd. has been selected as a core company for 
FBR development and the project includes a 
demonstration reactor construction to start operate in 
2025 [4, 5]. For the demonstration reactor, two power-
level options: 500 and 750MWe are under consideration 
[6]. The specifications are based on the following 
requirements: 
- The demonstration reactor should involve all 


innovative technologies that will be adopted for the 
commercial reactor. 


- The output power of the demonstration reactor 
should be high enough to validate the performance 
of fuel, components, structure and system of the 
commercial reactor, and to obtain prospects for 
fabrication of the commercial reactor. 


- The concept of the demonstration reactor should be 
the same as that of the commercial JSFR but only 
the size is smaller.  


JSFR involves innovative technologies to meet high 
targets as a future sustainable energy source [7].  Core 
and fuel design studies with mixed-oxide fuel for JSFR 
are going on for a variety of fuel isotopic compositions 
including minor actinides (MA). A specific target is to 
achieve high burn-up to reduce fuel cost with fuel 
cladding of oxide dispersion strengthened (ODS) steel 
which has a potential to both withstand high neutron dose 
and possess high temperature strength. 


Enhancement of safety is also a key factor to be 
considered in the core and fuel design.  Self-Actuated 
Shutdown System (SASS) is provided for JSFR as a 
passive safety feature for reactor shutdown to enhance the 
prevention capability against core disruptive accidents 
(CDA) from Anticipated Transient without Scram 
(ATWS).  Here the robust core support structure is crucial 
by incorporating so-called the restraint core structure, 
which is designed against strong seismic design 
requirements in Japan. Thus only a prompt and passive 
cut off mechanism for the absorber rod is required.  
Security of decay heat removal system (DHRS) is also 
improved by enhancing natural circulation capability both 
for design basis event and also beyond DBE such as 
ATWS and protected loss of heat sink (PLOHS).  


Furthermore, the limitation of the positive sodium 
void worth and incorporation of a fuel assembly with an 
inner duct structure are adopted to prevent severe 
energetics due to positive void worth and molten fuel 
compaction. As a result, so-called re-criticality free core 
concept has been pursued to enhance the public 
perception by reducing the anxiety regarding to the fast 
reactor safety. A compact reactor system is indispensable 
for the purpose of achieving the economic 
competitiveness for JSFR, while maintaining in-service 
inspection and repair (ISI&R) capability and robustness 


even against safety shutdown level earthquake. Compact 
in-vessel fuel handling, hot vessel and advanced shielding 
contribute to the compact reactor vessel design.  In-
service inspection on the primary vessel and in-vessel 
structures are also quite important to enhance reliability. 


A two-loop cooling system is a key design feature of 
JSFR to enhance economic efficiency. The SFR cooling 
system does not need to pressurize to maintain coolant as 
liquid phase while LWR need pressurization. In addition, 
higher thermal conductivity of sodium allows relatively 
compact heat exchanger designs. Based on those SFR 
characteristics, it is possible to adopt the two-loop cooling 
system without dismissing safety or reliability 
requirements. Piping system is also simplified by 
adopting L-shape piping using 9Cr steel. In the 
conventional systems using austenitic stainless steel, 
piping system is arranged considering thermal expansion 
and generally it requires a lot of elbows and large space. 
In JSFR, the primary hot-leg piping directly connect the 
reactor vessel and intermediate heat exchanger (IHX) 
with one elbow and components could be arranged 
compact as shown in Fig. 1. For further simplification of 
the cooling system, an integrated intermediate heat 
exchanger (IHX) with mechanical pump has been 
adopted. The integrated component contributes to 
eliminate a separate vessel for the primary pump and 
piping between IHX and the primary pump. A reliable 
steam generator (SG) is important from the plant 
availability point of view. Since JSFR adopts a two-loop 
cooling system with one SG per cooling system, the heat 
capacity of the SG is quite large. This kind of large SG 
requires higher reliability, since sodium-water reaction 
could cause long reactor outage due to repair of the large 
SG.  The high reliable SG with double-walled straight 
tube could practically prevent sodium-water reaction to 
meet the reliability requirement. 


Adopting above innovative technologies, JSFR could 
meet all the requirements as commercialized electric 
power source competitive with other energy supply. 


 
II.C. Safety principles 


 
JSFR deterministically applied the defence-in-depth 


(DID) principle, which was defined in the report of 
INSAG [8], as the same extent as LWRs. The DID 
principle is an adequate strategy to achieve a high level of 
safety in an advanced or innovative nuclear systems 
where operating experiences are rather limited.  The 
deterministic approach considering design basis events 
was also adopted to specify safety functions of reactor 
shutdown system (RSS) and decay heat removal system 
(DHRS) for prevention of core damage ([9]).  


The reactor shutdown system consists of two 
independent sub-systems. Each of them is designed to 
prevent fuel failure against DBE. In addition SASS (Self 
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Actuated Shutdown System) is introduced to the 
connecting parts of the back-up shutdown system as 
passive shutdown feature. One Direct Reactor Auxiliary 
Cooling System (DRACS) and two Primary Reactor 
Auxiliary Cooling Systems (PRACS) are adopted as the 
decay heat removal system. They are designed for fully 
passive operation as well as redundant capacity to achieve 
sufficient reliability. It should be mentioned here that 
passive safety measures are more preferable from the 
viewpoint of physical protection. 


Because of its short and simple piping configuration, 
JSFR is suitable for establishment of complete double 
wall structure for sodium systems. With the nature of non-
pressurized system, it is possible to keep coolant level 
necessary enough for core cooling in case of boundary 
failure. By introducing this double wall structure, it is 
also possible to prevent the combustion of leaked sodium. 
As for steam generator, double-walled tube is introduced 
for suppress the probability of water ingress into sodium 
out of the range of DBE.  


In the consideration of BDBE, the mitigation of Core 
Disruptive Accident (CDA) is important. In order to 
achieve both of social acceptance and rational plant 
design, it is crucial to show that severe mechanical energy 
release due to re-criticality events would be eliminated 
from CDA scenarios. The re-criticality-free core is 
pursued by restricting positive sodium void worth of the 
reactor core less than six dollars in order to prevent the 
excursion during the initiating phase of CDA. The 
successive re-criticality issue has been also prevented by 
incorporating a fuel assembly with an inner duct structure 
to enhance the molten fuel discharge before leading the 
molten pool formation. As the result, severe energetics 
due to positive void worth and molten fuel compaction 
could be eliminated [10]. At the bottom of the reactor 
vessel there is multi-layered structure for core debris 
retention within the reactor vessel. These design features 
reduce loads on the containment significantly and allow 
compact containment design. 


 
II.D. ISI principles 


 
ISI&R capability is quite important from the safety 


and availability viewpoints especially for commercial 
LMRs.  The JSFR design takes into account 
accommodation of a comprehensive ISI&R program at 
the very conceptual design stage [11].  A comprehensive 
ISI program for JSFR has been developed.  Inspection is 
basically classified into regulatory and voluntary ISI. The 
regulatory ISI program has been developed from the 
viewpoint of safety while the voluntary one regards 
mainly property protection. Sodium-cooled reactors have 
drawbacks of maintenance such as chemical activity, 
opacity and high temperature (200 deg-C) even during 
reactor shutdown. On the other hand, there are merits that 


low coolant pressure is advantageous for continuously 
monitoring sodium leakage and sodium has a good 
compatibility with the structure material. Inspection 
methods and frequency have been set based on the ISI 
program of foregoing “Monju,” the ISI code for the light 
water reactor (Japan Society of Mechanical Engineers, 
JSME S NA1) and that for the liquid metal cooled reactor 
(American Society of Mechanical Engineers, ASME 
section XI division 3).   


 
For the repair program, anticipate failures have been 


listed and categorized base on frequency and required 
repair level. For possible events, each component is 
required to be capable of the repair work in easiness and a 
short term. Access and maintenance space are taken into 
account in the component structural design. For some 
small components, a whole component removal and 
overhaul in the reactor building are thought to be applied. 
For unlikely events (about once or so for the plant 
lifetime), repair processes are roughly investigated. An 
easy repair process or short plant outage is not required 
for this category.  At this design stage, hypothetical events 
are not investigated (example: through crack of the 
reactor vessel). 


The JSFR component design accommodates above 
inspection and repair programs. For example, at the 
reactor vessel plug, there are arranged several 
maintenance holes to install Under Sodium Area Monitor 
(USAM) providing access to all separated plenum 
regions.  The USAM carries an under sodium viewer or 
volumetric examination sensor to conduct examination 
under 200deg-C sodium. The in-vessel structure is also 
designed considering accommodation of ISI program. 


 
III. ADVANCED POOL CONCEPT 


 
III.A. Status of the program at mid-2010 


 
In the early 1980s, all the design teams in western 


Europe used the POOL-type concept, for mainly 
economic and feasibility reasons (complexity of layout of 
primary loops for high powers, dimensioning large 
diameter nozzles, confidence in the reliability of primary 
coolant pipes, in-service monitoring of primary coolant 
pipe welds, controlling levels in order to avoid core 
dewatering in the event of leaks on the pipes …). 
However, the proposal of short pipe solutions thanks to 
the inverse-L shape piping concept and the progress made 
since then in manufacturing technologies and inspection 
means should make it possible to obtain higher primary 
coolant pipe weld quality, reduce the size of primary 
loops and therefore overcome one of the main 
shortcomings of the LOOP concept.  


The objective of the on-going French program on SFR 
led by CEA, EDF and AREVA-NP is to have a 
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commercial SFR available in 2040, and an industrial 
prototype starting its operation in the 2020’s. At the 
beginning of this new program in 2006, it has been 
decided to re-examine the basis for POOL versus LOOP 
choice and studies for innovative options for each of the 
two concepts have been done during the period 2007-
2009, on the basis of common assumptions. Main 
common assumptions used in support to the design 
activities by French partners for a POOL or a LOOP-type 
reactor are: 
• Power: 3600 MWth (1500 MWe), 
• Reference core:  oxide core, 
• Primary / secondary coolant : sodium / sodium 
• Average outlet / inlet core temperature : 545°C / 


395°C 
• Turbine : Conventional steam 
• Operational lifetime : 60 years 
• Availability rate target: ≥ 91% 
• Reasonable duration for repair: Component 


replacement (primary pump, IHX) ~1 month 
• Duration for exceptional inspection or repair: ~1 year 


The safety objectives applicable to EPRTM are very 
ambitious and guarantee a very high level of protection 
for operators, environment and the public. They are used 
as the basis for the safety approach for future reactors. 
The application of the defence in depth and ALARP 
approach is the ground of the design. The deterministic 
approach is completed by probabilistic studies.  


It has been decided to develop a robust demonstration 
of the practical elimination of events that could lead to a 
prompt-critical state with a kinetic incompatible with the 
reactivity control systems and the capabilities of the 
feedback reaction coefficients (as for instance the abrupt 
voiding of the core due to a large gas bubble, the major 
reactivity insertion due to excessive core compaction or 
fuel handling mistakes (shutdown state) or a collapse of 
core support structures), and of events that could lead to 
the loss of the decay heat removal means or their 
inefficiency. In case of core damage, no large mechanical 
energy release should be possible, in order to maintain the 
integrity of the primary containment. The CEA and its 
partners also took into account the risk of a double leak to 
inherently limit the drop in the sodium level and thus 
guarantee core cooling with decay heat removal systems 
using natural convection. The current French regulation 
defines the seismic requirements and aircraft hazard 
considered in the French program ([12]). 


 
III.B. Selection of reference configuration in France 


 
Various R&D themes were defined on the analysis of 


feedback from past concepts and projects, including past 
discussions with the French Nuclear Safety Authority. 
Drawings of LOOP-type and POOL-type reactors were 
used to assess the R&D results, though there was no 


consistency between the drawings and cost efficiency was 
not the main objective of the period 2007-2009 ([13, 14]). 
It should be noted that the analysis carried out did not 
identify a major disadvantage for a type of architecture. 
Several difficulties have been identified for POOL and 
LOOP-type concepts, and solutions have been identified, 
even if some could require some significant R&D effort. 


Consequences on the design of specific safety and 
operational requirements for the French partners have 
been analyzed, as for instance: 
- a pipe diameter preventing the risk of the geyser 


effect on the roof, 
- a limitation of the cover-gas pressure to a value lower 


than 0.5 relative bar, 
- a small creep area for the components contributing to 


the “containment” safety function, 
- a duration for a replacement of primary pump and an 


intermediate heat exchanger less than one month. 
From the results of this analysis and the French 


feedback experience in design and operation in SFRs, the 
CEA selected then the pool-type reactor as the reference 
concept, taking into account the French feedback 
experience in design and operation fields for such kind of 
reactors. 


 
III.C. Summary of the analysis of POOL-type concepts 


 
From 2006 to 2009, several POOL-type concepts were 


studied by CEA and its partners. The starting point of the 
proposal was the EFR98 Detailed Preliminary Project and 
the feedback experience from Phénix and SuperPhénix. A 
POOL-type reactor is characterized by one primary vessel 
containing the whole of primary sodium, which is 
favourable in terms of: 


- no relevant accident scenario of loss of primary 
coolant; the primary sodium inventory is managed by 
safety provisions (e.g. guard vessel avoiding core 
uncovery), 


- a cold sodium plenum at the pumps suction upstream, 
acts as buffer against either thermal chock or gas 
entrainment towards the core, 


- a minimization of the risk of radioactive sodium fire, 
as the absence of pressure in the primary vessel that 
limits the sodium risks on the slab or the Geyser 
effect. 


Sometimes potential drawbacks are underlined: 
1. their behaviour during an earthquake concerning the 


buckling risk of the main vessel what simplifies the 
design; 


2. the activation of the secondary circuit of the concepts 
with loops from the radiation protection point of 
view in Steam Generator buildings, 


3. the limitation for inspection of internal structures in 
the reactor vessel. 
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Concerning the point 1, in a European context, the 
provisions based on anti-seismic pads make it possible to 
demonstrate the robustness of the behaviour of the plant. 


Concerning the point 2, a POOL-type reactor provided 
a lot of interest from radiation protection point of view: 
- All the primary sodium is inside the main vessel 


(except for according to the options of design of 
some auxiliaries). 


- The activation of the secondary sodium could be very 
low due to an optimization of the neutron shielding, 
and of the relative position of the IHX inlet and outlet 
regarding the core. 


- Dose measurements at the outlet of Steam Generators 
done at Phenix and SuperPhénix shown no 
operational constraint. 


The R&D done since 2006 permits to propose 
innovations in order to enhance competiveness 
(investment cost, production cost and dismantling cost) 
and ISI&R capabilities. The interest of these innovations 
has been assessed by analyzing several concepts as for 
instance: ([13]) 


- POOL reactor with conical inner vessel (Fig. 2), with 
the main objective of addressing certain difficult 
design points for the reactor block that were 
identified at the end of the EFR98 Detailed 
Preliminary Project; 


- POOL reactor with internal cylindrical inner vessel 
(Fig. 3) with the aims of maximising the cold plenum 
and protecting residual power removal exchangers 
immersed in the vessel, enhancing the robustness of 
the primary containment in case of mechanical 
energy release, and providing better access to internal 
components for ISI&R). 


Improvement of In Service Inspection and Repair 
(ISI&R) capabilities has been identified as a major item 
of future SFR since ISI&R is strongly involved in safety 
analysis (first defence line: verification of material and 
equipment state during reactor life), in economy 
reliability, and in investment protection (repair). 


Based on the feedback experience of sodium cooled 
reactors, a pluri-annual R&D program was defined for the 
development of sodium fast reactors ISI&R capabilities. 
This specific R&D program is parted in four: ([15]) 
- Conceptual design improvement of the primary 


circuit, in order to limit the structures and 
components to be surveyed, to locate the sensible 
zones in accessible areas from outside or from inside 
(welded junctions) and to reduce the welds. 


- Development of the measurements and inspection 
techniques. Two axes are investigated: continuous 
monitoring during operation (instrumentation), and 
periodic inspection tools (NDE during maintenance 
period by using for instance UltraSonic technique or 
EMAT ). 


- Providing the necessary accessibility and 
development of remote control (robotics) with 
adapted carriers. 


- Identification, development and validation of repair 
processes and techniques for repair interventions. 


Combined with the progress of the on-going work for 
developing holders and robotics, large progress 
concerning ISI&R appears reachable. 


 
III.D. Consequences for ASTRID options 


 
The reactor prototype, named ASTRID (Advanced 


Sodium Technological Reactor for Industrial 
Demonstration, [19]), aims to be a demonstration reactor 
to validate technologies used for the future commercial 
reactor. From the conclusion of the Section III.B, 
ASTRID will have a POOL-type reactor design. Also, 
ASTRID design will enable to perform irradiation 
experiments and to demonstrate the SFR capability for 
minor actinides (MA) transmutation, as requested in the 
framework of the French Act of June 2006 on nuclear 
waste management. The ASTRID prototype is currently 
considered as the last step before a first of a kind of the 
commercial plant and it is admitted that the power of the 
prototype will be significant (typically 600 MWé, [16]).  


Currently different options for the internal structures 
are considered as for instance a conical inner vessel 
internal or a cylindrical inner vessel. Several Above Core 
Structure (ACS) designs are under study, including a 
pantograph type FHM adapting to the UIS with slit which 
is a relevant option of the POOL-type reactor with an 
internal cylindrical inner vessel. The choice will be done 
in 2012 based on an in-depth comparison on economics, 
ISI&R capabilities, manufacturing maturity (due to the 
current low technological readiness level for some 
innovations)… 


The other main options are: 
- a secondary circuit with sodium; 
- the DHR architecture with be based on a diversified 


and redundant set of DRACS, supplemented by a 
DHR system by the reactor vessel; one possible 
option is to integrate heat exchanger of some DRACS 
in IHX; 


- considering the energy conversion system, two kinds 
of option are studied until 2012: 
- a steam water energy conversion system 


(Rankine cycle) with a robust design regarding 
the consequences of a sodium-water reaction, 
based on modular steam generators, 


- an energy conversion system with nitrogen gas 
(Brayton cycle) that eliminates by principle any 
risk of sodium-water reaction. 


Concerning the primary fuel handling system, it 
should be able to handle subassembly with part of minor 
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actinides. System with sodium pot is developed, and 
back-up system with gas is investigated ([17]). 


The first core for ASTRID will be an oxide core with 
15Ti-Ti cladding material. Evolution to an oxide 
dispersion strengthened (ODS) clad is considered for 
future ASTRID cores. Its management will verify the 
clean core concept. 


Due to the objective of a very high level of prevention 
of a core damage accident, a third shutdown system called 
SEPIA is considered ([18]), totally independant of the 
control rods. Concerning the mitigation systems, the work 
is on-going for defining the most relevant devices. A core-
catcher will be introduced in ASTRID, but the option “in-
vessel retention” or “ex-vessel retention” remains today 
still open. 


 
IV. DESIGN OPTIONS: SIMILARITIES AND 


DIFFERENCES 
 


CEA and JAEA have cross-analyzed both pool/loop 
concepts (ASTRID and demonstration JSFR) and have 
confirmed that both concepts are technologically feasible 
even though they involve advanced technologies which 
require further R&D.  Based on the technological 
feasibility, both parties recognize that technology 
exchanges in possible parts would accelerate both 
proto/demo reactor development and avoid duplication of 
R&D in both sides.  Similarities and differences of the 
pool/loop concepts have been analyzed to identify 
possible collaborative parts.  Many similarities could be 
identified from the previous chapters 2 and 3. The 
objective of this chapter is to underline these ones, and to 
comment current differences.  


 
IV.A. Requirements and guidelines 


(1) Safety 
Concerning the safety approach, CEA and JAEA 


apply the defence-in-depth approach defined by a 
deterministic way.  The probabilistic safety approach is 
used as supplement, in order to confirm the validity of the 
event selection and the safety analysis. Even if differences 
have been identified in the list of events to deal with, both 
parties consider high level safety requirements, as: 
- the promotion of enhanced passive safety features in 


order to reinforce the reactivity control (by 
developing a passive shutdown system as SASS for 
JAEA and SEPIA for CEA), and decay heat removal 
(DHR) functions; in particular for that last function, 
the capability for natural convection should be 
demonstrated with sufficient margins, 


- the elimination of large mechanical energy release in 
case of CDA accident, even if mitigation devices for 
ASTRID are not yet defined, and then could be 
different of JSFR design choices (for example an ex-


vessel retention is to date a possible alternative to in-
vessel retention for ASTRID), 


- no loss of integrity of the intermediate heat 
exchanger, steam generator and secondary circuit in 
case of sodium-water reaction. 


- a clean core concept during the operation. 


High level safety requirements are almost the same in 
France and Japan, and safety evaluation methods and 
validation data should be similar. 


(2) External hazards 
Concerning the protection against external hazards, it 


seems possible to develop similar methodologies, even if 
national regulations could provide different loads (seismic 
spectrum, aircraft characteristics…) to be considered.  
Safety against external hazards is now becoming to the 
international standard and it is effective that both sides 
should have similar protection design and evaluation 
methods. 


(3) Structural design standard 
Structural design codes are used for the design of 


ASTRID and the demo JSFR. Structural materials 
adopted for both reactors are 300 series stainless steel and 
high Cr steel, respectively, but material strength database, 
structural design codes and evaluation methods are 
similar or the same. 


(4) ISI&R guideline 
Slight differences on IHX inspection and repair have 


been identified due to component arrangement.  For 
example, ASTRID is aiming to be capable to replace IHX 
by a spare within one month, while JSFR is aiming to 
provide access to IHX tubes for volumetric inspection and 
in-place tube repair. However, from the view point of 
overall ISI&R guidelines, CEA and JAEA notice that 
their objectives are similar with a very high level of 
expected performances for the continuous monitoring in 
order to detect by redundant and reliable measurements 
any abnormal event, and the inspection of all structures 
and welding that participate to a safety function. 


 
IV.B. System configurations and materials 


 
ASTRID and JSFR have selected as pool and loop 


configurations for primary sodium circuit respectively.  
According to the primary sodium circuit options, 
architectures and component designs of reactor vessel 
structure, intermediate heat exchanger and decay heat 
removal systems have differences.  However, it should be 
noticed strong similarities for the main design options: 
- Use of sodium as primary coolant, 
- Use of a cover gas system, 
- Core with MOX fuel and capability to introduce 


minor actinides, 
- Secondary system with sodium, 
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- Fuel handling systems with an external sodium vessel 
storage tank and a primary handling system with 
sodium as coolant, 


- Energy conversion system with steam water, even if 
in France, an alternative is studied (gas energy 
conversion system). 


These similarities might be that CEA and JAEA have 
views on similar or even more the same technologies. 
These indicate both CEA and JAEA could have the 
similar analysis methods and validation database.  


Similar materials are considered for future SFR: 
- For structural material for primary circuit: austenitic 


stainless steels of the 300 series, in particular 316FR 
or 316L(N), including 60 years of useful lifetime, 


- Development of advanced material: high chromium 
steels such as modified 9Cr-1Mo or 12Cr steels, 


- Development of new clad material: ODS. 
Concerning the core design, common development 


seems to be possible for neutronic shielding material and 
design. Even, synergies could be further found in future 
core designs like the consideration of large diameter fuel 
pins with hollowed fuel pellets. Common prospects on 
core and fuel development should be further explored. 
For secondary sodium, fuel handling and energy 
conversion systems, ASTRID and JSFR have differences 
at this stage.  However, ASTRID and JSFR have 
possibility to harmonize and adopt the same concepts in 
those systems, since they are basically independent from 
the pool/loop options and both concepts are aiming at 
similar goals for safety, reliability and maintenance 
ability. 


 
IV.C. Main Components 


 
The reactor vessel and primary cooling system have 


significant differences due to the pool/loop configuration 
options. ASTRID contains all primary sodium in the 
reactor vessel arranging primary pumps and intermediate 
heat exchanger inside the vessel, and the installation of a 
thermal protection system of the reactor vessel is 
anticipated. JSFR arranges the reactor vessel and the 
integrated IHX/pump as separate components, and those 
components are connected by double walled primary 
piping. The JSFR reactor vessel diameter is smaller than 
that of ASTRID allowing high quality factory fabrication 
with ring-forged alloy vessel wall. Since there is no 
thermal protection system, the JSFR reactor vessel and 
primary piping are exposed directly to hot-leg 
temperature sodium, integrity of the reactor vessel and 
primary piping will be evaluated developing high 
temperature structural design codes. However the analysis 
showed that the above core structure and core catcher 
have possibility to share design and related R&D.   


The ASTRID intermediate heat exchangers are 
arranged in the reactor vessel and primary sodium flows 


outside the tubes.  In the case of JSFR, the intermediate 
heat exchanger accommodates a primary sodium pump 
and primary sodium flows inside the tubes.  However 
both parties have adopted shell and tube type sodium-
sodium heat exchanger with dense straight tube bundle 
aiming common design target of compact and highly 
efficient heat transfer performance. This indicates that 
fabrication, experiments and evaluation methods are 
similar. 


For the primary sodium pump, ASTRID and JSFR 
arrange pumps in the reactor vessel and intermediate heat 
exchanger respectively.  However, long shaft and large 
flow rate requirements are basically common. This 
indicates pump design methods and technology for 
stability of rotating shaft are similar. 


As discussed in section 4.2, secondary sodium circuit 
including the steam generator design can be harmonized 
independently from the primary sodium circuit 
configuration, since goals on safety, reliability and 
maintenability are basically common.  At this stage, 
ASTRID and JSFR adopt single-walled tube modular and 
large-capacity double walled tube steam generators 
respectively.  However the basic concepts of shell and 
tube type heat exchangers with long straight tubes are 
common. This indicates that design methods, fabrication, 
analysis methods, and validation data are similar. In both 
cases, Mod.9Cr-1Mo steel is the candidate material. 


For other components including fuel handling system, 
energy conversion system, other balance of plant and 
containment vessel, design are basically independent from 
the pool/loop options.  Though there are design 
differences at this stage, concepts of those components 
can be harmonized. 


 
IV.D. Devices and Sub-systems 


 
Even though the primary systems have differences, 


sodium related devices including sodium purification, 
instrumentation and inspection devices are basically 
common. According to analysis on JSFR and ASTRID in 
chapter 2 and 3, following devices and sub-systems have 
similarities on design, technologies and fabrications: cold 
trap, safety shutdown system, hydrogen-detection, sodium 
leak detection, ISI devices, seismic isolation device… 
Detailed designs are not fixed on both sides, but target 
performance should be similar. This indicates cooperative 
development can be established in these fields. Or if one 
side has enough experiments, the other can introduce the 
technology. 


 
 


 
V. CONCLUSIONS 
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CEA and JAEA have reviewed both proto/demo 
sodium cooled fast reactor concepts: ASTRID and the 
demonstration JSFR. The analysis results showed that 
CEA and JAEA basically share targets and requirements 
of the proto/demo reactors aiming at development of 
future commercial fast reactor fuel cycle. Due to 
industrial backgrounds and past/existing reactor 
experiences, pool and loop configurations are selected for 
ASTRID and JSFR respectively. However, the analysis 
showes that the both concepts are technologically feasible 
and meet design goals. From the view point of 
collaboration, the present analysis has identified wide 
range of collaborative items. For requirements and 
guidelines, safety requirements are basically common. 
Those requirements and guidelines should be harmonized 
aiming at international standards. For system and 
component design, there are differences at this stage, 
since both concepts have been designed independently. 
However, some components like intermediate heat 
exchanger, steam generator, above core structure, primary 
sodium pump have similarity and could share R&D 
issues. In the future collaboration, secondary sodium, fuel 
handling and energy conversion systems have possibility 
to be harmonized since their design are independent from 
the primary system configurations. And common 
prospects on core and fuel development should be 
furthered explored. From the viewpoint of short term 
collaboration, since CEA and JAEA have not fixed 
proto/demo design yet, most of collaboration items still 
remain in the R&D field at this stage.  
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Fig. 1. Bird’s-eye view of JSFR 
Fig. 2. POOL reactor with conical 
inner vessel 


Fig. 3. POOL reactor with 
internal cylindrical inner vessel 
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 Advance Power Reactor Plus (APR+), a pressurized water reactor and an improved 
nuclear power reactor based on the Advanced Power Reactor 1400 MWe (APR1400) in 
Korea, has been developed with 18-month cycle operation strategy from its initial core. 
The APR+ core power is 4290 MWth which corresponds to a 1500MWe class nuclear 
power plant. The reactor core consists of 257 fuel assemblies. Comparing with APR1400 
core design, 16 fuel assemblies are added. Its cycle length is expected about 450 EFPD 
directly from initial core, although most of previous other plants had been started 
according to their annual or 15-month cycle operation schedule at their initial core and 
gone to 18-month after 3rd ~ 4th cycle To reduce the peaking power, fuel pin 
configurations of the assembly, are optimized by using some low enriched fuel pins and 
gadolinia bearings. APR+ core has been met the  requirements as well as the above 
cycle length requirement; 1) peaking factor,  2) Negative MTC(Moderator Temperature 
Coefficient),  3) sufficient shutdown margin, 4) convergent Xenon stability Index. The 
maximum rod burnup and the discharge fuel assembly burnup are also satisfied those of 
the limit. It is expected to acquire the standard design approval by the end of 2012 by the 
Korean nuclear regulatory. 


 
 


I. INTRODUCTION 
 
The nuclear design of APR+ has been accomplished 


in Korea. APR+ is improved in safety more than APR1400 
which is the plant being built in Korea. The APR+ design 
is an evolutionary development of the proven APR1400 
design constructed in Korea. APR+ incorporates variety of 
engineering and operational improvements designed to 
provide additional reliability and safety margins when 
compared to the APR1400 design. Further, the several 
advanced design features have been added in APR+. In this 
paper, it will describe in core design point of view. 


 
II. APR+ CORE DESCRIPTION 


 
The reactor core is fueled with uranium dioxide 


pellets enclosed in zircaloy tubes with welded end caps. 
The control element assemblies consist of boron carbide or 
silver-indium-cadmium absorber  rods which are guided by 
tubes located within the fuel assembly. The APR+ core 
power is 4290 MWth which corresponds to a 1500MWe 
class nuclear power plant. The reactor core consists of 257 
fuel assemblies which will be typically loaded in the first 
fuel cycles with different U-235 enrichments. Comparing 


with APR1400 core design, 16 fuel assemblies are added. 
To reduce xenon oscillation, the axial cutbacks of 6 


inches are adopted at both of top and bottom region of the 
150 inch height gadolinia fuel rod. To enhance neutron 
economy, the blanket regions are included 6 inches axial 
lower enriched fuel (2 w/o) at both of top and bottom parts 
of the 150 inch height normal fuel rod.  
 


The application of loading pattern and CEA pattern 
had been finally confirmed through following additional 
evaluations; allocation of CEA group available for Reactor 
Power Cutback System, axial stability against xenon 
oscillation and azimuthal stability against power oscillation. 
 


Current preliminary design of APR+ shall adopt a 
new features and specifications (cutback and blanket) of 
HIPER fuel, loading pattern(to equilibrium), CEA pattern. 
Thus, these new design features had been evaluated by 
various functional groups (non-LOCA, LOCA, TH and FR 
design group as well as nuclear design group). The general 
characteristics of APR+ are summarized at Table 1. 
 


 APR+ has a target cycle length of 450 EFPD as 
initial core with the assumption oh 90% available factor 
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and 92% load factor and 490 EFPD as equilibrium core 
with the assumption of 90% available factor and 97% load 
factor. The core for 18 month has 3 batches. Considering 
from initial core to equilibrium core, the number of feed 
fuel assemblies for 18 month cycle per refueling operation 
will be 100.  Fq is designed less than 2.09. The maximum 
radial peaking factor is 1.52, and the maximum axial 
peaking factor is 1.36. Gadolinia fuel rods mixed with 2 
w/o uranium(Gd2O3-UO2) will be used as burnable 
absorber rods. The lead bank can be inserted to 28% into 
the core at HFP, according to the APR+ PDIL that is used 
in the safety analysis. 
 


HIPER, having developed fuel assembly in Korea, is 
loaded in the APR+ core from the initial core. The fuel 
assembly consists of 236 fuel rods and burnable absorber 
rods, 5 guide tubes. Its typical assembly configuration is 
shown in Figure 1. The loading pattern for the final design 
of APR+ Cycle 1 is also given in Figure 2.  
 
        Initial core adopted 18-month cycle length as the 
operation strategy. To meet this strategy,  the cycle length 
of initial and equilibrium cores shall be scheduled as 450 
EFPD and 490 EFPD, respectively.  


 
Using HIPER fuel with a specification of Table 1, the 


loading patterns of initial and equilibrium cores had been 
constructed which meet the above target cycle lengths(450 
EFPD and 490 EFPD) and other requirements. The loading 
pattern is given in Figure 2. The cycle Maximum Fxy is 
1.45 which is well below the recommended Fxy of 1.60. 
The Least negative MTC at HFP, no xenon condition is 
negative. The cycle length of equilibrium cycle is about  
450 EFPD. The critical boron concentration versus core 
average burnups are shown in Figure 3 for first and 
equilibrium cycles, unrodded full power and equilibrium 
xenon. 


           
Figure 4 shows typical planar average radial power 


distribution. It illustrate condition expected at full power 
for various times in the fuel cycle as specified on the figure. 
It is expected that for normal, base load operation of the 
plant, the operation of the reactor will be with limited CEA 
insertion.  


 
 The moderator temperature coefficient relates 


changes in reactivity to uniform changes in moderator 
temperature, including the effects of moderator density 
changes with changes in moderator temperature. Typically, 
an increase in the moderator temperature causes a decrease 
in the core moderator density. As shown above, the MTC 
at HFP, No Xenon condition is still negative. This means 
that APR+ core is inherently stable for all accidents which 
accompany power increase. The cycle maximum peaking 
factors calculated up to equilibrium cycle is 1.45 at 


equilibrium cycle. The maximum peaking values for each 
cycle are below the recommended maximum value of Fxy.  
The burnable absorbers are used 8% gadolinia. The cycle 
length over entire cycles is about 490EFPD. The searched 
loading pattern was examined through a down-steam 
endeavor. 


  
The stability of power oscillation in a PWR core is 


generally divided into three aspects; axial. azimuthal and 
radial directions. Because the radial oscillation is normally 
more stable than the others in a modern PWR, the axial 
and azimuthal oscillation were checked in APR+ core. To 
reduce a xenon oscillation, the fuel rod cutback length of 
APR+ was optimized as 6 inch. 
 
          The stability analysis of APR+ core relative to the 
oscillation behavior of the axial power shapes induced by 
changes in the xenon distribution was performed. The axial 
xenon stability was analyzed by the explicit simulation of 
the core behavior following an axial perturbation. The 
perturbation induced by power change was maintained at 
50% of full power for the first 2 hours and returned to 
100% power level after 2 hours and remained unchanged 
up to 100 hours. The free xenon oscillation was performed 
at 4 burnup points (BOC, IOC, MOC and EOC). The axial 
stability index (bx) of BOC is obtained as a -0.02/hr, 
though those at other burnup points are slightly positive. 
 
          The axial stability index bx is defined as the natural 
exponent that describes the growing or decaying amplitude 
of  the oscillation as shown in the following equation. 
 
      ASI(t) = ASI0 * Exp(bx t) * SIN(2πt T + to) + EASI   
       
  Where ASI(t) = the axial shape index as a function of 
time,  
            ASI0   = the amplitude of oscillation component of 
ASI 
            bx      = the axial stability index, 
            T     = the period(hours), 


to        = a phase shift, 
EASI   = the equilibrium axial shape index. 


 
          Thus, a negative stability index(-0.02/hr) of BOC 
guarantee a inherent stable behavior of axial power 
distribution after a power perturbation at BOC when the 
physics tests are performed. Although the stability index at 
other bumup points (IOC, MOC & EOC) is shown to be 
slightly positive, the axial power oscillation (or xenon 
oscillation) can be suppressed or controlled by a PSCEA or 
a combination of lead bank and PSCEA. 
 
          The azimuthal stability index, bx is defined as the 
natural exponent that describes the growing or decaying 
amplitude of the oscillation, which is similar with above 
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equation of axial shape index. The stability index of APR+ 
core to describe the oscillation behavior of the azimuthal 
power shapes induced by changes in the xenon distribution 
had been checked out over entire cycle length of cycle 1. 
In the azimuthal stability index of APR+ Cycle 1, the 
expected stability index is not greater than -0.2/hr at ant 
time during the cycle for the expected mode of reactor 
operation. 
 


The full-strength regulating CEA groups may be used 
to compensate for changes in reactivity associated with 
routine power level changes. In addition, they may be used 
to compensate for minor variations in moderator 
temperature and boron concentration during operation at 
power, and to dampen axial xenon oscillations. Soluble 
boron is used to maintain shutdown reactivity at cold zero 
power condition. Soluble boron is used to compensate for 
changes in reactivity due to power level changes and minor 
changes in reactivity which might occur during normal 
reactor operation. The CEA pattern for APR+ is optimized. 
CEA should provide a core with a sufficient negative 
reactivity to reduce a power rapidly and control a local 
power distribution of a core. To enable these capability of 
CEAS, a PDIL(power dependent insertion limit) is 
constructed with permitting overlapping region of each 
CEA. The PDIL is given considering with 40% overlap. 
 
          It is also needed to search the power reduction level 
for RPCS actuation of APR+. The initial condition before 
RPCS actuation is HFP with ARO or CEA inserted to 
PDIL. It is confirmed that the final power level reduced by 
BK 5 or BK 5+4 dropping after RPCS actuation is lower 
than 75%P which is one of requirements. 
 
        The reactivity worth requirements of the full 
complement of CEAs is primarily determined by the power 
defect, the excess CEA worth with stuck rod criteria, and 
the total CEA reactivity allowance. These data are based 
on the end-of-cycle conditions when the fuel and 
moderator temperature coefficients are the most negative 
and thus when the shutdown requirement is a maximum. 
To calculate available shutdown margin, a following 
formula at power P (ASDMP) is given by 
         ASDM = WN-1   – WBITE    -    PD           
 
Where,   WN-1 : minimum(N-1) rod worth at BU 


 WBITE : maximum bite worth at power P 
   PD : power defect 


 
The CEA bite is the amount of reactivity worth in 


CEA that can be inserted in the core at full power to 
initiate ramp changes in reactivity associated with load 
change, and to compensate for minor variations in 
moderator temperature, boron concentration, xenon 
concentration and power level.The minimum shutdown 


margins calculated at BOC and EOC of APR+ cycle 1 are 
7.5%∆ and 7.4%∆p for BOC and EOC, respectively. 


 
Thus, the minimum shutdown margin calculated 


above meet the limit (5.5%∆p) of shutdown margin. 
 
 APR+ core adopted a Low Leakage Loading Patten 


scheme to enhance neutron utilization similar to other 
Korean OPR1000 type reactors. These scheme loads a 
lower enriched fuel assembly at core outer region and a 
higher enriched fuel assembly at core inner region with 
checker board loading pattern to reduce neutron leakage to 
core radial boundary region. The radial power distribution 
at BOC, HFP, ARO, equilibrium xenon condition is under 
the limit. 
 


          HIPER fuel to be loaded in APR+ core has axial 
cutback or axial blanket region for each of gadolinia and 
normal fuel rod. The axial cutback region enhance a 
neutron utilization on Gd burnable poison rod, whereas the 
axial blanket region reduce a neutron leakage to outer 
region of core in normal fuel rod which results in 
maximizing axial power of center region(maximize Fx). 
The axial power distributions at BOC, IOC, MOC and 
EOC of APR+ cycle 1 are shown in Figure 3. IOC shape 
shows a slight saddle type shape, whereas MOC, and EOC 
shapes show a traditional saddle pattern.  


 
 


III. CONCLUSIONS 
 


The use 8 w/o  gadolinia fuel rod is enable to adopt 
long-term(18 month) cycle operation. The local pin 
peaking was controlled by the use of two zoning patterns 
(52 and 100 zoning) as well as Gd rod. The analysis results 
of APR+ core designed with a long term cycle strategy 
from the initial to equilibrium cycles showed that all 
criteria and recommendations (MTC, shutdown margin, 
target cycle length, Fxy limit, Xenon stability, thermal 
margin, limits related to CEA arrangement, etc.) are 
satisfied. It is expected to acquire the standard design 
approval by the end of 2012 by the Korean nuclear 
regulatory. 
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Parameters APR+ APR1400


Electric Power, MWe 1500 1400
Thermal Power, MWth 4290 3983 
Fuel Assembly Type HIPER PLUS7 
No of Loops 2 2 
Primary System Pressure, psia 2250 2250 
Fuel Assembly Array 257 241 
Design Life, yrs 60 60 
Refueling Interval, Month 18 18 
Maximum Fuel Rod Burnup, 
MWD/MTU 60,000 60,000 


 
Table 1. General Characteristics of APR+ 
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Figure 1. Typical Assembly Configuration 
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Figure 2. Loading Pattern for APR+ Cycle 1 
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1 2 3 4 5


0.7393 0.9757 1.0116 1.0659 1.0181


6 7 8 9 10 11 12


0.7229 0.9874 1.0718 1.0317 0.9687 1.0804 1.1348


13 14 15 16 BP 17 18 19 20


0.7229 0.9719 1.1685 1.0324 0.9263 1.1491 0.9634 1.0732


21 22 23 24 25 26 27 28


0.9874 1.1685 1.0363 0.9044 1.0311 0.9452 1.1628 0.9671


29 30 31 BP 32 33 34 35 CP 36 37


0.7393 1.0718 1.0324 0.9044 1.005 0.897 1.1204 0.949 1.1495


38 39 40 41 42 43 44 45 46


0.9757 1.0317 0.9263 1.0311 0.897 1.0209 0.9147 1.0455 0.9263


47 48 49 50 51 CP 52 53 54 55


1.0116 0.9687 1.1491 0.9452 1.1204 0.9147 1.1009 0.9119 1.1018


56 57 58 59 60 61 62 63 64


1.0659 1.0804 0.9634 1.1628 0.949 1.0455 0.9119 1.0281 0.9214


65 66 67 68 69 70 71 72 73


1.1916 1.0232 0.9779 1.0133 1.0144 1.0138 1.0152 1.0139 1.0137 
 
Figure 4. Radial Power distribution 
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Figure 5. Axial Power Distribution for APR+ Cycle 1 
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concept for stable cycle management in PWRs 
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Abstract 
 


 


Making the core design less restrictive without encroaching upon safety or electricity 
production cost effectiveness is one of the main concerns of the utilities. At the same 
time, allowing more flexibility to the core design opens ways for further efficiency or 
cost improvements. 
 
Mitsubishi Heavy Industries Ltd.(MHI) therefore investigated a way to allow more 
flexible core design through flatter axial power distribution. Such gain is now at hand 
thanks to the use of the Optimized Gadolinia Repartition (OGR) concept. 
 
Indeed, by carefully adapting the Gadolinia content in the axial direction, it is possible 
to improve the axial power distribution throughout the whole cycle. As a result, the core 
becomes more stable, and the local power peaking factor (FQ) can be reduced 
significantly. 
 
Tests of the OGR concept for long cycle operations such as 24 month cycle showed axial 
power distribution strongly flattens, even at high cycle burnups and that Xenon 
Stability Index is also reduced at the end of cycle (EOC). By flattening the axial power 
distribution and reducing the FQ, the safety margins can be widened. The OGR fuel 
design also gives more room to act on other parts of the core design to increase its 
efficiency or reduce its cost; for instance, introducing a reduced enriched axial blanket 
becomes less restrictive.  The concept of this design, as well as examples of core 
simulations using this kind of enhanced assembly designs and the prospect examples to 
improve fuel cycle cost or core design further will be described in this document. 
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1. Introduction 
 
Increasing nuclear core cycle lengths is 
among the considered solutions to help 
decrease the operational costs of current 
or future nuclear power plants. However, 
longer cycles also mean more restrictive 
safety conditions, particularly at end of 
cycle (EOC). This opens new challenges 
to make even long cycle length cores 
more stable and with more margins to 
the safety limits. Indeed, in the case of 
long cycle length cores, the axial power 
distribution tends to have a double 
humped shape at EOC (refer to figure 
4.1.2 later in this document). Trying to  
improve core stability and therefore 
suppress that double humped axial 
power distribution at EOC could help 
increase the already available safety 
margin in accidental cases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


MHI therefore looked for new ways of 
increasing further core stability 
throughout the cycle life and with it the 
available safety margins. In other terms, 
the axial power distribution would be 
made flatter, particularly at EOC. 
 
When looking at the Gd-fuel assembly’s 


 shape according to burnup and 
Gd-content as shown in Figure 1-1, it can 
be seen that the assembly reaches a 
peak at a specific burnup according to its 
Gd content. This burnup corresponds to 
the time at which the Gd content in the 
assembly is depleted. 
 
It was assumed from that observation 
that, with a correctly axially distributed 
Gd content, the Gd in the fuel assembly 
could help suppress the high axial power, 
which is related to the , at specific 
cycle burnup and axial locations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Difference in burnup for the peak 
reaching according to Gd content 
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2. Optimized Gadolinia 
Repartition (OGR) fuel concept 


 
The OGR concept consists in reducing 
the Gd content of some axial parts of the 
Gd fuel assemblies, according to the 
original enrichment and Gd content. 
 
2 different Gd content fuel assemblies 
are actually used in the actual MHI core 
designs with respectively 10wt% and 
6wt% Gd content. 
 
The OGR concept is applied to both those 
assembly designs.  
 
Figure 3-1 shows one of the possible 
designs of the axial Gd repartition that 
can be made in the 2 assembly designs 
when using the OGR concept.  
 
The Gd-rods position and the assembly’s 
U235 enrichment remained unchanged 
in this case. The UO2 rods enrichment 
was fixed at 4.55wt% U235 and the 
Gd-rods have 2.95wt% U235 enrichment. 
 
As it can be seen on Figure2-1, both 
assembly designs have a Gd-free part at 
the upper and lower 15cm extremities of 
the assembly in order to optimize the 
axial power distribution. 
 
Between this Gd-free zone and the 
“conventional part” with standard 
Gd-content in the center of the assembly, 


the Gd-content was decreased, in this 
case, by 2wt% for both the 10wt% and 
the 6wt% Gd-content assembly designs. 
Such Gd content decreases have little 
impact on fuel cost issues. 
 
This reduced Gd-content zone has 
different length according to its axial 
position in the assembly. The upper part 
has a 45cm length while the lower one 
has a 35 cm length. The reasons of this 
choice are explained later in this paper. 
 


No Gd 15cm No Gd


8wt%
Gd 45cm 4wt%


Gd


10wt%
Gd 310cm 6wt%


Gd


8wt%
Gd 35cm 4wt%


Gd


No Gd 15cm No Gd
 


 
 
 


Figure 2-1: Gd repartition in the Gd-fuel 
assemblies with Optimized Gd Repartition (OGR). 
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3. Analysis methodology 
 


The nuclear design of the Optimized 
Gadolinia Repartition (OGR) concept 
was performed using a 3-dimensional 
core simulator based on the constants 
calculated by a 2-dimensional lattice 
code. 
 
These constants are then inputed in the 
core simulating code which uses nodal 
expansion method for calculating the 
core reactivity and assembly node-wise 
data including power, burnup, fission 
product and actinide distribution. This 
code also uses a pin power 
reconstruction methodology for 
calculation of pin powers and burnups.  
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 


 
 
The OGR concept was tested in the 
APWR’s 24 month equilibrium cycle core 
design, hereafter referred as the 
reference core, to evaluate the concept’s 
benefits on the axial power distribution, 
FQ or the Xenon Stability Index. 
 
The reference core uses 17x17 4.55wt% 
U235 enriched new fuel assemblies with 
a 4200mm active fuel length. They are 
used in a two batch reload pattern (128 
new fuel assemblies out of a total of 257 
in the core). 
 
The reference core’s typical core loading 
pattern is shown below in Figure 3-1 in a 
quarter core representation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Name
GB3P
UA2F
GA2P
GB2P
UA1F
GA1P
GB1P


 New Fuel 4.55wt%
 New Fuel 4.55wt%, 16 6wt%Gd rods
 New Fuel 4.55wt%, 24 10wt%Gd rods


 Once burnt 4.55wt%, 24 10wt%Gd rods


Assembly type
 Twice burnt 4.55wt%, 24 10wt%Gd rods
 Once burnt 4.55wt%
 Once burnt 4.55wt%, 16 6wt%Gd rods


Ｊ Ｈ Ｇ Ｆ Ｅ Ｄ Ｃ Ｂ Ａ


 


 GB3P  GB2P  GB1P  GA2P  GB1P  GB2P  GB2P  GA1P  GB2P


  


 GB2P  UA2F  GA2P  GA1P  GB2P  GB1P  GB1P  GA1P  GA2P


 GB1P  GA2P  GA1P  GB1P  GB2P  GA1P  UA2F  GB1P  GA2P


 GA2P  GA1P  GB1P  GA2P  GB1P  GB1P  GB2P  GA1P  GA2P


   


 GB1P  GB2P  GB2P  GB1P  GA1P  GB2P  GA1P  UA1F  GB2P


   


 GB2P  GB1P  GA1P  GB1P  GB2P  GA2P  GB1P  GA2P


   


 GB2P  GB1P  UA2F  GB2P  GA1P  GB1P  UA1F  GB2P


     


 GA1P  GA1P  GB1P  GA1P  UA1F  GA2P  GB2P


 GB2P  GA2P  GA2P  GA2P  GB2P


１ ４


１ ５


１ ７


１ ６


９


１ ０


１ １


１ ２


１ ３


 
Figure 3-1: APWR 24 month equilibrium cycle core 


loading pattern (Reference Core, quarter core) 
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4. Core designs with the OGR 
concept 


 
4.1 Reference core and OGR Core 


comparison 
 
To evaluate the impact of the OGR 
concept on the core parameters, the 
totality of the reference core’s Gd fuel 
assemblies’ Gd rods were changed to the 
corresponding rods with an OGR Gd 
axial pattern. The core design using the 
OGR assembly types keeps the same 
loading pattern as the reference core and 
will be referred as the OGR core 
hereafter. 
 
As it can be seen on Table 4.1-1, the 
introduction of the OGR concept fuel 
assemblies brings improvement by 
reducing the maximum FQ and by 
reducing the A-O range, without having 
significant influence on cycle length. 
 
All these results are a direct 
consequence of the flattened axial power 
distribution obtained thanks to the OGR 
concept. 
 
 
 
 
 
 
 
 


 
In fact, the length to which the reduced 
Gd enrichment has to be applied was 
determined to help flatten the axial 
power distribution at BOC. As it can be 
seen on Figure 3-1, the assembly’s 
higher reduced Gd part’s length is of 45 
cm while the lower’s is of 35 cm.  
 
In fact, at BOC, the power tends to be 
bottom skewed because of the feedback 
brought by a lower moderator 
temperature. However, by reducing the 
Gd content on a longer length on its top 
than its bottom, it contributes making 
the A-O closer to 0 from BOC and the 
axial power distribution flatter, keeping 
it through the cycle. 
 
Indeed, when comparing the axial power 
distributions between the OGR core and 
the reference core, respectively showed 
in Figure 4.1-1 and 4.1-2, it can be seen 
the OGR concept helps to flatten the 
axial power distribution through the 
cycle. 
 
 
 
 
 
 
 
 
 
 


Key parameters Reference core OGR core


Minimum A-O (%) -5.4% -3.8%


Maximal A-O (%) 2.1% 1.0%


Maximum FN
ΔH 1.54 1.54


Maximum Fz 1.21 1.19


Maximum FQ 1.88 1.83


Table 4.1-1: Reference core and OGR core comparison 
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As for the stability of a reactor core, it 
can be characterized by the Xenon 
Stability Index (XSI). The XSI is an 
index that can be used to measure Xenon 
induced axial power distribution 
oscillations. The XSI can be defined as: 


 
 


where T is the time between 2 successive 
maxima flux peaks and , and 


are successive maxima and minima in 
the perturbed flux at times t, t +T/ 2 and 
t +T . A negative XSI indicates stability 
for the oscillatory mode being 
investigated. 
 
Figure 4.1-3 shows a comparison of XSI 
changes before and after introducing the 
OGR concept in the core’s Gd fuel 
assemblies. The OGR concept also helps 
reducing the XSI at EOC, when it is the 
highest, and contributes in improving 
the core’s resilience to accidental events 
and safety.  
 
 
 
 
 
 
 
 
 
 


 
4.2 24 month Equilibrium Core: 


advantages brought by the OGR 
concept when using Axial Blanket 


 
An axial blanket consists in a part of the 
assembly, located in the upper and lower 
extremities, that has a lower U235 
enrichment compared to the other parts 
of the assemblies.  In this case, the 
enrichment of the axial blanket was 
reduced by 1.6wt% U235 compared to 
the fuel assembly’s, from 4.55wt% to 
2.95wt%. 
 
When introducing such a low U235 
content zone in the fuel assemblies, it 
results in making the axial power 
distribution further more center-skewed 
at BOC and, mechanically, contributes in 
increasing the FQ at BOC or the 
double-humped axial power shape at 
EOC. 
 
 
 
 
 
 
 
 
 
 
 
 
 


 


0 


0.1 
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However, as shown before, the OGR 
concept can directly impact those two 
drawbacks of an axial blanket use by 
improving the axial power distribution 
from BOC through the low Gd-content 
axial zones at the periphery of the Gd 
fuel rods. 
 
The design used to quantify the impact 
of the OGR concept on the fuel 
performances is shown in Figure 4.2-1. 
As shown in the figure, the length on 
which the Gd content was reduced was 
extended to take into account of the more 
restrictive pattern brought by the 
enrichment reduction in the extremities 
of the fuel assemblies. 
 
It is important to note that the axial 
blanket was introduced to all the core’s 
fuel assemblies’ Uranium rods to reduce 
average core enrichment while the OGR 
concept is only applicable to the Gd fuel 
assemblies. The core loading pattern 
also remained unchanged. 
 
 


Axial
Blanket 25cm Axial


Blanket
No-Gd No-Gd


8wt%
Gd 55cm 4wt%


Gd


10wt%
Gd 270cm 6wt%


Gd


8wt%
Gd 45cm 4wt%


Gd


Axial
Blanket 25cm Axial


Blanket
No-Gd No-Gd  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 4.2-1: Gd repartition in the Gd-fuel 
assemblies with OGR and axial blanket. 


Key parameters Reference core
with A/B only


Reference core
with A/B + OGR


Minimum A-O(%) -5.0% -3.7%
Maximal A-O (%) 1.7% 1.1%
Maximum FN


ΔH 1.53 1.52
Maximum FQ 1.99 1.93  


Table 4.2-1: Comparison between the Reference Core with axial blanket (A/B) 
only and OGR core with axial blanket (loading pattern unchanged) 
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As for the results, as it can be seen on  
Figure 4.2-2, the axial power 
distribution throughout the cycle is 
significantly flatter when combining the 
OGR concept with the use of an axial 
blanket. Reducing the core average 
enrichment is therefore less limiting 
when including the OGR concept in the 
fuel assemblies. 
 
Such a flattened axial power distribution 
also leads in a reduction of maximum FQ 
and  factors during cycle life. Table 
4.2-1 shows a comparison summary of 
the fuel performances with an axial 
blanket and according to the use of the 
OGR concept. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


5. Conclusion 
 
The OGR concept is an evolutionary 
concept for Gd use in the fuel assemblies 
that gives Gd a more complete role to 
answer the long cycle requirements in all 
PWRs. 
 
This concept MHI developed for the Gd 
fuel assemblies is an economically 
efficient solution that allows significant 
improvements for long life PWR cores. 
 
This concept can be easily introduced 
and can be more generally combined 
with other Gd improvement methods 
requiring no axial Gd content changes, 
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such as optimizations of the Gd rods 
radial location or content according to 
radial locations. 
 


6. Nomenclature 
 
A-O: Axial-Offset. Represents the power 
ratio between the upper and bottom 
halves of the core 
 
APWR: Advanced Pressurized light 
Water Reactor designed by MHI. 
 
BOC: Beginning Of Cycle. 
 
EOC: End Of Cycle 
 


: The nuclear enthalpy rise hot 
channel factor is the ratio of the 


maximum integrated rod power within 
the core to the average rod power. 
 
FQ: The heat flux hot channel factor or 
total peaking factor is the maximum 
local heat flux on the surface of a fuel 
rod divided by the average fuel rod 
heat flux. 
 
Gd: Gadolinia - neutron absorber 
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Abstract –The US NRC is developing TRACE （ TRAC/RELAP Advanced Computational 


Engine）, a new thermal-hydraulic code for safety analysis of nuclear power plants. Under the 


terms of the CAMP (Code Applications and Maintenance Program) contract, the US authority 


joined most of countries who own nuclear power plants, like Taiwan, together to participate in the 


research and application of TRACE code. TRACE is a modernized code with the capability to 


simulate the reactor system and model the thermal-hydraulic phenomena in three-dimensional 


space. Instead of those out-of-date codes like TRAC and RELAP, TRACE has become the NRC’s 


flagship thermal-hydraulic analysis tool. One of the features of TRACE is its capacity to model the 


reactor vessel with 3-D geometry. It can support a more accurate and detailed safety analysis of 


nuclear power plants. TRACE has a greater simulation capability than the other old codes, 


especially for events like LOCA (Loss of Coolant Accident). Following in Japan’s footstep, Taiwan 


has become the second country who had commenced construction of ABWR(Lungmen nuclear 


power plant (NPP)). It has two identical units with 3,926 MWt rated thermal power each and 


52.2×10
6
 kg/hr rated core flow. The core has 872 bundles of GE14 fuel, and the steam flow is 


7.637×10
6
 kg/hr at rated power. There are 10 RIPs in the reactor vessel, providing 111% rated 


core flow at the nominal operating speed of 1,450 rpm. In this paper, the steamline break inside 


containment LOCA transient data from FSAR is used to verify and establish the Lungmen TRACE 


model. It compares those important thermal parameters at steady state and transient, such as the 


dome pressure of reactor vessel, steam flow, feedwater flow, and core flow, etc.. It was concluded 


that the results of TRACE calculations are in agreement with those from FSAR. In summary, our 


studies concluded that the analysis results trends of Lungmen NPP TRACE model are roughly 


consistence with FSAR data for the steamline break inside containment LOCA transient.  
 
 


I. INTRODUCTION 


 


The development of computer programs related to 


NPP safety analysis is one of the main research and 


developmemt work in nuclear engineering. The advanced 


thermal hydraulic code named TRACE is developed by US 


NRC for NPP safety analysis now. In the future, TRACE 


will be the main code used in thermal hydraulic safety 


analysis, which will be instead of the NRC’s four main 


systems codes (TRAC-P, TRAC-B, RELAP5 and 


RAMONA). Besides, a graphic user interface program, 


SNAP (Symbolic Nuclear Analysis Package), which 


processes inputs, outputs, and the animation model for 


TRACE is also developed by NRC. The 3-D geometry 


model of reactor vessel is one of the features of TRACE. It 


can support a more accurate and detailed safety analysis of 


NPPs. In transient analyses of BWRs (Boiling Water 


Reactors) and PWRs (Pressurized Water Reactors), 


TRACE has a greater simulation capability than the other 


old codes, especially for events like LOCA.  


 


In 2004, Taiwan and the United States have signed an 


agreement on CAMP which includes the development and 


maintenance of TRACE. INER (Institute of Nuclear Energy 


Research Atomic Energy Council, R.O.C.) is the 


organization in Taiwan that is responsible for the 
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application of TRACE in thermal hydraulic safety analysis, 


for recording users’ experiences of it, and providing 


suggestions for its development. To meet this responsibility, 


it has built TRACE models of TPC (Taiwan Power 


Company) NPPs. INER has built the TRACE model of 


TPC Maanshan PWR NPP in 2008. The detail model 


description and verification were in INER report [1]-[2].  


 


Lungmen NPP is the first ABWR in Taiwan. It has two 


identical units with 3,926 MWt rated thermal power each 


and 52.2×10
6
 kg/hr rated core flow. The core has 872 


bundles of GE14 fuel, and the steam flow is 7.637×10
6
 


kg/hr at rated power. There are 10 reactor internal pumps 


(RIP) in the reactor vessel, providing 111% rated core flow 


at the nominal operating speed of 151.84 rad/sec. In this 


research, the TRACE model of Lungmen NPP has been 


established. The steamline break inside containment LOCA 


transient data from FSAR [3] is used to verify the Lungmen 


NPP TRACE model.  


 


II. Methodology of Lungmen TRACE Model 


 


The SNAP v 1.1.8 and TRACE v 5.0p1 are used in 


this research. The process is shown in Fig. 1. First, the 


system and operating data [3]-[7] for the cases of startup 


tests and FSAR of Lungmen NPP are collected. Second, 


several important control systems such as RIPs control 


system, pressure control system and feedwater control 


system etc. are established by SNAP and TRACE. Next, 


other necessary components (e.g. RPV (Reactor pressure 


vessel) and main steam piping) are added into the TRACE 


model to complete the TRACE model for Lungmen NPP. 


And finally, the Lungmen TRACE model is verified. 


Effectiveness of the proposed model has been verified with 


the LOFW and MSIVCD transient data from FSAR. The 


detail verification was in the report [8]-[9]. 


 


The TRACE LOCA model of Lungmen NPP is 


modified by the above TRACE model. The TRACE LOCA 


model of Lungmen NPP is shown in Fig. 2. In this model, 


the vessel is divided into 11 axial levels, four radial rings, 


and six azimuthal sectors (separately in 36°, 36°, 108°, 36°, 


36°, 108° apart), and connected with four steam lines 


(connected to the 36° azimuthal sector of the vessel), six 


feedwater lines (connected to six azimuthal sectors 


separately, one for each sector), 18 channels which are 


simulated to the fuel region (one for each azimuthal sector 


in three inner radial rings), the water rods and partial length 


rods are also simulated in the channels(shown in Fig. 3), 10 


RIPs (connected to six azimuthal sectors separately, one for 


every 36°). Besides, every steam line has one MSIV and 


several SRVs. The 10 RIPs classified into three groups, 3 


RIPs for each of the first and second groups, and 4 RIPs for 


the third group. The RIPs in group 3 are not connected to 


the motor generator (M/G) set. The other 6 RIPs are 


connected to the M/G set. The break of the main steam line 


is simulated in the steam line 2. 


 


Before the transient calculation of Lungmen TRACE 


model begins, it is necessary to carry out the steady state 


calculation first to make sure that the system parameters 


reach a consistent steady state and are in agreements with 


those from FSAR [3]. These parameters include feedwater 


flow rates, steam flow rates, vessel dome pressure etc.. 


Table 1 shows the comparisons of steady state simulations 


between the results from FSAR and TRACE. It can be seen 


that the TRACE data agree well with FSAR data.  


 


In addition, the animation of Lungmen NPP TRACE 


model is presented by using the animation function of 


SNAP/TRACE with above models and TRACE analysis 


results. The Lungmen NPP animation model is shown in 


Fig. 4. 


 


In the TRACE analysis of steamline break inside 


containment LOCA transient, some assumptions are used 


which comply with the 10CFR 50 Appendix K. The main 


assumptions are following as: 


(1) The power is calculated by the decay power 


1971 ANS+20%. 


(2) The water temperature of ECCS is 49℃. 


(3) 1 RCIC, 1 HPCF, and 2 LPFL are used in this 


transient. 


(4) When LOCA occurs, all RIPs are trip 


(indicates the RIP speed is 0 rad/sec). 


(5) The time of MSIVs fully closing is 4.5sec. 


(6) When the wide range water level (WRWL) 


reached the L2, the RCIC started after the 


delay time 29 sec. 


(7) When the wide range water level (WRWL) 


reached the L1.5, the HPCF started after the 


delay time 46 sec. 


(8) When the wide range water level (WRWL) 


reached the L1, the LPFL started after the 


delay time 56 sec. 


(9) When LOCA occurs, the feedwater flow stop 


injection. 
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Table 1  The comparisons between TRACE and FSAR data 


under steady state. 


 


Parameters  FSAR TRACE  Error 


(%) 


Power (Mwt) 4005 4005 0 


Dome pressure 


(MPa) 
7.27 7.24 0.4 


Core flow 


(kg/sec) 
14500 14444.9 0.4 


Steam flow 


(kg/sec) 
2172.2 2170.9 0.1 


Feedwater 


flow (kg/sec) 
2172.2 2170.9 0.1 


 


 


 


 


Fig. 1. Methodology of Lungmen TRACE Model. 


 


 


 


 
 


Fig. 2. Lungmen NPP TRACE LOCA Model. 
 


 


 


 
 


Fig. 3. The simulation of the TRACE Channel component 


(cross-section): 


1. full length fuel rod, 2. partial length fuel rod, 3. 


water rod. 
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Fig. 4. The animation model of Lungmen NPP. 


 


 


 


 


III. Results and discussions  


 


Table 2 shows the sequence of FSAR and TRACE for 


the steamline break inside containment LOCA transient. 


The sequence of FSAR and TRACE are similar. When the 


LOCA transient occurs, all RIPs are trip. Then the scram of 


the reactor is initiated after the LOCA occurred. However, 


in Table 2, it shows that the time in the reactor scram is 


different for FSAR and TRACE. Because the time in 


reactor scram of Lungmen NPP TRACE model is assumed 


3.3 sec which is more conservative assumption than FSAR. 


After the reactor scram, due to high steam flow of the main 


steam lines, the MSIVs are closed.  Then the water level of 


the reactor begins to drop. When the water level reached 


the L2, the RCIC is initiated. If the water level reached the 


L 1.5, the HPCF is initiated. Finally, if the water level 


reached the L 1, the LPFL is initiated. In Table 2, it shows 


that the time of RCIC, HPCF, and LPFL initiated are 


different in FSAR and TRACE. The difference of the RCIC, 


HPCF, and LPFL initiated time of FSAR and TRACE are 


caused by the water level difference of FSAR and TRACE 


(shown in Fig. 5). 


 


Fig. 5 shows the WRWL of FSAR and TRACE. When 


the LOCA transient occurs, the water level is swelling due 


to the large void generation. Then the water level drops 


immediately after the large steam flow forward to the break 


of the steam line 2. Due to the analysis result of TRACE 


shows the WRWL not reached the L1.5 and L1, the HPCF 


and LPFL is not initiated.  Besides, the time of reached L2 


of FSAR and TRACE is different which causes the 


different initiated time of RCIC. Fig.6 shows the 


comparison of the break flow rate between FSAR and 


TRACE. It shows the trend of the break flow rate roughly 


in agreement. Fig. 7 shows the chart of break flow forward 


when the break occurred. The flow of side A is the flow 


from the vessel to the steam line 2 and the flow of side B is 


the flow from the steam line 1, 3, 4 through the steam 


header to the steam line 2. Before the MSIVs closed, the 


total break flow consists of the flow of side A and B. 


However, after MSIVs closed, the total break flow is the 


flow of side A. 


 


After the LOCA occurred, all RIPs tripped and the 


core flow decreases largely which causes the water in core 


flashing and large void generating. This phenomenon 


makes the peak of the cladding temperature. Then, after the 


MSIVs closed, the cladding temperature begins to decrease 


slowly.  After the ECCS initiated, the colder water came 


into the core and let the cladding temperature drop faster. 


Fig. 8 shows the cladding temperature of FSAR and 


TRACE. The trends of their curves comply with the above 


phenomenon. In Fig. 8, the peak cladding temperature of 


FSAR and TRACE are both lower than 2200℉ which 


comply with the criteria of 10CFR50.46. Besides, the peak 


cladding temperature TRACE is higher than the FSAR due 


to the reactor scram time of TRACE later than FSAR. At 


50 sec, the cladding temperature TRACE suddenly dropped 


due to the RCIC initiated.  


 


The comparison of the dome pressure between FSAR 


and TRACE is shown in Fig. 9. The trends of the curves 


are roughly consistent. However, the dome pressure value 


of TRACE is higher than FSAR during 0~40 sec. So the 


higher dome pressure of TRACE caused the lower WRWL 


of TRACE before 40 sec (shown in Fig. 5). Then it also 


made the WRWL of TRACE reached L2 early to initiate 


the RCIC. 
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Table 2 the sequence of FSAR and TRACE for steamline 


break inside containment LOCA transient. 


 FSAR (sec) TRACE (sec) 


Break occurs 0.0 0.0 


All RIPs trip 0.0 0.0 


Reactor scram 


begins 


0.0 3.3 


MSIVs fully 


closed 


≦4.5 4.5 


RCIC initiates 90.5 51.1 


HPCF initiates 165.4 ---- 


LPFL initiates 216.2 ---- 
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Fig. 5. The WRWL of FSAR and TRACE. 
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Fig. 6. The break flow rate of FSAR and TRACE. 


 


 


 


 


 
Fig. 7. The chart of the steam flow forward when the break 


occurred. 
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Fig. 8. The cladding temperature of FSAR and TRACE. 
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Fig. 9. The Dome pressure of FSAR and TRACE. 


 


 


 


 


 


 


 


 


 


 


 


 


IV. CONCLUSIONS 


 


By using SNAP/TRACE, this study developed a 


TRACE model of the Lungmen NPP for the steamline 


break inside containment LOCA transient.  In the steady 


state, the analysis results of Lungmen NPP TRACE LOCA 


model comply with FSAR analysis results. In the transient 


analysis, the trends of FSAR and TRACE analysis results 


are roughly consistent. Besides, the peak cladding 


temperature of TRACE calculated is lower than 2200℉ 


which comply with the criteria of 10CFR50.46. 


 


  


 


 


 


 


 


 


 


ABBREVIATIONS 


ABWR Advanced Boiling Water Reactor 


CAMP Code Applications and Maintenance 


Program 


ECCS Emergency Core Cooling System 


FSAR Final Safety Analysis Report 


HPCF High Pressure Core Flooder system 


INER Institute of Nuclear Energy Research 


Atomic Energy Council, R.O.C. 


LPFL Low Pressure Flooder 


LOCA Loss of Coolant Accident 


LOFW Loss of Feedwater Flow 


M/G Motor Generator 


MSIV Main Steamline Isolation Valve 


MSIVCD MSIV closure direct scram  


NPP Nuclear power plant 


NRWL Narrow range water level 


RIP Reactor Internal Pump 


RPV Reactor pressure vessel 


SNAP Symbolic Nuclear Analysis Program 


SRV Safety Relief Valve 


TPC Taiwan Power Company 


TRACE TRAC/RELAP Advanced Computational 


Engine 


RCIC Reactor Core Isolation Cooling 


WRWL Wide range water level 
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Abstract – We have compared TALYS, MCNP6 and quantum molecular dynamics model 
calculations with preliminary light-ion production data in the interaction of 175 MeV quasi-
monoenergetic neutrons with Fe and Bi. Data were measured with the Medley setup at the The 
Svedberg Laboratory, in Uppsala – Sweden. These are the first neutron induced light-ion 
production data available in the 100 to 200 MeV energy region; these data are relevant for the 
development of accelerator-driven system technologies, and are needed to ensure a link between 
high and low energy processes. Model calculations are consistent with some results, but at the 
moment no code is able to fully predict  all the experimental data. Our results show the need of 
further investigation of neutron-induced reactions in this energy region, in particular to study the 
production of composite light ions. 


 
 


I. INTRODUCTION 
 
Development of accelerator-driven technologies for 


energy production and nuclear waste incineration requires 
understanding and modeling of nuclear reactions for 
energies up to 2 GeV. Nuclear models, as the intra-nuclear 
cascade model, work reasonably well above 200 MeV, 
whereas below this limit all the degrees of freedom of the 
system may participate in the reaction, thus making it more 
difficult to describe. Historically, data needs in fission 
reactors and in fusion research prompted the realization of 
several measurements of nucleon-induced reactions with 
energies up to 20 MeV. Hence, the intermediate region 
between 20 MeV and 200 MeV is now the most interesting 
for experimental investigation, when considering 
accelerator applications1. Whereas proton-induced light-ion 
production experiments, in this energy range, have been 
conducted in these years, the fact that truly mono-energetic 
neutron beams are not available above ~20 MeV limited 
the realization of neutron-induced measurements. 


The Medley setup has been developed to measure 
double-differential cross-sections for inclusive light-ion 
production in neutron-induced reactions, and it has been in 
operation since 2000 at the The Svedberg Laboratory 
(TSL), Uppsala – Sweden. Medley was initially dedicated 
to measurements with neutron energies up to 100 MeV. 
Light-ion production measurements from C, Si, O, Fe, Pb 
and U were performed at this energy; the results were 
published and are now available in the EXFOR database.  


A new quasi-monoenergetic neutron (QMN) beam line 
was taken in operation at TSL in 2004. The new line 
provides sufficient beam intensity to measure reactions 
induced by neutrons with the maximum peak energy 
available at TSL, corresponding to 175 MeV. Hence, we 
have upgraded the Medley setup to measure light-ion 
production at this energy.  A first experimental run at 175 
MeV was conducted in February 2007, and a second one in 
October 2007: these measurements provided information to 
develop the collimation and shielding system, and to 
characterize the new configuration of the Medley setup.  In 
2009 we have measured light-ion production from Fe, Bi, 
Si, O and U at 175 MeV QMN.  


In this work we compared preliminary results for Fe 
and Bi with model calculations with the TALYS code, with 
quantum molecular dynamics (QMD) calculations and with 
MCNP6 calculations. These will provide important 
information to improve the present nuclear reaction codes 
and increase their predictive power. 


 
 


II. MATERIALS AND METHODS 
 


II.A. The TSL Neutron Beam Line 
 


At TSL a wide range of charged particles may be 
accelerated by a cyclotron: up to 180 MeV for protons and 
8 MeV/nucleon for Xe ions. Production of neutrons is 
obtained via the 7Li(p,n) reaction; protons accelerated in 
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the cyclotron are extracted and focused in a beam of well 
defined energy and intensity. Proton energy varies between 
25 and 180 MeV. The proton beam is transported in the 
experimental hall where it interacts with a 99.99% 
enriched 7Li target. The 7Li(p,n) reaction produces a strong 
dominance of neutrons with a specific narrow energy, plus 
a broad low-energy tail. A neutron beam is shaped by a set 
of collimators and transported to the irradiation area, while 
the residual proton beam is deflected by a bending magnet 
into a beam dump; there the proton beam is integrated in a 
Faraday cup in order to monitor the beam current. A 
complete description and detailed drawings of the 
collimation system are reported in the Licentiate Thesis by 
Bevilacqua2.  


We monitor the relative neutron beam intensity by two 
separate devices, utilizing neutron induced fission of 238U: 
a thin film break down counter (TFBC) and an ionization 
chamber monitor (ICM). These monitors are both 
positioned downstream the Medley experimental setup.  
 
 


II.B. The Medley setup 
 
Medley is a spectrometer system for the detection of 


light ions produced by the interaction of incident neutrons 
with different target materials. ΔE-E technique is used for 
particle identification and total kinetic energy 
measurement. The spectrometer has been semi-
permanently installed at the TSL neutron beam line for the 
last ten years. A paper describing the Medley setup in the 
actual configuration for measurements with 175 MeV 
QMN is under preparation and will be soon submitted to 
Nuclear Instruments and Methods A; complete information 
on the Medley setup for measurements with energies up to 
96 MeV QMN can be found in Dangtip et al.3 


 The spectrometer consists of eight three-elements 
telescope detectors, installed in an evacuated scattering 
chamber; a reaction target is positioned at the center of the 
chamber. The telescopes are positioned at angles between 
20 deg and 160 deg in the laboratory system.  


The first two elements of each detector consist of fully 
depleted silicon surface barrier detectors, acting as ΔE. The 
first silicon detector (Si1) is 50 to 65 µm-thick, whereas the 
second silicon detector (Si2) is 1000 µm-thick. This 
configuration allows a low detection threshold (2 MeV for 
protons, 9 MeV for α particles) and a good particle 
separation over a wide dynamic range. The third element 
of each telescope detector is a 100 mm-long CsI(Tl) 
scintillator, acting as E detector; here light ions are fully 
stopped. 


A polyethylene (CH2) reaction target was used for 
absolute cross section normalization: the (n,p) cross section 
at 20 deg in the laboratory system provides the reference 
cross section. 


II.C. Data Reduction and Analysis 
 
Data analysis procedure is essentially the same 


described by Tippawan et al.4 for experiments at 96 MeV 
QMN with the Medley setup. Energy calibration of the 
detectors was obtained from the data themselves. Time-of-
flight (TOF) technique was used to reduce the contribution 
of low-energy tail neutrons in the QMN spectrum. In Fig. 1 
we present an example of TOF gate applied to select the 
accepted neutron spectrum: total deuteron energy is plotted 
against the neutron TOF. The applied TOF gate select the 
accepted events. The accepted neutron spectrum5  has a 
high energy peak at 175 MeV and includes neutrons with 
energies down to 85 MeV. The ratio between peak and 
low-energy neutrons is 1:1.  


Instrumental background was measured in a target-out 
configuration, and removed from target-in measurements 
after normalization to the same neutron fluence, 
determined with the TFBC and ICM monitors.  
We corrected the data for the nuclear reaction losses in the  
CsI(Tl) scintillator following the method described  
by Hirayama et al.6  Particle- and energy-losses in the 
reaction targets produce a distortion of the measured 
spectra; the correction for this effect was performed with 
the TCORR code7, developed in the analysis of Medley 
data. 


 
 
 


 
 
Fig. 1. Two dimensional contour plot of  total deuteron 


energy versus neutron TOF. Data were measured at 20 deg in the 
laboratory system, from a CH2 reaction target, at 175 MeV QMN. 
The solid red line represent the TOF cut applied to select accepted 
events and to reduce the contribution from low-energy neutrons. 
The same amplitude of the TOF cut is applied to all measured 
light ions. 
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II.D. Model Comparison 
 
Koning et al. (2008)8 developed the TALYS code to 


predict nuclear reactions involving neutrons, photons and 
light ions (hydrogen and helium isotopes) for energies in 
the 1 keV – 200 MeV range and for target nuclei with mass 
number A ≥ 12. TALYS includes several state-of-the-art 
models;  a complete description of the code is given in the 
TALYS manual9. We used default calculations, with the 
TALYS-1.2 version of the code. Default calculations with 
TALYS has been employed to compile the TENDL-2009 
evaluated data library. Comparison of our experimental 
data with TALYS will provide insights on the validity and 
reliability of the TENDL data library in the 100 to 200 
MeV energy region. Since the TALYS code is dependent 
on several adjustable parameters, our data may provide 
relevant information to optimize the code for improving its 
predictive power. In two previous works10,11 we discussed 
pre-equilibrium emission of composite light-ions with 
TALYS in comparison with proton induced data at 120, 
160,  175 and 200 MeV  and preliminary neutron induced 
data at quasi-monoenergetic 175 MeV. In this work we 
extended this analysis including the comparison with other 
model calculations. 


The QMD model is a semi-classical simulation 
method. Time evolution of a nucleon many-body system is 
followed with a microscopic description. QMD 
calculations were performed with a modified version of the 
JQMD code12, and included a surface coalescence model 
(SCM). The model used in the present work is described by 
Watanabe and Kadrev13. The SCM was introduced to 
account for cluster formation close to the surface of the 
nucleon many-body system, since a deficiency in the 
production of composite light-ions was observed in 
previous works13. Bevilacqua et al. (2011)11 reports 
comparison of default calculations with the JQMD code 
and calculations with the modified version JQMD 
(including the SCM) for production of deuterons, tritons, 
3He and α particles from Fe at 20 deg; these results show 
that the inclusion of SCM improves the predictive power 
of QMD calculations. We compared now preliminary 
neutron induced data from Fe at 20 deg and 100 deg, with 
QMD calculations with the SCM model. The generalized 
evaporation model is used to describe the compound 
emission of light-ions. The reported calculations are still 
preliminary and do not include information on the Q-value 
of the reaction. An integration of the modified QMD model 
with the PHITS code is now under development. 


The Monte Carlo particle transport code MCNP6 will 
be soon released by Los Alamos National Laboratories as a 
merging of the previous MCNP5 and MCNPX codes14.  
To describe nucleon induced reactions, the MCNP6 code 
uses the cascade-esxciton model (CEM); this model is 
implemented in MCNP6 via the CEM03.02 event 
generator15. MCNP6 is now under validation and 
verification against several experimental data at 


intermediate and high incident energies. We compared 
MCNP6 results, using the CEM03.02 event generator 
(Mashnik, private communication, February 2011) with 
preliminary Fe and Bi data at 175 MeV QMN and with 
TALYS and QMD calculations. 


 
 


III. RESULTS 
 


We compared TALYS and MCNP6 model calculations 
with preliminary 175 MeV QMN induced double 
differential cross sections for the production of protons, 
deuterons, tritons, 3He and α particles from Fe and Bi.  


Fe data were compared also with QMD calculations.  
Error bars show statistical uncertainty. Systematic 
uncertainties are described by Dangtip et al.3 


Model calculations were folded with the accepted QMN 
spectrum presented by Bevilacqua et al. (2010)5. 


 
 


III.A. Light-Ion Production from Iron 
 


Production of protons at 20 deg in the laboratory 
system is presented in Fig. 2: we observe that MCNP6 
calculations describe well the evaporation peak and the 
high energy part of the spectrum, whereas all models 
underestimate the pre-equilibrium emission region. Present 
preliminary QMD calculations do not include information 
relative to the Q-value of the reaction, thus the calculations 
show a high energy contribution to the cross section.  At 
100 deg, QMD calculations well reproduce the 
experimental data over the wide pre-equilibrium emission 
energy, whereas TALYS and MCNP6 underestimate the 
data; also at forward angle, the evaporation peak is better 
described by MCNP6 than by the other calculations. 


 
 
 


 
 
Fig. 2. Comparison between preliminary experimental 


double differential cross sections for the Fe(n,xp) reaction at 
175 MeV for 20 deg and 100 deg in the laboratory system (filled 
circles) and calculation results of TALYS (solid line), QMD 
(short dashed line) and MCNP6 (long dashed line). 
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In Fig. 3 we observe production of deuterons from Fe. 
At 20 deg, TALYS overestimates the experimental pre-
equilibrium emission, whereas describes the direct 
emission at high emission energies. QMD calculations fail 
to reproduce deuteron emission at forward angles, as 
observed also by Watanabe and Kadrev13 in the Si(n,xd) 
and in the O(n,xd) reactions at 96 MeV. Direct-like 
reaction mechanisms, such as pick-up of a proton by an 
incident neutron, are not included in the present version of 
the modified JQMD code used to performed QMD 
calculations; these direct-like mechanisms may account for 
the discrepancy observed with experimental data. At larger 
angles, where direct-like mechanisms are not expected to 
play an important role in the reaction, QMD calculations 
show good agreement with the measured pre-equilibrium 
emission of deuterons. MCNP6 calculations underestimate 
the dynamic emission at both 20 deg and 100 deg. 
Experimental data do not show the evaporation peak 
prescribed by the three model calculations. 


Emission of tritons from Fe at 20 deg and at 100 deg is 
presented in Fig. 4. TALYS calculations overestimate the 
pre-equilibrium emission at 20 deg, whereas QMD and 
MCNP6 calculations show an underestimation of the 
experimental cross sections. The data at 100 deg suffer by 
poor statistic: TALYS and MCNP6 describe the data at low 
emission energies, whereas MCNP6 seems to 
underestimate the data at high energies. 


In Fig. 5 we present 3He production data from Fe. 
Calculations with TALYS largely overestimate the data 
over the wide pre-equilibrium emission energy range. 
Bevilacqua et al. (2011)11 shows that the TALYS code 
overestimates the production of 3He in proton-induced 
reactions from Ni at 175 MeV16, and from Co and Au at 
120, 160 and 200 MeV17; these proton-induced data are 
consistent with the present results.  QMD calculations 
describe the low-energy emission spectrum at 20 deg, 
whereas MCNP6 calculations overestimate it; both codes 
underestimate the high energy emission spectrum. At 100 
deg, QMD and MCNP6 are consistent with the data.  
 
 
 


 
 


Fig. 3. Same as Fig. 2, but for the Fe(n,xd) reaction. 
 


Emission of α particles from Fe at 20 deg and at 100 
deg is presented in Fig. 6. The evaporation peak is well 
described by the three model calculations. TALYS 
overestimates the pre-equilibrium emission at both 
emission angles, as observed for the emission of 3He. 
MCNP6 overestimates the low-energy pre-equilibrium 
production of α particles at 20 deg, whereas QMD 
underestimates the pre-equilibrium emission over all the 
energy spectrum. At 100 deg, QMD and MCNP6 agree in 
reproducing the experimental data. 


 
 


 
 


Fig. 4. Same as Fig. 2, but for the Fe(n,xt) reaction. 
 
 


 
 


Fig. 5. Same as Fig. 2, but for the Fe(n,x3He) reaction. 
 
  


 
 
Fig. 6. Same as Fig. 2, but for the Fe(n,xα) reaction. 
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III.B. Light-ion Production from Bismuth 
 


Proton production at 20 deg and 100 deg in the 
laboratory system is presented in Fig. 7. The experimental 
pre-equilibrium emission spectrum at 20 deg appears flat, 
whereas TALYS describes a concave spectrum and 
MCNP6 a convex one. At 100 deg, MCNP6 and TALYS 
underestimate the emission of protons over the wide 
emission spectrum. 


In Fig. 8 we present production of deuterons: at 20 
deg, TALYS reproduces the data at low and high energies, 
whereas overestimates the wide pre-equilibrium emission. 
MCNP6 calculations overestimate the compound emission 
of deuterons, and underestimate the pre-equilibrium 
production. Both calculations with TALYS and MCNP6 
follow the same pattern observed in the Fe(n,xd) reaction. 
Bevilacqua et al. (2011)11 compares Ni(p,xd) data at 175 
MeV16 and TALYS calculations at 20 deg: there, the 
discrepancy between data and calculations reproduces the 
same pattern described in the present work. At 100 deg, 
MCNP6 calculations describe the high evaporation peak, 
whereas underestimate the pre-equilibrium emission; on 
the contrary,  TALYS calculations underestimate 
compound emission and reproduce the experimental pre-
compound production. 


Production of tritons at 20 deg and 100 deg is 
presented in Fig. 9; here we observe that MCNP6 well 
reproduces the experimental low energy emission at 20 
deg, but underestimates the high energy spectrum. TALYS 
calculations reproduce the high energy pre-equilibrium 
emission of tritons at both emission angles, whereas 
underestimate the low energy spectrum. 


In Fig. 10 we report production of 3He from Bi. 
TALYS calculations underestimate the pre-equilibrium 
emission spectrum at 20 deg, as observed in the Fe(n, 3He) 
reaction; at the same angle, MCNP6 calculations describe 
the low energy emission of 3He, whereas underestimate the 
high energy emission. Data at 100 deg are affected by poor 
statistics; TALYS seems to describe better the data than 
MCNP6, however both calculations are inside the error 
bars. 


 
 


 
 


Fig. 7. Same as Fig. 2, but for the Bi(n,xp) reaction. 


 
Production of α particles from Bi at 20 deg and at 100 


deg is finally presented in Fig. 11. Compound emission is 
underestimated by TALYS and MCNP6 calculations at 
both emission angles. TALYS reproduces the measured 
data in the high energy pre-equilibrium emission spectrum, 
whereas MCNP6 calculations underestimate the data. 
 
 
 


 
 


Fig. 8. Same as Fig. 2, but for the Bi(n,xd) reaction. 
 


 
 
 


 
 


Fig. 9. Same as Fig. 2, but for the Bi(n,xt) reaction. 
 
 
 
 


 
 


Fig. 10. Same as Fig. 2, but for the Bi(n,x3He) reaction. 
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Fig. 11. Same as Fig. 2, but for the Bi(n,xα) reaction. 
 


  
 


IV. DISCUSSION 
 


IV.A. Discussion on Model Calculations 
 


We have measured inclusive double differential cross 
sections for production of  protons, deuterons, tritons, 3He 
and α particles in the interaction of 175 MeV QMN with 
Fe and Bi. We have reduced the contribution of the low 
energy tail in the QMN spectrum applying a TOF gate to 
select accepted events.  


To compare experimental data with model calculations 
it is necessary to fold the calculations with the accepted 
QMN spectrum5, since the available time resolution does 
not allow to resolve events induced by neutrons with 
energies higher than 85 MeV from events induced by 175 
MeV peak neutrons. 


We have compared experimental data from Fe and Bi 
with calculations with the TALYS code and with MCNP6 
calculations. Experimental data from Fe are also compared 
with QMD calculations. 


TALYS underestimates proton production at all 
emission angles, both in the interaction of neutrons with Fe 
and Bi. In the case of Fe, TALYS underestimates pre-
equilibrium emission of all composite particles at forward 
angles; at backward angles deuteron and triton production 
is reproduced by TALYS, whereas 3He and α particles are 
underestimated by TALYS calculations. In the case of Bi, 
TALYS underestimates deuteron and 3He pre-equilibrium 
production at forward angles, whereas reproduces the 
dynamic emission in the other cases; low energy 
production of  tritons and α particles  at all angles, and of 
deuterons at backward angles is underestimated by 
TALYS. In the comparison between TALYS calculations 
and 175 MeV QMN data from Fe, we observed the same 
pattern described by Bevilacqua et al.(2011)11 in the 
comparison between TALYS calculations and 175 MeV 
proton induced data from nickel16. Production of 3He from 
both Fe and Bi is underestimated by TALYS at forward 
angles, in agreement with observations by Bevilacqua et 


al.(2011)11 on proton induced data from Co and Au at 120, 
160 and 200 MeV17 and correspondent TALYS 
calculations. 


QMD calculations reproduce proton production at 
backward angles, whereas underestimate pre-equilibrium 
emission at forward angles. Experimental production of 
complex particles is well reproduced by QMD calculations 
at backward angles. Pre-equilibrium production at forward 
angles of deuterons, tritons and 3He is underestimated by 
QMD calculations. This underestimation was observed by 
Watanabe and Kadrev13 in comparison with 96 MeV 
neutron-induced data measured with the Medley setup. We 
explain this discrepancy in terms of direct-like reaction 
mechanisms not included in the code.  


In both Fe and Bi case, MCNP6 calculations 
reproduce proton production at forward angles better than 
at backward angles, where calculations underestimate the 
data. MCNP6 calculations underestimate the pre-
equilibrium production of deuterons, tritons and 3He at 
forward angles. This is an indication that MCNP6, as QMD 
calculations, should eventually include direct-like 
mechanisms, such as direct pick-up of a proton, to fully 
describe forward emission of composite particles. MCNP6 
calculations reproduce α particle production from Fe, 
whereas underestimates production of α particle from Bi. 
Low energy emission of tritons is well described by 
MCNP6 at forward angles for both Fe and Bi. 


 
 


IV.B. Conclusions 
 
Evaluated cross sections in the 100 to 200 MeV region 


are based on model calculations: the reliability of these 
evaluated data needs to be verified against experimental 
cross section values. The comparison between 
experimental cross sections and model calculations showed 
that TALYS, QMD and MCNP6 are, at the present, not 
able to reproduce consistently all the data. Our work shows 
that it is necessary to improve the present models.  New 
neutron-induced data at 175 MeV from C, O, Si and U 
were measured recently at TSL with the Medley setup; 
these data will be soon available and will provide the 
opportunity for a systematic study of light-ion production 
in the 100 to 200 MeV region. 
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An industrial Strategy to Master the Construction of an EPR Fleet 
from Flamanville 3 


 
Robert Pays 


EDF 
robert.pays@edf.fr 


 
 
- An organisation based on Architect engineer approach : As for the construction of the french NPP under 
operation, EDF approach for the construction of Flamanville 3 is to act as architect engineer that means EDF 
manages the project of construction in terms of quality, schedule and cost from the detailed design to manufacturing 
and site activities. EDF is also in interface with the french safety authority for the licensing and in charge to 
coordinnate all the suppliers involved in the project 
 
- A strong feed back organisation from FA3 experience : The construction of FA3 NPP is in line with the 
objective given by EDF for a connection to the grid in 2014 : The civil phase is now in good progrss and several 
bulidings are already achieved. The electro-mechanical erected has started in all the buildings ans the first 
commissioning tests occured for the electrical distribution. From all these activities, EDF get the lessons learnt and 
has organised the feedback experience for the future EPR plants to be built . 
 
- An EPR family organisation involving all EPR utilities partners of EDF : In order to share the experience 
gained on EPR under construction, EDF has created the EPR Family which gathers all the utilities involved in 
construction of EPR NPP in partnership with EDF. 
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Abstract – During a postulated severe accident in the EPR™ plant, in the ex-vessel phase after 
the failure of the reactor pressure vessel, a significant amount of the combustible gases hydrogen 
and carbon monoxide is generated by the interaction of molten corium with the sacrificial 
concrete of the core melt stabilization system. It is commonly assumed (and also seen in many 
experiments) that these combustible gases burn continuously in a standing flame close to the 
location where they are generated, that is first in the reactor pit where the melt ejected from the 
failed vessel is collected and then in the spreading area where the molten corium is stabilized and 
finally cooled. This assumption is supported by calculations of the EPR™ containment behavior 
during a severe accident (including ex-vessel combustion) with the containment code COCOSYS. 
However, due to its lumped-parameter approach with room-averaged values for hydrodynamic 
quantities, COCOSYS is not able to accurately evaluate whether combustion conditions occur 
locally and cannot finely resolve the regions where the combustion actually occurs. Consequently, 
AREVA has performed a dedicated calculation of a representative severe accident scenario with 
the computational fluid dynamics code GASFLOW, which enables an accurate analysis of local 
effects. This calculation reveals the exact locations of the diffusion flame where hydrogen and 
carbon monoxide are being burned, it demonstrates that combustion conditions there are robustly 
fulfilled, and it yields results about thermal loads on containment walls and structures, in 
particular on potentially sensitive structures like the containment steel liner and penetrations of 
the containment shell.  


 
 


I. INTRODUCTION 
 
A postulated severe accident in an EPR™ pressurized 


water reactor can be separated into two different phases: 


• The in-vessel phase covers the period from the start of 
the accident until the possible failure of the reactor 
pressure vessel in case the core melt cannot be 
arrested. In this phase hydrogen is produced by the 
reaction of hot steam with materials in the primary 
circuit, mainly from oxidation of zirconium in the fuel 
cladding. With an inventory of up to about 40 t 
zirconium, about 1600 kg of hydrogen can 
theoretically be produced during core melt. However, 
no more than at most 60% of this maximum amount 
are actually oxidized until reactor pressure vessel 
failure, and thus the total amount of hydrogen is less 
than 1000 kg. The hydrogen is gradually released from 
the primary circuit into the containment through the 
break and the primary circuit depressurization system. 


• The ex-vessel phase starts with the reactor pressure 
vessel failure and the release of molten core material 
(the corium) first into the reactor pit and later, after the 
passive opening of the melt gate below the reactor 
pressure vessel, into the spreading room. The 
interaction of corium with sacrificial concrete in the 
pit and the spreading room produces additional 
hydrogen along with also combustible carbon 
monoxide, in amounts comparable to the total release 
of hydrogen in the in-vessel phase. This phase also 
encompasses the flooding of the melt in the spreading 
room by water, which starts with quenching and 
release of large amounts of steam into the 
containment, and finally the stabilization and long-
term cooling of the melt. 


Without proper mitigation measures (like hydrogen 
recombiners and systems facilitating global convection in 
the containment) and under penalizing conditions, in the 
in-vessel phase significant amounts of hydrogen can 
concentrate in particular areas of the containment. This 
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poses the danger of accidental combustion, leading to high 
temperatures and pressures in the containment. For the 
EPR™ the pressure and temperature loads from an 
accidental hydrogen combustion have already been 
thoroughly analyzed, demonstrating the effectiveness of 
the combustible gas control system in the EPR™ 
containment1. 


In the ex-vessel phase, due to the high temperatures of 
the hot corium at the locations of hydrogen release in the 
reactor pit and the spreading room, the hydrogen and 
carbon monoxide immediately burn in a locally confined 
standing flame, and therefore there is no risk of the 
accumulation and ignition of large clouds of combustible 
gases in the containment. While large dynamic pressure 
loads are thus not expected in this phase, the hot gases 
generated as combustion products are widely distributed 
throughout the containment by the steam from the melt 
quenching in the spreading room. This may result in local 
temperature loads on containment structures, in particular 
the walls of the reactor pit or the spreading compartment, 
and the containment steel liner. However, so far 
calculations of how the interaction of molten corium with 
concrete and possible (quasi-)continuous hydrogen 
combustion heat up the structures and atmosphere of the 
EPR™ containment were only performed with lumped-
parameter codes like COCOSYS and are consequently of 
limited predictive power with regard to local effects. 


This report describes a detailed and generic analysis of 
the ex-vessel phase of a severe accident scenario in the 
EPR™ reactor. The analysis methodology and the used 
computer codes are introduced in Chapter II. The 
calculations of three typical severe accident scenarios with 
the lumped-parameter code COCOSYS and the selection 
of a scenario for further investigation with the 
computational fluid dynamics code GASFLOW are 
presented in Chapter III. In Chapter IV the detailed 
calculation of that scenario with GASFLOW is discussed. 
In Chapter V the calculations are summarized and 
conclusions are presented. 


 
II. ANALYSIS METHOD AND COMPUTER CODES 


 
In order to cover a wide range of possible severe 


accident scenarios, first the three severe accident scenarios 
LBLOCA, LOOP 650 and SBLOCA 2" CL FC are 
investigated with COCOSYS. All investigated scenarios 
are representative scenarios according to the definition 
introduced in a previous article1. 


COCOSYS is a lumped-parameter multi-compartment 
code for best-estimate analyses of the containment 
behavior in severe accidents2. To this end, the code 
includes models for simulating all relevant severe accident 
processes and phenomena, such as containment thermo-


hydraulics, hydrogen and steam release from the primary 
circuit, and aerosol and fission product behavior. These 
models address both transient processes occurring early in 
the accident and during core oxidation, as well as slow 
processes concerning the long-term evolution of a severe 
accident. The EPR™ containment model of COCOSYS 
consists of 30 zones, representing all relevant 
compartments and structures. 


In the in-vessel phase, COCOSYS uses input from the 
system code MAAP4 to model mass and energy release 
from the primary circuit into the containment. The 
interaction between the discharged corium and the concrete 
in the pit and the spreading room in the ex-vessel phase is 
calculated with the code COSACO, which delivers the 
respective gas release rates. The steam release during melt 
quenching in the spreading room is also considered. 


To quantify the effects of ex-vessel combustion in the 
COCOSYS calculations, each of the three selected 
scenarios is calculated with and without ex-vessel 
combustion, in both cases over the entire relevant accident 
progression. Then the following properties are evaluated 
for selecting a scenario for the GASFLOW calculation: 


• Amount of hydrogen present at the start of the ex-
vessel phase, taking into account effects from 
recombination during the in-vessel phase. This 
specifies the initial level of hydrogen already existing 
and readily available for immediate combustion. 


• Release rate and cumulative released mass of 
combustible gases during the ex-vessel phase. This 
specifies the additional amount and release 
characteristics of combustible gases that can burn 
almost instantaneously along with their production. 


• Predicted (uniform) temperature distribution in 
various containment structures, the gas temperature in 
the dome, and the containment liner surface 
temperature, both at the start of the ex-vessel phase 
and in the course of the further progression. This 
specifies how strongly preheated the containment is 
and how much it is expected to heat up by ex-vessel 
combustion. 


• Steam concentration in different containment rooms. 
This specifies if and how strongly inertization from 
steam can impair ex-vessel combustion and thus 
reduce otherwise resulting temperature loads. 


Following these considerations, one severe accident 
scenario is chosen that features penalizing conditions 
regarding combustion in the ex-vessel phase. This scenario 
is then analyzed with a dedicated GASFLOW calculation. 


GASFLOW is a three-dimensional computational fluid 
dynamics code for predicting the transport of hydrogen-
air-steam mixtures as well as the recombination and 
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combustion of hydrogen3. It can simulate severe accidents 
in a full-scale containment geometry of a nuclear power 
plant. GASFLOW simulations consider the mass and 
energy input from the primary circuit at different locations 
and are able to accurately resolve local gas concentrations 
as well as local temperature values on walls and structures. 


In GASFLOW the EPR™ containment geometry is 
resolved by about 200,000 grid cells. As such calculations 
require a long computing time, only the ex-vessel phase of 
the accident is calculated, with the initial conditions at the 
time of reactor pressure vessel failure determined by 
COCOSYS results. The release of gas into the containment 
from the interaction of corium with sacrificial concrete is 
again taken from the respective COSACO calculation. 


The focus of the GASFLOW analysis is to examine 
local effects (which cannot be accomplished well by 
lumped-parameter codes), like local hot spots on the liner 
caused by heating of the containment atmosphere by the 
melt, the rising hot gases directly released by the corium-
concrete interaction, and the burning of combustible gases. 


For practical reasons, in GASFLOW carbon monoxide 
is converted into hydrogen equivalents by assuming that 
the combustion energy of 1 g carbon monoxide 
corresponds to that of 0.083 g hydrogen. All masses and 
mass release rates of combustible gases presented here use 
this conversion. 


 
III. COCOSYS CALCULATION 


 
III.A. General Remarks 


 
In the in-vessel phase the hydrogen is rapidly released 


in the relatively short period of several 1000 s during core 
oxidation, while the release of combustible gases after 
reactor pressure vessel failure (first in the reactor pit and 
later after gate opening in the spreading room) is a much 
more continuous process. 


In all scenarios the effects of recombination on 
hydrogen during the in-vessel phase are significant, and a 
large fraction of the hydrogen released into the 
containment has already been removed at the time of 
reactor pressure vessel failure. No combustion of hydrogen 
is assumed during the in-vessel phase. In the ex-vessel 
phase, many recombiners are still operating, removing 
mainly the hydrogen that is left over from the in-vessel 
phase and by that time is already well distributed 
throughout the containment, while the hydrogen and 
carbon monoxide generated by the interaction of corium 
with concrete mostly burns off directly close to the release 
locations. 


 
III.B. Overview of LBLOCA Scenario 


 
The analyzed scenario is a large break loss-of-coolant 


accident scenario. It is initiated by a surge line break, 
modeled by an equivalent break with a diameter of 32.5 
cm (corresponding to an area of 830 cm2) in the hot leg of 
loop 3. There is no reflooding, partial secondary cooldown 
only, and the valves of the primary circuit depressurization 
system open at a core outlet temperature of 650°C. 


In the in-vessel phase, 30% of the total amount of 
zirconium is oxidized, which corresponds to a hydrogen 
production of 477 kg. The additional contribution from 
carbon monoxide in the ex-vessel phase corresponds to 
209 kg of hydrogen or 15% of the total hydrogen release in 
terms of combustion energy. Without recombination the 
hydrogen mass would amount to 477 kg at the end of the 
in-vessel phase, while the actual value is only 130 kg. 6 
hours after reactor pressure vessel failure, the eventually 
released mass of 1406 kg combustible gases (including the 
209 kg carbon monoxide equivalent) has been reduced to 
131 kg (including 52 kg carbon monoxide equivalent). 


 
III.C. Overview of LOOP 650 Scenario 


 
The analyzed scenario is a severe accident initiated by 


a loss of offsite power and a loss of the 6 emergency 
diesels. The valves of the primary circuit depressurization 
system open at a core outlet temperature of 650°C. 


In the in-vessel phase, 44% of the total amount of 
zirconium is oxidized, which corresponds to a hydrogen 
production of 707 kg. In the in-vessel phase the hydrogen 
is rapidly released between about 17000 s and 18000 s, 
while the release of combustible gases after reactor 
pressure vessel failure is a much more continuous process. 
The additional contribution from carbon monoxide in the 
ex-vessel phase corresponds to 192 kg of hydrogen or 12% 
of the total hydrogen release in terms of combustion 
energy. Without recombination the hydrogen mass would 
amount to 707 kg at the end of the in-vessel phase, while 
the actual value is only 121 kg. 6 hours after reactor 
pressure vessel failure, the eventually released mass of 
1731 kg combustible gases (including the 192 kg carbon 
monoxide equivalent) has been reduced to 87 kg 
(including 37 kg carbon monoxide equivalent). 


 
III.D. Overview of SBLOCA 2" CL FC Scenario 


 
The analyzed scenario is a small break loss-of-coolant 


accident scenario. It is initiated by a small break with a 
diameter of 5.1 cm (corresponding to an area of 20 cm2) in 
the cold leg. There is partial and subsequent fast secondary 
cooldown, but no reflooding, and the valves of the primary 
circuit depressurization system open at a core outlet 
temperature of 650°C. 
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In the in-vessel phase, 62% of the total amount of 
zirconium is oxidized, which corresponds to a hydrogen 
production of 980 kg. The additional contribution from 
carbon monoxide in the ex-vessel phase corresponds to 
203 kg of hydrogen or 11% of the total hydrogen release in 
terms of combustion energy. Without recombination the 
hydrogen mass would amount to 980 kg at the end of the 
in-vessel phase, while the actual value is only 81 kg. 6 
hours after reactor pressure vessel failure, the eventually 
released mass of 2081 kg combustible gases (including the 
203 kg carbon monoxide equivalent) has been reduced to 
74 kg (including 31 kg carbon monoxide equivalent). 


 
III.E. Scenario Selection for GASFLOW Calculation 


 
At the end of the in-vessel phase, which defines the 


initial setup for GASFLOW, due to the long time between 
hydrogen release and reactor pressure vessel failure, the 
SBLOCA 2" CL FC scenario has the smallest amount of 
hydrogen left in the containment. While here only 81 kg of 
hydrogen survive, 130 kg are left in the LBLOCA scenario 
and 121 kg in the LOOP 650 scenario (see Fig. 1; with 
time normalized to reactor pressure vessel failure). 


 


Fig. 1. Mass of hydrogen in containment in in-vessel phase. 


The COSACO calculation of the corium-concrete 
interaction in the ex-vessel phase reveals that because the 
mass of combustible gases released in the ex-vessel phase 
is mainly determined by the amount of sacrificial concrete, 
all three scenarios are comparable in this respect, both in 
the total amount and the release curve (see Fig. 2). 


 


Fig. 2. Mass release of combustible gases in ex-vessel phase. 


Another important criterion is the steam concentration 
in various compartments, as in sufficient concentration 
steam can render the atmosphere inert against combustion. 
The relevant compartments to investigate in this respect 
are in particular (but not exclusively) the reactor pit, where 
combustible gases burn in the period from reactor pressure 
vessel failure until the melt gate gives way, and the 
spreading room after melt gate opening, except for the 
quenching phase, where the strong steam release inhibits 
any combustion there. The SBLOCA 2" CL FC scenario is 
characterized by the lowest steam content in the reactor pit 
at the critical time. In the short 300 s interval between gate 
failure and the start of quenching all three scenarios exhibit 
a comparable steam concentration in the spreading area, 
while after quenching the SBLOCA 2" CL FC scenario has 
by far the least amount of steam there. 


A comparison of the three scenarios in terms of gas 
temperatures in the reactor pit and the spreading room also 
does not yield significant differences. While the gas 
temperatures in the reactor pit differ by up to about 100°C 
between the scenarios, the high temperatures present there 
are confined to the small volume of the reactor pit. The gas 
temperature in the spreading room, which after the gate 
failure is strongly increased by the hot melt and is later in 
the quench phase determined by steam release, also does 
not exhibit notable differences between the three scenarios. 
However, as the hot combustion products rise upward and 
quickly leave the compartments where they are produced, 
or are in addition forcefully carried away by the strong 
convection during quenching, it is expected that 
differences between the scenarios concerning the intensity 
of combustion are not primarily visible at the combustion 
location, but rather in compartments at higher elevation. 


Ultimately, the hot exhaust gases from combustion as 
well as the normal atmospheric gases heated up by the melt 
accumulate in the containment dome. Here the variation 
between the three scenarios is more pronounced. There are 
differences in the gas temperature of about 50°C between 
e.g. the LBLOCA case and the SBLOCA 2" CL FC case 
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already at the time of reactor pressure vessel failure, which 
reflects the accident history in the in-vessel phase. This 
variation continues in the peak temperature, which 
depending on the scenario occurs either at the start or the 
end of the quench phase, with the LBLOCA scenario and 
the SBLOCA 2" CL FC scenario differing by as much as 
80°C. Again here the LOOP 650 scenario lies in between 
the two others. Actually, the time history curves of the gas 
temperature in the dome for the three scenarios 
investigated with COCOSYS have a similar qualitative 
shape and are simply offset by an amount that originates 
from the temperature difference at the start of the ex-vessel 
phase. 


The average surface temperature of the steel liner in 
the containment dome as calculated by COCOSYS is 
shown in Fig. 3 (with time normalized to the time of gate 
opening). Here the differences between the LBLOCA 
scenario and the LOOP 650 scenario are minute during a 
long interval around the time of the peak value, which is 
reached at the end of quenching. For the SBLOCA 2" CL 
FC scenario the COCOSYS calculation not only predicts 
an about 15°C lower peak temperature but also a more 
rapid decline after the maximum. Therefore, that scenario 
cannot be considered as the most severe one if peak value 
and duration of the elevated liner temperature is taken as 
criterion for the adverse effects of combustion in the ex-
vessel phase. 


 


Fig. 3. Average surface temperature of steel liner in dome. 


An obvious disadvantage of the SBLOCA 2" CL FC 
scenario for a GASFLOW calculation is the long time span 
between reactor pressure vessel failure and the end of 
quenching (when according to the COCOSYS calculations 
the highest temperatures in the containment liner are 
expected) due to the low decay heat. It lasts 13103 s 
compared to 9706 s for the LOOP 650 scenario and only 
8584 s for the LBLOCA scenario. This directly translates 
into a proportional runtime increase of a GASFLOW 
calculation, which is a serious constraint as such 
calculations take several weeks even on supercomputers. 


One should also assess the practical relevance of each 
scenario by taking into account the probabilility of 
occurrence and the contribution to the total risk of core 
melt in an EPR™ plant. It is well known from probabilistic 
studies that LBLOCA type accidents leading to a core melt 
have a very low frequency, and that the majority of core 
melt incidents are initiated by transients or SBLOCA cases. 
The percentage of LOOP scenarios in the total risk 
depends on the state of the electricity grid to which the 
plant is connected, but the roughly 20% share found in 
probabilistic studies is a reasonable general estimate. 


Combining all these considerations presented above, 
selecting the LOOP 650 case as a typical and still in some 
aspects penalizing scenario for the GASFLOW simulation 
is a well motivated and reasonable choice. 


IV. GASFLOW CALCULATION 
 
In the following the main results of the GASFLOW 


calculation of the LOOP 650 scenario are presented, with a 
particular focus on temperature loads on containment 
structures like the temperature sensitive steel liner. 


The GASFLOW simulation is terminated at a physical 
time of roughly 19000 s after reactor pressure vessel 
failure, which corresponds to a total accident time of about 
49000 s. This is 5000 s after corium-concrete interaction in 
the spreading area subsides at 44000 s according to 
COSACO and no further combustible gases are produced. 
Even though combustion of left-over hydrogen and carbon 
monoxide still continues afterwards at a low level, the 
COCOSYS calculation of this scenario predicts that the 
temperatures in the liner and other structures continuously 
decline after the end of quenching at 40066 s. This result is 
qualitatively confirmed by the GASFLOW calculation, 
which justifies terminating the calculation at 49000 s. 


 
IV.A. Global Behavior and Flow Pattern 


 
Fig 4. presents the time history for the global amounts 


of the various gas and liquid species in the containment. 
While the level of the inert gas nitrogen remains constant 
during the entire calculation, the amount of hydrogen 
(including the carbon monoxide equivalent) varies with 
time. For most of the time the hydrogen mass increases, 
while in other periods it is reduced, mostly caused by 
combustion and to a lesser degree also by recombination. 
The activity of these two processes is reflected by the 
continuous decrease of oxygen, which even occurs when 
the overall hydrogen mass rises due to concurrent release. 
In those phases the depletion rate of hydrogen simply 
cannot keep pace with the release rate. The level of carbon 
dioxide, which is also released by the corium-concrete 
interaction, rises steadily until it reaches around 500 kg 
towards the end of the calculation.  
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In the initial period of the ex-vessel phase from reactor 
pressure vessel failure until the melt gate gives way, the 
steam content first increases slightly due to corium-
concrete interaction in the reactor pit, while later it drops 
as steam condenses in the gas atmosphere as well as on 
walls and structures. During the quench phase, when steam 
is generated at a much higher rate of 100 kg/s, the total 
steam mass in the containment increases by a factor of 
almost 5, just to drop again shortly after the end of 
quenching due to condensation. During the entire 
calculation, the liquid water content in the gas atmosphere 
created by bulk condensation is negligible, as the water 
from steam condensation mostly occurs in the form of a 
water film on wall and structure surfaces (not considered 
in Fig. 4). 


 


Fig. 4. Mass of gas species and liquid water in containment. 


At the start of the ex-vessel phase the atmosphere in 
the various compartments is assumed to be at rest in the 
GASFLOW calculation. As the hot melt flows into the 
reactor pit after reactor pressure vessel failure and heats up 
the local atmosphere, and combustible gases from the 
corium-concrete interaction burn, this drives an 
atmosphere flow that transports hot gas first into the 
equipment rooms and then the operating rooms including 
the dome. The reactor pit is filled with very hot gas at 
temperatures between 500 and 1000°C, and the cloud of 
gas hotter than 150°C extends well into other equipment 
rooms like the steam generator towers. Steam with a 
concentration above 70% also fills the lower equipment 
rooms as well as some steam generator towers and pump 
rooms. 


    


Fig. 5. Gas temperature above 150°C (left panel) and steam 
concentration above 70% (right panel) at end of quenching. 


Later into the accident, when the melt is distributed in 
the spreading room, the effective surface available for 
direct atmosphere heating and corium-concrete interaction 
is even larger, and the resulting convective flow intensifies. 
The atmosphere in the spreading room is heated up beyond 
1000°C, and all equipment rooms are now filled with hot 
gas. The release of saturated steam at a temperature of 
about 150°C with a high rate of 100 kg/s during melt 
quenching strongly amplifies the already existing 
convection. The 150°C gas temperature cloud and the 70% 
steam concentration cloud both expand into the dome and 
upper annular rooms like a plume (see Fig. 5 for the 
situation during the quench phase).  


After quenching, the surface in the spreading room is 
substantially cooler, as now the hot melt is covered by 
water, and gas hotter than 150°C exists only in parts of the 
equipments rooms and the dome, but not anymore in the 
lower operating rooms. Due to the efficient condensation 
on containment walls and structures, at late times after 
quenching when no further steam release occurs, only 
small pockets with high steam concentration survive. 


 
IV.B. Hydrogen Distribution and Combustion 


 
The GASFLOW calculation exhibits robust and 


practically continuous combustion. In Fig. 6 the release 
rate and combustion rate of hydrogen in the ex-vessel 
phase is presented. Obviously the combustion rate follows 
the release rate rather closely; hydrogen that is released is 
burned almost immediately and completely. After an 
elevated level for about 2000 s after the start the corium-
concrete interaction in the reactor pit, the combustion rate 
settles at a low almost constant level. Shortly before melt 
gate opening, the combustion rate has a spike at about 0.3 
kg/s, which follows the temporarily increased release rate 
in the reactor pit there, caused by the inversion of the 
metallic and oxidic layer in the melt at that time. In the 
short period when the melt resides in the spreading room 
before being flooded by water, the combustion rate reaches 
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its global maximum of about 0.7 kg/s. During and after the 
quench phase, combustion is effectively suppressed. The 
respective combustion rate never again exceeds 0.1 kg/s 
until the GASFLOW calculation is terminated at late times. 


 


Fig. 6. Release rate and burning rate of combustible gases. 


Although combustion is clearly very strong during 
short periods of time, the low-level combustion during the 
remaining long time intervals between those phases of 
strong activity also contributes significantly to the total 
integrated mass of burned hydrogen. Even at late times 
after the end of melt quenching, the combustion of the 
remaining unburned hydrogen continues. This low-level 
combustion process proceeds until practically all left-over 
hydrogen is burned and its concentration has dropped 
below the flammability threshold. In addition, hydrogen is 
also continuously removed by the recombiners. 


An analysis of the hydrogen distribution in the various 
equipment and operating rooms reveals information about 
the location of regions where flammability conditions 
prevail and combustion actually occurs. The cloud with 
hydrogen concentration above 4% (i.e. above the dry 
combustibility threshold) is rather small in extent. When 
the melt still resides in the reactor pit, such concentrations 
are practically limited to the bottom of the reactor pit. As 
large amounts of hydrogen are produced in this period, this 
demonstrates that hydrogen immediately burns off close to 
the release location. Hydrogen at lower concentration has 
spread into the upper areas of the reactor pit and has 
entered other equipment rooms via the pit ventilation and 
the flow paths next to the main coolant lines. 


In the short period between gate failure and the start of 
quenching, hydrogen with concentrations significantly 
above 4% is found throughout the bottom of the reactor 
pit, the now open melt discharge channel, the spreading 
room (here even at concentrations above 50%), and its 
steam exhaust chimney that leads to the equipment rooms 
above (here the concentration is around 10% or more). The 
non-occurrence of hydrogen at combustible concentrations 
outside of these regions confirms that also here combustion 
happens somewhere close to the release location. During 


quenching, when large amounts of steam drive global 
convection and replace the existing atmosphere, the 
hydrogen concentration quickly drops and exceeds the 
combustibility threshold of 4% only in the bottom of the 
reactor pit and closely above the flooded melt. In addition, 
the combustion peak before quenching has already 
efficiently lowered the hydrogen concentration in the 
containment. At later times after the end of quenching, 
when the steam concentration has significantly decreased 
due to condensation and strong convection has stopped, 
hydrogen at low concentration is again present almost 
anywhere in the containment. 


As no regions are found with ‘premixed’ gas that 
contains large enough concentrations of hydrogen and 
oxygen, the mechanism responsible for the continuous 
combustion of hydrogen apparently is a diffusion flame. 
Indeed, close to the release locations of hydrogen there 
exist interfaces in the atmosphere with a sufficiently high 
hydrogen concentration on one side and a sufficiently high 
oxygen concentration on the other. The local steam 
concentration is low enough to not render the atmosphere 
inert. The resolution of the GASFLOW cells permit to 
locate such combustion interfaces down to a spatial 
accuracy of around 1 m3 or even less (depending on the 
radial location due to the cylindrical coordinate system). 


In the detail plots of y-z slices (at x = 2 m, i.e. a bit 
offset from the central containment axis) in Fig 7, the 
locations of the diffusion flame can be identified. These 
slices cut through the reactor pit at the time between 
reactor pressure vessel failure and melt gate opening (i.e. 
when hydrogen rises upwards from the bottom of the 
reactor pit; left panels), and through the connection 
between the spreading room and the lower equipment 
rooms after gate opening and before quenching (i.e. when 
hydrogen rises upwards from the spreading area through 
the steam exhaust chimney; right panels with details 
indicated by arrows). Hydrogen and oxygen have high 
concentrations at opposite sides of these interfaces (green, 
yellow and red colors, corresponding to more than ~ 30% 
concentration of hydrogen and air; oxygen and air 
concentrations are related by a factor of about 5), while the 
steam concentration drops to below 40% (green and blue 
colors) there. Note that in the cuts through the steam 
exhaust chimney (right panels) the top of the spreading 
room is at the lower end of the plot, while the region at the 
right is a part of the reactor pit, which is indirectly 
connected to the chimney as well. 
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Fig. 7. Hydrogen, oxygen and steam concentration in reactor 
pit after vessel failure (left panels) and in steam exhaust chimney 
above spreading room after melt gate opening (right panels). 


The corresponding plots of the gas temperature in Fig. 
8 reflect the combustion activity at these interfaces (the 
burning regions are marked with circles and the main flow 
directions are indicated by arrows). When the hydrogen 
released at the bottom of the reactor pit mixes with the 
oxygen rich atmosphere, it is still hotter than 1200°C, well 
above the auto-ignition temperature of about 550°C (left 
panel). The hydrogen rising from the ceiling of the 
spreading room through the steam exhaust chimney to the 
equipment rooms cools down to less than about 600°C on 
its way up and around the bend, where it flows into the 
much colder oxygen rich atmosphere (right panel). Then at 
the combustion interface, once more hot gas temperatures 
above 800°C from the combustion process are found. 


   


Fig. 8. Gas temperature in reactor pit failure after vessel 
failure (left panel) and in steam exhaust chimney above spreading 
room after melt gate opening (right panel). 


While a calculation of ex-vessel combustion with the 
lumped-parameter code COCOSYS needs to make ad-hoc 
assumptions like an immediate combustion right at the 
release location and also relies on room-averaged 


concentrations of oxygen, the spatially well-resolved 
GASFLOW calculation permits to accurately model and 
locate the combustion process in a diffusion flame. 


 
IV.C. Temperature Loads on Liner and Other 


Structures 
 


As GASFLOW models the heat transfer from gas to 
structure surfaces and the heat conduction in the interior of 
solid materials, the temperature loads on containment walls 
and structures from hydrogen combustion in the ex-vessel 
phase can be quantified. 


The rapid distribution of steam created during 
quenching in the entire containment efficiently transports 
the hot combustion products, particularly into the dome 
and the annular rooms, where the liner is affixed at the 
interior of the containment concrete shell. In general, the 
regions most affected by thermal loads are obviously the 
locations where the hot melt is present (i.e. the bottom 
reactor pit and later, after melt gate opening, the spreading 
area), the associated rooms which are heated up indirectly 
by hot gas released by the corium-concrete interaction and 
the hot melt surface via convection and radiation (i.e. the 
entire reactor pit and the spreading room with their walls 
and installations), the regions where combustion occurs 
(i.e. again the reactor pit and the spreading room as well as 
their connections to adjacent rooms), and the 
compartments where hot exhaust gases from combustion 
and the steam from melt quenching are transported (i.e. in 
particular the equipment rooms like steam generator 
towers, but also the containment dome where hot buoyant 
gas can accumulate). 


In Fig. 9 the time history of the surface temperature 
maximum of various materials in the containment (as 
defined in GASFLOW; see the legend for the various 
material distinctions) are presented. Before the melt leaves 
the reactor pit and flows into the spreading room, the 
highest surface temperatures with up to about 2000°C are 
found in concrete walls. The location of that temperature 
maximum is the concrete supporting structure of the 
reactor pressure vessel in the reactor pit next to the melt 
surface. At higher elevations still inside the reactor pit, 
where the hot gas released by the melt burns off and mixes 
with colder gas from the pit ventilation, the gas 
temperatures and concrete surface temperatures are 
considerably lower at around 1000°C. In this period, steel 
structures (other than the primary circuit, liner, or 
recombiner housings, which are also made of steel but 
defined as separate materials in GASFLOW) are 
comparably cold at around 300°C. 
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Fig. 9. Maximum surface temperature of various structure 
materials and gas temperature at top of dome. 


When the melt gate opens and the hot melt flows into 
the spreading area, the maximal temperature loads in the 
various materials change accordingly. After a short drop by 
200°C, the maximum surface temperature in the concrete 
settles at about 1900°C in the 300 s before quenching. The 
hottest spot is found in the spreading room where the bulk 
of the hot melt is now located. At the start of the quench 
phase another rapid decrease down to about 1500°C 
happens as the hot melt is now being flooded by cold 
water. From that level, the temperature continuously 
declines during the entire quench phase and after that. 
During and after the quench phase the temperature 
maximum of the concrete surface is again found in the 
reactor pit (in the upper pit wall) where small melt 
remnants are assumed to be left. After melt gate opening, 
the maximum temperature of the steel structures (like 
walking grids, polar crane, etc.) quickly increases from 
below 300°C to about 1200°C, but then during quenching 
again drops to around 1000°C. After the quench phase has 
ended and the melt in the spreading room is covered by a 
liquid water pool, the maximum steel temperature rapidly 
decreases down to about 400°C. From that level it then 
declines further, but more slowly. The maximum steel 
temperature immediately after melt gate opening is located 
at the stair into the spreading room. 


The very high maximum surface temperatures of 
concrete walls before the end of quenching as calculated 
by GASFLOW are actually fictitious temperatures, as 
concrete begins to melt above about 1200°C (which would 
remove heat from the system in the form of enthalpy of 
fusion). This melting process, however, cannot be properly 
modeled in GASFLOW. However, as GASFLOW does not 
permit lateral heat conduction between neighboring solid 
cells, surface temperatures in walls and structures are 
locally overestimated in hot spots. Taking these limitations 
into account, the GASFLOW results are consistent with 
calculations used for structural design, and thus a negative 
impact on the stability of the concrete can be ruled out. 


The maximum temperature found at the surface of the 
containment liner, as shown in Fig. 10, increases from its 
initial value of about 110°C (the initial temperature of the 
surrounding gas at the time of reactor pressure vessel 
failure) to about 130°C in the first roughly 1500 s and then 
rises only slightly to about 140°C in the next 6000 s before 
jumping to 170°C in the brief period starting shortly before 
gate opening (when there is a high activity of hydrogen 
release) until the start of quenching. At this time, hot 
combustion products rise through the equipment rooms 
towards the dome and heat up the liner. During quenching, 
when these hot gases are efficiently transported by steam-
induced strong convection, the maximum temperature at 
the liner surface rises once more, reaching its peak value of 
222°C at the end of the quench phase. Later it decreases as 
the gas temperature in the dome also declines (see Fig. 9). 


 


Fig. 10. Maximum liner surface temperature. 


In Fig. 11 a view of the surface temperature for the 
entire liner is presented. Before melt quenching the 
temperatures in the cylindrical part remain below around 
130°C, while at the height of the material hatch (the large 
opening in the front part in the figures) stays at around 
100°C, which is practically the initial temperature. When 
quenching starts and large amounts of steam transport the 
hot combustion products into the dome and the annular 
rooms, the liner temperatures rise everywhere. The highest 
temperatures are attained at the end of the quench phase, 
and a hot spot with the local peak temperature of 222°C 
develops (see also Fig. 10). Still the regions where the liner 
surface temperature exceeds 160°C are restricted to the 
dome and the uppermost regions of the cylindrical 
containment shell well above the elevation where material 
hatch and penetrations are located. In addition, the inability 
of GASFLOW to model lateral heat conduction within 
structures overemphasizes such hot spots, and thus the 
results are conservative. Even at this most critical time 
with respect to liner surface temperatures, around the 
material hatch and the steam line penetrations (which are 
the holes at roughly the same height as the hatch; the series 
of “holes” at higher elevation are an artifact of the polar 
crane structure as modeled in GASFLOW) reach at most 


1127







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11173 


   


about 140°C. After the end of quenching the steel liner 
rapidly cools down again and the hot spot vanishes. 


    


   
Fig. 11. Liner surface temperature after melt gate opening, during 


quenching, at end of quenching and after quenching.  
 


V. SUMMARY AND CONCLUSIONS 
 


In this article the ex-vessel phase of a severe accident 
after the failure of the reactor pressure vessel was 
investigated in detail. The primary target was to assess the 
thermal loads on various containment walls and structures, 
in particular the steel liner in the dome. 


First of all, three different representative severe 
accident scenarios (initiated by a large break in the coolant 
line, a loss of off-site power, and a small break in the 
coolant line, respectively) were calculated through both the 
in-vessel and the ex-vessel phase, using the lumped-
parameter code COCOSYS. Although it was found that the 
scenario type has no strong impact on ex-vessel 
phenomena (in particularly not on the generation and 
combustion of hydrogen and carbon monoxide), various 
scenario dependent penalizing conditions could be 
determined. 


In order to be able to obtain more detailed and in 
particular locally resolved results, the LOOP 650 scenario 
was selected as a generic scenario for further investigation 
with the computational fluid dynamics code GASFLOW. 
This selection was also based on considerations about the 
relative share of this type of accident in conceivable severe 


accident scenarios, motivated by probabilistic studies. The 
initial conditions at the start of the ex-vessel phase were 
chosen to be consistent with the results from the 
COCOSYS calculation at the same point in time. As in 
COCOSYS, in GASFLOW the release rates of 
combustible gases generated by the interaction of corium 
with sacrificial concrete were taken from a COSACO 
calculation, and the production of large amounts of steam 
in the spreading room during the quench phase was taken 
into account as well. 


It was examined whether the combustible gases 
released in the ex-vessel phase (which add to hydrogen left 
over from the in-vessel phase) burn locally in a standing 
flame, immediately after being generated. This is expected 
as the local gas temperatures are well above the auto-
ignition temperature and igniting particles from the hot 
melt are abundant. It was demonstrated that indeed 
sufficient concentrations of hydrogen and oxygen are 
present to allow for combustion. The combustion regions 
were localized above the bottom of the reactor pit and in 
the connection between the spreading room ceiling and the 
adjacent equipment rooms. 


The rising of hot gases from combustion and their 
transportation by convection driven by large amounts of 
steam from melt quenching in the spreading room results 
in a rapid heating-up of containment walls and structures, 
especially during the quench phase. While the COCOSYS 
calculations by design are not able to resolve locally 
confined hot spots in structures and walls, and therefore 
underpredict the maximum temperatures attained there, the 
GASFLOW calculation yields more realistic local results. 
For the LOOP 650 scenario the maximum surface 
temperature in the containment liner was found to reach 
222°C, which is however spatially confined at the top of 
the dome and limited to a short period at the end of the 
quench phase. The temperatures close to the material hatch 
and the steam line penetrations through the containment 
walls attain a maximum of at most about 140°C. 


For other structures and materials, the maximum 
temperatures and times when these are reached were also 
extracted, and the locations of high temperature loads were 
analyzed. The peak material temperatures occur inside the 
equipment rooms for concrete walls and structures as well 
as steel components. There is no risk of excessive 
temperature loads, as vital structures in the EPR™ 
containment are designed to withstand temperatures that 
occur in severe accidents. The high maximum concrete 
temperatures in GASFLOW that temporarily and locally 
exceed the melting temperature for concrete are an artifact 
of the inability of GASFLOW to properly model any 
material melting processes. In any case, local surface 
temperatures are overestimated in GASFLOW due to the 
neglect of lateral heat transfer inside structures. 
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The restrictions of a lumped-parameter approach 
compared to computational fluid dynamics become 
apparent in the difference between the values for the 
average liner surface temperature in the dome obtained 
with COCOSYS and the respective local spatial peak 
temperature from GASFLOW, compared at an identical 
accident stage. With 139°C at the end of the quench phase, 
the temperature value in COCOSYS is significantly lower 
(by more than 70°C) than the 222°C extracted at the center 
of the hot spot from GASFLOW. This is a consequence of 
the practical inability of a lumped-parameter code to 
reproduce the local distribution of physical quantities (like 
temperature) that are strongly inhomogeneous on small 
spatial scales. From this comparison it can be inferred that 
although lumped-parameter codes yield good global results 
and for instance accurate predictions of pressure, however 
when local effects are important and must be analyzed, 
computational fluid dynamics codes are better suited for 
the numerical analysis of particular severe accident 
consequences. 
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Abstract – A conceptual design study of an advanced loop type large-sized (1,500 MWe class) 
sodium-cooled fast reactor, JSFR, is in progress in the “Fast Reactor Cycle Technology 
Development (FaCT)” project in Japan.  JSFR adopts a selector-valve mechanism for a failed-
fuel detection and location (FFDL) system.  The selector-valve FFDL system identifies a failed 
fuel subassembly by sampling sodium from each fuel subassembly outlet and detecting fission 
product gas or delayed neutron precursors of fission products.  JSFR has an upper internal 
structure (UIS) with a radial slit above the core. Since sampling nozzles cannot be set in the UIS 
slit, several sampling nozzles are installed around the slit so as to sample sodium from the failed 
fuel subassemblies under the UIS slit.  However, detection sensitivity for the fuel subassemblies 
under the UIS slit was much less than that for normal subassemblies directly under sampling 
nozzles.  In this study, a signal and noise detected by the delayed neutron detector have been 
calculated by using transport time from the fuel subassembly and the detector, half-lives of 
delayed neutron precursors, estimated background noise, etc. The detection capability of the 
selector-valve FFDL system has been obtained by conducting statistical processing for the 
results of the signal and background calculation.  On the basis of these results, appropriate 
operation methods of the selector-valve FFDL system for JSFR have been proposed.  
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I. INTRODUCTION 
 


A conceptual design study of Japan Sodium-cooled 
Fast Reactor (JSFR) is in progress as the “Fast Reactor 
Cycle Technology Development (FaCT)” project in Japan1.  
JSFR has 1,500 MWe power and 562 core fuel 
subassemblies.  Thus, failed fuel detection and location 
(FFDL) system is one of the significant issues of design 
study.  The FFDL system is an instrumentation device that 
identifies a subassembly which has a failed fuel pin (failed 
fuel subassembly).  Secured identification of failed fuel 
subassembly is of importance since the plant cannot be 
resumed into next operation cycle without take away of the 
failed fuel subassembly in a case of fuel failure incident.  
JSFR has failed fuel detection (FFD) system which detects 
a fuel failure in the core.  The FFD system monitors a 
fission products (FPs) coming from failed fuel 
subassembly at all times.  The main function of the FFDL 


system is to identify a failed fuel subassembly after the 
FFD system detects the fuel failure in the core.   


JSFR has adopted a selector-valve (SV) FFDL system.  
The SV-FFDL system identifies a failed fuel subassembly 
during reactor operation by sampling sodium from each 
fuel subassembly outlet and detecting FP gas or delayed 
neutron (DN) precursors of FPs.  Figure 1 shows a 
conceptual diagram of the SV-FFDL system.  The SV-
FFDL unit consists of sampling nozzles, an SV drum, a 
drive shaft, an electromagnetic pump, a neutron detector, a 
fission gas detector, etc. The sampling nozzle to take 
sodium is located right above each fuel subassembly at 
bottom of an upper internal structure (UIS) and all 
sampling lines are connected individually to the selector-
valve drum.  The drive shaft of the SV-FFDL unit rotates 
and moves vertically to select a sampling line.  The FPs in 
sodium go through the sampling line to the neutron and 
fission gas detectors.  The SV-FFDL system generally has 
an advantage for a large-sized core by increasing the 
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number of sampling nozzles. Several sodium-cooled fast 
reactors, e.g., PFR,2 Phenix3 and Super-Phenix,4 adopted 
the SV-FFDL system.   


Identification of the failed fuel subassembly in JSFR 
has challenging points, the following facts.  JSFR has only 
two FFDL units for about 600 fuel subassemblies to reduce 
construction cost.  Each unit handles about 300 
subassemblies, thus the SV drums are larger than those of 
past reactors.  Because of the large number of 
subassemblies per unit, it is predicted that the total time to 
measure all the fuel subassemblies becomes long.  In 
addition, a long plant life of 60 years is planned.  
Moreover, a difficulty in detecting failed fuel 
subassemblies in a certain area has arisen.  This is because 
JSFR has adopted an upper internal structure (UIS) with a 
radial slit (UIS slit) for its fuel handling system.  Figure 2 
is a schematic view of the UIS design of JSFR.  A 
pantograph-type fuel handling machine (FHM) goes 
through the UIS slit and accesses the fuel subassemblies 
under the UIS slit.  Thus, there is no need to move the UIS 
from the core.  This contributes to reduction in the reactor 
vessel diameter.5  However, the sampling nozzles cannot 
be set in the UIS slit because it is the path for the FHM.  
Instead, additional sampling nozzles are installed around 
the UIS slit for the subassemblies under the UIS slit.  This 
resulted in low detection sensitivity to these fuel 
subassemblies compared to detection sensitivity to those 
directly under sampling nozzles. 


Main development issues of the SV FFDL system for 
JSFR are as follows. 
 demonstration of the manufacturing capability and 


endurance of the JSFR SV 
 development of a sampling method to identify the 


failed fuel subassemblies under the UIS slit 
 evaluation of detection capability and investigation of 


appropriate operating methods of the SV FFDL 
Endurance of the JSFR SV was demonstrated by a mock-
up endurance experiment.6  A sampling method to identify 
the failed fuel subassemblies located under the UIS slit 
was developed by water experiments and numerical 
simulations.7   The purpose of this study is the third item.  
As for the detection capability, this study focuses on the 
capability of the SV FFDL system to detect DN precursors.  
For this purpose, a signal and a background noise of the 
neutron detector have been calculated to evaluate the 
detection capability.  Necessary measurement time for 
detection on each size of the fuel pin failure has been 
obtained by conducting statistical processing for the 
results of the signal and background calculation.  On the 
basis of these results, appropriate operation methods of the 
SV FFDL system for JSFR have been proposed. 
 


 
 


 
 


II. EVALUATION METHOD OF DETECTION 
CAPABILITY 


 
This chapter deals with investigation conditions for 


detection capability evaluation and a method to evaluate 
detection capability. 
 


II.A. Investigation Conditions 
 


Table I shows a summary of major plant specifications 
of JSFR.  JSFR has 562 fuel subassemblies, 13 of which 
are under the UIS slit.  TRU-MOX fuel has been adopted 


Fig. 2. Schematic view of the UIS design of JSFR. 
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Fig. 1. Conceptual diagram of the SV FFDL system. 
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for JSFR.  Several types of cores for JSFR have been 
studied.8~11  This study focused on a high breeding core.8   


Table II shows major plant specifications of the SV 
FFDL system.6  The number of sampling nozzles for the 
UIS slit was decided by the experimental results.7  The SV 
FFDL system detects neutrons from DN precursors and FP 
gas. 


 
TABLE I 


Major Plant Specifications of JSFR 
Items Specifications 
Electricity output 1500 MWe 
Thermal output 3530 MWt 
Number of loops 2 
Primary sodium 
temperature and flow rate 


550/395 °C 
3.24 × 107 kg/h/loop 


Secondary sodium 
temperature and flow rate 


520/335 °C 
2.70 × 107 kg/h/loop 


Plant efficiency Approx. 42% 
Fuel type TRU-MOX 
Number of core fuel 
subassemblies 


562 


Burn-up (ave.) for core fuel Approx. 150 GWd/t 
Cycle length 26 months or less, 4 batches or 


more 
Plant life 60 years 


 
TABLE II 


Major Specifications of the SV FFDL System 
Items Specifications 
Number of sampling 
nozzles 


305/unit 
(including 30 sampling nozzles 


for the UIS slit) 
Arrangement of sampling 
channels inside an SV 
drum 


51 channel / circumferential 
6-tiered 


External diameter of SV 
FFDL system 


365 mm 


Length of SV FFDL 
system 


13.5 m 


Detection FPs  Neutrons from DN precursors 
 FP gas 


Detecting scheme DN : BF3 proportional counter 
FP gas : beta-ray detector 


EMP Flow rate 100 cm3/s 
Diameter 50 mm 
Length 1.0 m 


Sampling 
chamber 


Capacity 500 cm3 
Diameter 120 mm 


 
II.B. Evaluation Method 


 
A growth of failure of a fuel pin is as follows.  FP gas 


in gas plenum of a fuel pin is released in the beginning of 
failure of a fuel pin.  Then, DN precursors are released as 
the failure grows.  Release behavior of FP gas is irregular 


to the growth of failure.  In contrast, release of DN 
precursors increases as the failure grows.  In this study, 
the detection capability of the DN detector was evaluated. 


The DN detector detects a signal from DN precursor 
coming from a failed subassembly and the background 
noise.  Figure 3 shows main evaluation factors of a signal 
from a failed subassembly.  Evaluation of detection 
capability started from fission density on the pellet.  
Release density of each nuclide from the failed pin is 
calculated by the range of fission fragment in the pellet, 
branching ratios, etc.  This evaluation assumes that release 
density of each nuclide is proportional to the open area of 
the failed pin.  A sampling nozzle samples not only 
sodium flow which passed the target fuel subassembly but 
also sodium flow from nearby subassemblies.  A degree of 
mixing with sodium from the other subassemblies was 
confirmed by past experiments.7  Especially, the sampling 
nozzles which samples sodium from the failed fuel 
subassembly under the UIS slit are far from the fuel 
subassembly outlets.  Consequently, the degree of mixing 
with sodium from the other subassemblies becomes large 
compared to that in case the sampling nozzle is set right 
above the subassemblies.7  Such sodium mixing must be 
considered also in the SV drum.  The drive shaft becomes 
in contact with the SV drum only by a spring load.  This 
causes mixing with sodium from the surrounding channels. 
This evaluation takes account of transit time between a 
fuel subassembly and the detector, half-lives of DN 
precursors, etc.. The detection efficiency of the DN 
detector directly links to the detection capability of the SV 
FFDL system.  The detection efficiency of the DN detector 
is dealt in Chapter III. 


  Background components in signals detected by the 
DN detector are as follows. 
1) signal from diluted DN precursors after circulating 


through the primary circuit 
2) signal from in-core pollutants 
3) signal from in-core neutron flux 
DN precursors released from a failed subassembly 
circulate through the primary circuit and back to the entire 
core.  Although DN precursors decay while circulating, 
they result in background components.  Surface 
contamination of fuel pins and native uranium in sodium 
are considered as the in-core pollutants. 


In the FFDL system, statistical processing is applied 
to improve its detection capability.  The reliability target of 
the FFDL system is 3σ  of measurement values.  The DN 
detector is operated to detect a significant signal from a 
failed subassembly when the following equation is 
satisfied: 
 
 σσ 3)(3)( +≥− LBLS , (1) 
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where )(LS  is the total signal from the failed subassembly 
and the background signal when the open area of the 
failed pin is L, and )(LB  is the background signal when 
the open area of the failed pin is L.  Assuming that the 
scatter of signal from the failed subassembly and the 
background signal is in a normal distribution, Eq. (1) is 
converted to the following equation: 
 
 TBTBTBTLSTBTLS 33)( +≥+−+ , (2) 
 
where S is the signal from a failed subassembly per open 
area of the failed pin multiplied by the time, L  is the open 
area of the failed pin, T  is the measurement time, and B  
is the background signal per time.  By expanding Eq. (2), 
the relation between the open area of the failed pin and 
measurement time for detection is as follows: 
 


 
TS
TB


L
96 +


= . (3) 


 
In this study, sets of data on an open area of a failed pin 
and corresponding measurement time for detection have 
been obtained by Eq. (3). 
 


III.  DETECTION EFFICIENCY OF THE DN 
DETECTOR 


 
To evaluate the detection efficiency of the DN detector, 


shielding around the DN detector and the sampling 
chamber has been calculated.  Figure 4 is a schematic 
design view around the DN detector.  The sampling 
chamber takes the form of a helical coil.  Iron, 
polyethylene, lead and heavy concrete are set for shielding 
around the DN detector.  Figure 5 shows the shielding 
calculation model.  Three cases have been conducted.  
Case-a is the case that the winding pitch of the coil is 
loose, and the coil is in the center and 310 mm in height.  
Case-b is the case that the winding pitch of the coil is tight, 
and the coil is in the center and 120 mm in height.  Case-c 
takes account of the case when the vertical motion to 
select a sampling line moves the coil vertically away from 
the center of the DN detector.  The calculation for Case-c 
therefore assumes that the coil is in the bottom.  The 
winding pitch of the coil is equal to Case-b.  The modeling 
region of Case-c is wide compared to those of Case-a and 
Case-b since Case-c models the lower side of the DN 
detector.  MCNP code is used for shielding calculation.  As 
stated in Section II.A, the examination object is a high 
breeding core.  The core composition average of the 
beginning of equilibrium cycle (BOEC) and the end of 
equilibrium cycle (EOEC) is used for shielding calculation.  
Table III shows the DN precursors considered in this 


calculation and their decay rate and range.  The boundary 
condition is absorption.  Accordingly, this calculation does 
not consider the effect that neutrons bounce off the 
structure to the outside of the calculation model.  Thus, the 
detection efficiency of the DN detector is estimated low in 
this calculation. 


 


 
 


Table IV shows the calculated results of the detection 
efficiency of the DN detector.  The results of Case-a and 
Case-b showed that high efficiency is obtained when the 
winding pitch of coil is tight.  This is because the DN 
detector of Case-b catches more neutrons discharged 
diagonally from the sampling chamber.  Case-c obtains 
high efficiency compared to Case-b.  This is because the 


Fig. 3. Main evaluating factors of signal from the failed 
subassembly. 
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modeling region is wider than the other two cases, and so 
the DN detector catches more neutrons.  It is expected that 
the detection efficiency in Case-a increases when the 
modeling region of Case-a is equal to that of Case-c. 


From the results of shielding calculation, the tight coil 
pitch is selected to obtain high efficiency from the DN 
detector.  Also, detection efficiency is set at 0.05% for 
calculation in Section IV in view of conservation. 


 
TABLE III 


Decay Rate and Range of Each DN Precursor Nuclide 
DN precursor 
nuclide 


Decay rate 
[1/s] 


Range 
[cm] 


Ga-79 0.2435 0.0009 
Br-87 0.01247 0.0009 
Br-88 0.042 0.0009 
Br-89 0.158 0.0009 
Rb-92 0.1543 0.0009 
Rb-93 0.119 0.0009 
Te-136 0.0396 0.0007 
I-137 0.0283 0.0007 
I-138 0.107 0.0007 
Cs-141 0.02779 0.0007 


 
TABLE IV 


Calculated Results of the Detection Efficiency of DN Detector 
Case winding 


pitch of coil 
Location 
of coil 


Detection efficiency 
of DN detector [%] 


Case-a Loose Center 0.055 
Case-b Tight Center 0.066 
Case-c Tight Bottom 0.084 


 


 
 


 
 
 


IV.  DETECTION CAPABILITY OF THE SELECTOR-
VALVE FFDL SYSTEM 


 
IV.A. Calculation Condition 


 
Table V shows main calculation conditions used for 


evaluation of the detection capability of the SV FFDL 
system.   Decay rates and ranges are in Table III.  K-factor 
is a coefficient to calculate the failed area, i.e. the area 
where the fuel in the failed pin comes into contact with 
sodium.  Because the surface of the contact area is rough, 
the actual surface area is much larger than the area 
measured two-dimensionally.  A virtual contact area is 
calculated by multiplying the plane area by K-factor.  
From the results of run-beyond-cladding-breach (RBCB) 
tests in EBR-II,12 K-factor is set at 50.  Sampling 
concentration is the percentage of the rate of the flow that 
runs through the failed subassembly into the sampling 
pipe to the flow rate in the sampling pipe.  Past water 
experiments7 showed that sampling concentrations at 


Fig. 5. Calculation model. 


(iv) Top view (A-view) 


(iii) Case-c 


(ii) Case-b 


(i) Case-a 


A-view 
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Fig. 4. Schematic design view around the DN detector. 
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sampling nozzles in their normal position, i.e. directly 
above subassemblies, were over 85%.  In contrast, 
sampling concentrations at sampling nozzles for 
subassemblies under the UIS slit were over 2%.  In this 
calculation, the sampling concentration at a sampling 
nozzle in the normal position is set at 80% and the 
sampling concentration at a sampling nozzle for a 
subassembly under the UIS slit is set at 1% in view of 
conservation.  Sealing performance between the SV drum 
and the drive shaft is calculated by an envisaged 
fabrication error and pressure balancing in the SV FFDL 
system.  Dynamic pressure at a sampling nozzle for a 
subassembly under the UIS slit is low compared to that at 
a sampling nozzle in the normal position since sampling 
nozzle are far from the subassembly outlets under the UIS 
slit.  Consequently, sealing performance for a subassembly 
under the UIS slit is low compared to that for a 
subassembly with a sampling nozzle in the normal 
position.  Among various lengths of sampling pipes in 
JSFR, the longest length is selected in this calculation.  
The results of Section III are used to determine the coil 
position and the percentage of the detection efficiency of 
the DN detector.  The signal from in-core neutron flux in 
the DN detector is 13 cps at the rated condition and is 
proportional to the reactor power rate.  Sodium contains 
10 ppb of natural uranium.  Surface contamination of a 
fuel pin is 0.004 Bq/cm2, which is the limit density in 
Japan.13 
 


IV.B. Calculation Results 
 


Figure 6 shows calculation results of the detection 
capability of the SV FFDL system.  The horizontal axis is 
the open area of the failed pin.  The vertical axis is 
necessary measurement time for detection.  Reactor power 
is a parameter in this calculation.  Necessary measurement 
time becomes short as the open area of the failed pin 
becomes large.  Figures 6 (i) and (ii) show the detection 
capability for a subassembly which has a sampling nozzle 
in the normal position and that for a subassembly under 
the UIS slit, respectively.  As shown in Figs. 6 (i) and (ii), 
the detection capability for a subassembly under the UIS 
slit is much lower than the case of normal position.  
Necessary measurement time to detect failure of a size of 1 
cm2 at the 100% reactor power is 0.2 s in the case of 
normal position.  In contrast, it takes 420 s for 
subassemblies under the UIS slit.  The detection capability 
at the 36% reactor power is high compared to that at the 
100 % reactor power, and the detection capability at the 
10% reactor power is low compared to that at the 100% 
reactor power.  This cause is discussed below by using 
Fig.7. 


Figure 7 shows calculation results of signals and S/N 
ratios when the open area of a failed pin is 1 cm2.  The 


horizontal axis is the reactor power.  The left-side vertical 
axis is the signal of the DN detector.  The right-side 
vertical axis is the S/N ratio.  When the reactor power is 
between 0% and 36%, the flow rate of the primary cooling 
system is 36% of the flow rate at the rated condition in 
JSFR.  The flow rate of the primary cooling system is 
proportional to the reactor power between 36% and 100% 
in JSFR.  Therefore, the signal from the failed 
subassembly is constant when the reactor power is 
between 36% and 100%.  The background signal is 
proportional to the reactor power.  Thus, the detection 
capability of the DN detector is highest at the 36% reactor 
power since the S/N ratio is highest at the 36% reactor 
power.  Although the S/N ratio at the 10% reactor power is 
almost equal to that at the 100% reactor power, the 
detection capability at the 10% reactor power is low 
compared to that at the 100% reactor power.  The reason 
is that statistical processing needs longer necessary 
measurement time for detection (see Eq. (3)) since the 
signal from the failed subassembly is lower at the 10% 
reactor power. 
 


TABLE V 
Main Calculation Conditions 


Items Specifications 
Decay rate See Table III. 
Range See Table III. 
K-factor 50 
Sampling 
concentrations 


Normal 80% 
Slit 1% 


Seal performance 
between the selector-
valve and the drive 
shaft 


Normal 65% 


Slit 60% 


Distance from the failed subassembly and 
the sampling chamber 


17,780 mm 


Diameter of the sampling pipe 8.5 mm 
Detection efficiency of the DN detector 0.05% 
Signal by in-core neutron flux at the rated 
condition 


13 cps  


Natural uranium in sodium 10 ppb 
Surface contamination of the fuel pin 0.004 Bq/cm2 
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V.  OPERATION PATTERNS 
 
On the basis of the chapter IV results, appropriate 


operation patterns of the SV FFDL system for JSFR have 
been investigated.  The following three scan modes to 
detect a failed subassembly have been proposed as 
operation patterns of the SV FFDL system.  
1) high-speed scan 
2) medium-speed scan 


3) detailed scan 
Table VI shows the proposed scan modes and detection 
targets of each scan mode. 


The high-speed scan mode is used after the FFD 
system detects fuel failure in the core.  The FFDL system 
must identify the subassembly before reactor scram.  The 
provisional minimum failure size for detection by the FFD 
system is 3 cm2, and the provisional size causing reactor 
scram is 50 cm2.   The time that the failure area takes to 
expand from 3 cm2 to 50 cm2 is evaluated at about 4 hours.  
One hour is selected as a target total measurement time in 
view of conservation.  The target size of failure to detect is 
3 cm2, which is equal to the provisional minimum size 
required for detection by the FFD system.  The high-scan 
mode is essential in the SV FFDL system for JSFR. 


The  medium-speed scan mode is used when output is 
held at the 36% reactor power in order to start up the 
turbine.  The output holding time is about 3.5 hours.  It is 
expected that 3 cm2 of failure is easily detected within the 
time.  The smallest size detectable within the time is 
investigated in this study. 


The detail scan mode is used during normal operation 
every other week.  The smallest size detectable within one 
day is investigated.  The provisional detection targets of 
failure sizes are shown in table VI. 


Figure 8 shows measurement time for one sampling 
pipe in each scan mode.  The display ranges of Fig. 8 
differ from those of Fig. 6.  Measurement time for 
subassemblies under the UIS slit is set longer than that for 
subassemblies which have sampling nozzles in the normal 
position.  Detectable failure sizes for each scan mode are 
shown in Table VII. 


Table VII shows detection capabilities in each scan 
mode.  The total measurement time is calculated by 
adding the product of the measurement time for one 
sampling pipe and the number of sampling pipes to the 
time that the drive shaft takes to select a sampling pipe.  
Compared with the target values in Table VI, the detected 
failure size and total measurement time in each scan mode 
meet their target.  Thus, appropriate operation patterns of 
the SV FFDL system for JSFR have been constructed.  
 


TABLE VI 
Scan Modes and Detection Targets 


Modes Detection targets 
Failure size Total 


measurement time 
High-speed scan 3 cm2 1 hour 


Medium-speed scan 3 cm2 3.5 hours 
Detailed 


scan 
Normal 0.02 cm2 1 day 


Slit 2 cm2 
 
 
 


Fig. 7. Signal and S/N ratio (open area: 1 cm2).  


Fig. 6. Calculation results. 
(ii) Slit 


(i) Normal 
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TABLE VII 
Detection Capability in Each Scan Mode 


Modes Detection capabilities 
Failure size Total 


measurement time 
High-speed 


scan 
Normal 0.12 cm2 56 minutes 


Slit 3 cm2 
Medium-


speed scan 
Normal 0.04 cm2 2.5 hours 


Slit 1.5 cm2 
Detailed 


scan 
Normal 0.02 cm2 21.1 hours 


Slit 0.6 cm2 


 
 


IV. CONCLUSIONS 
 


In this study, the detection capability of the SV FFDL 
system for JSFR has been calculated to evaluate the 
adequateness of the system to JSFR.  Shielding around the 
DN detector has been calculated to investigate and 
evaluate the detection efficiency of the DN detector.  From 
the results of shielding calculation, a tight coil pitch has 
been selected for the sampling chamber in order to obtain 
high efficiency from the DN detector.  Moreover, the 


detection efficiency of the DN detector has been clarified.  
A signal and noise of the DN detector have been 
calculated by using transit time between a fuel 
subassembly and the detector, half-lives of DN precursors, 
estimated background, etc.  Sets of data on sizes of failure 
and corresponding measurement time for detection have 
been obtained by conducting statistical processing for the 
results of the signal and background calculation.  On the 
basis of these results, appropriate operation patterns of the 
SV FFDL system for JSFR have been constructed.  The 
results of this study show that the SV FFDL system is 
compatible with JSFR. 
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Abstract – The Sodium-cooled Fast Reactor (SFR) is one of the most promising Generation IV 
systems with many performance advantages, but has one dominating neutronic drawback – a 
positive sodium void reactivity. The aim of this study is to analyze four considered safety and 
performance parameters for three different optimization options, and finally to propose a specific 
optimized core design. The present study focuses not only on the beginning-of-life (BOL) state of 
the core, but also on the beginning of equilibrium closed fuel cycle (BEC). 


The three studied optimization options are: a) introducing an upper sodium plenum and boron 
layer, b) varying the height-to-diameter (H/D) ratio, and c) inserting moderator pins into the fuel 
assembly. The sensitivity of the void reactivity, Doppler constant, nominal reactivity and breeding 
gain has been evaluated to the optimization cases. In particular, using a methodology based on 
the neutron balance equation, the void reactivity has been decomposed into its reaction-wise, 
isotope-wise and energy-group-wise components.  


All studied options can decrease the void reactivity. Extended voiding in the upper plenum region 
– in conjunction with the effect of a boron layer introduced above it – is found to be particularly 
effective while, at the same time, having almost no impact on the other considered parameters. A 
lower H/D-ratio normally corresponds to worse neutron economy and, as such, leads to a less 
positive breeding gain and a smaller nominal reactivity margin. The Doppler constant, which is 
very sensitive to the neutron spectrum, can be significantly improved by the spectrum softening in 
the moderator pins case.  


Finally, two different “synthesis core” concepts are proposed for further study, the common 
boundary condition set being to have a positive nominal reactivity margin at the end of 
equilibrium closed fuel cycle.  


 
 
 


I. INTRODUCTION 


The sodium-cooled fast reactor (SFR) is one of the 
most promising candidates to meet the declared goals of 
the Generation IV International Forum (GIF)1, in particular 
those related to safety and sustainability. In comparison to 
other Generation IV systems, there is considerable design 
experience related to the SFR, and also more than 300 
reactor-years of practical operation2. As a fast spectrum 
system, the SFR enables full closure of the fuel cycle with 
slightly positive breeding gain, and hence aims at a 
sustainable management of fuel resources and the 
minimization of long-live radioactive waste. However, it is 
necessary to note that the SFR has a dominating neutronic 


drawback, viz. a positive reactivity effect when sodium 
coolant is removed from the core, i.e. a positive sodium 
void reactivity coefficient. This can be partially 
compensated by the Doppler effect, i.e. the negative 
reactivity induced by the increase in fuel temperature. For a 
SFR core optimization study, of the type carried out 
currently, it is also important to note the usual design 
constraint of having a positive nominal reactivity 
throughout (in order to ensure normal operating conditions).  


The reference core in the present study is a 3600 
MWth SFR core concept designed by the French CEA3,4, 
both safety and performance parameters being significantly 
updated comparing to the former European Fast Reactor 
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(EFR) design. Nevertheless, considerably more effort needs 
to be invested in order to achieve the declared GIF goals. 
In this context, this paper presents a comprehensive 
neutronics study assessing optimization potential in terms 
of the principally considered safety parameters, viz. void 
reactivity (∆ρv) and Doppler constant (DC), and 


performance parameters, viz. nominal reactivity (ρ) and 
breeding gain (BG). 


There are several different optimization options 
recommended in the literature5,6,7, some of these being 
selected for optimizing the reference SFR core as reported 
in this paper. The sensitivity of each of the considered 
safety and performance parameters is investigated with 
respect to three different optimization options, viz. 
introducing an upper sodium plenum and boron layer, 
varying the height-to-diameter (H/D) ratio and inserting 
moderator pins into the fuel assemblies. In each case, the 
void reactivity is further analyzed. On the basis of the 
neutron balance method, it has been decomposed in terms 
of reaction-, isotope- and energy-group-wise components.  


The long-term operation of the SFR core in a closed 
fuel cycle will lead to an equilibrium state, where both 
reactivity and fuel mass flow stabilize. This assumes 
constant periodic fuel treatment. In this context, the present 
study focuses not only on the beginning-of-life (BOL) state 
of the core, but also on the beginning of equilibrium closed 
fuel cycle (BEC), which is obtained using the ERANOS 
code8 based EQL3D procedure9 developed at Paul Scherrer 
Institut (PSI). 


The reported core optimization study has been 
performed as a contribution to the cooperative effort of 
several institutions in the framework of the Collaborative 
Project on the European Sodium Fast Reactor (CP-ESFR). 
Overall, a large number of options are being investigated, 
and some of these are being analyzed by comparing results 
obtained at different institutions with different computation 
tools. The synthesis of these studies is under way. This 
paper presents the main results and suggestions of PSI on 
ESFR core optimization. 


The following section describes the reference SFR 
core design. Section III briefly introduces the analysis 
methods which have been applied. Section IV gives the 
various results of the optimization study for the safety and 
performance parameters, as well as the analysis of the 
equilibrium state. Discussions and conclusions are 
presented in the last section. 


 
II. SFR CORE DESCRIPTION 


The reference SFR core design used in this study is 
based on the present “working horse” core of the integrated 
CP-ESFR. This 3600 MWth SFR core concept has been 
proposed by the French CEA. As compared to earlier SFR 


concepts such as the EFR, the current design has been 
effectively updated in terms of the considered safety and 
performance parameters. The active core has a pancake 
shape, with 1.0 meter height and 4.7 meters diameter, 
which is aimed at reducing the void reactivity. Above the 
active core, there is a fission gas plenum (11 cm) and then 
an upper steel reflector (70 cm), the latter being located in 
a separate lattice of stainless steel rods. Below the active 
core, there is firstly a lower reflector (30 cm) of stainless 
steel pellets inside the fuel pins, and this is followed by a 
second fission gas plenum (91 cm). The fuel assemblies, 
consisting of pins with mixed U-Pu oxide pellets and steel 
cladding, are loaded into the inner and outer core zones 
with different Pu contents (14 % and 16%, respectively). In 
the current assembly design, the fuel-to-sodium ratio is 
significantly increased by enlarging the fuel pin diameter. 
This is in favour of all the key parameters, i.e. void 
reactivity, Doppler constant and breeding gain. The sodium 
inlet and outlet temperatures are 395°C and 545°C, 
respectively, and the estimated average fuel temperature is 
1227°C. 


 


 


 
 


Fig. 1. Schematic horizontal and vertical cross-sections of the 
reference SFR core design with 450 fuel assemblies. 
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The original SFR core design has been modified with 3 
assemblies less in the outer core, viz. 225 inner / 225 outer, 
in order to enable the 5 batches refueling scheme in the 
EQL3D procedure. Along with its schematic vertical cross-
section, the horizontal core model is illustrated in Fig. 1. It 
should be noted that, in all the presented simulations, the 
control rods are located in the upper parking position. 


 
III. METHODOLOGY 


III.A Considered Optimization Options 


As indicated previously, three optimization options 
have been selected and are discussed in this paper.  


The first investigated option is introducing an upper 
sodium plenum and a boron layer, the former consisting of 
92% sodium and 8% steel, whereas the latter is assumed to 
have the same composition as the control rods (i.e. B4C 
with 20% 10B enrichment). One can see the core scheme 
with the sodium plenum and boron layer in Fig. 2. In this 
context, the void reactivity can be calculated in two ways: 
i) reference void (voiding of only the fuel zone); ii) 
extended void (voiding of the fuel zone plus the sodium 
plenum). For both voiding scenarios, with and without 
absorber, the sensitivity of void reactivity is evaluated 
while varying the heights of the upper sodium plenum and 
boron layer.  


 


 
 


Fig. 2. Schematic vertical cross-section of the SFR core with the 
introduced upper sodium plenum and boron layer. 


 


 The second discussed option is testing different 
height-to-diameter ratios for the core, the original ratio 
being 1.0 m to 4.7 m, i.e. H/D = 0.213. The H/D-ratio is 
varied step-by-step in both directions (see Fig. 3), the core 
volume as well as the fuel mass being kept constant. The 
considered parameters for each core shape are analyzed for 
both BOL and BEC states. 


The third optimization option is to insert moderator 
pins into the fuel assemblies, the moderator material being 
selected as ZrH2. A maximum of 13 moderator pins are 
introduced and they are divided into 3 different groups. 


Their positions and grouping are illustrated in Fig. 4. It 
should be noted that, in order to compensate for the 
replaced fuel pins, the height of the fuel assembly is 
increased correspondingly in each case. 


 


 
 


Fig. 3. Schematic illustration for varying the H/D-ratio. 
 


 


 
 


Fig. 4. Schematic horizontal cross-section of the fuel assembly 
with the inserted moderator pins. 


 


Finally, two “synthesis” core concepts – combining 
specific values of the three different optimization options – 
are proposed for the analysis of overall effects. 
 


III.B Considered Safety and Performance Parameters 


Each optimization option may influence one or several 
safety and/or performance parameters. An overview could 
be obtained by a systematic sensitivity analysis of each of 
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the considered parameters. Principally, the considered ones 
for safety are void reactivity (∆ρv) and Doppler constant 


(DC), nominal reactivity (ρ) and breeding gain (BG) being 
employed as the simultaneously assessed performance 
parameters. The various parameters are defined as follows: 
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where keff is the multiplication factor, the subscripts V and 
N indicate the nominal and voided states, T is the fuel 
temperature, F is the total fission rate in the core, A and C 
represent the absorption and capture rates, respectively, n 
stands for the core region, and i for the fuel isotope. It 
should be noted that the fuel isotope i-1 can be transmuted, 
via a captured neutron, to fuel isotope i. ωi is a weighting 
factor, characterizing the reactivity of each isotope i on a 
scale where the “importance” of 239Pu is 1 and that of 238U 
is 0, the basis being provided by the following equation :  
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III.C Void Reactivity Decomposition 


The void reactivity can be decomposed using a 
methodology based on the neutron balance equation11. The 
method considers the integral neutron reaction rates in the 
reactor core, and the reactivity decomposition is done in 
terms of the corresponding leakage, fission, capture and 
production components. Further decomposition can be 
done both isotope-wise and energy-group-wise. 
Normalization of the nominal and voided states is chosen 
to be in terms of the integral neutron flux over the active 
core (AC), i.e. 
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where the flux Φ is a function of the energy group g and 
position r. In this context, firstly the reaction-wise void 
reactivity decomposition can be expressed as: 
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where L, C, F and P represent leakage, capture, fission and 
production reaction rates, respectively. As mentioned, the 
reaction rates can be further divided into contributions of 
individual isotopes or energy groups. Using the capture rate 
term as an example, the corresponding void reactivity 
components can be expressed by the following two 
equations: 
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It may be noted that the ERANOS output options also 
allow combined isotope- and energy-group-wise 
decomposition. Although not generally applied in this 
paper, a detailed analysis of the combined isotope- and 
energy-group-wise reaction rates has been carried out to 
understand the strongly deteriorated breeding gain in the 
cases with inserted moderator pins. 


  


III.D Equilibrium Closed Fuel Cycle 


The BOL state is considered as the reference state in 
this study, i.e. using the fresh fuel composition. 
Furthermore, the BEC state is also evaluated, in order to 
provide some complementary information for making the 
discussion more comprehensive. As mentioned earlier, the 
equilibrium calculations for the SFR core have been carried 
out using the ERANOS based EQL3D procedure, which 
was developed in the FAST group of the Laboratory for 
Reactor Physics and Systems Behavior (LRS) at PSI. In 
particular, the equilibrium of a closed fuel cycle 
corresponds to the asymptotic state of a reactor with a fixed 
fuel management scheme involving recycling of its own 
fuel. Explicit cycle-by-cycle reactor operation, under a 
specified periodic fuel management scheme, is simulated 
until the equilibrium state is reached. The fundamental 
assumptions of the methodology are to keep the actinides 
mass in the manufactured fuel constant and to impose 
constant reactor power. 


The hexagonal-z 3D geometry capability of EQL3D 
has been employed for the SFR core, the neutron flux being 
calculated using the ERANOS transport theory module 
VARIANT, with a simplified harmonics option and 33 
energy groups. The designed specific fuel cycle length of 
2050 Effective Full Power Days (EFPD) and its division 
into 5 batches (each of 410 EFPD) are accounted for in the 
simulation. It is assumed that the reshuffling and refueling 
period takes 30 days and that the cooling time before 
reprocessing is of one cycle duration (5x(410+30) = 2200 
days). During the reprocessing, fission products from the 
discharged fuel, around 10% of the loaded mass, are 
replaced by natural uranium feed. The remaining U, Pu and 
minor actinides are recycled.  
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IV. RESULTS 


In this section, the considered safety and performance 
parameters for each optimization option will be discussed 
in turn. In particular, the void reactivity components, as 
obtained by the neutron balance based decomposition 
method, are presented as complementary information. 
Furthermore, the equilibrium calculation has been carried 
out for the different H/D-ratio and moderator cases. With 
the fuel composition obtained for each BEC state, it has 
been possible to assess the changes in the different 
parameters with respect to the corresponding BOL state. 


 


IV.A Upper Sodium Plenum and Boron Layer 


The proposed upper sodium plenum and boron layer 
are introduced into the original core design and located 
above the upper fission gas plenum. The influence on the 
void reactivity is firstly tested by varying the heights of the 
upper sodium plenum and boron layer, both reference and 
extended voiding scenarios being calculated. As shown in 
Fig. 5, just a limited effect is found when the voiding 
occurs only in the fuel region (i.e. reference voiding 
scenario), however, when it is extended to the sodium 
plenum region, the void reactivity can be reduced 
significantly. Although Fig. 5 shows that the maximum 
reduction of the void reactivity (more than 800 pcm) is 
achieved for the case with 60 cm sodium plenum and 15 
cm boron layer, the first 30 cm of the sodium plenum are 
seen to be much more effective in influencing the void 
reactivity than the next 30 cm. In a similar manner, the 
effectiveness of the first 5 cm boron layer is seen to be 
greater than that of the next 10cm. 
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Fig. 5. The void effect sensitivity to the size of  
the sodium plenum and the boron layer. 


 


An impact overview of the sodium plenum and boron 
layer on all the considered safety and performance 
parameters is presented in Tab. I. As can be seen, the 
differences between each of the specified cases for both 
Doppler constant and breeding gain are very limited, which 


implies that the sodium plenum and boron layer have 
nearly no influence on them. One can see that the reactivity 
value goes down slightly, but the decrease is relatively 
insignificant even with a 60 cm sodium plenum. 
Accordingly, the sodium plenum along with boron layer 
can be considered to be an optimization option with just 
one main effect, viz. a favorable void reactivity reduction.  


 
TABLE I 


Safety and performance parameters for the cases with  
60 cm sodium plenum, with and without a 5 cm boron layer 


 ∆ρV (pcm) DC (pcm) ρ (pcm) BG 


Reference 1578 -1204 934 0.0730 


with sodium plenum 842 * -1204 751 0.0716 


 and with boron layer 753 * -1202 723 0.0718 


* 60 cm sodium plenum, extended voiding case 


 


The void reactivity for the selected cases is 
decomposed reaction-wise, and the results are presented in 
Tab. II. It should be firstly noted that the components sum 
for each voiding scenario (see the last column of Tab. II) is 
slightly different from the void reactivity result obtained 
directly from the ERANOS calculation (see the second 
column of Tab. I). This is simply a numerical effect caused 
by the mathematical assumptions made in the neutron 
balance based decomposition method11. Similar differences 
can be observed also in the void reactivity decomposition 
results for the later described optimization options.  


Comparing the decomposition results for fuel region 
voiding (reference scenario) and the cases with extended 
voiding (i.e. including the sodium plenum), one can see 
that one has much more negative leakage components in 
the latter, indicating that the sodium removal from the 
plenum enhances the neutron leakage from the fuel zone. 
Furthermore, the boron layer is able to strengthen this 
effect. The three other components (i.e. production, capture 
and fission) are also seen to become more significant in the 
extended voiding cases (although the effects are not as 
strong as for leakage). The changes are due to the stronger 
spectral change caused by the additional sodium voiding, 
i.e. that in the upper plenum.  


 
TABLE II 


Reaction-wise void reactivity decomposition for the cases with  
60 cm sodium plenum, with and without a 5 cm boron layer 


Voiding scenarios ∆ρP ∆ρL ∆ρC ∆ρF ∑∆
FCLP ,,,


ρ  


Fuel region (reference) -2566 -655 3841 911 1531 


with sodium plenum   -3028 -1709 4470 1074 807 


and with boron layer  -3006 -1849 4509 1067 721 
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IV.B Height-to-Diameter (H/D) Ratio 


As mentioned earlier, the original H/D-ratio of the SFR 
core is 0.213 (i.e. 1 m height to 4.7 m diameter). The 
considered optimization test is to vary the ratio in both 
directions while keeping the core volume, as well as the 
fuel mass, constant.  


An overview of the influence on the considered safety 
and performance parameters for each H/D-ratio step is 
presented in Tab. III, the results presented here 
corresponding to the BOL state. As seen, a lower void 
reactivity is obtained with a smaller H/D-ratio, and this 
effect is analyzed below using the neutron balance based 
decomposition method. Similarly, one notes that a lower 
nominal reactivity results from a smaller H/D-ratio. In fact, 
when the original H/D-ratio is decreased, the reactor can 
hardly reach criticality. For the same H/D-ratio change, the 
reduction of the nominal reactivity is much stronger than 
that of the void reactivity. The breeding gain is found to 
remain positive for all the selected steps, the minimum 
value staying greater than 0.05. Nevertheless, a lower 
breeding ability is observed for the flatter cores. Finally, 
the results for the Doppler constant show that this 
important safety parameter is almost unchanged while 
varying the H/D-ratio, a consequence of the fact that it 
depends mainly on the neutron spectrum, i.e. simply on the 
fuel composition when the coolant is fixed.  


 
TABLE III 


Safety and performance parameters for various H/D-ratios at BOL 


H/D-ratio ∆ρV (pcm) DC (pcm) ρ (pcm) BG 


0.152  1244 -1216 -1877 0.0534 


0.182  1392 -1202 -322 0.0641 


0.213 (reference) 1578 -1204 934 0.0730 


0.245  1676 -1186 1738 0.0807 


0.280  1763 -1184 2481 0.0865 


 


The neutron balance based void reactivity 
decomposition was carried out for the original design and 
the two extreme H/D-ratio steps. As seen in Tab. IV, the 
leakage term shows the most notable relative change when 
the H/D-ratio is varied. This is consistent with the fact that, 
for a bare cylindrical core, the main effect of changing the 
H/D value, i.e. the core shape, is to change the value of the 
geometrical buckling. The flatter the core, the greater is the 
buckling value, and hence the corresponding leakage effect. 
Furthermore, it is seen from the table that the absolute 
change in the production term between the cases is of 
similar magnitude as that in the leakage term, but it is 
partially compensated by the corresponding changes in the 
capture and fission components. One should note that all 
these three components are neutron spectrum effects. Thus, 
the total spectral effect on the void reactivity of varying the 


H/D-ratio, i.e. the sum of the variations of the production, 
capture and fission terms, can be considered less important 
than the leakage effect per se. 


 
TABLE IV 


Reaction-wise void reactivity decomposition for the reference 
core and the two extreme H/D-ratio steps at BOL  


H/D-ratio ∆ρP ∆ρL ∆ρC ∆ρF ∑∆
FCLP ,,,


ρ  


0.152  -2785 -843 3872 960 1204 


0.213 (reference) -2566 -655 3841 911 1531 


0.280  -2443 -559 3831 882 1711 


  


As mentioned earlier, the EQL3D procedure was 
applied for the equilibrium fuel cycle calculations. The 
three curves in Fig. 6 represent the keff evolution for three 
cores with different H/D-ratios. Under the specified 
periodic fuel management scheme, one can see that the keff 
value of the original core remains more or less constant 
over the first few batches, while the cores with higher and 
lower H/D-ratio act as breeder and burner, respectively. 
Nevertheless, after about a four-year operation, all the three 
cores work as breeders, i.e. the keff value increases in each 
case until equilibrium is reached. To be noted is that the 
final equilibrium state is practically independent of the path 
adopted for approaching equilibrium, so that the path itself 
is of secondary importance. In this sense, the most 
significant results from the equilibrium calculation are the 
final stabilized keff level and the fuel composition at the 
BEC state. As seen in Fig. 6, the core with higher H/D-ratio 
has keff stabilized at a higher level, the situation being 
reversed for lower H/D. This is related to the breeding 
ability, which implies a higher or a lower effective amount 
of fissile material in the equilibrium state.  
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Fig. 6. Evolution of keff while approaching the equilibrium closed 
fuel cycle for three cores with different H/D-ratios.  


 


Using the fuel composition obtained by the EQL3D 
procedure, one can calculate the same set of safety and 
performance parameters for the BEC state as those 
analyzed at BOL. The results are listed in Tab. V. As can be 
seen, the void reactivity values at BEC are generally higher 
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than at BOL, but the influence of the core shape on the 
void reactivity becomes relatively weaker. On the one hand, 
the generally higher void reactivity is mainly due to the 
appearance of the fission products and the reduction of the 
241Pu amount11. On the other hand, the core with higher 
H/D-ratio is, in effect, able to breed more fissile material, 
which normally provides a negative contribution to the 
void effect, thus explaining the relatively weak influence of 
the core shape.  


The Doppler effect in the equilibrium state is seen to 
be significantly reduced as compared to BOL. This is 
mainly caused by the spectrum change and the reduction of 
238U (due to transmutation to higher actinides) during the 
approach to equilibrium. Furthermore, slight differences of 
the Doppler constant are observed between the different 
core shapes. These can be explained by the different fuel 
compositions at BEC. As per its definition, the breeding 
gain depends strongly on the fuel composition. Therefore, 
for the breeding gain comparison between the different 
core shapes at BEC, the same fuel composition has been 
considered for each case, viz. that of the equilibrium state 
of the reference core. As seen in Tab. V, even though the 
core with higher H/D-ratio has stronger breeding ability, 
the sensitivity of the breeding gain to the core shape at 
BEC is much less significant than when considering the 
BOL fuel composition. This aspect is discussed further 
later on. 


 
TABLE V 


Safety and performance parameters for various H/D-ratios at BEC 


H/D-ratio ∆ρV (pcm) DC (pcm) ρ (pcm) BG 


0.152  1839 -843 1952 0.0376 # 


0.213 (reference) 2050 -795 5182  0.0452 


0.280  2164 -758 7202 0.0506 # 
# calculated using the BEC fuel composition of the reference core 


(i.e. corresponding to the original H/D-ratio) 


 
 


IV.C Moderator Pins 


In this sub-section, the effects of insertion of 
moderator pins into the fuel assembly are discussed. As 
mentioned earlier, up to 13 of the original 271 fuel pins in 
each assembly have been used for introducing the ZrH2 
moderator pins, the height of the fuel assembly being 
increased at each considered moderation step in order to 
conserve the fuel mass. 


An overview of the moderation effects on the 
considered safety and performance parameters is presented 
in Tab. VI. This again is currently done for the BOL state 
first. As can be seen, both safety parameters are improved 
by introducing the moderator: the void reactivity is slightly 
reduced, whereas the Doppler constant strongly increases 


in magnitude. Concerning the performance parameters, the 
nominal reactivity is seen to be only slightly influenced by 
the moderation. On the other hand, the breeding ability is 
strongly affected. Thus, for example, the breeding gain at 
BOL is seen to become negative with as little as 7 
moderator pins in the fuel assembly. 


 
TABLE VI 


Safety and performance parameters for the cases with inserted 
moderator pins at BOL 


Moderator ∆ρV (pcm) DC (pcm) ρ (pcm) BG 


0 (reference) 1578 -1204 934 0.0730 


3 pins 1504 -1607 832 0.0353 


7 pins 1416 -2022 792 -0.0076 


13 pins 1352 -2421 995 -0.0692 


 


In particular, the influence of the moderator on the 
void reactivity is analyzed using the neutron balance based 
decomposition methodology. Firstly, this is done reaction-
wise, the components corresponding to production, 
leakage, capture and fission being presented in Tab. VII. As 
seen, the leakage term becomes less negative upon 
increasing the number of ZrH2 pins, this being explained by 
the shorter diffusion length due to the added moderator. 
One can also see that the magnitude of each of the other 
three terms, i.e. production, capture and fission, is reduced. 
As indicated previously, these three components represent 
the consequences of the spectral change caused by the 
sodium removal, and the introduced moderator may indeed 
be expected to mitigate these effects.  All in all, the 
introduction of moderator pins reduces the positive terms 
(capture, fission) somewhat more strongly than the negative 
terms (leakage and production), leading to a slight decrease 
in the magnitude of the positive void effect. 


  
TABLE VII 


Reaction-wise+ void reactivity decomposition for the cases 
with inserted moderator pins at BOL  


Moderator ∆ρP ∆ρL ∆ρC ∆ρF ∑∆
FCLP ,,,


ρ  


0 (reference) -2566 -655 3841 911 1531 


3 pins -2393 -530 3534 849 1461 


7 pins -2203 -488 3286 782 1377 


13 pins -1923 -437 2993 685 1319 
+ The subscripts P, L, C and F denote production, leakage, capture 


and fission, respectively. 


 


As discussed separately11, the less strongly fissionable 
isotopes, e.g. 238U and 240Pu, increase the void reactivity 
through their positive capture terms. Conversely, the fissile 
isotopes, e.g. 239Pu and 241Pu, are able to reduce the void 
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effect due to their significantly negative production 
components. It has just been noted above that the addition 
of moderator has a mitigating influence on all spectrum-
change related reaction-wise contributions. In this context, 
it is clearly of interest to identify the dominant isotopes 
contributing to the void reactivity mitigation caused by the 
moderator. A reaction- and isotope-wise decomposition has 
accordingly been carried out, and the results are shown in 
Tab. VIII. It is seen that the reduced 238U capture term is 
the one which dominates. In the case of 239Pu, the effect of 
the less negative production term is partially compensated 
by the less positive absorption components, so that the 
overall 239Pu impact is relatively small.  


 
TABLE VIII 


Reaction- and isotope-wise void reactivity decomposition for 
a) the reference case, b) the case with 13 moderator pins  


a) 


Reference ∆ρP ∆ρC ∆ρF ∑∆
FCP ,,


ρ  


U238 37 2056 -12 2081 
Pu239 -1894 719 671 -505 
Pu240 109 386 -37 458 
Pu241 -697 78 240 -378 


 
b) 


Moderator ∆ρP ∆ρC ∆ρF ∑∆
FCP ,,


ρ  


U238 126 1386 -44 1468 
Pu239 -1515 559 538 -418 
Pu240 117 339 -39 417 
Pu241 -590 66 204 -320 


 


It has been discussed earlier11 how the sodium elastic 
scattering resonance at ~ 3 keV plays a key role in 
determining the important spectrum-change related void 
reactivity components. The energy-group-wise void 
reactivity decomposition for the reference case (i.e. with 
original fuel assembly) is illustrated in Fig. 7a. As shown, 
the production component, which relates to fission, consists 
solely of negative contributions and is distributed 
according to the fission spectrum. The capture and fission 
components, on the other hand, correspond to both 
negative and positive contributions. Furthermore, these two 
sets of energy-dependent contributions behave consistently 
within each group. Fig. 7b shows the sub-component 
differences between the cases with and without moderator. 
One can see the relatively strong negative impact of the 
moderation on both the capture and the fission sub-
components in the energy range between the 13th and 23rd 
energy groups (i.e. 0.5 keV - 50 keV). This is the main 
cause of the mitigation of the positive sub-components. The 
less positive fission component implies a less negative 


production term in the high energy region (see the 
production sub-component differences in Fig. 7b). 
However, the integral is relatively weak and the total 
negative impact of the absorption terms still dominates the 
moderation effect. In summary, the energy-group-wise 
analysis confirms the manner in which inserting moderator 
pins into the fuel assembly is able to mitigate the positive 
void reactivity as a whole. 
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Fig. 7. Energy-group-wise a) void reactivity decomposition for the 
reference case, b) influence of the moderation. 


 


As seen from the previous overview of the considered 
parameters, strong deterioration of the breeding gain is 
found to result from introducing moderator. In order to 
understand this more clearly, a combined isotope- and 
energy-group-wise reaction rate decomposition of keff has 
been carried out. Firstly, the group-wise total capture rate is 
shown in Fig. 8a, for both reference and moderator cases. 
With the normalization having been done to the same 
power, i.e. approximately to the same production rate, one 
can see that the total capture reactions in both cases are 
also practically equal to each other; however, due to the 
introduced moderator, the group-wise distribution is 
generally shifted towards lower energies. The energy-
group-wise distribution of total captures can be further 
divided into individual isotopes. In this context, the group-
wise capture rates for 238U and 239Pu are presented in Figs. 
8b and 8c, respectively. It is seen that the major part of the 
decrease in total captures at higher energies (i.e. above 5 
keV) comes from 238U. On the contrary, the compensating 
increase in total captures in the lower energy range is 
caused not only by 238U but also by the fissile isotopes, 
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principally 239Pu. Overall, the effect is that a certain 
fraction of neutrons, which were earlier captured by fertile 
material, are now “shared” by absorption in fertile and 
fissile isotopes. This qualitatively explains the strong 
negative effect of the moderator on the breeding gain. 
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Fig. 8. Energy-group-wise reaction rate distributions, in 
reference and moderator cases, for a) total capture, b) 238U 


capture and c) 239Pu capture. 
 


The closed fuel cycle equilibrium has been calculated 
for each of the different moderator cases. In Fig. 9, the 
corresponding keff evolutions are shown, along with that for 
the reference case. It is seen that, although all the four 
curves start at approximately the same point, they are 
separated almost immediately thereafter. (As mentioned 
earlier, the final equilibrium state is practically independent 
of the path adopted for approaching equilibrium.) 
Furthermore, it is found that the case with 13 moderator 
pins in the fuel assembly effectively fails to reach the 
equilibrium closed fuel cycle, because the core is 
subcritical when the keff level is finally stabilized. On the 


other hand, for the other two moderator cases, i.e. fuel 
assembly with 3 and 7 moderator pins, the equilibrium state 
can be considered feasible, even though the nominal 
reactivity margin is significantly reduced relative to the 
reference case. 
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Fig. 9. Evolution of keff while approaching the equilibrium closed 
fuel cycle for the different moderator cases.  


 


Finally, the considered safety and performance 
parameters have been checked for each moderation step at 
BEC (see Tab. IX). As reported for the equilibrium analysis 
in the H/D-ratio sub-section, the safety parameters, i.e. void 
reactivity and Doppler constant, are found to deteriorate in 
comparison to values at BOL. Nevertheless, the presence of 
moderator continues to have favorable effects on them, also 
at BEC. The influence on the performance parameters, 
however, is in the opposite sense. As mentioned previously, 
the breeding gain values have to be compared in a 
consistent manner and this, once again, has been is done by 
assuming the same fuel composition in each case, viz. that 
of the reference BEC state. As for the BOL state, the 
equilibrium results also show that the breeding ability is 
strongly reduced by introducing the moderator pins. The 
relative deterioration, however, is relatively weaker at BEC 
than at BOL.  


 
TABLE IX 


Safety and performance parameters for the cases with inserted 
moderator pins at BEC  


Moderator ∆ρV (pcm) DC (pcm) ρ (pcm) BG 


0 (reference) 2050 -795 5182   0.0452 


3 pins 1992 -1091 3573 0.0331 # 


7 pins 1911 -1418 1706 0.0199 # 


13 pins 1839 -1787 -880 -0.0007 # 


# calculated using the BEC fuel composition of the reference core 
(i.e. without moderator pins) 


 
 


V. DISCUSSIONS AND CONCLUSIONS 


The three currently studied optimization options for 
the SFR are: a) introducing an upper sodium plenum and 
boron layer, b) varying the H/D-ratio, and c) inserting 
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moderator pins into the fuel assembly. Fig. 10 provides a 
summary of the results obtained. First of all, it is seen that 
the sodium plenum (along with boron layer) has the 
favorable effect of void reactivity reduction, without any 
side effect. Second, a low H/D-ratio can reduce the void 
reactivity, but both nominal reactivity and breeding gain are 
deteriorated, the influence on the former being particularly 
strong. Third, inserting moderator pins into the fuel 
assembly can improve both the safety related parameters; 
however, this option significantly decreases the breeding 
gain, which is a serious disadvantage.  
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Fig. 10. Sensitivity of the considered safety and performance 
parameters, at BOL, to a) sodium plenum b) H/D-ratio and  


c) moderator addition.  


Table X presents a simplified “score table” for the 
three studied optimization options. Thereby, each of the 
considered safety and performance parameters is provided 
with symbols indicating improvement (����), deterioration 
(����) or little effect (����). 


TABLE X 


A score table evaluating the considered safety and performance 
parameters for the three different optimization options 


Parameter Optimization 


Option ∆ρV  DC  ρ  BG 


Sodium plenum  
& boron layer 


�������� ���� ���� ���� 


Decreasing  
H/D-ratio 


���� ���� ������������ ���� 


Adding 
moderator 


���� ������������ ���� ������������ 


 


Finally, combining different optimization options, the 
following two different “synthesis core” concepts are 
proposed for further study. In each case, a positive nominal 
reactivity at the end of equilibrium closed fuel cycle has 
been set as boundary condition. 


• Synthesis Core 1 - lowest void reactivity: 
introducing a 30 cm upper sodium plenum along 
with a 5 cm boron layer; H/D-ratio of the core 
reduced to 0.152 (with 0.8 m core height). 


• Synthesis Core 2 - highest priority to optimized 
safety parameters: introducing a 30 cm upper 
sodium plenum along with a 5 cm boron layer; 
H/D-ratio of the core increased to 0.280 (with 1.2 
m core height); inserting 10 moderator pins into 
the fuel assembly. 


The details of the safety and performance parameters 
of the proposed synthesis cores will be presented in a 
separate paper, together with a transient analysis 
comparison between the optimized cores and the reference 
core. 
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Abstract – The Collaborative Project for a European Sodium Fast Reactor (CP ESFR) is 
performed (2009-2012) in the 7th European Framework Program. It is devoted to the 
identification and study of innovations to be considered for the future in the core design, safety, 
reactor architecture, components and the dissemination of knowledge related to this technology 
among young European professionals. 


 
 


I. INTRODUCTION 
 
The Collaborative Project for a European Sodium Fast 


Reactor (CP ESFR - 2009-2012) merges the contribution of 
23 European partners. It is being carried out under the 
aegis of the 7th FP in the area - Advanced Nuclear Systems. 


CP ESFR follows the 6th FP project named “Roadmap 
for a European Innovative SOdium cooled FAst Reactor – 
EISOFAR” further identifying, organizing and 
implementing a significant part of the needed R&D effort.  


The inputs for the project are the key research goals 
for fourth generation of European sodium cooled fast 
reactors which can be summarized as follows: an improved 
safety with in particular the achievement of a robust 


architecture vis à vis of abnormal situations and the 
robustness of the safety demonstrations; the guarantee of a 
financial risk similar to that of the other means of energy 
production; a flexible and robust management of nuclear 
materials and especially waste reduction through Minor 
Actinides burning. 
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CP-ESFR


 
The paper summarizes the work done in the different 


areas of the project: 
- Management (administrative & technical 


activities) 
- Consistency and assessment 
- Fuel, fuel element, core & fuel cycle 
- Safety concept options and PR & PP issues 
- Innovative Reactor Architecture, components and 


BOP 
- Education & training 


 
 


II. OBJECTIVES 
 
The key research objectives addressed by the project 


for fourth generation of European sodium cooled fast 
reactors can be summarized as follows: 
- An improved safety. The expected progresses of the 


SFR’s safety architecture have to allow this technology 
reaching a level at least equivalent, or even higher, to 
that of the third generation’s reactors. 


- The guarantee of a financial risk similar to that of the 
other means of energy production. Reducing the 
electricity production cost to a level similar to those of 
the third generation light water reactors by simplifying 
the system, reducing the mass of steel and increasing 
the performances, both increasing the level of energy 
conversion efficiency and/or increasing the fuel burn-
up. 


- A flexible and robust management of the nuclear 
materials. The management of the nuclear materials 
allows considering the minimisation of the impact on 
the environment which has to be as low as practicably 
achievable. The reduction of the impact on the 
environment includes on one hand the possibility of 
transmuting the radioactive long life waste and, on the 
other hand, progressing in the reduction of the quantity 
of effluents and the staff radiological exposure.  
In addition, the project is a platform helping the re-
building of the European expertise on sodium fast 
reactors with the participation of young engineers. 
 


III. PARTICIPANTS 
 


The European research institutes, utilities, universities, 
TSO and reactor industrial providers participating to the 
project are listed above. 


 
CEA France 


AMEC United Kingdom 


ANSALDO Italy 


AREVA NP France 


RSE S.p.A. Italy 


CIEMAT Spain 


EDF France 


EA Spain 


ENEA Italy 


EVM Czech Rep. 


KIT Germany 


FZD Germany 


JRC - ITU Europe 


JRC - IPSC Europe 


JRC - IE Europe 


NRG Netherlands 


NRI Czech Rep. 


PSI Switzerland 


SENER Spain 


Uni-Rm Italy 


UPM Spain 


IRSN France 


ENSA Spain 


ACCIONA Spain 


IPUL Latvia 
 


 
IV. CORE STUDIES 


 
Two ESFR 1500 MWe “working horse” cores with 


oxide and carbide fuels have been defined and are currently 
used as reference for the studies within the different 
subprojects (Fig. 1). In the core physics area, such cores 
are considered for the optimization of core reactivity 
feedback coefficients and Minor actinides recycling. 
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Fig. 1. Working Horse core oxide. 
 
The two main goals can be summarized as: 


- Enhancement of nominal core performances (average 
discharged burn-up, plutonium mass to be loaded, cycle 
length, etc.) 


- Enhancement of the core safety by means of reduction 
of the sodium density coefficient together with an  
optimization of all other reactivity feedback coefficients 
leading to gain significant margins on the behaviour of 
these cores in the frame of unprotected transients. 
The previous studies of other national and 


international projects on scenarios for the deployment of 
SFR’s where compiled.  Studies of fuel cycle scenarios in 
the European context were performed to assess the 
conditions for FRs deployment  


The oxide and carbide reference cores where 
characterized by neutron physics and thermal-hydraulic 
calculations using different codes for benchmarking (Fig. 
2). 


 
 


Fig. 2. Radial power profile for the oxide core. 
 
Then, safety related parameters (Doppler, void coefficient, 
delayed neutrons fraction,…) where analyzed. 
 


V. FUEL 


 
Ongoing experimental fuel activities will demonstrate 


the fabrication of advanced (oxide, nitride and carbide) MA 
bearing fuels, along with the laboratory determination of 
properties. This work will assess fuels for both 
homogeneous and heterogeneous recycling strategies. The 
fuel chapter includes the following work packages: 


 
MA bearing carbide and nitride fuel fabrication and 
characterization for homogeneous recycling. 


 
(U, Pu, Am) nitrides and carbides with 20% Pu, 5% 


Am will be fabricated from (U, Pu, Am) oxides via a 
carbothermic reduction process, whereby the starting 
material for the carbothermic reduction will be prepared by 
a combination of sol-gel and infiltration methods. The 
vapour pressure of the fuel will be characterized via a 
Knudsen cell method. A facility for the sol-gel production 
of precursor powders has been set up at the Institute for 
Transuranium Elements (ITU), glove boxes with purified 
atmosphere for nitride/carbide production have been 
constructed and a series of tests on surrogate material ZrN 
and ZrC has been carried out to identify an optimal set of 
fabrication parameters. Active work on UC/UN is ongoing 
and will be followed by (U,Pu)C/N fabrication, Am-
infiltration and production/characterization of fuel disks.  


  
Oxide fuel for heterogeneous MA recycling in ESFR. 


 
In an heterogeneous recycling scheme, minor actinides 


can be recycled in radial blankets positioned in the outer 
core regions. Fabrication of samples of Minor Actinide 
Bearing UO2 Blankets (MABB) is in progress with the aim 
of studying their thermodynamical and thermal properties. 
The fabricated (U, Am)O2-x samples will have an Am 
content ranged between 15% and 20%. Measurements of 
thermal conductivity, thermal expansion, melting point and 
vapour pressure will be carried out at CEA and ITU. A 
powder metallurgy process is used by CEA ATALANTE to 
fabricate (U, Am)O2-x samples with different 
microstructures enable to improve the behavior under 
irradiation. At the ITU, the dust-free production of (U, 
Am)O2-x via the infiltration of sol-gel produced UO2-
beads has been demonstrated for an Am concentration up to 
~20%.  
 
- Nitride and carbide fuel inter-comparison. 


 
In order to adequately assess the feasibility of the 


nitride/carbide fuel option, a review of experiments and 
literature on nitride and carbide fuels, with a focus on their 
vaporization behavior under irradiation, will be carried out 
by NRG. Results from a number of irradiation experiments 
(eg Nimphe, Trabant, POMPEI, Confirm, POM….) will be 
analyzed in this context. 


Outer core subassembly


Radial reflector


Inner core subassembly


DSD


CSD
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VI. SAFETY 


 
Work packages in the safety area are: 
- Safety objectives and design principles 
- Defense-in-depth levels and incidents/accidents for 


Design basis and Beyond design basis. 
- Studies of representative transients and accident 


scenarios for DB and BDB events. 
- Provisions to decrease core degradation. 
- Containment and core catcher and 
- Modeling capabilities 


 
The safety objectives and design principles are defined 


along two main tracks: 
1. Technology neutral safety objectives and principles: 


proposal of the main features of the safety approach 
for a future Sodium cooled Fast Reactor (SFR) in 
consistency with the European and international 
safety frameworks (safety objectives and principles, 
rules for safety analysis, consideration of hazards, 
safety classification and qualification of components, 
Probabilistic Safety Assessments). 


2. Design strategy with respect to safety: proposal of 
guidelines for the implementation of the main safety 
functions (reactivity control, decay heat removal, 
confinement), approach for identification of 
challenging events (i.e., with a potential of large 
radiological releases) and relevant possible design 
strategies for CP-ESFR to meet the safety objectives. 


The safety architecture to master the safety functions is 
studied in two steps, firstly by defining the list of initiating 
events and their categorization and secondly by the 
assessment of possible prevention provisions in regard to 
the potential risks. 


Accidental transient calculations are prepared fist by 
doing benchmarking comparisons among different codes 
used by the European partners: CATHARE, REALAP5, 
MAT4DYN, SIM-SFR, TRACE and  SPECTRA.  


On severe accident issues related to the controlled 
material relocation and coolability and criticality of corium, 
a detailed analysis is progressing considering different 
design options and evaluating choices and options for 
sacrificial materials. 


The design strategy and the approach with respect to 
the confinement function are carried out considering 
previous European concepts (SPX1, EFR) (Fig. 3). 


 
 


Fig. 3. Containment functions 
 
 
Evaluation of modeling capabilities of each topic of 


safety studies is under way. This work covers mainly 
phenomena identification and ranking of severe accidents, 
sodium fires and sodium water interactions. 


Concerning proliferation resistance issues, an approach 
is being defined to take into account the methods and the 
parameters used to evaluate all the proliferation resistance 
aspects; Therefore, all along the project, exchange of 
information and synergism with GIF PR&PP’s activities 
and IAEA-INPRO / PR&PP will be ensured. 


In a second step, the proposed design options will be 
evaluated and some recommendations for intrinsic features 
and extrinsic measures will be formulated: the main effort 
of this task has to be focused on the NPP design and on the 
fuel transportation, storage inside the NPP. 


In the second part of the project, after the main 
system’s choices are made (2010 – 2012), an analysis of 
the design against "safeguardability" aspects and 
proliferation resistance, will be done. It will take into 
account the emerging possible design variations compatible 
with the identified safety provisions.  


 
VII. INNOVATIVE REACTOR ARQUITECTURE, 


COMPONENTS AND BOP 
 
Main activities related to reactor architecture, 


components and BOP includes: 
- Definition of reference  reactor concepts (“working 


horses”). 
- Energy conversion systems 
- Crosscut activities on tools 


Two consistent pre-conceptual designs i.e. “working 
horses” of a loop type reactor and of a pool type reactor 
have been defined and are being used as a basis to test the 
performances and assess the pertinence of innovative 
design options (Fig. 4). 
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Fig. 4. Working Horse system “Pool”. 


 
Starting from the working horse concepts promising 


architectures for the primary system are under assessment.  
One of the objectives is to identify promising 


architectures for primary system. This shall include 
innovative arrangements of the reactor, its internals, 
primary fuel handling scheme and layout of components 
with a view to improve compactness, cost, safety, 
simplicity or ISI capabilities. Associated to the 
compactness particular attention will be paid to design 
measures to minimize risk of gas entrainment to the core. 


A brainstorming is under way on Innovative External 
Core Catcher. 


The use of a isolation condenser connected to the 
steam generator for decay heat removal both for normal 
shutdown and accidental conditions is being studied. 


A detailed modeling of both pool and loop type hot 
collectors is carried  out to evaluate the gas entrainment at 
the sodium surface. 


The work on this subproject includes in-service 
inspection by defining the requirements, exploring 
innovative core instrumentation (ultra sonic techniques for 
temperature measurements or mass flow sensors). 
Increased utilization of robotics is also considered.  


Promising proposals for innovative architectures for 
the heat transfer system are being studied like modified 
shape IHX and integrated components (Fig 5). 


 


 
 


Fig. 5. Primary pumps/IHX double component. 
 
 


Cycles with water, gas, and alternative fluid to sodium 
are considered.  


 
VIII. EDUCATION AND TRAINING 


 
Within the Education and training area, three 


workshops has been offered on sodium technology and 
safety issues and code verification and validation 
techniques with a total attendance of more than 70 
European young engineers. Three other workshops are 
planned for the next two years. 


Six doctoral dissertations are under way on core 
physics and thermal hydraulics, severe accident, 
radioactive mass transfer and sodium fires modeling 


 
 


IX. CONCLUSIONS 
 
A comprehensive program devoted to the study of 


most promising innovative options for the design of future 
sodium cooled fast reactors is carried out with the 
participation of 23 European partners representing utilities, 
reactor designers, TSO and research institutions. 


The program serves as a platform to discuss and to 
promote further the ongoing development effort in 
European institutions in the direction of innovative SFR’s 
and it contributes significantly to the rebuilding and 
broadening of European  know how related to SFRs.  
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Abstract – During a loss of cooling accident (LOCA) in PWR plants, the hydrogen gathering at 
the top of the containment may occur. The hydrogen accumulates in containment due to an 
interaction of molten corium and water as a stratified semi-confined layer of hydrogen-air 
mixture. Evaluation of the flame propagation regimes in such a system (including ignition, flame 
acceleration, detonation transition and its propagation) is very important issue of nuclear reactor 
safety analysis. A series of large scale experiments on hydrogen combustion in a semi-confined 
layer of uniform and non-uniform hydrogen-air mixtures was performed at the HYKA test side of 
the Karlsruhe Institute of Technology (KIT). Since in real conditions the upper part of containment 
has different structures like concrete and metal beams, catheads and other equipment, the 
experiments were performed in an obstructed layer of hydrogen-air mixture with blockage ratio 
(ratio of blocked area to the total layer cross-section) BR = 0.5. An effect of the hydrogen 
concentration gradient, layer dimensions, presence of obstructions, average and maximum 
hydrogen concentration were investigated with respect to evaluate the flame propagation regimes 
and maximum pressure loads of internal structures. The experiments were performed in a 
horizontal semi-confined layer with dimensions of 9x3x0.6 m with/without obstacles opened from 
below. The concentration of hydrogen in the mixtures with air was varied in the range of 0-34 
vol.% with a gradient of 0-60 vol. %H2 /m. Linear vertical hydrogen concentration gradient was 
created due to the turbulent diffusion procedure with following sampling probes analysis. Three 
different regimes for horizontal flame propagation were observed in the tests: (I) slow (subsonic) 
flame, (II) sonic deflagration and (III) detonations. Higher flame propagation velocity leads to the 
higher pressure loads as well. It was found that the highest mixture reactivity and dimensionless 
vent area as a ratio of the distance between obstacles to the layer thickness are the parameters 
governing the flame propagation regimes. The mixture with higher hydrogen concentration 
gradient needed higher maximum hydrogen concentration to reach the same flame propagation 
regime as the mixture with lower concentration gradient. This work was done within the 
framework of a German nuclear safety program for numerical code validation, in order to provide 
critical conditions for flame propagation regimes in thin semi-confined layers of hydrogen-air 
mixtures.  


 
 


I. INTRODUCTION 
 
The problem of flame propagation and acceleration, 


followed by a detonation transition in semi-confined 
geometries is very important from the practical point of 
view. Such scenarios must be understood for nuclear 
reactor safety in tunnel or room geometries. Released from 
some leak, hydrogen accumulates in a room near its ceiling, 
with the formation of a partially confined layer of 
flammable hydrogen-air mixture. The ignition and 
combustion of such a mixture can lead to strong pressure 
loads and structural damage. There is a serious lack of 


experimental data on the critical conditions for flame 
acceleration and deflagration-to-detonation transition 
(DDT) in such semi-confined layer geometries of 
combustible mixtures.  


The analysis of experimental data in obstructed 
channels showed that the expansion ratio of volume of 
combustion products over reactants plays an important role 
for the flame acceleration potential and characterizes the 
capability of the flame to accelerate to sonic speed [1]. The 
flame velocity of order of sound speed is required to 
provide the conditions to create the detonation pre-
conditioning zone ahead the flame [2]. So far, experiments 
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have focused on the investigation of flame propagation in 
the presence of lateral venting or even on the unconfined 
combustion [3-5]. It has been shown experimentally that 
vent orifices have a strong influence on the flame 
dynamics. The higher the vent ratio, the more reactive the 
mixture has to be for the development of sonic flames. 
Critical conditions for flame acceleration in tubes with 
lateral venting, expressed using a critical expansion ratio 
σ* as the potential for an effective flame acceleration to 
sonic speed were found to be a linear function of the vent 
ratio: σ* = σ0*·(1+2·α), where σ0* is the critical expansion 
ratio for a closed tube; α is the vent ratio (as vent area over 
total area). Since the flame velocity reaches sonic speed, 
the critical conditions for detonation onset in a tube with 
lateral venting remains the same as for a closed tube. 
Another important observation was that a sonic flame in a 
partially open tube propagates with the sonic speed of the 
reactants compared to the sonic speed of products in 
confined geometry. 


The main objective of this work was to evaluate the 
critical conditions for flame acceleration and DDT in a 
semi-confined obstructed flat layer, which is important for 
many practical H2-release situations. The effects of mixture 
reactivity on the flame propagation regime for different 
layer thickness of H2/air mixtures were investigated. 


 
II. EXPERIMENTAL DETAILS 


 
II.A. Experimental Set-Up 


 
Experiments on hydrogen combustions in thin semi-


confined layers have been performed inside the safety 
vessel A1 which has a volume of 100 m3 (Fig.1). 


 


L=9 m


h


CH2


I


P, I P, I P, I P, I P, I P, I P, I P, I P, I


L=9 m


h


CH2


I


P, I P, I P, I P, I P, I P, I P, I P, I P, I


 
  
Fig. 1. Experimental set-up of thin layer tests. Semi-open flat 


layer of hydrogen-air mixtures of 0.15 - 0.6 m thickness. Ignition 
location (I) on the left side; (P) and (I) are pressure sensors and 
ion probe locations. 


 
A rectangular box with the dimensions of 9 x 3 x 0.6 m 


was installed inside the vessel A1, as shown in Fig. 2. The 
box itself consisted of very strong external metal frames, 


lined with smooth composite alumina-plastic plates on the 
inside. The box had a strong side wall at its ignition end 
and was open at the opposite side. Before the mixture 
filling, the box was sealed off from the open side with a 
thin plastic film. The ratio of the gas mixture volume to the 
total volume of the safety vessel was varied from 0.04 to 
0.16, depending on the height of the gas mixture layer. The 
distance from the underside of the box to the floor was 1.7-
2.3 m. This provided the conditions for a semi-confined 
combustion of a gas mixture in flat layer geometry. 


 


L = 9 m


b = 3 m


h 
= 


0.
6 


m


L = 9 m


b = 3 m


h 
= 


0.
6 


m


L = 9 m


b = 3 m


h 
= 


0.
6 


m


    
  
Fig. 2. Top view and main dimensions of the flat layer box 


(left) and a photo of the thin layer box installed in the safety 
vessel A1 (right). 


 
The flat layer box was installed in the safety vessel 


using strong metal profiles to withstand even detonation 
pressures of a stoichiometric hydrogen air mixture in a 
worst case scenario. The box was installed with its solid 
wall at the top and the open face at the bottom. After 
assembling, the thin layer box was carefully tested with 
respect to hermeticity to prevent hydrogen leaks. After each 
test, the box was inspected and damaged parts were 
replaced. Both obstructed and unobstructed thin layer 
geometries were used in the tests. 14 perforated panels 
were installed across the channel with a spacing of s = 0.6 
m in the longitudinal direction. Each of the panels was 
assembled from horizontal wooden beams (40 x 50 mm) 
spaced 60 mm apart, resulting in a blockage ratio, BR, = 
0.5-0.53. 


 
II.B. Gas Filling System and Test Mixtures 


 
Before each test, the required hydrogen-air mixture 


was prepared inside the thin layer box, isolated from the 
rest atmosphere in the safety vessel by a thin plastic film of 
5-10 μm thickness. The test mixture was prepared in situ 
inside the temporally isolated box by replacing the initial 
air atmosphere with the hydrogen-air mixture to be tested. 
The inlet composition of hydrogen and air was controlled 
by the mass flow rate of the two components with an 
accuracy of ±0.2%H2. The mixture was injected into the 
test volume from the top, until the outlet composition at the 
bottom of opposite end was 0.5-1% less than the required 
test mixture. This resulted in a bulk test mixture, which had 
the required concentration except for a small part (about 
5% of the total volume) with a 0.5-1% lower concentration. 


A1 


A3
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The hydrogen concentration outside the thin layer box was 
constantly monitored to prevent hydrogen accumulation 
due to leaks from the box and possible combustion of the 
released hydrogen. The main thermodynamic and 
combustion properties of the tested mixtures have been 
calculated using the STANJAN, Cantera and CELL-H2 [6] 
codes in order to evaluate the test mixture reactivity and the 
main characteristics of the combustion and detonation 
processes for the further analysis of the experimental 
results (see Table 1). Ambient initial pressure and 
temperature were employed in the tests. The Maas-Warnatz 
[7] and Lutz [8] mechanisms for hydrogen oxidation were 
used to calculate the laminar flame speed, and the 
detonation cell sizes of the tested mixtures. Dimensionless 
characteristics, such as the expansion ratio and the layer 
thickness over the detonation cell width h/λ, will be used 
for further analysis of the flame propagation regimes. 


 
TABLE I 


Main Properties of Test Mixtures 


Mixture Expansion 
ratio


Laminar 
flame 
speed


Sound 
speed in 
reactants


Sound 
speed in 
products


Adiabatic 
combustion 


pressure


Detonation 
velocity


Detonation 
pressure


Detonation 
cell size


%H2 σ SL, m/s cr, m/s cp,m/s pb, bar DCJ, m/s pCJ, bar λ, mm
13 4.21 0.27 367 724 4.2 1430 9.0 798
14 4.42 0.34 368 745 4.5 1474 9.5 531
15 4.63 0.41 370 765 4.7 1516 10.0 361
16 4.83 0.49 372 784 5.0 1557 10.5 252
17 5.03 0.58 375 802 5.2 1596 10.9 173
18 5.23 0.68 377 821 5.4 1634 11.4 114
19 5.42 0.79 379 838 5.6 1670 11.8 71
20 5.60 0.90 381 855 5.8 1705 12.2 45
21 5.79 1.02 383 872 6.0 1739 12.6 32
22 5.96 1.15 385 888 6.2 1771 13.0 25
23 6.13 1.28 388 903 6.4 1803 13.4 20
23 6.13 1.28 388 903 6.4 1803 13.4 20
24 6.30 1.41 390 917 6.6 1833 13.7 17
26 6.60 1.68 395 944 6.9 1889 14.4 13
27 6.74 1.81 397 955 7.0 1915 14.6 12
28 6.86 1.95 400 966 7.1 1938 14.8 11  


 
II.C. Gas Filling System and Test Mixtures 


 
Immediately after the end of the filling procedure the 


mixtures were ignited using a specially designed linear 
ignition device, consisted of an electric spark inside a 
perforated plastic tube, filled with the test mixture. The 
perforated tube of 2 m length had been installed in a corner 
between the ceiling and end wall. The flame initially 
propagated inside the perforated tube and ignited the bulk 
mixture through the small orifices distributed along the 
ignition device, with the formation of a relatively planar 
flame, approaching a 2D geometry of the combustion front. 
The ignition time was synchronized with an opening 
procedure for the plastic film to prevent generation of any 
additional overpressure in the box due to resistance of the 
plastic film to the expansion of the combustion products. 


The measuring system consisted of an extended array 
of photodiodes (40 units) and ion probes (40 sensors) to 
record local arrival times of the flame front. All gauges 
were mounted at the top of the channel with a uniform 
distribution as a 2D matrix and a spacing of 0.6 m between 
each two sensors in both horizontal directions. For the 0.6 


m layer thickness, the ion probes were also installed at 6 
levels in the vertical direction to register vertical non-
uniformities of the flame front. Fifteen piezoelectric 
pressure transducers and 6 strain gauges were installed to 
measure the pressure load, shock wave dynamics and 
mechanical response of the safety vessel. A sooted foil 
technique was used to investigate details of the detonation 
onset, propagation and failure. Aluminum sooted plates of 
25 x 50 cm were mounted to the ceiling in the free space 
between obstacles and sensors in the second half of the 
channel, 4.5 -9 m away from the ignition device. 


 
III. EXPERIMENTAL RESULTS AND DISCUSSION 
 


III.A. Flame Propagation Regimes 
 
It was found that after ignition of the test mixture, the 


combustion initially propagated as a laminar flame. The 
visible flame velocity depends only on the flame geometry. 
Since a linear ignition source was used, the flame initially 
propagated as a horizontal cylindrical surface up to the first 
obstacle. Depending on the mixture reactivity and height of 
the semi-confined layer, the flame accelerates to sonic 
speed, due to the obstacle-generated turbulence, or 
continues to propagate with subsonic velocity due to the 
energy and momentum losses through the vent area 
dominates over the “piston effect” from the flame itself. 
Figure 3 reflects the dynamics of the flame propagation in 
the semi-confined thin layer for three different regimes: 
subsonic flame, sonic flame and quasi-detonation (a 
detonation with velocity deficit). The data obtained using 
the photodiodes and ion probes, are presented as 2-D plots 
of local flame velocities against distance from ignition line. 


Figue 3 shows that finally the flame attained a quasi 
steady-state propagation regime with characteristic 
velocities depending on the mixture reactivity. The 
characteristic pressure loads also depended on the flame 
propagation regime and on the characteristic flame 
velocity. All experimental data of characteristic pressures 
and flame velocities are summarized in Fig. 4, where each 
point represents a single large scale test. Figure 4 shows 
that in these open channel experiments the threshold 
between the slow and fast flame regimes is the sonic speed 
in reactants, while in closed channels it is the sonic speed 
of the products [5]. When the flame reaches the sonic 
speed, the front compression, recorded by the pressure 
transducers, is effectively adiabatic, which is an 
independent witness to sonic flame propagation. In general, 
Fig. 4 demonstrates that the thinner the layer thickness, the 
higher the hydrogen concentration or the more reactive the 
mixture has to be to reach sonic speed. For instance, 
depending on the layer thickness a sonic flame will be 
achieved for 26% H2 (h = 0.15 m), and for 19% H2 (h = 0.3 
m) for 15% H2 (h = 0.6 m). 
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Fig. 3. Dependency of flame velocity on distance from 


ignition in a thin layer (h = 0.3 m) for three different regimes: (a) 
slow subsonic flame (15%H2); (b) fast sonic flame (20%H2); (c) 
quasi-detonation (23%H2) 


 
The same tendency, but shifted to more reactive 


mixtures, was observed for the detonation conditions. 


There is quite a wide range of hydrogen-air mixtures 
propagating with sonic speed in the layer of 0.6 m 
thickness. Here the flame propagates with almost stable, 
sonic speed to the end of the channel without genuine 
detonation transition, because of spatial restrictions for a 
detonation onset. The opposite situation occurs in a thin 
layer of 0.15 m. Due to the proportionally high energy 
losses to the surroundings, it is difficult for the flame to 
accelerate to sonic speed for transition to following 
detonative combustion. However, once the flame reaches 
sonic speed, the reactivity of the mixture in the thin layer is 
high enough for the DDT to occur immediately. 
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Fig. 4. Characteristic flame velocity and overpressure for 


different layer thicknesses as a function of hydrogen 
concentration: Here cr, cp, DCJ are sonic speed in reactants, 
products and CJ-detonation velocity; pICC and pCJ are adiabatic 
isochoric complete combustion pressure and CJ-detonation 
pressure. 


 
III.B. Flame Acceleration 


 
Since it was found that the expansion ratio is a critical 


indicator of the potential for flame acceleration [1, 5], it 
has been used in Fig.5 to display for all experiments its 
dependence on the mixture layer thickness and the 
dimensionless ratio of the distance between two obstacles 
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and the height of the semi-confined gas layer, defined as 
the dimensionless vent area, s/h. Figure 5 shows that the 
wider the spacing between obstacles and the thinner the 
semi-confined layer, the larger must be the expansion ratio 
of the mixture to provide the driving force for effective 
flame acceleration to sonic speed. 
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Fig. 5. Critical conditions for an effective flame acceleration 


as function of expansion ratio vs. dimensionless vent area: sonic 
flame and detonations (open points); subsonic flame (solid 
points) 


 
This might be reasonable because the expansion ratio 


is linked to the strength of the flow ahead of the flame, 
called the “piston effect”, by the relationship [2]: 


 
U = Uf·(σ – 1),  (1) 
 


where Uf is the normal flame velocity which is distorted by 
the turbulence burning velocity. The ratio of obstacle 
spacing to layer thickness s/h characterises the probability 
of the flame propagating in the longitudinal direction with 
either subsequent flame acceleration and detonation 
transition, or slowing down due to pressure and impulse 
losses through the open vent area, which is proportional to 
the distance s between two obstacles. Figure 6 
schematically presents a flame propagating with a visible 
velocity V, detected by photodiodes, in a control volume of 
the mixture between two obstacles in presence of an open 
area at the bottom. The volume has dimensions h, s, and b 
respectively for height, spacing between obstacles and 
width of the channel. 


Initially, when the geometry factor plays the most 
important role, after each obstacle with BR = 0.5 the 
visible flame velocity roughly increases two times. The 
more obstacles are used, the more efficiently the flame 
accelerates. In closed channels, the visible flame speed V 
can be estimated as follows: 
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Fig. 6. Schematic of the control volume for flame 


propagation in an obstructed layer of gas mixture 
 
V = σ·Uf·(Af/A0).  (2) 
 


where Af is flame surface area and A0 = h·b is the flow 
cross-section. Under partially vented conditions, the 
expanding combustion products push the flow in the main 
direction of the channel and also partially through the vent 
area. Reduction of the thermal expansion as a flame 
acceleration potential has an effect only between the 
obstacles. The expression for the visible flame speed in a 
vented channel may be expressed similar to (2): 


 
V = σ·Uf·(Af/A1),  (3) 
 


where A1 = h·b+K·s·b is a total effective flow cross-section. 
The product s·b is the full downward vent area and K is an 
effective discharge coefficient which takes into account the 
real discharge area (K ~ 0.5 at an average position of the 
flame between the obstacles). Assuming the same flame 
velocity Uf and flame surface area Af at critical conditions 
for flame acceleration or deceleration for closed and vented 
geometry yields: 


 
σ*/(h·b+K·s·b) = σ0*/h·b.  (4) 
 


where σ*, σ0* are the critical expansion ratios for cases 
with and without venting. This yields the following 
expression for the critical expansion ratio in a semi-
confined layer as function of obstacle spacing and layer 
thickness. 


 
σ* = σ0*(1+K·s/h).  (5) 
 
This expression is similar to the empirical correlation 


plotted in Fig. 5, which defines a boundary between slow 
and fast flame propagation regimes. This means that for 
small obstacle spacing and large layer thickness the critical 
expansion ratio σ* in semi-confined layer approaches the 
value in a closed channel, which is σ0*=3.75 for hydrogen-
air mixtures at ambient pressure and temperature. Since the 
width of the channel does not play a role in 2D geometry, 
the ratio s/h can also be considered as a dimensionless 
measure of vent area. We do not discuss flame instability in 
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our model, but these phenomena are part of the problem, 
because it is implicitly included in the value for σ0*, which 
is a function of the Zeldovich and Markstein numbers (see 
[1]). 


 
III.C. DDT and Detonation Propagation 


 
The detonation preconditioning zone is generated 


between the leading shock wave and the flame front due to 
flame acceleration, interaction between the advancing 
shock waves and their diffraction and reflection from the 
obstacles. The problem in a semi-confined geometry is that 
the size of the detonation preconditioning zone has to be 
larger or the mixture has to be more reactive than in a 
closed geometry, in order to compensate for an effects of 
energy or pressure losses through the free boundary. This 
means that a thinner layer of a combustible mixture needs a 
more reactive mixture to be detonated than a thicker one. 
Since the energy losses and the mixture reactivity are 
reciprocally correlated with respectively the layer thickness 
and the detonation cell width λ, the dimensionless ratio of 
the layer thickness over the detonation cell width h/λ can 
be expected to be a constant value for the critical 
detonation conditions. Figure 7 shows that this 
dimensionless layer thickness for the critical conditions for 
a detonation onset is more or less the same for three 
investigated layer thicknesses, h/λ = 13-14. This value 
agrees very well with our previous experiments performed 
on a smaller scale facility, h/λ = 7-15. 
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Fig. 7. Critical conditions for DDT in the relationship 


between the dimensionless layer thickness and hydrogen 
concentration: detonation (open points); no detonation (solid 
points) 


 
Another limitation of detonation propagation in an 


obstructed channel is not conditional on the presence of a 
free boundary as in the case of semi-confined layer. This 
effect relates to the local energy and momentum losses 
when the detonation propagates through a small orifice 


even in a fully confined geometry. It was found in previous 
studies that the critical orifice diameter for detonation 
propagation is d/λ > 1 [9] for an obstructed channel with a 
blockage ratio BR = 0.3-0.43. With increasing blockage 
ratio, the critical dimensionless orifice diameter increases 
to d/λ > 3 (BR = 0.6) and d/λ > 10 (BR = 0.9) [10-11]. 
This effect occurred for the mixture with 20%H2 in air and 
a layer thickness of 0.6 m. According to the critical 
conditions for a semi-confined layer, the ratio h/λ = 13.5 
for this mixture and layer thickness and a detonation 
transition was expected. However, due to spatial 
restrictions for the passage of the detonation through the 
orifice with d = 60 mm, the detonation could not be 
sustained in this test, nor were any cellular structures 
created on the sooted plates. Only in a test with mixture of 
21% H2, a layer thickness h = 0.6 m and a ratio d/λ ≈ 2 did 
a detonation occur. Close to the critical d/λ ratio, the 
detonation propagated in an unstable regime with 
detonation failure just beyond an obstacle, followed by 
detonation re-initiation. 


Figure 8 shows several sooted plates obtained for an 
unstable detonation of the critical mixture (22%H2). The 
detonation fails just beyond the obstacle because of energy 
losses during the detonation diffraction through the orifice. 
Due to decoupling of the detonation structure, the precursor 
shock wave runs away from the reaction zone and the 
cellular structure vanishes. At some distance, the flame 
accelerates again and detonation is re-initiated as a sharp 
interface between light and dark parts on the sooted plate. 
Since the detonation reinitiates within the highly pre-
compressed zone it results in an overdriven detonation, 
which produces a finer structure of detonation cells. For 
example, the detonation cell sizes in this zone are much 
smaller than the size of 25 mm typical for a steady state 
detonation in a 22% H2-air mixture. 


 


 


 


 
D  


 Fig. 8. Sooted plates of detonation decay and re-initiation 
process (22% H2 in air, h = 0.6 m, d/λ ≈ 2.5, h/λ = 24). Obstacle 
is on the right side, the detonation propagates from right to left. 


Failed 
detonation


Detonation 
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A quite similar, but better resolved, picture was 
obtained by Ohyagi et al. [12] for the case of a detonation 
diffraction and re-initiation behind a backward-facing step. 
This geometry simply reproduces one cell between two 
obstacles according to our geometry. The sooted plate in 
[12] also shows a well pronounced white region of failed 
detonation zones, a very high contrast re-initiation 
interface, followed by fine cellular structures of an 
overdriven detonation. By comparison, in our process we 
had the cumulative effect of a diffracted detonation in a 
multiple orifice structures. Such a cumulative effect is quite 
similar to that shown in Fig. 8, with the difference that the 
solid wall of the duct [12] plays the role of another 
detonation diffraction process from a neighboring orifice in 
our case. Only in the case of a dimensionless orifice size 
d/λ > 5 might the quite steady detonation propagation 
occur without the detonation decay-re-initiation process. 
This results in a continuous cellular structure recorded on 
the sooted plates (Fig. 9) without any failed detonation 
zone and re-initiation patterns with characteristic cell size 
of about 10 mm which is close to the calculated values (see 
Table 1). Of course, we cannot say that this pattern 
demonstrates uniform cellular structure but such irregular 
cellular structure is a property of hydrogen-air mixtures 
[10]. 


 


 
  
Fig. 9. Sooted plate from a steady-state detonation  
(27% H2 in air, h = 0.15 m, d/λ = 5.17, h/λ = 12.9). 
 


III.D. Pressure Loads and Mechanical Response 
 
The pressure load is an integral characteristic of the 


flame propagation process. A higher flame velocity leads to 
higher pressure loads. The characteristic pressure and flame 
velocity were experimentally measured as average values 
for the well established flame propagation regime. It 
follows from the experimental data analysis, that the 
maximum combustion pressure in the thin semi-confined 
layer is almost a linear function of the characteristic flame 
velocity. Characteristic flame velocities of the order of the 
speed of sound, as well as maximum pressures of about 5-
20 bar, may lead to strong internal damage to the obstacles. 
Since the layer of hydrogen-air mixture is located inside the 
safety vessel, the pressure wave affects the obstacles, the 


cylindrical shell of the vessel and various parts of the 
hemispherical cover. The maximum strains in the shell of 
the vessel A1 with 8 cm wall thickness did not exceed 200 
μm/m in this case. This value is ten times less than the 
maximum tensile strain of 0.2% for the steel structures. The 
strain measurements provided information about safety 
factors remaining for full detonation experiments. 


 
IV. SUMMARY AND CONCLUSIONS 


 
The paper presents the first results of a large-scale 


experimental investigation on deflagration and 
deflagration-to-detonation transition (DDT) in obstructed 
semi-confined flat layers of uniform hydrogen-air mixtures. 
The effects of mixture reactivity and layer thickness on the 
flame propagation regimes were investigated in order to 
derive critical conditions for sonic flame propagation and 
detonation onset. 


Effective flame acceleration up to sonic speed depends 
on the mixture reactivity and gas layer thickness h. The 
expansion ratio σ was used as a potential for effective 
flame acceleration. Depending on the layer thickness, the 
flame accelerates to the sonic velocity in reactants (Mr > 1) 
at different hydrogen concentrations: 


 
h = 0.15 m for 26% H2  (σ > 4.63) 
h = 0.3 m for 19% H2  (σ > 5.42) 
h = 0.6 m for 15% H2  (σ > 6.6) 
 
A linear correlation between the critical expansion 


ratio σ* for fast flame propagation in a flat layer and the 
reciprocal layer thickness 1/h was derived from the data 
and theoretical considerations: 


 
σ* = σ0*(1+K·s/h).  (5) 
 
Sonic flames in semi-confined layers propagate with 


speeds of sound in reactants (Mr~1) or two times slower 
than in closed channels (Mr~2). Since the flame velocity 
reaches the sonic speed, a detonation in a thin layer can 
occur. The detonation onset in a semi-confined layer of a 
given H2-air mixture might occur if the layer thickness is 
13-14 times larger than the detonation cell size: h /λ > 13 – 
14. 


The detonation is suppressed or fails if the orifice size 
is smaller than three detonation cell sizes (d/λ < 3 for BR = 
0.5). Close to the critical orifice size, the detonation can be 
re-initiated again at some distance beyond an obstacle. This 
results in unsteady detonation propagation in a semi-
confined geometry, which still produces high pressure 
loads. 
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Abstract – This paper recalls the main design features of new large HTR-Power-
Plants and shows that all goals of Professor Schulten’s initial ideas were realized. 
Today, European and in particular German industry has had very good experience, 
knowledge and technology foundations for the design and safe nuclear operation of 
large HTR power plants up to the highest of capacities. Electrical power with very 
high thermodynamic efficiency can be produced as well as high temperature gases for 
operation of chemical processes; e.g. to synthesize hydrocarbon fuel from abundant 
feedstocks such as coal, biomass or recycled CO2. 


 


1. The Basic Design Features of   Pebble Bed 
Reactors in Germany  


 
The German development of HTR-Reactors was mainly 
initiated by Prof. Dr. Rudolf Schulten`s ideas. He started 
this technology early in the 1950’s and 1960’s while 
employed by Brown Boveri, in cooperation with Krupp 
by “BBC/Krupp Reaktorbau GmbH”. 


Main Basis of his ideas and main design features 
are: 


• Spherical graphite fuel elements, called pebbles, 
which contain the fission material. 


• Graphite as main construction material for the 
core. 


• A safe integrated reactor concept with helium as 
cooling gas. 


 
The first experimental reactor was the AVR-46-MWth- 
Experimental reactor Jülich, Germany, Fig. 1, Jülich,  
Germany. 
As early as in 1966 the basic design of the THTR-300, 
Fig.9,  was initiated as demonstration reactor.   
 


The goal at all the time and still today is the 
construction of an inherently safe nuclear power station 
with outstanding safety. The basic nuclear physical 
design should not permit an uncontrolled intensification 
of the nuclear fission process. No graphite dust is 


Figure 1. The AVR-46 MWth Experimental Power
Station. 
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allowed, to leave the integrated inner reactor system 
uncontrolled.   


 
2. The Pebbles as Fuel Elements 


 
The most important components of a nuclear power 


station are the fuel elements. They contain the fissile 
material for generating the energy. The more robust the 
fuel elements are, the safer the nuclear power plant. The 
main material of the pebble fuel element is graphite. The 
spherical pebbles have a diameter of 6 cm while the 
diameter of the inner fuel is 5 cm.  


Embedded in the graphite matrix are approximately 
15,000 coated particles (CP) in one pebble. The CP’s 
were developed over a long period of time with 
international cooperation from companies in the United 
States, Great Britain, The Netherlands, Australia, France, 
and Germany. They have a diameter of 0.9 mm. The fuel 
kernel is gastight and is encapsulated by three layers of 
hard and pressure-resistant PyC-SiC-PyC, the so called 
“TRISO Elements”, Fig. 2.  


 
The TRISO Elements avoid fission and decay 


products (radioactive waste) which are the sources of 
dangerous radioactivity. The coating prevents the fission 
materials from hazardous substances and keeps them 
safely contained. In addition the coatings do not 
deteriorate, even under high pressure and they do not 
corrode. In every kind of final storage, gamma radiation 
is generally insignificant in long term. It decays very 
quickly. The basic concept of a fuel element of the HTR 
reactor is to eliminate risk and minimize sources of 
dangerous material through multiple layers of 
containment. 


The output of the power plant depends on the 
number of pebbles. The pebbles form a “pebble bed”, in 
the core, and they are loaded from above and withdrawn 
from below. The reactor is thus operated by means of 
continuous charging with fuel elements. The continuous 
operation of a pebble bed reactor makes it possible to 
achieve a very high utilization of the fuel elements, uses 
the fissile material very efficiently, and allows 


continuous operation for a long period of time without 
shutting down for fuel element changing. 


The pebbles have proved in long time operation as 
excellent fuel elements. They have many advantages in 


comparison with other designs.  Continuous operation 
over 8760 hours/ year is possible for several years. No 
shut down for exchange of fuel elements is necessary. 


Modern HTR TRISO fuel particles have been shown 
to retain fission products during normal operation and 
under accident conditions.1 


The quality level of the German fuel produced in the 
1980s set a world-wide standard, which was later 
followed by other countries active in HTR fuel 
development.2 
 


3. Operational Results of the AVR 
 


The design of the AVR started in the early 1960s and 
attained its first criticality on August 28, 1966. First 
electric power was produced on December 18, 1966. A 
cross-section of the AVR reactor is shown in Fig. 3. 


The inner graphite core structure of the AVR is 
shown in Fig. 4. The core diameter is 3 m and is 
surrounded by the graphite reflector, the thermal shield, 
the inner pressure vessel, the first bio shield and the 
outer pressure vessel.  The main components are the 
steam generator, the cooling gas blowers, Fig. 5, the 
shutdown rods, the fuel feed system shown in Fig. 6 -


Figure 2. TRISO-Fuel Elements and coated particles.


Figure 3. Section through the AVR primary circuit. 
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extraction system of the pebbles-, and  the fuel cycle, 
Fig.7  and the helium gas cleaning circuit. 


 
 


The AVR was in operation for more than 22 years. 
The main operational results are: 
 


• The simulation of a loss-of-coolant accident. 
The blowers were stopped, the shutdown rods 
were blocked, and the electrical supply was 
placed out of operation. This was the simulation 
of a worst case scenario. First experiment was 
done in 1967. Gas temperature was 850°C with 
a power output of 46 MWthe. This can cause the 
most severe type accident for a nuclear power 
station as occurred in Chernobyl. The core and 
graphite temperatures had been measured and 
the experiment showed that in the case of  a 
loss-of-coolant accident, decay heat can be 
removed from the core without forced cooling 
and without causing unacceptably high 
temperatures in the surrounding components. 
Thesecond tests in 1976 supplied extensive data 


material for the testing of computer program 


Figure 4. Section through the AVR primary circuit. 


Figure 6. The fuel extraction system. 


Figure 5. Gas cooling blowers. 


Figure 7. Basic diagram of the fuel cycle. 
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simulations. Cooling gas temperature was 
950oC. These experiments   demonstrated that 
the reactor was “inherently safe”. Fig.8. 


• A similar test was done and proved with the 
HTR-10 in China, with the same success. 


• One major incident happened with the steam 
generator.  The steam generator was designed 
with four separate circuits, to provide the ability 
to shut down one circuit in case of leakage. In 
this situation, high pressure hot water or steam 
leaked into the helium gas. This only occurred 
on time. The problem was identified in a short  
time and the reactor  was shut down. The 
control concept for water ingress accidents 
worked well. This was the only serious incident 
which occurred in all the years of operation. 
The reactor was out of operation for many 
months and after repair the steam generator 
worked without problems and at its full capacity 


of 15 MWel. 
• All other components worked safely and were 


tested under normal conditions in the 
laboratory. Primary and final testing was 
performed under helium conditions in the 
reactor. All these tests indicated a lot of 
problems and difficulties that could only be 
solved after quite expensive and extensive 
testing. However, a lot of experience in the field 
of helium technology was gained. During 
operation, all components could be repaired by 
use of special, newly designed devices to help 
to protect operational personnel from 
radioactivity. These devices worked very well 
and many repairs could be performed during 
operation of the reactor.  


• The radioactivity of the helium gas in the 
primary circuit was as low as 360 Curie. 


• The fuel feed and discharge system showed 
excellent availability.   2,400,000 fuel elements 
were transported during the time of operation.  


Only 220 fuel elements were destroyed 
resulting in only 0.0092% of the handled 
elements being ruptured. 


• During the operation in 22 years no accidents 
with radioactivity exposure occurred with 
personnel nor with the environment.     


• The AVR was an excellent test reactor for a 
variety of different fuel elements with different 
kinds and compositions of U and Th. A 
complete survey of all fuel element types, 
inserted and tested in the AVR is given in 
/5,10/. 


• The operational time of  the AVR  in spite of 
experiments, was 66.4%. The highest 
availability was 92% in 1976, an outstanding 
result for a very new design. 
 


 AVR was shut down for political reasons on 
December 31, 1988. All current and planned tests with 
fuel elements were stopped, which was a very poor 
decision for future development of HTR-reactors.  


 
4. The THTR-300 in Hamm-Uentrop / 


Schmehausen 
 


The basic design of the THTR-300el demonstration 
reactor was started in 1965, Fig. 9. When the decision 
was made to construct the THTR, no prior experience 
from the AVR could be brought forward since the AVR 
was not yet in production. Even so, it was a bold 
decision to construct a new reactor with such a high 
capacity as follow-on concept to the AVR and up to now 
it was the right decision. 


The main design differences of the THTR to the 
AVR were: 


• Pre-stressed concrete pressure vessel instead of 
steel. The dimension was 16 m in diameter and 
18 m high and was designed this way mainly 
for safety reasons. A model with a scale of 1:20 
was designed and tested by water pressure. First 
very small cracks occurred at a pressure 


Figure 8. Loss-of-Coolant Accident Test results. 


Figure 9. The THTR-300 MWel Demonstration
Power. Station in Schmehausen, Germany. 
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between 90-120 bar. The main crack was 
reached at 190 bar. After pressure drop to 40 
bar the vessel was nearly gastight again. 


• A closed inner circuit for the He cooling gas to 
avoid the release of fission products and 
graphitic dust which for example could be 
partially contaminated with Sr-90, Cs-137, 
and/or Ag. 


• No containment. 
• Helium gas flow from top to bottom. 
• TRISO pebble fuel elements. 
• All other components such as blowers, fuel 


element feeding, helium gas circuits, steam 
generator, graphite structures, etc. were 
designed very similar to the components in the 
AVR.  
 


Later calculations of the reactor core showed that 
the diameter of the core was too large and the shutdown 
rods in the surrounding graphite structure could not cool 
down the fuel bed to the necessary low temperature in 
case of a shutdown of the reactor. Up to this time no 
experience was available with the behavior of the 
graphite core structure in long time operation. Therefore, 
a decision was made to insert the shutdown rods into the 
fuel bed with the danger that fuel elements could be 
crushed. Also, a decision was made to design a new 
extraction device for the pebbles which was very 
different from the extraction device used by the AVR. 
Both of these decisions were made without any prior 
experience of similar designs. These both decisions were 
discovered to be mistakes after the power plant was put 
into operation. There was no nuclear risk at all, but the 
operation led to difficulties. The rupture of pebbles was 
0.6%, very high compared to the results of the AVR at 
0.0092%. 


The positive results of the operation of THTR-300el 
are as follows: 


• HTR power stations can be operated and 
connected to the network in the same way as 
conventional plants. 


• Rupture of fuel elements does not increase the 
radioactivity of the helium cooling gas. 


• Thermodynamic efficiency can be as high as in 
the best conventional power plants, two times 
intermediate reheating of the steam is possible. 


• The nuclear and radiological safety of personnel 
and the environment is excellent. 


• No radiation injuries, neither in the AVR nor in 
the THTR-300, occurred. 
 


5. New Design of large HTR-Reactors with 
Ring-Cores 
 


The longtime operational experience of the AVR and 
despite the relatively short period of 3 years operation of 
the THTR, many important discoveries were generated 
from these  two plants which are necessary for the design 


and construction of new and future commercial HTR 
power plants. It is possible to design plants with higher 
capacity up to 4,000 MWthe, and it will be possible to 
operate them with very high efficiency and reliability. 
So new HTR power plants can be designed with the 
same high capacity as the most modern PWR-Gen.IV 
power stations.  


The experiences with graphite structures in the AVR 
and THTR-300 were excellent. Therefore this core 
design may not   produce any problems. The designs in 
AVR and THTR had been constructed without any 
experience as first time solutions. Now we have a lot of 
long time experience and additional design possibilities 
to construct graphite cores with very high stability. An   
internal inspection of the graphite structure of the AVR 
after more than 22 operational years showed not  the 
smallest shift of  graphite blocks. Furthermore the 
development of graphite as suitable material in HTR-
Reactors has made good progress in the meantime.   


.  


The main design features for this very new concept 
must be: 


• TRISO pebbles as fuel elements.1,2 


Figure 10. New Design of a Ring Core Pebble Bed 
Reactor. 
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• Use of U-235 together with Th-232 to breed U-


233. 
• Pre-stressed concrete pressure vessel; 
• New design of a Pebble-Bed-Ring-Core /PBRC/ 


with several extraction devices for the pebbles, 
Fig. 10.  


• An additional advantage of a Ring Core is the 
better and more regular/symmetrical flow of 
pebbles through the core. This leads to higher 
burn down of the pebbles and better cooling of 
the complete pebble bed. 


• Shut down rods, only inserted in the graphite 
structures.  


• He/He-heat exchangers in the interior of the 
pressure vessel. 


• Outside steam generators, He/H2O for use in 
power plants to produce electrical energy in 
steam turbine generators as well as high 
temperature gases for operation of chemical 
processes, e.g. to synthesize hydrocarbon fuel 
from abundant feedstocks,  such as coal or  
biomass,   to produce, for example, liquid fuel 
or for high temperature heat in a variety of 
chemical plants. 


• All other components are similar to the 
components used in the AVR and THTR power 
plants. So they may not produce difficult 
technical problems. 


• Inherent safety features of the reactor are 
paramount.  As twice tested in the AVR and in 
the HTR-10. A major accident is not possible 
for nuclear physics reasons. 


  
• In case of an accident the rest-heat of the core 


can be removed by the heat exchangers and by 
the water cooling system of the liner.  


  
At the end of operational life of the reactor, all 


radioactive components can be stored in the concrete 
pressure vessel. This is one of the main experiences to 
store the radioactive components very safely in the 
concrete   pressure vessel of the THTR, now for more 
than 22 Years. All of the burned out pebbles used in the 
AVR and THTR power plants are currently stored in cast 
iron “castor” containers in Ahaus, Germany. The 
measured radioactivity outside the containers is as low as 
0,001mS. Temperatures in the interior of the containers 
lower than 50° C are measured.  
 
All experiences and the design shows, that all safety re-
evaluations for HTR-concepts3, proposed by R. 
Moormann,-FZ Jülich-, in 2008, which caused large 
political trouble in Germany in 2009, were already 
considered and solved in the design of THTR-300. He 
did not refer in his paper to the design of the THTR-300 
with a single argument. So there is not a single new 
proposal or understanding in this report with regards to 
the existing knowledge in 1966. (Moormann refused 


several demands to discuss his paper. The management 
of Fz-Jülich had been recommended by writing to 
withdraw this paper, as it is a disgrace. No answer, no 
comment up to now.)  
 
Remains the question of possible problems with the 
Non-proliferation Treaty –NPT- , as PU may be produced 
by burning U238. The experience is, that PU is only 
produced as long as the pebbles are not nearly fully 
burnt-up. Extensive calculations and test were done in 
ZA 4 showing, that combinations of PU 
238/239/240/241/242, U235, Fissile PU i.e.PU 239 and 
PU 241 and Th can be burnt together in coated particles. 
So a Pebble Bed HTR can be used to burn-up PU. The 
design of the pebbles fuel cycle –Fig.7- shows, that 
every single pebble can and will be measured to the 
degree of burn-up. So with a HTR Pebble Bed Reactor 
the disposal of PU can be very extensively controlled, as 
each pebble can be treated individually. So very detailed 
and full control of PU disposal is guaranteed and 
possible by inspection. 
 


Further this experience proves that all problems of 
safe long-term final storage of burned fuel elements, 
components and other waste can be solved by this 
integrated concept of a new HTR power plant. No 
external storage or transportation of fuel elements or 
other radioactive material is necessary. 


 
The engineering design of this concept is still 


completely available with the basic know how of all 
parts, circuits and components of AVR and THTR, as 
well as all fundamental documents for approval of all 
authorities for erection and operation. 5,6,7  


 


6. Summary and Conclusions. 
 
Future designs of HTR-Reactors should/must have 


the following important design elements, mainly for 
safety reasons: 


• Inherently safe design.  
• No melting of the core is possible.8  
• Gastight integrated helium circuit. 
• Smaller reactors with one central core can 


be designed with steel vessels, -example 
AVR-,  


• Larger reactors up to highest capacities 
should be designed with pre-stressed 
concrete pressure vessels, example THTR-
300. 


• Pebble-Bed-Ring-Core /PBRC/ for higher 
capacities. No shut down rods into the 
pebble bed. 


• Pebbles as fuel elements with TRISO 
coated particles. 


• Small room is necessary to store the fuel 
elements. 


• Safe against heavy earthquakes. 
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• Safe against terrorism and other 


greater/heavier accidents. 
• Very good and simple control of nuclear 


material e.g. PU. 
 
This design will have the following main economical 
advantages: 
 


• High primary helium gas temperatures up to 
1100o C; 


• High He-primary and secondary gas/steam 
temperatures make it possible to reach high 
efficiency in secondary processes. 


• High gas temperatures are the basic to install on 
secondary site  l  chemical processes to produce  
e.g. hydrogen and/or liquid fuels.  


• No shut down of the power plant for 
exchanging of fuel elements. 


• Combination of producing electric power and 
heat for heat supply for different kinds of 
following processes. 


• Thermodynamic water/steam circuit up to two 
times intermediate reheating of the steam. 


• Thermodynamic efficiency as high as in 
conventional power plants  


• Very high burn up of nuclear material. 
• Use of Th 232 in combination with U 235 to 


produce U 233. 
• Breeding of new nuclear material.  
• Very good possibility to handle and store 


radioactive material, the pebbles included, in 
the power station. 


• Long time storage of radioactive material is 
possible.  


• No transportation of radioactive material 
outside the power station is necessary. 


• Burn-.up and “disposal” of PU included 
Weapons-PU.  
 
 


This concept of an HTR makes it possible to build a 
nuclear power station without any danger of a major 
accident and promises high efficiency and longtime 
operational periods. The integrated design makes it 
possible to avoid any radioactivity outside the power 
station. After final shut down all radioactive waste, 
including the pebbles can be stored inside the concrete 
parts of the station. No radioactivity can or should be 
detected outside the plant. So this design will have the 
highest possible safety standard.8,9 
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Abstract – The RELAP/SCDAPSIM/MOD3.5 code, designed to predict the behavior of reactor 
systems during normal and accident conditions, is being developed as part of the international 
SCDAP Development and Training Program (SDTP).  RELAP/SCDAPSIM uses publicly 
available RELAP5/MOD3.3 and SCDAP/RELAP5/MOD3.2 models, developed by the US Nuclear 
Regulatory Commission, in combination with (a) new SCDAP modeling options, (b) integrated 
uncertainty analysis, (c) advanced programming and numerical techniques, and (d) integrated 
graphics displays.  Many of the new modeling options, including a) an improved fuel rod gap 
conductance model (b) expanded options for SCDAP electrically heated fuel rod simulators and 
(c) an expanded shroud model were added to support the design and analysis of bundle heating, 
melting, and quenching experiments being performed in Europe and Russia. This paper will focus 
on the assessment of the expanded shroud model.  The model will be described and compared to 
the results of a representative bundle heating and quenching experiment performed at the German 
Research Center in Karlsruhe. 
 


 
 


I. INTRODUCTION 
 
RELAP/SCDAPSIM1,2,3, designed to predict the 


behavior  of reactor systems during normal and accident 
conditions, is being developed at Innovative Systems 
Software (ISS) as part of the international SCDAP 
Development and Training Program (SDTP).4,5   
RELAP/SCDAPSIM uses the publicly available 
SCDAP/RELAP56 models developed by the US Nuclear 
Regulatory Commission in combination with proprietary (a) 
advanced programming and numerical methods, (b) user 
options, and (c) models developed by ISS and other SDTP 
members.  


Section 2 provides a brief description of the capabilities 
of the code along with a brief summary of the new SCDAP 
modeling options. Section 3 describes the Quench facility 
and the Quench-06 experiment7, one of the experiments used 
in the testing and assessment of the code.  Section 4 
describes the assessment process along with the 
representative results from a code-to-data comparison for the 
Quench-06 experiment. Section 5 gives the conclusions. 


 
II. RELAP/SCDAPSIM/MOD3.5 


 
RELAP/SCDAPSIM is designed to describe the overall 


reactor coolant system (RCS) thermal hydraulic response 
and core behavior under normal operating conditions or 
under design basis or severe accident conditions.  The 
RELAP5 models calculate the overall RCS thermal 
hydraulic response, control system behavior, reactor 
kinetics, and the behavior of special reactor system 
components such as valves and pumps.   


The SCDAP models calculate the behavior of the core 
and vessel structures under normal and accident conditions.  
The SCDAP portion of the code includes user-selectable 
reactor component models for LWR fuel rods, Ag-In-Cd 
and B4C control rods, BWR control blade/channel boxes, 
and general core and vessel structures.  The SCDAP 
portion of the code also includes models to treat the later 
stages of a severe accident including debris and molten 
pool formation, debris/vessel interactions, and the 
structural failure (creep rupture) of vessel structures.  The 
latter models are automatically invoked by the code as the 
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damage in the core and vessel progresses.  
The new SCDAP modeling options important to the 


design and analysis of bundle experiments include (a) an 
improved fuel rod gap conductance model, (b) 
improvements in the electrically heated fuel rod simulator 
model, and (c) improvements in the shroud model.  The 
improved electrically heated fuel rod simulator model now 
includes the option to model tantalum heater elements in 
addition to the tungsten heater elements historically used 
in the Quench and other European bundle experiments. 


  The improved shroud models include enhanced user 
options to simulate some of the unique features of 
experimental facilities including options to better simulate 
the influence of the thermal-mechanical failure of the 
experimental shrouds during high temperature and 
quenching conditions.   


 
III. THE QUENCH FACILITY 


 
III.A. The Quench Facility 


 
      Figure 1 shows the test section of the Quench 
facility.  The typical Quench test bundle consists of 21 
fuel rod simulators. The fuel rod simulators are 
manufactured using annular ZrO2 pellets containing a 
central tungsten heater element. The cladding on each fuel 
rod is Zircaloy-4.  Twenty of the 2.5 m long fuel rod 
simulators are heated over a length of 1024 mm.  The 
central rod is not heated.  Water is injected into the lower 
plenum of the test train.  Argon is also injected in the 
upper plenum region and outer cooling jacket to help 
protect the low temperature portions of the test train and to 
insure adequate flow to the instruments at the outlet of the 
test train.  Figure 2 shows a cross-section of the bundle 
and insulating shroud. Figure 3 shows a  detailed 
representation of a simulator rod and Figure 4 shows a 
detailed representation of an unheated central fuel rod.   


The bundle is heated electrically via tungsten heaters.  
Electrodes of molybdenum/copper are connected to the 
heaters at both ends of the simulator rods.  The power in 
each simulator can be adjusted. The four corner rods in the 
test bundle, white rods on the figure, are made of Zircaloy 
and can be removed during the experiment to monitor 
oxide growth. The test bundle is surrounded by a Zircaloy 
shroud with a thick ZrO2 fiber insulation from the bottom 
to the upper end of the heated zone.  A double walled 
stainless steel cooling jacket surrounds the entire length of 
the test bundle. The annulus between the shroud and 
cooling jacket may be filled with stagnant argon.  


The simulators are held in position by five grid spacers.  
The four upper grid spacers are manufactured of Zircaloy 
and the bottom one of Inconel.  The rods are monitored 
for failure as well as temperature at multiple locations in 
the test bundle.  Hydrogen release, mass flow, and 
temperature are monitored continually during the 
experiment.   


  A more complete description of the experimental 
facility can be found in References 7, 8, and 9. 


 


 
 
Figure 1. The Quench test section with a fuel rod simulator 
bundle, shroud, and cooling jacket. 


 
 


Figure 2.  Quench bundle, placement of the simulator 
rods. 
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Figure 3. Detail representation of a heated simulator rod. 
 


 
  Figure 4. Detailed representation of the central unheated 
fuel rod.  
  


III.B. Quench-06 Experiment 
 


The Quench-06 experiment, conducted at 
Forschungzentrum Karlsruhe on December 13, 2000, was 
the sixth in a series to understand the phenomena 
associated with quenching during the course of a severe 
accident. This experiment, OECD International Standard 
Problem 45, was chosen as an assessment problem since   
a considerable quantity of data is available for code to data 
comparisons and verification and validation of the models 
in the code. 


The Quench-06 experiment consisted of one 
preparatory phase and four operational phases, depicted in 
Figure 5. In the preparatory phase the bundle was heated to 
one level and filled with argon and steam in order to check 
the instrumentation and the test procedure. The operational 
phases were: (a) the heat-up phase, where the bundle was 
heated to an intermediate temperature level (~1400 K); (b) 
the preoxidation phase, where the temperature was kept 
constant up to the time at which the maximum oxide layer 
reached the experiment designed value; (c) the transient 
phase, where the bundle temperature was increased to the 
designed experimental value for the onset of the quenching 
phase; and (d) the quench phase, where the steam supply 
was stopped and water was added from the bottom to 
simulate reflood of a reactor core. 


 
  Figure 5. Quench-06 Electrical Power History.  
 


As in typical QUENCH experiments, the bundle was 
heated by a series of stepwise increases of electrical power 
from room temperature to nearly 900 K in flowing argon 
(3 g/s) and steam (3 g/s) prior to time t = 0. The bundle 
was stabilized at that temperature for about two hours 
keeping the electrical power at 4 kW. During that time the 
operation of various systems were checked. Shortly before 
the end of this phase data acquisition was started. 


At the end of the stabilization period the bundle power 
was increased stepwise to 10.5 kW to reach an appropriate 
temperature for pre-oxidation (~1500 K). That temperature 
was maintained for approximately 1 hour until the desired 
oxide layer thickness of ~220 μm was attained. At the end 
of the pre-oxidation period, 6610 s, power at a rate of 0.32 
W/s was initiated to start the transient phase of the test. A 
corner rod was withdrawn 10 s into the transient phase to 
measure the clad oxidation. During the heat-up, pre-
oxidation and transient phase the bundle was cooled with 
flowing steam and argon at a mass flow rate of 
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approximately 3 g/s. The inlet temperature varied between 
607 K and 650 K. 


Quenching was initiated when two rod thermocouples 
showed temperatures exceeding 2000 K. The quench 
phase began at 7179 s with the shutdown of the steam 
supply and the initiation of quench water injection. Four 
kilograms of water was injected, filling the lower parts of 
the facility in four seconds.  At the same time the quench 
pump started injecting water at room temperature from the 
bottom of the test section into the hot bundle at a rate of 
approximately 42 g/s.  Twenty five seconds after the 
initiation of quench, electrical power was reduced from 18 
kW to 4 kW within 17 s. Quenching of the test section was 
completed within 260 seconds with the termination of 
quench water injection and electrical power. During the 
quench phase argon injection was switched to the upper 
plenum to continue providing carrier gas for quantitative 
hydrogen detection. 
  


IV. THE ASSESSMENT METHODOLOGY AND 
RESULTS 


 
IV. A. RELAP/SCDAPSIM Model of the Quench 6 


Experiment 
 


The model used in this study is based on an input 
deck developed by H. Plank10.  A nodalization scheme for 
the model is shown in Figure 6.  The main test section 
and the upper and lower plena, along with the argon and 
water flow through the shroud, are modeled using RELAP 
volumes, while the inlet and outlet pipes are treated as 
boundary conditions.  Five SCDAP components are 
modeled, representing the fuel element simulators, 
instrument rods, and shroud. 
  


 
  Figure 6. Model Nodalization Overview.  
 


The composition of the shroud is of particular interest 
for the purposes of this work.  In the heated section, the 
shroud is composed of a ZrO2 fibre insulation between an 
inner surface of zircaloy and an outer surface of stainless 
steel.  The insulation does not extend from the heated 
section into the upper plenum.  The insulation is replaced 
with argon in the lower part of the plenum, and in the 


upper part direct water cooling is used.  The radial 
nodalization of the heated section of the shroud is shown 
in Figure 7.  The same nodalization is used in the upper 
plenum, with material substitutions made as needed.  


 


 
  Figure 7. Shroud Radial Nodalization in Heated Section.  


 
 The fuel element simulator model in 


RELAP/SCDAPSIM includes a constant external electrical 
resistance input, which is used to account for the resistance 
between the power supply and the electrode.  The 
application of this external electrical resistance is also 
important to this work. 


 
IV. B. External Electrical Resistance and Shroud 


Insulation Thermal Conductivity 
 


The results of simulations of Quench-06 are sensitive 
to two parameters in particular, which are subject to a 
relatively large degree of uncertainty.  The thermal 
conductivity of the shroud insulating material in the heated 
section is not characterized well at high temperatures, and 
further, may be affected by thermal expansion of shroud 
components along with penetration of steam into the 
ostensible argon atmosphere.  This material property has 
a large impact on the radial heat losses from the test 
section.  The nominal thermal conductivity of the shroud 
insulation is shown in Figure 8. 


 


 
Figure 8. Nominal Shroud Insulation Thermal 


Conductivity. 
 


Electrical resistance outside of the test section 
impacts the power delivered to the heated zone.  This 
resistance comes from the sliding contacts, the wires 
leading from the contacts to the power supply, and the 
screws fastening the ends of the wires to the power supply.  
These values are not all quantified.  The sliding contacts 
have been measured to have a resistance of approximately 
0.5 mΩ, however data on the other sources of resistance 
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are not available beyond the fact that FZK has used a 
constant external resistance of 4 mΩ to simulate the 
experiment9.  


Simulations of Quench-06 are performed with the 
parameters of shroud insulation thermal conductivity and 
external electrical resistance varied between 50% - 300% 
of nominal and 1 mΩ – 8 mΩ, respectively.  The sheath 
temperature of the inner heated fuel element simulators at 
an elevation of 950mm (near the top of the heated section), 
at 6000s, is used as a figure of merit in comparing these 
simulations.  6000s is shortly before the transient phase 
of the experiment, when temperatures had reached a 
relatively stable state.   


Figure 9 shows the variation in temperature over this 
range, with contour lines representing constant 
temperature with variation of these parameters.  In 
QUENCH-06, two thermocouples were in the 
corresponding location; and at 6000s they read 
temperatures of 1510 K and 1470 K.  These temperatures 
are shown in dotted lines on the figure. 
 


 
Figure 9. Contour Plot of Simulated Inner Heated Rod 


Temperature With Varied External Electrical Resistance 
and Shroud Insulation Thermal Conductivity 


 
The ranges considered for these parameters may be 


unrealistically large; however, due to the lack of available 
information on the topic, presentation of this full range is 
deemed appropriate.  If further information regarding the 
range of uncertainty of each of these parameters is 
postulated, the data used in Figure 9 may be post-
processed to produce more succinct uncertainty plots.  
For example, if a ‘top hat’ uncertainty distribution is 
assumed for each of the parameters, with the shroud 
insulation conductivity varying between 150% and 250% 
of nominal, and the external electrical resistance varying 
between 1.5 mΩ and 2.5 mΩ, the spread of simulated 
temperatures shown in Figure 10 is predicted. 


 


 
Figure 10. Probability Distribution of Temperature, 


Top-Hat Uncertainty Distribution of Parameters 
 
If a triangular uncertainty distribution is applied to 


each parameter with the same bounds and a centrally 
located peak, the distribution of temperatures shown in 
Figure 11 is predicted. 


 
Figure 11. Probability Distribution of Temperature, 


Triangular Uncertainty Distribution of Parameters 
 


In both cases, the most probable temperature is 
located between the values measured by the two 
corresponding thermocouples.  As stated earlier, however, 
there is a lack of information on these parameters, and 
some other distribution of these parameters may be more 
appropriate. 
 


IV. C. Upper Plenum Shroud Thermal Conductivity 
 
Similarly to the heated section, the thermal 


conductivity of the shroud in the upper plenum both has a 
large impact on radial heat losses, and is poorly 
characterized.  Above the insulated region, the shroud is 
filled with argon for much of the upper plenum’s height.  
As temperatures rise, it can be assumed that heat 
conduction across the shroud is dominated by radiative 
heat transfer and convective flow rather than conduction, 
due to the relatively low thermal conductivity of the argon.  
The RELAP/SCDAPSIM shroud model is not capable of 
capturing this behaviour, so it must be accounted for by 
increasing the thermal conductivity.  Figure 12 shows the 
impact of increasing the thermal conductivity in this part 
of the shroud to account for convection and radiation. 
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Figure 12. Impact of Thermal Conductivity in the Shroud 
at the Upper Plenum on the Axial Temperature Profile of 


the Inner Heated Rods 
 
Although the difference between the temperature 


profiles of the two simulations is not overly large at 6000 s, 
the difference is amplified during the transient phase when 
zircaloy oxidation plays a larger role in the total power.  
The result is a difference of over 100 degrees K in the 
upper plenum between the two simulations, and an over-
prediction of hydrogen production if radiation and 
convection are not accounted for.   


 
IV. D. Reference Case Results 


 
In order to compare the model to the experiment, 


reference values were chosen for the external resistance 
and thermal conductivity.  2 mΩ was used for the external 
resistance, and 185% percent of the nominal thermal 
conductivity of the shroud insulating material.  In the 
upper plenum the thermal conductivity was defined to 
account for convection and radiation.  While some 
differences may be noted between the simulation and the 
experimental results, reasonable agreement was achieved 
between the two. 


A comparison between the simulated and measured 
temperature transients of the inner heated rods is shown in 
Figure 13.  Thermocouple B failed at approximately 
6730 s, and the data from thermocouple A is somewhat 
erratic, however the general trend is that the temperatures 
at this elevation are predicted well until the later stages of 
the transient phase, at which point the rapid temperature 
increase seen in the experiment is under-predicted. 


 


 
Figure 13. Temperature Transient of Inner Heated Rods at 


950 mm Elevation 


 
Figure 14 displays the axial variation of temperature 


along the inner heated elements at 6000 s.  The over-
prediction of temperatures at 850 mm and below is 
consistent over different shroud thermal conductivities and 
external resistances.  Although this deviation from the 
experimental findings cannot be explained through the 
uncertain parameters being considered in this work, the 
deviation is small enough that the results can be 
characterized as in reasonable agreement with the 
experiment. 


 


 
Figure 14. Axial Temperature Profile of Inner Heated Rods 


at 6000 s. 
 
This over-prediction of temperatures below 850 mm 


has a significant impact on hydrogen production.  As can 
be seen in Table 1 and Figure 15, the elevated temperature 
profile of the simulation results in an overprediction of 
hydrogen production during the heat-up and pre-oxidation 
phases, due to the increased area of zircaloy at the 
requisite temperatures.   


 
Table 1. Hydrogen Production By Experimental Phase 
 


Heat‐up 
Pre‐
oxidation  Transient 


Experiment  3.8 g  14.7 g  13.4 g
Simulation 5.9 g  24.4 g  17.4 g


  Quench  Total 
Maximum 
Rate 


Experiment  3.7 g  35.6 g  0.24 g
Simulation 2.7 g  50.3 g  0.11 g
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Figure 15. Hydrogen Production Rate and Integral Over 


Duration of Experiment and Simulation.  
 
At 6640s, one of the instrument rods was withdrawn 


to determine the thickness of the oxide layer.  A 
comparison of the simulated and experimental axial 
profiles of oxide thickness is shown in Figure 16.  The 
impact of the axial temperature profile shown in Figure 14 
is evident. 


 


 
Figure 16. Axial Oxide Thickness Profile of Instrument 


Rod 6640 s. 
 


IV. E. RELAP5 Table Material Property Input Option 
 
The new option to input material properties using 


RELAP5 tables was used throughout this analysis.  The 
new option was tested by comparing the results of 
simulations using the matching material data, but defined 
with the new and pre-existing input styles.  The new 
input style was found to yield the same results as the older 
style.  The new input capability allows users greater 
flexibility in defining material properties, with the 
capability to define properties at up to 99 user-defined 
temperatures. 


The added capability was not found to have a 
significant impact on the results of simulations of the 
Quench-06 experiment.  Due to its exponential nature at 
high temperature (resulting from the T4 dependence of 
radiation heat transfer), the defined thermal conductivity 
of the argon substitute in the upper plenum experiences the 
largest proportional corrections from a greater density of 


points – however the argon is part of a composite shroud, 
whose other components have a much lower thermal 
conductivity at high temperatures.  Hence, moderate 
changes in the thermal conductivity of the argon substitute 
at high temperature do not have a major impact on the 
overall heat conduction through the shroud.  Although 
significant improvement in simulations was not seen as a 
result of the new material input properties in this situation, 
the added flexibility is sure to be a valuable asset in other 
cases. 


  
V. CONCLUSIONS 


 
Reasonable agreement was achieved between 


experimental and simulated results for Quench-06, after 
appropriate material properties and external resistance were 
implemented.  An investigation of the sensitivity of the 
simulated results to these uncertain parameters was carried 
out, with experimental results falling within the range of the 
simulated results.  The expanded shroud input capability 
was found to be useful, and had results that agreed with the 
pre-existing input style;  but the added capability did not 
have a significant impact on the results. 


Further study of the sensitivity of the thermal 
conductivity of the insulation and the external resistance 
may be called for, through comparison to other 
experiments performed at the facility.   
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Abstract ─ The recent change in the long-term Italian energy policy is mostly characterised 
by the objective of achieving 25% of electricity generating capacity from nuclear by 2030. In 
the hypothesis of a once-through fuel cycle strategy and the deployment of thermal nuclear 
systems, in this paper, an Italian scenario was defined and discussed as a case study with the 
objective of investigating the peculiarities in modelling this nuclear energy system 
architecture by means of two scenario codes meanwhile verifying their results with respect to 
key indicators such as natural uranium consumption, spent nuclear fuel (SNF) stockpiles, 
plutonium and minor actinides (MA) inventories. In particular the DESAE code (Dynamic 
Energy System-Atomic Energy), a tool developed within the INPRO project (International 
Project on Innovative Nuclear Reactors and Fuel Cycles) of the IAEA ( International Atomic 
Energy Agency) and the NFCSS IAEA code (Nuclear Fuel Cycle Simulation System) were 
applied. 


 
 


I. INTRODUCTION 
 


In 2008, Italy’s gross total primary energy supply 
(TPES), not taking into account the imported electricity, 
amounted to 182.5 million tonnes of oil equivalent [1]. 


Practically all the positive import/export balance of 
energy sources, accounting for about 84% of the total 
energy demand of Italy, was constituted of fossil fuels. In 
total, fossil fuels contribute for a value close to 91% to the 
total Italian energy needs [1]. These numbers clearly 
depict a country with an energy mix conflicting both with 
security of energy supply as well as climate change issues 
[2, 3]. The need of long term energy policy was mandatory 
in the perspective of more strict limits in greenhouse gases 
(GHG) emissions are recommended by EU and to 
maintain the competitiveness of Italian industry in the 
global market. Besides various actions undertaken to 
reform the Italian electricity sector, in 2009, a new law re-
designed the long term energy policy, clearly stating the 
key role played by nuclear in tackling climate change and 
supporting country development [4]. A 25% nuclear share 
in the electricity generation mix by 2030 is one of the most 
ambitious announced objectives [4, 5]. This could allow, 
together with renewable sources expansion a sharp 
reduction of electricity generating fossil source from 
current 76% to 50% [4].  


In this paper an Italian case study was defined and 
studied by means of two scenario codes: DESAE 2.2 code, 


a tool developed within the activity of the International 
Atomic Energy Agency INPRO project and by means of 
the NFCSS code developed by the IAEA itself [6-9]. The 
investigated Italian scenario deals with thermal reactor 
systems in the hypothesis of extending current once-
through fuel cycle strategy for the whole timeframe that is 
up to the end of the century. The focus of this paper, 
besides the comparison of current and advanced light 
water reactors (LWR & ALWR), was mainly to 
investigate the different modelling of studied scenario by 
the just mentioned codes. 


 
II. ELECTRICITY FROM NUCLEAR: PERSPECTIVES 


 
In 2009, the Italian electricity demand amounted to 


320.3 TWh, secured for about 86% by domestic 
production while missing 14% by the balance of electricity 
import/export with neighbouring countries, see Fig. 1 [10]. 
The composition of gross domestic production from 
conventional energy sources amounted to about 76%, 
hydro and renewable sources constituted the remaining 
24%.  


The main conventional energy sources contributing to 
the net domestic electricity production were natural gas 
(66.4%), coal (16.7%) and oil (6.6%) [10]. 


At the end of 2009, the net electricity generating 
capacity was 95.3 GWe with a mean power available at 
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peak of 67 GWe, see Fig. 2. While, on one hand, the new 
generating capacity installed after 2003 improved the 
capability to manage seasonal peaks of demand, see Fig. 2, 
on the other hand, the electricity sector is still strongly 
dependent on import of primary sources, furthermore Italy 
has one of the highest share of imported electricity among 
developed countries [4]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Energy sources for electricity demand (Italy –2009) [10] 


  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Net electricity generating capacity (Italy 2000-2009) [9] 
 
 


Besides the security of electricity sources, 
environmental issues emphasized by the high share of 
fossil fuel and competitiveness, due to the high price of 
electricity paid by industrial consumers, are of concern. 
Moreover the high share of natural gas exposes Italy’s 
economy to possible market crisis as recently experienced. 
In 2009, the Italian Government launched a new long term 
energy policy aiming at promoting the capability of Italy 
to meet future commitments on GHG emissions reduction 
meanwhile improving the national competitiveness and the 
security of energy sources. Nuclear technology is 
fundamental in the declared strategy and a 25% nuclear 
electricity generating capacity by 2030 was announced [5]. 


To meet mentioned requirements, International 
Agencies foresee a value of installed nuclear capacity 
between 7 and 20 GWe, at 2030. On this basis, a value of 
10 GWe installed nuclear capacity at 2030 was assumed in 
the herein discussed scenario [11]. Once-through option is 


adopted with a nuclear fleet composed of either LWRs or 
ALWRs. 


 
III. SCENARIO CODES: DESAE AND NFCSS 


 
As previously mentioned, calculations were 


performed by means of the DESAE code, a software 
developed at the Kurchatov Institute to support the 
activities of INPRO, and by means of the NFCSS IAEA 
code for the analysis of nuclear scenarios [6-9]. 


import
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DESAE code (ver. 2.2) It allows to predict financial 
and materials resources needed for a sustainable nuclear 
energy policy at country, regional and global level.  


The analysis is performed on user-defined deployment 
scenarios where reactors, fuel cycle facilities and energy 
demand projections are properly defined. It allows to study 
both open and closed fuel cycles (U-Pu, U-Th, Pu-Th and 
other combinations) taking into account uranium and 
thorium recycling. The code does not perform burnup or 
core management calculations so that fresh, equilibrium 
and spent core isotopic composition are required, however, 
the code makes available to the user a set of reactor 
models, among them LWR and ALWR applied in this case 
study. The code deals with 18 nuclides, i.e. 230Th, 232Th, 
232U, 233U, 234U, 235U, 236U, 238U, 238Pu, 239Pu, 240Pu, 241Pu, 
242Pu, 237Np, 241Am, 244Cm, 129I, 99Tc, with one additional 
variable accounting for the remaining fission products 
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Three types of spent nuclear duel (SNF) storage 
facilities are considered in the code implementation. 


Storages at NPP: spent fuel goes to these repositories 
after the irradiation in the reactor for a period fixed via the 
cooling time input variable. This type of storage is 
associated to each reactor system. SNF, immediately after 
discharge, is placed into the first element of an array. Used 
fuel from the last array element of this repository is then 
moved to the reprocessing plant storage in case a closed 
fuel cycle is considered.  


Temporary spent fuel storage: spent fuel goes to 
temporary storage after cooling in NPP storages. A single 
repository accommodates SNF from all NPP storages 
considered in the scenario. The average isotopic 
composition and volume are corrected at each time step, 
see Tab. 1. 


Reprocessed fuel storage: fuel goes to reprocessed 
fuel storage after being reprocessed and separated into 
element groups. 


TABLE I 
Nuclides decay modelled in DESAE 


Element Isotope Decay T1/2 


Tc 99 β 2.1×105 years 
I 129 β 1.57×107 years 


Th 230 α, SF 7.54 × 104 years 
U 232 α 68.9 years 
Pu 238 α, SF 87.7 years 
Pu 241 β 14.4 years 
Am 241 α 432.2 years 
Cm 244 α 18.1 years 
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The code performs calculations of materials 
consumption, for example iron, copper, zirconium, 
allowing the possibility to extend this analysis to user-
defined materials not comprised in the standard database. 
Each scenario takes into account up to seven different 
nuclear energy systems (NESs) and four recycling plants 
for closed cycle option. With this regards reprocessing 
losses are not taken into account. 


NFCSS It is a software tool to estimate long-term 
nuclear fuel cycle material, service requirements as well as 
material flows. NFCSS (formerly known as VISTA), is 
being developed since 1996. The IAEA decided to further 
develop and disseminate NFCSS to the interested parties 
in Member States in 2003. 


Calculations can be performed in a country or 
worldwide nuclear power plant park to estimate natural 
uranium, conversion, enrichment and fuel fabrication 
needs. Furthermore, the quantities and qualities (isotopic 
composition) of unloaded fuels can be evaluated to let the 
user apply a recycling strategy if desired.  


Simplified approaches make then possible to estimate 
the long term fuel cycle service requirements for both 
open and closed fuel cycle strategies. The main 
assumption in the model is that it is possible to simulate 
the nuclear fuel cycle by using different types of reactors 
during the years. Commercially existing nuclear power 
plants are grouped into 7 types which are PWR, BWR, 
PHWR, AGR, GCR, RBMK and WWER. Different 
reactor types could be introduced into the system by the 
users.  


To perform simulations required input parameters 
may be grouped as follows:  


Strategy parameters – nuclear capacity and 
reprocessing-recycling strategies, reactor-type mix and 
load factors, etc., on an annual basis;  


Fuel parameters – average discharge burnup, average 
initial enrichment and tails assay, etc., on an annual basis;  


Control parameters – share of mixed-oxide fuel in the 
core of reactors using this type of fuel, lead and lag times 
for different processes, process loss coefficients, use of 
depleted or enriched uranium and the number of 
reprocessing cycles, etc., on annual basis. 


NFCSS tool is a two-layer computer model to 
calculate the overall nuclear materials flow as well as the 
individual nuclide discharge and accumulation in a nuclear 
fuel cycle option. In particular this latter objective is 
performed by the module named CAIN (Calculation of 
Actinide Inventory), see Fig. 3. Time during reprocessing 
as well as cooling time before reprocessing are taken into 
consideration in calculation of isotopic composition of 
reprocessed spent fuel. CAIN module estimates, through 
one-group neutron cross sections, the fuel composition 
after irradiation and cooling is described by means of 14 


nuclides:
235


U,
236


U,
238


U,
238


Pu,
239


Pu,
240


Pu,
241


Pu,
242


Pu,
237


Np, 
241


Am, 
242m


Am,
243


Am,
242


Cm and 
244


Cm. 
NFCSS tracks the nuclear materials flow in each of 


the processes of the modelled nuclear fuel cycle that is 
constituted of different reactors and fuel types including 


non-commercial fuel types, for example fuels bearing 
MAs. 


The modelling of fuel consists of two main categories: 
fuel from natural or from reprocessed material. This 
second option is mostly mixed oxide (U+Pu) fuel type 
currently the only commercially available nuclear fuel 
from reprocessed material. Other fuel types such as fuels 
containing thorium or fuels with minor actinides content 
could also be used to investigate innovative nuclear energy 
systems. 


In NFCSS, the heavy metal flow starts from its natural 
location to its end location which is spent fuel storage or 
HLW storage. NFCSS does not include final disposal of 
spent fuel in its model. NFCSS assumes zero waiting and 
process times for conversion, enrichment, fuel fabrication 
and reprocessing in calculating the nuclear material flow.  
  


IV. ITALIAN CASE STUDY SCENARIO 
 


The nuclear installed capacity investigated in this 
paper is resumed in Tab. 2.  
  


TABLE II 
Investigated case study: installed capacity (GWe) 


Transition 
point 2020 2030* 2070 2080 


Reference 0 10.0 10.0 0 


 
 


The hypotheses adopted in calculations are listed 
below: 


  
• scenario covers the period 2000 – 2100;  
• tails assay in natural uranium enrichment process is 


0.3%; 
• 80% for LWR and 85% for ALWR load factor. 
 


In NFCSS calculations other options were adjusted to 
adhere to the nuclear energy systems models implemented 
in DESAE code, in particular: 
 
• 4 yrs for LWR and 6 yrs for ALWR residence time; 
• specific power according to burnup and residence 
time; 
• initial and equilibrium core enrichment are coincident. 
 


In Tab. 3 values of some relevant parameters of LWR 
and ALWR as implemented in the DESAE code, are 
presented. Same models were introduced in NFCSS 
modifying existing ones. 
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TABLE III 


Deployed nuclear energy systems (DESAE) 


 LWR ALWR 


Reactor Capacity, GWe  1 1.52 
Heavy nuclei loading, t  78.7 133 
235U enrichment, wt%  4 4.9 
Fissile plutonium, wt%  - - 
Burn-up, GWd/tHM  45.0 60.0 
Unat consumption, tHM/ GWe·yr  170.6 153.8 
Excess fissile plutonium, kg/ GWe·yr 159.0 112.6 
SNF cooling time, yr  6 6 
Plant lifetime, yr  50 50 


 
 


V. RESULTS: FRONT END 
 


In Fig. 4 the electrical energy secured by LWRs and 
ALWRs are presented. These results, confirmed by both 
codes, show clearly the impact of the higher load factor 
assumed for ALWR scenario. In 2009 the Italy’s electrical 
energy demand was about 320 TWh, therefore, in the 
investigated case study produced nuclear electrical energy 
would represent nearly 22% of current energy demand. 


From Fig. 5 to Fig. 8, the annual natural uranium 
consumption and enrichment service requirement are 
presented. In general DESAE and NFCSS proved to be 
nicely in agreement regarding these front end indicators in 
the assumed once-through fuel cycle strategy. Estimated 
values are quite close irrespective current or advanced 
light water reactors are deployed. This latter statement is 
reasonable considering that, for ALWRs, the higher fissile 
content in loaded fuel is coupled with a higher fuel in-
reactor inventory. In the period 2030-2070, the annual 
consumption of natural uranium was estimated to be about 


1650 tHM with an enrichment service requirement around 
1000 metric tonnes-SWU. Moving to consider the peaks 
showed during the introduction of the planned nuclear 
park, a discrepancy of codes results was assessed. Limiting 
to LWR scenario, in 2030, NFCSS estimated 2321 tHM for 
annual natural uranium consumption and 1360 metric 
tonnes-SWU for the enrichment service, while values of 
2479 tHM and 1453 metric tonnes-SWU were respectively 
calculated by the DESAE code. DESAE results deviated 
by about 7% from NFCSS. 


These pronounced peaks are related to the fissile 
content in the initial core loading. Calculations were 
performed, according to standard DESAE, assuming the 
hypothesis that the enrichment of initial fuel core loading 
is coincident with the equilibrium one. 


NFCSS suggests that the fuel enrichment of initial 
core should accomplish a proper correlation depending on 
equilibrium and discharge fuel enrichment [9]. The initial 
enrichment should be lower than the equilibrium one so 
that peaks and related service needs, should be, in turn, 
reasonable lower than herein presented. The deviations 
found in codes results during the introduction of nuclear 
fleet could be explained by a different refuelling strategy, 
in particular in DESAE an additional refuelling step is 
accounted at the very beginning of in-pile irradiation 
somehow leading to the shown overestimation of NFCSS 
results. 
 
 
 
 
 
 
 
 
 


 
 


Fig. 3 Decay chains implemented in the CAIN module (NFCSS) 
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Fig. 4 Italian case study: electrical energy 
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Fig. 5 LWR: natural uranium annual requirement 
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Fig. 6 LWR: enrichment service annual requirement (metric 
tonnes) 
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Fig. 7 ALWR: natural uranium annual requirement 
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Fig. 8 ALWR: enrichment service annual requirement (in metric 
tonnes)  
 


VI. RESULTS: BACK END 
 


In Fig. 9 and 10 the SNF stockpiles calculated for 
LWRs and ALWRs are presented. Noted that the relative 
shift of shown curves is due to the different treatment of 
SNF storage where DESAE takes into account a delay due 
to the cooling time, the shown results suggest that the 
deployment of ALWRs is beneficial with about 20% 
decrease in SNF inventory. The values of SNF at 2100 
were 10147 and 7727 tHM for LWRs and ALWRs in the 
case of DESAE code, and 10443 and 8066 t, respectively, 
for NFCSS. The deviation of cumulative SNF calculated 
by NFCSS with respect to DESAE was about 3% and 4% 
for LWR and ALWR scenario. These results, opposite to 
above presented, are explained as follows. 


In Fig. 11 uploaded and unloaded fuel rate as 
calculated by both codes are shown for LWR scenario. In 
this figure it is noted that, during the steady state, uploaded 
and downloaded fuel quantity are coincident in NFCSS 
results while, in DESAE results, the annual downloaded 
fuel is lower than uploaded one. A possible explanation for 
this deviation, and in turn of the deviations noted in Figs. 9 
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and 10, could be related to the amount of fission products 
(FPs) not taken into account by DESAE in SNF inventory. 
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Fig. 9 Cumulative SNF for a LWR fleet 
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Fig. 10 Cumulative SNF for an ALWR fleet 
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Fig. 11 Fuel uploading and unloading rate (LWR) 


Also important for the analysis of back end is the 
isotopic composition of SNF. While NFCSS has a module 
that permits to estimate the composition of spent nuclear 
fuel at the EOL and after cooling, DESAE, not performing 
burnup calculations, provides, for each reactor, the 
composition of discharged fuel, then, after cooling, the 
evolution of a limited number of nuclides is performed, 
see Table 1. In this paper, a comparison of discharged and 
after cooling isotopic composition, limiting to some 
plutonium and MAs isotopes, was carried out. To this 
purpose, the results of NFCSS CAIN module were 
compared with the results of DESAE calculations, 
provided that a proper normalization was performed for 
this latter. As in this preliminary analysis no significant 
changes were envisaged between the DESAE isotopic 
composition of downloaded fuel and the isotopic 
composition of just stored SNF in the temporary 
repository, for this comparison it was taken into account 
the isotopic composition evolution of fuel in the SNF 
storage. The timeframe of this analysis was 6 yrs 
coincident with the selected cooling time. For the NFCSS 
calculations it was adopted an ORIGEN one-group set of 
cross sections, having as reference an average burnup of 
50 GWd/tHM. 


In Fig. 12 and Fig. 13 LWRs results are shown while 
in Fig. 13 and Fig. 14 ALWRs results are reported. 
Presented results deal with 238Pu, 241Pu, 241Am, 244Cm,. 


The isotopic composition of discharged fuel (year 
2027 in figures) was in reasonable agreement for discussed 
nuclides. The evolution of 244Cm and 238Pu proved to be in 
a good agreement, particularly for ALWRs. 241Pu and 
241Am results showed a noticeable deviation, in particular, 
for this latter, DESAE underestimated NFCSS values by 
nearly 70%. 
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Fig. 12 Isotopic composition evolution: 238Pu - 241Pu (LWR) 
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Fig. 13 Isotopic composition evolution: 241Am - 244Cm (LWR) 
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Fig. 14 Isotopic composition evolution: 238Pu - 241Pu (ALWR) 
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Fig. 15 Isotopic composition evolution: 241Am - 244Cm (ALWR) 
 


 
VII. DISCUSSION 


 
The results presented in this paper deal with a study 


having as reference Italy’s case. An installed nuclear 
capacity of 10 GWe and a once-through fuel cycle strategy 
was considered. To investigate this scenario DESAE and 


NFCSS codes were applied to either a LWR or an ALWR 
nuclear fleet. Front end results were in good agreement 
raising the need of a proper tuning of reactor models 
implemented in the applied codes, in particular the 
composition of initial core loading plays an important role 
in defining the peak of natural uranium and enrichment 
plant requirements during the introduction of planned 
nuclear park. 
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In general, codes calculations assessed that the 
performance of LWRs and ALWRs are very close for the 
front end requirements such as natural resource 
consumption and enrichment service. 


Back end results on SNF proved to be in good 
agreement with 3-4% deviations. Both codes confirmed 
the beneficial impact on SNF inventory with a reduction 
by about 20% if ALWRs are deployed. 


The discrepancies, however small, were mainly 
explained addressing differences in DESAE and NFCSS 
modelling concerning FPs treatment and refuelling 
strategy. The comparison of isotopic composition was not 
straightforward for several reasons. Different isotopic 
vectors are considered by DESAE and NFCSS. A 
completely different strategy is adopted for the isotopic 
composition of discharged fuel, user-defined tables, for 
DESAE, one-energy group calculations, for NFCSS. 
Furthermore, DESAE apparently does not make decay 
calculations through the cooling time before SNF goes to 
the temporary repository. Finally, if on one hand DESAE 
applies a simplified decay chains schema up to the end of 
simulation (2100), NFCSS does not perform isotopic 
composition evaluations for the used fuel stored in the 
final repository. All these aspects makes complex to 
compare given codes on this topic. It was decided to select 
plutonium and americium isotopes whose evolution in the 
SNF storage is estimated by DESAE. 


The estimation of MAs at the end of the century is 
troublesome, markedly for 241Am, as the DESAE code is 
expected to greatly underestimate the true inventory. 
Plutonium nuclides investigated (238 and 241) could be, 
with a certain accuracy, be evaluated via the DESAE code.  


 
VIII. CONCLUSIONS 


 
In this paper the results of two scenario codes, 


DESAE and NFCSS, respectively an INPRO and a IAEA 
code, applied to a case study on the announced renaissance 
of nuclear energy in Italy are presented. 


On the basis of the current structure of energy sector, 
concerns were raised on the Italy’s capability to tackle 
climate change issues coupled with the improvement of 
security of energy supply and competitiveness. The need 
of long term energy policy was mandatory in the 
perspective of more strict limits in greenhouse gases 
(GHG) emissions are recommended by EU and to 
maintain the competitiveness of Italian industry in the 
global market. A 25% nuclear share in the electricity 
generation mix by 2030, is one of the most ambitious 
announced objectives. This could allow, together with 
renewable sources expansion a sharp reduction of fossil 
energy source from current 76% to 50%. 
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The need of a safe and reliable nuclear technology 
makes light water reactor systems in an open fuel cycle 
strategy the most promising option for Italy’s case. 
Therefore, on the basis of International Agencies 
projections that foresee for Italy a value of installed 
nuclear capacity between 7 and 20 GWe, a value of 10 
GWe nuclear installed capacity at 2030 was assumed in the 
herein discussed scenario. LWR and ALWR nuclear 
energy systems were considered to implement the adopted 
scenario for nuclear energy demand. 


Dealing with front end requirements, codes results 
confirmed that the performance of LWRs and ALWRs are 
very similar for the natural uranium resource consumption 
as well as the enrichment service needs. 


Back end results confirmed that ALWRs have a 
beneficial impact, with a reduction by about 20%, on the 
overall SNF inventory. 


DESAE and NFCSS calculations agreed nicely on 
these conclusions provided that the tuning of NES models 
is performed, however some discrepancies were envisaged 
and further investigations are required. 


The comparison of isotopic composition of discharged 
nuclear fuel at the end of in-reactor irradiation and at the 
end of cooling time was performed on four nuclides. 
Preliminary results suggested that a reasonable agreement 
on the EOL values was assessed, while, dealing with after 
cooling values, deviations were found. Americium results 
showed a sharp deviation meanwhile plutonium and 
curium isotopes findings were still somehow close. 


On the basis that NFCSS does not follow the fuel 
isotopic composition through the temporary storage and 
the discussed deviations of DESAE results, especially 
regarding americium, the spent duel compositions at 2100, 
however calculated by DESAE, needs to be carefully 
verified. 
 


ACRONYMS 
 


ALWR  advanced light water reactor 
CAIN  Calculation of Actinide Inventory 
DESAE  Dynamic Energy System – Atomic Energy 
EOL  End Of Life 
EU  European Union 
FP  fission product  
GHG  greenhouse gases 
HLW  High Level Waste 
IAEA  International Atomic Energy Agency 
INPRO International Project on Innovative Nuclear 


Reactors and Fuel Cycles 
LWR  light water reactor 
MA  minor actinide 
NEA  Nuclear Energy Agency of OECD 
NES  nuclear energy system 
NFCSS  Nuclear Fuel Cycle Simulation System 
NPP  Nuclear Power Plant 
SNF  spent nuclear fuel 
SWU  Separative Work Unit 
TPES  total primary energy supply 
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INTRODUCTION 
 


Current practice within the nuclear power industry is to use performance discharge tests for condition monitoring to 
determine when a battery has reached 80% of its rated capacity which is considered the end of its service life.  A service 
test is used every refueling outage to verify that a battery can satisfy its design basis function as defined by the battery 
duty cycle.  A modified performance test is used at intervals of one-fourth the qualified life to satisfy the requirements of 
both the service and performance tests.  These types of battery discharge tests are described in detail in IEEE 450-2002 
(Ref. 1).   
 
As described above, the service test done every refueling outage (1.5 to 2 years) verifies the battery will satisfy its safety 
design function.  The battery is sized in accordance with IEEE 485 (Ref. 2) thus requiring at least a 25% aging margin 
so the battery will still meet the design function at the end of its service life.  In effect 80% of rated capacity is all that is 
required for the application and this is also the qualified condition for the battery according to IEEE 535 (Ref. 3) and 
IEEE 323 (Ref. 4).  Technically the other requirement is to trend capacity to determine the onset of degradation 
according to IEEE 450 (Ref. 1).  If both these requirements can be met with the proposed 80% Service Test done every 
refueling outage, then we will no longer need the varying service tests, performance tests or modified performance tests.  
The proposed 80% Service Test will use a discharge rate of approximately 80% of that used by the performance test to 
yield a percent capacity value for trending. Correction for initial electrolyte temperature will be done in the capacity 
calculation.     
 
The duty cycle duration for existing nuclear plants is in the 2 to 8 hour range.  Some of the new plant designs have duty 
cycle durations of 24 to 72 hours.  Discharges at the 72 hour rate to end voltage can cause difficulties with charge 
acceptance at the beginning of recharge for some batteries.  The proposed 80% Service Test would use a smaller 
discharge to yield a percent capacity value for trending and also reduce the risk of recharge issues.   
 
This paper presents the proposed test and its possible applications at the existing and future nuclear generating stations 
and non-nuclear facilities as well.  Some preliminary results are also provided.    
 


POTENTIAL BENEFITS 
 


A number of potential benefits to be gained by using the proposed test are as follows:  
 


• Additional discharge cycles during qualification could be eliminated thus reducing the qualification period for 
the 24 and 72 hour batteries from 3 years to 1 year.  The capacity removed by the 80% Service Test is less than 
or equal to that of the 8-hour rated capacity.  Thus the capacity removed in the testing is bounded by existing 
data.  


• Only one consistent test would need to be performed throughout the service life of the battery.  Performance 
tests and modified performance tests would no longer be required.  


• Capacity data would be available for trending every refueling outage.  Presently this data is available every 4 to 
6 years rather than every 1.5 to 2 years.    


• For non-nuclear applications the proposed test could reduce the time required to test and recharge the batteries, 
thus saving time and money.  
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However, all of this is contingent on proving the concept and getting the test approved for use.  These are no small tasks 
but we believe them to be worth the effort.  
 
 


DESCRIPTION OF PROPOSED TEST 
 
According to IEEE 450-2002 a service test is a test in the “as found condition” of the battery’s capability to satisfy the 
battery duty cycle.  In nuclear plants there may be more than one duty cycle involved for the various design scenarios.  
Therefore, the test duty cycle would be the most limiting duty cycle based on the magnitude and duration of the load 
steps as well as the minimum voltage requirements for the most critical step.   
 
In general the capacity removed from the battery during a service test is no more than 70% of its rated capacity for the 
duty cycle duration and can be less than 50%.  In addition the duty cycle can vary due to load changes throughout the 
service life.  Therefore, the current type of service test is not suitable for use in providing consistent percent capacity data 
for use in condition monitoring.  In addition a discharge rate of 80% of the published rate for a given duty cycle duration 
will provide consistent results for use in identifying the onset of battery degradation.   
      
Proposed 80% Service Test Profile 
 
The duty cycle profile for the proposed test is 80% of the published one-minute rate for the first minute followed by 80% 
of the published rating to the specified terminal voltage for the remaining duration of the duty cycle. Figure 1 below 
shows a typical 4 hour service test duty cycle with an 80% Service Test profile also shown for comparison purposes.  
 
 


960A for 1min
900


800


600


Load - Normal Duty Cycle
Amps


400  - 80% Service Test Duty Cycle


285.6A for 239min 80% Service Test 


200 240A for 239min Normal Duty Cycle


0
1 60 120 180 240


Discharge Time (minutes)


Nominal 8h Rating = 1800A-h


1 Min. Rtg to 1.81vpc = 1200A


4 hour rtg to 1.81vpc = 357A


A-h disch. by 80%ST = 1153.6 A-h 


 
 


Figure 1 – 80% Service Test vs. Normal Service Test 
 
 


Referring to Figure 1 the duty cycle for the 80% Service Test clearly bounds the normal service test duty cycle in both 
rate and time as required.  This ensures that the “as found” capability of the battery to satisfy its design function is 
verified each refueling outage.  For an “as found” test no equalizing charge is given, no temperature correction is made 
to the discharge rates and all battery connection resistance measurements are taken but no corrective actions taken unless 
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there is a possibility of permanent damage to the battery.  These requirements are described in more detail in IEEE 450-
2002.  All of these service test requirements are met by the proposed test.   
 
Comparison of Discharge Ampere-hours (A-h) 
 
For the normal service test shown in Figure 1, the ampere-hours discharged are calculated as follows:  
 


  hrsAmp
hm


AmAmAhd −=
×+×


= 969
/60


)2402398001(
   Equation 1 


 
 
For the 80% Service Test the ampere-hours discharged is calculated as follows:  
  


  hrsAmpAmAmAhd −=
×+×


= 6.1153
60


)6.2852399601(
  Equation 2 


 
In this case the ampere-hours discharged by the 80% Service Test are 19% higher than for the normal service test.  This 
difference accounts for the temperature correction factor and design margin.   
 
Impact on Battery Test Procedures 
 
To use the proposed test some changes would be required to the battery test procedures.  For example a new procedure 
for the 80% Service Test would be required.  The existing service test procedure could be retained for use in the unlikely 
event that an 80% Service Test failed later in the battery service life.  The performance test procedures would no longer 
be needed, but could be retained for backup if desired.    


 
CAPACITY DETERMINATION USING THE 80% SERVICE TEST 


 
Can an accurate and repeatable percent capacity value be determined using the results from a service test?  Not just any 
service test but a qualified yes if the proposed 80% Service Test is used.  However, we will perform proof-of-concept 
testing to collect the supporting empirical data.  The following discussion provides the technical justification for using 
the proposed 80% Service Test to determine capacity.  First a comparison to modified performance tests will be made 
and then the actual capacity calculation methodology will be presented.  
  
Similarities between 80% Service Test and Modified Performance Tests  
 
Referring to Section 6.3 and 6.4 of IEEE 450-2002 describing the modified performance test the following similarities to 
the 80% Service Test can be identified.   
 


• The discharge bounds the currents in the duty cycle for both tests. 
• The initial conditions for both tests would be identical.  
• Either test can be used in lieu of the normal service test at any time.  
• Batteries sized per IEEE 485 are acceptable if tested capacity is 80% or greater.   
• Jumpering (bypassing) of cells during either test is not allowed.   


 
There are some important differences as discussed below, using the Type 1 modified performance test for the 
comparison.    
 
Differences between 80% Service Test and Type 1 Modified Performance Test 
 
The first part of the 80% Service Test is similar to a Type 1 Modified Performance Test.  However, there are differences 
that must be considered. After the high rate discharge, the Type 1 Modified Performance Test is continued at the full 
rated performance test discharge to end voltage with the ending time being measured.  The ending time and the initial 
electrolyte temperature are used to calculate the percent capacity using the time-adjusted method from section 7.3.1 of 
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IEEE 450-2002.  After the high rate discharge, the 80% Service Test is continued at 80% of the full rating for the duty 
cycle duration with end voltage being measured.  The end voltage and the initial electrolyte temperature are used to 
calculate percent capacity using the rate-adjusted methodology from section 7.3.2.2.  The test discharge rate is not 
adjusted for temperature for either type of test.   
 
Percent Capacity Calculation for the 80% Service Test 
 
Refer to Figure 1 above.  The duty cycle will remain constant for the service life of the battery. In Figure 1, the duty 
cycle consists of the first minute at 960 amperes followed by the remaining 239 minutes at 285.6 amperes. Both ratings 
are based on the selected end voltage of 1.81 volts per cell average for this example.  As calculated above, the ampere-
hours discharged for the 80% Service Test in Figure 1 is 1153.6.  The two other parameters needed for the capacity 
calculation are average end voltage and initial electrolyte temperature.  The average end voltage is used to determine the 
rated ampere-hours for the given test duration.  This data is used in the capacity equation below. (Similar to that used for 
the Type 3 Modified Performance Test described in Annex I.3 of IEEE 450-2002.) 
 
    


  100% ×
−
××


= ∑
hRtdA


TIK
Capacity NNC     Equation 3 


 
Where:   KC = Temperature Correction Factor from Table L.2 of IEEE 450-2002 
  IN = Discharge current in amperes for section N 
  TN = Duration of section N in hours 
  N = Section numbers for each portion of discharge test  
  RtdA-h = Rated A-h to duty cycle duration for actual end voltage of test  
 
Using the example from Figure 1 and assuming an initial electrolyte temperature of 90°F and an actual end voltage of 
1.90 volts per cell (vpc) for the test, the capacity calculation is given below.  
 


• The temperature correction factor for 90°F read from Table L.2 is 0.94.  
• The rated capacity in ampere-hours at the 4-hour duration to 1.90 vpc at 77°F is read from the published data as 


271A x 4h = 1084A-h.   
• The ampere-hours discharged during the 80% Service Test calculated above equals 1153.6.  
• The percent capacity is now calculated as follows:  


 
 


  %100100
1084


6.115394.0% =×
×


=Capacity    Equation 3A 


 
This illustrates the percent capacity calculation for the 80% Service Test.  With a little math, the similarity to the rated-
adjusted performance test methodology can be seen. We can simplify the above equation by dividing both numerator and 
denominator by 4 hours which is the test duration.  This results in the following equation.  
 


%100100
271


4.28894.0% =×
×


=Capacity    Equation 3B 


 
For those of you familiar with the rate adjusted performance test, the capacity calculation formula from Clause 7.3.2.2 of 
IEEE 450-2002 is shown below.  
 


  100% ×
×


=
t


Ca


X
KXCapacity      Formula 7.3.2.2  


 
Where:   Xa = actual rate used for the test,  
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  Xt = published rating for time t,  
   t = time of test to specified terminal voltage,   
  KC = temperature correction factor (see Table 2, IEEE 450-2002).  
 
Comparing the terms between this rated adjusted formula and equation 3B above, the actual rate used for the test would 
be 288.4 amps. Referring to Figure 1 above, 80% of the 4 hour rating of the battery is 285.6 amps.  The difference 
between these two values is the ampere hours removed by the first minute peak spread across the 4 hour duration.  The 
published rating for a time of 5.93 hours to specified terminal voltage of 1.90 volts per cell is 271 amps which matches 
the value in equation 3B and the definition of Xt given above.  Therefore, the capacity calculation method for the 80% 
Service Test is basically equivalent to the calculation methods used for the Type 3 Modified Performance Test and the 
Rate-Adjusted Performance Test.  The obvious difference between the 80% Service Test and the Rated-Adjusted 
Performance Test is the first minute peak of 80% of the published one-minute rating.   
 
In addition to verifying that the design basis functions are met each outage, the terminal voltage at the end of the 80% 
Service Test and the initial electrolyte temperature would be used to calculate an equivalent percentage of rated capacity 
for use in condition monitoring.  This capacity trending would be used to identify the onset of degradation and to 
confirm that the battery meets or exceeds the qualified condition of 80% of rated capacity.  In this way both functions 
can be fulfilled by using the 80% Service Test throughout the service life of the battery.    
 


PROOF-OF-CONCEPT TESTING 
 


As with any technical proposal the final proof is confirmation by actual testing.  A summary of this testing is given 
below.   
 
Two nominal 12 volt vented lead acid battery strings representing existing and future nuclear plant applications will be 
discharge tested under a variety of temperatures and end voltages. Initial electrolyte temperatures ranging from 15.6 to 
35°C (60 to 95°F) and end voltages ranging from 1.75 to 1.90 volts per cell average will be used.   
 
The discharge testing will be performed using automatic battery discharge test equipment.  All tests will be fully 
documented with test equipment records and other documentation as required.  Test procedures will be in accordance 
with IEEE 450 and other industry standards.  
 
The test sequence for each voltage and temperature will consists of the following basic steps.  
 


1. Conduct an 80% Service Test and record the end voltage, but continue discharging at the same rate using the 
rate-adjusted performance test methodology until the end voltage is reached.  Note: No rate adjustment for 
temperature will be used. The temperature correction is done in the capacity calculation.  


2. Calculate the percent capacity for the 80% Service Test based on the end voltage for the service test adjusted for 
initial temperature using Equation 3 above.  This is the normal process that will be used for the 80% Service 
Test.  


3. Calculate the percent capacity for the performance test based on the rate-adjusted equation 7.3.2.2 from IEEE 
450 discussed above. This is the verification part used only for the proof of concept testing.    


4. Compare the percent capacity values from 2 and 3 above.  There should be a very close match between the two 
values for verification of the proposed test.  


 
Using the example shown in Figure 1 above and adding the performance test portion to the end of the 80% Service Test 
we can see how this testing would be done.  Figure 2 below shows the 80% Service Test from Figure 1 with the addition 
of a continued discharge at the same rate until the specified end voltage of 1.81 volts per cell average is reached.  This 
type of combined discharge test will be used for the proof of concept testing only.  The sample capacity calculations 
below illustrate the process that will be used for this testing.  
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960A for 1min
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800
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400
1.90vpc


285.6A for 239min 80% Service Test 1.81vpc


200
==Continue to end vpc=>


0
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Initial Temp = 90°F


Nominal 8h Rating = 1800A-h


1 min Rtg to 1.81vpc = 1200A


4 hr Rtg to 1.81vpc = 357A


A-h Disch by 80%ST = 1153.6 A-h


 
 
 


Figure 2 – Proof-of-Concept Test Example  
 
 


The capacity calculation for the 80% Service Test portion in Figure 2 was already shown above with a result of 100%.  It 
was also illustrated that a rate adjusted method of calculation would yield the same result.  Now we will apply the rate 
adjusted calculation to the full test carried to the end voltage of 1.81 volts per cell.  For illustration purposes, the end 
time of 356 minutes (5.93 hours) was chosen to match the 100% capacity above. Obviously, we won’t know the result 
before we do the test!  However, we can predict the expected results and then see if they are confirmed by test.  The 
calculation is given below.  
 


  %100100
271


94.05.287100% =×
×


=×
×


=
t


Ca


X
KXCapacity  


 
Those of you familiar with the published discharge data recognize the importance of accurate data across the range of 
times and end voltages involved.  The availability of this kind of data will be a condition for sample selection for the 
testing, especially for the longer 24 and 72 hour tests.   


 
PRELIMINARY TEST RESULTS 


 
The four hour proof of concept testing has been completed with a summary of the preliminary results tabulated below.  
The special 1.75VPC test was run without the first minute peak.  
 
  


Table 1 – Preliminary Test Results 
Parameter End Volts 


1.75VPC 
End Volts  
1.81VPC 


End Volts 
1.86VPC 


End Volts 
1.90VPC 


Special 
1.75VPC 


Percent Capacity – Initial Performance Test  100.6% 100.6% 100.6% 100.6% 100.6%
Calculated % Capacity – Svc Test Portion (C1) 101.3% 101.8% 101.1% 98.6% 100.1% 
Calculated % Capacity – Rated Adjusted (C2) 98.0% 98.6% 101.3% 98.6% 97.3% 
% Difference – (C1 - C2) / C2  3.4% 3.2% -0.2% 0.6% 2.9% 
% Difference – (C1 - Initial Capacity) 0.7% 1.2% 0.5% -1.4% -0.5% 
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Further analysis is being done on the data at this time. Seventy-two (72) hour testing has been started with the final 
results to be completed in 2011. 
 


 
 


POTENTIAL APPLICATIONS  
 


The proposed 80% Service Test is primarily intended for use in nuclear plants and especially for those having the longer 
24 and 72 hour duration duty cycles.  However, now that we have the “hammer in hand” so to speak, many things look 
like a nail!  For example many non-nuclear generating stations and substations presently use performance tests for 
trending of capacity.  The 80% Service Test could replace the performance tests in many cases.  Similar applications 
could be found in telecommunications facilities and data centers, depending upon the specific requirements of a given 
facility.   
 


SUMMARY 
 


• The proposed 80% Service Test has potential benefits worthy of consideration for use.  
• The technical justification has shown the capability of deriving capacity data from the proposed test. 
• Proof-of-concept testing is planned that will verify the capability of the proposed test.  
• Changes to nuclear plant technical specifications and procedures will be required to use the test. 
• Battery qualification testing would follow once the proposed test is approved for use.  


 
 
  


REFERENCES 
 


1.  IEEE Standard 450-2002 IEEE Recommended Practice for Maintenance, Testing, and Replacement of 
 Vented Lead-Acid Batteries for Stationary Applications 


2.  IEEE Standard 485-1997 (R2003) IEEE Recommended Practice for Sizing Lead-Acid Batteries for 
 Stationary Applications 


3.  IEEE Standard 535-2006 IEEE Standard for Qualification of Class 1E Lead Storage Batteries for Nuclear 
 Power Generating Stations  


4.  IEEE Standard 323-2003 IEEE Standard for Qualifying Class 1E Equipment  for Nuclear Power 
 Generating Stations 


919








Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11444 


 


 


Assessment of Subcooled Boiling Model in MARS and SPACE 


with Two-Phase Parameter at Low Pressure 


 
 


Jin-Hwa Yang, Ji-Hun Kim, Jong-Won Kim, Ji-Hwan Jeong and Goon-Cherl Park 
Seoul National University 


Gwanak _ 599 Gwanak-ro, Gwanak-gu, Seoul 151-742, Republic of Korea 
Tel.:+82-2-880-7588, Email: evo03@snu.ac.kr 


 
 


 
Abstract – The subcooled-boiling associated phenomena have a large effect on nuclear power 
plant safety since the behavior of vapor influences the heat transfer characteristics of a heat 
structure during postulated accidents. In this regard, it is essential to evaluate the performance of 
the models implemented in thermal-hydraulic system analysis codes under anticipated conditions. 
Most of subcooled-boiling correlations currently used in system analysis codes were developed 
under high-pressure conditions. The pressure may reduce to the range that cannot be covered by 
those correlations, however, when accidents such as a LOCA(Loss of Coolant Accident) occurs.  
The MARS developed in KAERI adopts SRL model to analyze the subcooled boiling flow. The SRL 
model performed better at low pressure range. On the other hand, the SPACE (Safety and 
Performance Analysis CodE) which is being developed in Korea as a best-estimate system 
analysis code adopts modified Saha-Zuber model. It is known that Saha-Zuber model was not 
suitable at low pressure range and was suggested to be modified to improve the performance at a 
low pressure range. Thus modified Saha-Zuber model needs to be evaluated for the case at low 
pressure by MARS benchmarks and experimental data. 
The radial and axial characteristics of two-phase flow parameters were experimentally measured 
in vertical concentric annulus for the subcooled boiling flow. The local void fraction and vapor 
velocity were measured by using two-conductivity probes at L/dh=58.4, 68.0, and 77.5 in heated 
section. The experiments were simulated using the SPACE code to assess the code concerning the 
prediction performance of subcooled-boiling at low pressure condition. The comparisons were 
made in terms of the area averaged void fraction. 


 
 


I. INTRODUCTION 
 
The phenomena in the subcooled boiling flow are 


being touched for the optimum design and the safe 
operation of engineering systems. Not only to improve the 
efficiency but to analyze the safety of such systems, 
understanding the complicated structure of two-phase flow 
is essential. Especially, in nuclear reactors, subcooled 
boiling phenomena in non-equilibrium condition could 
occur in hot channel or in transient state such as post-
LOCA (Loss of Coolant Accident). In subcooled boiling, 
the vapor fraction has a great effect on flow and heat 
transfer characteristics like pressure drops, flow rates, and 
stability of the reactor core. Therefore, for optimum design 
of nuclear systems, evaluation of the subcooled model in 
state of the art safety analysis codes, such as MARS and 


SPACE which are developed in Korea as a best-estimate 
system analysis code, is important. 


However, most available subcooled boiling models 
adopted in previous safety analysis codes were developed 
at high pressure conditions. Moreover, it has been reported 
that the original subcooled boiling model in the 
RELAP5/MOD 3.2 code underestimates the void fraction 
profile of two-phase flow at low pressure conditions 
(Koncar and Mavko, 2000; Hari and Hassan, 2002). Thus, 
the investigation into subcooled boiling for low pressure 
conditions has recently been raised as an important issue 
for the safety analysis of nuclear reactors, including 
experimental and theoretical research. 


As a part of the efforts to develop the subcooled 
boiling models for low pressure conditions, Thurston 
(1992) benchmarked RELAP5/MOD 3 (NRC, 1990) code 
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against several steady-state experimental data sets and 
Separated Effect Test (SET) data sets. As the results of the 
benchmark, the SRL (Savannah River Laboratory) 
subcooled NVG (Net Vapor Generation) model was 
developed and was adopted as default NVG model, instead 
of the Saha-Zuber (1974) and Lahey (1978) subcooled 
NVG model, in RELAP5/MOD 3.3 version (NRC, 2001). 
Also, the MARS code adopted the SRL model as the 
default subcooled NVG model in the MARS2.1 version 
(KAERI, 1995). On the other hand, SPACE adopted 
modified Saha-Zuber subcooled NVG model improved by 
Ha (2004). 


In this study, we concentrate the difference of 
subcooled boiling model of the MARS and SPACE codes, 
and make a comparison between the calculated void 
fractions from two codes with experimental benchmarks for 
evaluation. 


 
 


II. SUBCOOLED BOILING MODELS OF THE 
MARS & SPACE CODES 


 
Subcooled boiling, due to the non-equilibrium energy 


distribution, could be occurred when the average enthalpy 
of liquid is less than the saturated enthalpy of liquid with 
that the temperature of the wall generating heat to the bulk 
is higher than temperature of the liquid. In the wall voidage 
region, generated vapors grow up on the heated wall and 
are detached on the near wall. The detached vapors 
construct a thin vapor boundary layer. Depth of the vapor 
boundary layer is affected by number of evaporated vapors 
from heated wall, change of vapor size due to the collision 
and interface heat transfer between vapors and liquid. 
Generally, in the subcooled boiling flow path with heated 
wall, vapor generation rate exceeds the condensation rate 
because the wall heat transfer rate overtops the interfacial 
heat transfer rate. In that case the depth of the vapor 
boundary layer develops up to the threshold layer depth, 
detached vapors increase rapidly. The moment of sudden 
vapor increasing is defined as Net Vapor Generation 
(NVG) point or void departure point. In the safety analysis 
codes, the accurate anticipation of the NVG point is 
essential because heat transfer phenomena must be 
different before and after NVG point. Therefore, subcooled 
boiling model plays an important function in the safety 
analysis code. 


Subcooled boiling model consists of three parts as 
NVG model, nuclear boiling heat transfer correlation and 
pumping model. MARS & SPACE codes adopt Chen 
(1963) correlation for obtaining the nuclear boiling heat 
transfer coefficient. However, while the MARS code 
adopted the SRL model as the default NVG model in the 
MARS2.1 version (KAERI, 1995), SPACE adopted 
modified Saha-Zuber model improved by Ha (2004) as the 
default NVG model. Pumping model adopted in MARS is 


SRL pumping model as a modification and Bowring model 
as a default. In the SPACE, the Bowring pumping model is 
incorporated as a default. Table I indicates the subooled 
boiling models in the MARS and SPACE codes. 


 
TABLE I 


Subcooled boiling models of MARS & SPACE 


Code NVG 
Model 


Pumping 
model 


Heat transfer 
correlation 


MARS SRL 
Chen 


SPACE Modified 
Saha-Zuber Bowring 


 
 


II.A. NVG model of the MARS 
 


MARS 3.1 adopts SRL model as default NVG model. 
Eq. (1) is the critical enthalpy of SRL model. The critical 
enthalpy, hcr, is corresponding to the bubble departure point.  


 
 
 
 
                                                                                  (1) 


 
 
 
 


The pressure dependent multiplier, Fpress, is as follows: 
 
 
                                                                                 (2) 
 


36.894757 10 ,psiaP units conversion   
 
 
The multiplier is about one at low pressure and zero 


higher pressure. Therefore, this is utilizes in the SRL model 
for allowing the effect to be concentrated at the low 
pressure. In the SRL model, the wall evaporation rate is 
represented as: 


 
 
                                                                                  (3) 


 
 


f cr
s


f cr


h h
Mul


h h




  


 
min[1.0, 0.0022 (0.11262 ( 0.59224


(8.68227 ( 11.29044 4.253448))))]
gamF Mul Mul


Mul Mul Mul
     


      


  


 
( 70,000)


0.0055 0.0009


( 70,000)
455


p fs
f


press
cr


p fs
f


C
h St for Pe


F
h


C
h Nu for Pe



 


 
 



 



 
1.0782


1.015 exp / 140.75 / 28.0press
psia


F
P P



  
 


  
1


1
w w


W gam press
fg SRL


q A Mul F Mul F
V h 


   
           


1982







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11444 


  


 
In Eq. (3), the enthalpy ratio multiplier, Mul, is revised 


based upon the polynomial expression, Fgam. In addition, 
the multiplier, Feps, applied to the pumping factor to correct 
the effect of the density ratio at the low pressure condition 
as follows: 


 
 
                                                                                  (4) 


 


  
1.0min 1.0,


0.97 38.0 exp ( / 60.0) / 42.0epsF
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II.B. NVG model of the SPACE 
 
The modified Saha-Zuber model is adopted as default 


model in SPACE. The modified Saha-Zuber model is 
represented as follows: 


 
 
 
 
                                                                                 (5) 
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Ha (2004) suggested a modified pumping model used 


the  dimensionless theorem, however, pumping model 
adopted in SPACE is Bowring model which is used around 
in most safety analysis codes as base model.  


 
 
 
                                                                                  (6) 


 
 
 


III. BENCHMARK EXPERIMENTS 
 
Most correlations in safety analysis codes were 


developed at high-pressure conditions for commercialized 
nuclear reactors. Therefore, the investigation of low 
pressure flow boiling is required for the development of 
Small Modular Reactors (SMR) and for analysis of 
depressurized accidents even in large power reactors. 
Moreover, it has been reported that RELAP5 is poor at 
prediction at low pressure, low heat flux and low flow rate 


where the behavior of vapor is too sensitive to thermal non-
equilibrium and flow conditions (Zeitoun & Shoukri, 1997). 


Despite aforementioned importance, the experimental 
data for subcooled boiling at low pressure region are 
deficient. In particular, the local measurement of two-phase 
flow parameters along axial and radial direction in 
subcooled boiling flow is too rare. The local measurement 
of two-phase flow parameters makes it possible to evaluate 
not only subcooled boiling models but also individual 
variables consisting of those models fundamentally. 
Although some of those variables are too difficult to be 
measured accurately by averaging methods, in most 
researches, averaging measurements along axial direction 
were performed using γ-densitometer or experiments were 
conducted in air/water flow. 


Based on those evaluations with 3D measurements, 
more accurate subcooled boiling models can be developed 
and the interaction mechanism between constitutive models 
can be investigated. Hence, the 3D local measurement 
experiments of two-phase flow parameters along radial and 
axial direction are essential for developing the models for 
constitutive equations or validating the models in low 
pressure. 


In this study, we choose the 3D measurement 
subcooled boiling experiment, SNU’s experiments (Kim 
and Park, 2002) and 1D measurement subcooled boiling 
experiment, the McMaster University tests (1994) for 
evaluating the subcooled boiling models of MARS and 
SPACE codes. 


 
 


III.A. Test conditions of the experiments 
 


The test section of SNU experiment is a vertical 
concentric annulus of 2,870 mm long tube with a 1,840 mm 
long heated section made of inconel 625. The inner tube 
with 19 mm outer diameter is composed of two parts, a 
heated section with 1.5 mm wall thickness and copper 
electrodes silver soldered to both ends of it. The outer 
diameter of annulus tube is 40 mm for maintaining enough 
thickness during the bubbly flow regime. The heated 
section is uniformly heated by a 54 kW DC power supply. 


The experiments of 12 cases were performed with 
various ranges of the parameters to observe the influence 
along the conditions. Experiments were carried out at 
different amount of mass flux, 317 ~ 681 kg/m2s and heat 
flux, 96 ~ 358 kW/m2 with 0.1 ~ 0.2 MPa pressure ranges. 


The two-conductivity probe method (Lee and Park, 
2001) was applied for measuring the local void fraction. 
The two sensors were adjusted for a distance of 1.6 mm in 
the length-wise direction and were aligned in the channel 
axial direction. The two-conductivity probes were installed 
at three positions of L/Dh=77.5, 68.0, and 58.4 based on 
the heated section. 
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 In this study, the results of the 4 cases among the total 
12 cases were presented to evaluate the MARS and SPACE 
codes. The selected 4 cases were under the similar 
condition, relatively small subcooled degrees ( 14.7 ℃). 
The 3D measurement results as to void fraction will be 
discussed for understanding heat transfer phenomena of 
subcooled boiling. 


McMaster experiment’s test section is also a vertical 
concentric annulus consists of three sections. The middle 
electrically heated section of inner tube is a 12.7 mm outer 
diameter and 306 mm long thin-walled stainless steel tube 
with 0.25 mm thickness. This heated section is proceeded 
and followed by 340 mm and 500 mm long thick-walled 
copper tubes having 12.5 mm outer diameter. The entire 
inner tube is connected to a 55kW DC Power supply. A 
single-beam gamma densitometer was used for void 
fraction measurements. 


McMaster experiments were also conducted within 
various levels of parameters in the 0.1 ~ 0.2 MPa pressure 
ranges. For the various conditions could be evaluated, we 
choose the test conditions which were carried out at large 
subcooled degrees. The 1D measurement results of 
McMaster experiments will be presented with calculated 
results. Table II shows the selected test conditions for 
evaluation with calculated results. 


 
 


TABLE II 


Test conditions of the experiments 


Cases 
G 


[kg/m2s] 
q" 


[kW/m2] 
∆T sub 


[℃] 
Pinlet 


[MPa] 


SNU 


G1H1 339.637 96.701 12.4 0.130 


G1H2 334.585 135.493 13.6 0.150 


G2H3 655.803 177.353 12.1 0.155 


G2H4 652.754 259.093 14.7 0.170 


McMaster 
BC10 390.7 483.19 20.6 0.145 


BC12 224.46 592.69 22.5 0.120 


 
 


III.B. Results of SNU experiment 
 


 Figure 1. shows the axial and radial profiles of local 
void fraction. The void fraction is one of fundamental 
parameters that characterize the structure of boiling flow 
since it reflects the energy distribution of fluid and 
indicates the characteristics of other local parameters 


indirectly. As the dimensionless variable of the x-axis in 
those figures, (r-Rinner)/(Router-Rinner)=1 indicates the inner 
surface of the outer tube wall, and (r-Rinner)/(Router-Rinner)=0 
means the heated surface. In the experiments, the void 
fraction at the position less than 0.11 of (r-Rinner)/(Router-
Rinner) was not measured due to the probe geometry.  
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d) Case G2H4 
Fig. 1.Axial and radial distribution of void fraction 


 
The local void fraction decreases from the heated 


surface to the subcooled liquid core and from higher 
measuring section to lower measuring section. The peak 
point of the local void fraction is almost observed near the 
heated surface, and its value increases with the wall heat 
flux and axial position. However, it is found that the 
position of the peak of local void fraction in higher void 
fraction moves toward center of flow channel. This means 
the vapor boundary layer is developing and generating 
some large size vapors, caused by coalescence, which 
increases enthalpy of liquid core. If the void fraction 
increases about to 17% ~ 20%, the size of vapor becomes 4 
~ 6 mm and this fact implies that the flow pattern changes 
to slug flow with high void fraction.  


The radial distribution of local void fraction is affected 
by several forces. First of all, the liquid phase turbulent 
dispersion force makes a uniform distribution of void 
fraction. When the bubble is generated from the heated 
wall, it moves toward the subcooled liquid core by this 
turbulent force. Besides, wall lubricant force and bubble 
lift force also affect the bubble distribution significantly. 
The wall lubricant force on a bubble in proximity to the 
wall is explained that the liquid flows between the wall and 
the bubble becomes slow due to the wall shear stress, 
which increases the drainage rate on the opposite side. The 
asymmetry of the liquid flow rates around the bubble is to 
create a hydrodynamic force which acts to drive the bubble 
away from the wall. However, the force acts in close 
vicinity of the wall, and thus the bubble only existing near 
the wall tends to move away from the heated wall by this 
force. Lift force, which has been proposed by Zun(1980) 
and Drew and Lahey(1987), gives the largest influence on 
the bubble migration, and it acts on all of the bubbles 
existing in the flow channel. The direction and magnitude 
of this force depend on the liquid shear flow, relative 
velocity between two phase, bubble diameter and degree of 
deformation of a bubble. In addition to these non-drag 
forces, the bubble condensation effect should be taken into 


account for the explanation of void fraction profile in the 
subcooled boiling flow. If the condensation rate high in the 
subcooled liquid core, the migrated bubbles cannot 
contribute to the increase of the void fraction. By 
combination of all of these phenomena, the void fraction 
profile and location of the peak void fraction are 
determined (Yun et al., 2010). 
 Figure 2. shows the thickness of bubble boundary layer 
increases with axial position. And, it shows the existence of 
two distinguishable flow regions in the flow channel made 
by the thermal non-equilibrium of two phases. One of the 
regions is the bubble boundary layer as the two-phase 
region adjacent to a heated surface and the other is the 
subcooled liquid core. The bubble boundary layer of higher 
measuring position is thicker than that of low measuring 
position along axial direction with heated surface by 
process of bubble coalescence and volume expansion due 
to the increase of bubble generation and enthalpy as 
moving along heated surface. Fig. 2. shows the increasing 
bubble boundary layer along heated surface. These 
photographs were pictured at the speed of 1,000 frames/s 
using high-speed video camera. 


 


  
 


  
 


  
 


Fig. 2.Photography of vapor layer along axial direction 
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IV. COMPARISON OF MEASURED AND 
CALCULATED VOID FRACTION BY MARS & SPACE 


 
In order to evaluate the subcooled models of MARS 


and SPACE codes, both SNU experiments and McMaster 
experiments play a role as benchmarks. Previously 
mentioned, while SNU’s experimental void fraction data 
obtained with 3D measurement could be more accurate, but 
the measuring points of the axial averaged void fraction 
were only three. On the other hands, although McMaster’s 
experimental data were obtained with 1D measurement, but 
these were gotten from many axial points to present the 
tendency of void fraction profile along the axial direction. 
Therefore the SNU’s experimental data could be used to 
analysis the accurate prediction ability of the MARS and 
SPACE, and McMaster’s experimental data could be used 
to determine the tendency of void boundary layer 
developing or the NVG point. 


 
 


IV.A. Comparison of the SNU experiments 
 with MARS & SPACE calculation 


 
Figure 3. presents the comparison of the SNU’s 


experimental data with calculated results of MARS and 
SPACE codes. Four cases were conducted in relatively 
small subcooled degrees ( 14.7 ℃) compared with 
McMaster’s experimental conditions (> 20.6 ℃). 
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c) Case G2H3 
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d) Case G2H4 


 
Fig. 3.Void fractions of SNU experiments and calculation 


 
 
 


According to the comparison, modified Saha-Zuber 
model in SPACE code should be more predict well. In Case 
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G1H2, both MARS and SPACE could not predict well the 
L/Dh is less than 68. The reason of disagreement can be 
supposed from the void fraction distribution along radial 
direction, Fig. 1.b). The void boundary layer of L/Dh=58.4 
and L/Dh=68.0 are thinner than that of L/Dh=77.5. The 
rapid development of void boundary layer means the NVG 
point, thus the NVG point must be in the gap between 
L/Dh=68.0 and L/Dh=77.5. In Case G1H2 MARS and 
SPACE overestimate NVG point. 


The SRL model which is adopted in MARS code 
overestimates the void fraction of SNU experimental 
results. One reason for overestimation of SRL model is that 
the critical enthalpy calculated from SRL model is less than 
that from experiment, which makes the NVG point 
backward and pumping factor lower. The other reason is 
that the heat flux fraction for evaporation calculated from 
SRL model is greater than that for condensation. 


Synthetically, in the small subcooled degrees 
conditions, SPACE which adopts the modified Saha-Zuber 
model as the NVG model predicts the void fraction better 
than MARS code that used the SRL model as a default 
NVG model. 


 
 
 


IV.B. Comparison of the McMaster experiments 
 with MARS & SPACE calculation 
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a) Case BC10 
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b) Case BC11 
 


Fig. 4.Void fractions of McMaster experiments and 
calculation 


 
 


In the large subcooled degrees condition, calculated 
void fraction trends with McMaster’s experiment show 
different results compared with the trends of SNU’s cases. 
First of all, the MARS with the SRL model predicts the 
void fraction better than the SPACE which adopts the 
modified Saha-Zuber model. Although the MARS with 
SRL model overestimates the void fraction, the tendency is 
suitable to the experimental results. On the other hand, 
after L/Dh=12 point, while the void fraction tendency of 
experimental data increases rapidly (threshold of NVG 
point) but the level of void fraction calculated by SPACE 
doesn’t follow the tendency. 


The reason of disagreement of void fraction tendency 
is caused by overestimated condensation rate. Previously 
mentioned, general case in the subcooled boiling flow path 
with heated wall, vapor generation rate exceeds the 
condensation rate because the wall heat transfer rate 
overtops the interfacial heat transfer rate. However, in the 
large subcooled degrees conditions, the SPACE 
overestimates the interfacial heat transfer rate. Thus the 
condensation rate is also overestimated. In that case, other 
factor like the interfacial heat transfer coefficient should be 
treated as a parameter which can affect the void fraction.  


In addition to this, it is reported that the parameters of 
two phase phenomena like void fraction cannot be 
determined with only single factor. Accordingly, the void 
fraction should be treated with several factors like the mass 
flux, heat flux, nucleation site density, subcooling and so on. 
However, the feasible range of the prediction of adopted 
models should be evaluated by each factor separately. The 
results of comparison of MARS, SPACE and experimental 
data with different degree of sucooling present the feasible 
range of each sucooled boiling models. 


The results of evaluations as to subcooled boiling 
model of the MARS and SPACE codes show the different 
results along to subcooled degrees. In the small subcooled 
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degrees conditions ( 14.7 ℃), the SPACE with the 
modified Saha-Zuber NVG model predicts well. On the 
contrary to this, in the large subcooled degrees conditions 
(> 20.6 ℃), the MARS with SRL NVG model predicts 
better. 


 
 


Ⅴ . CONCLUSIONS 
 


The different subcooled boiling model incorporated in 
MARS and SPACE codes are evaluated using two 
experimental benchmarks which implemented in the low 
pressure range, 0.1 ~ 0.2 MPa. The comparison of 
calculated void fraction and measured ones from SNU’s 
experiments and McMaster experiments show the different 
results. Where the subcooled degrees are small ( 14.7 ℃), 
the SPACE which adopts the modified Saha-Zuber model 
can predict the void faction well. However, where the 
subcooled degrees are large(> 20.6 ℃), the MARS that 
adopts SRL model can predicts the tendency of void 
fraction well. 


These results along to the subcooled degrees can 
suggest utilizing the subcooled boiling model according to 
the different subcooled degrees conditions. The results of 
this study can be used to improve the NVG model 
incorporation of the MARS and SPACE codes. 


 


NOMENCLATURE 
 


Aw heated area [m2] 
Cpf specific heat capacity of liquid Phase [kJ/kg K] 
De hydraulic diameter [m] 
Feps density ratio effect multiplier  
Fgam revised enthalpy ratio multiplier  
Fpress pressure dependent multiplier  
G mass flux [kg/m2s] 
h enthalpy [kJ/kg] 
hs


f saturation enthalpy of the liquid phase [kJ/kg] 
hfg latent heat of vaporization [kJ/kg] 
hcr critical enthalpy [kJ/kg] 
kf thermal conductivity of fluid [W/m∙K] 
L length of the section [m] 
Mul enthalpy ratio multiplier  
Nu Nusselt Number  
P pressure [Pa] 
Pe Peclet number  
Ppsia unit conversion factor  
qw heat flux [W/m2] 
r radius of the measured point [m] 
Rinner inner radius of the tube [m] 
Router outer radius of the tube [m] 
St Stanton Number  


V volume [m3] 
vgj vapor drift velocity [m/s] 


 


GREEK LETTER 
 


 void fraction  
Γw wall evaporation rate  
 dissipation rate  
 surface tension [N/m] 
 density [kg/m3] 


SUBSCRIPT 
 


f fluid phase  
g gas phase  
l bulk liquid phase  
SRL SRL NVG model  
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Abstract – The understanding of critical heat flux(CHF) phenomenon and an accurate prediction 
of the CHF condition are important for safety and economic design of nuclear reactor and other 
applications. It is also important to enhance the CHF. Therefore, many researches were performed 
to enhance the CHF by using nanofluid as a working fluid and to understand the effects of 
nanofluid having influence on CHF phenomenon. This paper will describe the effects of magnetic 
fluid on CHF enhancement of pool boiling. Magnetic fluid is a colloidal suspension consisting of 
magnetic nanoparticles and carrier liquid. Therefore, magnetic fluid behaves as not only the flow 
features like the Newtonian carrier fluid, but also the magnetic features similar to flowability of 
the bulk magnetic materials. Experimental investigations were carried out to check the effect on 
the CHF enhancement of pool boiling by using these characteristics of magnetic fluid. In order to 
evaluate the effects as nanoparticle characteristic of magnetic fluid, we compared the CHF values 
of pool boiling experiment between magnetic fluid and distilled water in advance. The pool 
boiling experiments were performed to evaluate the effect on the several volume concentrations of 
the magnetic particles and to compare CHF enhancement between magnetic fluid and other 
nanofluids. SEM images were obtained to explain CHF enhancement through the effect of the 
deposited nanoparticles, which can change the surface wettability, during the pool boiling 
experiment. Lastly, the magnetic field is applied to the pool boiling experiments in order to change 
the surface wettability of heater by capturing the magnetic nanoparticles near the heater. In order 
to investigate an evidence of CHF enhancement with magnetite-water nanofluid in lower 
nanoparticle concentration, this study was focused on the effect of magnetic field which was 
induced by an electric current. Magnetic field was calculated by analytic method of Biot-Savart 
law. From the analytic results, as the distance from the center of wire was far from the wire, the 
magnetic field intensity was decreased. In other words, the closer the distance from the wire, the 
stronger the magnetic field intensity. Because of stronger magnetic field near the wire, magnetite-
nanoparticles in magnetite-water nanofluids were more congregated. Therefore, it is expected that 
the magnetite nanoparticles can be deposited on the wire more than other nanoparticles and the 
degree of CHF enhancement can be increased in low nanoparticle concentration due to the 
magnetic field. 


  
I. INTRODUCTION 


 
One of the key research areas in the cooling systems of 


nuclear reactors, nuclear fusion reactors, thermal power 
plants, and others is the removal of high heat flux to 
guarantee the efficiency, performance, and safety. In the 
process of removing high heat flux, nucleate boiling is a 
very effective heat transfer mechanism. However, it is well 
known that there exists a critical value of heat flux at which 
nucleate boiling transitions to film boiling shows very poor 


heat transfer behavior. Critical heat flux (CHF) is a main 
constraint to the design process because it can generate 
damages or deformations of material. But, the mechanisms 
and prediction methods of CHF occurrence are not revealed 
exactly. Therefore, there have been many efforts to clarify 
the mechanism of CHF occurrence and also to improve the 
CHF using nanofluids by researchers [1-5]. Many efforts to 
improve CHF by using nanofluids have been performed by 
researchers. The results of existing studies can be 
summarized as follows: 
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∙ Significant CHF enhancement (up to 200%) occurs with 
various nanoparticle materials, including silicon, aluminum 
and titanium oxides. 
∙ The CHF enhancement occurs at relatively low 
nanoparticle concentrations, typically less than 1% by 
volume. 
∙ During nucleate boiling, nanoparticles were deposited on 
the heater and formed a thin layer which depends on each 
kind of nanoparticle. 
 ∙ It is hard to disperse nanoparticle and maintain the 
dispersed condition of nanoparticles. Therefore, there are 
difficulties in applying nanofluids to the realization of 
cooling system. 
∙ It is difficult to collect agglomerated or dispersed 
nanoparticles which have injected to the cooling system 
once. 


Although nanofluids have advantages for CHF 
enhancement, there are the disadvantages for keeping the 
well-dispersed condition of nanofluids. In order to maintain 
dispersed condition of nanoparticles, ultrasonic vibration is 
required to conventional nanofluids. The magnetic fluid 
which was one of nanofluids will be expected to overcome 
the disadvantage of conventional nanofluids by using merits 
of magnetic fluid. As mentioned for merits of magnetic fluid, 
it is necessary to introduce magnetic fluid in advance. 
Magnetic fluid is a colloidal suspension consisting of 
magnetic nanoparticles and carrier liquid. The chemical, 
mechanical and other physical properties of a magnetic fluid 
correspond very closely to those of the carrier liquid [6]. 
Therefore, magnetic fluid behaves as not only the flow 
features like the conventional nanofluid, but also the 
magnetic features similar to flowability of the bulk magnetic 
materials. It is well known that nanoparticles in a magnetic 
fluid align with the field, in a uniform magnetic fluid. On 
the other hands, nanoparticles move to the highest magnetic 
field, in a magnetic gradient fluid.  


 In other words, magnetic fluids are strongly affected by an 
applied magnetic field. Therefore, magnetic fluids can be an 
alternative to solve problems of conventional nanofluids 
due to advantages of magnetic fluid. First of all, magnetic 
nanoparticles in the magnetic fluid can be controllable and 
precisely positioned by an external magnetic field. Secondly 
magnetic nanoparticles can be collected by magnetic field, 
in contrast to other nanoparticles. 


These merits of magnetic fluid have a high potential to 
apply to the cooling system. However there have been a few 
studies for the magnetic field effect of magnetic fluid and no 
detailed studies on CHF enhancement. Thus, the present 
study aims at investigating pool boiling CHF enhancement 
using water-based magnetic fluid. 


This paper will describe the characteristics of water-based 
magnetic fluid on CHF enhancement of pool boiling. In 
order to compare the degree of CHF enhancement between 
water-based magnetic fluid and other nanofluids, the pool 
boiling experiments were performed with volume 


concentrations from 10-4 to 10-2 % using alumina, titania and 
magnetite nanoparticles. SEM images were obtained to 
explain CHF enhancement through the effect of the 
deposited nanoparticles, which can change the surface 
wettability, during the pool boiling experiment. Finally, in 
order to investigate the effect of magnetic field in the water-
based magnetic fluid, magnetic field was analytically 
calculated by using Biot-Savart law. Using these results, we 
discussed the CHF enhancement of magnetite-water 
nanofluids in detailed.  


 
II. Experiment 


 
The experiment was divided into two parts: preparation 


and characteristics of magnetite, alumina, and titania 
nanofluids; and experimental apparatus and procedures 
 


II.A Preparation and characteristics of nanofluids 
 


 Three kinds of nanofluids were prepared for pool boiling 
experiments using magnetite, alumina and titania 
nanoparticles which were manufactured by Nanostructured 
& Amorphous Material Inc. (NanoAmor) and, Table I 
shows the properties of them. A two-step method was used 
to produce nanofluids with each volume concentrations of 
nanoparticles. The first stage is to mix nanoparticles with a 
nominal particle size of 30±5nm in Distilled water. The next 
stage is to homogenize the mixture using ultrasonic 
vibration at sound frequencies of 40 kHz. Since ultrasonic 
vessel make nanoparticles vibrated in the mixture, it breaks 
down agglomerates.  
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1 1
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m f
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where ϕm is the mass concentration of nanoparticles, ρp is 
the nanoparticle density and ρf  is the fluid density.  
 


Table I. Properties of Nanoparticles 


Nanoparticles Fe3O4 Al2O3 TiO2 


Density (g/cc) 5.10 3.96 3.78 


Specific surface 
area(m2/g) 66 180 240 


Averaged 
particles 
size(nm) 


25 40-80 15 


Particle 
Morphology Spherical Spherical Spherical 
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Fig. 1. Zeta potential results of Fe3O4 nanoparticles in 
distilled water according to the changes of setting time. 
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Fig. 2. Schematic of the pool boiling apparatus 
 


In this study, all concentrations of nanofluids were 
considered by volume fraction ϕv. Because the flow 
phenomenon of a liquid-solid fluid depends on the 
hydrodynamics force acting on the surface of solid particles. 
Because of difficulty measuring the precise volume of 
nanoparticle, the following conversion formula (Eq. 1) is 
conventionally used. 


Before applying nanofluids to CHF experiments, a 
precondition is to keep uniform dispersion and stable 
suspension of nanoparticles in the liquids. Because of 
agglomerated nanoparticles, the characteristics of 
nanofluids can be changed. Zeta potential is well known as 
standards for the stable level of nanofluids. Thus, magnetite 
nanoparticles having the highest density among prepared 
nanoparticles are chosen to measure the zeta potential.  


Generally, above 30 mV to zeta potential show the 
physically stable, while a suspension below 20 mV has 
limited stability and below 5 mV undergoes pronounced 
aggregation. In this study, zeta potential was measured using 


a Zeta-plus by Brookhaven instruments Ltd. 100ppm of 
magnetite-water nanofluid was made by using ultrasonic 
vessel over 3 hours. After the nanofluids were preserved for 
1h, 12h and 24h, zeta potential was measured, respectively.     
Fig. 1 shows the measured zeta potential of 100ppm vol. 
magnetite-water nanofluids as a function of preserved time. 
From the zeta potential results, 100ppm of magnetite-water 
nanofluids are stable for 24 hours.   


 


max max


CHF


V I
q


D L



    (2) 


 
II.B Experiment apparatus and procedures 


 
Fig 2 shows a schematic of the experimental apparatus. 


The pool boiling experimental system consists of a 250 X 
100 X 230 mm rectangular main vessel which is made of 
stainless steel with visualization windows, a pre-heater, 
copper electrodes, a thermocouple(K-type) to measure pool 
temperature, and a condenser. The condenser maintains 
atmospheric pressure inside the chamber and prevents the 
loss of vapor from the vessel. A Ni-Cr wire, as a heater, with 
a diameter of 0.4mm was used as boiling surface and was 
heated by DC power supply of OPE-3050DI with a 
maximum capacity of 1.5kW(50V, 30A). The signals of 
voltage, current and temperature were measured with a 
National Instrument data acquisition system.  


All pool boiling experiments were performed after the bulk 
temperature of the working fluid was kept at the saturated 
temperature (100°C). The experiment was performed by 
gradually increasing the electric power supplied to the wire 
with a regular pattern. The power was initially increased in 
large steps and then, near the expected CHF value, the 
power was increased in small steps. When the expected 
CHF value was reaches, the resistance of the Ni-Cr wire 
sharply increased and the wire became red-hot or broke 
suddenly. The CHF was calculated by Eq.(2) using data 
obtained right before sharp increase of Ni-Cr wire resistance.  


5 10 15
0


500


1000


1500


 Experimental data


 Averaged value


 Zuber's correlation


 


 


C
ri


ti
c


a
l 


h
e


a
t 


fl
u


x
 (


k
W


/m
2
)


The number of experiments


 
Fig. 3. CHF data of distilled water after several times of 
pool boiling experiments  
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Fig. 4. CHF data of magnetite-water nanofluid with from 1 to 3ppm nanoparticle concentration 
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Fig. 5. Comparison of CHF data between magnetite-water nanofluid and other water-based nanofluids 
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III. Experimental results 
 
The experiment results were consists of two sub-tests. 
Firstly, pool boiling CHF experiment was included for the 
results of pool boiling CHF experiments using from 10-4 to 
10-2 % of volume concentration of nanofluids and Scanning 
Electron Microscope (SEM) photographs to explain 
mechanism of CHF enhancement. Secondly, the effect of 
magnetic field included the result of pool boiling CHF 
experiment using magnetite-water nanofluid with magnetic 
field. 


 
III.A Pool boiling CHF Experiment 


 
In order to investigate the characteristic of pool boiling 


CHF enhancement using nanofluid, the pool boiling 
experiments were performed with distilled water as the 
reference case in advance. The results from pool boiling 
CHF experiments of distilled water are shown Fig. 3. The 
pool boiling CHF experiments with distilled water were 
conducted over 10 times to validate the repetition of 
experiment results. Measured CHF average value of 
distilled water was about 5% of the value predicted using 
Eq. (3) of Zuber[7]’s correlation, which has been widely 
used to predict pool boiling CHF.  


 
1/4 4 (


24
)CHF g fg f gq h g



       (3) 


 
where q" is heat flux, ρg, ρf the gas density and fluid 


density, hfg latent heat of vaporization g, σ gravity and 
surface tension .                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     


The pool boiling CHF experiments with magnetite-water 
nanofluids from 1 to 3ppm were conducted to compare the 
CHF enhancement to distilled water. All of the data for the 
magnetite-water nanofluid is shown in Fig. 4. The CHF 
values of magnetite-water nanofluids increased from about 
160% to 190% of the value for distilled water as increasing 
nanoparticle concentrations. Despite lower nanoparticle 
concentrations, CHF of magnetite-water nanofluid was 
enhanced. Based on these results, the pool boiling CHF 
experiments with magnetite-water nanofluid from 1 to 
100ppm were also conducted. In order to compare the 
degree of CHF enhancement with magnetite-water nanofluid, 
the pool boiling experiments with alumina and titania-water 
nanofluids were performed. Measured CHF data are shown 
in Fig 5. Fig. 6 shows CHF values in nanofluids normalized 
by CHF of distilled water. Significant CHF enhancement is 
observed in all works, but there are differences of CHF 
enhancement due to their own characteristics of 
nanoparticles. CHF enhancement with magnetite-water 
nanofluid is the highest in the range of from 1 to 100ppm 
nanoparticle concentrations among compared nanofluids.  


Fig. 7 shows SEM photographs of Ni-Cr wire surfaces 
after the pool boiling CHF experiments with magnetite and 
alumina-water nanofluids. Considerable amounts of 
nanoparticles were deposited on the Ni-Cr wire. 
Qualitatively, the higher the nanoparticle concentration, the 
larger the amount of nanoparticles was deposited on the Ni-
Cr wire. In nanofluids boiling, a porous layer which 
develops underneath a vapor bubble growing at the Ni-Cr 
wire surface significantly improves the wettability.  In other 
words, deposited nanoparticles, which are formed to the 
porous layer, are attached to the Ni-Cr wire surface when 
nanofluids are boiled. Because of the porous layer, the 
rewetting capability which is determined by surface 
condition on the Ni-Cr wire improves CHF of nanofluids. 
Therefore, the degree of CHF enhancement was increased 
as the nanoparticle concentration was increased. 
 


  
(a) 


  
(b) 


  
(c) 
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(e) 


  
(f) 


  
(g) 


Fig. 7. SEM images of wire surface after pool boiling (a) 
Distilled water (b) 1ppm of Alumina-water (c) 10ppm of 
Alumina-water (d) 100ppm of Alumina-water (e) 1ppm of 
magnetite-water (f) 10ppm of magnetite-water (g) 100ppm 
of magnetite-water (left 400 , right 1000 ) 


III.B The effect of magnetic field 
 


Based on pool boiling CHF experiment results according 
to the changes of nanofluid concentrations, the degree of 
CHF enhancement with magnetite-water nanofluids was the 
highest in all ranges of nanofluid concentration. Especially, 
it was remarkable that CHF enhancement with magnetite-
water nanofluid in the lower range of nanoparticle 
concentration was so high compared to the CHF 
enhancement of other nanofluids. In order to investigate the 
reason of CHF enhancement, the effect of magnetic field is 
considered in this study.   


A Heat flux in the pool boiling CHF experiments was 
controlled by an inputted voltage of power supply. When 
electric current is supplied through copper electrodes, 
magnetic field was induced by electric currents around Ni-
Cr wire. In order to verify the effect of magnetic field 
generated by electric currents, Biot-Savart law is used to 
compute the magnetic field around Ni-Cr wire of pool 
boiling CHF experiment. Biot-Savart law shows in Eq (4) 


having a derivative form. Fig. 8 shows schematic for Biot-
Savart law which represented magnetic field according to an 
electric current element. 
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where dB is the contribution to magnetic field at a point r 


due to a segment dl of current I. μ0 is permeability constant 
which is the measure of the ability of a material to support 
the formation of magnetic field in a classical vacuum. In 
other words, it is the degree of magnetization that a material 
obtains in response to an applied magnetic field. 


For a Pool boiling CHF experiment with Ni-Cr wire, it was 
assumed that wire was infinitely long to calculate magnetic 
field around Ni-Cr wire analytically. Eq. (5) was used to 
calculate the magnetic field around Ni-Cr wire 
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Here r is the distance perpendicular to the wire B is in the 


tangential direction and, I is electric currents across the wire. 
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Fig. 8. Schematic of magnetic field according to a current 
element 


 
Fig. 9 shows analytic solutions, which were calculated by 


Eq. (5), for magnetic field around Ni-Cr wire according to 
the distance from the center of Ni-Cr wire. 


Applied currents in Eq. (5) were 16 and 17.5A, because 
the values were represented in the moment for occurring
CHF with lower concentration of magnetite-water 
nanofluids. From the results, magnetic flux intensity had the 
maximum values on the surface of Ni-Cr wire. Those values 
were 160G ~180G (or 0.16~0.18T) of magnetic flux 
intensity. In other words, magnetic flux intensity was 
inversely proportional to the distance from the Ni-Cr wire in 
the radial direction. And, the distance from the center of Ni-
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Cr wire was required to have little influence of the magnetic 
field over 0.1m. 
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Fig. 9. Analytic calculation results of magnetic field around 
Ni-Cr wire for 1-3ppm magnetite-water nanofluids cases. 


 
As mentioned above, magnetic field is existed around Ni-


Cr wire. And, magnetite nanoparticles distribution in 
magnetite-water nanofluid can be effectively controlled by 
applying a magnetic field [6]. As the distance from the wire 
was decreased, the magnetic field intensity became more-
stronger. Because of stronger magnetic field near the wire, 
magnetite nanoparticles in magnetite-water nanofluids were 
more congregated. Therefore, it is expected that the 
magnetite nanoparticles can be deposited on the wire more 
than other nanoparticles due to more chance to magnetite 
nanoparticle on the wire and the mechanism of bubble 
growth can be changed by gathering magnetite 
nanoparticles around wire. Thus, the degree of CHF 
enhancement can be also increased due to these effects of 
magnetic field. And the CHF enhancement compared to 
other nanofluids was remarkable in the range of lower 
concentration of magnetite-water nanofluids. It is also 
expected that the effect of magnetic field can be more 
sensitive in lower nanoparticle concentration, relatively. In 
order to verify the effect of magnetic field on CHF 
enhancement, it will be required to perform the pool boiling 
CHF experiment using an external magnetic field. 


 
V. CONCLUSIONS 


 
The main findings of this study are as follows: 
 
(1)  Nanofluids with low concentration of alumina, 


titania and magnetite nanoparticles can significantly 
enhance the pool boiling CHF. 


(2) After pool boiling experiments, considerable amount 
of nanoparticles were deposited on the wire. Because 
of this, surface wettability and surface tension, which 


are related to the important parameter CHF 
enhancement, are changed. 


(3) CHF enhancement with magnetite-water nanofluid is 
higher than the CHF enhancement with alumina-
water nanofluid in the range of 1-3ppm volume 
concentration. 


(4) It is expected that CHF enhancement with low 
concentration of magnetite-water nanofluid is 
affected by the effect of magnetic field which was 
induced by the electrical currents. 
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NOMENCLATURE 
 


V Voltage (V) 
D Heated wire diameter (m) 
g Gravity  
L Heated wire length 
q" Heat flux 
G Gauss  (1G = 10-4 Tesla) 
dB Segment of magnetic field intensity 
B Magnetic field intensity 
I Current 
r Distance perpendicular to the wire 
R Distance from the wire 
  
Greek symbol  
  
ρ Density 
σ Surface tension 
ϕ Particle concentration 
μ0 Permeability  
 
Subscripts 


 


  
f saturated gas 
g saturated liquid  
m Mass 
p Particle 
v Volume 
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Abstract – The purpose of this paper is to develop a nonlinear model to investigate the 
instabilities of a two-phase natural circulation loop. We obtain a stability map to explore the 
unstable regions of this natural circulation loop. The results show that the considered loop has 
two unstable regions, instability type-I in the low power region and instability type-II in the high 
power region. Then the parametric study is carried out to understand the relation between the 
parameters of system and two types of instability. The parametric study reveals that lengthening 
the riser has an unstable effect on system stability. Thus, lengthening the riser causes a reduction 
in the stability region in the both low power and high power levels. Also it can be observed that by 
increasing the form loss coefficient at the inlet of heated section or in the downcomer section, the 
stability region expands, however by increasing the form loss coefficient at the outlet of heated 
section or in the upper horizontal section, the stability region decreases consequently. 


 
 
 


I. INTRODUCTION 
 
Since the development of two phase flow natural 


circulation systems, verity of researches have been carried 
out to find out the mechanism of thermal-hydraulic 
instabilities and safety margins of system. The passive 
safety natural circulation systems have many benefits such 
as their simplicity, passive nature and elimination of the 
cost and maintenance problems of pumps as in forced 
convection systems, although they have sensitive nature 
due to several kinds of instabilities. Instabilities are 
common to both forced and natural circulation systems; the 
latter is inherently more unstable than forced circulation 
systems due to more nonlinearity of the natural circulation 
process and its low driving force. In general, a thermal-
hydraulic instability is any periodic time oscillation of 
flow, flow-pattern, temperature, fluid density, and pressure 
or core power in a thermal hydraulic system. 


Thermal-hydraulic instabilities were classified into 
two categories: Type-I and Type-II instabilities by [1] for 
natural and forced tow phase circulation. In the low power 
conditions, the gravitational pressure drop may cause type-
I instability, and in high power conditions, the two phase 
frictional pressure drop may lead to type-II instability. 


Variety approaches have been proposed to analyze 
thermal-hydraulic instabilities in two phase flow. One of 
them is the linear analysis of boiling flow instabilities in 
natural circulation systems with homogeneous two phase 
flow assumptions, that have been carried out by [2]-[8]. In 
[5], based on their linear stability analysis, found that the 
type-I instability was enhanced by increasing the riser 


length, while the type-II instability region could be 
reduced with a longer riser. Authors in [7] suggested four-
equation drift flux model for stability analysis of natural 
circulation loops. Their results indicate that with reduction 
in loop diameter, the Type-I instability region is reduced 
and the Type-II instability region is enhanced significantly. 
Moreover, the stable region increases with increase in loop 
diameter. Authors in [8] presented an analytical model 
developed for investigating the stability characteristics of a 
low-pressure natural circulation test facility. Their analysis 
results show that the stability of the system is sensitive to 
its inlet temperature and power level.  


Nonlinear time domain analysis has been a major 
approach to analyze the stability characteristics of a two 
phase boiling system. Nonlinear time domain analysis with 
homogeneous two phase flow assumptions have been 
applied by [9-12]. Authors in [9] obtained stability map for 
a natural circulation channel and reported transient 
responses of a boiling channel with riser under natural 
circulation after a step change in power. Their results 
demonstrated that an oscillating channel could be 
stabilized by a change of power from the unstable region 
to the stable region. Authors in [11] developed a nonlinear 
numerical model to investigate the stability and nonlinear 
dynamics of a nuclear-coupled two phase natural 
circulation loop. They studied some stability maps, 
parametric effects and transient characteristics of this 
natural circulation loop. Their results indicate that the 
system indeed has two instability regions, the type-I and 
type-II instabilities, as is well known for a natural 
circulation loop. They presented that parameters may 
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induce different effects on the system stability in type-I 
and type-II unstable regions. In particular, the void-
reactivity feedback destabilizes the system in both regions 
of low and high operating powers. Authors in [12] adopted 
the methodology used by [10] to develop a nonlinear 
numerical model to explore the nonlinear dynamics, 
parametric effects and stability boundaries of a double-
channel two phase natural circulation loop under low-
pressure conditions. They found Two unstable regions, 
type-I and type-II instabilities, in this system. They 
perceived that complex channel-to-channel interactions 
coupling with loop dynamics may occur in the double-
channel natural circulation loop. For the equal-heating 
system, out-of-phase oscillations may prevail under the 
operating conditions that the gravitational pressure drops 
are very highly dominant. However, in-phase oscillations 
may exist in the medium to high power regions. For the 
unequal-heating system, the heating power difference 
between two channels may drive the system more unstable 
both in type-I and type-II regions. The two unequal-
heating channels exhibit in-phase oscillation mode, instead 
of out-of-phase in the equal-heating system. In addition, 
they also evaluated parametric effects on the stability. 


In this paper, the methodology based on [12] and the 
Galerkin approximation is used to consider Outer channel 
of double-channel two phase natural circulation loop in 
[12] for a single natural circulation loop. Our algorithm in 
this work is based on Newton-Raphson and Runge-Kutta 
classical methods. We obtain stability map and explore the 
effects of diverse parameters variation on the stability map 
on transient conditions such as the riser length and loss 
coefficient at each section. It can be observed that double-
channel two phase natural circulation loop considered by 
[12] acts as a single channel two phase natural circulation 
loop in transient solution. Also the parametric study 
verifies an agreement between this single channel 
behaviour and two phase natural circulation loop 
considered by [11], [12]. 


 
II. THE MODEL 


 
The model is constructed based on the experimental 


loop design at Tsing-Hua University that the inner channel 
of double-channel loop is considered for a single loop, as 
shown in Fig. 1. The natural circulation loop consists of 
several components, i.e. a channel test section, a steam 
separator, an upper horizontal section and an adiabatic 
downcomer. Moreover, each channel consists of a lower 
horizontal section, single-phase standpipe, heated section 
and riser. 


 
Fig. 1. The modeling structure of two-phase natural circulation 


loop. 
We start the two-phase natural circulation loop model 


description by considering the following assumptions 
made concerning the flow: 


 
1) Flow in the test loop is one-dimensional. 
2) Homogeneous equilibrium two-phase flow model 


is employed. 
3) The heat flux is assumed to be uniform in the 


axial direction of the heated section. 
4) Subcooled boiling is not considered. 
5) Constant properties at the system pressure are 


used under both steady and dynamic conditions. 
6) The flashing effect is neglected in a riser. 


 
For these assumptions, the one-dimensional conservation 
equations can be written as: 
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and the corresponding equations of state are: 
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⎡ ⎤= +⎣ ⎦        * 0h >                         (5)            


 
II.A. The Heated Section 


 
The heated section is constructed of single-phase flow 


and two-phase flow regions. The single-phase region of the 
heated section extends from the channel inlet to the boiling 
boundary (i.e., the location where bulk boiling begins). 
This region has been subdivided into bbN nodes, having 
variable length. The differential equations governing the 
evolution of the node boundaries, nL , can be derived using 
a Galerkin technique by assuming a linear shape function 
(i.e., enthalpy profile) inside each node. That is, 
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Integrating the energy equation, Eq. (2), between 1nL −  and 


nL , we have, using Leibnitz’s rule: 
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It is convenient to choose the total mass of the heated 


section *( )HM as a state variable. Its corresponding 
conservation equation can be derived by integrating the 
continuity equation over the heated channel’s length, 
which gives: 
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Where *


eu is the velocity of two-phase mixture at the exit 
of the heated section: 
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The * *


ed dtρ  can be obtained by combining Eqs. (8) and 
(9) 
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Integrating the momentum equation from the inlet to exit 
of heated section the following results can be given: 


 
* * * * *
H I a g fP P P P PΔ = Δ + Δ + Δ + Δ                         (12)            


 
Where inertial pressure drop 
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Acceleration pressure drop 
 


* * *2 *2
a e e iP Fr u uρ⎡ ⎤Δ = −⎣ ⎦                                  (14)            


 
Gravitational pressure drop 
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g HP MΔ =                                                  (15)              


 
Frictional pressure drop 
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II.B.The Riser Section 
 
An adiabatic riser was also included in the model. It 


was found that for low flow conditions the presence of the 
riser can affect the dynamic characteristics of the system. 
The riser is divided into rN  nodes for the numerical 
simulation. Integrating the continuity equation over node-r, 
gives: 
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where *


rM is the fluid mass between two nodes. The 
* *
rd dtρ  can be obtained by combining Eqs. (17) and 


(18) 
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Therefore, for riser section, total mass differential equation 
can be written as: 
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The pressure drop of the riser can be obtained by 
integrating the momentum equations through the riser: 
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II.C.The Upper Horizontal Section 


 
Using the steam separator, the saturated vapor could 


be separated from the two-phase mixture and flows 
through the vertical channel on top of the steam separator. 
The remaining saturated liquid moves through the upper 
horizontal section to mix with the subcooled water from 
the condenser. From the continuity equation, the flow 
velocity of the saturated liquid can be expressed as 
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The pressure drop through the upper horizontal section can 
be written as: 
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II.D.The Downcomer Section 


 
The saturated liquid from steam separator is mixed 


with the subcooled water from the condenser. From the 
continuity equation, the flow velocity of the subcooled 
liquid can be expressed as 
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The enthalpy at the inlet of heated section varies due to 
influence of circulation loop. By integrating from energy 
equation the enthalpy variation at the inlet of heated 
section can be expressed as 
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Furthermore, the pressure drop through the downcomer 
section can be obtained by integrating the momentum 
equation, i.e. Eq. (3), from the inlet to the outlet of the 
downcomer. That is: 
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II.E.The Lower Horizontal Section  
 


The lower horizontal section shares the subcooled 
liquid flow out of the downcomer. The pressure drop 
through the lower horizontal section can be expressed as 
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II.F.The Single-Phase Stand pipe Section 


 
Ahead of the heated section there is a short standpipe 


to connect the lower horizontal section and the heated 
section. The flow in this region is also liquid with the same 
subcooled condition as the lower horizontal section. The 
pressure drop through this section can be obtained by 
integrating the momentum equation, i.e. Eq. (3): 
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The model is closed by imposing the boundary condition. 
That is, the summation of the dynamic pressure drop 
through the loop equals to zero. 
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Substituting Eqs. (12), (21), (23), (27), (28) and (29) into 
Eq. (30) and after some rearrangements results in the 
following differential equation for inlet velocity: 
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According to all facts mentioned above, we can obtain the 
system equations as follows: 
 


* * * * * * *
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III. NUMERICAL METHOD 


The steady state characteristics of a natural circulation 
loop depend on the heating power and inlet subcooling of 
heated section. In the steady state, time-derivative terms of 
the dynamic equations set to zero; thereby we can obtain 
the following equation: 
  


( )* * 0ncl iRHS P G u= Δ = =                                (35)            


 
Our algorithm for the steady state is based on Newton-
Raphson classical method. To obtain a converged solution 
it is necessary to underrelax the correction of *k


iu . Thus 
the following equations are used:  
 


* 1 * * 1k k k
i i iu u uω+ += + Δ                                  (36)           


*
* 1


*


k
k ncl


i k


i


P
u


dG
du


+ Δ
Δ = −


⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠


                                       (37)            


 
Whereω is the relaxation parameter. In the steady state 
mode, we solve the nonlinear equation by convergence 
criteria of 51 10−× . The steady state solution, with a 
perturbation, is then used as the initial condition for the 
transient mode. In transient mode the system of nonlinear, 
ordinary differential equations was numerically integrated 
by means of the forth-order Runge-Kutta method. The 
original time step is 35.5 10−× . 
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IV. RESULTS AND DISCUSSION 
 


IV.A. Steady state characteristics 
 


Based on the nature of the variation of the steady state 
gravitational and frictional pressure drop with phase 
change number (see Fig. 2), three different natural 
circulation flow regimes can be observed for this two-
phase loop. These flow regimes are designated as 
gravitational dominant, frictional dominant and the 
compensating regimes. 
The gravitational dominant regime is usually observed at 
low qualities. In this regime, for a small change in quality 
there is a large change in the void fraction and hence the 
density and buoyancy force. The increased buoyancy 
driving force is to be balanced by a corresponding increase 
in the retarding frictional force that is possible only at a 
higher mass flow rate. As a result, the gravity dominant 
regime is characterized by an increase in the mass flow 
rate with power (see Figs. 3 and 4). 
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Fig. 2. Steady state gravitational and frictional pressure drops of 
channel versus phase change number under different subcoolings 


 
Frictional dominant regime is observed at low to moderate 
pressures when quality is high. At higher qualities and 
moderate pressures, the increase in void fraction with 
quality is marginal leading to almost constant buoyancy 
force. However, the continued conversion of high density 
water to low density steam due to increase in heating 
power requires that the mixture velocity must increase 
resulting in an increase in the frictional force and hence a 
decrease in mass flow rate. Thus the friction dominant 
regime is characterized by a decrease in mass flow rate 
with increase in power (see Figs. 3 and 4). 
Between the gravity dominant and friction dominant 
regimes, there exists a compensating regime, where the 
flow rate remains practically unaffected with increase in 
power.  
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Fig. 3. The relationship between the channel heating power and 


steady state mass flow rate 
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Fig. 4. The relationship between the channel heating power and 


steady state inlet velocity 
 


IV.A. Transient state characteristics 
 
For transient state of natural circulation system, the 


steady state solution, with a perturbation, is used as the 
initial condition for the transient-state. The perturbation 
can either be a fractional change in the steady state 
solution or a small change in one or more system 
parameters (like inlet velocity) that lasts a short period of 
time. If the disturbance grows in time and yields sustained 
or diverging flow oscillations, then the steady state system 
is considered to be unstable. On the other hand, if the 
disturbance leads to decaying oscillations resulting in 
convergence of flow and other field variables to the steady 
state solution, then the corresponding steady state solution 
is considered to be stable. 
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(b) 


Fig. 5. The time evolution of the inlet velocity of the  
 


Fig. 5-a shows the happened instability occurs in the low 
power region, i.e., where the gravitational pressure drop is 
dominant. The instability that shown in Fig. 5-b, occurs in 
the high power region, where the frictional pressure drop is 
dominant. The figures reveal that the magnitudes of the 
oscillations grow continuously, furthermore the type-II 
oscillation frequency is obviously higher than type-I 
oscillation. 
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(b) 


Fig. 6. The time evolution of the inlet velocity of the 
heated section 
 
The Fig.6, a-b show constant frequency oscillations in the 
low power and high power respectively. The features of 
these oscillations can be seen there as the type-II 
oscillation frequency and amplitude are obviously higher 
than type-I oscillation and amplitude. 
A stable case of system is shown in Fig. 7; this figure 
shows that the system quickly returns to its original steady 
state following the perturbation. 
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Fig. 7. The time evolution of the inlet velocity of the 


heated section 
 


Therefore, a stability map is required for this dynamic 
system, based on its operating state, in order to predict 
behaviour of system when a perturbation is exerted to the 
system. For considered loop, the obtained stability map is 
shown in Fig. 8. It is drawn in Sub PchN N−  plane. SubN  is 
the subcooled number related to the inlet subcooling 
conditions, while PchN  is the phase change number 
related to the inlet heating power, however the stability 
map can be drawn in SubT QΔ −  plane. 
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Fig. 8. The stability map for natural circulation loop 


 
 
 


 
V. PARAMETRIC STUDY 


 
In this part a parametric study is considered to 


determine the parameter effects on two phase flow stability 
map. 
 


V.A. The Effect of Riser Length 
 


According to the introduction, [5] presented that 
lengthening the riser has a strong unstable effect on system 
stability. Here for the second loop, the effects of 
lengthening the riser are shown in Fig. 9. As it can be seen 
in the low power region, lengthening the riser has the 
instability effect due to increasing the gravitational 
pressure drop; therefore the instability region is extended 
in the low power region. 
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Fig. 9. effects of lengthening the riser on stability map 


 
Lengthening the riser has both stability and instability 
effects, where the frictional pressure drop is dominant. The 
instability effect is the consequence of enlarging in the two 
phase frictional pressure drop, however increasing the riser 
length results in a stable effect due to the buoyancy effect 
that enhances the natural circulation flow rate. For the 
present considered loop, the unstable effect can be seen in 
Fig. 9, where lengthening the riser destabilizes the system. 
 


V.B. The effect of loss coefficient  
at the heated section inlet ( ik ) 


 
In the low power region where the gravitational 


pressure drop is dominant, the more loss coefficient would 
reduce the fluid velocity; therefore it takes longer time for 
the fluid to pass through the heated section. It results to the 
more void fraction in the heated section, thereby low 
density, to decrease the gravitational pressure drop, 
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therefore, stabilize the system. This stable effect can be 
seen in Fig. 10.  
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Fig. 10. The effect of loss coefficient at the heated section 


inlet 
 


In the high power region where two phase frictional 
pressure drop is dominant, increasing the inlet loss 
coefficient would increase single phase pressure drop, 
therefore the two phase pressure drop increases due to the 
boundary condition of natural circulation loop. This 
reduction in two phase frictional pressure drop stabilizes 
the system in the high power levels, as shown in Fig. 10. 
 


V.C. The effect of loss coefficient  
at the heated section outlet ( ek ) 


 
In the outlet of heated section, the flow has two phase 


state; therefore increasing of the loss coefficient has a 
strongly influences on the frictional pressure drop at the 
heated section outlet, while variation of gravitational 
pressure drop would not be tangible. Therefore by an 
enlarger loss coefficient at the outlet of heated section, the 
stable region would not change appreciably, while in the 
high power level, the stable region would reduce due to 
increase in frictional pressure drop. The stated behaviors 
can be seen in Fig. 11. 
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Fig. 11. The effect of loss coefficient at the heated section 


outlet 
 


V.D. The effect of loss coefficient 
 at the heated section outlet ( uhsk ) 


 
As in this loop, the mass flow rate in the condenser is 


considered to be fixed, thereby increasing the loss 
coefficient in the upper horizontal section leads to decrease 
the mass flow rate which has an unstable effect on the both 
low and high power regions. The stated behavior can be 
seen in Fig. 12. 
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Fig. 12. the effect of loss coefficient at the upper horizontal 


section 
 


V.E. The effect of loss coefficient 
 at the heated section outlet ( dk ) 


 
Increasing the loss coefficient at downcomer is similar 


to increase the loss coefficient at the heated section inlet 
due to the downcomer is near to heated section, i.e. 
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increasing the loss coefficient at downcomer has a stable 
effect in the both low and high power levels that would 
extent stable region as shown in Fig. 13. 
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Fig. 8. the effect of loss coefficient at downcomer 


 
 


VI. CONCLUSION 
 


In this paper a nonlinear analysis of single channel 
natural circulation loop has been developed. We obtained 
stability map and explored the parametric effects and 
nonlinear dynamics of the system. The conclusion can be 
summarized as the following: 


1) Two instability regions exist in this natural 
circulation loop. The first is the type-I instability 
in the low power region. The second is the type-II 
instability in the high power region. 


2) The stability of the low-pressure natural 
circulation system is sensitive to the inlet 
temperature and power. 


3) The stable region of considered loop is greater 
than the stable region considered by Lee and Pan 
(2004a). 


4) The riser has the more significant effect in the low 
power region, the longer the riser, the less its map 
stability. 


5) Lengthening the riser has a unstable effect for this 
natural circulation system, thus by increasing the 
riser length, the stable region would decrease in 
the both low and high power region 


6) For this natural circulation loop the stable region 
would expand with larger loss coefficient at the 
heated section inlet ( ik ) and loss coefficient at at 
the inlet of downcomer section ( dk ), while by 
increasing loss coefficient at the heated section 
outlet ( ek ) and at the inlet of upper horizontal 
section ( uhsk ), the stable region would reduce 
consequently. 


NOMENCLATURE 
A           cross-sectional area ( 2m ) 


eD             diameter (m) 
f              friction factor 


*h              non-dimensional enthalpy f


s


h h
h
−


=  , 


*L               non-dimensional length HL L=  


*M            non-dimensional mass
f H H


M
A Lρ


=  


bbN            number of nodes in the single-phase region  
                  of the heated section 


pchN           phase change number fg


H s fg


Q
A u h


ν
=  


rN              number of nodes in the riser 


SubN           subcooling number f i fg


fg f


h h
h


ν
ν


−
=  


 
Q               heating power (W ) 
q′′              heat flux ( 2Wm− ) 


*t               non-dimensional time H


s


L
u


=  


*u              non-dimensional velocity 
s


u
u


=  


*V           non-dimensional volume
H H


V
A L


=  


*W            non-dimensional flow rate 
f H s


W
A uρ


=  


 *z             non-dimensional axial coordinate 
H


z
L


=  


*PΔ          non-dimensional pressure drop 
f H


P
gLρ
Δ


=  


*ρ            non-dimensional density 
f


ρ
ρ


=  


Subscripts
A              accelerational pressure drop 
D             downcomer 
e              exit of heated section 
f              frictional pressure drop or saturated liquid 
g             gravitational pressure drop or saturated vapor 
H            heated section 
i              inlet of the heated section 
I              inertial pressure drop 
lhs           lower horizontal section 
n             nth node in the single-phase region of 
               the heated 
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ncl          Pressure drop through the loop 
r             rth node in the riser 
R            riser 
uhs         upper horizontal section 
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Abstract – Containment of the Nuclear Power Plant is the last barrier preventing the release of 
radioactive fission products to the environment in case of an accident. Therefore investigation of 
the fission product transport and deposition processes is a very important task. Phebus test facility 
and the performed fission product program provides the most extensive experimental results on 
severe accident phenomena starting from the nuclear fuel bundle degradation, continuing to 
radioactive material transport through the reactor cooling circuit and release to containment and 
ending with fission product deposition in containment. In order to understand and explain the 
obtained experimental results different computer codes are used. Though the Computational Fluid 
Dynamics (CFD) codes are already well advanced the lumped-parameter codes remain the main 
tool for safety assessment of NPPs and validation of these codes is an important task. The lumped-
parameter codes have certain limitations that require a special attention while performing safety 
analyses of the nuclear power plants. A special attention has to be paid to development of the 
containment nodalisation to be used for analysis. This nodalisation has to provide possibilities to 
take into account the phenomena that are expected in the course of the accident progression.  
A number of investigations of the Phebus experiments are performed and several publications are 
available in the open literature. Each investigator developed different nodalisation and there is no 
generic approach. This paper presents analysis of aerosol deposition and distribution processes in 
PHEBUS containment using lumped-parameter code COCOSYS. For the analysis two models of 
19 and 16 nodes were developed. The calculated thermal-hydraulic parameters are in good 
agreement with the measured results. The correct simulation of thermal-hydraulic phenomena is a 
precondition for simulation of transport and deposition of the materials released from the 
degrading core. Analysis of aerosol deposition showed, that the calculated deposition velocity is 
in good agreement with measured. Different nodalisations give different flow paths inside the 
containment and lead to different aerosol deposition distribution. In both cases deposition on the 
containment walls is significantly smaller than measured. Further investigation of diffusive 
deposition model is needed. 
 


 
I. INTRODUCTION 


 
The Nuclear Power Plants (NPP) shall be designed to 


be safe and operated without significant effects on 
individuals, society, and environment, nevertheless still 
there are possibilities for an accident to occur. Aware of it, 
international programs are set up to investigate the key 
phenomena of severe accidents at NPPs. One of the most 
extensive international programs, which was initiated in 
1988 after major accidents in NPPs (Chernobyl and Three 
Mile Island) and covers the whole spectrum of severe 
accident progression, is the international program 
PHEBUS-FP. The PHEBUS-FP consists of five in-pile 
experiments being successfully performed during the 
period from 1993 to 2004. The main objective of the 
programme is to study the release, transport and retention 


of fission products in an in-pile facility under conditions 
representative of a severe accident in a Light Water 
Reactor (LWR)1.  


This paper presents the approach to PHEBUS 
containment nodalisation under FPT-2 experiment 
conditions. Usually containment nodalisation is developed 
in a quite simple way using only 2 or 3 nodes2,3. However, 
the lumped parameter codes are mature enough to take into 
account some local effects. A detailed nodalisation is 
required taking into account that the main restriction in any 
lumped parameter code is missing momentum balance in 
gas flow calculations. In this paper two Phebus 
containment models of 19 and 16 nodes for lumped 
parameter code COCOSYS are described and received 
results are discussed. The performed analysis shows how 
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lumped parameter codes could be successfully used in 
detailed containment analysis.  


The first part of this paper deals with PHEBUS 
containment geometric parameters, initial and boundary 
conditions, steam, hydrogen and aerosols injections to 
containment. The second part is dedicated for simulation of 
thermal-hydraulic and aerosol transport in PHEBUS 
containment. At first there was developed model of 19 
nodes and was already used for analyses of FPT-1 and 
FPT-3 tests4,5. Performed thermal-hydraulic analysis 
showed good agreement between measured and calculated 
results. Calculated total aerosol deposition in containment 
atmosphere also was in good agreement with measured 
results, but aerosol deposition distribution was not 
sufficient. The model of 16 nodes was developed taking 
into account lessons learnt from previously performed 
analyses and updating knowledge on PHEBUS 
containment. Later on this model could be updated with 
analysis of iodine chemical reactions inside the 
containment.  


 
II. DESCRIPTION OF EXPERIMENT FPT-2 


 
II.A. Geometric conditions 


 
The PHEBUS containment vessel is a 10 m3 tank (see 


Fig. 1), made of electro-polished stainless steel (AISI 
316L), in which aerosols and gases conveyed through the 
experimental circuit during the test are collected. Height of 
containment is 5 m with an inner diameter of 1.8 m. The 
altitude of containment vessel is shown in Fig. 1. The 
containment wall represents a surface of about 25 m2. The 
containment has cylindrical form with rounded bottom and 
top. The outer vessel walls were heated to avoid steam 
condensation and subsequent aerosol deposition on the 
containment top vault and vertical walls during the test. The 
top vault is equipped with a group of three condensers, 
which are designed to control the heat transfer, steam 
condensation and thus simulate the cold structures of a 
reactor building. The total surface area of the condensers is 
3.333 m2. The surface of each condenser is divided to two 
parts: the cooled condensing or “wet” condenser surface 
(area: 0.775 m2


 per condenser) and the non-condensing or 
“dry” condenser surface (area: 0.336 m2 per condenser). 
The lower part of each condenser is kept dry by heaters 
and contains equipment to collect condensate from the 
upper cooled part. When the collection device is full, the 
condensate is automatically drained into the sump. The 
cooled surfaces of condensers are covered with epoxy 
paint as a source for organic iodine formation. The sump is 
a lower vessel part closed by a curved bottom structure with 
volume of 0.1 m3. The sump has a diameter of 0.584 m and 
height is 0.6 m in order to reproduce a representative 
atmosphere-water exchange surface. The sump was initially 
filled with 120 l water. The injection pipe tag to the 


containment of steam, hydrogen and aerosols is located -
2.86 m. Pipe tag is in the centre of containment and is 
pointed to the condensers. 
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Fig. 1 Schematic view of PHEBUS containment 
 
II.B. Initial and boundary conditions 
 
The composition of the containment atmosphere 


consists of condensable gases (i.e., steam) and non-
condensable gases (i.e., H2, O2, N2 and He). Initially the 
containment atmosphere contains 397 moles of a mixture 
of non-condensable gases composed of 95 % N2 and 5 % 
O2. During the test preparation phase the nitrogen is 
injected into containment to avoid any explosion hazards 
with the possible hydrogen injection and also after 
depressurization to 1 bar, the desired reduced containment 
oxygen concentration is also 5 % O2 in volume. Initial 
pressure in the containment is 1.95 bar; the average 
atmosphere temperature is 108 oC; and average relative 
humidity – 51.48 %.  


Measured steam and hydrogen flow rates into the 
containment are shown in Fig. 2. Steam injection to 
containment started at -3180 s, and after 1000 s increased 
to 0.47 g/s. Maximum steam mass flow rate released to 
containment is 0.5 g/s. After 9000 s a fraction of the 
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injected steam is converted into hydrogen as a result of 
fuel cladding oxidation. Hydrogen injection to containment 
started after 4570 s, and at ~10000 s increased to 
maximum of ~0.05 g/s. After 16000 s there is another 
steam flow decrease, which is also related to H2 
generation. The first fuel-clad failure in the reactor was 


recorded at ~5630 s and ~3000 s later (8730 s) the control 
rod failed. The aerosols flow to containment after ~9000 s 
and the injection was terminated after 19500 s (see Fig.3). 
The total injected aerosol mass is 44.69 g. 
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Fig. 2 Steam and hydrogen flow rates to containment  
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Fig. 3 Injected aerosol mass and flow rate to containment  


 
III. MODELS OF PHEBUS CONTAINMENT 


 
For simulation of the aerosol distribution and 


deposition in the PHEBUS containment two models for 
COCOSYS code were developed (see Fig.4). The 
nodalisation schemes of Model A and Model B are shown 
in Fig. 4.  


Model A radial subdivision consists of 4 rings above 
the sump and below condensers, and there are 3 rings at 
level of condensers. The diameter of one ring in radial 
subdivision corresponds to the diameter of the sump. The 
diameter of the central part of the subdivision was defined 
in such way that the injected plume of gases could be 
better defined in the model. There are defined 6 levels for 
vertical subdivision. Containment part between “wet” 
condensers bottom and sump are divided into three almost 


equal parts ~0.7 m height. “Wet” and “dry” condensers are 
in separated nodes. A detailed description of the Model A 
is presented in the paper4. 


Model B radial subdivision consists of two rings in 
close level above the sump. There is a central node R1H1 
and node R2H1 that simulate the bottom part of the vessel. 
Such approach gives well mixed conditions in the lower 
part of the facility. In level above -3350 mm and below 0 
mm there are three rings. The diameter of the radial 
subdivision was defined in such way, that the flow areas 
are similar. Such approach gives similar flow velocities in 
vertical direction. Compared to Model A the ring close to 
the external containment walls is larger. At the top vault of 
the vessel there is one additional node. Simulation at the 
top vault by single node gives the well-mixed conditions at 
the top of facility. Similar approach is used at the bottom 
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of facility. Above the SUMP the nodes are defined in such 
way, that there are two junctions to the SUMP. Such 
approach ensures better mixing and allows avoiding dead-
end node, which is not recommended for lumped 
parameter codes. 


In both models the sump is simulated as the single 
node and the pipe, through which the gases and aerosols 
from the reactor core are injected to the containment, is 
located in the node R1H2.  


 


 
 


Model A                                                               Model B 
 


Fig. 4 Nodalisation schemes of PHEBUS containment 
 
For simulation of the gas flow between the nodes 


there are defined atmospheric junctions with real 
geometric areas. Also, there are defined junctions for 
simulation of the water drainage from the “wet” 
condenser to the sump. It is assumed that the condensate 
is drained into the sump when the water film thickness on 
the condenser reaches 1  mm. 


In the developed models the initial and boundary 
conditions (e.g. initial pressure, temperature, relative 
humidity, etc.) are defined according to FPT-2 test 
specification.  


In the developed model the aerosols are divided to 
20 size classes assuming diameter range 10-8 – 10-4 m. 
The models of gravitational, diffusive and 
diffusiophoretic deposition mechanisms are considered in 
the model. The thermophoretic deposition mechanism is 
neglected. It is assumed that aerosols could be washed 
down from the vertical walls by condensate flow and slip 


through the vertical junctions. The aerosol particles are 
assumed to be perfectly spherical. The thickness of 
diffusive boundary layer6 in PHEBUS containment is 
assumed 10-4 m.  


Considering the results of the experiment the 
detected elements in PHEBUS containment can be 
classified into elements that are soluble (Cs, Rb and I), 
partly soluble (Ce, Te, Zr, Ru, Sn, In, Ag, W and U) and 
non-soluble (Ba, Mo, Cd, Re and Tc). The composition of 
elements detected in containment is given in Final test 
report1. It is assumed that the solubility factor for soluble 
elements is 1.9, for partly soluble elements it is 1.5 and 
for non-soluble elements it is 1.0. Consequently, the 
estimated average solubility factor of generic aerosol 
component is 1.55, which means that the generic aerosol 
is partly hygroscopic. According to PHEBUS FP 
programme annual progress report the average aerosol 
density7 was preliminary estimated to be ~3000 kg/m3. 
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IV. RESULTS OF ANALYSIS 
 
IV.A. Analysis of thermal-hydraulic parameters 
 
Comparison of results calculated with both models 


and measured total pressure is presented in Fig. 5. At the 
beginning of the test transient, the steam injection of 
~0.5 g/s resulted in pressure increase from initial 1.95 bar 
to about 2.2 bar in 20000 s. Because of steam conversion 


into hydrogen as the result of fuel cladding oxidation in 
the reactor core, there is observed pressure decrease to 2.1 
bar after 10000 s. After all injections to containment were 
terminated the pressure in experiment decreased down to 
initial value of ~1.95 bar. There is only minor difference 
between the calculated and measured results during the 
whole test sequence. The maximal difference between the 
measured and calculated pressures is ~0.05 bar, which is 
~2% of gauge pressure. 
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Fig. 5 Pressure in containment atmosphere 


 
Comparison of calculated and measured gas 


temperature in containment is presented in Fig. 6. In 
general the gas temperature evolution is predicted rather 
well in both models and the difference between calculated 
and measured temperatures does not exceed 1 °C. After 


the containment isolation and sampling sequence the 
average measured and calculated gas temperature 
stabilised at the value close to 108.4 °C. 
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Fig. 6 Temperature in containment atmosphere 


 
Comparison of calculated and measured condensation 
flow rates is presented in Fig. 7. As it was mentioned 
before the steam condensation in the containment, during 
the test, occurs only on the “wet” part of the condenser. 


As it could be expected from the comparison of the 
pressure and temperature results, the steam condensation 
rate is also predicted rather well. Also, there are no 
significant differences between the calculated values 
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using both models – Model A and Model B. The decrease 
of the condensation rate after 10000 s is related to 


decrease of steam injection and appearance of the 
hydrogen in the containment.  
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Fig. 7 Condensation flow on the condensers 


 
The gas temperature distribution inside the 


containment after 11750 s is presented in Fig. 8. Both 
models show well-mixed conditions, but in Model A there 
is hotter part close to injection. There is also better mixing 


between the main volume and sump in Model B due to 
additional junction. 


 


 


 
Temperature, ºC 


Model A                                      Model B 
Fig. 8 Temperature distribution in PHEBUS containment (after 11750 s.) 
 


   


1205







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11413 


Taking into account the results presented in Fig.5 – 
Fig. 8 the thermal-hydraulic parameters in PHEBUS 
containment during FPT-2 in both models are predicted 
rather well and there are no significant differences 
between the measured and calculated values. Such 
compliance shows that the thermal-hydraulic part of 
containment model is developed to acceptable level and 
enables further analysis of aerosol transport and 
deposition processes, which is presented in next section. 


 
IV.B. Analysis of aerosol deposition in PHEBUS 


containment 
 


Fig. 9 presents comparison between the measured 
and calculated aerosol mass suspended in the containment 
atmosphere. After ~17600 s there is observed a maximum 
of the airborne aerosol mass in containment. In general 
the calculated airborne aerosol mass is overestimated 
during whole analysed period, but the difference is less 
than 2 g. The maximal measured mass is ~19 g, while 
calculated in Model A is ~20 g and in Model B is ~21 g. 
The difference between the calculated and measured mass 
does not change significantly, which shows that total 
deposition rate are rather well calculated with 
COCOSYS. 
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Fig. 9 Aerosol mass suspended in the containment atmosphere 


 
Fig. 10 presents the measured and calculated results 


of aerosol average geometric mass median diameter 
(GMMD) in containment atmosphere. According to the 
measured results, the structure of the aerosol particle is 
predominantly ball shaped, with sizes typically ranging 


from 0.5 to 1 μm. Observations showed that these very 
fine particles might be agglomerated to form particles of 
size up to 20 μm1. A calculated result is ranging from 0.5 
to 1 μm regarding agglomeration processes. Difference 
between Model A and Model B is not observable. 
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Fig. 10 Aerosol geometric mass median diameter in containment atmosphere 
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Aerosol concentration inside the containment after 
11100 s is presented in Fig. 11. One could see that with 
new model of 16 nodes (Model B) a better mixing in the 
whole containment volume is observed. In Model A there 
is clearly seen zone close to injection, which gives rise of 
aerosols to a “dry” condenser and from there it is diverted 


to external wall and does not reach the “wet” condenser. 
This leads to the result that less aerosols are deposited on 
the condensers and in the sump. With Model B more 
aerosols reach “wet” condenser and deposits on it. From 
there it could be washed down to the sump together with 
the condensate.  


 


 
Aerosol concentration, g/m3 


Model A                                                    Model B 
 


Fig. 11 Aerosol concentration in containment atmosphere (after 11100 s) 
 
Distribution of aerosol deposition on different 


surfaces in containment is shown in Table I. The largest 
aerosol deposition is on the containment floor around the 
sump, where 74% of aerosols is deposited. On the 
condensers and in the sump there are deposited 14% of 
aerosol mass, while on the vertical containment walls and 
removed by the sampling 12%. The results received with 
COCOSYS Model A shows good agreement for the 
particles deposition on the floor, but deposition on the 
containment walls and removed by the sampling is 
significantly lower (1% instead of measured 12%) while 
deposition on the condensers is overestimated. The results 
received with COCOSYS Model B shows a rather good 
agreement for aerosol deposition on condensers, while 
deposition on the floor is overestimated. The deposition 
of aerosols on the vertical containment walls is 
significantly underestimated again. The deposition on the 


vertical walls is determined by the diffusive deposition 
mechanism. In the paper8 there is presented investigation 
of the influence of the thickness of the diffusive boundary 
layer on the aerosol deposition in FPT-1 test and it is 
shown that this parameter does not have a significant 
influence on the results. Therefore there should be 
performed further investigations on the diffusive 
deposition mechanism. 


 
Table I. Distribution of aerosol deposition 


 Floor of 
containment 


Condenser 
surfaces and 


sump 


Containment 
walls + 


samplings 
Experiment 74.0% 14.0% 12.0% 
Model A 74.1% 24.9% 1.0% 
Model B 86.0% 13.28% 0.72% 
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V. CONCLUSIONS 


 
Analysis of aerosol deposition and distribution 


processes in PHEBUS containment using two models of 
19 and 16 nodes was performed. 


The influence of nodalisation on the calculated 
thermal-hydraulic parameters is only minor, the thermal-
hydraulic parameters in both cases are in good agreement 
with the measured results and enables analysis of the 
materials released from the degrading core. 


Performed analyses of aerosol total deposition 
distribution shows that in both cases deposition on the 
containment walls is significantly lower than measured 
and further investigation of diffusive deposition model is 
needed.  


Compared both models results are quite similar, 
except deposition distribution. A new model of 16 nodes 
gives better mixing of gases and aerosols in the 
containment and deposition on the condensers is 
predicted better. 
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Abstract –The purpose of this work is to investigate the interaction between austenitic stainless 
steel such as SS 316L and liquid metals including pure Ga, Ga-14Sn-6zn and Ga-8Sn-6Zn for the 
potential application of gallium for fast reactor coolants. As received and pre-oxidized specimens 
of SSS 316L were exposed to static gallium and gallium alloys (Ga-14Sn-6Zn and Ga-8Sn-6Zn) at 
500°C for up to 700 hrs in air, vacuum and controlled O2 conditions. The results have shown that 
pre-oxidized specimens showed higher corrosion resistance than as-received specimens in terms of 
metal loss. The weight change and metal loss of SS 316L were generally reduced in Ga-14Sn-6zn 
and Ga-8Sn-6Zn comparing to those in pure Ga.  


 
 


I. INTRODUCTION 
 
For recycling spent fuels from operating nuclear 


power plant, liquid metal fast breeder reactor (LMFBR) is 
one of promising candidates among GEN-IV nuclear 
energy system. Among various liquid metals, sodium is a 
spotlighted coolant for designing fast breeder reactor. 
However, the disadvantage of sodium, high activity with 
water and air, is the factor that searches for alternatives. In 
this aspect, heavy liquid metals including pure Pb and Pb-
Bi eutectic alloy have been extensively studied for fast 
reactor application. However, there have been some issues 
such as incompatibility with structural alloys at high 
temperature and Po generation in liquid Pb-based nuclear 
systems. 


This study is focused on another liquid metal, gallium 
as potential coolant for the next generation nuclear reactor 
system. The element of gallium possesses unique 
properties as follows. It is very stable in air or water, 
having a very low melting point, and a very high boiling 
point. It melts at 29°C, and suitable alloying might be 
capable of lowering the melting point to below room 
temperature by alloying with Sn and Zn. The boiling point 
is as high as 2204°C. Being a liquid metal, the heat transfer 
characteristics would be good, though not so good as those 
some other liquid metals such as sodium.1 There is no issue 
of gallium for activity increase by irradiation in nuclear 
reactor environment. However, the absorption cross section 
of gallium is rather high, 2.2 barns per atom, which is a 
severe handicap, but since the cross section might be 
reduced by proper alloying.  


 


In the viewpoint of compatibility of coolant, which is 
main interest of this study, gallium has a high affinity for 
many metals and alloys1, especially steels. Therefore, the 
corrosion of structural metals and alloys in gallium at high 
temperature has been known to be relatively high due to 
the dissolution of various constituents of the metals or 
alloys by the liquid gallium. Since gallium had some 
promise as a reactor coolant, owing to its unique properties, 
research on the subject was merited. The research had as its 
objectives, determining the effect of alloying on melting 
point and on cross section, and studying the corrosion of 
possible container materials by gallium.  


In this study, as-received and pre-oxidized specimens 
of SS316L under different conditions were tested and 
analyzed to understand general corrosion behaviors of 
structural materials in liquid gallium and gallium alloy. 


  
II. Rationale and Approach 


 


Since 1950s, researchers studied the use of gallium as 
coolants and expected that it is unique material for nuclear 
coolant application.2 However, the significant corrosion at 
elevated temperature in some metals and alloys were 
observed. The most compatible materials interacted with 
gallium at high temperature were known as refractory 
metals such as tungsten.1 But the difficulty of 
manufacturing process of refractory metals was one of 
issues to use them in gallium environment.  In this study, 
an active control of oxygen partial pressure which has been 
extensively studied for preventing lead-bismuth corrosion 
in structural materials 3-4 was applied for the prevention 
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(a)                        (e) 


 
(b)                        (f) 


 
(c)                        (g) 


 
      (d)                      (h) 
 
 
Fig. 5. SEM Images of as-received specimens after 


exposure to static gallium at 500°C in air for (a)17, (b)140, 
(c)307, and (d)700 hrs, respectively. Along red (base metal) 
and blue (gallium compound region) spots indicating 
analysis positions for EPMA (left) and quantitative analysis 
of Fe, Cr, O, Ga, and Ni obtained by EPMA (right). 
 
 
 
oxidized at 500°C air for 100hr, and pre-oxidized at 500°C 
controlled O2, specimens were showing different metal loss, 
weight change, and reaction layer data. Also, corrosion 
 


 
      (a)                      (e) 


 
      (b)                      (f) 


 
     (c)                       (g) 


 
     (d)                       (h) 
 
 
Fig. 6. SEM Images of as-received specimens after 


exposure to static gallium alloy (Ga-14Sn-6Zn) at 500°C in 
vacuum for (a)17, (b)140, (c)307, and (d)700 hrs, 
respectively. Along red (steel region) and blue (gallium 
compound region) spots indicating analysis positions for 
EPMA (left) and quantitative analysis of Fe, Cr, O, Ga, Ni, 
Sn and Zn obtained by EPMA (right). 


 
 
 


environments (pure gallium and gallium alloy) have an 
effect on corrosion behaviors. 


The metal loss and thickness of reaction layer increase  
 
 


Base metal Compound 
Compound Base metal 
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with exposure time as shown in Figs. 7~9, respectively. 
Pre-oxidized specimens were expected that they are 


more protective. Before exposed to gallium, the weight of 
all specimens was measured. After testing, the specimens 
were first washed in a 50°C water to remove gallium 
adhering to the surface, and then ultrasonically cleaned in 
DI water to ensure complete removal of gallium. After 
drying, the specimen weight was measured. After as-
received specimens exposed to gallium for 700 hr in air 
and vacuum, the weight change is -804.32 mg/cm2 as 
shown in Fig. 7. The weight change of specimens tested in 
controlled O2 for 700 hr is -705.1 mg/cm2. For as-received 
specimens tested in same conditions but under gallium 
alloy environment (Ga-14Sn-6Zn), the weight change is -
458.9 mg/cm2 in air condition as shown in Fig. 8. Under 
different composition of gallium alloy (Ga-8Sn-6Zn), the 
weight change of as-received specimens is -324 mg/cm2 in 
air condition as shown in Fig. 9. The result of test with as-
received specimens in vacuum condition for 700 hrs at 
500°C in this study showed that the weight change is -
658.7 mg/cm2 in pure gallium, but those are -238.9 mg/cm2 
and -331.7 mg/cm2 in Ga-14Sn-6Zn and Ga-8Sn-6Zn, 
respectively. The tendency at here is that as-received 
specimens tested in air condition undergo higher weight 
changes compared to vacuum condition. Other pre-
oxidized specimens also clearly show this tendency. 


The results of weight changes of as-received specimen, 
pre-oxidized specimen with gallium, and as-received 
specimens with gallium alloy (Ga-14Sn-6Zn) tested in 
controlled O2 for 700 hrs in this study are -705.12 mg/cm2, 
-381 mg/cm2, and -571.8 mg/cm2, respectively. 


The mechanisms of forming reaction layer is that main 
constituents of stainless steel is soluble in gallium, when 
they meet gallium at high temperature, the compound start 
to form on the surface. These figures and graphs from Figs. 
5~6 show SEM images and EPMA quantitative analysis at 
the interface in depth with 40 um. 


At steel region, iron, nickel, and chromium’s signal is 
dominant. At reaction layer region, gallium, iron, 
chromium, and nickel iron are mixed and formed 
compound. 


After exposure to gallium for 700 hr in air and vacuum, 
the thickness of reaction layer of as-received specimens is 
637μm, 583.2μm, respectively. In gallium alloys 
environments, the thickness is 508μm (air), 493μm 
(vacuum) in Ga-14Sn-6Zn and 475μm (air), 552.5μm 
(vacuum) in Ga-8Sn-6Zn, respectively. For the as-received 
metals, there is also tendency that the thickness of reaction 
layer is thin at vacuum condition compared to air condition 
but not Ga-8Sn-6Zn environment. 


For metal loss data, the thickness of initial specimens 
was measured before exposure to gallium and gallium 
alloys. After testing, specimens was mounted, and 
sectioned to examination the cross-section of specimens, 


 


 
 


(a) 
 


 
 


(b) 
 


 
 


(c) 
 


Fig. 7. Corrosion behaviors of SS 316L exposed to 
liquid gallium at 500°C, and tested in air for times up to 
700 hr. (a) Weight change, (b) metal loss, (c) reaction layer. 


 
 
 


then the thickness of specimens remaining was measured at 
six region, and averaged. The results of this study say that 
as-received metal specimens showed much higher metal 
loss than other pre-oxidized specimens in gallium 
environment and metal loss decreased in gallium alloy 
environments. 


2434







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11439 


   


 
 


(a) 
 


 
 


(b) 
 


 
 


(c) 
 


Fig. 8. Corrosion behaviors of SS 316L exposed to 
gallium alloy (Ga-14Sn-6Zn) at 500°C, and tested in air for 
times up to 700 hr. (a) Weight change, (b) metal loss, (c) 
reaction layer. 


 
 


V. DISCUSSION 
 


The EPMA quantitative analysis shows that the 
reaction layer is composed by mainly FeGa3 and some 
CrGa4, Ni2Ga3 and Ga2O3.7-9 It is thermodynamically 
possible that ternary and quaternary compounds of Fe, Cr, 
Ni, and Ga were also formed in this region. 


 
 


(a) 
 


 
 


(b) 
 


 
 


(c) 
 


Fig. 9. Corrosion behaviors of SS 316L exposed to 
gallium alloy (Ga-8Sn-6Zn) at 500°C, and tested in air for 
times up to 700 hr. (a) Weight change, (b) metal loss, (c) 
reaction layer. 


 
 


In this work, all specimens were exposed to three 
conditions of environments as below: 


1) gallium environment 
2) Ga-14Sn-6Zn environment 
3) Ga-8Sn-6Zn environment 
Depending on corrosion behavior data, the weight 


change of as-received specimens exposed to gallium was – 
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804.32 mg/cm2 (in air condition) and -678.7 mg/cm2 (in 
vacuum condition), respectively. At Ga-14Sn-6Zn 
environment, the values are -458.9 mg/cm2 (in air 
condition) and -238.9 mg/cm2 (in vacuum condition) and at 
Ga-8Sn-6Zn, the values are -324 mg/cm2 (in air condition) 
and -316.7 mg/cm2 (in vacuum condition), respectively. 
The weight change of as-received specimens that exposed 
to gallium alloys is smaller than that exposed to gallium as 
shown in Fig. 10. 


 
 
 


 
                    (a) 


 
                  (b) 


 
 (c) 


 
Fig. 10. Weight change of as-received SS 316L 


exposed to pure gallium and gallium alloys (Ga-14Sn-6Zn 
and Ga-8Sn-6Zn) at 500°C, (a) in air condition, (b) in 
vacuum condition(10-6torr), and (c) in controlled O2 
condition, respectively. 


The reason of reducing weight change in gallium 
alloy environments is expected that solubility of main 
constituents of SS 316L in both tin and zinc is lower than 
in gallium at certain temperature. Or diffusion coefficient 
of main constituents is lower in gallium alloy environments 
than in pure gallium environment. But these solubility and 
diffusion coefficient data are not extensively studied in 
literatures. Similar cases are studied in literature, solubility 
limit of iron in bismuth is about 3.16x10-3 wt.%, but 
3.16x10-4 wt.% in lead-bismuth eutectic,10 these are due to 
different solubility limit in each liquid metal. 


As function of oxygen content in each test, the weight 
change in vacuum condition (10-6torr) is lowest as shown 
in Fig. 11. The role of dissolved oxygen in the weight 
change of as-received SS 316L by pure gallium and 
gallium alloy is still not defined. In case of heavy liquid 
metal such as lead at elevated temperature, different 
corrosion behaviors depending on oxygen dissolved in lead 
are discussed.4,  11 At oxygen content below 10-7 at.% in 
lead, corrosion of austenitic steels is determined by 
solution of alloy components in steel. It increases strongly 
with decreasing oxygen content.4  
 
 
 


 
                          (a) 


 
                          (b) 


 
Fig. 11. Weight change of as-received SS 316L tested 


in air, vacuum (10-6torr) and controlled O2 conditions at 
500°C, exposed to (a) pure gallium and (b) gallium alloy 
(Ga-14Sn-6Zn) environment, respectively. 
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(a) 


 


 
(b) 


 
Fig. 12. Thickness of reaction layer of as-received SS 


316L tested in air, vacuum (10-6torr) and controlled O2 
conditions at 500°C, exposed to (a) pure gallium and (b) 
gallium alloy (Ga-14Sn-6Zn) environment, respectively. 


 
 
However, this tendency is different in case of gallium. 


The reaction layer developed at air condition is most thick 
as shown in Fig. 12.  


The thickness of reaction layer was affected by these 
alloy environments as shown in Fig. 13. The mechanism of 
forming reaction layer as compound with gallium, iron, 
chromium and nickel is not much discussed in the past 
literatures. At each condition, as-received specimens 
exposed to pure gallium develops the most thick reaction 
layer compared with other specimens exposed to gallium 
alloys.  


Specimens that exposed to gallium alloys have 1~2 wt% 
of zinc in the reaction layer neat the interface. Metal loss of 
-received specimens that exposed to gallium is 0.4029μm 
(in air condition) and 0.29μm (in vacuum condition). In 
Ga-14Sn-6Zn environment, the values are reduced as 
0.2025μm (in air condition) and 0.1892μm (in vacuum 
condition). The expected metal loss in Ga-8Sn-6Zn 
environment is the values between gallium and Ga-14Sn-
6Zn, but the values are again reduced such as 0.1517μm (in 
air condition) and 0.1358μm (in vacuum condition). 


 
                 (a) 


 


 
                        (b) 
 


 
(c) 


 
Fig. 13. Thickness of reaction layer of as-received SS 


316L exposed to pure gallium and gallium alloys (Ga-
14Sn-6Zn and Ga-8Sn-6Zn) at 500°C, (a) in air condition, 
(b) in vacuum condition(10-6torr), and (c) in controlled O2 
condition, respectively. 


 
 


VI. CONCLUSIONS 
 


After as-received specimens exposed to liquid gallium 
at 500°C, the volume of specimens which tested in air and 
vacuum condition was significantly reduced. It is due to 
dissolution of constituents of solid metal into liquid 
gallium.  
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Pre-oxidation of SS 316L under three conditions in this 
study shows difference of corrosion behavior, but is not 
effective to prevent the mass transfer of constituents of the 
steels, even under actively controlled O2 condition. The 
weight change and metal loss are generally reduced in 
vacuum condition and also in gallium alloy environments, 
but still specimens corroded considerably. 


From this study, following summary and conclusions 
can be made. 


- Compound formed on specimens after corrosion 
tests in gallium was observed to consist of 
primarily FeGa3 with some CrGa4 and Ni2Ga3. 
Grain-boundary attack was not found at the 
interface between gallium and specimen. It is 
possible that ternary and quaternary compounds 
also formed. 


- Specimens tested in gallium alloy environments 
(Ga-14Sn-6Zn and Ga-8Sn-6Zn), 1~2 wt% of 
zinc was observed in the reaction layer near the 
interface. Zinc can be compounded with iron.  


- The weight change of as-received specimens that 
exposed to gallium alloys is smaller than that 
exposed to pure gallium. 


- The pre-oxidized specimens that exposed to 
gallium and Ga-8Sn-6Zn environments gained 
their weight more than that of as-received 
specimens. Pre-oxidized specimens that exposed 
to Ga-14Sn-6Zn environment gained more in air 
condition and lost more in vacuum conditions 
compared to as-received specimens. 


- General behavior of developing reaction layer 
within the effect of pre-oxidation is that pre-
oxidized specimens, in any conditions, had 
developed as thick as reaction layers on as-
received specimens. 


　 
Based on the results from this study, specimen in 


gallium alloy showed higher corrosion resistance than in 
pure gallium at high temperature air condition. However, 
the thickness of reaction layer formed even in gallium alloy 
condition is considered relatively higher than what can be 
generally expected from other liquid metal coolant 
condition including Na or Pb-Bi. Therefore, authors would 
suggest that a detail study to increase the corrosion 
resistance of structural materials by proper alloying to 
produce protective layer formation need to be pursued. In 
this case, the gallium alloy (not pure gallium) would be 
better choice as liquid metal coolant materials for the 
candidate of next generation coolant in terms of material 
compatibility. 
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Abstract – The paper reports on a benchmarking activity carried out within the frame of the 
IAEA CRP on “Heat Transfer Behaviour and Thermo-hydraulics Codes Testing for SCWRs”. The 
analysis of the computational results of 10 participants obtained by 11 codes for the description of 
the Benchmark Exercise No.1 “Steady state Flow in a Heated Pipe” (hosted by OKB 
“Gidropress”) is presented. 


 
 


I. INTRODUCTION 
 
The task of development and verification of thermal-


hydraulics codes is one of the most urgent tasks to prepare 
designing supercritical water cooled reactors (SCWRs). 
The information on temperatures of fuel rod claddings and 
elements of reactor structure with operational states and 
accident conditions is critical when choosing existing or 
developing new constructional materials, it may 
considerably influence time-frame and feasibility of 
SCWR projects. 


Within the IAEA Coordinated Research Project “Heat 
Transfer Behaviour and Thermo-hydraulics Codes Testing 
for SCWRs”, it was proposed to take the first step and to 
realize the testing of thermal-hydraulics codes that exist or 
are developed by CRP participants. Generally, the testing 
was realized to compare the results of different codes and 
computational methods for the purpose to reveal possible 
considerable mistakes and shortcomings and to estimate 
possible range of computational results. The specifications 
of two benchmarks were prepared: 


– Benchmark Exercise No 1 “Steady state Flow in a 
Heated Pipe” (hosted by OKB “Gidropress”); 


– Benchmark Exercise No 2 “Benchmark on Stability” 
(hosted by the University of Pisa). 


Since the conditions of the previous experiments were 
used when preparing computational tasks for the 


Benchmark Exercise No.1, additionally the comparison of 
computational results with experimental data was 
performed. 


This paper summarizes the short description of the 
Benchmark Exercise No 1 and the analysis of the 
computational results of 10 participants obtained by 11 
codes. 


 
II. DESCRIPTION OF THE BENCHMARK 


EXERCISE No.1 
 
The benchmark problem consists of a simple steady-


state flow of supercritical water in a heated pipe. Two 
cases are proposed for whose adequate experimental data 
exist1,2: 


– Case 1: Upward flow in a heated pipe; 
– Case 2: Upward and downward flow in a heated 


pipe of a different geometry. 
The description of geometric dimensions of the test 


sections and the basic test parameters are presented in 
Table I. 


Case 1 is the most similar to SCWR parameters (long 
pipe, high mass velocity and heat flux). In Case 2 Variant 2 
the test parameters correspond to SCWR parameters less, 
but this variant was chosen specially to control the 
sensitivity of the codes to flow direction influence on heat 
transfer deterioration. 
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TABLE I 


Geometric and Test Parameters for Cases 1 and 2 


Parameter Case 1 Case 2 
Variant 1 Variant 2 
Up Down Up & Down


Pipe inside diameter, mm 10 25.4 
Heated length, m 4 2 
Unheated bottom length, m - 0.63 
Unheated top length, m - 0.16 
Mass flux, kg/m2s 1500 820 892 380 
Inlet temperature, ºC 352 250 200 
Outlet pressure, MPa 24 25 
Heat flux, kW/m² 884 400 


 
The distributions in length of the heated pipe section 


of such parameters as temperature, enthalpy, density of 
water, wall temperature, heat transfer coefficient and 
pressure drop were compared in this Benchmark Exercise. 


 
III. PARTICIPANTS AND CODES 


 
Ten participants took part in the computation of the 


Benchmark Exercise No.1: 
 


AECL – Atomic Energy of Canada Limited, Canada; 
BARC – Bhabha Atomic Research Centre, India; 
CIAE – China Institute of Atomic Energy, China; 
GP – OKB “Gidropress”, Russia; 
JRC – European Commission DG Joint Research 


Centre, the Netherlands; 
KAERI – Korea Atomic Energy Research Institute, 


Republic of Korea; 
MP – cooperation of the University of Pisa and 


McMaster University; 
SJTU – Shanghai Jiao Tong University, China; 
UMAP – cooperation of the University of Manchester, 


the University of Aberdeen and the University 
of Pisa; 


VTT – VTT Technical Research Centre of Finland, 
Finland. 


 
The above abbreviations of test problem participants 


are used subsequently to identify the calculation results. 
The computer codes used for the calculations are 


presented in Table II. 


TABLE II 


Codes used for calculations 


Participants Codes 


AECL CATHENA 


Su
bc


ha
nn


el
 a


nd
 


sy
st


em
 c


od
es


 


GP TEMPA-SC 
JRC COBRA-EN 


MP 
TRACE5.0 
RELAP5/Mod3.3 


VTT APROS 
BARC NAFA 


C
FD


 c
od


es
 CIAE ANSYS CFX 


KAERI Fluent 


SJTU 
Fluent 
SIMPLE2D 


UMAP SWIRL 
 


III. COMPARISON OF THE RESULTS 
 
The calculation results are presented in Ref.3 as the 


graphs of the distribution of pipe wall temperature along 
the length of the heated pipe section. 


Two of the exercises presented in Table I are of the 
greatest interest: Case 1 and Variant 2 for Case 2 (upflow). 
Case 1 is interesting in a higher enthalpy rise in the test 
section in comparison with Case 2, and bulk water 
temperature reaches and then exceeds pseudo-critical 
temperature. Case 2 Variant 2 is interesting in phenomenon 
of heat transfer deterioration for the upflow. Therefore, 
generally, the results of these two exercises will be 
demonstrated in this paper. 


Arithmetic means of relative difference between 
computational and experimental results of pipe wall 
temperature, and standard deviations are given in Table III. 
The computation of relative difference between 
experimental and computational values of pipe wall 
temperature was carried out by Eq. (1): 


 


 
 (1) 
 
 


where, exp
wT  – experimental value of wall temperature, °C;  


         – computed value of wall temperature in 
thermocouple location point, °C. The value    was 
calculated under the assumption of linear temperature 
change between two nearby computed temperature values 
to the thermocouple location point. 


Figures 1 to 6 show longitudinal distribution of 
temperature of pipe inner surface for Case 1 and for Case 2 
Variant 2 Upflow. Figures 1 and 4 presented results for 
subchannel and system (S&S) codes, Figures 2, 3, 5 and 6 
for CFD codes. 


 com
wT̂


 com
wT̂


exp
w


exp
w


com
w


w T
TT̂T −


=δ


140







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11367 


   


TABLE III 


Comparison of experimental and computational values of wall temperature 


 
 
 


  


 Fig. 1. Result of Case 1. S&S codes. Fig. 2. Result of Case 1. CFD codes (Part 1). 
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Fig. 3. Result of Case 1. CFD codes (Part 2). 


 


 
Fig. 4. Result of Case 2 Variant 2 upflow. S&S codes. 


 


 
Fig. 5. Result of Case 2 Variant 2 Upflow. CFD codes (Part 1). 


 


 
Fig. 6. Result of Case 2 Variant 2 Upflow. CFD codes (Part 2). 


 
 


IV. ANALYSIS OF THE RESULTS 
 


IV.A. Analysis of the experimental data 
 


As it has been already mentioned in the introduction, 
the possibility to predict the temperature of heat-release 
surface is one of the most important problems that SCWR 
developers face. The least studied problem is a 
phenomenon of heat transfer deterioration to supercritical 
fluids. 


The main reason for heat transfer deterioration in 
supercritical fluid is a strong dependence of fluid density 
on temperature across the pseudo-critical temperature. In 
the presence of temperature variation over the cross-
section of the channel, it causes the occurrence of 
secondary forces, related to flux acceleration and buoyancy 
near hotter wall. It causes the change of velocity profiles 
and turbulent diffusion coefficient on the cross-section of 
the channel. 


The most well-known criteria of heat transfer 
deterioration conditions connect heat flux with mass 
velocity, for example, Yamagata criterion4: 


 
2.0Gq 2.1 >  , (2) 


 
and Styrikovich – Miropol’skii criterion5: 


 
6.0Gq >   (3) 


 
(where q is in kW/m² and G is in kg/(m² s)). 


Professor J.D. Jackson suggested6 two parameters that 
allow to estimate the power of influence of fluid 
acceleration and buoyancy effects: 
 


( )b
625.1


b
*
b


*
b PrReQAc =  – acceleration parameter, (4) 
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( )8.0
b


425.3
b


*
b


*
b PrReGrBo =  – buoyancy parameter. (5) 


 
If *


bAc < 2·10-6 or/and *
bBo < 2·10-7 than fluid acceleration 


or/and buoyancy effects are negligible6. Thus, the criterion 
of the possibility of deteriorated heat transfer is a 
condition: 
 


*
bAc > 2·10-6 or *


bBo > 2·10-7 . (6) 
 


Maximum complex values used in criteria (2), (3) and 
(6) are presented for each case in Table IV. Fig. 7 and 8 
show the variation of parameters (4) and (5) depending on 
bulk enthalpy in the pipe for Case 1.  


 
TABLE IV 


The parameters in the criteria 


 Parameters 
q/G1.2 q/G Acb


* Bob
* 


Case 1 0.14 0.59 0.37·10-6 0.5·10-7 
Case 2 Var.1 0.13 0.49 0.10·10-6 2.4·10-7 
Case 2 Var.2 0.32 1.05 0.30·10-6 34·10-7 
Conditions 
of criteria >0.2 >0.6 >2·10-6 >2·10-7 


 
As shown in Table IV, according to all criteria in Case 


2 Variant 2, deteriorated heat transfer conditions should be 
observed, it is proved by the experiment for the upward 
flow. The obtained values of the parameters Acb


* and Bob
* 


indicate that heat transfer deterioration occurs owing to the 
buoyancy effect. The buoyancy effect causes the increase 
of heat transfer coefficient owing to the increase of 
turbulent diffusion coefficient concerned with velocity 
gradient increase on the pipe radius for the downward flow 
case. 
 


 
Fig. 7. Change of acceleration parameter for Case 1. 


 
Fig. 8. Change of buoyancy parameter for Case 1. 


 
 


IV.B. Analysis of S&S code results 
 


The participants’ calculations made by subchannel and 
system codes showed very close values of integral 
parameters that are defined by balance equations. Only MP 
results of the enthalpy of water differ from the results of 
other participants. The mathematical model and computer 
code should be analyzed to determine the reasons for the 
differences. 


Noticeable differences are observed in local 
parameters that are defined by correlations: pressure drop 
and heat transfer coefficient. It emphasizes one more time 
the necessity to design heat transfer and wall friction 
standard correlations for supercritical fluids. 


Comparing the distribution of wall temperature along 
the pipe in calculations and experiments (Table III), it may 
be concluded that the most similar results for Case 1 were 
obtained by JRC, VTT and GP (variant GP1101). AECL 
and MP results that possibly used Dittus-Boelter 
correlation, show overstatement of heat transfer coefficient 
at water temperature near pseudocritical point and higher. 


In Case 2 Variant 1 with upward coolant flow the 
results of VTT and MP (variant MP2101T) show formally 
overstatement of pipe wall temperature, still, if one 
compares the heat transfer coefficients, it is seen that these 
two calculations predicted the most exact heat transfer 
coefficient. Probably, this disagreement is caused by 
temperature differences of inlet water that are written in 
the tables with experiment data2 and realized in the 
experiment. As a result, if one displaces mentally the 
graphs of water temperature down by 5ºC and, 
respectively, wall temperatures the results of VTT and MP 
(variant MP2101T) will predict the experiment data best. 
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A good coincidence with experimental values of heat 
transfer coefficients for VTT and MP (variant MP21D01T) 
results is also observed in Case 2 Variant 1 Downflow. 


Unfortunately, none of the subchannel and system 
codes could predict heat transfer deterioration for Case 2 
Variant 2 with upward flow. 


 
IV.B. Analysis of CFD codes resultsa 


 
The participants used different turbulent models listed 


in Table V to perform calculations by CFD codes. 
 


TABLE V 


Turbulence models used for CFD analysis 


Institute Code Turbulence Model (Abbreviation) 
BARC NAFA Standard k-ε (SKE) 
CIAE CFX Shear-Stress-Transport K-ω (SST) 


KAERI Fluent ReNormalization Group k-ε (RNG); 
Reynolds Stress Model (RSM); 
Standard K-ω (SKW); SST; V2-f 


(V2F); Low Re models: ABD, AKN, 
CHS, LB, LS, YSb 


SJTU Fluent, 
SIMPLE2D 


SKE; RNG; SKW; SST; RSM; 
Low Re models: ABD, AKN, CH, 


CHC, JL, YS 
UMAP SWIRL Low Re models: AKN, LS, YS 


 
For Сase 1, SST model of CFX (CIAE) and SKW 


model of Fluent (SJTU) were found to predict closest to 
the experimental data in comparison with other 
codes/models. Fluent’s RSM was found to predict well up 
to x = 2 m. SKE model of NAFA (BARC) is found to 
under-predict the wall temperature. 


Conclusions for Case 1 – all models, except low Re 
models, YS and LS models, predict the experimental data 
quite well. SST and SKW models were found to perform 
better than other models. 


The analysis of the experimental data for Case 2 
Variant 1 Upflow shows that conditions are much simpler 
than for Case 1. The bulk temperature varies from 250ºC to 
283ºC (from inlet to outlet). It is much less than the 
pseudocritical temperature of 387ºC at 25 MPa. For this 
case, results of SKE, SKW, SST models and low Re 
variants like AKN, LS, YS are available. SKE model in 
NAFA (BARC), SST model of Fluent (KAERI) and SKW 
model of Fluent (KAERI) predicted closest to the 
experimental data. Low Re model (variant YS) over-
predicted the wall temperature. Heat transfer coefficient 


                                                           
a Analysis performed by A.M. Vaidya, N.K. Maheshwari and 


P.K. Vijayan from BARC, India. 
b Abbreviations of the low Re models: AKN – Abe-Kondoh-Nagano; 


ABD – Abid; CH – Chien; CHC – Chang-Hsieh-Chen; JL – Jones-
Launder; LB – Lam-Bremhorst; LS – Launder-Sharma; YS – Yang-Shih. 


predicted by all models except YS, was close to the 
coefficient obtained experimentally. 


Conclusions for Case 2 Variant 1 Upflow – all models, 
except low Re model (variant YS), predicted close to the 
experimental data for Case 2 Variant 1 Upflow (especially 
SKE, SKW and SST models were more accurate). 


In this Case 2 Variant 1 Downflow also the sub-critical 
flow is encountered as the bulk temperature is much less 
than the pseudo-critical temperature. Hence, qualitatively 
all models have given the same result as the experimental 
data. However, an interesting trend is obtained in the 
results. The YS and AKN variant of low Re model 
implemented in SWIRL (UMAP) and Fluent respectively 
show excellent match with the experimental data. 
However, the YS variant in Fluent (KAERI) and AKN 
variant of SWIRL show maximum deviation from the 
experimental data. Thus, different codes using the same 
models have shown different results. All other 
models/codes predict in between. Further predictions with 
SST and SKW models by different codes are all found to 
match closely with the experimental data. 


Conclusion for Case 2 Variant 1 downflow – in this 
case also SST and SKW models predict close to the 
experimental data.  


For Case 2 Variant 2 upflow only BARC and SJTU 
results of bulk temperature match well with the 
experimental data. Regarding wall temperature variation, 
none of the models/codes was able to predict accurately 
over the entire range. The low Re variants like AKN, YS, 
LS, CH (all UMAP) and ABD (KAERI) are qualitatively 
the same as the experimental data in the initial heated part, 
i.e. up to x = 0.5 m, beyond which wall temperature is 
over-predicted. The high Re versions (i.e. SKE (BARC), 
SST (SJTU), SKW (SJTU and KAERI)) are close to the 
experimental data beyond x = 0.5 m.  


Conclusion for Case 2 Variant 2 Upflow – though 
none of the models predicts the experimental data 
accurately, in general, SKW model was found to perform 
better than other models. 


The analysis of various results for Case 2 Variant 2 
downflow shows that in this case also none of the models 
predicted accurately the experimental data. The models 
which predict in the initial region (up to x = 0.5 m), under-
predict in the next part. The models which properly predict 
in the next part (x > 0.5 m), over-predict in the initial part.  


Conclusion for Case 2 Variant 2 downflow – in 
general, predictions of SST and SKW were found to be 
better than other models. These models show the least 
average deviation from the experimental data. 


Overall conclusion for CFD codes – in all cases, SST 
and SKW were found to perform better than other models 
(like low Re models, other high Re models and RSM). 
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V. CONCLUSIONS 
 


The paper presents some calculation results of the 
Benchmark Exercise No.1 “Steady state Flow in a Heated 
Pipe” and their preliminary analysis. This Benchmark was 
prepared within the IAEA Coordinated Research Project 
“Heat Transfer Behaviour and Thermo-hydraulics Codes 
Testing for SCWRs” to test thermal-hydraulic codes. 


Preliminary, one can say that there are correlations and 
turbulence models that predict heat transfer coefficient and 
wall temperature of round pipe quite well for supposed 
conditions of SCWR normal operation. The revision of the 
computational methods and codes is necessary for the 
conditions where acceleration and buoyancy effects 
influence considerably. 


Computational codes testing in pressure drop 
experiments on pipe is required, as the Benchmark 
Exercise No.1 showed a considerable discrepancy of 
computational results. In addition, it is necessary to 
perform experiments in the bundles of fuel rods and to test 
codes for these geometries. 


More detailed description of the obtained results, 
cause analysis of discrepancies and recommendations on 
code advancing will be given in the report of Coordinated 
Research Project “Heat Transfer Behaviour and Thermo-
hydraulics Codes Testing for SCWRs”.  
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NOMENCLATURE 
 


*Ac  – acceleration parameter; 
*Bo  – buoyancy parameter; 


G – mass velocity, kg/(m² s); 
*Gr  Grashof number; 


Pr – Prandtl number; 


q – heat flux, kW/m²; 
*
bQ  – thermal expansion parameter6; 


Re – Reynolds number; 
exp
wT   – experimental value of wall temperature, °C; 


        – computed value of wall temperature in 
thermocouple location point, °C; 


x – coordinate along the pipe, m; 
δTw – relative difference between experimental and 


computed values of pipe wall temperature. 
 
Subscripts 
 
b – bulk; 
com – computed; 
exp – experimental; 
w – wall. 
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Abstract – With the global warming and sea level rising, it is widely recognized that there is an increasing 
tendency of typhoon occurrence frequency and intensity. The coastal defense code against typhoon 
attacks for nuclear power plant (NPP) should be calibrated because of the increasing threat of typhoon 
disaster and severe consequences. This paper discusses the probabilistic approach of definitions about 
“Probable Maximum Typhoon"(PMT), “Probable Maximum Storm Surge” (PMSS) , "Probable 
Maximum Flood"(PMF) and made a risk assessment for the NPP in South-East China coast by using our 
proposed Double Layer Nested Multi-objective Probability Model (DLNMPM).  The predicted by 
DLNMPM 1000 and 500 years return period typhoon induced sea hazards (storm surge, wave height) 
with simultaneous spring tide are more severe than calculated results by nuclear plant safety regulations 
recommended method. This study shows the necessity of risk assessment of coastal defense against 
typhoon attacks for NPP. 


  
 
 


1. INTRODUCTION 
 
In recent years some typhoon and hurricane disasters 
brought significant losses of life and properties to China, 
USA and some Asia countries. Examples are Typhoon 
Maemi and Hurricane Ivan in 2004, Hurricane Katrina 
and Rita in 2005, Typhoon Saomai and Bilis in 2006, 
Typhoon Sepat, Wipha in 2007, Tropical cyclone 
Narges in 2008 and others. 
In China, three NPP have been built along coasts of 
Guangdong and Zhejiang provinces since 1980, more 
than 37 NPP along coast of South-East China Sea are in 
the stages of planning, design, or construction. In the 
“2007 China Long Term NPP Plan” estimated that 
before 2020 about 70 billion USD（450 billion RMB) 
will be invested along 6 coastal provinces for increasing 
23 million kilowatt nuclear electric energy. 
With the global warming and sea level rising, the 
frequency and intensity of typhoons and typhoon 


induced disasters would increase. All the coastal areas 
having NPP are menaced by possibility of future 
typhoon disasters. So calibration of typhoon disaster 
prevention criteria is necessary for existed and planning 
NPP. In China Nuclear Safety Regulations:  
"HAF101, HAD101/09~11"[22~25] and IAEA 
Engineering Safety Section: "Extreme External Events 
in the Design or Assessment of NPP" [6] there are 
appeared some vague definitions and they should be 
dissected and described with probability characteristics 
by using statistical analysis.  
In this paper, some NPP along coast of South China Sea 
are taken as example for code calibration. Aiming at the 
uncertainties in China Nuclear Safety Regulations 
recommended "Probable Maximum Typhoon (PMT)", 
"Probable Maximum Storm Surge (PMSS)", "Design 
Basic Flood (DBF)", IAEA  
recommended "Probable Maximum Flood (PMF)" and 
their induced differences of design criteria are analyzed 
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and calculated. The theoretical foundation of this 
analysis process is the authors’ proposed Double Layer 
Nested Multi-objective Probability Model (DLNMPM) 
[16] and Global Uncertainty Analysis (GUA), Global 
Sensitivity Analysis (GSA) [31] in risk assessment. 
 
 


2. DISCUSSION ON NPP COASTAL SAFETY 
REGULATIONS 


 
According to HAF101 in China and IAEA safety 
regulations: 
DBF (PMF) in coastal areas should be the combination 
of following parts: 
Spring tide;  
100 years return period wave height: 
PMSS----Probable maximum storm surge induced by 
PMT (PMH);   
DBF (PMF) should be taken as combinations of spring 
tide, PMSS and simultaneous 100 years return period 
wave height. 
The above definitions in safety regulation of coastal 
defenses against typhoon attacks for NPP are influenced 
by many uncertainty factors such as the differences in 
comprehensions and calculation methods of them. The 
details of uncertainties in spring tide, design wave 
height and PMSS should be discussed as follows: 
 
2.1. Uncertainty analysis of spring tide:  
 
Based on the numerical model of tidal wave the 
uncertainty - sensitivity analysis and long-term variation 
are taken into consideration for spring tide study.  
The statistical analysis shows that harmonic constituent 
and sea level vary from year to year. The maximum 
values, minimum values and some other values of 
amplitudes and mean sea level are chosen as the 
boundary conditions of numerical model. The calculated 
results show that the sea level caused by semi-diurnal 
tide of major lunar tidal constituent M2 and major solar 
tidal constituent S2.(see Tab.1)[11].  


 
 
 
 
 
 
 


Table 1, Calculated maximum sea level from 
different inputs 


 
Input output 


An 
(cm) 


A(M2) 
(cm) 


A(S2) 
(cm) 


 
Maximum sea


level 
(cm) 1* 2* 3* 


 4.08 127.54 41.60 156.12 


2.08 123.47 41.53 151.11 


-14.92 127.05 40.14 139.62 


4.08 126.41 41.39 155.32 


20.8 125.22 41.25 152.45 


14.92 124.69 41.39 146.41 


2.08 124.44 41.22 151.64 


Note：1* ：Annual mean sea level  
      2* : Amplitude of constituent M2 
      3* : Amplitude of constituent S2  
       
Calculated mean value μ, variance σ and coefficient 
of variation Cov of the harmonic constituents and sea 
level are shown as follows: 
For harmonic constituents: 
μ=166.65 
σ=0.88 
Cov1=σ/μ=0.0053 
For mean sea level: 
μ=4.80 
σ=3.96 
Cov2=σ/μ=0.8256 
The resulting uncertainty for spring tide can be obtained 
as: 
Cov =[(cov1)2+(cov2)2]1/2=0.825 
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Figure 1a, Harmonic analyzed sea levels in 1986 
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Figure 1b, Harmonic analyzed sea levels in 1993 
     
The harmonic analyzed sea levels of 20 years data showed 
that spring tide has significant variations as examples of 
1986 and 1993 year calculated sea levels (Figure 1-a and 
Figure 1-b). 
  
2.2. Uncertainty analysis of extreme wave prediction 
There are three kinds of uncertainties influenced on 
extreme wave prediction: 
 
2.2.1. Methodology-- Model Uncertainty 
 
There are four different methods for predicting extreme 
wave heights based on a complete set of wave data for a 
period of time and location: 
Method Maxima : the maximum values from a 
consecutive period of equal length, such as annual 
maxima, monthly maxima, weekly maxima or daily 
maxima wave height. 
Peaks over Threshold Method (POT method): all wave 
heights above predetermined wave heights. 
Initial distribution method : all three hourly measured or 
hindcast wave data . 
Process Maximum method: typhoon/tropical cyclone 
process induced maxima wave heights. 
 
2.2.2. Data sampling uncertainty 
 
It is clear that both measured and hindcast wave data are 
associated with uncertainties. 
Uncertainties associated with hindcast wave data can be 
considered by comparing measured wave peaks with 
hindcast wave peaks while measured wave data can be 
supported to be close to the true values. So long term 
series of wave heights can be obtained as random 
combinations of hindcast wave heights and series of 
differences between measured and hindcast wave data 
by stochastic simulation techniques. 
 
2.2.3. Statistical uncertainty 
Since the data sample consists of limited numbers of 
realizations, this phase is also associated with 
uncertainties.  


The total uncertainty of extreme wave prediction in 
South China Sea can be obtained as 
Cov=[(cov1)2+(cov2)2+(cov3)2]1/2 
 
Table 2, Uncertainty analysis of  extreme wave 
prediction in South China Sea [12] 
  


Uncertainty type South China Sea 


2.2.1 Cov1=0.08 


2.2.2 Cov2=0.09 


2.2.3 Cov3=0.10 


Total uncertainty Cov=0.156 


 
   2.3. Uncertainty analysis of PMT, PMSS and 
DBF: 
 
The spring tide, 100 years return period wave height 
and PMSS can be seen as non-Gaussian random 
variables with different correlation.  The PMT and 
PMSS must involve the joint probability characters, and 
then DBF can be actually obtained by multivariate joint 
probability prediction. For example, the characteristics 
of PMT and PMSS in different sea area is related to 
annual occurring frequency of typhoon (λ),  maximum 
central pressure difference (∆P), radius of maximum 
wind speed (Rmax), moving speed of typhoon center (s), 
minimum distance between typhoon center and target 
site (δ), typhoon moving angle (θ) and typhoon duration 
(t). It means that different PMT and PMSS can be 
derived from different combinations of typhoon 
characteristics. For this reason, the characteristics of 
PMT and PMSS inevitably involve a selection of 
discrete distribution (λ) and multivariate continuous 
distribution of other typhoon characteristic factors (∆P, 
Rmax, s, δ, θ, t), which can be described by Multivariate 
Compound Extreme Value Distribution (MCEVD)[15]. 
The calculation of PMT and PMSS by a numerical 
simulation method can remove the uncertainties of 
typhoon characteristics and may be led to different 
results, while the PMSS obtained on basis of them may 
has some arbitrary and cause wrong decision making. 
The lesson from 2005 hurricane Katrina showed that 
unreasonable calculation of the Probable Maximum 
Hurricane (PMH) and Standard Project Hurricane (SPH) 
is one of the most important reason of New Orleans 
catastrophe [20, 10, 2]. 
According to “HAD101/11”, PMSS should be obtained 
based on PMT. So aiming at PMT with different 
combinations of typhoon characteristics, some sensitive 
factors should be selected as control factors and 
substituted into procedure of Global Uncertainty 
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Analysis (GUA) and Global Sensitivity Analysis (GSA) 
(more details about GUA and GSA can be seen in [31]. 
The PMSS corresponding to PMT of different sea areas 
can be derived by repeated forward-feedback 
calculations.  


 
 


3. FAILURE LESSON OF NOAA PROPOSED SPH 
AND PMH 
 
In 1979, American National Oceanic and Atmospheric 
Administration (NOAA) divided Gulf of Mexico and 
Atlantic coasts into 7 areas according to hurricane 
intensity, in which corresponding Standard Project 
Hurricane (SPH) and Probable Maximum Hurricane 
(PMH) were proposed as hurricane disaster prevention 
criteria [30]. Using Compound Extreme Value 
Distribution (CEVD)[19], the predicted hurricane 
central pressures with return period of 50yr and 1000yr 
were close to SPH and PMH, respectively, except that 
for the sea area nearby New Orleans (Zone A) and East 
Florida (Zone1) coasts, hurricane intensities predicted 
using CEVD were obviously severer than NOAA 
proposed values[20]. SPH and PMH are only 
corresponding to CEVD predicted 30~40yr and 120yr 
return values, respectively. In 2005, hurricane Katrina 
and Rita attacked coastal area of the USA, which caused 
deaths of about 2000 people and economical loss of 
$400 billion in the city of New Orleans and destroyed 
more than 110 platforms in the Gulf of Mexico. The 
disaster certified that using SPH as flood-protective 
standard was a main reason of the catastrophic results [1, 
2, 10, 29]. Fig. 2, Tab.3 and Tab.4 indicate that both 
CEVD and MCEVD (see next part) predicted and hind-
cast results are more reasonable than NOAA or other 
methods. 
 


 
Figure 2, The comparison between the results of 


CEVD and SPH, PMH by NOAA [20]  
 


Table 3. Comparison between NOAA and CEVD 
predicted hurricane center pressure 


 
Zone NOAA 


(hPa) 
CEVD 
(hPa) 


Hurrican
e 


(hPa) 
 


A 
SPH 
PMH


941.0 
890.5 


50-yr 
1000-yr 


910.8 
866.8 


Katrina 
902.0 


 
1 


SPH 
PMH


919.3 
885.4 


50-yr 
1000-yr 


904.0 
832.9 


Rita 
894.9 


 
Table 4. Comparison between MCEVD and other 


methods predicted 100 yr wind velocity 
 


 
Methods 


 


MCEVD
[17] 


Coles et 
al. [5] 


Casson 
& 


Coles[3] 
 


Georgion 
et al 
[7] 


100yr Wind 
speed (m/s)


70.6 46.0 38.0 39.0 


 
 
4. Theory of Multivariate Compound Extreme Value 
Distribution 
 
The derivation of MCEVD has been introduced in the 
authors' previous papers [15, 17]. The expression of 
MCEVD can be described by Equation (1): 
( )
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in which, λ is mean value of the annual typhoon 
frequency; Ω is joint probability domain; ( ) ( )⋅⋅ Ff , are 
probability density function and cumulative 
function; nxxx K,, 21  are random variables such as 
typhoon characteristics : ∆P，Rmax，s, δ, θ and t. 
where ri,j is the correlation coefficient for i\j and i,j = 1, 2, 3. 
When the dimension n ≤3, Eq.(1) can be solved by 
analytical method. For discussion on joint return period 
of storm surge, wave height with corresponding spring 
tide, the Poisson Nested Logistic Trivariate Compound 
Extreme value Distribution (PNLTCED) can be used for 
analytical solution[14, 17]. When n＞3, finding theory 
solution will become unpractical, the Stochastic 
Simulation Method (SSM) should be used to solve 
MCEVD [27]. 
When the trivariate nested logistic model (Shi et al, 1999) 
can be involved into formula (1), then 
Poisson Nested Logistic Trivariate Compound Extreme 
Value Distribution (PNLTVEVD) can be derived as a 
practically useful model of MCEVD. 
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The PNLTCED can be obtained from formula (1): 
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In which, the cumulative distribution function of trivariate 
nested logistic model is expressed as: 
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in which jξ ， jµ ， jσ  are the shape, location and 


scale parameters of marginal distributions ( )jxF  to jx
（j=1,2,3）, respectively. And dependent parameters α, 
β can be obtained through moment estimation  
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where jir ,  is correlation coefficient，i<j，i,j=1,2,3. 
Trivariate layer structure （α- outside, β - inside layer） 
shows that the correlation between 1x  and 2x  is stronger 


than those among 1x , 3x  and 2x , 3x . 
As shown above, PNLTCED can be obtained through 
estimation of parameters of marginal distributions and their 
dependent parameters. 
Many application of MCEVD in engineering design and 
risk analysis show the scientific and reasonable of its 
predicted results in China and abroad [9, 21, 26, 28]. As 
mentioned in “Summary of flood frequency analysis in 
the United States” [8]: “The combination of the event-
based and joint probability approaches promises to yield 
significantly improved descriptions of the probability 
laws of extraordinary floods”.  MCEVD is the model 
which follows the development direction of the 
extraordinary floods prediction hoped for by Kirby and 
Moss. It stands to reason that MCEVD is a practicable 
model for prediction of PMT and SPT. Our proposed 
methods in [10, 16, 19, 20] are used as design criteria 
for mitigating hurricane-induced coastal disasters [4]. 
5.  DLNMPM and its application to the calculation of 
PMT, PMSS and DBF 
 


Based on MCEVD (analytical solution and stochastic 
simulation), DLNMPM can be established for long term 
probability prediction of typhoon characteristics and 
corresponding disaster factors [16]. 
The first layer of model is used for joint probability 
prediction of different combinations of typhoon 
characteristics (λ, ∆p, Rmax,.....).  In other words, in the 
first layer PMT with some joint return period can be 
calculated from different combinations of typhoon 
characteristics with joint return period. Based on the 
results of the first layer, different typhoon 
characteristics can be selected as the domination factors, 
the corresponding typhoon induced disaster factors can 
be taken as “objective function” and their joint 
probability will be calculated. For coastal defense of 
NPP, PMSS can be predicted in the second layer. 
As shown in Fig.2, GUA and GSA are introduced into 
DLNMPM. In the model, typhoon characteristics in the 
first layer need to be varied repeatedly, and then their 
sensitivities to storm surge can be calculated. The 
PMSS corresponding to PMT of different typhoon 
characteristic combinations in certain sea area can be 
calculated by numerical simulation of repeated forward-
feedback calculations of GUA, GSA in input-output 
procedure. The most sensitivity combination of typhoon 
characteristics and their induced storm surge can be 
selected as PMT and PMSS. PMSS with corresponding 
spring tide and 100 years return period wave height 
with joint return period calculated by MCEVD will be 
determined the probabilistic definition of DBF. . 
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Fig. 2, Application of DLNMPM with GUA, GSA to 
defense code calibration for NPP  
 
 
6.  RISK ASSESSMENT OF COASTAL DEFENSE 
AGAINST TYPHOON ATTACKS  
 
In this section, 1982~2001  measured typhoon data 
(selected from China Typhoon Yearbooks) and  
simultaneous 3-hourly wave height, harmonic analyzed 
tide level and observed typhoon induced storm surge at 
observation station at Dapeng Bay (water depth is about 
22m) are selected as variable series for calibration of 
NPP design code. 
NPP L is located at coast of South China Sea. The 
length of breakwater is 1.57km. The design criteria of 
coastal defense are listed in Table 5 [32, 33].  
              


 
 


 
Table 5. Present design criteria for coastal defense of 


L NPP 
 


Design water 
level 


Design value 
(m) 


DBI 6.35 
PMSS 5.30 


Spring Tide 1.05 
100yr wave height 6.6 


 
Statistical check of the marginal distributions, 
parameters, mean value and standard variances for 
different typhoon characteristics are shown in Table 6 .     


 
Table6. Marginal distribution and parameters of 


typhoon characteristics 
 


Variable
s 


Distribution
s 


Mea
n 


Standard 
variance 


Parameters


λ Poisson λ =6.19 
∆P (hPa) Gumbel 21.89 14.96 a=0.073, 


b=14.45 
Rmax 
(km) 


Lognormal 45.79 25.22 µ=3.71, σ 
=0.5 


s (m/s) Gumbel 30.19 15.95 a=0.07, 
b=22.4 


δ (km) Uniform 44.37 169.63 a=294.6, 
b=333.8 


θ (°) Normal 15 37.36 µ=15, σ 
=37.36 


t (h) Gumbel 12.95 5.56 a=0.20, 
b=10.29 


 
The typhoon characteristics with different joint return 
periods predicted by MCEVD are listed in Table 7.  


 
Table7. Combinations of typhoon characteristics 


with different joint return periods 
 


Joint 
return 
period 


∆P 
(hPa)


Rmax 
(km) 


S 
(m/s) 


δ 
(km) 


θ  
(°) 


T 
(h) 


50 70 112 18 180 30 24 


100 76 147 16 160 30 30 


500 85 185 10 130 20 72 


1000 95 198 6 80 15 96 


   
 


Six typhoon characteristics 


Joint Probability analysis 


Storm Surge (SS) model 


Max.( SS )? 


PMSS 


Spring 
tide 


Wave height 


Joint Probability analysis 


Design criteria for coastal defense NPP 


 
GUA&GSA 
for input-
output 
forward - 
feedback 
calculation


No 


Yes 


Layer 1 


Layer 2 
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Fig.3-a. Distribution diagnostic testing of 
storm surge 


 


 
 


Fig.3-b. Distribution diagnostic testing of 
spring tide 


 


 
 


Fig.3-c. Distribution diagnostic testing of 
wave height 


 
For discussion on joint return period of storm surge, 
wave height with corresponding spring tide, the 
PNLTCED can be used for analytical solution. The 
diagnostic checks in Figures 3-a, 3-b and 3-c show that 
PNLTCED is applicable model.   


The predicted results of storm surge, wave height and 
spring tide with different joint return periods and 
corresponding confidence intervals are shown in Table 8. 
The confidence intervals of predicted joint return value 
are estimated by authors proposed formula as follows: 
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In formula (6): 
ΔH--confidence interval  
HT--design value with T years return period 
σ-- standard deviation 
N--total data number  
XN,P --coefficient dependent on data number N and 
probability P , it can be calculated by formula (7): 
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The formula derivation  can be seen in [13]. 
 
Table 8. Joint probability of typhoon induced storm 
surge, wave height and corresponding spring tide 
with confidence intervals 
 


   Return period      
                      
variables       (yr.)


 
100 


 
500 


 
1000 


Storm surge (m) 2.79+0.51 3.49+0.71 3.85+0.80


Spring tide (m) 2.14+0.30 2.19+0.35 2.75+0.46
Wave height (m) 6.6+0.3 7.3+0.6 7.9+0.8 


 
It can be seen from Table 8, that 1000 years return 
values of storm surge, spring tide with confidence 
intervals (4.65+3.21=7.86m) and wave height (8.7m) 
should be more severe than HAF0111 proposed DBI 
(6.35m) with 100 years return period wave height 
(6.6m). 


 
 


7. CONCLUSIONS 
 
Probabilistic study shows that PMT, PMSS and DBF 
recommended by China coastal defense design code for 
NPP appear to have some vague definitions and 
different kinds of uncertainties. The 500 and 1000 years 
return period typhoon induced sea hazards predicted by 
DLNMPM are more severe than calculated values of 
PMSS and Spring tide with 100 years wave height 
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recommended by China design code. The decision-
making for all constructed and designed by China 
Nuclear Safety Regulations NPP along coastal areas 
must be refrained from human hubris and arrogance. 
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Abstract –Because there is not accepted arrangement arithmetic, the controls arrangement still mainly 
depends upon designers’ experience up till now. Designers’ experience based arrangement scheme is 
usually different for individual designer and the controls arrangement scheme is constructed in his mind, 
so the rationality of arrangement scheme is difficult to validate. Simulated annealing method is an effective 
intelligence algorithm, by simulating the process of annealing to solve the large-scale arrangement 
optimization problem. This algorithm is not only can consider the multi-design principles, but also can 
show the arrangement process in explicit expression. In this thesis, the arrangement optimization 
mathematical model is build based on the simulated annealing method, and the multiple weight value of the 
design principle is taken as the objective function. The offered instances proved that simulated annealing 
method can be used in controls arrangement optimization, and the arrangement scheme can satisfy the 
requirement of ergonomics principles and operation regulations. 
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Abstract – The U.S. Nuclear Regulatory Commission (NRC) has recently completed a four year 
program to improve the predictability and effectiveness of its review process for digital safety 
systems in nuclear power plants.  This program, as well as experience from recent regulatory 
reviews of several digital safety system retrofits, has lead to significant improvements in the 
quality of license amendment requests and the ability of U.S. nuclear power plants to complete 
these upgrades.  Enhanced guidance has been developed for a number of technical aspects of 
digital system safety reviews, including considerations for diversity and defense-in-depth inter-
channel communications, communication between non-safety and safety systems, and cyber 
security.  Using this enhanced guidance, the NRC has been able to license several new digital 
systems for use.  Additionally the NRC has provided a more effective process for the review of 
information needed to complete licensing, which has provided effective communications between 
the NRC and licensees during the development of digital systems, and which has resulted in a 
more predictable regulatory review. 
   
  


 
 


I. INTRODUCTION 
 
With the increasingly ubiquitous nature of digital 


systems, replacement of aging analog systems with digital 
systems will play an ever increasing role in the protection 
and control systems of both existing and future nuclear 
power plant designs.  Digital systems have the potential to 
significantly improve the effectiveness of reactor 
protection and control systems by reducing drift and 
spurious actuations, improving human-machine interfaces, 
and increasing the capability to diagnose and predict plant 
equipment failures.  However, there is a need to balance 
the potential advantages with the challenges associated 


with digital technology, including the increased complexity 
of these systems, new failure modes, and the increased 
difficulty in demonstrating their safety.  As has been 
articulated by former NRC Commissioner Peter Lyons, “as 
seen in the consumer electronics arena, advancements in 
digital technology are happening almost continuously; 
however, the protection and control systems in nuclear 
power plants cannot tolerate the uncertainties caused by 
these rapid advances.  Reactor designers in general, and 
digital safety and I&C system designers in particular, must 
begin with the end goal of safety which recognizes that 
fundamental regulatory principles must be satisfied.  These 
include adequate defense-in-depth based, in part, on 
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independent means to satisfy each safety function.  The 
goal to keep the ‘safe’ in digital safety system design is 
absolute and must be met.  To achieve this, we must find 
the appropriate ways to apply the concepts of redundancy, 
diversity, and independence with digital system designs.”1 


 
With these goals as a backdrop, the NRC determined 


in 2006 that there was a need to improve the NRC’s 
regulatory guidance and procedures to facilitate a more 
predictable and efficient design and licensing process that 
would meet the nuclear industry’s needs to both retrofit 
aging analog systems at operating nuclear power facilities 
and design new nuclear power plants.  In January 2007, the 
NRC established the Digital Instrumentation and Control 
Steering Committee comprised of key NRC executives 
responsible for assuring the safety and security of 
operating reactors, new reactors and fuel cycle facilities 
and implementing the NRC’s regulatory research program.  
The Steering Committee was created to provide 
management focus across NRC organizational boundaries 
to develop a more predictable and efficient regulatory 
process, to interface with the industry, and to facilitate 
resolution of strategic and regulatory challenges. The 
industry established a parallel group of industry executives 
to coordinate industry efforts and interface with NRC staff.  
While the NRC’s regulatory infrastructure, including 
regulations, regulatory guidance, and licensing procedures, 
has been successfully used for the review and approval of 
digital I&C systems, the NRC staff, with input from the 
industry, identified seven key areas where improvement in 
regulatory guidance and processes could result in improved 
clarity and predictability.  The Steering Committee formed 
seven Task Working Groups (TWGs) to address these 
areas: 


 
• TWG 1 - Cyber Security 
• TWG 2 - Diversity and Defense-in-Depth 
• TWG 3 - Risk-Informed Digital I&C 
• TWG4 - Highly-Integrated Control Room - 


Communications 
• TWG 5 - Highly-Integrated Control Room - 


Human Factors 
• TWG 6 - Licensing Process 
• TWG 7 - Fuel Cycle Facilities 
 
The TWGs were comprised of NRC staff members 


from the relevant NRC offices to address issues in each 
area.  Each TWG was responsible for defining areas for 
improvement and developing solutions to address them.  
The TWGs interacted with the public and the industry to 
identify specific problem statements in each key area.  In 
total, twenty-five problem statements were incorporated 
into an integrated NRC Digital Instrumentation and 
Control Project Plan.2   The Steering Committee developed 
a process to provide timely guidance addressing each 


problem statement.  Each step in the process included 
significant interactions with industry and the public 
through public meetings to discuss technical issues and 
proposed resolution of the problem statements.  The 
Steering Committee determined that Interim Staff 
Guidance documents (ISGs) would be issued to address the 
problem statements and would subsequently be 
incorporated into NRC’s regulatory infrastructure 
including regulations, the Standard Review Plan, Branch 
Technical Positions, regulatory guidance, regulatory 
reports or industry consensus standards.  The ISGs describe 
one acceptable approach for the specific area and represent 
the “fast lane” for NRC review.  Acceptable alternatives 
may also exist.  The NRC would consider any proposed 
approach that is adequately supported by a complete 
technical basis. 


  
Following significant NRC staff and industry effort 


over the past four years, the ISGs, addressing all the 
technical problem statements associated with power 
reactors, have been completed and issued.  These ISGs are 
being used in ongoing NRC staff reviews of facility and 
vendor applications for use of digital technology and have 
improved the predictability and consistency of the reviews.  
Additionally, lessons learned from other issues, such as the 
use of automated tools for validation and verification, have 
been applied to the review of new digital systems.  ISG-13, 
clarifying one acceptable method for meeting NRC cyber 
security requirements, was published in December 2007.  
ISG-24 , published in September 2007 and revised in June 
2009, provided clarification of staff guidance regarding 
diversity and defense-in-depth, including system 
characteristics that comprise adequate diversity and 
sufficient defense-in-depth criteria for crediting the use of 
operator manual actions as a defensive measure, system 
level or component level actuation of equipment when 
manual actuation is used as a defensive measure, the 
effects and applicability of common cause failures, 
echelons of defense, and whether common cause failures 
are classified as single failures in design basis evaluations.  
The ISG provided several alternatives for designers to meet 
the diversity and defense-in-depth guidance.  Various 
domestic and international operating experiences were 
reviewed to ensure that the guidance would provide an 
adequate level of safety.  ISG-35, describing the 
characteristics of an acceptable probabilities risk analysis 
(PRA) for safety-related digital I&C systems, which NRC 
staff will evaluate during review of new reactor 
applications, was published in August 2008.  ISG-46 
provides additional guidance supporting regulatory review 
of digital communications independence between digital 
systems, between safety divisions and between safety 
divisions and non-safety I&C, command prioritization 
between safety and non-safety commands, design of 
multidivisional control and display stations, and digital 
system network configuration to assure safety.  ISG-4 was 
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published in September 2007 and updated in March 2009.  
ISG-57, published in September 2007 and updated in 
November 2008, addresses human factors issues within 
highly integrated digital control rooms, including the 
minimum inventory of alarms, controls and displays 
needed to implement emergency operating procedures, use 
of computerized procedures and soft controls, 
implementation of the Safety Parameter Display System, a 
graded approach to human factors issues, and criteria for 
evaluating operator manual actions as a defensive measure 
in lieu of a diverse automatic actuation systems.   The NRC 
staff is using the ISGs to address the technical issues in 
ongoing reviews, and the feedback from licensees and 
NRC staff who have worked with the ISGs has been 
positive. The NRC staff has used, and will also continue to 
refine, the guidance based on experience and incorporate 
the guidance into durable regulatory documents. 


 
II. TECHNICAL ISSUES 


 
In recent years, U.S. nuclear plant operators have 


upgraded many non-safety analog I&C systems with 
digital technology.  As maintenance of safety-related 
analog I&C systems have become more challenging 
(primarily due to obsolescence of equipment) and 
reliability and efficiency of digital I&C systems have 
continued to improve, U.S. nuclear plant operators have 
initiated design changes to replace safety-related analog 
I&C systems with digital technology and are currently in 
the process of seeking NRC approval to upgrade their I&C 
systems.  Over the past few years, the NRC has reviewed 
these new digital safety systems.  The NRC has reviewed 
and approved a number of license amendment requests 
(LARs) including the Oconee Nuclear Power Station 
(Oconee) reactor protection system (RPS) and engineered 
safety features protection system (ESPS), and the Wolf 
Creek Generating Station (Wolf Creek) main steam and 
feedwater isolation systems (MSFIS).  Additionally, the 
staff has reviewed and approved a number of vendor 
technical reports (sometimes referred to as topical reports) 
that requested generic approval of digital system platforms 
for use in nuclear power plant applications as well as tools 
and methods for generic use.  


 
The Oconee digital RPS and ESPS were designed and 


built over the course of several years by AREVA NP using 
the Teleperm XS safety-related platform. The NRC had 
preapproved this digital RPS platform as part of a review 
of a topical report8 that took place in 1999 and 2000.  
When reviewing this platform, the NRC Office of Nuclear 
Reactor Regulation (NRR) wrote a section entitled “Plant-
Specific Action Items,” into the safety evaluation report 
(SER)9.  This was done so that the NRC staff would only 
need to review this limited set of system aspects for a 
submitted application in order to license a future plant 
system using the approved Teleperm XS (TXS) platform 


and approve it for installation into a nuclear power plant.  
Eight years had passed between the time that NRC had 
reviewed and approved the TXS platform topical report 
and the Oconee LAR.  Not surprisingly, a number of 
changes occurred in the TXS System during that time that 
would ultimately impact the safety evaluation of the 
RPS/ESPS:  


 
• changes to TXS hardware  
• changes to TXS software  
• changes to the TXS development processes  
• development of the application specific 


architecture and software.  
 
A number of changes in the hardware components of 


the previously reviewed TXS platform, including such 
major components as the main TXS processors and the 
communications processor and several changes in the 
software components of the previously reviewed TXS 
platform, including modifications to the TXS core 
software, had occurred since the approval of the topical 
report.  Additionally, there were several changes in the 
TXS development procedures. At the time of the topical 
report review, it was not understood that a separate 
application design team operating under different processes 
and procedures would be responsible for the development 
of plant specific applications.  As a result, the safety 
evaluation report for the topical report did not identify the 
need to evaluate this second set of procedures.  When the 
NRC was evaluating the TXS platform, no actual digital 
safety system application was available for review, so the 
reviewers had to make certain assumptions about how an 
application would ultimately be developed. For most 
aspects of the system, their assumptions proved correct and 
no surprises were encountered.  For example, the TXS 
function block library includes the comparator function 
block, which compares the values of two input signals and 
sets a digital output to a high or low based on whether the 
first input is greater or less than the value at the second 
input. The Oconee RPS/ESPS application implemented this 
function block in multiple instances throughout several 
function diagrams in a manner consistent with the NRC 
staff’s expectations.  However, certain features described in 
the topical report ended up being very different from what 
the staff had anticipated.  For example, the TXS function 
block library also includes the 2nd MAX function block.  
Four separate process variable inputs are provided to the 
function, and the function decides which input to forward 
to the function block output based on the relative values 
and statuses of the input signals.  In this case, the NRC 
staff understood how the function block worked based on 
its inputs, but it did not anticipate that the function block 
would be used in a manner that relied upon input signals 
derived from communication data received from other 
safety channels.  Instead, the NRC staff had anticipated 
that the signals from other safety channels would be input 
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to the 2nd MAX function block as separate, isolated analog 
input signals. Since the actual Oconee implementation 
scheme relied upon the inter-channel communications 
interface for the functionality of the 2nd MAX function 
block, the review was concentrated on the characteristics 
and potential failure modes associated with this path.  For 
example, it was unclear how the 2nd MAX function would 
operate if an invalid data signal was received over the 
channel B data link or if there was a loss of 
communications on one of the three channel data paths. 
The staff had not made these safety considerations during 
the NRC’s evaluation of the topical report in 2000 because 
the staff had no way of knowing that the design feature 
would be implemented in such a way.  Ultimately, the staff 
reviewed the C code for the 2nd MAX function during a 
design review audit to ensure that its functionality within 
the given configuration was in fact implemented in 
accordance with the regulatory requirements. 


 
There were several other examples where the NRC 


staff had to complete a more detailed review than would be 
provided by the “fast lane” associated with the ISGs.  
Another example was the use of a single nonsafety-related 
service unit to provide simultaneous connectivity to all 
four operational safety function processors.  Although this 
did not meet the criteria established in ISG-4 on data 
communications, a more detailed review did provide 
sufficient technical basis to reach a reasonable assurance of 
adequate protection finding for this system.  The Oconee 
safety evaluation report devoted an entire section to 
evaluating the proposed system against the staff positions 
in ISG-4 and another section to evaluate the proposed 
system against the staff positions in ISG-2 regarding 
diversity and defense-in-depth.  The ISG documents 
provided the NRC review staff and the industry with 
clearer direction on how to evaluate these aspects of the 
system design.  In the areas where the applicant had shown 
conformance to the positions in the guidance, the safety 
conclusions were fairly straightforward.  However, in 
several areas, the Oconee design deviated from the ISG.  
For these cases, the NRC staff had to review additional 
details of the alternative design approaches in order to 
make the final safety determinations. In some cases, this 
involved the submittal and review of additional design 
documents for staff review.  In one case, the staff 
conducted a special audit at the vendor facilities to review 
design documents and discuss the design features 
associated with a communications access feature of the 
system.  


 
The review of the MSFIS application for Wolf Creek 


provided several additional technical challenges, including 
the first regulatory review of field-programmable gate 
array (FPGA) technology for nuclear safety systems, the 
degree of complexity and built-in diversity of the FPGAs, 
and compliance with NRC-endorsed standards.  The LAR 


for the MSFIS application attempted to treat FPGAs in 
accordance with regulatory criteria applicable to hardware 
only.  That is to say, because FPGAs do not especially 
contain software in the same way a microprocessor based 
system works, the licensee’s application did not address 
any of the regulations or NRC guidance associated with 
software.  Following a series of discussions between the 
NRC staff and Wolf Creek representatives, the NRC staff 
provided guidance that certain regulatory criteria 
applicable to software also apply to FPGAs. FPGAs are 
programmable devices, and the as-fielded behavior of 
FPGAs relies on the use of a software-like language and 
associated programming tools.  As programmable devices, 
FPGAs create a potential for common-cause failures due to 
programming errors, and therefore regulatory criteria 
governing software development and software common-
cause failures need to be applied as part of the license 
amendment process.  


 
The simplicity of the MSFIS application, its process 


documentation and approach to built-in design diversity 
helped to support the Staff’s adequate safety determination.  
The relative simplicity of the application made the review 
of the software development plan, the software integration 
plan, the failure modes and effects analysis, and the test 
plan much less challenging.  Additionally, the technical 
evaluation of the FPGA finite state-machines architecture 
was less difficult to complete compared to the relative 
complexity of microprocessor and software-based digital 
designs.  In this way, the safety evaluation for the MSFIS 
FPGA application makes clear that simplicity facilitated 
the NRC’s staff’s ability to review and audit the design and 
development process outputs.  For the MSFIS application, 
the unique logic residing on individual board types 
provides an independent means of cross-checking correct 
operation because multiple board types with independent 
FPGA programming continuously communicate with one 
another during operation.  The MSFIS application 
implements identical configurations in redundant divisions 
of equipment.  For the MSFIS application, the degree of 
built-in design diversity includes implementation of two 
sets of FPGA core logic based on identical source code and 
tools, where only the FPGA synthesis tool directives differ 
between the logic sets.  Both synthesized logic sets are 
targeted in the same FPGA device.  Using this approach, 
all similar board types (input, output, application, etc.) are 
identical and contain redundant and diverse logic within 
their board-specific FPGA. With this approach, single 
upset events within a device are detectable.  The NRC staff 
found this degree of built-in design diversity acceptable 
based on the MSFIS application’s simplicity, functionality, 
and deployment at Wolf Creek.  Sufficiently simple 
systems can have well defined failure modes and allow for 
more thorough testing of all input and output 
combinations.  In contrast, complexity can create the need 
for greater diversity and defense-in-depth, because 
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increases in complexity can degrade the efficacy of 
verification and validation (V&V) efforts to fully test or 
otherwise eliminate errors.  Also, more complex 
implementations result in more difficult to analyze failure 
modes and effects.   


 
The MSFIS application contains both the FPGA-based 


platform and its associated plant-specific application, and 
the NRC staff needed to review both together.  This 
approach allowed for an understanding of the plant’s 
defense-in-depth considerations and evaluation of the 
application against applicable acceptance criteria.  
Additionally, compliance with ISG-02, on diversity and 
defense-in-depth, which looks at design attributes that are 
considered sufficient to eliminate further consideration of 
common-cause failure, was reviewed as part of the Wolf 
Creek review.  The common-cause failure vulnerability 
assessment of an FPGA-based digital I&C upgrade 
considers the failures that device programming errors 
potentially introduce. Typically, this assessment takes the 
form of failure mode and effects analysis and defense-in-
depth and diversity analysis, as described in NRC 
guidance.   The use of redundant cores provided sufficient 
internal redundancy to satisfy this criterion.  The NRC staff 
reviewed the program methods associated with the 
redundant cores to determine that there was acceptably low  
potential for common programming errors. 


  
The original license amendment requests for the 


MSFIS application attempted to use a development 
standard for aviation application that was not endorsed by 
the NRC. These initial efforts included a mapping of a 
proposed alternate standard to IEEE Standard 7-4.3.2, 
200310 and an analysis to demonstrate equivalency.  
Following a series of discussions between the NRC staff 
and Wolf Creek representatives, it was determined that 
compliance with applicable regulatory guidance and 
industry standards previously endorsed by the NRC was 
preferable.  This allowed for the applicable existing 
regulatory criteria that govern the development of 
microprocessor and software-based digital computers to be 
applied to FPGA-based system development.   Also, 
because the NRC staff evaluated the FPGA-based 
Advanced Logic System (ALS) platform and MSFIS 
application simultaneously, these circumstances eliminated 
possibilities for gaps in documentation between what 
would otherwise be provided with a safety system 
platform’s generic topical report and future licensee 
applications of that platform.  This provided a clear path 
for the license amendment and licensee commitments to 
ensure that the licensee’s application of the platform was 
enveloped by the platform’s qualification, and any further 
application user guidance was unnecessary. 


 
Another technical challenge in the review of modern 


digital system for use in nuclear power plant safety 


applications is the ever-expanding use of automated tools 
for the development and testing of digital hardware and 
software.  Although automated tools offer many potential 
advantages, they are not a substitute for manual review in 
most areas.  In some areas automated tools can improve on 
manual review, and the NRC encourages their use as 
appropriate.  At the time of the Oconee LAR, the NRC had 
not approved any software tools for use in safety related 
code verification and validation.  Nevertheless, the LAR 
requested that a simulation-based validation test tool called 
SIVAT that was developed and used by AREVA NP for the 
purpose of providing verification and validation (V&V) 
support for the development of project related TXS safety-
related application software be credited in the V&V efforts 
for Oconee.   The SIVAT software package allows a 
portion of the I&C functionality of a safety-related 
application to be tested through simulation.  System 
functionality aspects that cannot be tested in this 
simulation environment must be tested through other 
means. Because the SIVAT software tool could not be 
shown to have been same quality standards as safety 
related software, the NRC staff did not permit the use of 
SIVAT as part of the Oconee LAR. 


 
Subsequently, the NRC evaluated a topical report for 


generic use of an SIVAT tool.  The objective of SIVAT is to 
provide assurance that the applicable functional 
requirements established by the process engineers are 
correctly translated into Function Diagrams (FD’s) without 
errors and to provide assurance that the software that was 
automatically generated from these FDs provides the 
required functionality in terms of input and output response 
of the system.   Process models which are described within 
the SIVAT topical report can also be linked into the 
simulator in order to perform system closed-loop 
simulations.  The use of closed loop simulation testing to 
complete V&V activities for safety-related application 
software was not evaluated or approved by the NRC 
because of the uncertainties associated with the use of 
process models which were not submitted to the NRC for 
review.  Additional qualification of process models would 
need to be employed to support this kind of testing on a 
specific application.   Tools such as SIVAT, designed to 
support application software V&V activities and to 
increase the likelihood of early detection of faults can 
serve to reduce project risks in the earlier stages of the 
software development process.  


 
III. LICENSING ISSUES 


 
For the licensing process, the Steering Committee and 


the licensing issues task working group worked for more 
than three years to clearly describe the scope and schedule 
of the safety review and level of detail needed in the 
application for digital modifications to safety systems in 
operating plants.  The objective was for licensees to be able 
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to use this ISG (ISG-611) when planning a license 
amendment request so as to increase the predictability of 
the review process and reduce the front end project risk.  
The guidance identifies the documentation needed, as well 
as the timing of various aspects of the NRC staff review, 
thereby reducing regulatory uncertainty and improving 
efficiency in preparing the application and the review 
process.  The staff took advantage of the lessons learned 
from the digital I&C systems retrofit applications for the 
Oconee and Wolf Creek reviews in developing ISG-6 
which was published in January 2011.  The NRC staff 
engaged in frequent public meetings to solicit licensee and 
public comments in order to complete this guidance.  To 
help improve communications at the early stages of system 
development, the staff introduced a phased review concept 
into the proposed licensing process; see figure 1.   


 


 
 
         Fig. 1  ISG-6 Licensing Process Flow Chart 
 
In this concept, Phase 0 interactions occur before the 


submittal of an LAR and presumably before completion of 
the system designs.  This phased approach is appropriate 
where critical, fundamental system information is initially 
shared with  the NRC staff before undertaking subsequent 
steps in the digital I&C system licensing process.  By 
implementing this approach, the NRC staff encourages the 
use of public meetings before submittal of the LAR to 
discuss issues related to the system design scope and 
development. This activity is intended to reduce regulatory 
uncertainty through the early resolution of major issues 


that may challenge the licensee’s ability to demonstrate 
system compliance with the regulations.   A number of 
applications, including an upcoming application to retrofit 
the RPS and engineered safety features actuation systems 
(ESFAS) systems at the Diablo Canyon nuclear power 
plant, have used this process and have reported significant 
improvements in regulatory predictability. 


 
IV. MOVING FORWARD 


 
Although the NRC staff has been able to improve 


regulatory guidance in a number of areas, several areas 
have been identified where additional work is being 
undertaken.  Further progress can be made in defining 
adequate diversity attributes to address common cause 
failure susceptibilities.  Also, further understanding of 
digital system failure modes and development of PRA 
methodologies can facilitate risk-informed licensing 
decisions.  The NRC office of Nuclear Regulatory 
Research has developed a Memorandum of Understanding 
with the Electric Power Research Institute to collaborate on 
additional research activities and to develop the technical 
basis for further refinement of regulatory guidance in these 
areas.  To support continued improvement in NRC 
regulatory guidance and the NRC staff review process, the 
NRC is actively working with international regulatory 
counterparts and key stakeholders to address high-priority 
issues in a timely manner.  One example is digital aspects 
of the Multinational Design Evaluation Program (MDEP), 
an initiative to develop innovative approaches and leverage 
the resources and knowledge of other regulatory authorities 
with experience in these areas.  The NRC staff has been 
participating in the MDEP new reactor design-specific 
working groups and chairs the MDEP digital 
instrumentation and control working group.  In addition, 
the Office of Nuclear Reactor Regulation has identified 
that clarifications may be necessary regarding the 
application of regulations involving control of the licensing 
basis (10CFR50.59) and implementation of the 
maintenance rule (10CFR50.65) once digital I&C 
modifications have been implemented at operating 
reactors.  Refinement of the NRC baseline inspection 
program and the Significance Determination Process may 
also be necessary to address  the use of digital technology 
in safety systems. 


 
V. CONCLUSIONS 


 
Recent NRC safety evaluations, including the Oconee 


RPS/ESPS and the Wolf Creek MSFIS reviews, have led to 
the following lessons learned and recommendations:  


 
The Digital Instrumentation and Control Steering 


Committee has been successful in improving the 
predictability and effectiveness of the digital 
instrumentation and control reviews.  All of the key 
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technical issues identified by the NRC and the nuclear 
power industry in the U.S. have been evaluated and ISGs 
have been issued for use to help resolve the issues.  The 
NRC staff and industry are successfully using the interim 
guidance in current and new plant digital instrumentation 
and control applications, and the NRC staff is working to 
convert the interim guidance into durable guidance.  
Applicants should interact with the NRC staff early and 
often in the presubmittal phase to ensure that everyone 
understands the basis for qualifying the safety system.   


 
Alternate standards may be used, but they will require 


a gap analysis to establish the degree of compliance with 
those referenced in the Standard Review Plan.  The review 
process can be streamlined if applicants clearly establish a 
compliance position in relation to the standards referenced 
in the Standard Review Plan.  Applicants should 
adequately justify any exceptions to criteria in the ISG. 
LARs should always contain sufficient detail to allow the 
NRC staff to determine the acceptability of deviations to 
approved standards.  


 
A diversity and defense-in-depth analysis is required 


for all digital safety systems.  Built-in internal diversity is 
the simplest and most efficient licensing path. The 
diversity and defense-in-depth for a system should be 
addressed during the system design as opposed to adding 
diversity and defense-in-depth to an existing design.  


 
The qualification level for software tools used in a 


software development and validation and verification 
process should be evaluated by the applicant and 
determined to be acceptable for the tool’s intended 
functions.   Review by the NRC is needed for the licensees 
to credit automated tools as part of the life-cycle process.  


 
Elimination (or at least minimization) of inter-channel 


safety-related communications and safety-nonsafety 
communications reduces failure susceptibilities of the 
digital system.  Deviations from positions stated in ISG-4 
can result in the NRC staff spending significant additional 
effort to review the communication and determine their 
acceptability.  
 


Applicants should provide an evaluation of changes to 
a reference topical report that occur after the topical report 
has been approved by the NRC. The quality and 
completeness of documentation provided for a LAR in 
great measure determines the predictability, the timeliness, 
and level of effort required to complete the safety 
evaluation.  
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Abstract – In France, Sodium cooled Fast Reactor (SFR) is the leading candidate for a GEN IV 
prototype, to be operated as early as 2020. Compared to earlier reactor generations (Phenix, 


Super-Phenix), GEN IV SFR requires attractive economics while meeting safety and non-
proliferation criteria. Mixed oxide fuels (U,Pu)O2 are considered as the reference fuels for the 


core of the SFR prototype due to their important and satisfactory feedback experience. However 
carbide fuels are considered as innovative fuels for a prospective SFR fleet since carbide-fueled 


SFRs can offer a different type of optimization which might overpass oxide fuel technology. 
 


The METRO methodology (Mathematical Estimation of Transients for Reactor design 
Orientation) is developed with the objective of taking into account accidental transient 


performance at an early stage of the core-design process. Loss-of-flow, loss-of-heat-sink and 
over-power transients are taken into account. A carbide-fueled SFR of 1500 MW(e) called CAR4, 
described in this paper, is designed with this METRO methodology. The METEOR fuel thermo-
mechanics code is used to assess the irradiated carbide fuel behavior in nominal conditions. 


Because of the large carbide fuel swelling leading to pellet cladding mechanical interaction, the 
core-averaged fuel burnup is unlikely to significantly exceed 100 GWd/MT for an optimized Na-


bonded pin design with relevant cladding (avoiding risks of failure).  
 


I. INTRODUCTION 
In France, the Sodium cooled Fast Reactor is the leading 
candidate for a GEN IV prototype to be operated as early 
as 2020. Compared to earlier reactor generations (Phenix, 
Super-Phenix), GEN IV SFR requires attractive economics 
while meeting safety and non-proliferation criteria. There 
is an important and satisfactory feedback experience built 
upon oxide fuels and this, together with their thorough 
characterization in nominal and accidental conditions, 
leads to consider them as the reference fuels for the core of 
the SFR prototype. However carbide fuels are considered 
as innovative fuels for a prospective SFR fleet since 
carbide-fueled SFRs can offer a different type of 
optimization relative to economic performance and natural 
safety, which might overpass oxide fuels technology1. 


Comparative studies2 demonstrated that carbide fuels are 
promising but that their thermo-mechanical behavior and 
their fabrication are not yet optimized to reach the burnup 
performances foreseen for oxide fuels. Limited experience 
is available to understand carbide fuel irradiation behavior 
but EBR II and FBTR irradiations experiments 
demonstrated that high burnup performance could be 
reached, up to 165 MWd/kg3,4 with defined conditions (pin 
design and linear power).  


The objective of this paper is to argue that carbide fuels 
would be an alternative for a performance-enhanced SFR 
meeting safety criteria. A new methodology, METRO 


(Mathematical Estimation of Transients for Reactor design 
Orientation), was developed to include advanced safety 
criteria during the pre-design stage. Thermo-mechanical 
studies were performed to design carbide fuel pins with 
average performance and with low risks of failure 
(consistent with commercial power plant requirements). 
This study associated to the METRO approach leaded to 
the design and to the characterization of a carbide-fueled 
SFR core named CAR4, described in this paper.  


 


II. SFR DESIGN METHODOLOGY 
II.A. SFR designs Objectives 


The objective is to design a SFR for the future French 
nuclear fleet, meeting the generic GEN IV criteria. The 
electric power of the reactor is 1500 MW(e), its core 
should be compact, at least a self breeding capacity, with 
limited initial fissile fuel inventory and with maximal fuel 
residence time.  


The reactor design must be such that satisfactory 
behavior is guaranteed under accidental unscrammed 
transients: loss of flow, loss of heat sink, loss of power 
supply and transients over power. The core is designed to 
avoid fuel melting and sodium boiling during all these 
transients.  
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II.B. METRO  
The traditional core design approach is built on a pre-


design stage based mainly on neutronics. This is followed 
by a detailed characterization stage based on the main 
reactor physics domains: neutronics, thermo-mechanics, 
thermo-hydraulics and safety. Each domain is optimized 
independently. The main issues of this traditional approach 
are:  


- neutronics pre-design approach is centered on 
simple safety parameters (mainly sodium void 
worth and Doppler coefficients) which are not 
fully representative of the natural behavior of 
the core  


- it is time consuming and makes it difficult to test 
innovations.  


The METRO approach, described in Fig. 1, was 
developed to facilitate the analysis of innovative designs 
by providing quick assessment of their efficiency to 
enhance safety reactor performance. 


Pre-design (broad calculations)


Design (fine calculations)


NEUTRONICS


SAFETY


NEUTRONICS


Thermo-Mechanics SAFETY


METRO


Thermo-Mechanics


 
Fig. 1. Global design methodology employing METRO at 


pre-design stage  
METRO is an iterative methodology based on quick 


but reliable estimation of the core behavior during 
transients at a core pre-design stage and on analysis of the 
best parameters to improve this behavior and to meet the 
design objectives. It is a three steps approach: 


 
- 1st Step: Global feedback coefficients calculation 
Global reactivity feedback coefficients are usually 


employed for reactor safety analysis5,6. The main 
advantage is that these coefficients can be measured as 
they are function of well known operator parameters: inlet 
and outlet sodium temperatures and thermal power.  
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Ti : Inlet sodium temperature 
P : Thermal power of the core  
∆Tc : Sodium temperature rise 


ρ : Reactivity 
The ERANOS7 code was employed for neutronic 


calculations. Procedures were developed for global 
feedback calculations. These employ perturbation theory to 
calculate local elementary feedback coefficients. 


 
- 2nd Step: Transient behavior estimation 
Transient behavior estimation can be obtained 


employing elementary feedback coefficients and dynamic 
mathematical estimation8. However, such an approach is 
not well-suited for pre-design evaluation as it is time 
consuming and does not give relevant information to 
improve the core design. The K, G and H coefficients can 
be employed for quick estimation of the core safety using 
the quasi-static approach11. A static approach (employing a 
reactivity equation) can be coupled with the energy 
equation to form the quasi-static approach12, giving access 
to time before failure. Some simplified modeling of the 
reactor vessel is considered, while some models can be 
developed to take into account decay heat and natural 
convection parameters. 


The main issue with such a simplified modeling is the 
fact that the K, G and H coefficients are calculated at 
nominal power and remain constant with time. Actually, 
the H coefficient can evolve as it depends on the thermal 
power of the core. This is why the (1) reactivity equation, 
coupled to some power equation, is being solved 
employing a differential numerical method, adjusting the 
global coefficients at each step of the transient. 


0... ),,(),,(),,( =++∆+ ∆∆∆ δρdTiKTcdGdPH TiTcPTiTcPTiTcP
  (1) 


There are difficulties to model feedback delays, 
especially the vessel and the control rod expansion 
coefficients, and hence this approach is not that accurate in 
fast transients but remains robust for slow transient 
modeling. 


This quasi-static approach was benchmarked against 
the CATHARE ML8 code. Some satisfactory 
agreements9,10 were observed for all the modeled 
transients: 


- ULOF: Unprotected Loss of Flow 
- UTOP: Unprotected Transient Over Power 
- ULOSSP: Unprotected Loss Of Supply Station 


Power 
- ULOHS: Unprotected Loss of Heat Sink 
The quasi-static approach is well-suited for pre-design 


studies as it is based on robust models and provides 
realistic results through fast computations.  
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- 3rd Step: Orientations to improve safety 
performance 


The main point in using such simplified transient 
estimators is to be able to couple them to mathematical 
optimization algorithms. The goal is to give the designer 
the most efficient design orientations for meeting the 
safety objectives. Safety objectives are defined in terms of 
time before failure (for example 10 min is sought to give 
the operator some time delay) of one of the following 
criteria: 


- Fuel temperature > 2000 °C : postulated mixed-
carbide plutonium dissociation temperature limit  


- Sodium temperature > 900°C : postulated 
sodium-boiling temperature limit 


)(],[ esPerformancObjectivesSystemCoreX
transients


−= ∑
    (2) 


 A mathematical function X is defined with equation 
(2) to characterize the safety performance of a reactor 
system. It depends on several optimization parameters: 
Core parameters:  


- K : inlet sodium temperature coefficient 


- G : sodium temperature rise coefficient 


- H : power coefficient 


- Plin: linear power  


- KD : Doppler constant 


System parameters: 


- Primary pump coast-down time 


- Core / Heat Exchanger height 


- Sodium mass in hot and cold plena 


Mathematical optimization algorithms are employed 
for minimizing the X function. A new core-and-system 
parameter optimized vector is obtained to find out the most 
efficient characteristics of the reactor to improve its natural 
forgiving behavior.  


 
II.C. Conclusions  


The METRO methodology was developed to lead the 
design of a SFR towards enhanced natural safety. It is 
based on global feedback calculations and quasi-static 
evaluation of core behavior during transients. The models 
were benchmarked against experimental data and reference 
calculations. It was used for the analysis detailed in this 
paper in order to design the so-called “CAR4” carbide-
fueled reactor core. 


 
III. CARBIDE FUEL ANALYSIS 
III.A. Carbide fuel presentation 


Carbide fuels are considered as promising innovative 
candidates for GEN IV SFR designs because of their 
specific properties: 


- High theoretical density: carbide fuels are usually 
implemented with low smeared density 
(70%TD<SD<78%TD with TD= Theoretical 
Density) but still provide neutron economy 
advantages when compared to oxide fuels. They 
allow to lower the plutonium enrichment and to 
increase the breeding ratio. 


- High thermal-conductivity and high melting 
point: carbide fuels allow core designs with high 
power density and large margin to fuel melting.  


- Excellent compatibility with the sodium coolant. 
Although only a limited experience is available to 


characterize carbide fuels, some pins irradiated in test 
reactors displayed satisfactory behavior up to high burnup 
(absence of clad failure up to ~15at%, local)3. 


Furthermore carbide fuels fabrication is complex and 
their irradiation behavior depends on composition 
(impurities, sesquicarbide content, microstructure) and pin 
design. This involves a tight specification.  


 
III.B. Thermo-mechanical behavior of carbide pins  


A version of the METEOR code13, adapted for carbide 
fuel studies in fast reactors, was used for evaluating the 
carbide pin performance.  


 
� Thermo-mechanical criteria 
High fuel swelling15, together with the poor viscoplasticity 
of carbide fuels, can lead to premature cladding failure as a 
result of FCMI (Fuel-Cladding Mechanical Interaction), 
unless there is sufficient viscoplasticity of the cladding to 
accommodate fuel expansion. A thermo-mechanical 
optimization was performed with the METEOR code, for 
the carbide pin design, based on the following criteria:   


� the so-called “Ramses-2” mechanical criteria, 
developed for the Super-Phenix sub-assembly 
design (cladding integrity), as an extension of the 
RCC-MR design rules. 


� the cladding embrittlement limit, expressed in 
terms of an upper bound on the volumic swelling 
set to 6% for austenitic 15-15 Ti steels (type 
AIM1). 


� the cladding expansion limit, expressed in terms 
of the admissible reduction of the coolant 
channel, set to 3% of linear deformation for the 
cladding (all contributions included: swelling, 
creep…) 


 
� Carbide-pin design overview 


For mixed-carbide fuels, the pin design and its 
performance depend in an acute manner on both the bond 
and cladding options. 
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As regards bonding, helium and sodium are the two 
conventional options. Helium-bonded pins are primarily 
constrained by thermal issues. The low conductance of a 
gaseous (helium and fission products gas) bond leads to 
high fuel temperatures, hence increased fuel swelling, 
which consequently induces premature FCMI, thus 
precluding high burnup and high power-density. 
Performance may be reduced because of chemical 
carburization of the clad. Sodium-bonded pins exhibit 
thermal behavior improvements, hence delayed FCMI, 
which opens perspectives for high burnup and/or high 
power density. The initial bond thickness, which controls 
the delay to the FCMI onset, is not so much limited by 
thermal issues than it is by the risk that fuel chips could 
relocate in the pellet/clad gap and lead to cladding 
ovalization, or even puncturing: in practice, the initial 
bond thickness is limited to ~4% of the pellet radius. With 
such a bond thickness, and the fuel expansion it allows, the 
ultimate limit is imposed by the cladding ability to 
withstand FCMI. Optimization of the smeared density (fuel 
initial porosity and bond thickness) is necessary to 
maximize the fuel performance. 


AIM1, the cladding material (austenitic SS) which was 
considered for the EFR project and which is now 
considered for the ASTRID project, offers the advantage of 
accommodating FCMI by its viscoplasticity. Nevertheless, 
its irradiation capability is limited by the above-mentioned 
6%-swelling limit. Alternatively, a ferritic SS of the ODS 
type is considered, as a candidate cladding material with 
improved irradiation properties. Its lesser viscoplasticity 
however implies that it is not as well-suited to 
accommodate fuel expansion, so that there is practically no 
operational margin beyond the FCMI onset. Indeed mixed 
carbide combined with low strained capacity clad, like 
ODS, is not suitable. 


Previous studies2 indicate that moderate power 
densities (~250 W/cm) are compatible with burn-up 
objectives of  ~100 MWd/kg, local, with both He and Na 
bonding. The purpose of the present analysis is to 
investigate higher power densities, with similar burnup 
objectives, which excludes He bonding and suggests 
considering the Na bonding as the reference solution. 
 


IV. DESCRIPTION OF THE CAR4 REACTOR 
IV.A. Presentation of the CAR4 core 


CAR4 is a carbide fueled SFR. In a preliminary 
approach it was designed to maximize the neutronics 
performance of the core while providing sufficient intrinsic 
safety. This reactor meets the initial objectives reminded in 
chapter II.A: it is a break-even core generating 3600 
MW(th) (that is 1500 MW(e)) for an expected lifetime of 
60 years. It is fueled with 411 assemblies separated into 
two zones to flatten the core power distribution: the inner 
zone containing 243 assemblies and the outer zone 
containing 168 assemblies. The height of the core is 85 cm 


and the radius is 2.05 m. The radial layout of the core is 
displayed in Fig. 2. Its main parameters are summarized in 
TABLE I. 


 


 


 
Fig. 2. Radial layout of CAR4  


 
TABLE I  


CAR4 design parameters 
 CAR4 


Core power (MW(th)) 3600 


Fuel vol. fraction (%) 36.1 


Coolant vol. fraction (%) 31.7 


Fissile height (cm) 85.0 


Core Radius (m) 2.05 


Sub-assemblies pitch (cm) 18.9 


Fuel pins / assembly 271 


Smeared Density (%) 75 


Total pressure drop (bar) 4.0 


Inlet sodium temperature (°C) 395 


Outlet average sodium temperature (°C) 545 


 
IV.B. CAR4 thermo-mechanical behavior  


The METEOR code was employed for thermo-
mechanical characterization of the CAR4 carbide fuel pins. 
CAR4 is a medium linear power SFR (core-averaged 
power of 380 W/cm) whose optimized fuel pins are 
described in TABLE II.   


The METEOR computations provide information, as 
displayed in Fig 3, to understand the burnup limitations of 
the CAR4 pin. The pin lifetime is limited by clad swelling. 
Carburization kinetics should be studied as FCCI could 
also limit the fuel lifetime, especially with sodium 
bonding. 
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Fig. 3. Pellet and clad radius behavior for the Na-bonded 
CAR4 pin (at the most pessimistic elevation) 
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TABLE II  


CAR4 fuel pin description 
 CAR4 


Pellet radius (mm) 4.0 


Gap Bonding 150 µm 
Na  


Pellet porosity (%) 
Total/Open 


18/09 


Outer clad radius (mm) 4.60 


Spacer wire (mm) 1.2 


Clad material AIM1 


Upper gas plenum (cm) 85 


Maxi. Fuel burn-up (GWd/t) 100 


Maxi. Dose (dpa) 109 


Max. fuel temperature at nominal power (°C) 1100 


 
IV.C. The CAR4 core neutronic behavior  


Neutronics calculations were performed using the 
ERANOS7 neutronic code. Cells calculations were 
performed with ECCO, using 1968 groups of energy to 
model self-shielding, and condensed into 33 energy 
groups. ERANOS computations were performed by 
solving a transport equation with a 3D-HexZ homogeneous 
model. The JEFF3.1 neutronic data library was employed. 
Neutronic results are summarized in table III.  


The CAR4 core has improved neutronics 
performance: it is a dense self-breeder core requiring a low 
initial plutonium inventory (~5.5 tons of plutonium per 
GW(e)).  


 
 


 


TABLE III 
CAR4 core neutronics performance (at end of cycle) 


 CAR4 


Plutonium inventory (t) 8.2 


Fuel irradiation life time  
cycle duration (efpd) 


900  
300 


Maximal/Average Linear Power (W/cm) 550/380 


Core power density (W/cm3) 320 


Core average Pu enrichment (%vol.) 16.4 


Reactivity Loss (pcm/cycle) +300 


Average fuel burn-up (GWd/t) 63 


Breeding gain 0.03 


Doppler Constant (pcm) -820 


Sodium void worth ($) 5.0 / 4.5 * 


Delayed neutron fraction (pcm) 380 


K (pcm/°C) -1.3 


G (pcm/°C) -1.3 


H (pcm/%NP) -1.8 


* With and without bond sodium voiding 
 
The power map is displayed in Fig 4. Flattening the 


power map of a large core is difficult because of power 
peaking shifting. The enrichment zoning leads the inner 
zone to breed fissile materials while the outer zone burns 
it. An efficient radial Zr3Si2 neutron reflector16 was 
employed to enhance the core flattening.  


 
Fig. 4. Power map of CAR4 (MW/assembly) 
 


IV.D. The CAR4 core safety analysis  
The CAR4 core safety performances were taken into 


account from the pre-design stage employing the METRO 
approach. Advanced safety analyses were performed with 
the MAT4DYN17 transient analysis dynamic code to 
characterize the last version of the cores. Results are 
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summarized in this section. An integrated vessel of the 
SFR-V2B18,19 type was modeled for these analyses. 


• UTOP 
An unprotected transient over power models a control 


rod withdrawal of 3.5 mm/s during 10s. A total reactivity 
of 300 pcm is inserted, which is representative of the 
average cycle loss of reactivity. Results are displayed for 
the CAR4 core in Fig. 5. Its behavior is acceptable as both 
sodium boiling and fuel melting are being prevented. 


High Doppler constant and high fuel margins (~800°C 
before plutonium dissociation) are the main intrinsic 
advantages of carbide fuels for this transient. 


 
Fig. 5. UTOP modelization for the CAR4 core 
 


• ULOHS 
An unprotected loss of heat sink modeled a loss of 


secondary circuit flow. The CAR4 core provides 
satisfactory results (displayed in Fig. 6). This behavior is 
mainly due to the large core radial expansion coefficient  
(-0.86 pcm/K) and to the low reactivity stored during 
temperature buildup by Doppler coefficient, considering 
that the fuel is cold at nominal power. 


 
Fig. 6. ULOHS modelization for the CAR4 core 
 


• ULOF 
An unprotected loss of flow transient modeled a 


primary pump trip. The flow was reduced with a half time 
of 40s. No natural circulation is modeled with MAT4DYN: 
the minimal flow fraction was calculated to meet safety 
goals. A minimal flow fraction of 10% of the nominal flow 
is required for this version of the CAR4 core. This minimal 


required flow-rate can be introduced with natural 
circulation (enhanced by the low pressure drop) or with 
auxiliary pump systems.  


Preliminary results show that the CAR4 core has 
enhanced natural safety behavior since a flow rate 
reduction down to 10% will not lead to sodium boiling. 
Low H and high G coefficients provide acceptable 
behavior.  


 
Fig. 7. ULOF modelization for the CAR4 core 
 


• ULOSSP 
Unprotected Loss of Supply Station Power is a 


transient combining a loss of primary flow and a loss of 
secondary flow. Once again, 10% of the minimal flow rate 
is consistent with the CAR4 core meeting safety criteria.  


 
Fig. 8. ULOSSP modelization for the CAR4 core 
 
For both ULOF and ULOSSP, acceptable behaviors 


are obtained thanks to the control rod expansion 
coefficient. However, this feedback effect is associated to 
large uncertainties due to steel expansion kinetics.  


 
IV.D. Conclusions 


The METRO SFR-design approach helped the 
designer to develop a safety enhanced SFR while 
providing good neutronics performance. In a preliminary 
approach a first version of the core was designed with 
AIM1-cladded carbide fuel pin and sodium bonding. 
Thermo-mechanical studies demonstrated that a maximal 
burnup of 100 MWd/kg can be reached with low risks of 
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clad failure, which is consistent for an industrial design. As 
these final burnup are lower than the experienced 
irradiation performances, detailed studies are in progress to 
understand the reasons of these differences and to reduce 
the conservativeness of the employed criteria. Safety 
performances of this first version of the CAR4 core are 
acceptable: sodium boiling and fuel melting are avoided 
for all considered transients. However, natural safety can 
still be enhanced increasing margins before sodium boiling 
and clad failure during loss of flow transients. 


 
V. SAFETY OPTIMIZATION OF THE CAR4 CORE 
Orientations to enhance the natural safety of the 


reactor, increasing safety margins, are developed 
employing the METRO approach. The goal is to assist the 
modification of the reactor system with three 
complementary optimizations: a first one with core 
parameters, a second one with reactor system parameters 
and a last one employing alternative safety devices.  


Only ULOF and ULOSSP transient behaviors need to 
be improved: special attention should be done to verify 
that the other transient performances remain acceptable. 
Good behavior during UTOP and ULOF transients are 
critical to reconcile as high H coefficient limits power 
increased during UTOP while limiting the power decreased 
during ULOF. The main advantage of employing the 
METRO approach is the possibility to get general 
directions favoring one specific transient, while verifying 
that the other transient behaviors are still acceptable.  


The objective of the optimization performed in this 
chapter is to reduce the sodium temperature (~50 °C) at the 
end of a ULOF transient in order to increase margins to 
clad failure and sodium boiling.  


 
V.A. Core optimization 


The METRO core-parameters optimizations are 
summarized in TABLE V. Two main directions were 
foreseen. The first direction tends to decrease the G 
coefficient (D1), the second direction increases the H 
coefficient (D2). Employing quasi-static approach one can 
demonstrate that final outlet sodium temperature decreases 
with H/G.  


TABLE V  
CAR4 parameters orientation to enhance natural safety 


Core 
version 


K 
(pcm/°C) 


G 
(pcm/°C) 


H 
(pcm/%NP) 


KD 
(pcm) 


Plin 
(W/cm) 


CAR4 -1.30 -1.30 -1.80 -820 380 
D1 -1.30 -1.56 -1.80 -820 380 
D2 -1.35 -1.32 -1.40 -820 280 


For the D2 core version, only linear power is 
modified affecting K, G and H coefficients. Fig. 9 displays 
the X function evolution for the D1 direction. One can note 
that the METRO optimization of the CAR4 core reached a 
zone of stability where all the safety objectives are met.  


  
Fig. 9. Optimized vector obtained 
The core designer has two main options to enhance the 


natural safety of the core:  
� To decrease the G coefficient of 0.25 pcm/°C 
According to Fig. 10 this can be done : 


• by enhancing the Doppler effect (which is counter-
productive as it decreases also the H coefficient) 


• by reducing the sodium expansion effect, with 
limited efficiency foreseen. Sodium plenum will be 
employed in future works. 


• by enhancing the control rods expansion effect: 
goals can be reached increasing rod expansions 
from 0.13 mm/°C to 0.16 mm/°C or increasing the 
rods efficiency from -8 pcm/mm to -10 pcm/mm. 


� To increase the H coefficient  
• by reducing the axial fuel expansion but with very 


limited efficiency  
• by decreasing the Doppler coefficient KD (this is 


not efficient in this case as the fuel temperature shift 
is low during ULOF and it has a negative impact 
during UTOP) 


• by reducing the nominal linear power of the core: a 
reduction of 25% of the linear power will be 
necessary to reach the objective. 


K, G, H composition for the CAR4 core
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Fig. 10. Global coefficients composition 
 
Finally, two efficient solutions exist to enhance the 


CAR4 core behavior during a ULOF transient: increasing 
the control rods expansion effect and reducing the linear 
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power. The first solution is limited as large uncertainty is 
associated to the control rods expansion kinetics. The 
second solution should be limited as well, as it reduces the 
core neutronic performance.  


 
V.B. Reactor system optimization 


Several reactor system parameters can be modified to 
enhance the reactor safety: 


- D3: natural circulation improvement to meet 18% 
of the flow rate. Several options can be used such 
as increasing the core/exchanger height and 
reducing the pressure drop.  


- pump coast-down and primary sodium mass are 
not efficient as they do not alter the asymptotic 
value of the sodium temperature during ULOF 
transient. 


- D4: reduction of the maximal sodium temperature 
in nominal conditions: as an example one can 
reduce the sodium temperature rise ∆TNa 
(increasing sodium flow) from 150°C to 130°C 
and decrease the inner sodium temperature from 
395 °C to 380 °C to meet optimization objectives. 
Reduction of average output temperature should 
be limited as it impacts the reactor thermal-
hydraulic efficiency. 


 
V.C. Passive alternative safety devices 


In addition to 10% of minimal flow rate, a passive 
safety device bringing negative reactivity can improve the 
CAR4 core behavior during ULOF reducing its asymptotic 
power. Flow levitating control rods20 bring negative 
reactivity while flow is reduced. Preliminary studies 
showed that a reactivity of ~-25 pcm introduced during the 
first 100 s of the ULOF transient would be sufficient to 
reach the goals. Different control rods21,22 options exist and 
should be studied.  


 
V.D. Conclusions 


The METRO approach was employed for optimizing 
carbide core safety and ended up with the CAR4 core 
safety optimization. Several solutions enhancing the 
reactor natural safety were found to be efficient. These 
solutions are summarized in TABLE VI. 


TABLE VI  
List and efficiency of the directions enhancing the CAR4 core 


natural behavior (MAT4DYN evaluation) 
Max. Sodium temperature ULOF ULOHS ULOSSP UTOP 


CAR4 Reference 845 680 830 745 


D1 ↑ 25% Control 
rods expansion 


810 685 805 730 


D2 ↓ 25% Linear 
Power 


795 640 795 755 


D3 ↑ 8% minimal 
flow rate 


795 680 730 745 


D4 ↓ Max Na Temp 795 645 780 680 


The major conclusion is that solutions exist to enhance 
the core safety performance but these will have impacts in 
terms of economics.  


 
VI. PERSPECTIVES AND CONCLUSIONS 


Carbide fuels can be used to design SFR cores with 
advanced economics while providing acceptable natural 
safety behavior. The main drawback of using carbide fuels 
is the thermo-mechanical behavior limiting their lifetime. A 
pin design using sodium bonding and AIM1 cladding can 
reach a maximal local burnup of 100 GWd/MT avoiding 
risks of clad failure, without any serious perspective of 
extending the fuel lifetime.  


The METRO methodology was employed for CAR4 
reactor developments to take into account the carbide fuel 
intrinsic advantages. It was used for pre-design evaluation 
of the CAR4 core safety performance and provides useful 
directions to continue to enhance its performance. The 
METRO methodology should also be employed to develop 
future designs of advanced Metal and Oxide fueled SFRs 
for fuel performance comparisons.  


The CAR4 carbide fueled core exhibits enhanced 
performance compared to oxide fueled reactors designed in 
the past18 and preliminary safety analyses demonstrated 
that naturally safe behavior can be achieved, avoiding fuel 
melting and sodium boiling during unscrammed transients. 
Advanced safety characterization employing CATHARE 
ML will be performed to confirm these results.  


R&D is still needed on carbide fuel, especially on 
fabrication process, pin design improvement, performances 
irradiations (high LHR and high Burn-Up) and transient 
test. The main objective is to link carbide behavior with 
composition and irradiation conditions. Also various issues 
concerning both the front-end and the back-end need to be 
addressed to demonstrate the feasibility of a carbide 
industrial scale closed fuel cycle2.  


 


NOMENCLATURE 
SFR: Sodium Fast Reactor 
FCMI: Fuel-Clad Mechanical Interaction 
FCCI: Fuel-Clad Chemical Interaction 
METRO: Mathematical Estimation of Transients for 


Reactor design Orientation 
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Abstract –HeLiMnet is a project aimed at integrating the R&D efforts going on within and 
outside Europe, in different areas of investigation 
In particular it is intended to create a large and strong network for the diffusion of information on 
the HLM technologies, exploiting the characteristics of both the new information technologies in 
order to create a virtual space for debates, focus groups and information exchanges and the 
traditional tools as workshops, seminars, information days etc. 
It aims, moreover, at rationalize the knowledge through the development of guidelines, protocols 
and standards, with particular attention to the homogenization of operational procedures in order 
to have a better control on the quality and comparability of the experimental data obtained in 
different labs. 
Finally, one other HeLiMnet goal is the appraisal of the liquid metal technology research area, 
through the analysis of approaches and activities going on at national and international level in 
different areas of investigation (fission (LFR, ADS, SFR), neutron spallation targets and fusion), 
the identification of possible cooperation, the definition of existing gaps and possible future R&D 
activities to cover these gaps. 
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Liquid metals technologies are of interest in different 
nuclear applications as e.g. the Fast Reactor, Accelerator 
Driven system, Neutron Spallation Target and fusion 
blanket technologies developments. Hereafter an overview 
of liquid metal systems is reported where an analysis of 
common technological and methodological approaches is 
included.  
 
The international development of the Lead-cooled Fast 
Reactor (LFR) had an early start in the Soviet Union in the 
1960s where reactors cooled by Lead-Bismuth Eutectic 
(LBE) were developed and deployed for use in submarine 
propulsion. More recently, the Generation IV International 
Forum (GIF) Technology Roadmap identified the LFR as a 
technology with great promise to provide small-unit 
electricity generation as well as large, grid-connected 
power. Since then, considerable effort has been devoted to 
the development of new concepts.  
 
At European level, the Sustainable Nuclear Technology 
Platform (SNETP) has identified three concepts of fast 
neutron spectrum reactors among the six systems 
considered in the Generation IV International Forum - as 
the most likely to meet Europe’s energy needs in the long 
term in terms of security of supply, safety, sustainability 
and economic competitiveness. Among the three fast-
spectrum reactors, the LFR foresees the use of heavy liquid 
metals as coolants (i.e., lead and LBE) which presents very 
attractive potential for system simplification, enhanced 
safety and the consequent positive economic performance 
due to the basic inertness of the coolants as well as their 
favorable neutronic and thermodynamic properties.  To 
take advantage of these positive features, it is necessary to 
apply innovative approaches to overcome problems as for 
instance corrosion and material compatibility with the 
heavy liquid metal; the development of appropriate 
systems to control the coolant chemistry; the challenges as 
Inservice Inspection and Repair associated with a hot, 
opaque coolant.  


 
In this framework, the realization of an LFR prototype at 
the horizon of 2030, followed by the commercial 
deployment of industrial scale LFRs (around 2040), is a 
potential option within the SNETP. In order to support the 
selection criteria and the potential implementation of 
LFRs, a strong R&D effort dedicated to the development 
and understanding of heavy liquid metal technologies is 
needed. 
This effort includes: 


 System design and component development 
(including integrated core design with 
appropriate safety features);  


 Materials qualification and lead technology 
development;  


 Innovative fuels and fuel cycle (minor actinides 
bearing fuels, high density fuels such as nitride 
or metallic fuels). 


 
Moreover, commonalities among LFR and ADS, in terms 
of technological development have been clearly identified. 
Indeed, both systems use Lead or Lead Bismuth eutectic 
alloy (LBE) as coolant. ADS systems  are developed to 
address the fuel cycle in terms of waste minimisation 
through the transmutation of Minor Actinides. On the other 
hand also LFR can be developed for transmutation 
purposes. 
 
In the frame of liquid metal technologies, some 
commonalities between LFR and SFR can be identified as 
well. These can be deduced from the fact that for both 
liquid metals dedicated In service Inspection and Repair 
(ISI&R) strategies would be needed, as well as the 
development of technological and operational approaches 
typical of liquid metal systems, even if the technological 
solutions might be of different type. In addition, both LFR 
and SFR would have similar mission in terms of 
sustainability, therefore within the area of fuel 
development some common aspects could be addressed. 
Finally, the high power neutron spallation target 
development, has been envisaged as an investigation area 
that has common R&D issues  with ADS. High power 
neutron spallation target are developed as well for other 
application e.g. as structure studies of materials, scientific 
purposes in the biological and medical area, etc.. 
 
 
The HeLiMnet Project, that is a Coordination and Support 
Action –CSA-CA, funded in the 7th EURATOM 
Framework Programme, moves from the abovementioned 
considerations with the aim of integrating the R&D efforts 
going on within and outside Europe.. T The project has 13 
participants institutions from all over  Europe, in the view 
to create a functional network, harmonizing the research 
area on HLM technologies, in support to the 
implementation of the Strategic Research Agenda of SNE-
TP.  
In particular, the project aim is to create a large and strong 
network for the diffusion of information, exploiting the 
characteristics of both the new information technologies in 
order to create a virtual space for debates, focus groups 
and information exchanges, and the traditional tools as 
workshops, seminars, information days etc. 
HELIMNET aims also to rationalize the knowledge 
through the development of guidelines, protocols and 
standards, with particular attention to the homogenization 
of operational procedures in order to have a better control 
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on the quality and comparability of the experimental data 
obtained in different laboratories. 
Finally, one other goal is the appraisal of the liquid metal 
technology research area, through the analysis of 
approaches and activities going on at national and 
international level in different areas of investigation , e.g. 
fission (LFR, ADS, SFR), neutron spallation targets and 
fusion, the identification of possible cooperation, the 
definition of existing gaps and possible future R&D 
activities to cover these gaps.  
 
In order to meet the above mentioned goals, several 
specific actions are foreseen. These actions are hereafter 
listed: 
 
 


• improvement of the diffusion of knowledge and 
information exploiting the potential of the new 
information technologies, such as a thematic 
website on HLM technologies acting as central 
point of information and a periodic electronic 
newsletter,.  


• A website dedicated to the use of heavy liquid 
metals for nuclear applications is realized and 
made available online with the scope to act as a 
common platform for exchanging information 
among experts and with public at large.  The 
website is expected to act, in fact, on a double 
level: provide general information on HLM 
technologies and HLM system development to 
public and provide specific technical information 
and space of discussion to the specialists. 


• Dissemination of knowledge and results through 
traditional tools as workshops, seminars, 
information days. In particular two  international 
workshops are organised in the framework of the 
project..The workshops are focused in the reactor 
systems identified by the SNETP SRA as the 
candidate to be developed: Lead Cooled Fast 
Reactor (LFR) as an alternative to Sodium Fast 
Reactor (SFR). Accelerator Driven Systems are 
also considered because their technology shows a 
synergetic R&D with fast reactor, in particular 
with LFR.  The workshops provide a discussion 
and dissemination forum on relevant topics for 
liquid metal reactor systems, developed in the 
frame of European, national and international 
projects and are considered as an adequate tool to 
promote an active information exchange among 
researchers, engineers, suppliers and users. 


 
• With the aim to optimise the use of experimental 


facilities and to improve data reliability, activities 
focused on the area of the development of 
protocols and standards for laboratory tests of 


HLM technology elements and for experimental 
HLM facilities operation are planned . Overview 
of the up-to-date data available is the preliminary 
step. Afterwards, the aim is to standardize the 
main operational procedures to reach a production 
of more homogeneous data. 


 
• The cooperation with LFR and ADS design teams  


to identify R&D priorities is considered as a key 
issue of the project. A direct link among the 
LFR/ADS design teams and the technologists 
involved in the frame of the HLM technologies, 
allows to support the development of the Heavy 
Liquid Metal nuclear systems. Moreover, the 
contacts are extended to the ESFR (FP7) 
communities which evaluates an alternative 
coolant for the intermediate loop of a Sodium 
cooled Fast Reactor, the LBE (Lead Bismuth 
Eutectic), which has been selected as the most 
promising alternative coolant. Starting from the 
identification of the “state of the art” for the 
GEN-IV LFR and ADS development, the 
definition of  the needs for the design and 
operation of a prototype for both systems is 
envisaged.  In fact, for what concerns the 
development of the GEN-IV LFR and ADS, the 
Strategic Research Agenda (SRA) foresees the 
construction and start-up of the prototype by 
2020, the European Technology Pilot Plant 
(ETPP) and MYRRHA/XT-ADS respectively. In 
order to support the conceptual and detailed 
design of these prototypes, a strong R&D effort 
dedicated to the development and understanding 
of HLM technologies is needed, ranging from 
system design and component development, to 
materials qualification, lead technology 
development and instrumentation development to 
innovative fuels and fuel cycle. The activities 
performed in this frame highlights the existing 
gaps in the HLM technologies, delineating the 
main R&D effort needed in the fields above 
summarized. 


 
• A survey of activities and schedules on liquid 


metal technologies developed and studied in the 
frame of different applications (e.g. fission, 
neutron spallation target development, fusion, 
etc.) is performed. The aim is to enhance the 
information exchange and possibly compare 
experimental and numerical approaches in these 
different areas. This objective can be achieved 
through the link between initiatives taken at the 
level of the single EU member states or at 
European Community level.  In particular, the 
R&D activities as defined and updated within the 
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Strategic Research Agenda, prepared in the frame 
of the SNE-TP will be taken into account. 
Moreover, projects supported by the European 
Commission especially under the EURATOM 
treaty are also considered. Finally, activities and 
initiatives, started outside the European structures 
as e.g. those considered in the frame of the 
Generation IV, OECD and IAEA are also taken 
into consideration. 


 
More detailed information can be found on the Project 


official website: www.helimnet.eu 
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Abstract – The High Temperature Test Facility (HTTF) at Oregon State University (OSU) is to 
provide important data for validating safety analysis codes for design-basis accidents in the 
Modular High Temperature Gas Reactor (MHTGR).  Tests are planned in this scaled facility to 
generate similitude data for the conduction cooldown accident. To maintain similitude it is 
important that the initial temperature distribution in the HTTR ceramic core be appropriately set.  
Particularly important is accurate representation of the temperature field in the inner reflectors.  
This region serves as a heat sink in conduction cool-down accidents and limits the peak core 
temperature reached during transients.  Models and results are presented for the core temperature 
distribution and for its dependence on gamma heating and coolant flow bypassing the blocks in 
the inter-column gap in the MHTGR at full power.  The conditions calculated for the MHTGR are 
to form the basis for setting HTTF conditions.  


 
 


 
 


I. INTRODUCTION 
 
The Next Generation Nuclear Plant (NGNP) under 


development in the U.S is based on the Modular High-
Temperature Gas Reactor (MHTGR) concept developed 
jointly among the U.S. Department of Energy, the nuclear 
industry, and utilities in the 1980’s.  The MHTGR is a gas 
reactor designed to achieve inherently safe operation 
through a combination of particle fuel in a prismatic 
graphite matrix, an annular core layout, and heat removal 
by conduction under accident conditions.  Safety analysis 
research and development activities are focused on 
validating the computer codes that will be used to make the 
safety case for the NGNP for design and beyond-design 
basis accidents. 


The High Temperature Test Facility (HTTF) [1] at 
Oregon State University will provide experiment data for 
code validation for the conduction cool-down class of 
accidents.  The HTTF is a quarter-scale mockup of the  
 


major MHTGR system components.  These include an 
electrically-heated ceramic core, the core barrel and vessel, 
and the Reactor Cavity Cooling System.  Protoypicality of 
components in the facility helps assure that the important 
phenomena governing accident response are represented in 
the integral data.  Also important are operating conditions 
that are representative of the MHTGR.  They need to be 
calculated for the MHTGR on a best-estimate basis in 
advance of final HTTF facility design. 


An important parameter affecting the integral 
performance of the reactor for the conduction cooldown 
accident is the core temperature distribution in the inner 
reflector region at full power.  The inner reflector region 
represents a significant heat sink during the conduction 
cooldown accident and can serve to limit the peak core 
temperatures reached.  The corresponding temperature 
distribution in the HTTF will need to reflect that of the 
MHTGR.  The following phenomena may play a role in 
this temperature distribution 
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• radiation heat transport between neighboring 
blocks, particularly in regions of high temperature 
gradients, 


• radial conduction through graphite block in 
regions of high temperature gradients, 


• convection heat transfer and its dependence on 
bypass gap size,  


• gamma heating in reflector regions, and 
• laminar versus turbulent flow in thin inter-column 


gaps or low flow control rod holes. 
 
Understanding the relative importance of each of these 
phenomena can guide model development and assure that 
acceptable confidence in predicting this temperature 
distribution is achieved. 


The RELAP code [2] is one tool used in the design of 
the HTTF.  The code has been applied to obtain best 
estimates for the MHTGR full power steady state and the 
transient response over many hours for the conduction 
cooldown accident [3].  The goal is to ensure the data upon 
which the HTTF design is based is prototypic of the 
MHTGR.  As a systems code RELAP provides models for 
components needed for whole-plant representation right out 
to the ultimate heat removal system.  The core thermal-
hydraulics model provides for a two-dimensional 
cylindrical representation of the core lattice, a good 
approximation to the actual geometry as seen in Figure 1.  
Local effects that the code is not able to explicitly represent 
include the appearances of individual reflector shutdown 
and fuel shutdown elements, and block-to-block heat 
transfer at the level of the individual block where the 
geometry is hexagonal faces rather cylindrical slabs.  These 
local dependencies are being evaluated and characterized 
using the GAS-NET [4] code which provides for a more 
detailed block-by-block representation of the core. 


This paper describes the use of the GAS-NET code to 
compute a representative full power temperature 
distribution in the MHTGR core.  The code is used to 
characterize those local phenomena described above that 
RELAP is not able to directly model.  The temperature 
differences that arise because of these differences are 
described.  In addition, the sensitivity of temperatures in 
the inner reflector region to two important phenomena is 
characterized and model issues for further investigation are 
identified. Additional work has been performed to 
characterize the dependence of the core temperature 
distribution on parameters such as graphite conductivity 
and dimensional tolerances but is not reported here.  


 
II. GAS-NET MHTGR CORE MODEL 


 
The MHTGR core design adopted in this paper is from 


the Preliminary Safety Information Document (PSID) [5].  
Operating conditions are reproduced in Table I.  The core 


dimensions and element counts are given in Table II.  The 
layout of the MHTGR core that appears in the PSID is 
shown in Figure 1. 


 


The individual column powers shown in Table III are 
derived from the data in Tables I and II.  The derivations 
assume a single fuel column power and a single reflector 
column power.  The reflector column power represents 
gamma heating and is taken on a unit volume basis (where 
volume is entire element volume as opposed to some subset 
of element materials) equal to 0.01 of fuel column power. 
 


II.A  Symmetry Section 
 
Given the periodic symmetry seen in Figure 1, the core 
layout has been represented by the 60-degree symmetry 
section shown in Figure 2.  This layout reproduces the 
actual core layout exactly on a column-by-column basis.  
The only exception occurs in the outer-most ring of 


 
 
Fig. 1 MHTGR Core Layout 


 


 
 
Fig. 2 GAS-NET Symmetry Section Overlaid with 
RELAP Ring Definitions [6] 
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reflector elements where a more regular arrangement of 
elements has been used in this work compared to the 
arrangement in the PSID where the arrangement is dictated 
by the cylindrical shape of the core barrel.   Also shown in 
Figure 2 are the individual columns that make up each of 
the nine RELAP column rings. 


 
 


TABLE I 
Reactor Operating Conditions and Bypass Flow Rates 


by Region from PSID 


 
 a PSID states three percent of flow is distributed among 
control rod columns 
b Column pressure drop plus core support floor 


 
 


TABLE III 
Individual Column Derived Powers 


 
 


II.B  Nodes 
 


In the core bypass problem as modeled in this work 
energy is transported by three different processes: by 
convection by the fluid, by conduction through element 
solids, and by radiation heat transfer between adjacent 
elements faces.  These transport processes are represented 
by one-dimensional energy flow paths that inter-connect 


idealized discrete points or nodes where energy streams are 
assumed to mix. 
 


TABLE II 
Element Design Specifications 


Elements – General 
Length, m 
Flat-to-Flat Distance, m 
Flat Width, m 
Number of Elements per Column 


Upper Reflector 
Active Core 
Lower Reflector 


 
0.793 
0.36 
0.208 
14.5 
2 
10 
2.5 


Fuel Element – Standard 
Number of Columns 
Number of Coolant Holes per Column 
Diameter of Coolant Hole, m 
Number of Fuel Compacts per Column 
Diameter of Fuel Compact, m 


 
54 
108 
0.0159 
210 
0.0127 


Fuel Element – Reserve Shutdown 
Number of Columns 
Number of Coolant Holes per Column 
Diameter of Coolant Hole, m 
Number of Fuel Compacts per Column 
Diameter of Fuel Compact, m 
Number of Shutdown Rod Holes 
Diameter of Shutdown Rod Holes, m 


 
12 
92 
0.0159 
188 
0.0127 
1 
0.0953 


Reflector Element – Standard 
Number of Columns (removable) 


Inner Reflector 
Outer Reflector 


 
91 
13 
78 


Reflector Element – Shutdown 
Number of Columns 


Inner Reflector 
Outer Reflector 


Number of Shutdown Rod Holes per 
Column 
Diameter of Shutdown Rod Hole, m 


 
30 
6 
24 
1 
0.102 


Number of Inter-Element Gaps 
Inner Reflector 
Fueled Region 
Outer Reflector 
Reflector/Core-Barrel Interface 


702 
72 
216 
312 
102 


 
 


Energy transport by convection is modeled using 
coolant energy mixing nodes that are coincident with the 
mass mixing nodes [7] of the hydraulic solution.  The 
coolant energy mixing nodes are shown in Figure 3.   


Temperatures in the fuel and in the graphite of an 
element are each modeled by a single node that represents 
an average temperature.  This average is obtained by 
transforming the element with its two-dimensional array of 


412







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11420 


   


coolant holes and fuel holes into a one-dimensional annular 
geometry.  This defines a unit cell in such a way that it is 
representative of the average fuel and graphite temperature 
in an element.  The radii of the three regions in the annular 
model are selected to preserve the areas in the two-
dimensional fuel element matrix and where the number of  


 


 


 
Fig. 3  View of Nodes in Stacked Elements 
 


 


 


 
 
 
Fig. 4 GAS-NET Reflector Element Nodalization [6] 
 
 
 
 
 
 
 


 


 
 
 
Fig.5 GAS-NET Reflector Element Shutdown 
         Nodalization [6] 
 
 
 


 


 
 
Fig. 6  GAS-NET Fuel Element Nodalization [6] 


 
 
such identical unit cells is equal to the number of coolant 
holes.  In solving the conservation equations the unit cell is 
broken down into three constituent cells: Element Fuel-to-
Graphite Conduction Cell, Element Graphite-to-Coolant 
Channel Conduction Cell, and Element Axial Coolant 
Channel Convection Cell. 


  The above nodalization is shown schematically in 
Figures 3 through 5 for reflector, reflector shutdown, and 
fuel elements, respectively.  In Figures 4 and 5, the six 
nodes shown are at this time constrained to be at the same 
temperature. 


 
II.C  Cells 


 
A cell is a collection of nodes and flow paths for 


representing the transport of energy by a single 
phenomenon. 


The modeling of energy transport by convection 
involves two cells, the Element Axial Coolant Channel 
Convection Cell and the Inter-Element Axial Gap Coolant 
Convection Cell.  They are shown schematically in Figures 
7 and 8, respectively.  In these figures nodes and paths in 
bold belong to the cell while nodes and paths in gray 
belong to neighboring cells.  There is also the provision for 
modeling convection by stacked-element leakage and by 
inter-element gap lateral flow.  These paths were disabled 
in the simulation so that the flow of coolant is strictly axial 
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through inter-column gaps and axial coolant holes with no 
mixing between these two. 


The modeling of energy transport by other than 
convection assumes that the graphite in an element is at a 
single uniform temperature and that the graphite interacts 
with its environment through four heat transfer 
mechanisms.  First, the Element Graphite-to-Coolant 
Channel Conduction Cell of Figure 9 represents energy 
transfer by conduction through the graphite to an average 
coolant channel.  Second, the Element Graphite-to-Gap 
Conduction Cell of Figure 10 represents energy transfer by 
conduction through the graphite to the gap abutting an 
element face.  Third, the Element Fuel-to-Graphite 
Conduction Cell not shown represents the production of 
energy in the fuel and its conduction to the surrounding 
graphite.  Finally, the Inter-Element Radiation Cell not  


 
 
 


 
 


Fig. 7  Element Axial Coolant Channel Convection 
Cell for Column icol at Level k.  Black denotes 
variable native to this cell.  Gray denotes variable 
native to a neighboring cell. 


 
 


 
 


Fig. 8  Inter-Element Axial Gap Coolant Convection 
Cell for Gap iie-gap at Level k.  Black denotes 
variable native to this cell.  Gray denotes variable 
native to a neighboring cell. 


 
 


 
Fig. 9 Element Graphite-to-Coolant Channel 
Conduction Cell 


 
 
 


 
 


Fig. 10  Element Graphite-to-Gap Conduction Cell 
Column-Face Pair ifaces at Level k. Black denotes 
variable native to this cell.  Gray denotes variable 
native to a neighboring cell.   


 
 
shown represents the energy transfer by radiation exchange 
between the face of the graphite and a neighboring element 
graphite face.  The communication of the graphite with 
neighboring materials is modeled by the Element Graphite 
Conduction Cell not shown. 
 


II.D  Surface Roughness 
 
The surface roughness, ε , is an important parameter for 
predicting core pressure drop.  A value of 20-30 µm is cited 
in [8] and [9] while [10] gives a value of 50 µm.  This 
latter value rather than the former is adopted as it produces 
a core pressure drop closer to the value cited in the PSID.  
For this value the dimensionless surface-roughness 
parameter, ε/D, where D is hydraulic diameter, has a value 
of 0.0032 for the MHTGR fuel element coolant channel 
and a value of 0.024 for an inter-element gap having a 
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thickness of 2 mm.  The corresponding values for the 
Darcy friction factor f = C/Ren are obtained from an 
analytic fit to the Zigrang-Sylvetser correlation which is 
shown plotted in Figure 11 as a function of several 
representative values for ε/D.  The Darcy expression fit has 
an average error of about one percent and a maximum error 
of 4.5 percent over the range 3000 < Re < 50,000.   
 


III. COOLANT DISTRIBUTION 
 


Predicted flow distributions were compared between 
the two codes before examining the energy equation 
solution.  There were three steps to this comparison.  In it 
the RELAP flow rate solution was adopted as the reference 
against which the GAS-NET solution was compared.  The 
RELAP flow rate solution aimed to reproduce the flow 
rates in Table I. 


In GAS-NET all flow channels (coolant holes and 
inter-column gaps) adopted flow rates from the RELAP 
calculation.  This required first establishing the mapping 
between RELAP gap rings and GAS-NET individual gaps 
which followed directly from the input decks for the 


 
 


 
Fig. 11  Darcy Friction Factor Approximation to  
Zigrang-Sylvetser Correlation as a Function of  
Surface Roughness 


 
 
two codes.  The RELAP flow rate values were obtained 
from the code by applying across all channels the same 
applied pressure difference between inlet and outlet 
plenum.  The value adopted was the MHTGR core pressure 
drop of 31 kPa from inlet plenum to outlet plenum.[5]  In 
this work the value includes an assumed pressure drop 
through the core support structures of 4 kPa, in lieu of 
modeling the complex set of flow passages in this region.  
The degree of agreement between the codes is accessed by 


comparing how well GAS-NET reproduces the 27 kPa (i.e. 
31-4 = 27) pressure loss figure assuming it occurs between 
the inlet plenum and an expansion region downstream of 
the abrupt expansion at the exit of each gap and hole in the 
GAS-NET model.   


In the first step the pressure drops calculated for fuel 
columns were compared.  With fuel column coolant-hole 
mass flow rates taken from RELAP, GAS-NET reproduced 
the pressure drop of 27 kPa.   


In the second step of the comparison, the gap thickness 
in each core region (inner reflector gaps, fuel gaps, outer 
reflector gaps, reflector/core barrel interface gaps) was 
adjusted to reproduce the 27 kPa pressure drop, again with 
the mass flow rate through the gaps in each region taken 
from RELAP.  The GAS-NET inter-column gap thicknesses 
needed to bring pressure drop into agreement with RELAP 
did not identically match the RELAP gap thicknesses.  The 
gap thicknesses in GAS-NET were, however, less than 25% 
different from the values in RELAP.  It is noted that the 
flow rate in a gap goes with the three-half power of 
thickness.  Thus, if instead the RELAP gap sizes had been 
used, the gap flow rates would have been within 16 percent 
of the RELAP values for the 27 kPa pressure drop value. 


In the third step of the comparison, the GAS-NET 
pressure loss in the reflector shutdown elements was 
brought into agreement with the 27 kPa figure by setting 
the coolant hole flow rate equal to the RELAP value and 
then adjusting an exit loss coefficient. 
 


IV. GRAPHITE TEMPERATURE DISTRIBUTION 
 
A main point of comparing results between the two codes 
was to characterize solution differences that arise as a result 
of the cylindrical core geometry assumed in RELAP as 
opposed to the individual block representation in GAS-
NET.  To facilitate the comparison of the role of multi-
dimensional column-to-column heat transfer, the energy 
equation was solved for identical gap and coolant hole flow 
rates between the two codes as described in the previous 
section.  No adjustment to the film heat transfer coefficient 
was made to account for surface roughness. 
 


IV.A Boundary Conditions 
 


A flow boundary condition that “matched” RELAP as 
described above was used to decouple the thermal solution 
from the hydraulics in the GAS-NET runs.  In general 
GAS-NET solves the mass, momentum, and energy 
equations simultaneously. 


A temperature boundary condition was used to 
simulate the presence of the core barrel structure opposite 
the last row of reflector columns in Figure 2.  A surface 
temperature of 295 C gave a core barrel heat rate of 730 
kW which was the value calculated by RELAP.   
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The boundary conditions in the columns along the zero 
and 60-degree axes in Figure 2 were set to produce a zero 
heat flux across the vertical planes of these symmetry axes. 


The axial power profile in the fuel and reflector 
elements was assumed uniform with height.   A RELAP 
calculation showed that the graphite temperatures at the 
outlet were insensitive to the shape of the power profile.  
Prediction of graphite temperatures along the axial length 
of the core, however, requires use of a more representative 
power profile. All fuel columns were assumed to have the 
same power as were the reflector columns.  The power in a 
reflector column, which is meant to represent gamma 
heating, was zero for the comparison between codes.  The 
sensitivity of reflector temperatures to gamma heating was 
then later examined in separate GAS-NET runs.   


The core was divided into ten axial zones.  The same 
nodalization ensured that the nodes used in comparing 
graphite temperatures between codes were identically sized 
and, hence, the node temperatures were consistent spatial 
averages. 


Gap thicknesses were set equal between the two codes 
(inner reflector: 1.0 mm, fuel: 1.5 mm, outer reflector: 1.0 
mm, and outer reflector/core barrel: 3 mm) for comparable 
convection heat transfer. 


 
 
 


 
 


Fig. 12  Graphite Temperatures in MHTGR for 
Reference Case 


 


 
Fig. 13  Graphite Temperatures at MHTGR Core 
Outlet Predicted by RELAP Compared to GAS-NET 
for Reference Case 


 
 


The calculations used a value of 0.8 for emissivity and 
a value of 80 W/(m-K) for the thermal conductivity of 
graphite.  The latter value is representative of un-irradiated 
type H-451 graphite.  A value of 30 W/(m-K) is 
representative of irradiated H-451graphite. 
 


IV.B Results 
 


The graphite temperature distribution calculated by 
GAS-NET is shown in Figure 12.  Coolant through the core 
is down and so the hottest region of the core is near the 
outlet at the bottom of the core.  The core barrel 
temperature boundary condition leads to a large 
temperature gradient in moving from the active fuel 
columns radially outward toward the core barrel.  The exit 
of the inner reflector region on the left in the figure runs on 
average about 150 oC cooler than the adjacent active fuel 
columns. 


The difference in column graphite temperature at the 
exit of the core in RELAP compared to GAS-NET is shown 
in Figure 13.  This same data is reproduced in Table IV 
where the temperature rise along the axial length of the 
graphite column in RELAP is compared against GAS-NET.  
The fractional error in the RELAP result with respect to 
GAS-NET is shown in the right-most column of the table.  
Temperatures are in good agreement with two exceptions.  
The inner reflector shutdown element temperature is not in 
good agreement between codes. There is also a discrepancy 
between outer reflector temperatures.  The latter is a result 
of greater radial heat flow resistance in the GAS-NET 
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calculation.  The nature of this is being investigated 
through finite element calculations.  In both codes 
conduction in the radial direction involves a transformation 
of geometry.  In GAS-NET the transformation is from a 
two-dimensional hex slab to a one dimensional circular 
slab. 
 
 


TABLE IV 
Temperature Rise in each RELAP Ring Compared  


with GAS-NET 


 
a Core barrel inner wall temperature set to 295 C to reproduce RELAP RCCS 
heat removal rate of 730 kW 


 


 
 


Fig. 14  Change in Graphite Temperatures at MHTGR 
Core Outlet for Gamma Heating in Reflectors 


 


 
 


Fig. 15  Change in Graphite Temperatures at MHTGR 
Core Outlet for Inner Reflector Region Inter-Column 
Gap Flow Rates Reduced by Half 


 
 


 
V.  SENSITIVITY STUDIES 


 
The sensitivity of inner reflector region graphite 


temperature to gap bypass flow rate and to gamma heating 
in the reflector elements was investigated using the GAS-
NET code.  While the inner reflectors generally run cooler 
than the fuel elements, the degree of over-cooling is a 
strong function of gap flow rate and gamma heating rate.  
The calculation provides estimates for the graphite 
temperatures in this region and the sensitivity to the amount 
of gamma heating and the amount of flow bypassing the 
blocks in the inter-column gap. The inner reflector region 
along its length runs on average roughly 150 degrees 
Celsius cooler than the fueled region. 


 
V.A Gamma Heating 


 
A gamma-heating case perturbation on the reference 


case was defined where the reflector region volumetric heat 
generation rate was set to one percent (best estimate) of 
that in the fueled region. The change in the individual 
column graphite temperatures at the core outlet are shown 
in Figure 14.  On average the reflector region along its 
axial length runs about 60-70 degrees Celsius cooler than 
the fueled region. 
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V.B  Inner Reflector Gap Size 
 


A half gap-flow case perturbation on the reference case 
was defined where the gap flows in the inner reflector 
region were halved. The change in individual column 
graphite temperatures at the core outlet are shown in Figure 
15.  On average the reflector region along its axial length 
runs about 120 degrees Celsius cooler than the fueled 
region. 


 
VI. CONCLUSIONS 


 
Full power conditions in the MHTGR were calculated 


with the GAS-NET code for comparison with results 
obtained from RELAP.  The intent was to characterize 
solution differences that arise as a result of the cylindrical 
core geometry assumed in RELAP as opposed to the 
individual block representation in GAS-NET.   Generally 
good agreement was obtained for the coolant flow 
distribution.   


To facilitate the comparison of the role of multi-
dimensional column-to-column heat transfer, the energy 
equation was solved for the case where both codes used the 
same allocation of coolant among coolant holes and inter-
column gaps.  Generally good agreement on graphite 
temperature was obtained with the exception of in the outer 
reflector region.  This region at full power accounts for 
removal of roughly three percent of the total reactor power.  
Through a process of radial conduction of heat outward 
from the outer ring of fuel columns, heat entering this 
region is removed by convection in the inter-column gaps 
and by conduction into the core barrel wall.  Presently 
GAS-NET is over-estimating the resistance to outward 
radial heat flow through the outer reflectors compared to 
what RELAP predicts.  Finite element modeling studies are 
needed to examine the “effective” thermal conductivity of a 
reflector element to radial heat flow through it. 
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Abstract – Generation and accumulation of hydrogen in containment atmosphere during 
postulated severe accident scenario could pose a potential threat to the integrity of the 
containment as the hydrogen can form flammable or even explosive mixture with air in the 
containment. In case of reactor header break along with the failure of Emergency Core Cooling 
System (ECCS), the hydrogen will be generated due to metal water reaction. The generated 
hydrogen is expected to be released to Fuelling Machine Vault (Break Compartment) and mix 
uniformly with air and steam in the vault. Subsequently, additional hydrogen is expected to be 
released to containment sump at a slower rate due to radiolysis of sump water. This paper 
discusses the results of the studies carried out by NPCIL computer code ‘PACSR’ to estimate the 
hydrogen distribution in KAPS-3&4 containment following its release due to metal water reaction, 
and radiolysis of the coolant and sump water during postulated accident condition, to ascertain if 
accumulation of hydrogen could pose a potential threat to the integrity of the containment. In 
KAPP-3&4, global concentration of hydrogen does not reach at flammability limit of 4%, because 
of large containment volume. The study reveals that under postulated severe accident condition, 
the peak hydrogen concentration in break compartment (FMV) would not exceed 4% v/v, due to 
passive vertical opening in between FM vault and pump room. 


 
 


I. INTRODUCTION 
 
KAPP-3&4 Nuclear Power Project of 2 × 700 MWe 


Pressurized Heavy Water Reactor (PHWR) units. These 
Units are pressure tube type reactors with heavy water as 
moderator and coolant and natural Uranium Dioxide as 
fuel. It consists of 392 horizontal fuel channel assemblies 
and is surrounded by three separate cooling water systems 
i.e. primary coolant, moderator and calandria vault water 
system. The whole reactor is enclosed in the Containment 
Building. In the present study, analysis of hydrogen 
distribution within KAPP-3&4 containment has been 
carried out for postulated accident for Loss of Coolant 
Accident (LOCA) with simultaneous failure of 
Emergency Core Cooling System (ECCS). In such 
accident scenario, hydrogen is produced due to metal 
water reaction, along with release of fission products to 
containment environment.  


 
The hydrogen generated due to metal water reaction 


is expected to be released to Fuelling Machine Vault 
(FMV) and mix uniformly with air and steam present in 
the FMV. Later on, additional hydrogen is expected to be 
generated in the sump water at a much slower rate due to 
radiolysis of sump water. Based on total hydrogen 


generation rate, it was estimated that the global 
concentration of hydrogen would not reach the 
flammability limit of 4%2  even after 10 days of accident. 


 
II. MODELLING OF KAPP 3&4 CONTAINMENT 


 
The KAPP 3&4 containment has been divided into 


15 compartments (12 in high enthalpy area and remaining 
3 in low enthalpy area). High enthalpy area represents 
area containing high enthalpy fluid during normal or 
accident conditions and low enthalpy area includes the 
remaining compartments and the sump, which has a water 
volume of 1100 m3 .The communication between the high 
enthalpy area and low enthalpy area is established via the 
stair case and  annulus between ICW ( Inner Containment 
Wall) and structural wall. Total free air volumes in the 
high enthalpy area are about 53000 m3 while that of low 
enthalpy area is about 24000 m3. The nodalisation of 
KAPP-3&4 Containment which is represented by 15 
compartments is shown in Fig. 2.  The FMV and pressure 
relief chamber (PRC) are considered to be separate 
volumes; further FMV as shown in Fig. 2, is considered 
as the break compartment.  


 
The various compartments have either free opening 


into the other compartments or are in contact with the 
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other compartments through initially sealed opening like 
plastic sheet, blowout panel.  These openings get ruptured 
or actuated at a predefined pressure difference across the 
connected volumes. 25 connections have been identified 
between the various compartments. 


 
 


 
Fig. 1. Typical cross section of KAPP-3&4 reactor 
building. 
 


 
III. DESCRIPTION OF COMPUTER CODE ‘PACSR’ 


PACSR3 is a computer code for containment thermal 
hydraulic calculation. In this code containment can be 
modeled by various   compartments connected by 
junctions. It is a two-phase modeling type code 
(vapour/liquid) and can handle saturated and unsaturated 
atmospheric conditions.  This code can handle liquid 
water, steam and six non-condensable gases. 


 
This code can simulate any number of compartments. 


Each of the compartment is divided into two regions: a 
liquid region containing water, and a vapour region 
containing vapour, liquid droplets and non-condensable 
gases.  Vapour region is assumed to be in thermo-
dynamic equilibrium with liquid region and has uniform 
temperature and density throughout the region.  The 
flashed coolant/(steam) is assumed to mix instantaneously 
and uniformly in the vapour region of break compartment.  
The separation of the two regions in each volume allows a 
more realistic assessment of the pressure and temperature 
in the containment atmosphere by removing the liquid 
droplets from vapour region and adding them to liquid 


region.  It can handle saturated and un-saturated condition  
due to direct energy input. 
 


The code can also simulate the containment walls and 
structures for  their heat absorption and conduction 
calculation.  It can generate the temperature profile across 
the wall thickness at any instant of time. A number of 
correlations are incorporated in the program to determine 
Heat Transfer-Coefficient (HTC) between containment 
atmosphere and structures.   
 


The mass and energy of gas flow entering or leaving 
any compartment are based on lumped parameter 
approach. The equation for calculation of transient flow 
through junction is based on the conservation of 
momentum.  This code also allows the modeling of liquid 
flow from a compartment at higher elevation to a 
compartment at lower elevation by using conservation of 
momentum. 


 
This code can also model the Reactor Building air 


coolers, where water flows through tubes and steam 
mixed with non-condensables flows through shell. In 
addition to this, provision exists to model fan allowing 
forced flow from one compartment to another.  Provision 
also exists to model spray water droplets in containment 
for the purpose of long-term energy removal.   


 
The diffusion of the steam, air and other non-


condensable from high concentration compartment to low 
concentration compartment through the cross- section of 
junction is modeled by using Fick’s 1st law. 


 
 The Computer code has the provision to model 


Passive catalytic recombiners. The recombiners are 
assumed to work whenever hydrogen concentration 
exceeds 2% v/v. 


 
The thermal hydraulic calculation by PACSR 


involves breaking up the whole duration of the event into 
small time steps and then considering the effect of energy 
and mass addition into the control volume simulating a 
compartment of containment in the small time interval to 
arrive at the pressure/temperature at the end of the time 
step using the applicable thermodynamic law. 


 
Verification of the “PACSR” has been done against 


the experimental data obtained from the containment 
model test facility at MAPS4.  Another verification of this 
code against ISP-23 on HDR, D 15 of Battelle 
containment model and ISP-42 at PANDA test facility is 
given in Ref. 5, 6 and 7 respectively.  


PUMPROOM


DOME AREA 


FMVN 
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                  -‘x’ represent room No. 
 


P  -   Plastic Covering-rupture pressure 


F  -   Free Opening  
 


 
 
 
 
 


Fig. 2. KAPP-3&4 Containment Nodalization for Hydrogen distribution analysis 
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IV. INPUTS AND ASSUMPTIONS 


 
The mass and energy discharge rate8  of coolant from PHT 
system is given in Fig. 3, the generation rate of hydrogen1  
is given in Fig. 4. Generation of hydrogen is taken as per 
the recommendation of Reference 2, i.e., use of Baker 
Just9 kinetics and Sethumadhavan10 et.al. The details of 
the hydrogen generation are given in Reference -11. For 
the calculations of the hydrogen generations, it is assumed 
that fuel channel is be filled with nearly stagnant steam. 
To be on conservative, it is further assumed that there is 
no limitation on metal-water reaction by the availability 
of steam and cooling by steam is negligible. 
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Fig. 3. Coolant Mass and Energy Discharge Rate 
following Accident 


 
Hydrogen temperature from metal water reaction and 
radiolysis is considered to be 600°C and 50°C 
respectively. FMV (Fig. 2) is considered as the break 
compartment, as the reactor inlet header is in this 
compartment. The containment spray system is assumed 
to start operating at 60 sec after the accident. 
 
 


V. RESULTS AND DISCUSSION 
 
The pressure transient in the Containment is shown in Fig. 
5. It is seen that the containment pressure rises up to 0.66 
kg/cm2(g)  at ~33 sec during LOCA blow-down phase. 
Following the LOCA blow down phase, the Reactor 
Building depressurizes by cool down because of 


containment Spray system and heat absorption by 
concrete/metallic structures. 
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Fig. 4.  Hydrogen Discharge Rate following Accident 
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Fig. 5. Pressure in the different compartment of Containment 
following accident. 


 
Steam concentration in the containment is given in 


Fig. 6. It rises during LOCA blow-down. Steam 
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concentration starts falling after 100 sec in break 
compartment due to the condensation on the containment 
walls & structures. The   Steam concentration falls to 
around 20 % (v/v) around 1000 sec in the accident. 
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Fig. 6. Steam Concentration (v/v %) in the different 
compartment of Containment following accident. 
 


 
Hydrogen concentration in the containment is given 


in Fig. 7. It is seen that, the peak hydrogen concentration 
in the FM vault is 3.48 % (v/v) which is below the 
deflagration limit of 4%.It is also seen that although 
initially rate of increase of hydrogen concentration in FM 
Vault (Break Compartment) would be little faster than 
other areas, after around 1 hour, the concentration of 
hydrogen in all the areas would become nearly similar to 
FM Vault due to faster mixing of hydrogen. 


 
After 3600 sec (1.0 hr) (Post metal water reaction) 


the hydrogen concentration starts reducing except the 
accessible area and continued to reduce till 10 hrs. The 
hydrogen concentration in containment at end of 40000 
sec (11.0 hrs) is 1.58 % .Further hydrogen concentration 
remains nearly same, as the hydrogen generation is almost 
over and hydrogen concentration in the containment is 
equalized. The hydrogen concentration in all the 
compartments of containment at end of 864000 sec (10.0 
days) is 1.61%. 
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Fig. 7. Hydrogen Concentration (v/v %) in the different 
compartment of Containment following accident. 
 


 
 


 
VI. HYDROGEN CONCENTRATION ON TERNARY 


DIAGRAM 
 


To see the effect of hydrogen concentration along 
with steam and air concentration on the same scale, plots 
are made on standard ternary diagram developed by 
Shapiro and Moffette2.  From Figure-7, it is seen that the 
maximum hydrogen concentration occurs in the break 
compartment, so the Plots showing status of hydrogen, 
steam and air concentrations in the break compartment 
(FMV) with respect to flammability limit are shown in 
Fig. 8. It is seen that, the curve showing mixture 
compositions (hydrogen, steam and air) does not enter 
into deflagration zone in break compartment or any of the 
containment. 
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Fig. 7. Hydrogen, Steam & Air mixture composition on Ternary 
diagram. 
 


 
VII. CONCLUSIONS 


 
In KAPP-3&4, the global as well as local 


concentration of hydrogen would not exceed flammability 
limit due to large volume of containment & provision of 
passive opening in the top slab of FM Vault.  
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Abstract –In line with the R&D of the Strategic Research Agenda of the European SNETP 


(Sustainable Nuclear Energy Technology Platform) and Generation IV International forum (GIF), 


an integrated safety analysis tool is being developed at the JRC Institute for Energy, Petten, The 


Netherlands. 


The European Safety Analysis Platform (ESAP) is a computational platform, with the objective to 


perform an integrated core and safety analysis of nuclear reactor systems. The current 


components of ESAP include: MCNP5 for neutron transport calculations, COBRA for core and 


sub-channel analysis and FRETA for fuel thermal-mechanical behaviour studies. 


Currently, the platform is able to perform safety design studies and has been applied to Sodium-


cooled Fast Reactors (in the CP ESFR project) for both fuel assemblies and for the whole core. 


This will be extended later to other reactor types including the Lead-cooled Fast Reactor. The 


objective is to be able in the long run to perform safety design and transient analysis of most 


nuclear energy systems. 


The paper describes the present structure of the platform as well as its architecture and data 


exchange. Examples of first applications of ESAP within the European Sodium Fast Reactor 


(ESFR) project are also provided. 
 
 


I. INTRODUCTION 


 


The deployment of sustainable nuclear technology has 


a key role to play in the future energy policy considering 


the objectives set out by the European Commission of 


transforming the current energy system based on fossil 


fuels into a more sustainable one based on a mix of low-


carbon energy sources. 


A group of EU stakeholders, within the framework of 


the Strategic Energy Technology Plan (“SET Plan”), 


recognized that nuclear fission energy can deliver “safe, 


sustainable, competitive and practically carbon-free energy 


to Europe’s citizens and industries” and formulated a 


collective vision to prepare the launch of the European 


Technology Platform on Sustainable Nuclear Energy 


(SNETP) to coordinate at European level the nuclear 


fission R&D [1]. 


Beyond the R&D, demonstration projects are planned 


in particular in the frame of the “European Sustainable 


Nuclear Industrial Initiative” (ESNII) to be launched under 


the SET-Plan. These demonstration projects include the 


SFR prototype ASTRID whose construction is planned in 


France in 2020 and the construction of a demonstrator of an 


alternative technology – LFR or GFR – to be decided 


around 2012. Such actions would has to be considered 


within the context of a European Strategic Research Agenda 


(SRA) which has to contribute keeping Europe’s leading 


role in the nuclear energy sector, in both research and 


industry. 


The nuclear R&D international dimension is also of 


primary importance. This is reflected through the active 


participation of Euratom in the Generation IV International 


Forum (GIF). This forum provided the opportunity to 


elaborate a worldwide strategy for the future of nuclear 


fission. The increased awareness about the sustainability and 


climate change concerns modified the international context 


and six reactor concepts, were selected among the 


Generation IV systems to address the energy production and  


future sustainability issues [2]. 


The Euratom participation to GIF was subject to a 


Council Decision in 2005. The Joint Research Centre (JRC) 
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has been designated as the Community Implementing Agent 


and represents Euratom in GIF. 


In line with its mission and consistently with the 


Strategic Research Agenda of the European SNETP 


(Sustainable Nuclear Energy Technology Platform), an 


integrated safety analysis tool is being developed at the 


Institute for Energy (JRC-IE), Petten, The Netherlands. 


The ESAP (European Safety Analysis Platform) is a 


computational platform that has the objective to perform an 


integrated core and safety analysis of nuclear reactor 


systems. The platform is based on existing well-qualified 


nuclear codes: MCNP5 for neutron transport calculations, 


COBRA for core and sub-channel analysis and FRETA-B 


for fuel thermal-mechanical behaviour studies. 


The objective is to be able in the long run to perform 


safety design and transient analysis of most nuclear energy 


systems. The complete implementation of ESAP will assist 


to fulfil the JRC-IE task to provide independent safety 


assessment of leading nuclear reactor concepts and  to 


contribute in this way to the policy support on  nuclear 


safety in EU (in co-operation with nuclear safety expert 


networks). 


The paper describes the structure of the platform 


including the different codes and their interfaces and data 


exchange. Its first application in the framework of the FP7 


Collaborative Project on European Sodium Fast Reactor 


(CP-ESFR) [3] for core studies is also presented. Future 


plans and applications are given at the end of the paper. 


 


II. THE ESAP STRUCTURE 


 


The ESAP development project wants to set up a 


generic computational platform able to perform a static and 


dynamic integrated core and system safety analysis of 


nuclear reactors. Among nuclear reactors concepts, 


particular emphasis is given to innovative concepts. The 


final structure of ESAP will consist of a static safety core 


analysis section, a fuel cycle analysis section and a 


dynamic safety system analysis section as shown in Fig 1. 


The ESAP platform is currently under development. 


The static and fuel cycle part of ESAP are instead fully 


operational tools. The development of the dynamic part is 


in progress and will include a 3D kinetics code (using 


MCNP to generate the nuclear cross-sections), a system 


code and thermo-mechanic fuel code. 


The methodology used in ESAP for static fast reactor 


design analysis is based upon Monte Carlo method for 


neutronics and sub-channel code for thermal hydraulics. 


This approach provides several advantages such as a full 


three dimension treatment of the problem geometry, the use 


of continuous energy cross sections and sub-channel 


geometry for thermal-hydraulics. 
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Fig. 1. The ESAP structure. 


 


On the other hand, the computational and modelling 


effort for the Monte Carlo method is higher than for most 


deterministic methods. The static core analysis section of 


ESAP is based on the nuclear data processing code NJOY 


[4] for generation of temperature dependent continuous 


energy cross section library, the Monte Carlo transport codes 


MCNP/MCNPX [5][6] for neutronics calculations, the sub-


channel thermal-hydraulics code COBRA-IV-I [7] and the 


thermo-mechanic fuel code FRETA-B [8] supplemented by 


several pre/post processing codes.  


 


II.A. Nuclear Data 


 


Basic nuclear data are taken from the Joint Evaluated 


Fission and Fusion File (JEFF-3.1), which among others 


contains neutron reaction data for 381 isotopes and thermal 


neutron scattering law data for 9 materials. Temperature 


dependent, continuous energy nuclear data libraries based on 


JEFF-3.1 library were generated using the nuclear data 


processing code NJOY. The generated libraries include data 


for all relevant isotopes and several temperature points in 


the range of 300 – 3000 K. The libraries have been checked 


by plotting the data and using standard test calculations. 


 


II.A. Neutronics Tools 


 


The Monte Carlo particle transport codes MCNP and 


MCNPX developed at Los Alamos National Laboratory are 


used for all neutron transport, criticality, and burnup 


calculations. Both MCNP and MCNPX perform stochastic 


neutron transport and criticality calculations in a fully 


resolved three-dimension full core geometry using 


continuous energy cross sections. The geometry modelling 


in MCNP/MCNPX is based on combinatorial geometry. The 
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use of the repeated structure feature allows efficient core 


geometry set up. In general, the Monte Carlo (MC) method 


is based on the simulation of the actual particle transport 


process through stochastic sampling of the nuclear 


interactions. Therefore, results of MC simulation always 


contain stochastic errors. It requires large number of 


particle histories to reduce the statistical uncertainties to 


acceptable level. The computational effort, measured in the 


number of neutrons simulated or computer time used, 


depends on the actual problem. MCNP/MCNPX provides 


several figures of merits to determine the quality of the 


statistical uncertainties of calculated results.  


Burnup calculations were performed using MCNPX 


which is internally coupled with the depletion code 


CINDER90 [9]. MCNPX provides to the CINDER90 code 


reaction rates for major isotopes possessing transport cross 


sections and neutron spectra in 63 energy groups for each 


burnup zone. CINDER90 generates effective cross sections 


by collapsing the 63 group cross section with the provided 


neutron spectra and performs then the depletion calculation 


for the burnup interval assuming constant flux over the 


interval. It returns back to MCNPX the nuclide inventories 


at the end of the burnup interval. The nuclide inventories 


are calculated using the predictor/corrector method which 


requires two criticality calculations per burnup interval for 


prediction and correction steps. Further, to achieve reliable 


results in the burnup calculations it is necessary to estimate 


both the required number of neutrons per cycle and number 


of cycle to achieve reasonable statistical uncertainties. 


 


II.A. Thermal-hydraulics Data 


 


International standard thermal-hydraulic data IAPWS 


97 [10] are used for water application. International 


standard thermal-hydraulic data for other fluids (sodium, 


lead) are not currently available. Basic thermal-hydraulic 


data for the ESFR study were agreed among the members 


of the consortium. The data include the relevant thermal-


hydraulic properties in the range of 127 — 2177 ºC. 


 


II.A. Thermal-hydraulics Tool 


 


The COBRA-IV-I code belongs to the series of the 


COBRA (COolant Boiling in Rod Arrays) subchannel 


analysis computer programs which were originally 


developed by Pacific Northwest Laboratories (PNL). It is 


an extended version of the COBRA-IIIC subchannel 


analysis code which computes the flow and enthalpy 


distributions in nuclear fuel rod bundles or cores for both 


steady state and transient conditions. 


The bundle or core of a reactor is divided into 


computational cells. The balance laws of mass, energy and 


momentum for the fluid are written for each cell where the 


independent variables of enthalpy, pressure and velocity are 


appropriate averages. The cells may have fuel rods or other 


solid materials which in the present treatment act as sources 


or sinks of heat and momentum to the fluid. The transient 


thermal response of the fuel or solids is included and is 


interfaced with the hydraulics through heat transfer 


coefficients.  


The use of the computational cell concept allows 


subchannel analysis, core analysis and general flow field 


analysis to be considered in a unified approach. 


 


II.A. Fuel Mechanics Tool 


 


The FRETA-B (Fuel Reliability Evaluation Code for 


Transients and Accidents – Bundle Geometry) is a computer 


code for analyzing the behaviour of fuel rods for nuclear 


reactors in nominal and accidental conditions. 


The heat conduction equation is solved by the method 


of weighted residuals and includes the Ross-Stoute model 


[11] for gap conductance as well as a fuel relocation model. 


The use of FRETA-B code is targeted to compute the 


fuel rod temperature profiles. 


 


III. ESAP APPLICATION IN THE CP-ESFR 


PROJECT 


 


Under the aegis of the 7
th


 Framework Programme of the 


European Union, the Collaborative Project on European 


Sodium Fast Reactor (CP-ESFR) has the objective to foster 


research on the concept with attention towards: an improved 


safety with in particular the achievement of a robust 


architecture, a guarantee of a financial risk comparable to 


that of the other means of energy production and a flexible 


and robust management of the nuclear materials and 


especially the waste reduction through the MA burning.  


In frame of the project, a dedicated Work Package 


studies the two core designs that are currently being 


proposed for the 3600 MWth sodium-cooled reactor 


concept: one is based on oxide fuel and the other on carbide 


fuel.  


Using ESAP, JRC-IE has conducted static calculation 


on neutronics (incl. reactivity coefficients) and thermal-


hydraulic characteristics for both oxide and carbide 


reference cores. The quantities evaluated include: keff, 


coolant heat-up, void, and Doppler reactivity coefficients, 


axial and radial expansion reactivity coefficients, pin-by-pin 


calculated power profiles, average and peak channel 


temperatures. A description of the ESAP models together 


with the relevant results for the oxide core only is presented 


hereafter. 


 


III.A. MCNP Modelling 


 


Using the core compositions and the geometry 


specification of the ESFR, a detailed three-dimensional 


MCNP model for the oxide and carbide ESFR cores have 


been setup. The models reproduce the geometry fully 
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resolved in radial and axial direction as given in the design 


specification. The repeated structure feature of MCNP has 


been used to set up the geometry model of the 


subassemblies and the full core models. MCNP models 


have been set up for both the heterogeneous and 


homogeneous specifications.  


Fig. 2 shows the horizontal cut at core mid plane of the 


oxide sub-assembly including the surrounding sub-


assembly pitch.  


 


 
 


Fig. 2. MCNP model of the oxide ESFR sub-assemblies. 


 


Fig. 3 shows horizontal and vertical cuts of the three-


dimensional full core geometry MCNP model of the oxide 


ESFR core. The different colours represent the radial 


reflectors, inner and outer fuel sub-assemblies, and the 


CSD and DSD sub-assemblies. The vertical cuts depict the 


different axial regions including the lower and upper 


blankets and gas plena. Further, refinements of the models 


were performed for the burnup and power distribution 


calculations. 


 


 


 


Fig. 3. Horizontal and vertical cuts of the MCNP oxide core 


model of ESFR. 


 


III.B. COBRA Modelling 


 


With reference to the core geometry of ESFR and in full 


agreement with MCNP models a detailed 3D COBRA-IV-I 


model for oxide and carbide ESFR cores have been setup. 


The model represents the geometry fully resolved in radial 


and axial direction as given in the design specification. 


Based on the geometry data for the O-ESFR assembly, a 


COBRA model was prepared. The oxide model consists of 


546 sub-assembly channels that surround the 271 fuel pins. 


The sub-channels are linked by 816 gaps. The wire-wrap 


model is included. The assembly is divided vertically into 30 


axial nodes. Fig. 4 shows the cross-sections of oxide fuel 


assembly. 


 


 
 


Fig. 4. COBRA model of the oxide ESFR fuel assembly. 


 


The cross-sections of COBRA full core geometry model of 


the oxide ESFR core is depicted in Fig. 5. The COBRA model 


consists of 547 parallel assembly channels that include the inner 


core region, the outer core region, and the control assemblies. The 


core is divided vertically into 30 axial nodes. 


 


 
 


Fig. 5. Cross-section of the COBRA models of oxide core of 


ESFR 


 


III.A. ESAP Results 
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Neutronics safety parameters were evaluated using 


MCNP by the direct perturbation method. The reactivity 


coefficients, the delayed neutron fraction and the prompt 


neutron life time were calculated at different burnup stages. 


For the oxide core, the reactivity coefficients deteriorate 


over the fuel residence time whereas the variation in the 


delayed neutron fraction and prompt neutron life time is 


relatively low. 


 
TABLE I 


Neutronic Safety Parameters 


Reactivity 


(pcm) 


BOL EOC 


Oxide core 


Sodium Void 1500 1968 


Doppler -1044 -845 


βeff 338 320 


 


The power distribution in initial oxide ESFR core is 


significantly determined by the two enrichment levels in the 


inner and outer core. The radial power peaking and 


distribution at BOL are shown in Fig. 6 and Fig. 7 


respectively. At BOL, the power profile shows peak values 


in the outer core where the fuel enrichment is high. The 


positioning of the power profile relative to the primary 


CSD may allow an effective power control. For the initial 


core at BOL, the core maximum power density is 354.83 


W/cm
3
, and the peak of the axially averaged power density 


is 287.44 W/cm
3
. Further, the maximal linear power density 


is 408.16 W/cm and the power peak factor is 1.4. 
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Fig. 6. Radial power peaking of the oxide ESFR core at BOL 
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Fig. 7. Average power distribution in the oxide ESFR core at 


BOL 


 


The neutronics calculations (power distribution) 


provided the basis for the thermal-hydralic analysis. 


Calculations were performed for both the oxide and carbide 


core options (O-ESFR and C-ESFR) and included full core 


and sub-assembly studies. 


The COBRA-IV-I thermal-hydraulic core and sub-


channel code and the FRETA-B thermo-mechanic code, 


used for these simulations, were improved to account for the 


specificities of a liquid-metal cooled core. The Ushakov 


correlation is adopted to calculate the clad-to-coolant heat 


exchange. The Rehme correlation is used to evaluate the 


wire-wrapped fuel bundle friction factor.  


The total flowrate for all SAs to provide the heating-up 


of 150ºC was found to be ~19550 kg/s and the 


corresponding flowrate for an average-power SA is ~43 


kg/s. 
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Fig 8. Outlet coolant temperature distribution in the O-ESFR 


core 
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The coolant temperature at the core inlet was specified 


to be 395ºC. The average outlet coolant temperature for the 


O-ESFR core was calculated to be 545.2ºC. The calculated 


outlet coolant temperature distribution is presented in Fig. 


8 and Fig. 9. As expected the coolant temperature profile is 


similar to the power distribution profile with a flat 


distribution in the centre of the core and a strong gradient 


at the core outskirts. The difference between the maximum 


and minimum coolant temperature at the core outlet is 


about 110ºC. 
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Fig. 9. Outlet coolant temperature across the O-ESFR core 


 


The fuel temperature was evaluated for the average- 


and peak-power fuel rods using the power distribution from 


neutronic analysis (axial and radial power peaking factors) 


and the coolant flowrate distribution from the thermal-


hydraulic analysis. 


As part of the ESAP, The FRETA-B code was used for 


this analysis. The ODS steel is supposed to be the ESFR 


cladding material.  


The heat exchange coefficient was calculated by the 


Ushakov correlation [12], the fuel thermal conductivity was 


evaluated according to the Phillipponneau model [13] and 


the gas gap conductance was evaluated by the FRETA-B 


code using the Ross-Stoute model with the use of the 


modified fuel relocation model.  


The axial profiles of the fuel, cladding and coolant 


temperatures in the average-power pin are shown in Fig. 


10. The fuel peak temperature in the average-power pin is 


~1950ºC. 
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Fig. 10. Axial temperature profiles in the O-ESFR average-


power pin 


 


The power distribution was taken from MCNP 


calculation on the average O-ESFR assembly. The BOL core 


status was considered in the analysis. The temperature 


distribution with the MCNP power distribution is given in 


Fig. 11. 


 
 
Fig. 11.: Temperature distribution in average O-SFR assembly 


 


III. CONCLUSIONS 


 


The European Safety Analysis Platform, being 


developed at JRC Institute of Energy, has the objective to 


develop a generic computational platform able to perform a 


static and dynamic integrated core and system safety 


analysis of nuclear reactors with particular emphasis to 


innovative concepts.  


The static core design part of ESAP has been 


successfully applied in the framework of the FP7 CP-ESFR 


project. The results have shown the reliability of the 


platform to perform a full core design safety analysis with 
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predictions that are in agreement with other consolidated 


code systems. 


Future developments include:  


1. the finalisation of the coupling between MCNP and 


COBRA 


2. the finalisation of the coupling between COBRA and 


FRETA-B 


3. The development of the dynamic system safety design 


part of ESAP, currently in progress. 


A large programme is also in progress to validate the 


platform in its different parts. The validation matrix will 


include old experiments like ORNL 19-rod Test Bundle 


[14] or code-to-code benchmark exercises like the Sodium 


Fast Reactor Benchmark to be organised by the 


OECD/NEA Working Party on Scientific Issues of Reactor 


Systems (WPRS) [15]. 


The use of an uncertainties evaluation method for the 


platform is expected to be applied after the validation 


phase at a later stage. 


The ESAP will be applied within the framework of the 


FP7 LEADER project on Lead Cooled Fast Reactor.  
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Abstract – TN International proposes to its customers a wide range of solutions for the transport of nuclear material and 
takes part in all the phases of the nuclear fuel cycle. But we read everywhere about rapid and constant change in services or 
industrial products. Companies of the 21st century and their services will develop not only if quality and expertise 
requirements are met, but also if they include the management of change, in particular new products and services. These 
customer demands require a new engine for sustainable differentiation and top line growth. That engine is innovation. 
Thanks to the innovation tools and methods, TN has developed a capacity to envision and realize innovative products and 
services for the transport and storage of radioactive materials. This is our innovation policy, whose aim is managing 
change by design. The paper describes a new concept, internally known as ID school. It is a unique combination of 
innovation tools and methods.  It blends an all-round technological watch, a idea management system, an extensive R&D 
program, state-of-the-art research and problem-solving software, a network of experts, an array of innovation methods and 
facilities that promote an innovative spirit. These tools apply to engineering, freight forwarding, organization... and favour 
both individual initiative and teamwork. 
 
Examples are shown of success coming from innovation challenges: more capacious packaging, accommodation of hotter 
materials, reduction of dose rates, quicker approvals. The expected benefits are : 


– Shorter time-to-market 
– Cheaper products 
– Differentiated products 
– Safer products  


 
Moreover, our experience of innovation initiatives show that the challenges from Safety Authorities can also be met : 
augmented safety, thorough justifications, implementation of good existing ideas to new problems. Therefore, innovation can 
be looked upon  favourably by competent authorities. 
 
In TN international, Innovation is a company wide skill, it brings important benefits in terms of performance, safety and 
public acceptance and with it, the nuclear fuel cycle industry is looking towards the long term and engaged in preparing a 
future with less CO2 emissions.  
 


 
 


I. INTRODUCTION 
 
Many countries throughout the world are now 


pursuing the construction of nuclear power plants and 
countries which have an existing fleet of NPP are 
extending the life time of operation. All need to address the 
back end of the fuel cycle. To face this challenge, AREVA 
TN International proposes a wide range of well proven 


solutions, based on outstanding experience of designing 
and manufacturing transport and storage casks. To be able 
to provide an optimized answer to the question on spent 
fuel management, the  key combination is : an international 
and global licensing experience, an industrial and technical 
experience and innovation.  Why innovation? 
Customers want the packaging to be more capacious, to 
accommodate ever hotter materials, to reduce dose rates, 
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to have quicker approvals and they make their best efforts 
to reduce the cost of the nuclear cycle.  Therefore, they 
require advanced solutions, safer and more competitive, 
incorporating experience feedback and technological 
improvements.  At any rate, most of us are faced with 
pressures to do better, cheaper... Pressure comes first from 
the utilities: they move to higher enrichments and burn-
ups, they want to clear their storage ponds earlier; more 
fuel should be loaded in a cask or canister for economies 
of scale. Of course, fewer shipments is a benefit for 
safety; but approaching the technological limits for this 
might not be. Innovation is also what it takes to keep 
enough safety margins. 


 
 


II. INNOVATION IN DRY STORAGE SYSTEMS 
 


Dry storage systems are characterized by severe safety 
requirements, long development time and increasingly 
competitive environment. Innovation is therefore of vital 
importance. It is necessary first to determine the features 
expected for the future systems. To show the needs , three 
domains are considered hereafter: storage casks design, 
handling of used fuel and safety justification methodology. 
 
Optimized designs of used fuel storage casks or storage 
systems require innovations. The expectations are a higher 
payload thanks to new materials (such as new neutron 
poison materials, with metal matrix composites) and 
optimised geometry for criticality-safety, better thermal 
evacuation efficiency to accept higher fuel characteristics, 
resistance of the closure system to impact of airplane-
crashes. The use of production methods with a 
combination of the best and most economical technologies 
is also a key factor for the competition . 
 
The new generation  of used fuel transport casks in France 
will face the containment of hotter fuel in the same size 
and weight envelope. One challenge is heat transfer, where 
new solutions are developed. 
 
Utilities are looking for a comprehensive service offer 
coupled with a high level of safety. Operational flexibility 
shall be combined with proven safe solutions: for fuel 
loading, cask (or canister) transfer and cask shipping, for 
tie-down systems. As the competitiveness relies also upon 
the optimal fuel utilization, a target for R&D is early 
removal from pool. New developments are expected for 
the key processes like drying to remove water and avoid 
radiolysis up in cask cavities. 
 


Regulatory requirements for safe storage are ever evolving, 
specifically to reduce dose exposure. To match this, safety 
justification methods are improved and R&D is achieved 
for a comprehensive knowledge of safety margins. New 
methodologies and analysis are carried out by applicants 
and cask vendors. The use of burn-up credit for criticality-
safety, the evaluation of fuel integrity in accident 
conditions, the package analysis in accident conditions 
with new shock absorbing covers.  In storage conditions, 
the material behaviour over many decades, especially 
concerning ageing mechanisms and material properties. 
  
The nuclear renaissance will increase the number of 
shipments, but also the number of places where 
radioactive material will travel. Innovation is needed on 
the routes, the carriers, the logistics, to help limit CO2 
emissions. Innovative features and designs will offer both 
high performance systems to customers who have the 
responsibility of storage and safety, and bring radiation 
exposure benefits to all the stakeholders.  


 
III. OBJECTIVES  AND  TARGETS  


 
In term of key performances, the five objectives are: 
 
 1. Capacity and economic performance  


The first key performance of dry storage is a higher 
payload. Added value expected from innovation comes 
from a greater quantity of used fuel in the cavity of a 
cask. Increased flexibility of the system can also bring 
added value: for example a better match with the fuel 
specification. However, adaptation is at odds with 
standardization, including for operations and overall 
economics. 


 
2. Safety and ease of licensing  


By regulation, the safety and justification methodology 
must take into account the latest scientific developments.  
Safety evaluation must consider all possible modes of 
failure. Therefore, there is a need for access to updated 
expertise. Experts from industry and from regulatory 
authorities should be involved in the innovation process, 
be familiar with new ideas, and be prepared to evaluate 
them. Typically, an important issue is the knowledge of 
long term behaviour of materials and components.. 
Extended duration of used fuel storage is now being 
considered. Regulators have referred to storage periods 
of one hundred years and even beyond. Service life for 
transport casks can exceed forty years. New materials or 
surface treatments and new experimental or theoretical 
approaches on the assessment of material behaviour are 
now being considered.  
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3. Ease of operation and reduction of doses of operators 
The feedback of dose intake from more than thirty years 
of experience has led to recommendations of a simple 
and efficient system, and of procedures for closure and 
shipment. At the same time the standard requirements for 
acceptable dose issued by regulators are regularly 
lowered. Solutions having good efficiency for dose 
reduction are therefore very attractive for the customers. 


 
4. Impact of  technology on sustainable development 


Very often recent dry storage systems have had to 
comply with objectives of sustainable development. 
Selection of materials, environment aspects, energy 
consumption, CO2 emissions of different solutions are 
compared and selection is made taking account of these 
recommendations. 


 
5. Impact of selected technology on proliferation issues 


Even with the sensitive subject of non-proliferation, the 
evolution of technology brings improvements to existing 
systems or develops new interesting solutions. 


 
 


 IV. INNOVATION PROCESS 
 


In order to permanently provide good and economical 
solutions through innovation, the first action is to define a 
structured innovation process. A structured innovation 
process is beneficial, as the production of a team is 
generally higher than that of an individual, be it a genius. 
The willingness to structure an innovation process is 
important for designing teams. This innovation process 
allows the maintenance of high performance standards.  
 
A typical process includes five steps : 


1- Regular interviews with customers and utilities.  
2- Access, capture and reuse of operational feedback 


and knowledge  
3- Creativity and idea generation 
4- Selection of ideas 
5- Implementation 


 
New technologies, improved manufacturing processes, or 
simple ideas should be screened for significant added 
value. It is also important to have a communication system,  
innovation needs a combination of creation, collaboration, 
communication. 
 
Methods for creativity and idea generation  
For individual and spontaneous ideas, an idea management 
system (IMS)  is very often implemented in companies, 
and when it is shared with suppliers or even customers, it 


is often more productive. Often the best ideas come from 
exchanges between colleagues, discussions, collaborative 
meetings. That is why it is interesting to establish creativity 
groups and collaborative tools, as explained below. 
 
Involvement of the top management 
Success in an innovation process requires the involvement 
of top management. Its role is to make the means available, 
by deciding to appoint people dedicated to stimulate and 
coordinate innovation (innovation catalysts), to galvanize 
creativity groups, to allocate a budget for the development 
of innovative projects, and to put in place incentives 
(awards).  
 


V. INNOVATION METHODS AND TOOLS 
 


Many engineers are naturally creative but the context is not 
always favourable. We give hereafter a few suggestions to 
obtain more innovations. These suggestions come from 
AREVA TN international experience.  
A first suggestion is to find or to create an open space for 
innovation: for example the ID SCHOOLTM. In mid-2009, 
the management of TN international decided to set up an 
ID SCHOOLTM , to make available a special room 
dedicated to innovation. Designers, engineers, or anyone 
from the company who wish to innovate, through 
brainstorming or by simply getting out of his everyday 
environment (usual desk, usual meeting rooms), can 
organize an innovation group meeting in the ID 
SCHOOLTM. 
 


 
Figure 1 : ID SCHOOLTM


 
Small handicraft tools, modelling clay and other building 
material, web connections, mock-ups, supports for 
creativity are provided. In the ID SCHOOLTM the 
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creativity groups gather for brainstorming, invent 
solutions, check their validity in a creative environment. 
 
To galvanize innovation, it is important to use in parallel 
various tools: creativity methods, innovation software, 
extracting ideas from several knowledge basis; as for a 
tree, the leaves and the branches flourish if the roots are 
strong. 
 


 
 


Figure 2 : Innovation tools  
 


Nuclear sector is sensitive to safety issues, especially the 
management of used fuel; and authorities are decidedly 
reluctant to evaluate innovations. It is sometimes difficult; 
but these methods should be adapted to the time scale and 
to the specific regulatory environment of nuclear energy. 
We know many challenges in the field of used fuel 
management: acceptance of damaged fuels, resistance to 
airplane crash. An innovation team can be challenged with 
such issues.  
 
AREVA has developed, and dissem ted throughout the 
group, a special method for an inno am called the 
EFICA method. This method alte iverging and 
converging phases to conclude wit  a set of innovative 
ideas and an action plan to develop them. In this method, 
brainstorming is stimulated by facilitators. These are 
engineers who receive a specific training. More than 
twenty EFICA projects have been carried out very 
successfully by TN International, allowing many new ideas 
to emerge. These ideas are patented and implemented in 
cask designs.  


ina
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rnates d
h


FORMALIZE (Expression,  Analysis, formulation, 
 Incubation): Analyze and structure in detail the 
 formulation of the problem and all its components and 
break it  down into targeted areas of research; 
 specify objectives, requirements and selection criteria 


 


Figure 3 : Description of the EFICA method 
 
 
Description of the different steps of  the EFICA method:  
 
EXPLORE (Exploration, Impregnation): 
Identify all the aspects of the problem without paying too 
much attention to the aspect which brought the problem to 
light; look at it from all angles without any prejudices or 
preconceived ideas, become immersed in it and take it on 
board 
 


 
IDEAS (Creation, Ideas, Enrichment, Inspiration) : 
Put together and produce for each area of research a large 
number of solutions and original ideas; deepen and enrich 
ideas 
 
 
CONSTRUCTION (Prioritization, Choice, Valorisation):  
Range, prioritize, select ideas following the previously 
defined selection criteria; combine and enrich ideas (cross-
fertilization) 
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ACTION (Application, Organisation, Action Plan) : 
For any solution, build an action plan, i.e. a program with 
detailed facts and figures for implementation.  
 


To catch all interesting ideas, whether they come from 
groups or from individuals, from organised methods or 
spontaneously, an idea management system  has been set 
up at TN International, using IDHALL software. Any 
collaborator can issue an idea, which is registered by 
domain. Each idea is screened for novelty by a specialist in 
the idea's field, then processed by a high level “Ideas 
Committee”. When added value is shown, it is funded as 
necessary and implemented. The respect of the procedure 
is important to be effective and collect new ideas and 
obtain satisfactory results. 


 
VI. RESULTS OF INNOVATION POLICY  


 
After implementation and use of these innovation tools, an 
assessment has been done. The conclusion is clear,  
innovation brings success.  Some of the results of this 
policy for design and fabrication of fuel storage equipment 
are described:  
 
1. High performance design solutions for sub-criticality  


  
The general trend towards high burn-ups for LWR fuels 
(typically 60 000 MWd/tHM for EPR™ reactor) leads to 
either higher U-235 enrichments (5%) or higher plutonium 
contents for MOX. Sub-criticality is guaranteed by the 
basket geometry and the material. As the mass and volume 
of packaging are generally limited due to various interfaces 
(transport limitations or facility interfaces), there is a real 
challenge to design high capacity  and compact baskets. 
Therefore, a family of borated alloys has been developed 
for use in the baskets: borated stainless steel plates or 
metal matrix composites, formed by casting or sintering.  
 
 
 
 
 
 
 
 
 
 


Figure 4 : Metal matrix composites 
 
 


All characteristics (composition, mechanical) have been 
studied, including the homogeneity of boron contents and 
the resistance to corrosion in borated water; and they are 
satisfactory. Boralyn™ with 15% B4C is an example of 
high performance materials for sub-criticality: it can be 
used for the structural resistance of the baskets. There is 
also the new Boron Metal Matrix Composite (MMC) 
material with an aluminium matrix and up to 25% B4C.  
 
2. Mitigation of hydrogen risk 
 
 Residual water in the cavity may lead by radiolysis to 
hydrogen accumulation and to a flammable mixture in the 
atmosphere of the cavity. For the mitigation of hydrogen 
risk in dry storage casks, a catalytic recombiner has been 
developed and qualified, with a sufficient capacity to 
stabilize the hydrogen concentration below its 
flammability limit. Cooperation with French research 
institute IRCELYON has led to the development of this 
solution. 
 
3. Complete range of high performance neutron shielding 
materials  
  
TN International has developed high performance neutron 
shielding materials (formulation and manufacturing 
methods) resistant to fire tests (self extinguishing) : TN 
Vyal BTM, TN HYPOPTM and BORATM for  sub-criticality. 
These materials are adapted to different thermal 
environments. Depending on the temperature of use, the 
designer can choose the most adequate product. TN Vyal 
BTM for 160°C, TN HYPOPTM  for 120°C. 
 
4. Optimisation of thermal design for heat evacuation
 


 
Figure 5 : Thermal design of dry storage system 


 
For a given metallic containment vessel containing a given 
number of used fuels, the necessary thickness of neutron 
shielding material increases by 20% when the burn-up of 
uranium fuel increases by 15%, and by 50% if we change 
from uranium fuel to MOX fuel. Innovative heat 
evacuation system allow for compensation of the negative 
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effect of thermal insulation by the neutron shielding
material (because polymers are generally low heat-
conductive materials): new highly conductive composite
material, new fins design, new aluminium heat exchangers, 
special surface treatments, and gap reduction between cask 
inner wall and basket.


5. New design of used fuel dry storage systems


The most significant results of the innovation policy
of TN International is the new generation of dry storage
systems. The TN DUOTM includes innovative features
such as new shock absorbers with stainless steel and 
carbon foam, a robust aircraft crash resisting design. The
TN NOVATM  includes a  canister, a metallic storage
overpack,  a horizontal transfer mode and storage in
vertical position.


Figure 6 : TN DUOTM dry storage system


Figure 7 : TN NOVATM dry storage system


VI. CONCLUSIONS


The objective of innovation in spent fuel dry storage is to
bring important benefits in term of performance, safety and 
public acceptance, while simultaneously supporting the 
dynamic perspective of the entire nuclear industry.


Those in charge of developing new transportation systems
should not be reticent to research, they should foster and 
adopt innovative solutions. Well-aimed innovation will 
give them the competitive edge they need.


Innovative solutions can be developed by R&D teams
outside of the pressure of current projects; they can be 
tested, and form a portfolio of solutions available off-the-
shelf. The presentation of this portfolio can be a way of 
engaging the Competent Authorities, in order to give them
an advance taste of our next casks and of their safety
features. To show that we have safe and secure solutions is
beneficial for the whole nuclear activity.


It is uncertain that engineers can improve dry storage 
safety by using solutions developed forty years ago. It is
still possible today to design safer, cheaper, more efficient
casks, while reducing environmental footprint. The
industry should be innovative, and Competent Authorities
should give a chance and a benign eye to justified and
demonstrated innovation, so that you and everybody else
will reap the benefits.


With innovation, which is a long-lasting process, the
nuclear industry, and especially the back end part of the
fuel cycle, is looking towards the long term and is
preparing a future with less CO2 emissions.
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Abstract – The QUENCH-L0 experiment was defined as commissioning test for the new 
QUENCH-LOCA test series. The overall objective of this bundle test series is the investigation of 
ballooning, burst and secondary hydrogen uptake of the cladding under representative design 
basis accident conditions as well as detailed post-test investigation of cladding mechanical 
properties to check the embrittlement criteria. The QUENCH-L0 test bundle contained 
21 electrically heated rod simulators with Zircaloy-4 claddings. Each rod was separately 
pressurized with krypton gas with initial pressures of 35, 40, 45, 50, and 55 bar for different rods. 
The transient phase with heating from 793 K to 1343 K lasted 185 s. The increased ductility of the 
heated cladding resulted in a progressive ballooning and consequent burst of all of the 
pressurized rods during the transient. The test was terminated by water quenching of the bundle 
without usual intermediate slow cooling phase. Post-test investigations showed strain values 
between 20 and 35% at cladding positions with oxidation degree corresponding to 2% ECR. 
Neutron radiography of cladding tubes revealed elevated concentration of absorbed hydrogen in 
cladding regions near to burst positions. During the tension test the cladding tubes were ruptured 
mostly at the middle position of burst. 


 
 


I. INTRODUCTION 
 
Under the licensing procedures for pressurized water 


reactors (PWR), evidence must be produced that the 
impacts of all pipe ruptures hypothetically occurring in the 
primary loop and implying a loss of coolant can be 
controlled. The double-ended break of the main coolant 
line between the main coolant pump and the reactor 
pressure vessel is considered to constitute the design basis 
for the emergency core cooling system (ECCS) in a loss-
of-coolant accident (LOCA). For the successful long-term 
cooling of the core a reliable sustainment of the reactor 
core rod geometry is required. To retain the core rod 
geometry it should be established the acceptable limit of 
cladding embrittlement, which is increased during 
oxidation in steam. The current LOCA criteria and their 
safety goals are applied worldwide with minor 
modifications since the NRC release in 1973 [1]. The 
criteria are given as limits on peak cladding temperature 
(TPCT ≤ 1200°C) and on oxidation level ECR (equivalent 
cladding reacted) calculated as a percentage of cladding 
oxidized (ECR ≤ 17% calculated using Baker-Just 
oxidation correlation). These two rules constitute the 
criterion of cladding embrittlement due to oxygen uptake 
and, according to the RSK (the German Reactor Safety 
Commission) Guidelines, are included in current German 


LOCA criteria too [2]. The results elaborated worldwide in 
the 1980s and 1990s on Zircaloy-4 (Zry-4) cladding tubes 
behavior (oxidation, deformation and bundle coolability) 
under LOCA conditions constitute a detailed data base and 
an important input for the safety assessment of LWRs [3, 
4]. It was concluded that the ECC-criteria established by 
licensing authorities are conservative and that the 
coolability of an LWR and the public safety can be 
maintained in a LOCA. In-pile test data (with burn-up up 
to 35 MWd/kgU) were consistent with the out-of-pile data 
and did not indicate an influence of the nuclear 
environment on cladding deformation. 


Due to different advantages the current trend in the 
nuclear industry is to increase fuel burn-up. At high burn-
up, fuel rods fabricated from conventional Zry-4 often 
exhibit significant oxidation, hydriding, and oxide 
spallation. Thus, many fuel vendors have proposed the use 
of recently developed cladding alloys, such as Duplex DX-
D4, M5®, ZIRLO™ and other. Therefore, it is important to 
verify the safety margins for high burn-up fuel and fuel 
claddings with new alloys. In recognition of this, LOCA-
related behaviour of new types of cladding is being 
actively investigated in several countries [5, 6]. Due to 
long cladding hydriding period for the high fuel burn-up, 
post-quench ductility is strongly influenced not only by 
oxidation but also hydrogen uptake. The 17% ECR limit is 
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inadequate to ensure post-quench ductility at hydrogen 
concentrations higher than ≈500 wppm [7]. Due to so 
called secondary hydriding (during oxidation of inner 
cladding surface after burst), which was firstly observed in 
JAEA [8], the hydrogen content can reach 4000 wppm in 
Zircaloy cladding regions around burst [9]. 


To investigate the influence of these phenomena on 
the applicability of the embrittlement criteria for the 
German nuclear reactors it was decided to perform the 
QUENCH-LOCA bundle test series at the Karlsruhe 
Institute of Technology (KIT) in the QUENCH facility. 
Compared to single-rod experiments, bundle tests have the 
advantage of studying the mutual interference of rod 
ballooning among fuel rod simulators as well as the local 
coolant channel blockages in a more realistic arrangement. 
The first experiment was performed as commissioning test 
with not pre-oxidised Zry-4 cladding tubes. 


 
II. QUENCH FACILITY 


 
The main component of the QUENCH test facility is 


the test section with the test bundle (Fig. 1). 


 
 
Fig. 1. QUENCH Facility: Containment and test section. 
 
A total of 15 QUENCH high-temperature experiments 


on severe accident investigations were performed in this 


facility between 1997 and 2009 [10]. The last two 
experiments within this series were conducted with 
M5® [11] and ZIRLO™ [12] cladding materials. 


In the forced-convection mode of the QUENCH test 
facility, superheated steam from the steam generator and 
superheater together with argon as a carrier gas for off-gas 
measurements enter the test bundle at the bottom. The 
gases together with hydrogen produced in the zirconium-
steam reaction flow from the bundle outlet at the top 
through a water-cooled off-gas pipe to the condenser 
where the steam is separated from the non-condensable 
gases. The test section has a separate inlet at the bottom to 
inject water for reflood (quenching). 


The QUENCH-LOCA-0 test bundle is approximately 
2.5 m long and is made up of 21 fuel rod simulators 
(Fig. 2). This “standard” bundle design is applied with a 
pitch of 14.3 mm. The Zry-4 cladding of the fuel rod 
simulator has an outside diameter of 10.75 mm and a wall 
thickness of 0.725 mm. The heating is electric by tungsten 
heaters with a diameter of 6 mm and a length of 1024 mm, 
installed in the rod center between bundle elevations 0 and 
1024mm. The tungsten heaters are surrounded by annular 
ZrO2 (yttria-stabilized) pellets, whose heat capacity of 
0.9 J*K-1/pellet is comparable with the value of 
1 J*K-1/pellet for UO2 pellets. Coated electrodes of 
molybdenum-copper are connected to the tungsten heaters 
at one end and to the cable leading to the DC electrical 
power supply at the other end of the electrodes. Two DC-
generators were used for two groups of rods connected in 
parallel: 1) 9 internal rods (#1 - #9) and rod #16; 2) 11 
externals rods. 


 


 
 


Fig. 2. Cross-section of QL0 bundle with TC at 950 mm. 
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The test bundle is surrounded by a Zr 702 shroud 
(outer diameter 86 mm), followed by a 37 mm thick ZrO2 
fiber thermal insulation axially extending from the bottom 
(-300 mm) to the upper end of the heated zone 
(+1024 mm), and a double-walled cooling jacket of 
Inconel 600/stainless steel over the entire length. With the 
shroud’s inner diameter ID=80 mm the coolant channel 
cross section is optimized with respect to avoid a too large 
coolant channel area around the outer row of fuel rod 
simulators. Special corner rods, inserted between bundle 
and shroud, additionally reduce the coolant channel area to 
a representative value. These corner rods are either made 
of solid rods at the top and tubes at the bottom to be used 
for thermocouple instrumentation or of solid Zry-4 rods of 
6 mm diameter for withdrawal from the bundle during the 
test to check the degree of bundle oxidation at specific 
times. 


For temperature measurements the test bundle is 
equipped with NiCr/Ni thermocouples (TC) with stainless 
steel sheath/MgO insulation and an outside diameter of 
1.0 mm. For material compatibility reasons a sleeve of 
zirconium is swaged onto the thermocouple sheath (Zr tube 
with a wall thickness of 0.35 and a length of about 
20 mm). 56 surface thermocouples are resistance spot- 
welded to the Zry-4 cladding of the fuel rod simulators #2, 
4, 7, 11, 15, 19 and distributed at 17 bundle elevations 
between -250 mm to 1350 mm. 16 other thermocouples 
have no contact with steam: 3 TCs are installed inside the 
corner rods and 13 TCs are located at the outer shroud 
surface. 


 


 
 
Fig. 3. Rod pressurization. 
 
The gas supply system for individual pressurization of 


rods consists of pressure controller, 21 valves, 21 pressure 


transducers, and 21 justified compensation volumes for 
setting of original volume value of 31.5 cm³ (the 
compensation is needed because absence of empty 
plenums inside rod simulators). The gas supply is 
connected with capillary tubes to each rod at its lower end 
with drilled copper electrode (Fig. 3). The gas gap under 
cladding is: 0.15 mm in the region of Cu/Mo electrodes 
and 0.075 mm in the region of W-heater/ZrO2-pellets. 
Before gas filling the rods and gas supply system were 
evacuated. 


At the beginning of experiment, the fuel rod 
simulators were backfilled with Kr gas to 20 bar. Then, 
before the transient, they were separately pressurized to the 
target pressures of 35, 40, 45, 50, and 55 bar as shown in 
Fig. 4. Different pressure levels were used to investigate 
the pressure influence on involved processes.  


 


 
 
Fig. 4. Pressurization map and burst positions (red bars). 
 


III. TEST PERFORMANCE AND PERTINENT 
RESULTS 


 


The test procedure was based on pre-test calculations 
performed by the Paul Scherrer Institute (PSI, Villigen) 
using the SCDAP/RELAP5 and IBRAE (Moscow) using 
the SOCRAT code systems. The experiment started by 
stabilizing the bundle conditions with an application of 
electrical bundle power of 4.6 kW (corresponded the linear 
heat rate of ~1 W/cm) in argon - superheated steam 
mixture (with effective rates of 0.2 g/s/rod and 
0.07 g/s/rod) resulting in maximum bundle temperatures of 
800 K. The transient was initiated by rapidly increasing the 
electrical power to 27 kW (linear heat rate ~6 W/cm) 
followed by steady increase to 44 kW (linear heat rate 
~10 W/cm) within 185 s. During this period the 
temperatures increased from their initial values to a 
maximum in excess of 1300 K, as planned. Fig. 5 shows 
the development of maximum temperature at each 
elevation (marking TFS x/y means a surface thermocouple 
for rod x at elevation y). The experiment continued with 


ID 2 mm 


Kr filling for rod internal pressurisation


coated Cu electrode
rod cladding


coated Mo electrode/heater 
gas gap
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power decrease to 3.4 kW to simulate decay heat and 
subsequent (after delay of 30 s) injection of steam at a 
nominal of 50 g/s at 215 s, resulting in immediate and 
rapid cooling to about 400 K which was caused by 
entrainment of water condensed in steam pipe line. The 
cooling phase was followed by a second, minor reheating 
to about 660 K and terminated by 90 g/s water injection at 
360 s. 
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Fig. 5. Rod surface TC readings. 
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Fig. 6. Axial and radial temperature distribution at 111 s. 


The axial temperature profile in the bundle has a 
pronounced maximum between 850 and 1050 mm (Fig. 6). 
There is also a radial temperature gradient due to two 
reasons: 1) radial heat flux to the shroud, 2) electrical 
power supplied to internal rod group was higher than the 
power for external group because both DC generators 
reached current limit (~3600 A) but electrical resistance of 
11 external parallel connected rods is lower than for 10 
internal rods. 


The increased ductility of claddings during the 
transient phase resulted in a progressive ballooning and 
consequent burst of all of the pressurized rods. The first 
burst occurred 111 s after initiation of transient at about 
1069 K at rod 1 which was pre-pressurized to 50 bar. All 
20 pressurized rods failed within 63 s. (Fig. 7). The first 
failed rod was the central rod 1, the last one was the 
peripherical rod 10. The temperature range for bursts is 
estimated from thermocouple readings to be between 1049 
and 1141 K. The burst time is mainly controlled by the rod 
temperature, which has a much stronger influence on the 
burst time than the internal pressure. The individual rod 
failures were indicated by internal pressure readings and 
precisely correlated with krypton peaks measured in the 
off-gas pipe by mass spectrometer. 
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Fig. 7. Internal rod pressures during heating phase. 
 
The radial burst positions of all rods, except the 


central one, correspond to the hottest rod region and are 
directed to the bundle center (Fig. 4). All bursts are axially 
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located between 930 and 1010 mm. The measured burst 
lengths are between 8 and 20 mm and there is no 
identifiable dependence on loading internal pressure. No 
global blockage was formed due to the scattering of the 
ballooning positions (Fig. 8). 


All pressurized rods revealed axial contraction by 
~10 mm due to Zircaloy anisotropy. No significant rod 
bending was observed. 


 


 
 


Fig. 8. Bundle side view (270°) at burst region. 
 


IV. RESULTS OF LASER PROFILOMETRY 
 


A special laser scanner for the cladding tube 
profilometry was constructed by the ANT Company and 
installed at KIT (Fig. 9). 


 


    
Fig. 9. ANT laser scanner 


The axial and azimutal diameter changes were 
measured for each pressurized rod for the whole rod length 
with steps of 1 mm and 1° respectively. Fig. 10 shows the 
azimuthal rod diameter change for rod #1. For the 3D 
imaging of the burst region the change of rod radius was 
measured in cylindrical coordinates near to burst positions 
with the same steps width. On the basis of diameter 
measurements it was established that the ductile 
deformation of each rod extends between elevations 250 
and 1250 mm (Fig. 11). The widest circumferential strain 
in the burst region was observed for the central rod (rod 
#1), i.e. for the rod which was exposed to the maximal 
temperature with its uniform azimuthal distribution. 
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Fig. 10. Azimuthal diameter change for different elevations. 
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Fig. 11. Axial changing of ductile rod deformation. 
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Extensive data from the laser scanner measurements 
allows to define the degree of the bundle blockage for each 
elevation (Fig. 12). The blockage at all elevations is 
insignificant due to the relatively wide axial scattering of 
the maximum ballooning positions on one hand, and 
practical absence of touching rods on the other hand. 
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Fig. 12. Degree of cooling channel blockage. 
 


V. NEUTRON RADIOGRAPHY INVESTIGATION OF 
HYDROGEN ABSOBED IN CLADDINGS 


 
Neutron radiography is a powerful tool for the 


determination of hydrogen concentration and distribution 
in zirconium alloys [13, 14]. Hydrogen can be 
quantitatively and non-destructively determined with a 
spatial resolution of about 25 µm. The neutron radiography 
measurements were performed in two beam times at the 
ICON facility at the Swiss neutron source SINQ at Paul 
Scherrer Institute Villigen. Firstly, the calibration of the 
correlation between hydrogen concentration and total 
macroscopic neutron cross section was performed for the 
experimental setup applied. Calibration specimens were 
produced by annealing of Zry-4 cladding tube segments in 
argon/hydrogen atmosphere with different hydrogen partial 
pressures at various temperatures. The hydrogen uptakes of 
these samples were determined by measurement of the 
weight gain. 


For the radiography investigations exposure times of 
300 s per picture were applied. The investigations 
comprise measurements of the rods #3, #6, #8, #10, #15 
and #17. The radiography of the non-pressurized rod #15 
revealed that the effect of the oxide layer is not 
meaningful. Fig. 13 shows radiographs of the rods #3, #6 
and #17. Different burst sizes are obvious. On both sides 
of the burst positions sloping and bended hydrogen 
containing darker bands can clearly be seen. Hydrogen 
containing bands are found in rods #3, #6 and #8 (not 
shown in Fig. 13) but not in the rods #10 (not shown in 
Fig. 13) and #17. No clear dependence of the hydrogen 
uptake on the inner pressure is observed. The main 


parameter determining the hydrogen uptake is the time 
between bursting and quenching τQ. During this time the 
fill gas flows out of the burst crack. When this process is 
finished, the steam penetrates into the rod and oxidation of 
the inner cladding surface takes place in a significant 
manner. A threshold time seems to exists during which the 
fill gas flows out. This threshold is between 71 s (rod #17, 
no hydrogen containing band) and 93 s (rod #6, hydrogen 
containing band exists). 


 


 
 


Fig. 13. Hydrogen bands around burst location. 
 
Because of the uncertainties concerning the wall 


thickness and the contribution of front and rear walls to the 
attenuation of the neutron beam, it is not possible to 
determine the hydrogen concentration from radiography 
intensity distribution quantitatively. In order to reconstruct 
the specimen three-dimensionally, radiography projections 
have to be taken from different orientations. For the 
tomography, 625 projections per sample position were 
measured with an exposure time of 85 s per frame. Three 
specimens were measured, rods #1 and #3 completely and 
rod #5 at one side of the burst crack.  


Fig. 14 shows cross sections of the reconstructed rod 
#1 a) in the region of a hydrogenated band and b) in the 
range of the burst crack. The dark region in the upper right 
quarter of the cladding in Fig. 14a corresponds to higher 
hydrogen content. The hydrogen concentration seems to be 
homogeneous over the cladding tube wall thickness. No 
regions with increased hydrogen content are in the 
cladding cross section at elevation of the burst center 
(Fig. 14b). 
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Fig. 14. Clad neutron tomography of rod #1 at 2 elevations. 


 
Fig. 15 gives a 3D projection of the results. The blue-


colored hydrogen containing bands are clearly visible. The 
hydrogen distribution is very complicated. The analysis is 
not yet finished. Maximal hydrogen concentrations of 
1330, 1300 and 1060 wppm were determined for the rods 
#1, #3 and #5, respectively. 


 


 
Fig. 15. Hydrogen bands inside cladding of rod #1. 


 
VI. METALLOGRAPHIC EXAMINATION 


 
It can be assumed that hydrogen bands are related to 


the boundary of the oxide layer at inner cladding surface 
around the burst crack. Rod #3, showing pronounced 
hydrogen bands, was cut into axial segments near the burst 
position to investigate the cladding structure. The cross 
section at elevation of 982 mm, which corresponds to the 
highest level of increased hydrogen content (Fig. 13), was 
investigated in detail using a Keyence digital microscope. 
No inner oxide layer (Fig. 16) was observed at azimuthal 
position of 135° corresponding to burst axial line (Fig. 4). 
This observation position lies above hydrogen band. The 
opposite cladding part at 315° is oxidized at outer as well 
as at inner surface (Fig. 17). This observation point is 
located at the beginning of hydrogen band at this azimuthal 
position. I. e. it could be supposed that the hydrogen band 
corresponds to the boundary of the inner oxidized cladding 
area (obviously it is the light area around burst position of 
rod #3 in Fig. 13). 


 
 


Fig. 16. Outer and inner surfaces of clad #3 at 982mm, 135°. 
 


 
 


Fig. 17. Outer and inner surfaces of clad #3 at 982mm, 315°. 
 


The outer oxide layer at azimuth of 135° (Fig. 16) is 
thicker than the outer oxide layer at azimuth of 315° 
because of higher temperature at the 135° position (this 
region is near to the central rod). On the other hand the 
oxide and α-Zr(O) layers at the 135° position have 
pronounced wavelike structure due to plastic dilation of 
the cladding surface inside of axial temperature segment 
with maximal temperatures. Observation of the outer 
cladding surface of rod #3 (~980 mm, 135°) with 
macroscopic objective shows a characteristic “tree bark” 
structure (Fig. 18). 


 


 
 


Fig. 18. Cracked structure of clad surface near to burst. 
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VII. RING COMPRESSION AND TENSILE TESTS 
 


The destructive post-test examination is focused on 
the determination of the residual strength and ductility of 
tested claddings, particularly to identify the embrittlement 
in dependence of test conditions.  


Ring-compression tests at room temperature are 
conducted in order to determine the embrittlement of the 
Zry-4 cladding as a function of the segment axial position. 
The results can be also used for comprehensive 
comparisons with results from comparable other 
experiments. 10-mm-long rings were compressed at a low-
displacement rate (~0.03 mm/s) in an Instron testing 
machine (type 4505). Such kind of tests are used usually 
for cylindrical specimens, therefore the probes were 
selected at 700 and 1200 mm - far away from the burst 
position because the tube shape near the burst is strongly 
conic. Oxidation degrees at the elevation of 700 mm 
correspond to the ECR values of 1.3% and 0.6% for the 
rods #6 and #17 respectively. The corresponding load-
displacement curves show typical load drops, indicating 
through-wall cracks along the length of the sample starting 
at displacements of more than 3 mm (thick curves in 
Fig. 19). The load-displacement curves for specimens from 
elevation of 1200 mm with ECR~0.3% (thin curves in 
Fig. 19) are practically the same as for non-oxidized (as 
delivered) Zircaloy tubes [15]. 
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Fig. 19. Ring compression load-displacement dependence. 
 


Since ring-compression tests do not deliver 
quantitative stress-strain data, additionally tensile tests 
were performed. These experiments were carried out on 
longer cladding sections (length L0 ~ 0.5 m) using the 
same Instron testing machine, in this case equipped with 
special grip holders with chain link and an optical 
measurement system (CCD-cameras system). The optical 
device was used to measure the global axial deformation, 
as well as local axial deformations from defined (marked 
with white circumferential stripes) cladding sections 
during an experiment. Fig. 20 illustrates the dependence of 
tube segment elongation on degree of oxidation: the 


segment with less oxidation at 1140 mm shows a larger 
elongation in comparison to the more oxidized segment at 
740 mm.  


 
 
 


 
 


 
 
 


Fig. 20. Different clad elongation at two elevations. 
 
With the global deformation, the deformation and 


failure behavior of the entire cladding can be determined. 
In Fig. 21, a diagram with selected examples of 
deformation curves is presented, including a picture with 
corresponding points of rupture. 
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Fig. 21. Results of tensile testing for four rods. 
 
In general it was observed, that failure is mainly 


influenced by the shape of the crack. If a crack edge shows 
a discontinuity like a buckle or a small cross crack, failure 
occurs independent of the tubes position in the bundle, 
within the burst region, based on local stress 
concentrations. If both crack edges exhibit a geometry free 
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from discontinuities, failure depends on the radial position 
of a cladding within the bundle. Based on a higher degree 
of oxidation/hydrogenation, tubes close to the bundle 
center fail brittle in the burst region along the hydrogen 
bands. Specimens from the bundle periphery show a 
distinctive ductile behavior and rupture occurs after 
necking beyond the region of considerable ballooning.  


 
VIII. SUMMARY AND CONCLUSIONS 


 
 Conduct of the QUENCH-L0 test at KIT showed 


qualification of the QUENCH facility for LOCA 
bundle tests.  


 Data evaluation showed typical ballooning and burst 
processes for all 20 pressurized rods (pressure values 
35, 40, 45, 50 und 55 bar). All burst cases took place 
during the transient heating phase at temperatures 
between 1053 und 1133 K. Burst opening lengths 
between 8 and 20 mm were measured. 


 A recently installed laser profilometer allowed very 
precise und detailed measurement of cladding strain. 
Measured circumferential strains are between 20 und 
40%. Maximal blockage of cooling channel is 21%. 


 Investigation of outer surface of cladding upwards and 
downwards from burst showed development of 
longitudinal oxidized micro cracks, which were formed 
during ductile extension of metallic substrate. 


 Oxide layers were developed on outer and inner 
cladding surface near to burst elevations. Only external 
oxide layer was observed outside away from burst 
positions.  Maximal oxide layer thickness dox~15 µm 
(ECR~2%) was measured. 


 Neutron radiography showed formation of hydrogen 
bands with a width of ~10 mm at the boundary of 
cladding inner oxidized area. Formation of this 
hydrogen bands was observed for rods with time 
interval between burst and quench initiation of more 
than ~90 s. The hydrogen content up to 1330 wppm at 
band locations was measured by means of neutron 
tomography.  


 Ring compression tests showed a strong sensitivity of 
mechanical properties to slightly different degrees of 
oxidation. 


 Two tension tests with cladding segments (length of 
~500 mm) from two rods showed different rupture 
positions: 1) at burst center for a rod with hydrogen 
band (but this rupture could be intended also with prior 
tangential crack); 2) at a distance of about 200 mm 
from the burst position for the rod without hydrogen 
band (but the necking could be initiated by a stucked 
pellet). Performance of tensile testing with all 20 rods 
is needed to investigate the influence of hydrogen 
bands on the cladding failure. 
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Abstract – The aim of this work is to investigate the best combinations of base load power plants 
for an investor on the base of different scenarios. International literature provides the amount of 
data used to compute the probabilistic distributions for the main cost accounts of a Power Plant 
construction and exercise (Capital cost, Operation & Maintenance, Fuel and Decommissioning). 
On the basis of different scenarios for the Carbon tax and the electricity price, we calculated the 
IRR (Internal Rate of Return) and the LUEC (Levelised Unit Electricity Cost) using the 
Montecarlo simulations for the three base load technologies: Nuclear, Coal and CCGT. Different 
plant sizes are considered: for nuclear plants 335 MWe and 1340 MWe, for coal plants 335 MWe 
and 670 MWe and for CCGT plants 250 MWe and 500 MWe. 
Three markets are investigated: the first one considers a big dimension of the electric network (30 
GWe) representing a national‐level utility. The second one considers a medium dimension (10 
GWe) of the electric network simulating a regional‐level utility and the last one a small network (2 
GWe) representing a municipality or an island. Each market is evaluated according to different 
scenarios described in terms of carbon tax cost and electrical energy price. For each market the 
paper evaluates two types of portfolios. The first one includes all and only the possible 
combinations of large plants; the second is composed only by small plants. In both case the 
maximum site size is 1340 MWe i.e. the size of a standalone large nuclear power plant. Therefore 
the papers investigate also the economy of scale and the economy of multiples considering the 
same power installed. 
In order to identify the best power plants portfolio for the investor point of view toward his risk 
attitude, the probability distributions of IRR and LUEC are used as input data to analyses the 
output of the scenario. The results show that the nuclear power plants have to play a fundamental 
role in portfolio generation, in particular when the carbon tax is included in the economic 
evaluation. Moreover the paper demonstrates as large plants can be the best option for a large 
grids and small plants are competitive as large in small grid configurations. In fact, in order to 
achieve the highest profitability with the lowest risk (the cornerstone of each portfolio theory), is 
necessary to build several types of different plants and, in case of small grids, this is possible only 
with small power plants. 


 
 


I. INTRODUCTION 
 


The growing uncertainty about fossil fuel costs and the 
lack of confidence in the Russian gas supply in Europe has 
brought greater attention on the optimization of the 
electricity generation mix. As consequence to the 
electricity markets liberalization, utilities are able to 


determine the production strategy and to create a power 
plant portfolio according to risk attitudes. 
This work, in this context, aims to determine optimal 
generating portfolios built of baseload technologies. Many 
portfolio theories are available in literature but the Mean 
Variance Portfolio theory (MVP) is the simplest and most 
effective method currently available (Table I). Many 
studies in literature apply the MVP to power plants 
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generation portfolios but all of them consider only large 
size plants (Table II). 1 demonstrates as small medium 
reactors (SMR) can be competitive with large reactors 
(LR) in many conditions. This work validates this general 
rule also in a portfolio point of view where small plants 
competitiveness can move the investors choice to small 
plants portfolios. In fact this work encompass the effects of 
CO2 emissions costs, Electricity Price and market 
dimensions on the portfolios performances. IRR and LUEC 
are used as economical indicators. IRR is the most 
important economical indicator for private investors while 
LUEC is significative for public utilities. The MVP 
requires as input IRR and LUEC power plants probability 
distributions. We improved the economical model 
presented by 2 updating data and inputs. The model  
provides all the necessary distributions. 
Only baseload plants are treated to consider a continuous 
and leveled electrical production 3. In the medium term, 
baseload demand does not change significantly over time. 
Peak load is much less certain and is often influenced by 


climatic conditions that change demand for building 
heating and cooling 4. 5 overlooks the fact that peaking 
(and intermediate) load electric power plants face different 
economic tradeoffs than baseload plants. Different 
generators serve different loads. Baseload supply varies 
between countries and networks but can typically represent 
60-80% of total energy supply 4. 
After the literature review of the existing works on the 
topic (section II), in section III the methodology is exposed 
and the mainframe of the work is defined. Section IV 
reviews all the input to the economical model and the test 
plan. 
In section V obtained results are exposed in order to show 
the effects of each factor on optimal portfolios. 
In section VI the mainframe of the work is applied to a real 
situation. The Italian utilities situation is analyzed. 


The ending part of the work (Section VII) contains 
conclusions on the topic. 


 


 
TABLE I 


Portfolio Theory Literature Review 
METHOD PRO AGAINST NOTES REFERENCES 


Mean-Variance 
Portfolio Theory 


(MVP) 


Easy application – Clarity of 
results – Improvement direction 
identifiable – Expandable and 
adaptable in order to consider 


additional input 


Expensive from a computational 
point of view, especially with the 


increasing of the number of 
considered assets – Requires standard 
deviations, correlations and expected 


values of the output 


It’s the most widely 
used technique in 


electricity generation 
portfolios 


(6)-(7)-(8) 


Maximization of the 
Geometric Mean 


Returns 


Identifies the portfolio with the 
higher probability to reach the 


maximum return 


It doesn’t consider and detect the 
minimum risk portfolio – identifies 


only one solution 


The efficient portfolio 
belongs to the range 
defined by the MVP 


optimal solutions 


(9)-(10)-(11)-(12) 


Value at Risk (VaR) 
Very flexible, it considers 


variances, co-variances and 
interactions between factors 


Diversification doesn’t permit to 
reduce risks – considers only the 


probability of risk neglecting the size 
of the leak – Subjective, the investor 


selects the limit value, it doesn’t 
identify general solutions 


  (13)-(14) 


Safety First (SF) 


Very simple and easy, makes a 
choice based on the probability 


of returns below a certain 
threshold 


It does not consider co-variances and 
interactions between factors, too 


simplistic – subjective, the investor 
selects the desired return value, it 
doesn’t identify a general solution 


SF results are almost 
equivalent to MVP 


Results 
(15)-(16) 


Stochastic Dominance 
(SD) 


Ranks and compares the various 
alternatives by identifying the 


optimal point in a range of 
already defined solutions 


It doesn’t consider the investor and 
his aversion to risk – requires a large 
amount of data – Identifies a single 


solution 


Can be used after the 
MVP theory application (17)-(18)-(19)-(20) 


 
II. LITERATURE REVIEW 


Many Portfolio theories were analyzed in order to 
determine efficient power plants portfolios (Table I).  
Portfolios theories were developed first for financial uses 
but some of them were adapted to energy generation sector. 
The Mean Variance Portfolio theory (MVP) is the simplest 
and the most effective method available. MVP permits also 
a clear graphical representation of portfolio performances 
on the Mean– Standard Deviation plane. 


The MVP was created by 6 and it was originally applied to 
financial cases. MVP is flexible and can be easily applied 
to the power generation sector. 
Table II summarize the literature about MVP application to 
power Plants. As input to the MVP, IRR and LUEC 
probability distributions are required. To provide IRR and 
LUEC distributions, an economical model is needed. 
The used economical model, INCAS (Developed by 
Politecnico di Milano) is the same as 2 with improvements 
to adapt it to this work. 
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TABLE II 
Literature Review 


THIS WORK (8) (21) (7) (22) (23) (24) (25) 


Fuel Cost Discrete 
distributions 


Normal 
Distributions 


Historical 
data 


Normal 
Distributions Unspecified Historical 


Data 
Historical 


Data 
Normal 


distributions 


Capital cost 
Discrete / 


Continuous 
distributions 


Deterministic 
Considered 


but 
unspecified 


Normal 
Distributions Unspecified Historical 


Data 
Historical 


Data 
Normal 


distributions 


O&M Cost Discrete 
Distributions Deterministic 


Considered 
but 


unspecified 


Normal 
Distribution Unspecified Historical 


Data 
Historical 


Data 
Normal 


Distributions 


Decommissioning 
Cost (Nuclear) Deterministic Deterministic Unspecified Not 


Considered Unspecified Historical 
Data 


Historical 
Data 


Deterministic 
but 


unspecified 


Plant size Large & 
Small Large Large Large Large Large large Large 


Countries Europe 
OECD / Italy UK UK / Sweden USA / Europe 


Mexico / 
Europe / 


USA 


Switzerland / 
USA 


Switzerland / 
USA Netherlands 


Emissions cost Scenario 
Dependent 


Normal 
Distribution 


Historical 
Data 


Not 
Considered Unspecified Unspecified Unspecified Scenario 


Dependent 


Electricityi Price 


Continuous 
Distribution / 


Scenario 
Dependent 


Normal 
Distribution 


Historical 
data 


Not 
Considered Unspecified Not 


Considered 
Not 


Considered 
Not 


Considered 


Indicators IRR, LUEC NPV Return/Output 
[€/MWh] 


Return 
[kWh/UScent]


Return 
[kWh/Cent] LUEC LUEC LUEC 


Benchmarking 
with already 


existing portfolio 
Considered Not 


Considered Considered Considered Considered Considered Considered Considered 


 
III. METHODOLOGY 


 
The best investment solution is researched under a 
portfolio approach from the investor point of view. In the 
analysis, as important factors were considered the 
Electricity Price, the CO2 emissions cost and the market 
dimension. The LUEC indicator supports the point of view 
of a utility that have to guarantee an energy service. The 
IRR is the point of view of a private utility, that tries to 
maximize its profit. 
The model is composed by two parts: the economical uses 
a Montecarlo simulation to determine the behavior of the 
plants, and the portfolio that elaborates the output from the 
economical model and applies the portfolio theory. 
The analysis encompass scenarios based on Carbon Tax, 
Electricity Price and market dimension. In each scenario 
two kinds of portfolio are considered: ideal and real. The 
market size is not a significant parameter in ideal 
portfolios, the installation of a plant in this case has an 
infinitesimal weight. Real portfolios consider both the 
market and the plants size. In the real case the installation 
of one plant doesn’t have an infinitesimal weight (due to 
dimensions) and only few real portfolios are available and 
selectable by the investors. 


 
 
 
 
 
 


 
IV. INPUT DATA 


IV.A Power Plants 


Only baseload energy production is treated in this work so 
only baseload power plants are considered. Hydroelectric 
is not considered because in OECD countries the installed 
capacity is equal to the potential capacity 26. Moreover 
Hydroelectric electrical output largely depends on the 
water cycle as season rains 3. 
Other renewable technologies are more suitable for a 
peaking service 27 and as consequence are not considered. 
These three types of power plants are evaluated in this 
paper: Nuclear, Coal, CCGT 
For each plants two different sizes are considered: 
• Large: 1340 MWe for Nuclear, 670 MWe for Coal and 


500 MWe for CCGT; 
• Small: 335 MWe for Nuclear and Coal and 250 MWe 


for CCGT. 
The size of each plant (large and small) is obtained from 
tables 2, 3, 8, 9, 10 in 2 and Table III in this work. For each 
plant, the small size is obtained approximating data to the 
first quartile, Large plant size is the third quartile 
approximation. 
The full site dimension is 1340 MWe for Nuclear and Coal 
plants. A full site can host one nuclear or two coal large 
plants. If the considered size is small, one site can host four 
small plants. The maximum site dimension is 1500 MWe in 
case of CCGT plants. In this case the site can host six small 
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plants or three large plants. The site dimension is indicative 
only about the maximum number of plant installable in one 
place. Economy of multiple units appears when installing 
more than one plant on the same site permitting to obtain a 
saving on the overnight cost value. 


Overnight Cost 


Overnight costs are updated to 2010 through the update of 
the escalation indexes PCCI 28, CEPCI 29 and M&S 30 31 32. 
In each case the overnight costs distributions were 
normalized to the reference sizes.  
Updated overnight cost values are shown in Table III. 
 


TABLE III 
Updated Nuclear power plants overnight cost 


STUDY COUNTRY DESIGN SIZE MWe COST $/kW VALUE


(33) 
France EPR 1643 3860 Updated
USA APWR 1700 2970 New 
USA ABWR 1356 2970 New 


(34) Carolina 
USA AP1000 1117 4924 New 


 
Operation and Maintenance costs 


As the overnight cost, operation and maintenance costs are 
updated to 2010 and normalized to the reference plant size. 


Plants Summary 


Size, Overnight and O&M costs distribution are 
summarized in Table IV and Table V. 
 


TABLE IV 
Small Plants Summary 


NUCLEAR COAL CCGT 
Size [Mwe] 335 335 250 


Overnight 
Cost [$/kWe] 


Distribution:  
Gamma 


Mean = 4109,9 
Devst = 1241,2 


Distribution:  
Discrete 


Mean = 2349 
Devst = 458 


Distribution:  
Discrete 


Mean = 942,9 
Dev st = 239,4 


O&M Cost 
[$/kWe-Year] 


Distribution: 
 Discrete 


Mean = 98 
Devst = 20,12 


Distribution:  
Discrete 


Mean = 86 
Devst = 29 


Distribution:  
Discrete 


Mean = 41,3 
Devst = 14,2 


 
TABLE V 


Large Plants Summary 
NUCLEAR COAL CCGT 


Size [Mwe] 1340 670 500 


Overnight 
Cost [$/kWe] 


Distribution:  
LogLogistic 
Mean = 3446 
Devst = 779,5 


Distribution: 
Discrete 


Mean = 1982,2 
Devst = 385,9 


Distribution:  
Discrete 


Mean = 828,2
Dev st = 219,5 


O&M Cost 
[$/kWe-


Year] 


Distribution: 
Discrete 


Mean = 64,3 
Devst = 12,7 


Distribution: 
Discrete 


Mean = 69,6 
Devst = 23,6 


Distribution:  
Discrete 


Mean = 32,5 
Devst = 11 


 


As hypothesis, the ideal situation (infinite capacity) 
encompass all energy sites full. The real situation considers 
the maximum number possible of full sites and one last 
incomplete site built with the remaining plants. 
 
Depending on the number of plants in the site, the 
overnight cost is corrected by the coefficients elaborated 
by the INCAS model (given in a Beta version to IAEA). 
The model is calculated with an increasing number of 
plants and the results are recorded. The principles upon 
INCAS determines multiple units economies are exposed 
in 35, 36 and 37. 


Fuel Cost 


Coal 


As starting value in 2008 is assumed 5,29 $/MWh 38, this 
value is updated to 2010 through an annual inflation 
extracted from the discrete distribution defined from 38. 
From 2010 value, every three months a trimestral inflation 
(obtained dividing the annual inflation by 4, as hypothesis 
the annual inflation is assumed constant during the year) is 
extracted from the just defined discrete distribution. 


Gas 


As starting value is assumed 15 $/MWh 39; this is updated 
to 2010 through an annual inflation extracted from the 
discrete distribution defined by scenarios values in 39. From 
2010 value, every three months a trimestral inflation 
(obtained dividing the annual inflation by 4) is extracted 
from the discrete distribution in 39. 


Nuclear Fuel 


Uranium front-end and back-end values are updated from 2 
to the lasts values in the literature. The model extracts 
every three months nuclear fuel cost. Front-end and back-
end costs are extracted from the discrete distributions in 2 
with the integration of values in 40. 
The annual uranium inflation is equal to +0,50% every 
year. 


Carbon Tax 


A Carbon Tax from 0 $/t to 100 $/t with 25 $/t steps is 
applied 


Electricity Price 


Three scenarios are considered: 
‐ 90 $/MWh simulating Italy conditions 41 
‐ 70 $/MWh simulating UK conditions 42 
‐ 50 $/MWh simulating USA conditions 43  
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The Electricity Price is modeled as a Beta distribution 
approximated as a Pert 44 to avoid the existence of infinite 
tails of the distribution. 
 


IV.B Test Plan 
 
All the factors considered in the analysis are summarized 
in Table VI. Every scenario is defined by a combination 
between Electricity Price and Carbon Tax. In all cases both 
economical output and plant sizes are simulated. 
 


TABLE VI 
Test Plan 


CARBON TAX  From 0 to 100 $/t (5 steps (25$/t)) 


PLANT SIZE 
Small 


Large 


OUTPUT 
LUEC 


IRR 


MARKET SIZE 


30 GWe 


10 GWe 


2 GWe 


ELECTRICITY PRICE 


50 $/MWh 


70 $/MWh 


90 $/MWh 


 
V. RESULTS 


 
Results can be split in two different parts. The first deals 
with the analysis of the percentage composition of optimal 
portfolios and the second analyzes the performances 
achievable by optimal portfolios and the effects of 
individual factors. 
The effect of the net size will be analyzed in the second 
part of the section, in this case the comparison between the 
real and the theoretical portfolios will be considerate for 
each different scenario defined in Table VI. 
 


V.A Optimal Compositions 
 
Starting from IRR, optimal portfolio compositions, from 
the minimum risk to the maximum expected return, are 
represented in the following figures. Comparing portfolios 
percentage composition, small portfolios are composed by 
the same technologies than large, with quite similar 
weights (Table VII, Table VIII and Table IX). 
 
IRR  
In the absence of Carbon Tax, optimal portfolios largely 
consist of coal plants. 
Depending on the Electricity Price, the remaining part of 
the portfolio is made by nuclear o CCGT plants. With a 
low Electricity Price (50 $/MWh), nuclear power 
completes the portfolio (Figure 1). The maximum return 
portfolio is 100% made by coal plants. With higher 
Electricity Prices (70 $/MWh or more), CCGT plants have 


a prominent role. The more is the CCGT percentage, the 
higher is the return (Figure 2). 


 
Figure 1 Portfolio IRR Large - Electricity Price 50$/MWh - 
Carbon Tax 0$/t 


 
Figure 2 Portfolio IRR Large - Electricity Price 70$/MWh - 
Carbon Tax 0$/t 


With higher Carbon Tax values (about 50 $/t), the share of 
nuclear power within optimal portfolios increases. For low 
Electricity Prices (50 $/MWh), nuclear power has almost 
the totality of the portfolio (Figure 3), the maximum return 
portfolio is 100% nuclear power. Higher Electricity Prices 
reduce the percentage of nuclear power within portfolio. 
CCGT plants in this conditions has the most important role 
(Figure 4). The maximum return portfolio is 100% CCGT 
while minimum risk portfolio is made by all three 
technologies. Obtained results are summarized in Table VII 
and Table VIII. 
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Figure 3 Portfolio IRR Large - Electricity Price 50$/MWh - 
Carbon Tax 50$/t 


 
Figure 4 Portfolio IRR Large - Electricity Price 90 $/MWh - 
Carbon Tax 50 $/t 


 
TABLE VII 


IRR Portfolio Composition Low Risk / Low Return 
LOW RISK / LOW RETURN 


C
A


R
B


O
N


 T
A


X
 


HIGH (100 
$/t) Nuke Nuke - CCGT Nuke-Coal-


CCGT 


MEDIUM (50 
$/t) 


Nuke-CCGT 
(Large) / Nuke 


(Small) 
Nuke-Coal-CCGT Nuke-Coal-


CCGT 


LOW (0 $/t) 


Nuke-Coal 
(Large) / 


Nuke-Coal-
CCGT (Small) 


Nuke-Coal-CCGT Nuke-Coal-
CCGT 


  
LOW (50 
$/MWh) 


MEDIUM (70 
$/MWh) 


HIGH (90 
$/MWh) 


ELECTRICITY PRICE 
 
 
 
 
 
 
 


TABLE VIII 
IRR Portfolio Composition High Risk / High Return 


HIGH RISK / HIGH RETURN 


C
A


R
B


O
N


 
TA


X
 


HIGH (100 $/t) Nuke Nuke CCGT 


MEDIUM (50 
$/t) Nuke CCGT (Large) / 


Nuke (Small) CCGT 


LOW (0 $/t) Coal CCGT CCGT 


  
LOW (50 
$/MWh) 


MEDIUM (70 
$/MWh) 


HIGH (90 
$/MWh) 


ELECTRICITY PRICE 


 
LUEC 
In the absence of Carbon Tax, optimal portfolios are 
largely composed by coal plants. The minimum LUEC 
portfolio is totally composed by coal plants. A risk 
decrease is obtained by adding nuclear and CCGT plants in 
the mix (Figure 5). 


 
Figure 5 Portfolio LUEC Large - Carbon Tax 0$/t 


 


 
Figure 6 Portfolio LUEC Large - Carbon Tax 25$/t 


An increase in Carbon Tax leads to a radical change in the 
optimal portfolio composition. With a Carbon Tax amount 
of 25 $/t, the efficient frontier largely consists by nuclear 
technology. The percentage of nuclear in portfolios 
continues to increase with the escalation of the Carbon Tax 
value (Figure 6). 
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In each case the minimum risk portfolio is composed by a 
mix of all three technologies with different percentages 
scenario dependent. The minimum LUEC portfolio, with 
the exception of the absence of Carbon Tax, is always 
composed only by nuclear power. 
The obtained results are summarize in Table IX. 
 


TABLE IX 
LUEC Portfolio Composition 


HIGH RISK / 
LOW LUEC 


Coal  Nuke  Nuke 


LOW RISK / 
HIGH LUEC 


Nuke‐Coal‐
CCGT 


Nuke‐Coal‐
CCGT 


Nuke‐Coal‐
CCGT 


 
LOW (0 $/t) 


MEDIUM (50 
$/t) 


HIGH (100 
$/t) 


CARBON TAX 


 
V.B Network/Market Dimension 


 
The most interesting result has certainly been achieved 
with regard to the effect of the size of the network/market. 
In an ideal situation the dimension of the network is so 
wide that the installation of a power plant has an 
infinitesimal weight. In small markets, where the plant size 
is near to the network dimension, that’s not true. In this 
cases the installation of a plant has a greater impact that 
depends on both the plants and market dimensions. In fact, 
in this cases, not all the possible combinations defined in a 
theoretical way are available. 
Only few combinations (defined by the market and the 
plants sizes dimension) are really available to the investor. 
It’s found that, following a decrease in capacity, small size 
plants portfolios are competitive if not much more 
performing than large plants portfolios. 
In case of IRR indicator, between the theoretical curves 
there is a substantial competition for small and large 
portfolios. The efficient frontiers are very close to each 
other at the slightest risk especially for high Electricity 
Price levels and small Carbon Tax values. The advantages 
given by a reduction in size take shape in a real case, for a 
market size about 2 GWe. In all the scenarios analyzed, 
small plants portfolios allow the investor to obtain the 
minimum risk on the investment (Figure 7). 
Large portfolios remains the best solution to the 
maximization of return but a mix of small plants are an 
excellent solution for minimizing risks. Small plants 
portfolio in fact presents at the same standard deviation, 
equal or greater returns than large plants portfolios. 
Reducing the size of the market, large plants portfolios 
become few and inefficient and small plants are able to 
guarantee a greater number of possible combinations at 
better performances. 
For what concern LUEC indicator, the situation is slightly 
different. Even with a decreasing size of the network, large 
portfolios maintain better performances than small plants 
portfolios. The choice falls on large technologies both the 


investor is interested in the minimum LUEC or the 
minimum risk. By increasing the value of Carbon Tax, 
small portfolios become more competitive with regard to 
risk reduction. Although the minimum standard deviation 
portfolio is large type, if the investor is willing to accept a 
slight increase of risk, selecting small technologies is 
possible to reach a significant LUEC reduction. At higher 
emissions costs and lower market dimension, it’s noted a 
substantial competition between small and large portfolios 
in case of risk reduction. This competitiveness is achieved 
through the increased number of available mix in a real 
situation. 


 
Figure 7 Market dimension effect on IRR 


TABLE X 
Market Dimension effect on IRR Summary 


IRR 
    Min Risk Max Risk 


N
et
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iz


e 30 Gwe Small/Large Large 
10 Gwe Small/Large Large 
2 Gwe Small Large 


 
TABLE XI 


Market Dimension effect on LUEC Summary 
LUEC 


    Min Risk Max Risk 


N
et


 S
iz


e 30 Gwe Large Large 
10 Gwe Large Large 
2 Gwe Small/Large Large 
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VI. APPLICATION TO ITALIAN UTILITIES 
 


After the theoretical study, it’s interesting a real case study. 
In the next analysis the Italian utilities situation is 
considered. Using LUEC indicator is possible to eliminate 
the results dependence from the Electricity Price. 
The major utilities in the energy sector has been 
considered. For each company were collected data on 
power plants currently in operation. Acquired the plant list, 
data were first filtered according to the plant type and then 
processed to calculate the percentage composition of the 
portfolio for each company (obtained data are shown in 
Table XII). To apply the model to the real case and to 
ensure comparability, as hypothesis, portfolio is composed 
only by large plants with the size established in section IV. 
Two different types of portfolio were calculated: the first 
called “Construction” and the second entitled “Actual”. 
“Construction” portfolio considers uncertain the overnight 
costs. “Actual” portfolio considers the overnight cost sunk 
by placing a deterministic value (equal to the expected 
value of the distribution). “Construction” portfolio allows a 
comparison if the investor builds from scratch a portfolio. 
“Actual” portfolio considers overnight costs already 
incurred leaving a variability only on fuel and O&M cost. 
“Actual” portfolios are significative if the investor buys an 
already built plant. 
While “construction” portfolios performances are 
hypothetical, “actual” portfolio is representative of the 
actual situation in each country. 


The comparison will be made by varying the value of 
Carbon Tax: the situation without any emissions cost and a 
deterministic Carbon Tax of 25 $/t will be considered. 


 
TABLE XII 


Italian Utilities Portfolio Composition (Nuclear, Coal and 
CCGT Technologies) 


UTILITY  NUKE  COAL  GAS  DATA REFERENCE 


EDISON  0 %  3 %  97 %  (45) 


ENEL  0 %  37 %  63 %  (46) 


ENI‐POWER  0 %  0 %  100 %  (47) 


A2A  0 %  12 %  88 %  (48) 


EoN  0 %  12 %  88 %  (49) 


 
All the electric utility’s portfolios are largely made up of 
gas installations (Table XII). Gas has an increasing trend of 
cost and a high variability (see section IV), that allows gas 
to play an inefficiency role in the generating portfolio. 
Figure 8 shows in fact how Italian utilities portfolios are 
largely inefficient (not considering renewable 
technologies). In the absence of Carbon Tax, ENEL has the 
most efficient portfolio even though the distance from the 
efficient frontier is higher in both the “actual” and 
“construction” cases. The reasons that give this advantage 
to ENEL are in the higher quantity of coal plants within the 
portfolio. Coal plants in fact, in the absence of Carbon Tax 


can provide the minimum LUEC and the best 
performances. An increase in Carbon Tax (25 $/t in Figure 
9) produces an increase in the inefficiency of all the 
portfolios. As well as ENEL in the absence emission costs 
is nearer than other companies to the efficient frontier, with 
a 25 $/t Carbon Tax has a LUEC almost comparable to the 
opponents. For a Carbon Tax value of 25 $/t, all Italian 
utilities portfolios are largely inefficient. The introduction 
of nuclear technology would lead to an improvement in 
portfolios performances, in Figure 6 is seen as the optimal 
portfolio presents an increasing percentage of nuclear 
power to reduce the final LUEC of the portfolio. 
In conclusion, Italian utility portfolios have a widespread 
inefficiency that increase with the cost of emissions 
(considering only baseload technologies). The presence in 
the portfolios of only two technologies does not permit a 
real diversification and the obtainment of efficient 
performances. One solution is represented by nuclear 
power (currently not available in Italy), the addition of this 
technology push portfolios closer to the efficiency in case 
of an increase of the cost of emissions (Figure 6). 


 


 
Figure 8 Italian Utilities Portfolio Comparison, Carbon Tax=0 $/t 


 
Figure 9 Italian Utilities Portfolio Comparison, Carbon Tax=25 
$/t 
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VII. CONCLUSIONS 
 


In literature several studies deal with the application of 
portfolio theory to power generation sector (See Table II), 
but none of these compare large and small size plants from 
this point of view. 
The goal of this work is to bridge the gap in the literature 
on the topic by analyzing in particular the effects of 
Electricity Price, Carbon Tax, plant size and 
network/market dimension on the identification of optimal 
portfolios. 
After defining input (Section IV), calculate IRR and LUEC 
distributions and determine efficient frontiers for different 
scenarios defined by Carbon Tax and Electricity Price, the 
methodology has been applied to the Italian situation. 
The real application of the methodology (Section VI) 
underlines the importance of efficient energy generation in 
light of an increase in the cost of emissions. In fact actual 
situation shows how Italian Utilities don’t have an efficient 
generating portfolio (Figure 9). 
In conclusion, although the choices of the investor will be 
subjected to the needs and the risk attitude, guidelines have 
been drawn to facilitate the selection process: 
‐ Theoretical large plants Portfolios have better 


performances than small plants portfolios for the 
LUEC indicator; 


‐ Theoretical small plants Portfolios have comparable 
performances respect to large plants portfolios for the 
lower risk portions of the efficient frontier for the 
indicator IRR  


‐ In case of a large Market (> 10GWe), the real 
situation is not significantly different from the 
theoretical, large plants portfolios are the best 
alternative in most of cases  


‐ In case of a small size Market (2GWe), portfolios of 
small plants are able to provide a lower investment 
risk than large portfolios for both IRR and LUEC 
indicators  


‐ The optimal mix is largely made up of nuclear plants 
if there’s a medium/high cost of emissions or if it’s 
low the Electricity Price  


‐ In the absence of Carbon Tax, the best performances 
are provided by coal-fired plants  


‐ An increase in Electricity Price or a reduction of the 
CarbonTax decrease the gap between the small and 
the large plants efficient frontiers 
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Abstract – The paper presents the analysis of available experimental data necessary for verification 
of neutron-physical calculations of HTGR-type reactors, capabilities to study HTGR physics at the 
ASTRA critical facility and description of obtained experimental data. A set of examples of 
experimental and computational studies of the spatial distribution of 235U fission reaction rate in a 
critical assembly with the annular core is presented in paper. Presented computational analysis of 
experimental data was performed with the set of codes used in HTGR design calculations.  


 
 


I. INTRODUCTION 
 
Nowadays the development of projects of modular High 


Temperature Gas Cooled Reactors (HTGRs) with annular 
cores are widely carried out in the world. 


While developing HTGR projects it is considered the 
opportunity to use spherical fuel elements (the Republic of 
South Africa, China) as well as prismatic fuel assemblies 
based on compacts (USA, Russia, France, Japan) which 
are made from fuel coated particles, placed in a graphite 
matrix [1, 2]. This type of reactors is expected to possess key 
advantages in safety because of the absence of core melting 
under the loss of coolant accident conditions. 


 
A typical HTGR reactor with the annular core design 


has the following features which influence neutron 
physical characteristics: 
- Multilayer fuel coated particles placed in a graphite matrix 


of fuel elements. Such design results in the double 
heterogeneity of fuel placement in the core and thus 
demands validation of neutron-physical calculations 
with the use of results of integral experiments with 
fuel elements of similar type;  


- High value of “core height to core diameter” ratio 
(H/D=1.5…3), that results in high sensitivity of axial  
spatial power distribution to safety rod axial position  
and consequently in necessity of experimental study of 
safety rods efficiency and their interference; 


- Annular core is characterized by high radial non-
uniformity of power distribution with local power 


peaks at the boundaries of active core and side and 
inner graphite reflectors, etc. 


 
II. ASTRA CRITICAL FACILITY 


 
The ASTRA critical facility was put into operation at 


the NRC Kurchatov Institute in 1980. Since then a wide 
variety of experimental investigations of neutron-physical 
characteristics of different types gas-cooled reactors are 
fulfilled at the ASTRA critical facility [3]. 


The fuel composition of ASTRA critical facility is the 
spherical fuel elements consisting of a graphite matrix and 
uranium dioxide fuel particles with multilayer coating 
uniformly distributed throughout the central matrix part.  


ASTRA is intended for experimental works on 
investigations of neutron-physics characteristics of high 
temperature gas-cooled reactors and validation of neutron-
physical codes used in HTGR design calculation. 


Experimental investigations at the ASTRA critical 
facility cover the following set of measurements:  
- Experimental investigation of spatial power density 


distributions (fission reaction rate measurements); 
- Measurements of the reactivity worth of safety rod 


mockups, their interference factors and calibration 
curves; 


- Measurements of neutron kinetic parameters (effective 
neutron lifetime); 


- Experimental testing of reactor physical start-up. 
 


 


275







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11358 


II.A. ASTRA facility parameters: 
The maximal power of critical assembly is up to 


100 Wt; 
The maximal neutron flux is up to 1×106 (cm-2⋅s-1);  
Possible geometry of the core cross-section: square, 


polygon, circular, annular; 
Maximum core diameter – 280 cm; 
Maximum core height – 460 cm; 
Parameters of fuel spheres:  


diameter – 6 cm,  
U-235 loading – 0.51 g, 
enrichment in U-235 – about 21%  
number of fuel coated particles per one fuel 
sphere – about 4189 


Available number of spherical fuel elements – 48 000; 
Available number of spherical graphite elements– 


2500; 
Available number of spherical elements with absorbers 


– 15000; 
Side reflector outer diameter – 380 cm; 
Side reflector height – 460 cm; 
Bottom reflector thickness – 40 cm (can be varied); 
Top reflector thickness – 60-100 cm 
Number of control rods - up to 24. 
 
 


III. EXPERIMENTAL STUDIES OF NEUTRON-
PHYSICAL FEATURES OF HTGR WITH ANNULAR 


CORE MADE ON ASTRA CRITICAL FACILITY  
 


During the last years the studying of neutron-physical 
parameters of HTGR with an annular core was a subject of 
number of experiments [3-6]. The models of reactors with 
various types of inner reflector were investigated: 
-  with inner graphite reflectors, made of solid graphite 


blocks (Fig. 1) [3-5]; 
-  with inner reflector - a stochastic pebble bed of 


sphere graphite elements. Between an inner reflector 
and a core there was a zone in which sphere graphite 
elements were mixed with sphere fuel elements 
(Fig. 2) [6]. 


As it was mentioned above the presence of an annular 
core in the mentioned reactor designs causes rather high 
non-uniformity of distribution of power generation in the 
core with presence of maxima at the boundaries of the core 
with inner and side graphite reflectors. 


 
In HTGR design calculations it is supposed that the 


following approaches to flattening of power distribution could 
be used: 


1. Placement of “heavy” poison rods in the inner 
reflector (with $6-7  reactivity worth ) 


2. Placement of poison profiling elements (PPEs) at the 
boundary of active core and inner or side reflector; 


3. Profiling by contents of burnable poison or fuel 
enrichment of an outer layer of the heat generating 
core regions adjacent to reflectors. 


NRC Kurchatov Institute carried out researches to 
show the possibility of flattening the heat generation fields 
on the ASTRA critical facility with graphite reflector made 
from graphite blocks. They passed through three stages of 
experimental modeling. At the first stage was studied a 
possibility to use safety rods (so called leave-in-place 
poison rods) placed in the inner solid graphite reflector for 
this purpose [4]. 


 
TABLE I 


Experimental Data Received on ASTRA Critical 
Facility. 


Annular core 
assembly  
with  
spherical 
graphite 
elements in 
reflector 


Annular 
core 
assembly 
with 
graphite 
blocks in 
reflector 
 


Neutron-Physics 
Characteristics 


Number of Configurations 


Object of 
Measurements 


Keff 4 20 
Height of 
Assembly in 
Critical State 


Distribution of 
fission Reaction 
Rates 


2 - radial 
1 - axial 


15 -  radial 
12 – axial 


10 - 
azimuthal 


235U Fission 
Reactions Rates 


Efficiency of 
single control 
rods (CR) 


1 19 - full 
14 - in part Efficiency of CR


Efficiency of CR 
groups, 
interference 
factor 


1 3 Efficiency of CR 
groups  


Kinetic 
parameters  
(βeff / leff) 


3 10 


Function of a 
flux of prompt 
neutrons 
recession after 
injection of fast 
neutrons into the 
assembly 


Neutron gas 
temperature 3 --- 


Reactivity effect 
when inserting 
Cd and Gd 
samples 


 
At the second stage in a series of experiments 


absorbing profiling elements were placed in the inner 
reflector made from solid graphite blocks at the boundaries 
of the core [5]. In the third series of experiments 
(described in the present paper) the absorbing profiling 
elements were placed at the boundary of the core and the 
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side reflector. Thus, the carried out researches cover the 
first two concepts of flattening the heat generation fields. 
At the given stages of researches all experiments were 
fulfilled at room temperature. 


Since ASTRA is a critical facility, but is not a 
reactor, obtained experimental data become a part of 
HTGR design process when several steps have been made: 
computational analysis was thoroughly done, validation of 
codes, involved in HTGR design calculations was made 
and validated codes were applied for calculations of 
neutron-physical parameters of the reactor. Consequently, 
the carried out experiments covered not only a problem of 
flattening of heat generation, but also were aimed at 
getting the fullest set of the neutron-physical parameters 
that were necessary for verification of codes, used in 
design calculations. Table I (model of a reactor with the 
inner graphite reflector made from graphite blocks) give 
notion of experimental data scope and quantity of 
configurations. 


 


 


 


 


 


 


 


 


 


 


 


KO1 – KO7 – compensating control rods; AЗ1 – АЗ 8 – 
emergency safety rods; PP – manual control rod;  


The shaded areas in a side reflector are graphite blocks without 
holes. 


- channel for axial 235U fission rates measurements ,   
-PPE places 


     direction of radial 235U fission rates measurements. 
Fig. 1. Layout of Annular Core Assembly at the ASTRA 


Critical Facility. 
 
Similar sets of experimental data were obtained also 


when modeling a reactor of HTGR type in which the inner 
graphite reflector consisted not of solid graphite, but of a 
stochastic pebble bed with spherical graphite elements that 
were close on size to core spherical fuel elements (see also  
Table 1) [6]. 


 


 
 
 
 
 
 
 
 
 
 
 
 
 
 


Side
reflector


Central channel


Core


Mixing zone


Internal
reflector


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Layout of ASTRA annular core assembly and inner 
reflector made of pebble bed of graphite sphere elements. 
 


IV. COMPUTATIONAL ANALYSIS OF 
EXPERIMENTAL DATA 


 
Let us consider one of the experimental configurations 


with absorbing profiling elements placed at the boundary 
of the core and side reflector (this configuration was 
investigated during the third series of experiments with 
Poison Profiling Elements (PPEs) at the boundary of core 
and side reflector).  


The experimental configuration is the critical 
assembly without the top graphite reflector and with four 
PPEs in channels at the boundary of the core and side 
reflector (see Figure 1).  


Spatial distribution of fission reaction rates in the 
critical assembly was measured with the help of activation 
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channels
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detectors – the foils containing 235U. These foils were made 
of teflon with the addition of uranium dioxide with 90 % 
enrichment by 235U. To measure the activity of detectors, 
the scintillation counter was used (NaI (Tl) crystal). To 
account for time dependence the normalization of 
measured values of activity to the monitor’s activity was 
made. The radial direction of 235U fission rate 
measurements and channel for axial 235U fission rates 
measurements are shown at Fig. 1.  


The computational analysis of the experimental data 
on spatial distributions of 235U fission reaction rates was 
performed with the use of JAR [7, 8] and WIMS-D [9-11] 
design codes, currently applied in HTGR design 
calculations.  


When performing the fine-mesh full-core diffusion 3D 
calculations with the JAR code, the neutron energy range 
was subdivided in 13 groups. To prepare macroscopic and 
microscopic 13 group neutron cross-sections, WIMS-D 
code was applied. Neutron thermalization was taken into 
account in the whole energy range below 4 eV.  


The plane mesh size in the computational model was 
equal to 2.5 cm, that corresponded to 100 points per square 
(in the plane cut) graphite block of reflector with 25 cm 
size. The mesh subdivision in the axial direction was non-
uniform.  


During the preparation of 13-groups macroscopic 
cross-sections for various components of the critical 
assembly the key attention was given to the neutron 
leakage from graphite blocks with axial cylindrical holes, 
from safety rods channels, from safety rods, from pebble 
beds of fuel and graphite spherical elements in the top 
reflector.  


In JAR full-core calculations two sets of diffusion 
coefficients were used. The first set of diffusion 
coefficients was intended for taking into account the 
neutron leakage in the radial direction and was prepared 
traditionally with WIMS-D, i.e. by averaging of transport 
cross-sections in the zones of an equivalent cell with 
weights of zone volumes and neutron flux. The second set 
of diffusion coefficients was calculated to take into 
account the neutron leakage in the axial direction from 
cylindrical channel of reflector graphite blocks and from 
safety rods channels. This set was prepared with WIMS-D, 
ARIADNE option.  


When solving the neutron diffusion equation with the 
use of JAR code the distinction between that radial and 
axial diffusion coefficients was taken into account.  


 
Results of calculation of 235U fission reaction rate 


radial distribution in comparison with experimental data 
are given in Fig. 3 and in Table II. 


Results of calculation of 235U fission reaction rates 
axial distribution in comparison with experimental data are 
given in Fig. 4 and in Table III. 
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Fig. 3. 235U Fission Reaction Rate Radial Distribution 
(Relative Units). 
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Fig. 4. 235U Fission Reaction Rate Distribution on Height of 
Assembly (Relative Units). 
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TABLE II 


Fission Reaction Rates of 235U in the Radial Direction of 
Measurements, Relative Units. 


R, cm * Experiment Calculation (C-E)/E, % 


↓ Side Reflector ↓ 
50 0.405 0.425 4.9 
75 0.761 0.752 -1.1 


100 0.708 0.715 1.0 
↓ Core ↓ 


108.5 0.653 0.652 -0.2 
118.5 0.663 0.660 -0.5 
128.5 0.787 0.747 -5.0 


↓ Inner reflector ↓ 
139 0.948 0.975 2.9 


147.3 1.181 1.182 0.1 
155.6 1.310 1.305 -0.4 


164 1.397 1.392 -0.4 
172.3 1.426 1.428 0.2 
180.5 1.436 1.445 0.7 


189 1.521 1.452 -4.5 
197.3 1.452 1.440 -0.8 
205.6 1.433 1.421 -0.8 


214 1.354 1.368 1.0 
222.3 1.286 1.270 -1.3 
230.6 1.089 1.131 3.9 


↓Core↓ 
246.5 0.757 0.748 -1.1 
256.5 0.670 0.660 -1.6 
266.5 0.669 0.651 -2.7 


* Distance from exterior surface of side reflector (at 
the left) to axis of channel 


 
Results of comparison of fission reaction rates 


calculated values with experimental data, except for few 
points are in rather good agreement. In case of radial 
distributions of fission reaction rates, the deviation of the 
calculated values from experimental data does not exceed 
experimental error 5% (with confidential probability range 
90%).  


 
 
 
 
 
 
 
 


 
 
 
 
 
 


TABLE III 
Fission Reaction Rates of 235U on Core Height, Relative 


Units. 
H, cm Experiment Calculation  (C-E)/E, % 


6 1.163 1.171 0.7 
20 1.241 1.229 -1.0 
40 1.463 1.395 -4.7 
70 1.531 1.569 2.5 
90 1.591 1.586 -0.3 


140 1.178 1.261 7.0 
160 0.926 1.006 8.7 
180 0.614 0.695 13.3 
190 0.464 0.533 14.9 
198 0.415 0.383 -7.8 


 
 
In case of axial distributions it is necessary to note that 


at the top of the core the difference reaches 15 %, however 
points of measurements where such deviations are 
observed are at the boundary with the open air where 
absolute values of fission reaction rates are naturally small. 
The core height in the considered configuration was 198.4 
cm, and the top reflector was absent. Moreover, as can be 
seen from Fig. 4, the absolute values of experimental data 
are close to calculated values.  


 
IV. CONCLUSIONS 


 
This paper describes briefly the ASTRA critical 


facility at the NRC “Kurchatov Institute” in Moscow, 
Russia, intended for experimental studies of neutron-
physical parameters of HTGR type reactors. The review of 
experimental data obtained when modeling of HTGR with 
annular cores at room temperatures is presented. 


The particular subject of studies presented in the paper 
is the approaches to flatten the power distribution in the 
annular cores. The placement of the absorbing elements at 
the boundary of the core and the side reflectors was 
experimentally studied.   


Examples of computational analysis of experiments 
with measurement of 235U spatial fission reaction rates 
along the diameter and height of the assembly are given. It 
was shown that the results of calculations are in a good 
agreement with experimental data. This fact ensures that 
the approaches to neutron-physical modeling used 
currently in design calculations possess the required 
adequacy.  
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Abstract – The amount of debris transported to the sump following a loss-of-coolant accident 
(LOCA) of pressurized water reactor (PWR) has been one of the important parameters concerning 
the sump clogging issue. A huge number of debris particles with various sizes are introduced to 
and re-distributed over the containment floor, which may have an effect on the fraction of debris 
to the sump. The present paper is to address how the debris particle is distributed over the 
containment floor during the pre- and in-recirculation phases of the LOCA and to discuss the 
effect of the distribution at the beginning of recirculation. The transient flow field on containment 
floor for this evaluation is calculated by the model which was to solve the two-dimensional 
Shallow Water Equation (SWE) using the Finite Volume Method (FVM) with unstructured 
triangular mesh. A method to determine the flow boundary condition is setup for both before and 
after filling-up the sump pit to simulate the actual situation.  In evaluating the debris transport, a 
particle tracking model is used, in which the Lagrangian equation of motion is solved using the 
pre-calculated flow field data. The present model is applied to the Optimized Power Reactor 1000 
(OPR1000) and the number of particles transported to the sump is calculated for pre- and in-
recirculation.  


 
 


I. INTRODUCTION 
 
A huge number of debris particles in various sizes may 


be introduced to and re-distributed over the containment 
floor following a loss-of-coolant accident (LOCA) of 
pressurized water reactor (PWR). The amount of debris 
transported to the containment recirculation sump has been 
one of the important parameters for the resolution of the 
sump clogging issue.1. The amount of transport, i.e., 
transport fraction, has been determined by a transport logic 
tree method which was based on the knowledge from the 
experiment with some conservative assumptions especially 
in transport during pre-recirculation phase (blowdown and 
washdown). Also, the method was supplemented by the 
computational analysis for the transport during 
recirculation phase.2 However, it is still a challenge to 
predict the fraction for recirculation even using the state-of-
the-art Computational Fluid Dynamics (CFD) simulation 
due to the complexity in geometry and hydrodynamic 
phenomena including turbulence.  


The distribution of the debris can be calculated using 
the calculated flow field. The distribution in prior to the 
recirculation, thus, should be determined by the analyses of 
transport both for blowdown phase and washdown phase,  
but the uniform distribution has been assumed for this 
reason.2 Such an assumption has been questioned since the 


distribution pattern may be affected by plant-specific 
profile.  


The present paper is to address how the debris particle 
is distributed over the containment floor during the pre-and 
in-recirculation phases of a LOCA and to discuss the effect 
of the distribution at the beginning of recirculation for 
Optimized Power Reactor 1000 (OPR1000).3 For this 
purpose, transient flow field on containment floor is 
calculated by the model which solves the two-dimensional 
Shallow Water Equation (SWE) using the Finite Volume 
Method (FVM) with unstructured triangular mesh. This 
model was already developed by the present authors and 
applied to the Advanced Power Reactor 1400 (APR1400) 
successfully.4, 5 The model was also reported to have 
substantial benefits in computational time and resources 
when compared to the commercial CFD codes.  


To calculate debris transport of the OPR1000 using the 
model, flow field should be calculated for both pre-
recirculation and recirculation, which was not considered at 
the APR1400 plant having no recirculation operation.6 It 
needs different hydraulic boundary condition at the 
recirculation sump. In the present study, boundary 
condition on flow rate is setup for both before and after 
filling-up the sump pit.  


For the debris transport, a particle tracking model was 
used, in which the Lagrangian equation of motion is solved 
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using the pre-calculated flow field data. By this calculation 
the number of particles transported to the sump for pre- and 
in-recirculation phases is evaluated. Also the effect of 
uniform debris distribution before recirculation is evaluated 
using the calculated flow field. 


 
II. MODEL DESCRIPTION 


 
II.A. Hydraulic Solver 


 
The two-dimensional shallow water equations (SWE) 


can be derived by the depth averaging process from the 
Navier Stokes equation and is as follows: 7  


 


S
RRGFW x +
¶


¶
+


¶
¶


=
¶
¶


+
¶
¶


+
¶


¶
yxyxt


y   (1) 


ú
ú
ú


û


ù


ê
ê
ê


ë


é


+


=
ú
ú
ú


û


ù


ê
ê
ê


ë


é


+=
ú
ú
ú


û


ù


ê
ê
ê


ë


é
=


22


22


2/1
,2/1,


ghhv
huv
hv


 
huv


ghhu
hu


 
hv
hu
h


GFW  (2a) 


ú
ú
ú


û


ù


ê
ê
ê


ë


é


¶¶
¶¶=


ú
ú
ú


û


ù


ê
ê
ê


ë


é


¶¶
¶¶=


)/(
)/(


0
,


)/(
)/(


0


yhv
yhu  


xhv
xhu yx


n
n


n
n RR  (2b) 


 


vuhvnyzgh


vuhunxzgh


tB


mb


mb


ú
ú
ú
ú


û


ù


ê
ê
ê
ê


ë


é


+-¶-¶


+-¶-¶=
-


-


)/(


)/(


)(


223/42


223/42S  (2c) 


 
where h, u, v, zb, nm, B(t), and nt denote water level 


from the bed, velocity components in x and y directions, 
bed elevation, Manning bed friction coefficient (m-1/3s), 
water source term into flow field and dynamic viscosity, 
respectively. The detailed description of the SWE equation 
can be found in the reference.7 Explicit form of finite 


volume expression for Eq. (1) and applying the finite 
triangular cell (Fig. 1) results in 
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where j, Lj, nxj, and nyj denote side number of the triangle, 
length of side j, components of unit normal vector in x and 
y direction, respectively. In the  Eq.(3), W are calculated at 
the cell center and the convective flux terms (Fj, Gj,) and 
diffusive flux terms (Rx,j, Ryj) are defined at the cell side. 
The predictor-corrector method was implemented in the 
Eq.(3), to reserve the second order accuracy in time.8 In the 
predictor step, the n+1/2 time step properties are calculated 
using the convective flux term approximated by the central 
difference scheme. The corrector step calculates the n+1 
time properties, using the convective flux term by the 
Harten-Lax-van Leer (HLL) scheme. The detailed 
description of the numerical solution can be found in the 
reference.4 


The time step size to solve the numerical equation 
should be limited as follows: 
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where KCFL is a coefficient similar to the Courant-Fredrich-
Lewy (CFL) number in CFD calculation. 


The present solver has been validated with the dam-
break experiment and the L-shape open channel 
experiment.4  


 
II.B. Boundary Conditions 


 
Since the hydraulic calculation is conducted for the 


pre-recirculation phase and recirculation phase, thus, 
boundary condition should be specified for both cases. The 
following conditions for are commonly applied for the wall 
and open boundary. 
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where the subscript j and k denote boundary side and the 
adjacent cell centre, respectively. tj means unit tangential 
vector to the side.  


During the pre-recirculation phase, the sump pit is the 
vertically stepped down area, however, the boundary of the 
sump cannot be treated by two-dimensional treatment. As 
an approximation, a flow rate through the boundary can be 
specified as a function of the still water level.9 However, it 


Solid Wall Boundary


Sump Pit Boundary


k 1
2


3


j=1 j=2


j=3


Vj=0, hj=hk


Vj= Qc n,
   = Vs n,
   = qj n
hj = hk


 
Fig. 1.  Finite Volume approximation of SWE solver 
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is difficult to define the level of the still water in this kind 
of problem. Thus, instead of the original formulae, a 
correction was made such that the water level be taken at 
the upstream cell and the contribution of the velocity head 
be added.  
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where Lx, and Ly represent the length of boundary side in x 
and y direction, QC is the flow rate across the side. Eq.(7) is 
used during the phase of water falling into the sump.  


Once the sump pit is completely filled, then a condition 
simulating the flow interaction between the sump region 
and the surrounding floor region should be specified. Let 
the water level of the sump region be hS and the KS be a 
form loss factor at the interface between the sump and floor, 
then the velocity at the sump boundary can be as follows: 
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In this expression, the energy balance between the 
upstream cell and the sump region through the boundary 
was applied and the water level at sump boundary was 
assumed to be a mean value of hS and hk. 


For the case of the recirculation, boundary condition at 
the sump can be determined by the recirculation flow rate 
to the sump 
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where Qsump means the recirculation flow rate and was the 
same as the break flow rate. The flow rate at the side j,  qj , 
was assumed to be a fraction of length of the side j to the 
wetted perimeter of the sump (Psump). 
 


II.C. Particle Tracking 
 
Position of a particle p at time n+1 can be calculated 


as follows:  
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where particle velocity, wp, can be obtained from the 
equation of motion with fluid velocity ( jiV vu += ) which 
was already determined by the SWE solver. 
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Assuming the particle be in spherical shape with 


diameter dp and density rp, and expressing the time 
derivative term in explicit manner, 
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Drag coefficient, CD can be expressed by Schiller and 


Neumann correlation.10 
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where Reynolds number of the particle is defined as 
follows: 


 
fp


nn
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As similar to the hydraulic solver, particle time step 


should be limited to prevent the excessive movement out of 
the cell.5 


During the particle tracking process, a hosting cell 
which has a particle at a certain time should be determined. 
The hosting cell search process can be a time-consuming 
part of the calculation due to the large number of particles 
and large number of cell. To resolve this problem, an 
efficient scheme was introduced.11 Also the intersection of 
a particle trajectory with side of a cell should be traced. A 
scheme developed by Haselbacher12 was adopted. The 
detailed description can be found at the reference.5 


One of the important aspects of particle tracking is the 
settling of the debris particle due to gravity. The settling 
criteria should be imposed during the particle tracking. The 
present model adopted the tumbling velocity criterion 
which has been widely used as follow: 
  


tumb
n
p


n
p


n
p v   if      £=+ wxx 1                         (15) 


 
where vtumb was setup to 0.12 ft/sec for NUKON particle.1 


 
II.D. Model Test 
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A simple conceptual problem similar to the actual 
containment situation was tested to confirm the validity of 
the boundary condition scheme described above. Fig. 2 
shows the problem geometry. The reservoir (6´10m) has a 
sump pit at a point (6, 3m) of a depth 0.5m. At the 
beginning, water is injected into a circle at its center (1, 
2m) and radius 1 m, with a flow rate of 5 m3/s and then is 
reduced to 0.3 m3/s until 100 seconds. The solution domain 
was modeled by 841 cells. The solid wall boundary 
condition and the sump boundary condition were specified 
as explained above. Currently, the KS was assumed 0.0. Fig. 
3 shows a snapshot of a water level and velocity vectors at 
7.5 seconds. From this figure, one can find the flow pattern 
around the sump. Fig. 4 shows a comparison of water level 


between a point (4.95, 3) on floor and the sump region. At 
10 sec, the sump was filled with water and the effect of the 
change of boundary condition can be identified. Also the 
balance between two levels was achieved at about 25 
seconds. 


 
III. PLANT CALCULATION 


 
III.A. Domain and Condition of Calculation  


 
The containment floor of OPR1000 plants was shown 


in Fig. 5. The containment inner wall (CIW) in cylindrical 
shape is the outermost boundary of the calculation. The 
floor was separated into the annulus region and the inner 
region by the secondary shield wall (SSW) which has two 
doorways at angles of ±90 degree location and a Reactor 
Drain Tank (RDT) compartment at an angle of 180 degree. 
At the left-hand side of the annulus region between the 
CIW and the SSW, two recirculation sumps are located. 
Within the inner region, the primary shield wall (PSW) 
containing the reactor cavity, two Steam Generator (SG) 
pedestals, four Reactor Coolant Pump (RCP) pedestals, the 
containment Air Handing Unit (AHU), and additional 
shield wall are positioned. The containment floor was 
modeled as shown in Fig. 5, which composed of 10200 
cells and simulated the all important structures. The present 
modeling was fixed through a sensitivity study of mesh size, 
and the average length of triangular cell was less than 0.5m.  


The calculation was performed in following sequence: 
(1) pre-recirculation (to 20 minutes) using the boundary 


condition in Eqs. (7) and (8),  
(2) recirculation (20 ~ 30 minutes) using the boundary 


condition in Eq.(9).  
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Fig. 2.  Computational meshes of the problem 


 
Fig. 3. Flow field at 7.5 sec. 
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Fig. 4.  Comparison of water levels 
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Fig. 5.  Containment and calculation mesh of OPR1000 
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The calculation was carried out for double-ended 
guillotine break at hot leg and the data from Safety 
Analysis Report (SAR) was used.3  


In this calculation, only one sump (sump A) was 
assumed to operate after recirculation signal to maximize 
the debris transported to the sump. And the recirculation 
flow rate was set to 1.1 m3/sec according to the SAR. 3 


 
III.B. Result from  Hydraulic Calculation  


 
Fig. 6 shows a comparison of the water level at the 


points near the sumps A and B with two sump levels. The 
sump water level reached the floor level at 430 seconds and 
then both levels increased in a similar manner until 1200 
seconds. At the reacirculation time (20 minutes), the 
containment floor was filled to 1.0m above the floor. 


 
Fig 7 shows plots of distributions of water level and 


velocity vectors at time 10, 490, 600 and 1180 seconds, 
respectively. One can find how the water spread into the 
containment floor. After the sumps filled (b), water waves 
propagate into upstream from the sump. Just before the 
recirculation, water level was almost uniform over the 
annulus area, while higher level was kept inside the 
secondary shield wall.  


During the post-recirculation phase, a quasi-steady 
state water level distribution similar to one at1200 seconds 
was found except velocity vectors. 


 
III.B. Result from Particle Tracking Calculation 


 
In this calculation, all the particles were assumed to 


have a diameter and density of 0.02 m and 900 kg/m3, 
respectively. Basically, the particles are assumed to be 
initially within a circle whose center and radius are (0, 
6.5151m) and 0.9m, respectively (a region between PSW 
and SG pedestal). They are randomly distributed within the 
circle. The particles are added to the circle such that the  
particles are inserted in linearly decreasing manner (98 
particles at 2 seconds and 2 particles at 95 seconds). In 
total, 1000 particles are inserted and traced. The reason for the assumption was that behavior of the debris generation 


was similar to the one of break flow.  Also the particle 
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Fig. 6. Comparison of floor level and sump level 
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Fig. 7.  Water levels and velocity vectors 
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transported to the cell sharing a side with sump boundary 
was assumed to captured by the screen for conservatism.  


Two types of calculation were executed, (1) continuous 
transport during pre- and in-recirculation and (2) 
recirculation transport with uniform distribution  


Fig. 8 shows typical particle trajectories until 1800 
seconds starting from the uniform distribution. One can 
find the some particles were captured  at sump B and some 
reached to the sump A. 


Fig. 9 shows a comparison of number of debris particle 
transported to the active sump, the inactive sump and the 
total for the continuous transport case and the case with 
uniform distribution, respectively. As shown in the figure, a 
number of particles in the continuous transport case 
reached the sumps in increasing manner from about 100 
seconds. It was found that the inactive sump also captured 
the debris particle with its screen. After 450 seconds, 
particle was no more captured since the flow field was 


almost stationary when the sump water level was balanced 


with the floor water level. At the start of the recirculation, 
some particles located near sumps were moved and 
captured.  The total 420 particles among the 1000 were 
transported for 30 minutes (240 for active sump, 180 for 
inactive sump). For the case using uniform debris 


distribution, the calculated transport fraction was different 
from the continuous transport case. The number of particle 
transported to the active sump and inactive sump were 290 
and 110 until 30 minutes, respectively.  However, those 
numbers can not be credited because the result indicated a 
increasing trend to capture after 30 minutes. Several 
parametric studies including the containment geometry are 
required to state that the assumption of uniform distribution 
before recirculation may lead to a conservative result 
regarding the transport fraction to active sump.  


 
 


IV. CONCLUSIONS 
 


Calculation to describe how the debris particles are 
distributed over the containment floor during the pre-and 
in-recirculation phases of the LOCA for Optimized Power 
Reactors 1000 was made using the two-dimensional 
Shallow Water Equation solver and particle tracking 
method. Number of particle captured by the screen of 
recirculation sump was found to be dependent on the 
transient flow field and the hydraulic balance of water level 
between the sump and the nearby region was found an 
important factor regarding transport fraction. Since the case 
using the uniform debris distribution before recirculation 
led a different result from the continuous transport case, 
both cases need to be considered in the actual application.  


. 


NOMENCLATURE 
 
A Area 
B(t) Added water mass in Eq.(2) 
F, G  Convective flux vector 
g Gravitational acceleration 
h  Water level 
K Coefficient of time step, Loss factor 
L Length of side   
nm Manning friction coefficient 
n Unit normal vector 
qk Velocity magnitude at cell k 
Q Flow rate  
R Diffusive vector 
Re Reynolds number 
S Source term vector 
t  Time  
u ,v x, y component of fluid velocity 
x Particle position vector 
w Particle velocity vector 
z Bed elevation  
t Time step size in hydraulic solver 
t Tangential vector of a side 
tp Time step size in particle tracking  
νe Depth-averaged effective viscosity  
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Fig. 9. Comparison of particle to sump 


 
Fig. 8 Particle trajectories until 1800 seconds 
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Subscript 
BCW Broad crested weir 
BREAK Flow rate at the break 
b bed 
c Corrected 
f Fluid or Friction 
i, j, k Index of node, side, cell 
m Manning 
o Bed slope 
p, p Particle 
sump Flow rate to the sump 
tumb Tumbling 
x, y, z Rectangular coordinates  
1, 2, 3 Three cells or sides surrounding a cell 
 
Superscript 
n  Old time  
n+½, Intermediate time 
n+1  New time 
s Side 
 
Greeks 
L Expression in Eg.(3) 
W Expression in Eg.(3) 
a Multiplying coefficient 
b Discretized source term 
m Kinetic viscosity 
n Dynamic viscosity  
   Density 
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Abstract – Integral large-scale vessel retention experiments have been performed using up to 60 
kg of prototypic corium melt discharged from the electric melting furnace at a height of 1,7 m into 
a model RPV (Reactor Pressure Vessel- 40cm dia. x 60cm depth) with plasmatrons for decay 
heating of corium for 1-2 hours. Specific power release in corium was 6-9 W.cm-3 and the 
maximum temperature of the RPV wall was up to 1400°C.  
The following has been achieved during the project: 1) Protective coatings on the graphite 
crucibles and the plasmatron graphite nozzles have been further developed. Numerous trials were 
carried out to improve the decay heat simulation of corium. 2) Calculations of the corium pool 
(heating efficiency, thermal fluxes and temperature distributions) were performed with specific 
tests for validation of the models. 3) 4 large-scale experiments with the model RPV using a molten 
oxidic corium and oxidic-metallic corium were conducted. 4) Extensive post-test analysis of 
corium samples and RPV steel has been performed. 
Post-test examination showed that there was a layer of small fragments above a massive ingot of 
solidified. There was insignificant erosion of the steel surface of the RPV wall at the impact point 
of the corium jet.  
The results lead us to 2 specific conclusions: 1) Relatively low thermal fluxes were noted across 
the RPV model wall. This was due to: firstly, the thermal insulation on the RPV external surface, 
which redistributes thermal fluxes in the RPV wall; secondly, there is incomplete UO2 dissolution 
by the metallic Zr melt and this endothermic UO2 dissolution continues in the corium of the RPV; 
thirdly, the gap caused by differential expansion between the corium crust and the RPV wall 
reduces heat transfer; fourthly, the layering of the corium crust effectively reduces its thermal 
conductivity. 2) The initial transient processes of melt speed onto the lower head and the rate of 
corium pool formation determine (along with the pool configuration) the steady-state phenomena 
occurring during its retention in the reactor vessel. 
However the formation of a fragmented debris layer (with a large surface area for interaction 
with water) over a corium ingot suggests that corium coolability by internal flooding is possible.  


 
 


I. INTRODUCTION 
 
In the event of a beyond design basis accident with 


loss of fuel geometry and core melting through the decay 
heat of the reactor the question then arises as to 
interactions of the molten corium with the reactor vessel 
and the possibilities of its retention within the vessel, as 


occurred in TMI-2 accident [1]. This has resulted in 
considerable work, particularly at a small scale (single 
effect testing). Larger scale integral testing has also been 
performed, but this is inevitably more expensive and 
limited. There is still a need to collect good quality data in 
this area to understand the basic high temperature 
interactions and to validate the thermodynamic data and 
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models of these processes [2]. 
The objective of the INVECOR project was the 


experimental modelling of thermal and physico-chemical 
processes during the retention of the prototypic molten 
corium pool on the lower head of the reactor pressure 
vessel (RPV). This enabled estimation of: 


- influence of scale, shape of the interface and other 2-
D effects on the corrosion processes, which determine the 
final thickness of the RPV wall; 


- influence of the configuration of metal-oxide 
stratified molten pool on the corium in-vessel retention 
(IVR); 


- quantitative characteristics of IVR processes , which 
are necessary for development and verification of models 
for IVR. 


For this project the LAVA-B facility was used, created 
in the Institute of Atomic Energy of NNC Kazakhstan in 
the course of international programs COTELS and IVR-
AM in cooperation with NUPEC (Japan) [3-5]. 


As a result of improvements in the experimental 
facility LAVA-B, it was possible to heat up and discharge 
into the experimental section about 60 kg of prototypic 
corium with the subsequent simulation of the decay heat in 
corium pool in the model RPV during 1 to 2 hours at a 
total power of not less than 75 kW. 4 large-scale integral 
tests have been executed under the INVECOR plan [6].  


 
II. EXPERIMENTAL FACILITY AND ITS 


IMPROVEMENT 
 
The test facility (fig. 1) is equipped with an induction 


furnace for heating the prototypic corium melt and with a 
discharged melt receiver (MR), containing the water-
cooled model RPV. The device for simulation of the decay 
heat is special heating electrodes (plasmatrons) and a set of 
temperature, pressure and deformation gauges. Many 
supporting experiments in a small-scale facility were 
carried out in preparation of the large-scale tests and to 
optimize their engineering and technology [7]. 


The induction-type electro-melting furnace (EMF) to 
heat 60 kg of prototypic corium melt is mounted over the 
MR. In the MR various experimental sections can be 
installed depending on which kind of test is to be 
performed. 


 
 
Fig. 1. Diagram of the "Lava-B" Melt Receiver (MR) for 


performance of INVECOR tests. 
 


The performance of the experimental facility has been 
considerably improved during the project's execution. 


The initial loads of the induction electro-melting 
furnace for the corium were a) depleted uranium dioxide in 
the form of pellets of the reactor BN-350 blanket, b) metal 
zirconium in the form of plates and rods, and c) zirconium 
dioxide in a form of fine-dispersed powder. 


The internal volume of the melting crucible has been 
increased by use of high quality graphite materials and also 
corium temperature measurement during heating has been 
improved by use of a two-wave pyrometer. 


Pre-calculations of model RPV and corium pool have 
shown (fig. 2) that the power of the simulated decay heat 
in the corium needed to be considerably raised to create 
conditions adequate for the real reactor situation. It was 
necessary to achieve temperatures at the internal wall-
corium interface of not less than 1000°С (temperature of 
initial physico-chemical interaction between corium 
components and steel). 


 
 


 
 
Fig. 2. Temperature field at the interface "corium/vessel" 


with thermal insulation present on the external surface of model 
RPV. Temperature profiles along and between plasmatron axes 
are also shown. 


 
In order to increase the decay heat power, the number 


Between two 
plasmatrons 


Plasmatron 
axis
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of coaxial plasmatrons has been increased from 3 to 5, and 
the power of each has been increased up to 15-17 kW by 
improvement of the plasmatron nozzles design. Efficiency 
and life-time of plasmatrons have also been checked in 
numerous supporting experiments, both individually and 
with five plasmatrons operating simultaneously. 


To increase the temperature in the corium/steel 
interaction zone, it was decided to put a thermal insulation 
on the external surface of model RPV (between the steel 
wall and cooling water). The efficiency of such design was 
checked in special supporting (TOP) experiments in which 
one coaxial plasmatron was dipped into a mix of corium 
components (corresponding to С-32 composition, i.e. an 
UO2-ZrO2-Zr mixture in which 32% of the zirconium was 
oxidized). The external surface of the vessel for the corium 
was surrounded by thermal insulation (from glass cloth). 
Around the complete experimental cell a water jacket 
provided the cooling (fig. 3). These measures were 
successful in achieving the required temperature at the 
corium/steel interaction zone. 


The use of a protective coating on the internal surface 
of the graphite crucible for the corium melt has 
successfully suppressed the interaction between corium 
oxidic components and plasmatron carbon during melting. 
The coating was applied by spreading of the zirconium 
melt on the graphite crucible's hot surface. During cooling 
the zirconium melt interacted with the graphite surface, 
forming zirconium carbide on the surface and in the pores. 


 


 
1 - compound graphite nozzle of an external electrode; 


2 – protective screen; 3 - output of cooling water; 4 - a 
water jacket; 5 - insulating glass cloth; 6 - input of cooling 
water; 7 - internal vessel; 8 - mix of UO2 pellets and ZrO2 
powder; 9 - metallic zirconium. 


Fig. 3. Experimental cell for TOP experiments  
 
A similar technology was applied to coating the 


surfaces of the plasmatron’s graphite nozzles. This avoided 
undesirable interactions between corium and graphite 
during decay heat generation in the corium pool. 


As a result of calculation, experimental and design 
work, the model RPV for integral large-scale experiments 
has been constructed (see fig. 4 below). 


 


 
1 - melt; 2 – housing of thermal insulation; 3 - flange; 4 – 
model Reactor Pressure Vessel (RPV); 5, 6 - samples of 


RPV steel, equipped with thermocouples. 
 


Fig. 4a. Experimental section for the integral tests 
 


 
 
Fig. 4b. General view of experimental section 
 


III. PREPARATION OF INTEGRAL TESTS 
The model RPV has an internal diameter of 40 cm, a 


wall thickness of 50 mm and a semi-elliptical shape. The 
model is equipped with thermocouples for measurement of 
the wall temperature at various distances from the internal 
surface, and also there are gauges to monitor movement or 
deformation of a wall during the experiments. 


4 large-scale integral tests have been executed during 
the project. The 4th experiment was repetition of the 1st 
experiment in terms of corium composition. The efficiency 
of a thermal insulation outside the model RPV was 
noticeably increased by adding a second thermal screen on 
the top in the 3rd & 4th tests (see Figs. 6 & 7). The data on 
corium loads in all integral tests is listed in table 1. 


 
TABLE I 


Corium loading in the integral tests 


Test Mass in the 
EMF 


crucible*, kg 


Prior addition 
to the model 
RPV **, kg 


Total mass 
of corium, 


kg 
1 60 10 70 
2 60 9,4 69,4 
3 60 - 60 
4 60 - 60 


* Corium composition corresponds to C-32 
** Corium composition corresponds to C-90 
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III.A. Preparation of 1st test 
 
The procedure for the melting of corium components 


in EMF of the "LAVA-B" facility has been developed on 
the basis of results of large-scale calibration experiments. 
The first integral experiment was devoted to modeling of 
corium pool behaviour on the lower head when the oxidic 
corium fell onto the lower plenum as a C-32 melt. Initially 
about 10 kg of oxidic corium С-90 had been placed in the 
experimental section as small pieces of the ingot from the 
1st calibration test. After the melt had been discharged onto 
the lower head, the decay heat was simulated by switching 
on the 5 coaxial plasmatrons. Thus there was, in total, 
about 70 kg of prototypic corium in the experimental 
section after full discharge of the melt from the EMF*. 


The experimental section for the first integral test is 
shown in fig. 5. 


 


 
 
Fig.5. Experimental section for 1st integral test  
 
Stability of the plasmatron operation during 


preliminary warming up of the model RPV before melt 
discharging was provided by argon gas atmosphere†. 


 
III.B. Preparation of 2nd test 


 
During preparation for the second integral experiment 


it was foreseen to add stainless steel to the corium. To 
avoid undesirable physico-chemical interactions with the 
EMF melting crucible, it was decided to place a sheet of 
stainless steel in the experimental section, simulating an 
internal clad of the VVER type reactor vessel (see fig. 6). 


 


                                                           
* Preliminary loading of corium in model RPV was to simulate the 


scenario of successive falls of the degraded core into the lower plenum 
[8]. 


† Argon was applied in all experiments as the plasmatron's working 
medium in the initial stages. After melt discharging into the model RPV, 
argon was replaced with nitrogen (or an Ar + N2 mix of gases) to increase 
the plasmatrons power. 


 


 
 
Fig.6. Experimental section for 2nd integral test  
 
The power supply to the EMF inductor was adjusted 


taking into account the results of the 1st integral 
experiment. Thus the rate of heating of the corium 
components load has been slowed down as the melting 
temperature of metallic zirconium was reached. This was 
to prevent movement of the melt inside the crucible until 
the moment of melt discharge. 


 
III.C. Preparation of 3rd test 


 
It has been decided in this experiment to simulate 


falling of steel construction fragments from above onto the 
corium pool after its discharge into the RPV and observe 
formation of a top crust. Such configuration could serve as 
a check of the postulated scenario in which a corium pool 
would lie on the lower head while the metallic melt layer 
would be above the oxidic layer and would cause an 
intense local heating of the vessel wall ("focussing-
effect"). The scheme of the materials in model RPV for 
this test is shown in fig 7. The steel plate was suspended 
below the top thermal screen on copper brackets. The 
warming-up time of this plate before softening of the 
copper brackets is enough for formation of a firm crust on 
a corium surface which prevented the steel falling  into the 
corium melt. 


Unlike the 2 previous experiments, fragments of once-
molten corium from previous experiments have not been 
added to the model RPV. This would provide more heating 
of the RPV before the melt discharge. 


In order to maximize the temperature rise of the RPV 
wall during the experiment, the minimum possible flow 
rate of cooling water to the external surface of thermally 
insulated RPV wall has been used. 
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Fig.7. Experimental section for 3rd integral test 
 


III.D. Preparation of 4th test 
 
The fourth integral experiment used the same corium 


composition as the first integral experiment. The main 
differences in the experimental conditions were the 
following: 


- No prior addition of once molten oxidic corium in 
the RPV; 


- Increased efficiency of an external thermal insulation 
of the RPV with replacement of glass cloth by graphite felt 
(this lowered heat conductivity of the thermal insulation by 
a factor of 8 to 10 times); 


- Increased efficiency of the top thermal screen over 
the corium by firm fixing of a steel plate between corium 
surface and the upper tantalum screen; 


- Regulation of the flow rate of external cooling water 
to maintain an outlet temperature of 90°С. 


A diagram of the 4th test experimental section is shown 
in fig. 8.  


 


 
 
Fig.8. Experimental section for 4th integral test  
 


IV. INTEGRAL TESTS PERFORMANCE 
 
The initial stages of all four experiments were carried 


out using the same scenario: corium components were 
loaded into the crucible of the induction electro-melting 
furnace (EMF) located above the experimental section and 
heated until molten. After reaching the pre-set temperature 
(verified by calibration tests) the hole in the bottom of the 
crucible was opened, and the melt discharged into the 
experimental section. Approximately 12 to 15 minutes 
before corium melt discharge into the experimental section, 
the device for decay heat simulation was switched on and 
warmed up the model RPV wall to 200 to 250°С. Details 
of temperature profiles during the test are given only for 
the 4th experiment as an example. 


The hole in the crucible bottom has been opened after 
the temperature reached 2630°С inside the crucible. The 
plasmatrons' heater has been switched on ∼15 minutes 
prior to melt discharge; this provided heating of the model 
RPV wall up to ∼250°С (during preliminary heating the 


cooling water on the external surface of RPV wall has been 
stopped). 


The temperature history in the RPV model wall during 
the experiment is shown in fig 9. The general duration of 
the experiment (including the preliminary warming-up) 
was more than 2 hours.  


 
Fig.9. Temperature of a model RPV wall during the 4th 


integral experiment. 
 
The average power of all plasmatrons during the 


experiment was about 75 kW. The maximum temperature 
of RPV wall was observed in the central part of the bottom 
and reached 1400°С. 


Temperature of the upper tantalum screen was slightly 
lower than in the previous experiments. this confirms an 
improved heating efficiency due to introduction of the 
intermediate steel screen. 


Major parameters reached during the performance of 
the 4 integral experiments are listed in table 2. 


 
TABLE II 


Results of INVECOR tests 


 Corium 
temperature 


before its 
discharge, °C 


Plasmatron 
power, kW 


Test 
duration, 


min 


Maximum 
temperature of 


the model 
RPV wall, °C 


1 2560 65 60 820 
2 2570 75 60 1050 
3 2680 78 60 1350 
4 2640 75 130 1400 


 
V. RESULTS OF POST-TEST ANALYSIS 


 
It was found after dismantling the experimental 


sections that solidified corium in the model RPV was in 
the form of a continuous ingot and as a layer of fragments 
above the ingot (fig. 10). In the figures light brown is corium 
ingot fixed to the wall, pink is corium ingot loosely attached to 
the wall, green is loose debris (1st layer), purple is loose debris 
(2nd layer).  
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Fig. 10. Corium configuration after INVECOR tests 
 
The total masses and the mass fractions for ingots and 


fragments after the 4 integral INVECOR experiments are 
listed in table 3. 


 
TABLE III 


Fractions of corium masses in experiments 


 Corium mass 
in RPV 


model, kg 


Fraction of 
fragmented 
corium, % 


Fraction of 
corium ingot, % 


1 47,0 10,9 89,1 
2 68,9 33,9 66,1 
3 58,4 27,8 72,2 
4 55,4 49,8 50,2 


 
V.A Corium analysis of 1st experiment 


 
Analysis of the main components of the corium ingot 


samples by X-ray phase analysis showed them to be a) 
oxidic (U,Zr)O2 phases of variable composition with a 
face-centered cubic (FCC) lattice of uranium dioxide, b) a 
phase of metallic zirconium stabilized by oxygen - α-
Zr(O), and c) a metallic phase α-(U,Zr) with a α-U lattice 
structure. Generally the (U,Zr)O2 samples have a small 
content of zirconium in the solid solution with an 
estimated composition of U~0.9Zr~0.1O2. All ingot samples 
from the central region have a ferrite phase present, which 
is the most confidently identified as Zr2FeOX or ε-
Zr6Fe3O0,6 with a cubic lattice of Fm3m or Fd3m space 
group. Roentgen-fluorescence analysis confirms the 
presence of iron in this sample. 


The main components of the fragmented corium 
samples are also oxidic phases of variable composition 
(U,Zr)O2 with cubic FCC lattice. The phase of metal 
zirconium stabilized by oxygen α-Zr(O) is lower in this 
material than in the ingot material, and the phase α-(U,Zr) 


is practically absent. A common feature of the fragments is 
also the small zirconium content in the solid solution 
(U,Zr)O2 with compositions ranging from U0.97Zr~0.03O2 to 
U0.93Zr~0.07O2. A general feature of fragmented corium 
samples lying on top of the ingot is the presence of oxidic 
phases with high zirconium content. It is zirconium 
dioxide with monoclinic lattice. There are also the phases 
identified on the diffractogram only by increase in a 
background and shifting of the peaks of the main solid 
solution towards higher angles. These correspond to 
increase in the zirconium content in the (U,Zr)O2 solid 
solution. Such changes in the diffraction peaks can take 
place in case of fast crystallization (quenching) when non-
equilibrium phases with strongly deformed lattices are 
formed. 


Roentgen-fluorescence analysis has shown a 
homogeneous distribution of uranium and zirconium in the 
corium fragments and the composition of the fragmented 
corium is almost identical to that of ingot material. 


 
V.B Corium analysis of 2nd experiment 


 
Results of the phase and element analysis of corium 


samples in the model RPV are as follows: 
1. Phase composition of all corium ingot samples are 


almost identical; this is true for the element analysis and 
the X-ray diffraction and clearly indicates the uniformity 
of the melt both at the moment of melt discharge, and 
during the solidification. This was confirmed by the fact 
that the corium crust sample on a tantalum cone was also 
identical in phase and composition to samples of the 
corium ingot and the corium fragments on top of the ingot 
in RPV. 


2. The samples which had direct contact with steel 
elements of the facility had a small content of ferrous 
elements due to chemical interaction with corium melt. In 
other ingot samples there were no iron-containing phases. 


3. The ingot fragments are basically homogeneous 
with a characteristic oxidic-metallic corium microstructure. 
Inclusions of metallic α - uranium are rather scattered and 
are present both in the main ingot material, and also in 
partially dissolved fragments or pellets of uranium dioxide. 


4. Presence of iron and ferritic phases in central and, 
especially, in bottom ingot regions is coherent with 
geometry of the stainless steel clad on the vessel bottom 
and corresponds to local iron dissolution in the corium 
melt.  


 
V.C. Corium analysis of 3rd


 experiment 
 
X-ray diffraction analysis of the main components of 


solidified melt samples indicated that they are oxidic 
(U,Zr)O2 phases of variable composition with a FCC 
lattice of uranium dioxide. 


Oxidic solid solutions of (U,Zr)O2 are characteristic 
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for all samples of this test. A common feature is their small 
zirconium content in solution, and also the absence of a 
metallic zirconium phase. The estimated chemical 
composition of the oxidic phases was defined by the lattice 
parameter value (a) to lie in a range from U~0.97Zr~0.03O2 to 
U~0.85Zr~0.15O2 (a = 0,546 - 0,542 nm). 


 
V.D. Corium analysis of 4th experiment 
 
The main components of samples from the top layer of 


corium fragments were shown by X-ray phase analysis to 
be uranium dioxide UO2, and oxidic phases of variable 
composition (U,Zr)O2 with an FCC uranium dioxide lattice 
and tetragonal and monoclinic forms of zirconium dioxide. 
In large fractions of the samples it is possible to identify 
unequivocally the presence of UO2 pellets of variable 
structure and also a whole range of compositions from 
UO2 to U~0,8Zr~0,2O2. 


The phase composition of the second (upper) fragment 
layer is different since uranium dioxide is absent. There are 
oxidic phases (U,Zr)O2 with an FCC uranium dioxide 
lattice, a mixed oxide phase (Zr,Ur)O2 with a tetragonal 
and monoclinic structure of zirconium dioxide and α-
Zr(O). 


The presence in the debris of significant amounts of a 
phase of approximate composition U~0,5Zr~0,5O2 was 
observed. In samples of the smallest debris, XRD 
reflections of the higher oxides of uranium (U3O8-X –type 
oxides) were observed. 


The quantitative analysis of large corium pieces found 
above the ingot generally corresponds to the analysis of 
much of the smaller particles in the lower layers of debris. 
The composition of pieces is basically (U,Zr)O2 solid 
solution with FCC lattice structure and (Zr,Ur)O2 with a 
zirconium dioxide cubic or tetragonal structure. Metallic 
zirconium phases were absent. 


The main components of the corium ingot are the solid 
solution (U,Zr)O2 with FCC lattice and α - phase of 
metallic zirconium stabilized by oxygen: α-Zr(O). Also 
small amounts of an α - (U, Zr) phase with an α - U lattice 
structure are present. 


A general characteristic is the small zirconium content 
in solid solution with an estimated composition of 
U~0.95Zr~0.05O2.  


Iron-containing phases (U,Zr)Fe2, Zr2FeOX with cubic 
lattice of space groups Fm3m and Fd3m are also observed 
in the corium samples. 


Samples of peripheral areas of the ingot bottom crust 
have a phase composition similar to that of the middle of 
the ingot, and represent a quenched layer of an ingot where 
there was no interaction with RPV steel. 


On the contrary, the samples of the crusts have been 
selected in areas where there was a fusion with the RPV 
wall, contain interaction products of corium with molten 
steel. Major iron-containing phases are present in samples 


near the bottom crusts. These are the following 
intermetallic phases: ZrFe3 (close-packed FCC structure), 
(Zr,U)Fe2 (a ferromagnetic Laves phase with a cubic 
MgCu2-type lattice) and a metallic α-Fe phase. 


The special attention has been given to examining the 
bottom area of an ingot where a 1 mm thick layer 
containing corium/steel interaction products were 
observed. The high magnification images of this area 
before etching are presented in fig 11. 


The basic distinctive feature of these samples is the 
presence of a considerable quantity of iron-containing 
intermetallic phases ZrFe3, (Zr,U) Fe2 and a metallic α-Fe 
phase. The differences between the observed phases in 
these tests and in the METCOR [9] experiments (where 
intermetallics were not always observed) are not yet fully 
understood. 


 


 
Fig. 11. Structure of a corium/steel interaction zone 
 


V.E. Examination of RPV steel samples  
 
View of sections of RPV steel samples in the hottest 


zone is shown in fig. 12. 
 


    
a) b) 


Fig. 12. Structure of the steel sample in the central zone 
of model RPV: (a) after 3rd test; (b) after 4th test 


 
The approximately 20 mm deep corium/steel 


interaction zone in 4th experiment is visible in fig 12b). 
X-ray diffraction analysis of this material was carried 


out on samples from the RPV wall from the 4th experiment 
(see fig. 13). The analyses have shown that the basic 
phases in the zones 1,2 & 3 are 1) intermetallic phases 
(Zr,U)Fe2 and 2) metal phases based on α – Fe with body-
centered-cubic lattice.  
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Fig. 13. Samples for phase analysis of RPV steel after 4th 


experiment. 
 
X-ray diffraction analysis revealed the phase 


(Zr,U)Fe2 in the zone 3 is less evident than in zones 1 and 
2. Zone 4 was the unreacted RPV steel. 


 
VI. DISCUSSION OF TEST CONDITIONS AND 


RESULTS 
 


Examination of solidified corium after the initial 
calibration experiment has demonstrated that the chosen 
mode of heating yields no full dissolution of uranium 
dioxide in molten zirconium; the discharged melt was 
composed of metal components with fragments of 
incompletely dissolved fuel pellets‡. It was supposed that 
uranium dioxide dissolution by molten zirconium would 
proceed in RPV during the decay heat simulation§. 
Analysis confirmed this incomplete dissolution with the 
presence of mixed ceramics: 1) (U,Zr)O2 with either cubic 
or monoclinic/ tetragonal structures and varying Zr content 
(often low <10%) 2) α-Zr(O) and 3) minor amounts of 
metallic forms of Zr or U. 


The duration of large-scale integral experiments was 
from 1 to 2 hours, thus the "volume" power release in 
corium during the decay heat simulation was from 6 to 9 
W.cm-3 that corresponds to the postulated values for a 
severe accident. 


The corium melt temperature at the moment of 
discharge into the experimental section was 2570 to 
2630°С. The maximum temperature of the RPV wall was 
850 to 1400°С. The corium mass in model RPV was from 
47 to 69 kg**. The maximum erosion depth of the steel 


                                                           
‡ heating of the corium components in the electro-melting furnace is 


about 1 hour and is similar to that occurring in the active zone of  the 
TMI-2 reactor (according to INEL [8]). 


§ About 265 kW is required for dissolution of 1 kg uranium dioxide 
by molten zirconium. 


** In two experiments the corium mass in the RPV has been 
increased by placing about 10 kg of oxidic corium in the RPV before the 
test. 


wall of the model RPV was about 6 mm observed in the 4th 
experiment at the impact point of the molten corium jet 
with the vessel wall. 


The thermal through-wall flux of the model RPV was 
low (max. 150 to 180 kW/m2). This can be explained by 
the thermal insulation on the external water-cooled surface 
of the RPV. The thermal insulation and the high mass of 
RPV steel have resulted in a redistribution of the thermal 
fluxes, i.e., a considerable part of the heat from the corium 
flowed along a vessel wall to the top flange. 


The second reason for the reduced radial thermal flux 
can be the gap between the external corium crust and RPV 
wall formed by thermal expansion of the wall during 
heating. In the 4th experiment a layered crust with gas-
filled gaps was found that provided additional thermal 
resistance to the radial thermal flux. 


In all experiments a solidified corium was present as a 
continuous ingot with a layer of small fragments above it. 
The mass fraction of fragmented corium reached 30 % of 
the bulk corium in the RPV. 


The phase composition of the fragmented corium was 
similar to that of the corium ingot, but contained more 
oxidic components. The top debris layer represents 
degradation products from the upper thermal screen and 
the guide cone. These were excluded from further analysis. 


The analysis of the ingot structure, especially near to 
plasmatron surfaces, has not revealed any appreciable 
influence of local corium overheating either near the 
plasmatrons or further away (i.e. corium fragments carried 
away by convection). 


The corium fragments appear to have been formed by 
splashing of the melt jet during its impact with the 
experimental section given that the corium is very fluid at 
such high temperatures. 


One can further assume that during corium melt 
discharge the splashed melt quickly solidified on the colder 
surfaces of model RPV, the upper thermal screen and the 
water-cooled parts of the plasmatrons in the form of small 
particles and thin crusts. These solidified particles then 
dropped on to the top crust of corium and/or were 
displaced by corium melt jet from the bottom of RPV 
during the final stages of discharge. Only in the 4th test 
where more interaction occurred was any noticeable 
amount of Fe-Zr intermetallics noted. 


The largest fraction of corium debris was found in 
experiments with the highest temperatures in the 
corium/steel interaction zone and at longer durations. The 
bottom layer of fragments was seen to have formed mainly 
by break-up of plate-like corium pieces. Most probably 
these were fragments of a primary corium crust which has 
been cracked on reheating by the plasmatron during the 
decay heat simulation. Cracking of the primary crust could 
be caused by volume increase of the corium during 
repeated heating, and also because of gas pressure from the 
pores of the corium. . 


2 1 


3 


4 
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VI. CONCLUSIONS AND FUTURE WORK  
 
4 large-scale integral experiments for the INVECOR 


project have been performed in the improved LAVA-B 
facility representing RPV's of the VVER reactor in a scale 
∼1:12. These contain a device capable of melting up to 60 
kg of prototypic corium and discharging it from a height of 
1,7 m into the model RPV where the decay heat in corium 
was simulated using 5 coaxial plasmatrons. The vessel wall 
reached a temperature up to ~1400°C.  


The tests have shown that corium retention in the RPV 
is possible even with direct falls of corium onto the bare 
and dry vessel wall and with low radial through-wall heat 
fluxes. The phenomenon of corium break –up on impact 
was observed; thus the initial corium contact hardly 
interacts and is dispersed. Even subsequent interactions of 
hot corium with the heated vessel wall show only limited 
interaction. This is a very positive result to this project, 
especially considering the absence of water in the lower 
head. 


This interaction has been noted by the METCOR 
project [9] that has also performed detailed studies of steel 
interactions with corium and have shown the oxidation 
rates can be very slow (~1mm after several hours) 
although they can accelerate under certain conditions and 
have localized corrosion similar to that seen in fig 16††. 
While a detailed comparison is not intended here the 
METCOR results, their observations are consistent with 
the results presented here. 


Further ongoing analyses will give more details of the 
interaction conditions and the fragment formation. 
Continued testing is intended: for example with altered 
corium/steel mass ratio or reduction of the RPV wall 
thickness with the aim of helping define the in-vessel 
retention capabilities.  
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Abstract – In a severe accident, one possible SAM strategy to prevent basemat melt-through is to 
flood the outside of the RPV and to stabilize the molten core inside the vessel. In-Vessel Retention 
(IVR) is effective if the heat fluxes on the water-cooled outside of the vessel permanently stay 
below related CHF-limits. The prediction of the underlying heat flux profiles is typically based on 
the assumption of a stratified molten pool with a metal layer on top and natural convection-driven 
heat transfer inside and between the layers as well as to the vessel walls and the free surface.  
Past experiments, incl. RASPLAV, MASCA and METCOR suggest that thermo-chemical 
phenomena can affect this situation in various ways. A related assessment was performed by 
AREVA NP as part of the verification of IVR for its KERENA™ BWR plant. In this context also 
new, dedicated experiments were conducted addressing: (i) Zr-oxidation and crust formation at 
the surface of the metallic layer and (ii) the influence of the steel-to-oxide ratio on the formation 
and density of a “heavy” metal layer at the bottom of the oxide pool (for BWR-typical melt 
compositions). Using best-estimate assumptions, the impact of the investigated thermo-chemical 
phenomena on IVR has then been discussed and quantitatively estimated.  
It was found that the formation of a “heavy” metallic phase involves the highest risk for IVR. This 
is mainly due to the related aggravation of the “focusing effect” caused by the decrease in the 
thickness of the remaining “light” metal layer. This effect can be amplified by an insulating oxidic 
crust at the surface of the metal layer. A further risk exists of high transient heat fluxes into the 
contacted vessel wall caused by the “late” relocation of the superheated “heavy” metallic phase 
to the surface, when more steel or oxygen is added of the pool. The paper gives an overview of the 
investigated phenomena, including new experimental results, and the results of the performed 
assessment on their impact on IVR for selected PWR and BWR situations. 


 
 


I. INTRODUCTION 
 
During a postulated severe accident in a nuclear power 


plant the prime target is to preserve the integrity of the 
containment barrier and to limit the radiological releases 
into the environment. This requires, among others, the re-


stabilization of the molten core and the prevention of 
basemat melt-through. Under certain conditions this can be 
achieved by cooling of the RPV wall from the outside. In-
Vessel (melt) Retention (IVR) is applied not only for the 
back-fitting of existing reactors, like Loviisa [1] but also in 
Gen3+ design, incl. the AP1000 and KERENA™ reactors.  
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Proving the efficiency of IVR for a given reactor 
requires demonstrating that heat fluxes from the molten 
pool to the inner vessel wall remain below the critical heat 
flux CHF at the outer, water-cooled side at any time and 
location. Internal heat fluxes in the decay-heated molten 
pool and their spatial variation are typically calculated on 
the basis of correlation between Nusselt (up/down), 
Prandtl, and internal Rayleigh numbers: 


BARaCNu Pr)( int ⋅⋅=   


Various experiments were performed to determine the 
related constants A, B and C for specific vessel geometries, 
melts types, and volumetric power densities, see the 
overview given in [2]. These correlations were then used to 
predict the internal heat fluxes into the vessel wall, 
typically assuming a density-stratified melt pool consisting 
of a metallic (top) and oxidic (bottom) layer.  


In the last decade this purely thermal hydraulic view 
was distorted by the results of experiments, like RASPLAV 
[3] and MASCA-1/2 [4][5], which addressed the thermal 
chemistry in the in-vessel pool. An overview of the related 
findings and their implication on IVR for the SWR1000 is 
given in [6]. Some of the new findings are also addressed 
by assuming molten pool configurations in which the metal 
layer is split into an upper “light” layer and a “heavy” layer 
at the bottom of the oxidic pool, as in the analysis of IVR 
for the AP1000 [7].  


A more recent and complete assessment of the impact 
of thermo-chemical phenomena on IVR was performed by 
AREVA NP, when validating IVR for its KERENA™ 
BWR reactor [9], which involved also the results of later 
experiments, like METCOR [8], as well as new dedicated 
tests. Crediting on the results of this assessment, this paper 
discusses the main phenomena with impact on IVR and 
shows their impact for typical PWR and BWR situations. 


II. METHODOLOGY TO VALIDATE IVR 
 
The methodology used by AREVA NP to validate IVR 


for the KERENA™ BWR is sketched in Fig. 1.  
 


Fig. 1. AREVA NP methodology for the validation of IVR 


First, representative and bounding severe accident 
scenarios are identified with the help of integral system 
codes. These codes yield predictions for the core relocation 
sequence and the related decay power, for the degree of Zr-
oxidation, the masses and temperatures of core oxide and 
steel, as well as for the relevant containment conditions, 
needed to assess the margins against the critical heat flux 
(CHF) outside of the vessel.  


In a second step the state and physical behavior of the 
molten pool are determined as a precondition to calculate 
the internal heat fluxes into the vessel wall. This task 
involves determining the densities of the immiscible oxidic 
and metallic corium fractions and their stratification 
behavior. In the absence of chemical interactions between 
metal and oxide, the metal layer is always lighter than the 
oxide and thus resides atop the oxide layer, see Fig. 2. 
Chemical interactions can change this configuration, as 
discussed in Chap. III.  


Oxidic crust


Gas/water


Molten metal


Molten oxide


  
Fig. 2. Situation in the RPV lower head with stratified 
metallic (top) and oxidic (bottom) layers 
 
In a third step, the heat fluxes into the vessel wall are 


determined. To this end additional assumptions are made 
for the corium temperatures, the fission product distribution 
between metal and oxide, and the conditions for thermal 
radiation at the upper surface of the pool. The heat 
transport from the oxide pool into both, the vessel wall and 
the metal layer as well as within the metal layer and from 
there to the vessel wall and upper surface are modeled 
using experimentally derived correlations.  


If the molten metal layer is thin and thermal radiation 
from the surface ineffective the heat flux density at the 
metal-contacted vessel wall can significantly exceed 
corresponding values within the oxidic pool. This is 
commonly denoted as the “focusing effect”. The heat flux 
into the vessel wall leads to corresponding heat-up. 
Temperatures in the vessel wall and local ablation are 
analyzed using a standard 2D heat conduction model. It 
also yields the heat fluxes into the surrounding water, as 
well as the thickness of the residual RPV steel wall.  


These data finally allow judging the feasibility of the 
IVR concept by proving that (i) the heat fluxes at any time 
and position remain safely below local CHF-limits and (ii) 
that the RPV residual wall thicknesses and temperatures are 
compatible with the associated mechanical forces, as 
confirmed by a detailed FEM analysis. 
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III. THERMOCHEMICAL PHENOMENA WITH 
POTENTIAL IMPACT ON IVR 


 
The high temperatures and complex chemistry within 


the molten corium pool involve significant uncertainties for 
the prediction of the state of the metallic and oxidic layers.  


In order to assess the related risk AREVA NP has 
performed a screening of the suspected thermo-chemical 
interactions under the aspect of their potential risk for IVR. 
The following issues were looked at: 


 
A) Formation of a dense metallic phase  
B) Impact of B4C on melt density 
C) Miscibility gaps in the oxide system 
D) Interaction between melt and vessel steel 
E) Oxidic surface crust atop the metal layer 
F) Decay power within oxide and metal 


 
The results are discussed in the following paragraphs. 


III.A  Formation of a dense metallic phase 


As experimentally confirmed in the MASCA-1/2 
[4][5] projects, a steel melt, being in thermodynamic 
equilibrium with an oxidic corium pool at low Zr-oxidation 
level, can incorporate Zr, U and oxygen and form a 
“heavy” metallic layer which is denser than the residual 
oxide. The extent of this process depends on the degree of 
Zr oxidation, the Zr/U-ratio, and the steel-to-oxide ratio. 


When the density of the metallic layer exceeds that of 
the oxide, the metal will escape from the surface and 
become submerged within the oxidic pool. Under the 
conditions of an outside-cooled RPV it is expected to settle 
on a solid crust at the bottom of the oxidic pool, see Fig. 3. 
Its formation is due to low downward heat fluxes and the 
high oxide melting temperature. The temperature of the 
dense metal layer is then close to that of the oxide pool, 
which corresponds to a superheat of up to 1000 K. 


Oxidic crustDense metal


Gas (H2, steam)


Light metal
Molten oxide


 
Fig 3. Formation of a dense metal phase  
 
For each Zr/U-ratio and each degree of Zr-oxidation, 


there exists a steel mass for which – in thermo-dynamic and 
thermo-chemical equilibrium – the metallic and oxidic 
layer have the same density. Therefore, steel constantly 
added to a suboxidized oxidic pool (Zr-oxidation index 
<100), will heat-up and after establishing chemical 
equilibrium with the oxide accumulate in a dense metal 
phase at the bottom of the pool as long as the total mass of 


steel remains below this critical mass. Once this mass is 
exceeded, all accumulated metal reappears at the surface. 
Due to its extreme superheat, the metal can then cause high 
transient heat fluxes into the RPV near the surface.  


As observed in the MASCA2 Matrix-3 tests [5] a 
corresponding change in layering – with metal relocating to 
the top - may also be caused by an increase in the oxygen 
content of the melt, as this reduces the amount of Zr 
available. 


When a large portion of steel drops into the molten 
pool in one event (e.g. after collapse of a massive steel 
structure) its transformation/incorporation into a dense 
metallic layer could be prevented by early contact with the 
cooled vessel wall, in cases where this contact avoids 
establishing thermodynamic and as a consequence thermo-
chemical equilibrium with the oxidic pool below. 


This can lead to the “late” formation of a light metal 
layer, after a dense metallic phase at the bottom has 
formed, which would reduce the final thickness of the light 
metal layer and - as assessed in Chap. IV - lead to higher 
heat fluxes between light metal and RPV (aggravation of 
the focusing effect). In addition, the fact that, in this case, 
the light metal layer could initially have a low thickness  
may raise the problem of temporarily higher (than after all 
metal is added) heat fluxes. 


The dense metal layer itself is not expected to 
significantly change the heat flux distribution inside the 
oxidic pool, as compared to the fully oxidic pool. However, 
this is only true as long as the vessel remains protected by 
an oxidic crust. If this crust fails, high transient heat fluxes 
into the contacted region of the vessel wall would occur, 
because the freezing material is predominantly metallic and 
has a high thermal conductivity and a high superheat. 


III.B  Impact of B4C on melt density 


The B4C contained in control rods, and the boron 
originating from the evaporated coolant as well as the 
carbon from the melting steel can influence the densities of 
the metallic and oxidic melt, dependent on how much B 
and C actually enters the pool and how these elements are 
distributed between the metallic and oxidic layers.  


A high concentration of the light elements B and C in 
the metallic phase could potentially ensure that its density 
remains below that of the oxidic melt and prevent the 
formation of a dense metal phase. However, the results of 
MASCA-2 Matrix-2 [5] suggest that, for the low masses of 
B4C contained in the core, this effect will not be decisive.  


Elementary boron formed e.g. by the reaction between 
α-Zr(O) and B2O3, could also interact with the vessel steel 
reducing its strength and melting temperature. This effect 
was investigated in MASCA-2 Matrix-2 [5] but found to be 
insignificant, due to the small migration depth of Boron 
into steel and the fact that it is the residual outer, cold 
region of the vessel which ensures mechanical stability. 
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III.C  Miscibility gaps in the oxide system 


Miscibility gaps in the oxidic melt in presence of B4C 
have first been observed in the large-scale experiments 
performed in the RASPLAV AW-200 [3] facility.  


With respect to carbon it was concluded that already 
low mass fractions can be sufficient to separate the oxidic 
melt into layers of different density and composition, 
leading to stratification in the oxide system [10]. Boron is 
suspected to cause similar effects, but corresponding 
experimental data are not yet available. 


Stratification introduces additional heat transfer 
resistances between the oxidic layers in vertical direction 
and thus changes the heat flux distribution inside the oxidic 
pool likely in direction of an increase in heat fluxes into the 
lower part of the vessel and a decreases in the upper part.  


As this would reduce the “focusing” effect, miscibility 
gaps and stratified oxidic layers (if confirmed) may even be 
advantageous for IVR.  


III.D  Interaction between melt and vessel steel 


The interaction between corium and RPV steel has 
been subject of the ISTC METCOR [8] and the ongoing 
METCOR-P projects. The results include the finding that 
steel can be corroded by suboxidized oxidic melts via the 
formation of a eutectic metallic (U,Fe,Zr,O)-phase with a 
low melting point of about 1100°C at the inner surface of 
the vessel, even in presence of an oxidic crust.  


In addition, for both suboxidized and fully oxidized 
(C-100) corium melts, empirical correlations for the 
corrosion rates and their dependence on heat flux and 
interface temperature and were derived.  


In the IVR analysis performed for the KERENA™ 
BWR this erosion kinetic is neglected and only the reduced 
steel melting point is considered. As the residual layer 
thickness in the region of the oxidic melt remains high, 
there is no significant negative impact on IVR.  


III.E  Oxidic surface crust atop the metal layer 


The (light) metallic layer atop the oxide pool likely 
contains non-oxidized zirconium. In addition, Zr and U can 
steadily migrate into the metallic layer from the oxidic pool 
below, by the same diffusion mechanism governing the 
formation of a eutectic steel melt at the RPV-wall, see 
Chap. III.D. This led to the hypothesis that a low density 
oxidic crust could form at the surface of the metal by 
reaction of the Zr with the gas above the melt, see Fig. 4.  


This would, on the one hand, increase the thermal 
emissivity of the upper emitting surface. On the other hand 
it establishes an additional thermal resistance.  


The relevance of this issue stems from the fact that a 
partially insulating crust, in particular when combined with 
the formation of a dense metal layer, can aggravate the 


focusing effect. This aspect is quantitatively assessed in 
Chap. IV. 


 


Oxidic crustDense metal


Light metal
Light oxide


Gas (H2, steam)


 
Fig 4.  Situation after formation of an oxidic (“Light oxide”) 
crust atop the upper metal layer. 


III.F  Decay power within oxide and metal layer 


The in-vessel fission product distribution between 
metal and oxide has been studied for representative 
elements in the MASCA STFM-FP tests [11].  


It was confirmed that fission products which, under the 
related sub-oxidized conditions, occur in their metallic 
form, like Mo and Ru, will mainly concentrate in the 
metallic phase of the melt, while the others, like Sr, Ba, Ce, 
and La, are preferably found in the oxidic phase.  


However, in the project no link between fission 
product and decay power distribution was established and 
no conclusions on the partitioning of decay power between 
the metal and oxide layer were drawn.  


Own corresponding estimates, based on the MASCA 
results, suggest that about 15-20% of the total decay power 
will be released in the metallic layer. This adds to the heat 
transported into the metal from the underlying oxide and 
thus effectively increases the heat flux into the vessel wall 
as compared to the case that 100% of the decay power is 
released in the oxide.  


To improve the prediction of the fission product 
distribution the use of state-of-the-art thermo-chemical 
databases supported by selected benchmark experiments is 
recommended.  


IV. ASSESSMENT OF CONSEQUENCES 


IV.A  Selection of key phenomena 


As a result of the performed screening of thermo-
chemical phenomena, dense metallic phases (A), and oxidic 
crusts at the surface of the metallic layer (E) were identified 
to have the highest potentially impact on IVR.  


The other phenomena can either be neglected, like (C), 
or considered in the modeling by a suitable choice of 
modeling parameters (B, D, F). A specific consideration is 
given to B4C (B) due to its potential impact on the density 
of the metal and oxide layer. 


In the following, the effects of the two key phenomena 
(A and E) are quantitatively evaluated to identify the 
conditions under which they become critical.  
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IV.B  Applied model  


For the parametric investigation of the situation 
sketched in Fig. 4, a simple engineering model is applied.  


It assumes that the oxide occupies the semi-spherical 
lower part of the vessel, while all (light) metal is in the 
cylindrical part. Typical values for the temperature of the 
light metal layer Tmet and the heat transfer coefficient to its 
boundaries hmet are taken from the detailed IVR analyses, 
described in Chap. VI. Using these values and the data 
listed in Tab. I, the heat flux from the bulk of the metal 
layer to the (bottom of the) oxidic surface crust qbulk-surf is:  


qbulk-surf = hmet*(T met - Tcrust_bottom) (1) 


Under steady state conditions, this heat flux is equal to 
the conductive heat flux through the crust qcond as well as to 
the heat flux qrad radiated off the crusts upper surface: 


qbulk-surf = qcond = λcrust*(T crust_top - Tcrust_bottom) (2) 


qbulk-surf = qrad = σ*εsurf*(T crust_top
4 – Tambient


4) (3) 


Solving this equation system yields the unknown 
quantities Tcrust_bottom, Tcrust_top and qrad.  


The power transported out of the metal layer in steady 
state PDP_met is the sum of the decay power carried upwards 
from the core oxide layer and the power released by fission 
products within the metal layer itself: 


PDP_met  = (fDP_met + fDP_ox-met *(1 - fDP_met)*PDP  (4) 


Please note that, with the chosen values of fDP_met and 
fDP_ox-met, this power is 60% of the total decay power in the 
melt! The heat flux qRPV into the metal-contacted 
circumferential area of the RPV ARDB_side is then: 


qRPV = (PDP_met - qrad *A RDB_top) / ARDB_side: (5) 


ARDB_top = π*r RDB² ,  ARDB_side = 2*Vmet/rRDB 


Due to the high value of hmet there is only a weak 
feedback between the thus determined value of qRPV and 
both Tmet (6) and Tcrust_bottom (1).  


qRPV = hmet *(Tmet – Tliq_RPV) (6) 


This makes the heat-flux through the crust practically 
independent of changes in the metal layer temperature Tmet. 
That is why a constant value for Tmet can be used here 
instead of considering the dependence Tmet(qRPV) in (6). 


IV.C  Obtained results  


The impact of a superficial oxidic crust and a reduced 
top metal layer thickness are analysed by a parametric 
variation assuming a typical mid-range PWR and a decay 
power level typical for a core melt accident after preceding 
SBLOCA, see Table I.  


For this case the detailed analysis in Chap. VI provides 
values for Tmet and hmet of 1530°C and 15 kW/m²K, 
respectively. 


TABLE I  Input data used for the parametric analysis 
 


RPV inner radius rRDB m 2.0 


Decay power in the melt PDP MW 15 


Fraction of PDP inside metal layer fDP_met   0.2 
Fraction of decay power in the oxide 
carried upwards into the metal fDP_ox-met  0.5 


Metal volume Vmet m³ 10 


Metal density ρmet kg/m³ 6900 


Ambient temperature (radiation) Tambient °C 800 


Surface emissivity of the oxidic crust ε   0.9 


Crust thermal conductivity λcrust W/mK 2 


RPV melting temperature Tliq_RPV °C 1480 
 
Feeding these values into the model described in 


Chap. IV.B and varying both the mass of the light metal 
layer (between 20 t and 60 t) and the thickness of the top 
crust (between 0.5 mm and 10 mm), the set of curves in 
Fig. 5 is obtained.  


They illustrate the dependence of the heat flux into the 
RPV wall in the metal-contacted region on these two 
parameters.  


For comparison the figure also contains the case 
without surface crust but the lower emissivity ε= 0.43, 
typically used for a purely metallic surface in former 
AREVA NP IVR analyses. 


Fig. 5 shows that the transition from a metallic to an 
oxidic surface and the related increase in emissivity and 
heat flux through the upper surface reduce the heat flux 
into the metal-contacted RPV wall by up to 50% (zero crust 
thickness). However, this is only true as long as the crust 
thickness stays below ~3 mm. 
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Fig 5.  Heat flux from metal layer into RPV vs. mass of the 


light metal layer, for various oxide crust thicknesses 
 
For higher thicknesses the insulating effect of the crust 


over-compensates the increase in emissivity. As a result, 
heat fluxes through the crust and surface temperatures 
decline, see Figs. 6 and 7. In case of a 1 cm thick crust, the 
heat flux is only about 20% of the value at 0.5 mm while 
the surface temperature has declined below 1000°C.  
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For thick crusts the surface can therefore be considered 
as quasi-adiabatic (even if flooded). For illustration, a 
3 mm zirconia crust corresponds to only about 100 kg of 
oxidized Zr.  


Fig. 5 shows that, when the thickness of the light metal 
layer is high, variations in the crust thickness can not cause 
high heat flux into the RPV. For example, with 60 t of light 
metal, even a crust thickness of 1 cm only results in a 
maximum heat flux into the RPV of 870 kW/m². 
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Fig 6.  Heat flux through the crust vs. crust thickness for 


various masses of the light metal layer 
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Fig 7.  Crust surface temperature vs. mass of the metal layer 


for various crust thicknesses 
 
However, the same crust can cause to critically high 


heat fluxes if the metal mass is lower. As Fig. 5 shows, a 
crust thickness of 1 cm yields a heat flux into the RPV of 
1.7 MW/m² if the mass and thickness of the light metal 
layer are reduced to 30t and 35 cm, respectively.  


To summarize: Among the two key phenomena 
analyzed in this chapter, the reduction of the thickness of 
the top metal layer has the highest potential impact on heat 
fluxes. As compared to this, the insulating effect of an 
oxidic surface crust is of secondary relevance as long as the 
crusts remain thin. For higher thicknesses it can still 
aggravate the focusing effect, if superimposed with the 
assumption of a metal layer of reduced thickness. 


To be able to transfer these findings to the situation 
during IVR in a real plant, experimental data are needed on 
the relevance and extent of these phenomena under 
prototypic conditions.  


V. EXPERIMENTAL EVIDENCE 


V.A  Oxidic surface crusts 


The suspected formation of an oxidic surface crust by 
the interaction of the chemically reactive constituents in the 
light metal layer with the in-vessel atmosphere was checked 
by screening experiments performed in the Labs of AREVA 
NP Erlangen. First results were reported in [9].  


In these tests, a zirconium-containing steel melt was 
inductively heated in Argon atmosphere into which, later, 
either steam or nitrogen was injected.  


It could be confirmed that Zr chemically interacts with 
steam and nitrogen and that crusts consisting of low-density 
reaction products accumulate atop the metallic surface. 
Visual observation indicated that the crust growth is fast in 
the beginning but slows down later on.  


In presence of steam the total crust thickness after 1h 
was about 2.5 mm while, in presence of N2, the thickness 
was only fractions of a millimeter. The latter is likely due to 
the fact that the main related crust material, ZrN, forms a 
barrier against the further transport of gas to the reactive 
metal surface. The thicker crust in case of steam is 
attributed to its observed porous character and the known 
high diffusivity of oxygen in solid ZrO2 at high 
temperature.  


Based on these experimental results a refractory crust 
atop the metal layer is considered by AREVA NP for the 
analysis of IVR, with respect to both, its insulating effect 
and the related increase in emissivity.  


To be able to predict the crust thickness under plant 
conditions further experiments are needed.  


Complementary information is expected to come from 
tests addressing oxygen migration into metallic and oxidic 
melts currently performed as part of the ISTC METCOR-P 
project. 


V.B  Formation of a dense metallic layer 


The principle fact that a dense metallic phase can form 
under IVR conditions under suboxidized conditions in 
mixed oxidic/metallic melts is known, at the latest, from the 
results of the various corresponding tests performed in the 
MASCA-1/2 project [4][5], see the example in Fig 8.  


However, all MASCA tests applied corium melts with 
PWR-typically low Zr/U-ratios. As compared to this, 
BWR-type melts are characterized by higher Zr and steel 
fractions and by the presence of B4C. 
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Fig. 8. Stratified metal-oxide layer configurations observed 


in the MASCA-1 project [4]. 
 
To fill this gap, AREVA NP currently performs new 


dedicated experiments under the framework of the ISTC 
partner project EPICOR. Their objective is to investigate 
the element partitioning in thermodynamic and thermo-
chemical equilibrium in a melt consisting of steel and 
suboxidized oxidic corium with a composition and state 
close that predicted for the KERENA™ BWR during IVR, 
namely an oxidation index of С-35, a U/Zr atomic ratio of 
0.83 and temperatures around 2400°C.  


 


Fig. 9. RASPLAV-3 furnace schematics (1 – pyrometer shaft 
quartz window; 2 – water-cooled furnace cover; 3 – water-cooled 
pyrometer shaft blown with argon; 4 – quartz vessel; 5 – crucible 
section tubes; 6 – molten corium; 7 – inductor; 8 – crust; 9 – 
multi-sectioned water-cooled bottom calorimeter; 10 – non-
cooled electromagnetic screen). 


 
The EPICOR tests are performed at Alexandrov 


Research Institute of Technology (Sosnovy Bor, Russia). 
Sustained heating of the melt is realized by HF-induction in 
a “cold crucible”, see Fig. 9.  


The tests are conducted under high-purity argon-
atmosphere due to the required use of suboxidized melts. 


The experiments are focused on identifying the impact 
of element re-partitioning on the density and stratification 
of the metallic and oxidic layers. The obtained data are 
intended to be compared with the predictions made by 
state-of-the-art thermo-chemical databases and density 
models, with the target to check and improve their 
predictive capabilities. 


Before starting the main experiments, pretests were 
performed to produce the corium mixture and to check 
various melt sampling and thermocouple methods.  


During these pretests maximum temperature 
differences across the height of the oxidic pool of about 
50 K were measured, which indicates sufficiently 
homogeneous mixing. Different methods for determining 
the relative position and relocation of the metal and oxide 
layers where tested, incl. optical observation and the 
electromagnetic feedback on the inductor field. 


In the main experiments, first the corium pool was 
generated and then the steel fraction in the melt was 
adjusted stepwise following two different procedures.  


1st procedure (test ER-1): An initial steel mass above 
the predicted critical mass (estimated from the pretests) 
was applied. Then the amount of oxidic corium was 
increased until the metal disappeared from the surface.  


2nd procedure (test ER-2): An initial steel mass below 
the predicted critical mass was applied, resulting in the 
formation of a dense metallic phase at the bottom of the 
pool. Then the steel mass was successively increased. This 
process was continued until the metal appeared at the 
surface.  


In both tests the change in composition of the phase 
being at the surface was recorded by sampling. At the 
equilibrium point the (equal) densities of the two layers can 
be determined by measuring the melt surface level (under 
hot conditions) and by relating it to the known total melt 
mass and the geometry of the cylindrical crucible.  


The solidified ingots of both tests were subjected to 
various post-testing, incl. X-ray fluorescence analysis. 
Dismantling of the ER-2 ingot revealed that, despite of the 
separation into an upper metallic and lower oxidic part, see 
Fig. 10, a small fraction of the metal remained at the 
bottom, see Fig. 11.  


This is similar to the observed behavior near the 
equilibrium point in the MASCA-1 tests, see Fig. 8. One 
possible explanation is related to the mechanical forces 
imposed on the liquid molten steel by the electromagnetic 
field. Please note that oxidic bottom crusts in the cold 
crucible are very thin because of the high convection and 
heat flux density. 


The EPICOR experiments are planned to be continued 
in 2011 to investigate the impact of B4C on the density of 
the oxide and metal layer.  
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Fig. 10. Metallic (upper) and oxidic (lower) part of the 
solidified ingot after test ER-2 
 


 
Fig. 11. Cross-section through the solid ingot of test ER-2 


VI. APPLICATION TO THE REACTOR CASE 


VI.A  Analytical model 


To be able to determine the heat fluxes into the vessel 
and its thermal response during IVR for the KERENA™ 
BWR, AREVA NP developed an dedicated analytical 
model. It uses correlation for the heat flux distribution 
inside the oxidic melt pool and the heat transfer to and 
within the metallic layer. For heat conduction and RPV 
wall ablation a 2D axial-symmetric model is applied. More 
details are provided in [9]. 


VI.B  Results for the KERENA™ BWR 


Application of the methodology described in Chap. II 
showed that, for all relevant scenarios, core melting only 
occurs at a very late state leading to a maximum decay 
power in the melt to be removed of about 17 MW. This is a 
consequence of the plants advanced passive features which 
significantly decelerate accident progression. A 
conservatively high fraction of 20% of this decay power is 
assumed to be generated within the metallic phase.  


A best-estimate analysis on core degradation, 
relocation and melt-down of the RPV internals showed that 
the molten pool will initial contain up to 180 tons of oxidic 
corium and at least 200 tons of steel. The latter comes from 
the steel located in the region of the forming molten pool.  


This results in a steel mass fraction above the critical 
steel fraction obtained from the EPICOR experiments. As a 
consequence the density of the metallic phase is always 
lower than that of the oxide and no “heavy” metallic phase 
can form. Therefore, it is sufficient to analyze the two-layer 
system (metal atop oxide) plus oxidic surface crust.  


For the mass of the top metal layer the minimum steel 
mass of 200 t is assumed, which yields a metal layer 
thickness of about 0.85 m.  


At its upper surface an oxidic crust with a thickness of 
2.5 mm is assumed, in consistence with the experimental 
results reported in Chap. IV.A. For the thermal emissivity ε 
of this crust and for the ambient temperature Tambient 
conservative values of 0.7 and 1300 K, respectively, are 
applied. The resulting heat flux distribution is given in 
Fig. 12. Accordingly, the maximum heat flux, obtained near 
the top of the metallic layer, is only about 400 kW/m².  
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Fig. 12 KERENA™ BWR, Calculated heat fluxes into the 
water along the outside of the RPV  
 
Because of the high thickness of the metal layer a 


doubling of the oxidic crust thickness to 5 mm only results 
in a moderate increase of the maximum heat flux to about 
480 kW/m². These values are far below the maximum heat 
fluxes successfully tested in a 1:1 mock-up of the heated 
vessel bottom [13].  


  


Metallic lens


Oxidic ingot below 
metal


Metallic ingot


Oxidic crusts 
surrounding the 
metallic ingot


Shrinkage pore


1216



Lynne

Typewritten Text

Proceedings of ICAPP 2011Nice, France, May 2-5, 2011Paper 11057







 


   


Moreover, considering also that the metallic layer is 
mostly located the cylindrical part of the vessel, the heat 
flux is far below common CHF values for vertical surfaces 
found in the literature of >1000 kW/m². 


VI.C  Results for a mid-range PWR 


Considering that IVR is also the SAM strategy for 
PWRs in the power range of 1000 MWe, the impact of 
thermo-chemical phenomena was also assessed for a 
generic reactor of this power class, applying the detailed 
code described in Chap. IV.A.  


The related RPV is considered to have an inner radius 
of 2 m, a fully hemispherical lower head, and a wall 
thickness of 15 cm. The final masses of the oxidic and 
metallic melt were assumed to be 90 t and 55 t (8 m³), 
respectively. In a bounding early scenario the related decay 
power is about 20 MW. Other modeling assumptions are 
chosen similar to the KERENA™ BWR analysis.  


First, the case without dense metal and without an 
oxidic surface crust was analyzed, assuming a surface 
emissivity ε = 0.43. The resulting heat flux distribution 
versus height against vessel bottom is shown in Figs. 13 
(the cylindrical part of the vessel begins at 2 m).  


The obtained maximum heat flux and the minimum 
residual RPV thickness are qmet=1.2 MW/m² and 3 cm, 
respectively. This shows that high heat fluxes into the water 
are obtained, whenever a small RPV is combined with an 
early scenario, even under best-estimate assumptions.  
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Fig. 13  Heat fluxes through the RPV wall vs. height (no 


oxidic surface crust, all metal in the light metallic layer).  
 
In the following, some assumptions impacted by 


thermo-chemical phenomena were varied to illustrate the 
existing sensitivities:  


(1) The reduction of the fraction of decay power in the 
metal from fDP_met= 0.2 down to zero lowers the 
maximum heat flux to qmet = 960 kW/m². 


(2) Keeping fDP_met= 0.2 but assuming an oxidic film at 
the surface, characterized by a high surface emissivity 


(ε = 0.9) and no conductive resistance, causes a similar 
reduction in maximum heat flux to qmet = 900 kW/m². 


(3) The additional consideration of the thermal 
resistance of the crust (thicknesses 2.5 mm and 5 mm) 
yields heat flux of qmet = 1.12 MW/m² and 
1.23 MW/m², respectively.  


The results confirm that the distribution of fission 
products between oxide and metal can considerably 
influence the focusing effect and that a surface crust will 
not aggravate the focusing effect as long as the metal layer 
thickness is high and the crust thickness remains in the 
range of a few mm. In this example, even the complete 
thermal insulation of the surface would only yield a 
maximum heat flux of about 1.5 MW/m².  


To investigate the impact of the dense metal layer first 
the critical steel fraction for the density equilibrium under 
PWR conditions is estimated based on MASCA-2 [5] 
results which suggest a value of 25 wt%. Hence, half of the 
steel mass of 55 t (27.5t/(90+27.5)t = 0.235) can be 
concentrated in the dense steel layer.  


As compared to the KERENA™-case discussed 
before, the formation of a dense metallic phase can not be 
excluded here (despite the fact that the total metal mass 
exceeds the critical mass). This is because most of the steel 
is located above the forming melt pool and is thus added 
later and potentially after the molten oxidic pool is formed. 
This makes it possible that the later added steel will not get 
in thermodynamic equilibrium with the rest of the pool, see 
Chap. III.A. 


In the sense of a bounding analysis, the mass of the 
light metal layer and the decay power in it are reduced to 
50%. For the now only 32 cm thick light metal layer, the 
analysis yields a heat flux from into the RPV of almost 
2.2 MW/m² (no surface crust, ε = 0.43). A thin oxidic crust 
at the surface does not significantly change this value.  


This result confirms that the reduction of the light 
metal layer thickness (e.g. by the formation of the heavy 
metal layer) can have a high negative impact on the 
magnitude of the focusing effect.  


In addition, there is the risk of transient thermal loads 
on the vessel wall in case the superheated (formerly dense) 
metallic phase relocates back to the surface. 
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VII. CONCLUSIONS 


The paper summarizes the results AREVA NPs 
assessment of thermo-chemical phenomena with respect to 
their impact on IVR. Among the analyzed phenomena, the 
formation and relocation of a dense metallic phase, the 
growth of a refractory surface crust, and the increase in the 
fission product inventory of the metal phase were identified 
as the most relevant ones. 


Among these the potential risk related with a dense 
metal layer was found to be highest, because of:  


1) the reduction of the light metal layer thickness and 
the related aggravation of the focusing effect 


2) the high superheat of the dense metal (inside the 
oxidic pool) and the possibility of its transient 
thermal contact with the vessel wall in cases of: (i) 
a local failure of the oxidic crust that protects the 
vessel wall, or (ii) a “late” rise of the superheated 
metal back to the surface. This could be either 
caused by an increase in the oxygen content in the 
metal-oxide system, or an increase in molten steel 
mass above the critical value at which metal and 
oxide have the same density. 


Exemplary plant calculations confirm that issue 1) is 
capable of causing critically high heat fluxes in the upper 
metal region. They can be further aggravated by refractory 
surface crusts (if their thickness exceeds a few mm) and by 
the increase in decay power in the metal region, caused by 
a low oxygen potential in the oxide-metal system.  


The potential impact of the second issue, transient 
thermal loads on the vessel, is considered to be potentially 
even higher but its relevance can not be evaluated because 
appropriate experimental data are missing.  


Bases on the results of this assessment it is 
recommended to consider thermo-chemical phenomena in 
the actual IVR analyses by accounting for the described 
risk and the related changes in physical parameters.  


The described problems related with a dense metallic 
phases can be avoided by demonstrating that its formation 
is safely excluded; e.g. by proving that a sufficient steel 
mass is contained in the melt from the beginning because 
then the density of the metallic melt in thermodynamic-/-
chemical equilibrium is always lower than the density of 
the oxidic phase. This strategy is followed by AREVA NP 
in the validation of the IVR strategy for its KERENA™ 
BWR.  


The presence of B4C in the melt can change this 
equilibrium. Corresponding experiments are planned 
during 2011 as part of the EPICOR experimental program.  


NOMENCLATURE 
 
BWR  Boiling Water Reactor 
CHF  Critical Heat Flux 
ISTC International Science & Technology Centre 


IVR  In-Vessel (core melt) Retention 
LBLOCA Large Break Loss of Coolant Accident 
PWR  Pressurized Water Reactor 
RPV  Reactor Pressure Vessel 
SAM Severe Accident Management 
SBLOCA Small Break Loss of Coolant Accident 
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Abstract – In the present paper, the results from the simulation of the turbine trip transient 
Benchmark in Peach Bottom NPP are presented. This simulation has been performed using 0D, 
1D and 3D kinetic parameters in the coupled codes TRAC-BF1/NEM. The results of the transient 
in TRAC-BF1 using the KINPAR methodology and the SIMTAB-1D methodology are compared 
with the reference SIMULATE3 results. The results of the turbine trip transient with 1D and 3D 
kinetic parameters are also compared. 


 
 
 
 
 


I. INTRODUCTION 
 
The NEA turbine trip benchmark in Peach Bottom 


NPP has been simulated using the coupled codes TRAC-
BF11/NEM2. Some different simulations have been carried 
out using point, one-dimensional and tridimensional 
kinetic parameters. 


 
In TRAC-BF1 the one-dimensional cross-sections are 


specified in the input deck in a polynomial function. 
Therefore, it is necessary to obtain the coefficients of this 
polynomial expansion. One of the methods proposed in the 
literature is the KINPAR methodology3. This methodology 
uses the results from different perturbations of the original 
state to obtain the coefficients of the polynomial 
expansion. The simulations are performed using the 
SIMULATE34 code. 


 
A new methodology, called SIMTAB-1D, to obtain the 


cross-sections sets in 1D has been developed. The first step 
consists of the application of the SIMTAB5 methodology, 
developed in UPV, to obtain the 3D cross-sections sets 
from CASMO46/SIMULATE3. These 3D cross-sections 


sets are collapsed to 1D using as a weighting factor, the 3D 
thermal and rapid neutron fluxes obtained from 
SIMULATE3. 


 
The cross-sections obtained are in the same format 


than the 3D cross-sections sets, therefore, it has been 
necessary to modify the TRAC-BF1 source code in order 
to be able to read and interpolate between these tabulated 
1D cross-sections. 


 
With this new methodology it is not necessary to 


perform simulations of different perturbations of the 
original state, and also the variation range of the moderator 
density can be higher than using the KINPAR 
methodology. This is important for the simulation of severe 
accidents in which the variables vary in a wide range. 


 
To be able to perform the 3D turbine trip transient in 


Peach Bottom NPP, TRAC-BF1 code has been coupled 
with NEM code. The coupling has been made via the PVM 
(Parallel Virtual Machine) parallel software. 


1658







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11286 


 


The simulation procedure followed to simulate the 
turbine trip transient in Peach Bottom NPP with the 
coupled code TRAC-BF1/NEM consist of 8 steps: 


1. 3D cross-sections generation applying the 
SIMTAB methodology. 


2. 3D cross-sections are collapsed to 1D using the 
SIMTAB-1D methodology. 


3. Application of KINPAR methodology to obtain 
de coefficients of the 1D cross-sections in 
polynomial form. 


4. Run the steady-state and the transient with 1D 
cross-sections from step 2. 


5. Run the steady-state and the transient with 1D 
cross-sections from step 3. 


6. Conversion of the 3D cross-section files nemtab 
and nemtabr to the file XSECLIB for NEM code. 


7. Run the coupled steady-state with TRAC-
BF1/NEM. 


8. Run the transient with TRAC-BF1/NEM. 
 
This paper is organized according to these steps: in 


section 2, the methodologies to obtain one-dimensional 
cross-sections are presented. In section 3, the turbine trip 
and model used are explained. The results of the 
simulations are shown in section 4. Finally, the main 
conclusions of this work are summarized in section 5. 


 
 


II. METHODOLOGIES TO OBTAIN 1D CROSS-
SECTIONS 


 
The kinetic parameters have to be introduced in the 


TRAC-BF1 input deck as a function of the 
thermalhydraulic parameters: 


 


    
    BaTTaTTa


αaαaaCαaαaaCX


mmff


ff


90807


2
654


2
321 1






 


 (1) 


where 
X is the nuclear parameter 
Cf is control fraction 
α is the void fraction 
Tf is the fuel temperature (K) 
Tf0 is the reference fuel temperature (K) 
Tm is the moderator temperature (K) 
Tm0 is the reference moderator temperature (K) 
ai are the coefficients (i = 1,2,…,9) 


 
II.A. KINPAR methodology 


 
The KINPAR methodology generates the coefficients of 


the polynomial expansion a1,…,a9 (Eq. (1)) needed for 


TRAC-BF1 using the 1D kinetic data from SIMULATE3 
code. 


 
To determine the 9 unknowns it is necessary to perform 


at least nine perturbations of the reference case in 
SIMULATE3. These perturbations must cover the range of 
variation of the thermalhydraulic parameters during the 
transient that is going to be analyzed. 


 
With the KINPAR methodology we obtain consistent 


cross-sections. It means that with these cross-sections the 
3D power axial profile and the 3D keff value can be 
reproduced. 


 
This methodology also takes into account the difference 


in the thermalhydraulic models of SIMULATE3 and 
TRAC-BF1. 


 
II.B. SIMTAB-1D methodology 


 
The SIMTAB-1D methodology has been developed to 


be able to run transients in which the thermalhydraulic 
conditions vary in a wide range. As it is explained, the 
KINPAR methodology feeds with the data from the 
perturbations of the reference case in SIMULATE3. There 
is a limitation in the amplitude of the perturbation that can 
be introduced in SIMULATE3, so the KINPAR 
methodology cannot be used to simulate in TRAC-BF1 
transients in which the range of the thermalhydraulic 
conditions to be covered is very extensive. 


 
With this new methodology it is not necessary to 


perform simulations of different perturbations of the 
original state, and also the variation range of the moderator 
density can be higher than using the KINPAR 
methodology. This is important for the simulation of 
severe accidents in which the variables vary in a wide 
range. 


 
The first step of this methodology consists of the 


application of the SIMTAB methodology [3], developed in 
UPV, together with Iberdrola to obtain the 3D cross-
sections sets from CASMO4/SIMULATE3 [4]. The fuel 
temperatures and the moderator density used in SIMTAB 
to obtain the nemtab and nemtabr files are shown in Table 
I. 
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TABLE I 


Fuel temperature and moderator density values for the 
tabulated cross-sections 


Fuel Temperature 
(K) 


Moderator Density 
(kg/cm3) 


400.0 
1300.0 
2200.0 
3100.0 
4000.0 
5000.0 


50.0 
300.0 
550.0 
800.0 


1050.0 
1300.0 


 
Then, these 3D cross-sections sets are collapsed to 1D 


using as a weighting factor the 3D thermal and rapid 
neutron fluxes obtained from SIMULATE3. 
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where 
x(i,j,k) is the cross-section x of the radial node i,j of the 


axial level k 
(i, j,k) is the neutron flux of the node i,j of the axial 


level k 
c,x(k) is the collapsed cross-section x of the axial level 


k 
c,abs(i,k) is the collapsed absorption cross-section of the 


axial level k 
abs(i,j,k) is the collapsed absorption cross-section of the 


radial node i,j of the axial level k 
D(i,j,k) is the diffusion coefficient of the node i,j of the 


axial level k 
B2(k) is the radial buckling of the axial level k. 
c(k) is the collapsed neutron flux of the axial level k 
nf is the number of fuel elements in the reactor core 
 
The collapse of the absorption cross-sections includes 


the DB2 terms. The values of the radial buckling are 
obtained from the kinetic file of the reference case from 


SIMULATE3. 
 
The cross-sections are corrected for radial 


homogenization effects by applying the same procedure as 
KINPAR methodology to the 1D SIMULATE3 cross-
sections of the reference case. This correction factor for 
each axial level α(k) is applied to the correction of the 
tabulated absorption cross-sections (Eq. (5)). 


 
    )(,, kkk abscabsc   (5) 


 
The 1D obtained cross-sections are in the same format 


than the 3D cross-sections sets, therefore, it is necessary to 
modify the TRAC-BF1 source code in order to be able to 
read and interpolate between these tabulated 1D cross-
sections. 


 
III. DESCRIPTION OF THE MODEL 


 
The PB2 TT2 test of the BWR turbine trip (TT) 


benchmark starts with a sudden closure of the turbine stop 
valve (TSV)7. The turbine bypass valve begins to open and 
the pressure oscillation generated in the main steam piping 
propagates into the reactor core changing the core void 
distribution and fluid flow. 


 
The scenario chosen for being simulated is the scenario 


2: TT without reactor scram. The simulation has been 
performed with the coupled code TRAC-BF1/NEM. 


 
The PB2 reactor core has 764 fuel assemblies. The 


reactor core has been modeled with 34 thermalhydraulic 
channels 33 representing the 764 fuel assemblies and 1 
channel for the core bypass region (Fig. 1). 


 


Fig. 1. Thermalhydraulic channels. 
 


0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0


0 0 18 17 17 17 17 17 17 17 17 17 17 17 17 18 0 0


0 0 0 33 14 15 14 15 14 15 15 15 15 14 15 14 15 14 33 0 0 0


0 33 18 16 15 14 15 14 15 14 14 14 14 15 14 15 14 15 16 18 33 0


0 0 33 14 15 13 13 13 13 13 11 13 13 11 13 13 13 13 13 15 14 33 0 0


0 0 0 18 14 15 13 12 13 12 11 12 11 10 10 11 12 11 12 13 12 13 15 14 18 0 0 0


0 33 33 29 26 11 13 11 13 11 13 13 11 11 11 11 13 13 11 13 11 13 11 26 29 33 33 0


0 0 18 29 30 27 26 11 12 11 12 7 6 7 8 8 7 6 7 12 11 12 11 26 27 30 29 18 0 0


0 0 33 29 30 13 13 27 25 7 7 7 7 7 8 8 8 8 7 7 7 7 7 25 27 13 13 30 29 33 0 0


0 17 29 30 13 28 27 28 22 31 7 31 7 6 7 6 6 7 6 7 31 7 31 22 28 27 28 13 30 29 17 0


0 17 30 29 13 27 13 27 24 22 23 7 8 3 3 3 3 3 3 8 7 23 22 24 27 13 27 13 29 30 17 0


0 17 29 30 27 28 27 28 22 31 22 4 3 4 3 3 3 3 4 3 4 22 31 22 28 27 28 27 30 29 17 0


0 17 30 29 27 13 13 22 22 22 24 21 5 3 3 3 3 3 3 5 21 24 22 22 22 13 13 27 29 30 17 0


0 17 29 30 27 28 27 32 22 32 21 4 21 4 19 2 2 19 4 21 4 21 32 22 32 27 28 27 30 29 17 0


0 17 30 29 27 27 27 24 22 22 20 20 20 19 19 1 1 19 19 20 20 20 22 22 24 27 27 27 29 30 17 0


0 17 30 29 27 10 9 22 22 32 20 20 20 2 1 1 1 1 2 20 20 20 32 22 22 9 10 27 29 30 17 0


0 17 30 29 27 10 9 22 22 32 20 20 20 2 1 1 1 1 2 20 20 20 32 22 22 9 10 27 29 30 17 0


0 17 30 29 27 27 27 24 22 22 20 20 20 19 19 1 1 19 19 20 20 20 22 22 24 27 27 27 29 30 17 0


0 17 29 30 27 28 27 32 22 32 21 4 21 4 19 2 2 19 4 21 4 21 32 22 32 27 28 27 30 29 17 0


0 17 30 29 27 13 13 22 22 22 24 21 5 3 3 3 3 3 3 5 21 24 22 22 22 13 13 27 29 30 17 0


0 17 29 30 27 28 27 28 22 31 22 4 3 4 3 3 3 3 4 3 4 22 31 22 28 27 28 27 30 29 17 0


0 17 30 29 13 27 13 27 24 22 23 7 8 3 3 3 3 3 3 8 7 23 22 24 27 13 27 13 29 30 17 0


0 17 29 30 13 28 27 28 22 31 7 31 7 6 7 6 6 7 6 7 31 7 31 22 28 27 28 13 30 29 17 0


0 0 33 29 30 13 13 27 25 7 7 7 7 7 8 8 8 8 7 7 7 7 7 25 27 13 13 30 29 33 0 0


0 0 18 29 30 27 26 11 12 11 12 7 6 7 8 8 7 6 7 12 11 12 11 26 27 30 29 18 0 0


0 33 33 29 26 11 13 11 13 11 13 13 11 11 11 11 13 13 11 13 11 13 11 26 29 33 33 0


0 0 0 18 14 15 13 12 13 12 11 12 11 10 10 11 12 11 12 13 12 13 15 14 18 0 0 0


0 0 33 14 15 13 13 13 13 13 11 13 13 11 13 13 13 13 13 15 14 33 0 0


0 33 18 16 15 14 15 14 15 14 14 14 14 15 14 15 14 15 16 18 33 0


0 0 0 33 14 15 14 15 14 15 15 15 15 14 15 14 15 14 33 0 0 0


0 0 18 17 17 17 17 17 17 17 17 17 17 17 17 18 0 0


0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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The reactor vessel has been modeled using the VESSEL 
component with 9 axial levels and 2 radial zones. The 
model also includes one recirculation pump and one jet 
pump to represent the two recirculation loops and the 20 
jet pumps respectively. There are four groups of steam 
relief valves in the main steam line. 


 
For the neutronic code, a nodalization with a 3D core 


mesh has been modeled. A large set of cross section data 
including 1203 compositions has been adopted in 
neutronic input deck. 


 
Radially, the neutronic model has been made in a one-


to-one basis model, i.e., each fuel assembly has been 
represented with a radial node, and the core has been 
surrounded with reflector nodes. Axially, the reactor core 
has been modeled with 26 axial planes, two of them, one at 
the top and another at the bottom, are reflector planes. 


 
The given Xenon conditions considered in the 


simulation are the 3D conditions taken from SIMULATE3 
run. The fuel design characteristics have been taken from 
the reference 8. 


 
The transient is started by the closure of the turbine stop 


valve (TSV). The simulated sequence of the accident is 
shown in Table II. 


 
TABLE II 


Simulated sequence of the accident 
Time Event 
0.0 TSV begins to close 
0.096 TSV closed 
0.06 Begin bypass opening 
0.846 Bypass valve full-open 
 
The steady state conditions correspond to hot power 


with a core mass flow equal to 10445 kg/s (80.9% of the 
core rated mass flow) and a total reactor power of 2030 
MW (61.6% of the core rated reactor power). 


 
The initial position of the control rods is shown in Fig. 


2: 
 
 
 
 
 
 
 
 
 
 
 


Fig. 2. Initial control rod pattern. 
 
The most important phenomena in PB2 TT2 occur in 


the first five seconds of the transient. Therefore the total 
simulation time is 5s. 


 
IV. RESULTS 


 
IV.A. Steady-State results 


 
The results from the steady-state run using the 1D cross-


sections from KINPAR and SIMTAB-1D methodologies 
and the results from the coupled steady-state are compared 
with the reference data from SIMULATE3. Specifically, 
the keff and the axial power profile have been compared. 
The results are shown in Table III and in fig. 3. 


 
TABLE III 


Comparison of the keff values 
CASE keff RMS 
SIMULATE3 0.99474 - 
KINPAR 0.9938045 93.55 
SIMTAB-1D 0.996203 146.3 
TRAC-BF1/NEM 0.9958831 114.31 


 
 


Fig. 3. Axial power profiles comparison. 
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IV.B. Transient results 
 
The parameters chosen to analyze the results are the 


core power evolution, the time of maximum transient 
power and the value of the maximum transient power. 


 
First, the results from the simulation of the transient 


with TRAC-BF1, using 1D kinetic parameters from 
KINPAR and SIMTAB-1D methodologies, are compared.  


 
 


Fig. 4. Core power evolution 1D kinetics. 
 
 
In Table IV the value of the maximum transient power 


and the time at which it is reached for the both cases are 
shown. 


 
 


TABLE IV 


Maximum power during the transient 


Case 
Maximum power 


(MW) 


Time of  
maximum power 


(s) 
KINPAR 8998.8 0.81 
SIMTAB-1D 8280.8 0.81 
 


 
IV.B. 3D results 


 
In fig. 5, the power evolution during the transient with 


TRAC-BF1/NEM, using 3D kinetic parameters from 
SIMTAB methodology, is shown. 


 
 
 
 
 
 
 


Fig. 5. Core power evolution. 
 


 
The value of the maximum transient power is 5748.28 


MW and the time at which it is reached is 1.0 s. 
 
 


V. DISCUSIONS AND CONCLUSIONS 
 


As it can be observed, the power peak value reached 
in the simulated transient in each of the cases analyzed, 
using 1D and 3D kinetic parameters, is very different. The 
reason for that difference is related to the range of the 
definitions of the cross-sections sets used. The variation of 
the fuel temperature during the transient is very high, 
therefore it has to be considered in the cross-section 
generation. In case of SIMTAB methodology, the user can 
specify the range of the fuel temperature and the moderator 
density in an input file, so the 3D cross-sections and also 
the collapsed 1D cross-sections used (SIMTAB-1D) covers 
all the variation range of the fuel temperature during the 
transient. However, as it has been mentioned in section II, 
the KINPAR methodology, which feeds from different 
perturbations of the reference case in SIMULATE3, is not 
able to take into account this high variation of the fuel 
temperature because of a limitation in defining these 
perturbations in SIMULATE3. 


The SIMTAB-1D methodology has been programmed 
in TRAC-BF1 preventing from extrapolation, taking the 
cross-section corresponding to the highest fuel temperature 
value of the table when the fuel temperature of the node is 
above the highest value. When the fuel temperature is out 
of range, the cross-section value obtained in case of 
KINPAR methodology is not correct. Therefore, the results 
from SIMTAB-1D and the 3D coupled cases are quite 
similar. 


The comparison of the results obtained with the 
KINPAR methodology shows that the new methodology 
proposed, SIMTAB-1D, is adequate for simulating strong 
transients, which have a large variation range of the 
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thermalhydraulic parameters invalidating the results of 
KINPAR. 


With the SIMTAB methodology we obtain 3D cross-
sections sets adequate for 3D neutronic codes like NEM. 
The advantage is to obtain very accurate results, but the 
computation time is very long (see Table V). 


 
 


TABLE V 


Computation time 


Case 
Simulation time 


(s) 
CPU time 


(min) 
KINPAR 5 31.05 
SIMTAB-1D 5 30.84 
TRAC-BF1/NEM 5 334.08 
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Abstract – In severe-accident (SA) evaluation, the importance of a parameter is determined by its 
influence on radioactivity released to the environment, the so-called source term. Beyond the 
released mass of a radioisotope, prediction of its chemico-physical forms is important. Light-
water-cooled reactors (LWRs) contain large quantities of boron. In SAs, boron will be present in 
the primary system before, during and after fission products (FPs) are released from the core. This 
paper discusses the role boron would play during a SA and appropriate means and pitfalls of 
including it in a SA experiment. The quantity of boron to which the degrading core is directly 
exposed during a SA depends on the reactor type, its operating history and the SA scenario but 
can be estimated at somewhere between a few tens of kilogrammes and several tonnes. The impact 
of boron centres mainly on volatile-FP speciation changes altering the quantities and physico-
chemical forms of these key elements that reach the containment; there are perhaps also important 
consequences for longer-term accident management if the water in the containment is appreciably 
borated. In the present state of knowledge, the full impact of boric acid during a LWR SA is 
somewhat uncertain and it is of most interest to study this in representative accident conditions 
maximizing the potential of boron to influence speciation of key FPs. This would be for a large-
break scenario simulating core uncovery and initial core damage where boric acid is present in 
the steam in contact with the fuel in concentrations up to 1000ppm (boron by mass). This was 
finally studied in the Phébus FP programme in the test FPT2 carried out in October 2000; the 
Phébus FPT3 test conducted in 2004 is also relevant as it contained a boron-carbide-filled control 
rod in the fuel bundle. Data from these tests is not yet published and their interpretation continues 
but results tend to confirm the importance of the role of boron. 


                                                           
1 Current affiliation: National Physical Laboratory, Teddington, UK 
2 Now retired 
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I. INTRODUCTION 
 
The critical impact of chemistry on the source terms of 


severe accidents (SAs) affecting water-cooled reactors 
began to be understood essentially in the 1980s, i.e., in the 
wake of the TMI-2 accident. Work was produced that high-
lighted the chemistry of key radionuclides1,2,3,4,5 where the 
specific impact of boron was also being identified6,7. This 
latter perception was based on the presence of boron in all 
light-water reactors (LWRs) and its potential to affect the 
chemical speciation, and hence transport, of fission 
products (FPs) that contribute greatly to radiological risk. 
In particular, in SAs caesium iodide is a compound 
combining two of the most radiologically-important FPs 
which is usually expected to become a major species during 
transport of these FPs to the containment. However, as will 
be described here, boron can have a significant impact on 
the volatility of these two FPs (and, hence, their and 
retention and potential contribution to the source term) by 
provoking formation of independent iodine and caesium 
species of different volatility. 


SA experimental programmes aim to produce valuable 
data as well as promote development and validation of 
predictive calculational tools. The Phébus FP programme8,9 
carried out integral in-pile experiments with the particular 
objective of checking that calculational codes do not omit 
important phenomena. The experimental procedure was to 
heat an irradiated fuel-rod assembly up to fuel melting and 
transport the vapours and aerosols produced through an 
apparatus simulating reactor features. 


 The work summarized in this paper was originally 
undertaken with the objective of identifying test conditions 
for one of the Phébus FP experiments given that certain 
participants had stressed the need to include boric acid in at 
least one of these tests10. It should be understood that, at 
that time, while the critical importance of chemistry was 
accepted by most SA specialists, the importance of 
observing the influence of boron in an in-pile test was not 
universally accepted either by the SA community in general 
or by decision makers in particular. Neither had its 
influence been notable in the in-pile LOFT-LP-FP-2 test 
(Section IV.A provides details). Hence, the objectives of 
the work on which this article is based can be summarized 
as finding answers to the following questions: 
1. based on analysis of LWR SAs and existing experimental 


data, is the impact of boric acid expected to be important 
enough for study in an in-pile experiment? 


2. can feasible and representative means of adding boron to 
an experiment be found? 


3. what measurement methods are available to look at the 
impact of the boron? 


Subsequently boron species were included in both the 
Phébus FPT2 (as boric acid) and FPT3 (as boron carbide) 
experiments in a context where, still today, very few in-pile 
or out-of-pile experiments using representative FP sources 


have investigated the consequences of this11. While the 
experimental phase of the Phébus FP programme has been 
completed, data from the FPT2 and FPT3 experiments 
remain largely unpublished and their interpretation is 
advanced but not yet finalized – see Section VII below. 


 
II. BORON IN REACTORS 


 
LWRs use boron in large quantities and in a variety of 


forms to act as a neutron absorber. Generic to all 
pressurized water reactors (PWRs) is the presence of a 
varying amount of boric acid dissolved in the primary 
coolant; this is used to control or compensate for slow 
changes in core reactivity due to, for example, production 
of fission-product xenon, a neutron poison. The precise 
concentration depends mainly on the reactor type, the burn-
up of the fuel and power output changes. It has been 
estimated that, on average, primary coolant contains about 
120 kg of boron12. The primary coolant of a 900 MWe 
Framatome PWR comprises between virtually zero and 
4000 ppm boron by mass13, the higher concentration being 
used during reactor shutdown. At the start of a fuel cycle a 
concentration of 1500 ppm is typical entailing the presence 
of 400 kg of boron in the primary coolant of this reactor. 


Boiling water reactors (BWRs) and some later-
generation PWRs use stainless-steel-clad boron-carbide 
control rods. In a SA these would rupture allowing the 
boron carbide to react with the steam producing volatile 
forms of boron14. The mass of boron carbide in a BWR 
varies significantly: values of 1 tonne and 1.8 tonne have 
been cited15,16. 


During a PWR accident, the boron concentration in the 
primary coolant could be increased by a number of means 
depending on the reactor emergency systems and operator 
actions. An emergency core-cooling system, for example, 
typically contains a solution of 2000 ppm boron. The 
availability of emergency cooling depends on the 
circumstances of the accident but it has been estimated that 
nearly 7000 kg of boron could enter the reactor pressure 
vessel (RPV) due to various emergency procedures (e.g., 
use of chemical- and volume-control liquid, emergency 
core cooling, accumulators and refuelling storage pond)12. 
On the other hand, to arrive at an illustrative lower bound 
on the boron present in the RPV during core degradation, 
all sources of emergency cooling must be ignored and only 
the boron in the volume of coolant at the beginning of core 
uncovery can be considered. Taking again the example of a 
900 MWe PWR, if a typical boron concentration in the 
coolant of 1000ppm is assumed, then there would be 46 kg 
of boron present in the coolant covering the core. 


It is noted that boric acid is not the only PWR coolant 
additive: in particular, the use of boric acid provokes a 
drop in pH, relatively minor at low concentrations but quite 
significant at high concentrations. This is countered by the 
addition of lithium hydroxide (7LiOH). The effect of 
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lithium hydroxide on the volatility of boric acid in the 
coolant is discussed below. 


From the above considerations it is clear that the 
quantity of boron reaching the core during a SA depends on 
the type of reactor, its operation history and the accident 
scenario. The boron mass in close contact with a degrading 
PWR core would be somewhere between a few tens of 
kilogrammes and several tonnes. 


 
III. BORIC ACID RELEASE DURING AN 


ACCIDENT 
 


III.A. Boron Transfer and Form 
 


Few experimental data are available on processes 
during a SA whereby boron could be transferred to the gas-
phase or, moreover, how much would coincide with release 
of volatile FPs. In a PWR accident, the following 
mechanisms can be identified as producing gas-phase boric 
acid, meaning either vapour or aerosol, the last of them 
relevant only to recently-built PWRs (and BWRs): 
a) flashing of the primary coolant in the early stages of the 


accident with formation of boric acid aerosol; 
b) extensive core overheating causing evaporation of the 


primary coolant, volatilization of boric acid and 
deposition of boric acid and boric oxide in dried-out 
regions of the core;  


c) injection of the borated emergency core-cooling water 
into the degrading core resulting in flash boiling and 
formation of boric acid aerosols; 


d) coolant vaporization by flashing when the core slumps 
into the lower plenum; 


e) reaction of steam with boron carbide control rods to 
generate boric acid. 


Concerning point (b), we note that boric acid crystals 
were found in fuel-bundle sampling lines of the LOFT-LP-
FP-1 test17. 


During vigorous coolant boiling and level swelling in 
the core or coolant flashing, transfer of boron to the gas-
phase would not only occur through evaporation of boric 
acid but be increased mechanically by bursting bubbles 
creating droplets that become entrained in the evaporated 
coolant. Boric acid evaporation would be little reduced by 
the presence of the other main PWR coolant additive, 
lithium hydroxide. While it has been shown that boric acid 
volatility is significantly reduced when the lithium molar 
concentration is of the same order as that of the boron18, 
i.e., when the solution is fairly alkaline, during normal 
reactor operation the lithium concentration is low, between 
0.21 and 2.2 ppm Li13. Furthermore, this concentration 
would be reduced to negligible levels in accidents where 
emergency cooling operates. Thus, during an accident, a 
situation of comparable lithium and boron concentrations is 
unusual except possibly towards the very end of a fuel 
cycle or in the final stages of a pool drying out (the higher 


volatility of boric acid causing its aqueous-phase 
concentration to tend towards that of the lithium 
hydroxide). Finally, any effect of lithium hydroxide on 
boron transfer during vigorous boiling is mitigated by the 
mechanical production of droplets: this mechanism would 
not be sensitive to the dilute solute. 


Reactions (see Section IV.B) or deposition on 
structures within the primary system could modulate boron 
availability in the gas-phase: immediate availability is, of 
course, decreased but as the accident progresses it can be 
increased by hotter conditions evaporating these deposits. 
The form of the deposited boron in the primary system 
would generally be boric oxide, B2O3, in varying states of 
hydration. A phase diagram of the B2O3-H2O system is 
shown in Figure 1. Despite the retention due to deposition 
or reaction, it is worth noting that the above mechanisms 
indicate that a lot of boron is transferred to the 
containment; indeed, for a PWR the whole leak path is 
borated before FPs are released. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Fig. 1. Phase diagram for the system H2O-B2O3 (ref. 18) 
 
The form of the boron in the gas-phase is highly 


temperature dependent: in the conditions of a degrading 
core in the presence of steam (which significantly enhances 
boric acid volatility) the predominant vapour species would 
be metaboric acid, HBO2, possibly with boric oxide in the 
hottest regions. This latter species is fairly refractory and 
would tend to remain condensed or to condense on surfaces 
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and/or existing aerosols. It is likely that the effective gas-
phase concentration of boron would be increased by the 
presence of aerosols of condensed forms of these species, 
mainly hydrated boric oxide, originating from droplets of 
coolant. In fully steam-starved conditions, borane gas, e.g. 
diborane, B2H6, may form; this was seen in experiments 
with reduced steam injection into a fuel rod assembly 
containing boron carbide control rods19. All of these forms 
would, if unreacted, rehydrolyze in cooler regions 
downstream of the core. 
 


III.B. Boron Vapour-phase Concentration 
 
Section III.A indicated several of ways in which boron 


can be transferred to the gas-phase in a PWR. To ease 
consideration of the quantity of gas-phase boron produced, 
a simplified accident can be thought of as happening in two 
stages: (i) the core uncovers and initial core damage 
occurs; (ii) the core is fully uncovered and degradation 
progresses. The nature of the coolant boiling is different 
during the two stages: it is vigorous during uncovery with, 
as noted above, bursting bubbles producing droplets; with 
the core uncovered, the coolant exists as a relatively 
quiescent pool evaporating more slowly (at least until core 
material begins falling into the pool). This difference would 
be more marked in a low-pressure accident than in a high 
pressure one. The first stage of our simplified accident 
produces higher concentrations of suspended boron due to 
the droplets entrained in the evaporated coolant. 


Helpful experimental data on boric acid production 
rates exist for the simplified two-stage accident. The 
VEERA and REWET II experiments20,21,22,23 boiled boric 
acid solutions in a fuel-assembly geometry where the rods 
were electrically heated; adding boric acid solution at 
2000 ppm boron maintained the collapsed liquid level. The 
main objective was not to look at volatilized boron but to 
study mixing in the core and lower plenum of a VVER-440 
reactor. Nevertheless, an analysis24 of the limited results 
published on these tests showed that, by comparing rod 
heating rates, the results of test 3 of the REWET II 
programme can be likened to the early, vigorous boiling 
phase of a reactor accident. Deriving a boric acid liquid- to 
vapour-phase partition coefficient of 0.15 from this test and 
applying it to a 900 MWe PWR accident24, a release during 
core uncovery within the RPV of 20 to 30 kg of boron to 
the vapour phase is found if the initial solution contains 
2000 ppm boron (i.e., operation of emergency injection 
was implicitly assumed though such accidents might not be 
regarded as risk-dominant). In terms of vapour-phase 
concentration, this corresponds to about 1000 ppm boron 
by mass given the 24 tonnes of coolant evaporated. 


Clearly, one test result is insufficient but full data on 
VEERA and REWET II have not been published. 
Confirmation of the findings of test 3 of REWET II was 
sought in small-scale tests commissioned by the UK Health 


and Safety Executive, IRSN (CEA/IPSN at that time) and 
JRC. These studied the release of boric acid from a solution 
in a Zircaloy tube as a function of temperature with tube 
heating rates representative of the reactor case25. The 
results indicated a high release consistent with test 3 of 
REWET II: for solutions of 2000 ppm boron, a vapour-
phase concentration of 300 to 400 ppm occurred. These 
results, as must be noted for those of the VEERA and 
REWET II experiments, are only indicative of the reactor 
case: even if values of reactor parameters such as 
concentrations and heating rates have been reproduced, 
others such as core geometry have not (though VEERA and 
REWET II come closer in this respect). 


For the pool-evaporation stage of the simplified 
accident scenario described above, extending consideration 
of the 900 MWe PWR already cited24, 22 tonnes of 
3000 ppm boron solution would remain beneath the core. 
For this situation, results of small-scale experiments 
indicate that evaporation of a pool of boric-acid solution 
leads to a constant vapour-phase concentration that 
depends on the aqueous-phase concentration26. Using the 
boric-acid liquid- to vapour-phase partition coefficient of 
0.0036 seen in these tests, the boron vapour-phase 
concentration due to pool evaporation for the simplified 
scenario is found to be 11 ppm. This concentration would 
increase as the pool became more concentrated and 
increase notably during steam spike(s) produced by hot 
core material collapsing into the pool. 


Apart from the above experiments, calculation of 
boron transport is possible but the definition of the source 
relies on experimental data. A development27 of the 
CATHARE 2 thermal hydraulics code28 to model vapour-
phase transport of boric acid with a user-supplied liquid- to 
vapour-phase partition coefficient. Taking options 
favouring boric acid evolution in a calculation of a PWR 
loss-of-coolant accident recovered by accumulator 
discharge, vapour-phase boron concentrations were, 
unsurprisingly, consistent with liquid-phase concentrations, 
i.e. 1000-2000 ppm. This code has also been used to 
analyse the small-scale tests25 and test 3 of REWET II to 
improve understanding of the transfer processes during 
boiling29. This work highlighted the difficulty of modelling 
mixing in a boiling flow: having incorporated a model of 
liquid-phase turbulent diffusion in a two-phase flow, the 
calculations best reproduced test results when the model 
was run with an abnormally large diffusion coefficient. This 
may be a reason to be cautious regarding the 
representativity of such small-scale tests. 
 


III.C. Boron in Relation to Fission-Product Release 
 


Having examined boron release, it is interesting to 
look at its availability in relation to FPs susceptible to react 
with it (Section IV.A, below). A number of the mechanisms 
cited in Section III.A occur before any FP release. They 
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may still, however, have consequences for FPs as boron 
species deposited or reacted along the leak path could lead 
to changes in behaviour of depositing and deposited FPs. 


Concerning FP release, some sequence calculations30,31 
were reviewed looking at release of key volatile FPs 
(caesium, iodine and tellurium) before and after core 
uncovery. This is clearly highly sequence dependent, but it 
is seen that during core uncovery, anything from about 3% 
to 50% of the volatile FPs are calculated to be released; the 
remaining fractions are released after core uncovery. In the 
case of caesium, with an inventory at the end of a three-
batch fuel cycle of a 900 MWe PWR equal to around 
160 kg, there is a release of 5-80 kg (35-590 moles) in the 
early phase; this is to be compared with the >20 kg of 
boron (>1850 moles) released in the core uncovery phase 
of our simplified accident. The relative boron concentration 
would, in general, be high in the core-uncovery phase when 
up to half the volatiles could be released. Once the core is 
uncovered, with probably the main part of the volatiles still 
to be released, the relative vapour-phase concentration of 
boron would, in general, be much lower. 


Having established an idea of relative concentrations, 
it is important to look at the form of the boron coming into 
contact with FPs. As stated in Section III.A, in the presence 
of steam the vapour-phase boron will be predominantly 
metaboric acid. However, most PWR accident-sequence 
calculations show a significant period of steam starvation 
during which large fractions of the volatile FPs are 
released: in the sequence calculations cited, this is seen to 
some extent30 or clearly seen in all of them31; furthermore, 
a specific analysis of a large-break accident sequence 
showed a period of 30 minutes in which the upper part of 
the reactor core experiences a nearly pure or pure hydrogen 
atmosphere32. In such conditions of very high hydrogen 
partial pressure, some gaseous borane could form though it 
would rehydrolyze downstream of the core. 
 


III.D. Summary for Boric Acid Release 
 


Before FPs are released, large quantities of borated 
steam and water will be ejected into the containment and it 
is likely that significant deposits of boric acid or borated 
species will form in the primary system. During FP release, 
a simplified, two-stage accident has allowed vapour-phase 
boron concentrations within the RPV to be estimated. 
Within its limits, this gives a picture during core uncovery 
of vapour-phase boron at high concentration, around 
1000 ppm, coinciding with release of up to half the 
inventory of volatile FPs; once the core is uncovered boron 
concentration is generally much lower but increased by 
sporadic, high concentration bursts due to core material 
falling into the remaining pool of coolant and possibly by 
evaporation of crystallized boric acid in outer regions of 
the core. The dominant forms of the boron making initial 
contact with FPs in the gas-phase will be metaboric acid; 


very high temperatures would favour boric oxide that 
would tend to condense on aerosols and surfaces. 


 
IV. THE EFFECT OF BORIC ACID 


 
IV.A. Reactions with Fission Products 


 
In SA conditions, boric acid will react extensively with 


many species present in the reactor coolant system 
including those of FPs. Out-of-pile experiments in steam-
rich conditions in the Falcon programme demonstrated the 
following vapour-phase reactions of boric acid with the 
critical FP species caesium iodide and caesium hydroxide 
producing caesium metaborate33,34: 


 


  HBO2(g) + CsI(g) ⇔ CsBO2(c/g) + HI(g) 
 


  HBO2(g)+CsOH(g) ⇔ CsBO2(c/g)+H2O(g)  
 


Boric acid has also been included in in-pile 
experiments, namely the two FP tests of the programme 
LOFT. Their objective was to simulate a containment 
bypass accident, using a model low-pressure injection 
system (LPIS) line, and recovery by reflooding the core. 
The first test17, LP-FP-1, experienced problems resulting in 
loss of samples; the second35, LP-FP-2, was successful. 
Boron was present both in the primary coolant at 500 ppm 
before blow-down initiation and in the reflood water; fuel 
temperatures exceeded 1830°C; gas-phase temperatures 
attained 700°C in the upper plenum but averaged 270°C 
entering the LPIS. The opportunity should have existed for 
boric acid to react with a FP species such as caesium 
hydroxide. There was no chemical analysis of speciation in 
the test; elemental analyses found boron and FPs on 
deposition coupons within the RPV. However, for the 
interpretation of LP-FP-2, it was argued36 that the best 
explanation of the experimental results is obtained by 
attributing the dominant caesium and iodine species to be 
caesium hydroxide and silver iodide. 


For boron reactions in highly steam-starved conditions, 
where borane could form and caesium hydroxide might not, 
there are no experimental data. There is evidence that 
steam starvation occurred during LOFT-LP-FP-2 but its 
impact on the speciation is unknown. 


Turning to computer-code studies of reactions with 
FPs, we mention firstly analyses with a range of codes for 
the small-scale out-of-pile Falcon programme cited above. 
Multi-code analyses of two tests from Falcon show that 
codes accounting for boron species in their thermochemical 
databases better-predicted caesium deposition profiles37. A 
similar conclusion was reached in the comparison for 
International Standard Problem 3438 as well as in an 
extensive analysis of four Falcon tests39. 


Other calculations based on chemical equilibrium 
support the change in FP speciation due to boron described 
in the above equations. Using the GEMINI 1 pure-
substance thermodynamic code40 to examine steam-rich 
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accident conditions, it was shown41 the almost complete 
conversion of caesium species to caesium borate when 
boric acid is present at high temperatures. A different 
analysis using, this time, the SOLGASMIX-PV code for 
the conditions of the TMI-2 accident showed caesium 
borate as the dominant caesium species (as a vapour above 
about 1200 K) and iodine as hydrogen iodide at high 
temperature and caesium iodide at lower temperature7. We 
note that, unlike the GEMINI calculations, this latter study 
took no account of the presence of control-rod metals. 


The VICTORIA code, which models transport as well 
as equilibrium chemistry42, has been used to investigate the 
impact of boric acid at PWR plant-scale43. The speciation 
changes described above are also found in these 
calculations. The effect of boric acid on caesium iodide 
behaviour is seen to be scenario dependent with significant 
reaction only predicted above 1000°C. It was seen that 
reaction between caesium hydroxide and boric acid 
occurred under all realistic conditions. Calculations 
including boric acid and control-rod materials show 
caesium borate to be the main caesium species leaving the 
RPV while iodine is in the form mainly of caesium, silver 
and cadmium iodides. 


Trends similar to these VICTORIA results43 are seen in 
a study of speciation and transport in a BWR accident16. 
This study, based in part on the chemical equilibrium code 
CELSOL, shows a substantial presence of caesium borate 
aerosol; PWR control rod metals being absent, caesium 
iodide was the dominant iodine species. 


At the time of this work, complete sequence 
calculations including boron were not available so further 
consideration of the consequences of caesium metaborate 
formation was speculative but useful. Firstly, for caesium, 
relative to caesium hydroxide, it is known that caesium 
metaborate is unreactive and far less volatile; a comparison 
of saturated vapour pressures for these two species is 
shown in Figure 2. The vapour-phase reaction at the high 
temperatures in the RPV could rapidly produce 
supersaturated caesium borate vapour condensing on 
existing aerosols such as silver. In any case, the borate 
condenses at much hotter temperatures than the hydroxide 
and caesium would tend to leave the RPV as condensed 
borate rather than hydroxide and iodide vapours. This is 
seen to some extent in the VICTORIA results43. In the 
cooler temperatures of the primary system, for sequences 
other than hot-leg breaks, retention is significantly lower 
for aerosols than for vapours (vapour condensation on cold 
surfaces being an efficient retention mechanism): borate 
could promote caesium transport to the containment. 
Another change is that delayed sources to the containment 
from revaporization and/or resuspension would be affected 
by the change in the profile and chemical form of deposits 
in the circuit, e.g., caesium would be less readily 
revaporized from a caesium borate (or polyborate) deposit 
than from one of caesium iodide or hydroxide4. On the 


other hand, in the containment, while the quantity of 
caesium may be speciation dependent, a switch from a 
major caesium species present in aerosols being the borate 
rather than the iodide would have little influence on 
evolution of the source term: these two species have 
comparable hygroscopicities and are highly soluble in 
water. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Fig. 2. Comparison of saturated vapour pressures for 


caesium borate and caesium hydroxide (based on Gibbs free 
energy changes40). 


 
Concerning iodine, if the caesium iodide reaction with 


boric acid occurs in the RPV to any extent, then either 
more hydrogen iodide will be released to the containment 
or, if reaction kinetics are fast enough, more iodine as 
silver, cadmium and indium iodide will be produced by 
reaction of these control rod metals with the hydrogen 
iodide. In this latter case, in the containment, only the shift 
towards silver iodide is of real consequence since, being 
virtually insoluble, it will not liberate iodide ions for 
radiolytic reactions to produce gaseous forms of iodine 
(though radiolysis in specific conditions can decompose 
silver iodide to some extent44). 
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IV.B. Reactions with Other materials 
 
Boric acid will react with reactor fuel and structures, 


its interactions with a number of metal oxides being fairly 
well-established15,19,45,46,47. Interactions with oxidized 
Zircaloy cladding and the iron and nickel contained in 
steels and Inconels are probable. The consequences of 
these reactions for FP transport are uncertain though FPs 
depositing in the circuit may well react with the boron 
species with which they come into contact. It may be 
important to produce these reactions in any experiment 
aiming to be representative. 


For the practical concerns of SA tests, some of the 
work cited above45,46 is significant: these experiments at 
Oak Ridge National Laboratory (ORNL) using 1 kg and 
10 kg simulant-fuel assemblies show a strong reaction of 
boric acid with manufactured porous zirconia and oxidized 
Zircaloy at temperatures over 1600°C. In SA experiments, 
the thermal liner around a test fuel assembly is often made 
of porous zirconia (e.g., LOFT and Phébus FP), it attains 
very high temperatures, and if boric acid is present the 
implication is that it will react. The thermomechanical 
integrity of the thermal liner is important to the safe 
performance of an experiment. The ORNL researchers 
think that the reaction forming a Zr-B-O mixture might 
start at 1400°C but the silica stabilizer present in their 
zirconia may well have played a role. The nature of the 
mixture formed is not known (the ORNL experiments were 
not intended to study this) but it has been described as a 
very-highly-refractory solid solution. The ORNL 
experiments, due mainly to their limited post-test analysis, 
do not allow conclusions to be drawn about the effect of 
boric acid on the thermomechanical properties of a given 
thermal liner or indeed to what extent boric acid would 
react with it or oxidized cladding. It is notable that LOFT-
LP-FP-1 and 2 used a porous zirconia material for the 
thermal liner, but chemical changes were not looked for 
after the test. Given the dearth of data on the Zr-B-O 
system it is clear that thermochemical calculations are not 
possible. Only examination under test conditions can 
resolve whether or not this interaction is of consequence 
for an experiment. 


Boron interaction with oxidized Zircaloy at moderate 
temperature was found in AEA experiments25. The Zircaloy 
tube in these tests reached a maximum temperature of 
1100°C and post-test analysis detected a glassy ZrO2/B2O3 
mixture on its surface. The formation of this substance 
possibly required the presence of air, a contaminant in 
these tests. The experimenters suggested that ZrO2 could 
dissolve in a B2O3 layer. 


Work by Foëx48 found zirconia to be slightly soluble, 
1.6% by weight, in molten boric oxide at 1200°C. In this 
same work other materials of interest as thermal liners were 
also investigated: thoria, and the zirconia stabilizers yttria 
and silica (the latter used, e.g., in the ORNL liner). Thoria 


was found to be less soluble than zirconia in boric oxide at 
1200°C, 0.6% by weight. It was noted that the zirconia and 
thoria dissolutions took several hours perhaps not reaching 
equilibrium. Citing work by Guertler, Foëx states that yttria 
would be practically insoluble in boric oxide below 
1400°C. Silica was found to be very soluble, 25% by 
weight at 1200°C. The solubilities can be expected to 
increase with temperature but for thoria the ThO2-B2O3 
phase diagram shows eutectic formation at 1483°C for 
mixtures containing 20% B2O3. This, and the La2O3-B2O3 
phase diagram, implies that it is probable that mixed boron-
yttria phases exist as well. 


Mitigating factors regarding boron interactions with 
oxidized cladding and thermal liner materials need to be 
noted. Significant eutectic formation requires sufficient 
quantities of each component to be present and this is 
unlikely to be the case for most liners, the masses of these 
components being far greater than that of the added boron. 
The same observation is valid for chemical reactions. This 
implies that the integrity of a liner could only be 
jeopardized by the occurrence of a highly localized 
reaction, something which might result from a poorly 
designed injection method. Secondly, the kinetics of the 
interactions may be slow; certainly the kinetics of the 
dissolution interactions at moderate temperatures are slow 
on the above-cited evidence. A SA test lasting several hours 
would not subject its thermal liner continuously to 
temperatures at which interactions would be significant. 
Indeed, when the thermal liner is hot, by design it would 
not be hot from the inside right through to the outside. 


Another material of interest in SA tests is rhenium in 
tungsten-rhenium thermocouples used to measure 
particularly-high temperatures such as occurring in a fuel 
assembly. Possible boron reactions with rhenium are 
difficult to identify: there are no experimental data and 
thermodynamic calculations cannot be performed because 
codes with large thermodynamic data bases (e.g., GEMINI) 
do not contain data for mixed Re-B compounds. Thus 
investigation of reactions with thermocouples would 
require experiments. It should be noted that the presence of 
boron may make little practical difference since hot steam 
is already highly corrosive where, in particular, rhenium 
oxidizes in hot steam where it has a number of oxidation 
states, Re2O7 being quite volatile. 


 
IV.B. Conclusions for the Effect of Boric Acid 
 
Speciation of volatile fission products could be 


significantly changed by the presence of boron and this 
could modify the magnitude and nature of the release of the 
radiologically-important FPs iodine and caesium. In the 
present state of knowledge, introduction of boric acid in an 
integral, high temperature test with a realistic source of FPs 
is potentially of great value. 
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Given the discussion in the previous chapter, 
introduction in a test that is neither high pressure nor 
performed under reducing conditions would represent the 
optimal accident conditions in which to test the effect of 
boric acid. Adding boric acid to a test in which steam-
starved conditions are produced, while representative 
according to reactor calculations, would probably allow 
boron less opportunity to alter the outcome of the test. 
Furthermore, interpretation of such a test might be difficult 
since chemical speciation, once steam is scarce, is known 
to be very sensitive to slight changes in steam 
concentration; in the total absence of steam, the situation 
would be unequivocal though analysts have less experience 
of working in this area. 


 
V. INJECTION AND METHODS OF INJECTION 
 
A method introducing boric acid into a SA test should 


reproduce reactor phenomena by, in particular, allowing 
boric acid to come into contact with FPs at high 
temperatures and, ideally, by producing surface deposits 
along the circuit prior to FP release. 


 
V.A. Options for Including Boron 
 
 The following methods can be envisaged for 


introducing boric acid into an integral experiment: 
(i) pre-coat the interior surface of the primary circuit 


section of the apparatus (simulating downstream 
plateout of boric acid following evaporation of the 
coolant in the core); 


(ii)  inject a well-defined aerosol upstream of the fuel 
(simulating boric acid production as the core slumps 
into the lower plenum); 


(iii)  evaporate an aqueous solution of boric acid 
(simulating coolant boil-off); 


(iv) incorporation of zirconium boride cartridges within 
the fuel assembly; 


(v) injection of borane gas upstream of the fuel; 
(vi) add boric acid solution directly to lines supplying 


water/steam upstream of the fuel; 
(vii)  inject boric acid solution downstream of the fuel. 


Some of these methods can be eliminated as 
impractical. The first option is deficient because deposited 
boric acid would probably revaporize in the presence of 
steam during the pre-transient period (steam enhances 
boron volatility)49. The second method, though 
representative, is thought difficult to achieve in practice. 
For a representative source the third method requires 
presence of the solution during fuel degradation so that 
vigorous boiling would occur: this is ruled out on safety 
grounds. On the other hand, if the solution were evaporated 
prior to FP release, the boron source would not be 
characteristic of the early degradation phase and a situation 
similar to the idea behind proposal (i) would result. 


The proposal of incorporating zirconium boride 
cartridges in the fuel assembly is based on provoking 
hydrolysis reactions with the hot steam leading to a 
representative source of boric acid in situ26. Moreover, 
zirconium-boride hydrolysis occurs at a constant rate at 
high temperatures leading to a constant rate of production 
of boric acid. However, though the quantity of zirconium 
boride involved is small, this method could require 
development: e.g., the effect of the cartridges on fuel-rod 
behaviour is not known. 


Injecting borane gas upstream of the fuel is attractive 
from the points of view of representativity and 
controllability. Borane may be the form of boron during 
extreme steam starvation; it reacts readily with steam to 
produce boric acid. It is however a highly reactive gas in 
general and thus presents safety complications though the 
quantity involved would be small. The by-product of the 
borane-steam reaction is hydrogen: this supplementary 
hydrogen is likely to be rather insignificant compared with 
hydrogen produced by cladding reducing steam during an 
experiment. 


The option of adding boric acid directly to steam 
injected upstream of the fuel, a refinement of the third 
option, could satisfy all requirements especially that of 
representativity. Perhaps the least problematic of the 
methods, it may pose a clogging difficulty caused by 
crystallization of boric acid or deposition of boric acid 
aerosol in the injection line. This could only be resolved by 
performing a realistic, technological experiment where 
reproduction of the geometry, temperature profiles, and 
injection duration and concentration would be essential. 


The last method, by being located downstream, avoids 
interactions between boric acid and the thermal liner 
around the fuel (should this be a problem); by the same 
token, this makes it less representative. The problems of 
injection just downstream of the fuel are similar to those 
upstream or perhaps more acute since the mouth of the line 
is likely to be at a much higher and varying temperature. 
Introduction further downstream, i.e., in a cooler location, 
presents no particular technical problems. By minimizing 
interactions with structures, downstream locations do have 
the advantage that the quantity of boron available for 
reactions with FPs would be known. 


 
V.B. Injection Location 
 
It is clear, given the high temperature criterion for 


introduction, that boric acid should be introduced within 
the fuel assembly. Introduction further downstream, i.e., in 
a cooler region, would be of less interest given the 
unrepresentativeness and reduced likelihood of affecting 
iodine speciation. Where introduction in the fuel assembly 
in an integral apparatus offers enormous scope to produce a 
variety of phenomena, low-temperature interactions would 
be better explored in separate-effects tests. 
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A few of the methods in Section V.A, not previously 
eliminated on the grounds of practicability, would satisfy 
the requirement of introduction within the fuel assembly: 
boric acid in steam fed to the fuel; zirconium-boride 
cartridge(s) within the fuel assembly; and borane gas 
injection. The option of injecting just downstream of the 
fuel is less representative but would still allow contact with 
FP species at high temperature; this is of interest if boric 
acid contact with a thermal liner needs to be avoided. 


 
V.C. Injection Concentration 
 
It has been seen in Section III that around 1000 ppm 


boron (aerosol and vapour) is indicative of the situation in 
the RPV atmosphere during initial core damage. This said, 
given the discussion in Section III.C and the reactions 
described in Section IV.A, another representativity 
condition is that an adequate molar excess of boron is 
present with respect to the caesium in the fuel since this is, 
in general, the case in a reactor. We have seen in Section II 
that in a common PWR there are 46 kg of boron (or nearly 
4200 moles) in contact with the core at the beginning of 
uncovery if just the coolant inventory with a typical boron 
concentration is considered: stochiometrically, this alone is 
sufficient for reaction with more than three times the 
maximum amount of caesium in the core, viz. 160 kg (or 
1200 moles). This criterion may lead to adjustment of the 
concentration in any test aiming to be representative in 
terms of adequate boron excess, maybe justifying less than 
1000 ppm boron. 


 
V.D. Conclusions for Injection 
 
Given the previous considerations: 


(i) the most representative method of introducing boric 
acid in a SA experiment would be by injecting boric 
acid solution upstream of the fuel producing a 
concentration of about 1000 ppm boron in the flow; 


(ii)  it would be essential to perform two technological 
experiments: one to test the injection method itself and 
another to test boric-acid reactions with the thermal 
liner under test conditions checking for changes in 
thermo-mechanical properties; 


(iii)  should the injection method prove difficult, either the 
idea of including zirconium-boride cartridges or adding 
borane gas should provide a satisfactory method of 
introducing boric acid into the fuel assembly; 


(iv) should interaction with the thermal liner prove to be a 
problem, or reaction with fuel assembly thermocouples 
be consequential, injection just downstream of the fuel 
should be explored; 


(v) boric-acid addition should start well before FP release 
to establish a representative presence of boron in the 
apparatus. 
 


VI. BORON MEASUREMENT METHODS 
 


Boron measurements do not pose any special problems 
and standard techniques may be used to determine 
elemental-boron deposition, chemical speciation, particle 
characterization, etc. In fact, boron deposition profiles and 
speciation were routinely measured in some experiments26. 
However, as described in the next subsections, most 
measurement techniques are post-test (an observation valid 
for almost all non-gamma emitting elements in SA tests). 
The only boron particularity is that boron is difficult to 
detect with X-ray diffraction due to its low atomic number. 


 
VI.A. On-line Measurements 


 
Boron measurements do not pose any special problems 


and standard techniques can determine elemental-boron 
deposition, chemical speciation, particle characterization, 
etc. In fact, boron deposition profiles and speciation were 
routinely measured in some experiments26. However, as 
described below, most measurement techniques are post-
test (an observation valid for almost all non-gamma 
emitting elements in SA tests). The only boron particularity 
is that boron is difficult to detect with X-ray diffraction due 
to its low atomic number. 


A quasi-real-time measurement technique was 
developed and used to determine boron concentration in 
aqueous solution with high sensitivity25. Comparison of 
measurements using this method with post-test inductively-
coupled-plasma optical-emission spectroscopy (ICPOES) 
gave impressively-good agreement. The method is based on 
a flow injection analyser and is referred to as quasi-real-
time because it requires about one minute to manually 
dilute the sample solution (maximum boron concentration 
is 100 ppm) and obtain the colorimeter reading. This 
technique could be used to analyze condensates generated 
during a SA test. Development for automation would be 
required if it were to be used on-line but the advantages of 
an on-line measurement may be hard to justify in terms of 
purely interpretation needs: if regular samples are taken 
and analysed post-test the information obtained would be 
the same (or better if more detailed chemical analyses were 
performed). There may be an interest in monitoring boron 
penetration through to the apparatus to check the 
functioning of the injection method. 


 
VI.B. Post-Test Measurement 


 
Various conventional post-test analysis (PTA) 


techniques can be used to measure boron species. The most 
important are outlined here: elemental boron concentration 
can be obtained from ICPOES as already mentioned; boron 
speciation with X-ray photoelectron spectroscopy (XPS) 
and X-ray diffraction (XRD); particle characterization with 
scanning electron microscopy (SEM) and electron probe 
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microanalysis (EPMA); depth-profiling data can be 
obtained with secondary-ion mass spectroscopy (SIMS). 


A properly-instrumented SA experiment uses numerous 
instruments to collect vapours, aerosols and solutions. 
Instrumentation used in the Phébus FP tests is a good 
example where, in the circuit, there are surface samples as 
well as filters, impactors, gas capsules and thermal gradient 
tubes (TGTs) sampling suspended material; in the 
containment, condensates are analyzed, and filters 
(including May-Pack filters for iodine speciation), 
impactors and gas capsules sample suspended material. In a 
test including boric acid, any or all of these samples could 
be chosen to measure elemental boron and boron species. 


PTA is often unsatisfactory in determining chemical 
speciation since there is uncertainty concerning the 
formation of the species found: did they exist when the 
samples were taken or did they form subsequently? TGTs 
could prove to be of particular importance in elucidating 
boron speciation given that they act to separate (if 
imperfectly) vapour species. Determining association of 
boron with caesium is crucial and XPS of selected TGT 
deposits should be envisaged as a minimum in addition to 
the usual gamma-spectrometry. This should certainly allow 
deposits of caesium borate aerosol to be distinguished from 
deposits of caesium vapour species. 


 
VI.C. Conclusions for Boron Measurements 


 
The possibility of using the on-line boron measurement 


technique in liquid samples is interesting. Boron 
concentration could be routinely measured in samples with 
detailed PTA analyses of surface deposits in TGTs (notably 
XPS) if these are used. 


 
VII. PRELIMINARY INDICATIONS FROM PHEBUS 


 
The impact of boron was studied in the Phébus FP 


programme in the test FPT250 carried out in October 2000. 
The test Phébus FPT3 conducted in 2004 is also relevant as 
it contained a boron-carbide-filled control rod in the fuel 
bundle51,52. Data from these two tests is not yet published 
and their interpretation continues but results tend to 
confirm the importance of the role of boron. In particular, 
the limited published information for FPT2 indicates that 
most of the caesium released from the fuel converts rapidly 
into caesium borates and then into cesium molybdates 
when the molybdenum release becomes significant50. In 
addition, FPT2 also demonstrated that a feasible method of 
introducing boric acid in an in-pile test as recommended 
here can be used and present no problems with respect to 
the physical integrity of the apparatus. 


 
 
 
 


VIII. CONCLUSIONS 
 


1. In a PWR SA, boric acid will be present throughout the 
system during release of volatile FPs and it can 
significantly affect the behaviour of key FPs in both the 
primary circuit and containment. 
2. Study of the effect of boron requires an integral SA test 
using a realistic FP source. 
3. Considerations of representativity and optimal impact 
of boric acid on FP transport indicate that the ideal 
experiment in which to study these effects is one in which 
the fuel experiences oxidizing conditions and a low-
pressure accident is simulated. Addition of boric acid in 
other conditions should not be excluded. 
4. In an experiment, boron should be present in the fuel 
assembly and the rest of the apparatus before, during and 
after FP release. The indicative boron concentration in the 
steam in contact with the fuel is 1000 ppm by mass; the 
minimum worthwhile quantity reaching the fuel should be 
well in excess of the molar inventory of the caesium it 
contains. 
5. Technological experiments to test the injection method 
and undesirable interactions with structural components are 
always advisable. 
6. Most of the work and associated recommendations 
summarized here have been born out by (limited) published 
results of the Phébus FPT2 experiment. 
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Abstract – Public acceptance of nuclear energy is strongly linked to the transparency of these 
activities and the continuous improvement of environment and public protection. On this purpose, 
regulations fix strong requirements. Their disparities are a challenge for designers expecting to 
sell their reactors worldwide. 


 
 


I. INTRODUCTION 
 
With the development of nuclear energy all over the 


world, the consideration of environment in the design of a 
nuclear power plant is becoming one central issue. This 
paper focuses on the scope of Pressurized Water Reactors 
(PWRs) as a major area of MHI design activities. 


 
The radioactive releases are limited through releases 


and dose limits set by the different regulators with different 
bases. 


Besides, the global ALARA principle that rules the 
approach for radiation protection activities gives a lot of 
space for interpretation and its implementation in 
regulations. 


 
The ALARA principle and the different regulations 


frames set to ensure its implementation in the design of 
PWRs are a good design basis for the protection of the 
public and environment. 


However, for public members, the complexity of 
regulations does not ease the understanding of design 
efforts made toward environment and public health. 


We consider that to perform analyses of releases that 
comply in a single paper with most of regulation frames 
would increase public acceptance of nuclear energy. 


 
MHI engineers are now considering these new 


challenges in the design of its latest PWRs and are now 
adjusting the estimation frame of the radioactive releases 
in normal operation. The objectives are to comply with 
most of regulation in a single estimation document and to 
fit with an ALARA approach that could globally be 
approved or approved with minor modifications.  


This paper summarizes the latest experience learnt 
related to the targets and models for radioactive releases 
estimation in normal operation. Targets are referring to 
objectives fixed or just considered by the designer in the 
analyses. They are different from regulation limits 


 
This is then illustrated in a simple case study that use 


the innovations made in the new model in order to 
highlight its benefits. 


 
 


II. TARGET FOR THE ESTIMATION OF 
RADIOACTIVE RELEASES IN NORMAL OPERATION 


 
II.A. Regulation position 
 
Due to various new regulators from nuclear energy 


emergent countries, there are new regulation approaches 
for protecting environment. Each of these regulations has a 
similar objective but different methods for limiting 
releases. The countries where the nuclear energy 
administrations include a nuclear safety authority have 
their specificities to regulate the control of radioactive 
effluents and in particular the frame for estimating these 
releases at the stage of the design of PWRs. These different 
approaches are a challenging issue for designers. 


 
This paper will focus on two general approaches that 


are embodied by the American regulation and the 
European one. 


 
Regarding American approach, the limits for the 


radioactive effluent released activities defined by the 
Nuclear Regulatory Commission (NRC) are based on 
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radiation levels ensuring public health.1 10CFR20, 
appendix B1 states that these concentrations limits are 
equivalents as a dose of 0.5 mSv that would be received by 
a member of the public continuously exposed to the 
releases (inhalation and ingestion). 


When compared to the releases of actual nuclear 
power plants2, these limits are not particularly challenging 
for the operators of a nuclear reactor. And the limits given 
as concentrations limits give flexibility to the operator for 
adjusting the dilution factor before the releases 


However these limits shall be met in every condition 
expected to occur during the plant life. For ensuring that 
all these conditions are considered in the estimation of 
radioactive releases at the design stage, the NRC 
recommends the use of PWR-GALE code described in 
NUREG-00173, which includes high conservatism for 
several parameters. 


 
Regarding European approach, tough detailed 


requirements related to the radioactive releases differ for 
each country legislating on nuclear energy; the regulations 
globally consider the best current practices. In Europe, the 
releases limits are generally lower than American ones. It 
is meant to reflect good practices of nuclear power plants 
and to challenge new plants in order that they show 
performances better than the previous generation. In 
France, the limits are given not as concentrations limits but 
as releases limits4. 


This general approach is confirmed in the European 
Utility Requirements (EUR) volume 2.15. The limits 
described in this volume are based on current best 
practices and achievable.  


 
Table 1 shows the differences of releases limits 


between EUR and NRC limits, modified as releases limits, 
using the dilution factors described in US-APWR Design 
Control Document (DCD), chapter 11, 12 900 GPM6 and 
the X/Q value described in DCD chapter 11, section 3, 
1.6E-05 s/m3.6 


The NRC limits are given for each nuclides and the 
total of each fraction concentration limits shall not exceed 
1. This was impacted in the modified NRC limits as 
explain in the table 1 footnote.  


 
The table 1 has to be used carefully. The modified 


NRC limits are set using a specific dilution factor and 
would be different with any other value for this parameter. 
Besides, the limits were reduced to take into account the 
sum of fraction of each concentration limit being under 1 
as stated in 10CFR20 Appendix B.1  


The table 1 is only meant to highlight the difference of 
the order of magnitude of American targets and European 
targets. 


 
 


TABLE I 


Comparison of NRC releases criteria and EUR targets 


Radioactive effluent 
releases 


American 
approach targets EUR targets 


Liquid releases: 
   - Except tritium 
 
   - Tritium 
 
 


 
5000 GBq* 


 


950 TBq 
 
 


 
10 GBq 


 
40 TBq 


(recommendation) 
 


Gaseous releases: 
   - Noble gas 
 
   -Halogens & aerosols 
 


 
615 TBq* 


 


4760 GBq* 


 
50 TBq 


 
1 GBq 


* In NRC regulation frame, not only the concentrations limits of 
each nuclides have to be met but also the sum of the fractions of each 
concentration limits shall not exceed 1, for liquid releases and gaseous 
releases.1 This specificity was reflected in the modified NRC limits by 
dividing the average concentration limit by the number of radionuclides 
considered in US-APWR design. 


 
 
These limits are linked with the requirements on the 


frame of the estimation. The estimation frame defined by 
the NRC and compiled in NUREG 00173, set important 
conservatism for the parameters to be used. One 
illustrating example is the assumption of 1% fuel cladding 
defect that has a major impact on calculated releases. 


Meanwhile, the EUR recommends the use of best 
operating plants values in the estimation of radioactive 
releases. 


 
American regulation challenges designers through the 


use of conservative design basis conditions expected to 
ensure that the limits fixed in regard to public health are 
met in every conditions. 


EUR challenges designers directly though the 
application of ALARA principle in expecting releases of 
new plants lower than the current best operating plants. 


 
 


II.B. Influence of design and operators on the 
radioactive effluent releases 


 
Many parameters are responsible for the releases of 


radioactive effluents.  
Some are directly related to the designs of the plants. 


Among these parameters some of them are related to the 
production of electricity such as the thermal power of the 
reactor or the mass of primary coolant. Such parameters 
are not meant to be modified considering ALARA 
approach because they satisfy the principle of justification 
of radioactive materials use. The benefit (production of 
electricity) is higher than the controlled risk.7 
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Other parameters, design related parameters, will be 
considered in the ALARA approach for reducing releases; 
mainly the ones related to the treatment systems of the 
liquid and gaseous effluents. 


 
 
In the calculation of radioactive releases, some 


parameters cannot be directly modified by the plant 
designer: the design of nuclear fuel and the strategy for the 
operation of the plant are parameters that are intentionally 
let free by the plant designer for ensuring a good flexibility 
for the customers. 


 
The UNSCEAR committee has collected the 


radioactive releases figures from worldwide nuclear power 
plants. A report made in 2000, highlighted that the 
radioactive releases of PWRs greatly differ depending on 
the considered country2. Especially, related to radioactive 
liquid releases, the range of disparities cannot be explained 
only by a difference of design of the nuclear island of these 
PWRs. Table II shows the average radioactive releases of 
the PWRs of some countries during the period 1990-1997. 


These values were calculated based on the UNSCEAR 
report2. 


 
TABLE II 


Comparison of PWRs average radioactive releases in several 
countries between 1990 and 1997 (based on UNSCEAR data) 


Radioactive 
effluent releases Japan United 


states France Germany 


Liquid releases: 
   - Except tritium 
(GBq/yr) 
 
   - Tritium (TBq/yr) 
 


 
0.0004 


 
 


32.8 
 


 
38.73 


 
 


27.6 
 


 
18.19 


 
 


37.9 
 


 
0.21 


 
 


12.1 
 


Gas releases: 
   - Noble gas 
(TBq/yr) 
 
   -Halogens &    
aerosols (GBq/yr) 
 


 
0.22 


 
 


0.005 


 
14.32 


 
 


0.178 


 
31.62 


 
 


0.348 


 
1.99 


 
 


0.072 


 
 


One piece of explanation for such disparities can be 
found in a recent IAEA review of Fuel Failures in Water 
Cooled Reactors. This report reveals that there is an overall 
downward trend of the number of PWR fuel failure rates 
during the period 1994-2006.8 It also reveals a more than 
ten times lower fuel failure rates for Japanese PWRs8.  
This report reveals that the average fuel assembly failure 
rates (Number of leak fuel assemblies per 1000 discharged 
fuel assemblies) for the period 1994-2006 are: 


-USA: 20.9 
- France: 8.8 
- Rest of Europe: 16.0 


- Korea: 10.6 
- Japan: 0.5 
 
Although the time scale is not the same, some 


analogies are interesting enough for being raised. 
The fuel failure rate is a parameter that proportionally 


impacts the concentration of fission products in the 
primary coolant. The fact that depending on each country, 
this parameter has been found highly different is a main 
difficulty for setting best estimate value for this parameter. 


 
Besides, this parameter should impact equally all kind 


of releases. In fact, there is a much bigger gap between the 
radioactive liquid releases of the PWRs of the UNSCEAR 
considered countries than between the radioactive gaseous 
releases of the same plants (as shown in table II ). 


This gap difference puts the light on one parameter 
that impacts only the liquid releases: the additional 
potential releases due to incident conditions. These 
incident conditions are defined, in the American regulation, 
as events departing from the normal operation conditions 
of the plant that are likely to occur during the plant life.9 
EUR define these incidents as those occurring with a 
frequency of 1 time every 100 years.10 


In the American methodology for estimating releases, 
this figure is bounding with a conservative additional 
activity based on old releases data of American plants3. 
This parameter is equivalent to a release of 5.92E09 Bq/yr 
which is almost the target value of EUR for radioactive 
liquid releases. 


 
When considering a best estimate approach in 


accordance with European regulations, the designer of a 
nuclear reactor need to quantify parameters that are not 
under its direct control. The two previously mentioned 
parameters need to be evaluated in the estimation. 


And to achieve this objective, the designer face the 
challenge to reflect realism of the best current practices 
while making a single estimation document that can be 
applicable in most of countries. 


 
 


II.C. Conclusion on the targets for radioactive 
releases estimation in the design of new PWRs 


 
The estimation of radioactive releases of PWRs is an 


analysis including some parameters not under control of 
the designers. Because such parameters may have a big 
impact on the design and because the values of these 
parameters may be very different depending on each 
country, it is not possible to fix precise targets as a designer. 
The EUR targets are a good referential for what should be 
expected when performing a best estimate of radioactive 
releases estimation. 
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The impact of fuel makers and the practice of 
operators shall be included in the study. 


One way to comply with the “best estimate” approach 
while reflecting the non-design related parameters 
disparities is to select a main frame that uses parameters 
covering the average current performances of PWRs and to 
perform sensitivity studies. The sensitivity studies should 
reflect the different conditions that may undergo the plant 
when being built in different countries, and using different 
fuel. With such sensitivity studies it would be possible to 
cover the best estimate requirements of most European 
countries as well as the conservative bounding approach 
recommended in American regulation. 


Besides it would allow complying with other 
methodologies located between highly conservative or 
“best practice” methodologies. 


 
 
III. GLOBAL ALARA STUDIES AT THE DESIGN 


STAGE OF PWRs 
 
The compliance to the ALARA principle for reducing 


the dose to the public is one of the design features that 
need to be covered at the very beginning of the design. 


With the increasing number of regulations that define 
a frame for complying with ALARA principle, the 
challenge for designers is to perform analysis that enable 
easily the justification of ALARA compliance under the 
different regulation frames. 


In United States the ALARA principle is ruled by the 
dose limit of 0.05mSv/yr11 and a cost benefit analysis with 
a dose benefit of 2000 $ /  total body or thyroid man-rem.11, 


12 
In Europe, the EUR targets are defined so that the 


compliance to these targets ensures the compliance to 
ALARA principle because these targets are reflecting 
current best practices. 


 
To perform best estimate analysis with sensitivity 


studies for non-design related parameters has the high 
benefit of performing ALARA studies very accurate and to 
get closer to a global ALARA approach of the radioactive 
releases in normal operation. 


A global ALARA approach because it would include 
on the discussion not only the designer and the regulator or 
the operator and the regulator. But it could include the 
three parts during the design phase by including in the 
analysis, in particular during the detailed design phase the 
conditions that may be expected in regards to the 
experience of the operator. 


A global ALARA approach, because the basis of an 
analysis including the sensitivity studies recommended 
here would cover the various interpretation of ALARA 
principle. 


 


The main benefit would be a better accuracy of the 
cost-benefit analysis performed in the frame of ALARA 
studies. With best estimate approach, the benefit will be 
calculated more precisely. And with a good understanding 
of the impact of non-design related parameters, the relative 
weight of design improvement would be more accurately 
estimated to ease the decision on “reasonably achievable”. 


 
 


IV. WHAT MODEL FOR CALCULATING 
RADIOACTIVE EFFLUENT RELEASES IN NORMAL 


OPERATION 
 


The objective of this part is not to define a global 
acceptable model for estimating radioactive releases in 
normal operation. This part is describing the effort of MHI 
for adapting its experience on designing reactors for the 
American market to a design of reactors complying also 
with European models.  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Generic frame of radioactive effluent releases 


estimation (CP: corrosion products, FP: Fission products, RCS: 
Reactor Coolant System) 


 
The different types of parameters and their 


interactions for the estimation of radioactive releases in 
normal operation (discussed in part II.B) are shown in Fig. 
1.  


RCS source term 


FP CP 


Fuel cladding 
defects 


Core  
inventory


Experience of 
previous plants 


Material selection 


Shim bleed 
- Flow rate 
- Treatment 
- Fraction 
discharged 
- … 


Drains 
- Activity ratio 
(vs RCS) 
- Flow rate 
- Treatment 
- … 


Degasification 
of RCS 
- Flow rate 
- Treatment 
- … 


Ventilation 
system 
- Leak rate of 
gas from RCS 
- Filtration 
- …


Inputs for liquid wastes Inputs for gaseous wastes 


General parameters of the reactor 
(thermal power, mass of RCS…) 


Estimated releases 


Incident conditions 
releases (liquid releases) 
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This generic model is common to both American and 
European models. The difference of the two approaches is 
the definitions of these parameters and in particular the 
non-design related parameters. 


In part II.B the definitions of these parameters and 
their link with the targets were discussed. This part III 
discusses how the model for calculating radioactive 
effluents releases needs to take into account these 
parameters. 


 
For the calculation of radioactive releases in the frame 


of American regulation, MHI is using the PWR-GALE 
code described in NUREG-0017.3  


This code is implementing the generic model 
described in Fig. 1. A large amount of parameters are to be 
inputted by the designer for reflecting the design of the 
reactor in the estimation of radioactive releases in normal 
operation. However several parameters are using default 
parameters and included directly inside the code. 


MHI radiation safety engineering section recently 
modified this code in order to extract all the parameters 
that were included in the code to allow the designer 
choosing their value. 


The new obtained code enables the user to modify any 
parameter of the generic model and can therefore be 
applied both for complying with American regulation (with 
use of default values for extracted parameters) and 
European regulations (with review of the values of 
extracted parameters. 


 
With this new code, a best estimate analysis of 


radioactive releases in normal operation can be performed. 
Parameters related to the design of the nuclear reactor shall 
be selected based on realistic basis, justified and 
documented.  


Parameters that are not under the direct control of the 
designer shall be assumed based on experience of currently 
operating PWRs of countries where the reactor may be 
expected to be sold. These parameters shall be controlled 
through sensitivity studies to highlight their impact on the 
total amount of released radioactivity. 


 
  


 
V. EXAMPLE OF THE IMPLEMENTATION OF THE 


PRESENTED METHODOLOGY 
 


Here, an example of the methodology described in 
the previous part, using the MHI modified version of 
PWR-GALE code for realistic estimation of radioactive 
releases in normal operation, is presented. This example 
use as basis the analyses performed for US-APWR. The 
results of alternative estimations as well as the parameters 
used are not reflecting APWR design but are used to 


describe the conditions of use and the benefits of the 
methodology presented in this paper. 


 
This example will focus on the radioactive liquid 


wastes. Table III shows the radioactive liquid releases of 
US-APWR based on DCD information6. 


 
TABLE III 


Radioactive liquid releases of US-APWR 
 Total 


releases AOO* Detergent 
wastes 


TOTAL 
LWS** 


Ci 2.60E-01 1.60E-01 8.98E-02 
1.40E-02 


CP: 3.27E-3 
FP: 1.07E-2 


Bq 9.62E+09 5.92E+09 3.32E+09 
5.18E+08 


CP: 1.21E+08 
FP: 3.96E+08 


* AOO: Anticipated Operating Occurrences 
** LWS: Liquid Waste System 
 
The different waste sources described in table III are 


the output information calculated by PWR-GALE code. 
The AOO reflects the additional releases that may occur 
due to incident conditions. The LWS are the different 
waste lines of the nuclear reactor including the shim bleed 
line (for boron concentration in RCS dilution/addition and 
reduction of tritium concentration) and the various drains. 


 


Fig. 2. Contribution of each waste sources of US-APWR 
radioactive liquid releases (total liquid wastes is the part 
impacted by the reactor design) 
 


The relative impact of each line is shown in Fig. 2. 
AOOs represent the main source of releases in the 
estimation. If we consider this graph, the best way to 
reduce releases is not to change the design by including 
equipments with higher purification capability. The best 
way to reduce releases is to prevent or reduce the releases 
from these AOOs. One solution would be to treat several 
time the liquid wastes during incident conditions. 


And if considering only the design features, Fig.2 
shows that the most efficient design improvement for 
reducing radioactive releases in normal operation is to 
improve the purification capabilities of equipments 
processing detergent wastes. 
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The problem of making conclusions based on 
conservative estimation is that the conservatism of each 
parameter is not proportional. The experience of the 
operation of MHI PWRs shows that, actually, the releases 
of detergent wastes are negligible compare to other waste 
inputs. 


This makes the impact of AOO even bigger when 
considering Fig. 2. And indeed in countries where many 
incidents involving higher radioactive liquid releases occur, 
the design improvement benefit is almost negligible 
because it only reduces the minor part of total liquid 
wastes. 


 
The methodology described in part III recommends to 


perform a best estimate. This includes selecting 
realistically the design related parameters. Fig. 2 illustrates 
that this is very important in order not to give too much 
importance to parameters that do not require particular 
attention when investigating how to reduce radioactive 
liquid releases in normal operation. A good realism in the 
definition of parameters will ensure accurate ALARA 
studies. 


 
In this example, the objective is not to perform an 


accurate estimation but to display the benefit of the 
methodology described in this report. 


Therefore, though several adjustments of the values 
of parameters could be considered, we will focus here only 
on four parameters having a main impact on releases and 
having too high conservatism. 


 
First step is the definition of parameters which are 


reactor design dependent. 
One is the source term of released detergent waste 


and the decontamination capabilities. A detailed analysis 
shall reduce the released detergent waste source term by 
considering taking higher benefit of purification 
capabilities and assessing a realistic estimation of source 
term of detergent waste before treatment. Here we will 
only consider that according to MHI plants experience, the 
detergent wastes releases shall be negligible. The Japanese 
radioactive liquid releases shown in Table II prove that a 
realistic level of detergent wastes shall be at least 1000 
times lower compare to the calculated releases of US-
APWR shown in table III. 


The second ones are the corrosion products source 
term in primary coolant. The experience of Japanese power 
plants shows that these concentrations are highly 
conservative in the case of US-APWR estimation13. The 
objective here is not to define a realistic source term of 
corrosion products in primary coolant for US-APWR. But 
for the purpose of this example these primary coolant 
concentrations were reduced 100 times to a level not 
including too much conservatism. This level is still much 
higher than the releases of Japanese power plants 


described in table II ensuring the accuracy of such 
modification. 


 
Second step is the parameters that are non reactor 


design dependent. 
One is the additional releases due to incident 


conditions. The objective to perform a best estimate 
analysis involves not taking into account events that are 
willing to occur only one time in all the plant life. There is 
a huge difference of radioactive liquid releases in normal 
operation in each different country though similar design 
and not fuel cladding defect differences being able to 
explain these ranges of differences. This leads to think that 
the operating strategy has an impact on the annual 
radioactive liquid releases. This feature shall be expressed 
as such additional releases. The choice of 1E06 Bq for this 
parameter as a best estimate is higher than the releases of 
Japanese nuclear power plants, lower than releases in other 
countries and was chosen without other justification for 
this example. This parameter will be checked through 
sensitivity studies 


The second is the rate of fuel cladding failure. The 
estimation of radioactive liquid releases in normal 
operation using PWR-GALE code, consider a primary 
coolant source term with expected failed fuel fraction of 
0.12% of the fuel producing power in a PWR14. 


The figures presented in part II are not describing the 
overall failed fuel fraction but the failed fuel assemblies 
and therefore cannot be directly used for the selection of 
this parameter to lower its impact. The experience of MHI 
PWRs show that this parameter can be reduced to at least 
100 times the value used in PWR-GALE code. 


 
The following table summarizes the revised 


parameters for the basic best estimate example of the 
methodology for radioactive liquid releases in normal 
operation. 


 
TABLE IV 


Revision of parameters for the best estimate analysis 
Parameters Values 


Detergent waste 
fraction released 0.001


Corrosion products 
source term 


US-APWR 
DCD / 100 


AOO 1.00E+06 Bq


Fission products source 
term 


US-APWR 
DCD / 100 


 
 
With these modified parameters, the MHI modified 


PWR-GALE was run and led to the following results. 
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TABLE V 
Radioactive liquid releases of best estimate example based 


on US-APWR DCD 
 Total 


releases AOO* Detergent 
wastes 


TOTAL 
LWS** 


Ci 2.50E-04 2.70E-05 8.98E-05 
1.38E-04 


CP: 3.24E-5 
FP: 1.05E-4 


Bq 9.25E+06 1.00E+06 3.32E+06 
5.11E+06 


CP: 1.20E+06 
FP: 3.89E+06 


* AOO: Anticipated Operating Occurrences 
** LWS: Liquid Waste System 
 
 
 
Fig. 3 shows the changes of the relative impact of 


each sources of releases compare to US-APWR DCD 
estimation. 


 


Fig. 3. Contribution of each waste sources of best estimate 
example liquid releases (total liquid wastes is the part impacted 
by the reactor design). 


 
 
 
The modification of the four parameters shown in 


table IV had a major impact on the total radioactive 
releases as shown in table V and on the distribution of the 
releases sources as shown in Fig.3. The ratio of total liquid 
waste in the total releases is much more important compare 
to Fig. 2 describing US-APWR estimated releases 
distribution. 


 
Fig. 4 describes the results of the sensitivity study 


performed on the parameter of AOO coupled with the 
parameter of fuel failure fraction. The ratio of Fuel 
Cladding Defects considered here are: the one used in 
NUREG-00173, a reduction of 10, of 100 and of 1000. 


 


 
 Fig. 4. Sensitivity of Anticipated Operating Occurrences (in Bq) 
and Fuel Cladding Defects (FCD) ratio on total releases (in Bq) 
 
 


The results of the sensitivity studies presented in Fig. 
4 provided a wide set of interesting information.  


The first useful information when used by the 
designer on a specific nuclear design is to assess the 
releases of radioactive effluents in normal operation in a 
dynamic way. It is possible to get a rapid understanding of 
the modification of the estimated releases when using 
different fuel conditions or considering various incidents 
releases levels. Although detailed design shall consider the 
specificities of customers’ conditions and adjust the 
parameters of the estimation to fit with it, this 
methodology give a larger scope of information during the 
stage of basic design.  


 
The second useful information is related to the impact 


of each parameter of the estimation. When trying to reduce 
the radioactive releases of a nuclear reactor, it is important 
to understand the impact of each source of releases. In the 
simple example considered here, Fig 4 shows that with this 
set of design related parameters, the fuel cladding defects 
being lower than 100 times the values used in NUREG 
00173 have not a major impact on releases. Fig. 3 shows 
that in order to further reduce the releases not only the 
fission products but also the corrosion products as well as 
the detergent wastes shall be reduced in order to really 
impact the total releases. 


The cost benefit analysis is mainly influenced by the 
distribution of the sources of releases as shown in Fig. 2 
and Fig. 3. The cost may be quite different when there is 
only one main source of releases. The distribution of the 
sources of releases can be seen as an indicator of the good 
conclusions of a cost benefit analysis. 


 
This example is used only to provide an image of the 


possibilities when using this methodology. When applied 
to APWR design, the definition of design related 
parameters shall be further investigated to be able to focus 
on the potential design improvements and not on the 
potential realism improvements. 
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VI. CONCLUSIONS 
 


This paper describes the new challenges for 
radioactive releases estimation in normal operation for 
latest PWR. Investigations of MHI on this issue are 
described and the bases for updating the old model to the 
current new challenges are presented. 


 
One methodology for performing realistic estimation 


of radioactive releases in normal operation for PWR was 
described in this paper. This methodology was applied to 
liquid releases in a simple case study. This case study 
describes the different steps for performing a realistic 
estimation; in particular the main challenges related to 
parameters definition. 


Further than performing realistic estimation of 
radioactive releases in normal operation, the methodology 
described in this paper provides a large set of information. 
Through the investigation of the distribution of releases the 
designer can make conclusion on the parameters that could 
be improved. This is particularly interesting to understand 
if either design features parameters or non design ones are 
mainly responsible of releases in the estimation. Besides 
the sensitivity studies recommended and illustrated here 
allows dynamic estimations where the main case 
estimation can be quickly roughly adjusted to fit with 
different regulation frames. The best estimate complying 
with European model can be adjusted thanks to the 
sensitivity studies in order to include more conservatism in 
the non design-related parameters and to comply with 
American model. 


These sensitivity studies also provide information 
related to the impact of the modification of parameters in 
the total estimated releases. 


All these benefits participate in the effort of reducing 
radioactive releases in normal operation at the stage of 
design of a nuclear power plant. With more accurate 
information on releases and on the realistic impact of each 
releases sources the accuracy of cost benefit analyses are 
greatly improved and help designers in selecting efficient 
design for reducing radioactive releases. 


Besides, this model is raising the challenging idea of 
performing global ALARA analyses. The global feature of 
these analyses is ensured by gathering from the design 
stage every part (nuclear reactor designer, operator, fuel 
maker) involved in the production of radioactive effluents. 
And it is also ensured by adapting estimations through the 
disparities of non-design related parameters depending on 
the site conditions (operator, fuel...) where the nuclear 
reactor is meant to be built. 


 
This methodology is under investigation stage and is 


not yet applied directly to MHI design activities and 
therefore not yet accepted by the regulators. However MHI 
is willing to continue working on it and discuss it with 


regulators during further design projects in order to adapt 
its current skills to other markets with other regulations. 


 
This paper focuses on the general methodology of the 


radioactive releases estimation for normal operation 
conditions. Many challenges are faced by the designer 
when defining realistic values for the parameters used in 
this estimation. Setting realistic values implies that the 
designer is well aware of the plants capabilities and fuel 
performances of nuclear power plants in operation. If the 
tendency to perform realistic estimations continues to grow 
and to be adopted by various regulation bodies, the 
question of the availability of plants data for the designers 
will become a key issue in a near future. It is in MHI 
already an important issue. 


The definition of non-design related parameters like 
the AOO releases and the fuel cladding defect rates 
requires information from the operator and the fuel maker. 
But also the definition of some design related parameters 
need the feedback information of the operator. In particular 
the corrosion products RCS source term need the 
experience data of operating nuclear power plants to be 
defined as well as the source term of detergent wastes. 


Beyond the previous parameters which are the main 
parameters that need to include higher realism in order to 
reduce total releases, for very high accuracy, the efficiency 
of treatment equipments would require information that 
designers cannot gather on their own. 


This paper is the first step of MHI in improving its 
analyses of radioactive releases in normal operation to 
more accurate ones. Future steps will require to include 
others actors in this important issue. 
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NOMENCLATURE 
 


ALARA As Low As Reasonably Achievable 
AOO Anticipated Operating Occurrences 
APWR Advanced Pressurized Water Reactor 
CFR Code of Federal Regulations 
CP Corrosion Products 
DCD Design Control Document 
EUR European Utility Requirements 
FCD Fuel Cladding Defects 
FP Fission Products 
IAEA International Atomic Energy Agency 


ICRP International Commission on 
Radiological Protection 
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LWS Liquid Waste System 
MHI Mitsubishi Heavy Industries 
NRC Nuclear Regulatory Commission 
PWR Pressurized Water Reactor 
RCS Reactor Coolant System 
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Abstract - In this theoretical study, it is underlined that the presence of micro-cracks in the lattice structure 
increases the probability of tunneling effect between two deuterons by some orders of magnitude with respect 
to non-deformed lattices. We have derived an expression to compute the tunneling probability within a micro-
crack, and hypothesized a D+


2-D+
2 binding mechanism Finally, the overall indications provided by these 


theoretical simulations appear to suggest that the deformation of the crystalline lattice, at varying 
temperature, seems able to influence the process of tunneling between the deuterons in the metal, while the 
forced loading with D2 has, in general, no evident positive effects in pure metals, but in some cases could, on 
the contrary, condition the phenomenon negatively. 


 
 
 


I. INTRODUCTION 
 


In reference1 the author has shown that the thickness 
of the Coulomb barrier varies according to parameters such 


as the density of impurities within the lattice, the 
temperature of the system and the vibrational energy of the 


deuterons.  
As showed in previous papers2,3 we have computed 


the tunneling probability for the three-dimensional 
isotropic lattice using the following potential for 
deuterons: 


( ) ( ) ⎥
⎦


⎤
⎢
⎣


⎡
−⋅=


r
RkTJrV


r
qkrV M


ξ2
              (1)  


Here  
04


1
πε


=k  is the Coulomb constant, q the 


deuteron charge, R   the nuclear radius, ξ a parameter 
depending on the structural characteristics of the lattice 
(number of “d” band electrons) varies between 1.5·10-3 
and 2.5 · 10-3, T  the absolute temperature, J the 
concentration of impurities in the crystalline lattice, and 


MrV )(  is the intermolecular Morse potential which, in 
this case, has the expression1,2,3:  


( ) ( )( ) ( )( )V r J r r r rM( ) / exp exp= − − − − −ς ϕ ϕ2 20 0
   (2) 


( )ς/J  the depth of the barrier, the parameters 
ς and ϕ  depend on the dynamic conditions of the 
system, while r0  is the classic point of inversion. 


This expression takes into account the interaction 
between deuterons and the variations in temperature, but 


not of deuteron-phonon coupling, using an appropriate 
correction to the Morse potential. 


In this case the tunneling probability increases 
according the reduction of coulomb barrier (see fig 1). 


 


 
Fig. 1 The trends of the potential, containing the Morse 


contribution (2), for two different values of impurity 
concentration computed in palladium lattice. Note how the 
minimum distance between two deuterons decreases according to 
the impurities concentration. 


 
The aim of this paper is to study the role of micro-


crack on the tunneling probability. More exactly, we 
selected the main parameters that affect the micro-crack4,5 
and derived an expression for the tunneling probability that 
depends on these quantities. For these purposes we used 
two potential kinds:  a nuclear potential independent on the 
lattice parameters and the potential (1) that varies 
according to the lattice parameters. Moreover we discuss 
the possibility of a contrary effect due to the forced loaded 
D2 in the lattice. This work can be considered the next step 
of a more general study regarding the enhancement of 


2459







Proceedings of ICAPP ‘11 
Nice, France May 2-5, ‘11 


Paper 11149 


   


tunnel probability between two deuterons. In fact in the 
previous papers1,2,3 we have investigated how the potential 
between two deuterons is modified by means of lattice 
parameters; whilst now we discuss the influence of micro-
crack on the tunnel probability. Finally we analyze the 
synergy between micro-crack formation and lattice 
parameters that affect the potential. 


The calculations were performed supposing that the 
interaction between deuterons takes place within a lattice 
of Palladium, which has a cubic crystalline structure, 10 
“d” band electrons and at variable temperature. The lattice 
parameters values have been taken from literature 
regarding the Palladium5-8. 


To summarize, the objective of this study is to confirm 
the hypothesis regarding the micro-cracks through 
quantitative estimation of the time-dependent coefficient of 
structural deformation of the perturbed crystalline lattice1, 
obtained for different energy values in the range 150-250 
eV.  


 
II.TUNNELING MODEL WITHIN A  
              MICRO-CRACK 
 
The aim is to establish whether, and within what 


limits, the tunneling probability within a micro-crack in a 
generic cubic lattice subjected to deuterium loading, can be 
conditioned or influenced not only by extensive lattice 
defects9,10 and by other characteristics and thermodynamic 
conditions, but also by any deformations Ψ  undergone by 
the crystalline lattice on varying the temperature. If this 
indeed occurs, it is not difficult to hypothesize the 
following path reaction: deformation induces dislocation; 
dislocation induces micro-crack; within micro-crack 
deuterium-deuterium binding provide energy9 and, this 
energy can induce another deformation. Therefore, the 
energy produced by “micro-explosions” within the micro-
cracks (due to the deuteron-deuteron binding) could favor 
the creation of new micro-cracks, which by the same 
mechanism would, in turn, capture other deuterons. This 
could result in a kind of chain reaction. 


The quantum tunneling of interacting deuterons is 
described1,11 (in a “free-space”) by the factor Λ :  


[ ]{ }∫ −−=


β


α


αΛ


ˆ


ˆ


)(22)ˆ( drrVEM
                     (3) 


where V(r) is the repulsive Coulomb potential, α̂  is 


the distance between two deuterons where V(r) = E and β̂   
is the typical nuclear distance (~ 0.1 10-13 m). 


Of course, the region of greater interest is that where 
( )rVE ≤


, giving a tunneling effect.                                        
Considering, for the sake of simplicity, a cubic lattice 


structure subjected to deformations, the probability of 
tunneling within a micro-crack, Γ , upon varying the 


temperature can now be calculated. The present paper 
focuses on the cubic structure of the lattice, specifically on 
Palladium, because it has a readily observable geometry.  


Indicating the volume of a single lattice cell by dΩ , 
the deformation of the entire lattice is given by5: 
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In (4), 
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⎤
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⎡
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Tkb
JJ βexp0


, 0J  is the concentration 


of impurities in the zone with zero internal pressure,  
b3 ∼ vi  the volume of the ions making up the lattice, 


while β  is proportional to the difference vd-vi between the 
volume of the impurity atoms and that of the lattice ions; 
η  is a parameter which depends on the electronic and 
lattice structure of the metal considered. Furthermore, the 
density of the mobile dislocation within the lattice at 
variable lattice temperature is indicated by ρ , so that the 
thermodynamic stress of the deuterium nuclei is not 
rendered negligible per unit volume, with 2L  the area 
between the lines of separation between two adjacent 
electrons, determined during a deformation of the lattice at 
variable temperature, R  is the curvature assumed by the 
dislocation during deformation, α  the proportional 
thermal increase, representing the effect of the abrupt 
variations in temperature to which the crystalline lattice is 
subjected and as consequence of which micro-
deformations are formed; ν  is the vibration frequency of 
deuterons in the metal7, which is considered “negligible” 
here and will be treated with medium temperatures, b2 the 
stress line producing the transformation of the crystalline 
lattice for small variations of stress within the lattice; 


( )
0


0 2 εσσ idbDUU j −−=  the activation energy, which is 


always less than a couple of jogs since iσσ −  is the 


stress applied to the small dislocations and, with good 


approximation, it is found that 
lπ


μσ
2


_~
b


i   where l  has 


dimensions of one length, while μ  is an elastic constant 
depending on the characteristics of the lattice; 


mtβεε β
ˆ


0 −=  , where β̂  depends on the temperature 


for the “deformations”; m  is a variable which depends on 


the lattice and, in this case, is equal to 
3
1


; 


)/ln(~2 ε&Χ− cj kTU  is obtained by the comparison of 


two curves with deformation velocity &ε  ; cT  is the 
“critical temperature” for the formation of micro-cracks 
which can be evaluated for cubic metals as within the 


(4) 
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range of temperatures5,7,8 between 200 - 300 K,  Χ ~−105  
in the CGS system,  d  indicates the distance between 
dislocations which have not sustained an internal split, b 
can be associated with the inter-atomic distance and D 
depends on the time of  movement of the dislocations. 


Furthermore, integrating7 ∫
Δ


Δ 0
dr),c(1 Jr  on the upper 


limit Δ , which is the length of the Pd specimen, we obtain 
the ratio of mean loading; ),( Jrc  is the local 
concentration of D2


+ ions in the Palladium lattice matrix, at 
constant time t , along the three dimensions. Finally, )(rξ  


is the number of dislocations.  
Considering the deformations occurring in cubic-type 


lattices of metals such as Pd at room temperature, the aim 
is to evaluate the dislocation of atoms induced in the 
crystalline lattice by the lattice deformation. This is in 
order to determine the influence of this phenomenon on 
deuteron-deuteron binding. 


It was considered above that within a micro-crack, the 
possible consequence of a dislocation1 under opportune 
conditions would be that a greater number of events might 
take place than on the lattice surface. Some micro-cracks 
could in fact be able to concentrate in their vicinity a 
relevant fraction of the deuterons present in the metal. To 
demonstrate this, approximate calculations were 
performed, taking into account of lattice deformation and 
of micro-crack depth.  


The depth of the micro-crack ( )TLD , a function of 
the lattice temperature, is given by5: 
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is the change in the elastic and potential energies of 


the external mechanisms per unit length of the lattice, due 
above all to variations in the thermodynamic conditions 
produced by thermal exchange with the external system; r  
the distance between the centre of the dislocation and the 
centre of mass of the lattice, and δr  a small variation of 
this distance.  


The final expression for the probability of tunneling 
within the lattice must contain the term LD(T).  


The phenomenon hypothesized above would possess 
characteristics analogous to the formation of a Cottrell5 
atmosphere in metals, known for some time in solid state 


physics, which essentially consists of a redistribution of 
the impurities present in the metal around a dislocation of the 
ions making up the lattice. It can happen that, in these cases, the 
interaction between the impurities present and the 
dislocations significantly alters the electrical properties of 
the material. Furthermore, particular reactions can take 
place, incorporating the impurities in the core of the 
dislocation as a result of the different arrangement of the 
atoms with respect to that of the unperturbed lattice. These 
types of processes are been extensively studied for high 
temperature crystalline semiconductors12 and for metals.  


In fact if this occurs, it is not difficult to hypothesize 
that the energy produced by micro-explosions within the 
micro-cracks could favor the creation of new micro-cracks, 
which, in turn, would capture other deuterons through the 
same mechanism. The interaction between the impurities 
present and the dislocations produced in the metal during 
deformation could, therefore, notably modify the electric 
properties of the material.  


With regards to the role of D2 loading, our opinion is 
that an adequate theoretical description of loading can, 
therefore, be obtained only by treating it as a time 
independent2 perturbation. But in this case it should be 
necessary to consider the fact that the rate of tunneling 
within the metal depends, under conditions far from those 
of saturation, on the number of deuterium nuclei absorbed 
in unit time, which could also be a function of the 
coefficient of lattice deformation. As to avoid these 
theoretical difficulties we deduce to perform our 
calculations under condition of saturation. 


In this condition, we suppose that when a lattice 
undergoes a thermodynamic solicitation, the Ψ 
deformation induces a local variation in the deuterium 
atoms loaded in the lattice. Of course, it is obvious that 
higher the deformation is, higher the density variation is. 
More precisely, within micro-cracks it is reasonable to 
attend an accumulation of atoms; thus in first 
approximation we can write regarding the deuterium 
concentration ρM (within a micro-crack) 


Ψ+=Ψ aM 0)( ρρ                                           (7) 
where ρ0 is the average deuterium concentration in the 


palladium (i.e. not within micro-crack) when the 
deformation is zero and a is an opportune constant. In this 
way we increase the concentration of a factor (1+hΨ) with 
h=a/ρ0. Moreover, the deformation energy, besides 
contributing to the accumulation of deuterium in the crack, 
contributes to micro-crack formation. Then, according to 
the formula (6) we suppose that this variation is inversely 
proportional to the micro-crack depth. We also assume that 
these two effects contribute at the same magnitude on the 
concentration variation, so we can say that the D2 
concentration within a micro-crack is increased of a factor 
Φ given by the following expression: 
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At last we suppose that the tunneling probability is 


increased of a factor that is the same of that relative to the 
concentration. In this way we can arrive to the final 
formula regarding the tunneling probability within a 
micro-crack: 
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            (9) 


 
As a last question, let us understand if we can increase 


the D2 concentration within palladium by forced loading. 
Of course the deuterium quantities for cm3 that the 
palladium can contain, at a fixed temperature, has a trend 
density versus flow loaded that finishes in a plateau6,10. For 
this reason we suppose that our calculations are performed 
for this plateau value. Then, if we suppose to increase the 
D2 flow loaded, the tunneling probability should be 
unchanged. But since the resident time is inversely 
proportional to the loaded flow, it is reasonable aspects a 
small diminution of tunneling probability. To summarize, it 
necessary to be careful to the D2 loading in the 
experiments, in fact a very high flow value can condition 
the tunnel probability negatively. 


 
III.THE NUCLEAR POTENTIAL 


 
In this paper following reference13 we used a potential 


that takes into account the three-body problem: two 
nucleons and an electron.: More exactly we computed the 
fusion probability between two deuterons hypothesizing 
that happens a binding like nucleon-electron-nucleon when 
two deuterons are loaded in a lattice and in particular when 
they are forced within micro-cracks. 


As reported in reference13, using the radial wave 
equation for +


2D , it follows that within the metal there is 


an effective potential )(rV  between two deutons given 


by:  


( ) ( ) 2/3
2


2


431 −+−
+


= r
m


n
rrM


LLrV αα
h


h            (10)  


In (10), M indicates the deuton mass, while m the 
electron mass.  


It can be seen that the effective potential has two 
minima: the value of the first belongs to the region of the 
Bohr radius of the electron, and occurs for 0=L  in 


m
nr
α


22


1
4 h


= ; the second belongs to the region of the 


Bohr radius for the proton, for 0 ,0 =≠ nL  in 


( )
αM


LLr
3


12 2


2
h+


=  (see fig 2 and 3). 


This potential doesn’t depend on lattice parameters, 
but only on distance between deuterons and on quantum 


numbers. Note the presence of the term 2/34 −r
m


n α
h  


due to the Electron attraction. 
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Fig. 2 The trend of the nuclear potential (10), for L=1 and 


n=0 (pure Coulomb barrier). The minimum value occurs for a 
distance of about 0.3 10-13 m. Note in this case we have not any 
enhancement to the tunnel effect. 
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Fig. 3 The trend of the nuclear potential (10), for L=0 and 


n=1. The minimum value occurs for a distance of about 0.6 10-10 
m. Note in this case the noteworthy contribution of third term of 
(10). 
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TABLE I 
Palladium  T(K) ≈ 190 - 350  MPd /(μg) 


 
in these following three ways. First, we used the formula (3) 
(tunneling effect in the “free-space”) and the potential (10) for 
L=0 and n=1 (table 1). Secondly, we computed the tunneling 
probability by means of potential (10) (L=0, n=1) but using the 
formula (9) (tunneling within micro-crack, table 2). Comparing 
both cases we can evaluate the effect of micro-crack on tunnel 
probability. Finally we used the formula (9) again but using the 
potential (1) that depends on lattice parameters (table 3). In this  


 
 


 
way we can estimate the synergy effect between 


micro-crack and the modification of potential due to lattice 
parameters. 


The values of Γ obtained for different values of E 
(150-250 eV) and T (190-350) are reported in Tables 1, 2 
and 3. The values are in agreement by physical 
considerations. In fact the tunnel probability increases 
when we consider the micro-crack contribution (see tables 
1 and 2), more exactly the tunneling increase of a 10-10 
magnitude under the same condition in term of potential. 
Of course, the major increasing of Γ  happens when we 
consider both effects: micro-crack formation and 
modification of potential due to lattice parameters (see 
tables 2 and 3). In fact in this case we have an average 
increasing of 10-30. 


 
  


 
 
 
 
 
 
 
 
 
 


Table II 
Palladium  J  ≈  O.75%   T(K) ≈ 190 - 350  K   MPd /(μg) 
 
The probability of tunneling within a micro-crack was 


calculated for  Pd, using the effective potential (10) and the 
formula (9). It has been computed for different values of 
temperature (range 190 - 350 K) and of energy (range 150 - 250 
eV). It is seen that the probability generally increases with T and 
E. Note that, in this case, Γ  is higher by about ten orders of 
magnitude. 


 


 
Table III 


Palladium   J  ≈  O.75%   T(K) ≈ 190 - 350     MPd/(μg) 
 
The probability of tunneling within a micro-crack was 


calculated for “impure” Pd (J≈ 0.75%), using the formula 
(9) and the Morse potential (1), and for different values of 
temperature (range 190 - 350 K) and of energy (range 150 
- 250 eV). It is seen that the probability generally increases 
with T and E.  


Note that in this case we can obtain a 10-19 value. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
IV. 


T  ≈ 190  K   230  K 270  K 310  K 350  K 
E(eV) 
 


Γ  ≈ Γ  ≈ Γ  ≈ Γ  ≈ Γ  ≈ 


150 10-85 10-78 10-75 10-76 10-76 
160 10-83 10-77 10-74 10-75 10-74 
170 10-81 10-76 10-73 10-74 10-73 
180 10-80 10-75 10-72 10-73 10-71 
190 10-78 10-74 10-70 10-72 10-69 
200 10-75 10-73 10-69 10-71 10-66 
210 10-74 10-72 10-68 10-68 10-62 
220 10-73 10-70 10-67 10-67 10-60 
230 10-71 10-69 10-66 10-65 10-58 
240 10-70 10-68 10-64 10-61 10-56 
250 10-68 10-66 10-62 10-60 10-55 


T  ≈ 190  
K


230  
K


270  
K 


310  
K


350  K 


E(eV)
 


Γ  ≈ Γ  ≈ Γ  ≈ Γ  ≈ Γ  ≈ 


150 10-95 10-88 10-85 10-86 10-81 
160 10-93 10-87 10-84 10-85 10-79 
170 10-91 10-86 10-83 10-84 10-76 
180 10-90 10-85 10-82 10-83 10-78 
190 10-88 10-84 10-80 10-82 10-77 
200 10-85 10-83 10-79 10-81 10-76 
210 10-84 10-82 10-78 10-78 10-74 
220 10-83 10-80 10-77 10-77 10-71 
230 10-81 10-79 10-76 10-75 10-73 
240 10-80 10-78 10-74 10-71 10-71 
250 10-78 10-76 10-72 10-70 10-70 


T  ≈ 190  
K


230  
K 


270  
K 


310  
K


350  
K


E(eV)
 


Γ  ≈ Γ  ≈ Γ  ≈ Γ  ≈ Γ  ≈ 


150 10-66 10-67 10-63 10-64 10-58 
160 10-65 10-64 10-61 10-61 10-55 
170 10-63 10-62 10-59 10-58 10-53 
180 10-58 10-60 10-57 10-56 10-52 
190 10-56 10-59 10-55 10-53 10-46 
200 10-55 10-57 10-54 10-52 10-43 
210 10-54 10-56 10-53 10-50 10-41 
220 10-52 10-54 10-52 10-48 10-34 
230 10-51 10-53 10-50 10-47 10-25 
240 10-50 10-52 10-49 10-42 10-23 
250 10-49 10-51 10-48 10-39 10-19 
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CONCLUSIONS 
 


By means of a WKB numerical code, we have 
performed the Γ calculation in these following three ways. 
First, we used the formula (3) (tunneling effect in the 
“free-space”) and the potential (10) for L=0 and n=1 (table 
1). Second, we computed the tunneling probability by 
means of potential (10) (L=0, n=1) but using the formula 
(9) (tunneling within micro-crack, table 2). Comparing 
both cases we can evaluate the effect of micro-crack on 
tunnel probability.  


Finally we used the formula (9) again but using the 
potential (1) that depends on lattice parameters (table 3). In 
this way we can estimate the synergy effect between 
micro-crack and the modification of potential due to lattice 
parameters.  


The values of Γ obtained for different values of E 
(150-250 eV) and T (190-350) are reported in Tables 1, 2 
and 3. The values are in agreement by physical 
considerations. In fact the tunnel probability increases 
when we consider the micro-crack contribution (see tables 
1 and 2), more exactly the tunneling increase of a 10-10 
magnitude under the same condition in term of potential. 
Of course, the major increasing of Γ   happens when we 
consider both effects: micro-crack formation and 
modification of potential due to lattice parameters (see 
tables 2 and 3). In fact in this case we have an average 
increase of 10-30. 
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Abstract – The uncertainty in the nuclear data in the actinide region should be as small as 
possible because they are the basis behind all simulations of nuclear reactor core behavior over 
both long time scale (fuel depletion and waste production) and short time scale (accident 
scenarios).  Large model prediction uncertainties increase design margins, which in turn, increase 
fuel cycle cost and limit the plant’s power rating. With the core attributes uncertainties 
understood, optimization upon current design margins could be utilized. In this paper, a model for 
very high temperature reactor (VHTR) is developed using Monte Carlo code.  The model is used to 
predict the uncertainty that originates in the reactor parameters due to the uncertainties in 
reaction cross sections of (U235 – C).  The effect of the uncertainty in the nuclear cross sections is 
shown for the neutron flux. The flux was found to change linearly with the uncertainty in the 
fission cross section in the thermal region.  Changes in the scattering cross section of carbon also 
can have significant effect on the flux in the fast, intermediate and thermal regions. 


 
 


I. INTRODUCTION 
 
Since the emergence of nuclear power generation, 


designers have worked to build nuclear reactors that are 
safe, reliable and efficient. Today, research and 
development are highly focused on areas pertinent to 
advanced reactor design systems. One of the programs that 
fall into this category is the Next Generation Nuclear Plant 
(NGNP).1 The basic technology for the NGNP has been 
established in former high temperature gas-cooled reactor 
plants, taking advantage of the prior engineering design 
and technology development work already completed.  


Nuclear data in the actinide region are particularly 
important as they are the basis behind all simulations of 
nuclear reactor core behavior over both long time scales 
(fuel depletion and waste production) and short time scales 
(accident scenarios). Nuclear reaction cross sections must 
be known as precisely as possible so that core reaction 
rates can be accurately calculated. Large uncertainties in 
model prediction increase design margins, which in turn, 
increase fuel cycle costs and limit the plant’s power rating. 
Therefore, decreasing a model’s uncertainties acts to 
decrease design margins, which beneficially impacts the 
reactor economy. 


Prediction uncertainty can be classified as input data, 
modeling, and computational uncertainty. Input data 
uncertainties include uncertainties in basic input data (e.g. 


nuclear data) and uncertainties in semi-empirical model 
parameters (e.g. drift flux parameters). For both basic input 
data and model parameters, uncertainties are typically due 
to experimental measurement inaccuracies. In addition to 
input data uncertainties, modeling uncertainties exist due to 
either limiting computing resources to model the problem 
at the fundamental level, or the lack of knowledge of 
certain physical phenomena (e.g. semi-empirical 
modeling).1 


Advanced sensitivity analysis (SA), uncertainty 
quantification (UQ), and data assimilation (DA) 
methodologies are used to reduce nuclear system 
simulation uncertainty. The Efficient Subspace Method 
(ESM) is used to overcome one of the main existing 
methodologies for SA/UQ/DA and has demonstrated the 
capability of adjusting cross section data, thereby 
providing guidance to cross section evaluation efforts by 
identification of key cross sections and associated energy 
ranges that contribute the most to the propagated core 
attributes uncertainties.2 


The computational studies performed at INL showed 
that for a reference very high temperature reactor (VHTR) 
fuel design, an uncertainty of as little as 10% in the Pu240 
capture cross-section can lead to uncertainties in system 
reactivity of as much as 500 pcm absolute reactivity, 
because of the propagated uncertainty in Pu241 buildup. 
This is an indication of the high sensitivity to this 
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particular cross-section.3 The ERRORJ/SUSD3D code 
system was used to simulate 1-D benchmark problems and 
calculate the covariance data processing and nuclear data 
sensitivity and uncertainty analysis of keff, taking into 
account the uncertainties due to the U233, U235, U238, Pu239, 
Pu240, and/or Pu241. The uncertainties amount to 0.53% ~ 
1.86% depending on the major actinides of the benchmark 
cores.3 


In this paper, a model for the VHTR is proposed using 
the Monte Carlo MCNP5 code.4 The model is used to 
predict the perturbation that originates in the neutron flux 
in the reactor due to the uncertainties in reaction cross 
sections of U235 and C. 


 
II. VERY HIGH TEMPERATURE REACTORS 


 
The Generation IV Roadmap project identified reactor 


system concepts for producing electricity, which excelled 
at meeting the goals of superior economics, safety, 
sustainability, proliferation resistance, and physical 
security.1 One of these reactor system concepts is the Very 
High Temperature Gas Cooled Reactor System (VHTR), 
which has been selected by the US DOE for the Next 
Generation Nuclear Power (NGNP) project, a project to 
demonstrate emissions-free nuclear-assisted electricity and 
hydrogen production by 2015.5 The VHTR is a uranium-
fueled, graphite-moderated, helium-cooled reactor using a 
direct or indirect gas cycle to convert the heat generated by 
nuclear fission into electrical energy by means of a helium 
turbo generator.6 


Two designs were proposed to the VHTR, namely 
a prismatic fuel type helium gas-cooled reactor and 
a pebble bed fuel helium gas reactor. Both designs have to 
meet three basic requirements: a coolant outlet temperature 
of 10000C, passive safety, and a total power output 
consistent with that expected for commercial high-
temperature gas-cooled reactors.6 Since the prismatic block 
VHTR was found to be the preferred option to maximize 
the unit power level for best economic performance,6 we 
selected this type of reactor to apply our model. A detailed 
description of the prismatic block VHTR can be found in 
references 6 and 7. 


 
III. METHOD AND PROCEDURE  


 
A sensitivity and uncertainty study was performed to 


evaluate the impact of the uncertainties in neutron cross-
sections on the neutron flux, as a contribution to the 
feasibility assessment of uncertainty proposed within the 
VHTR. The reactor was simulated using MCNP5 code. 
The details of the prismatic block reactor used in the 
simulation can be found in reference 8. The reactor is 
assumed to operate at a power level of 600 MWT. 


Table 1 shows a summary of the components of the 
VHTR core used in the model.  The fuel rod consists of 
fuel spheres.  Each sphere consists of a spherical kernel 


surrounded by four coating layers, as given in Table 2.  
Details of the core and fuel are given in reference 8 
together with the materials used in the model.  


 
TABLE 1 


Prismatic reactor used in MCNP5 syntax 
 


Component Shape 
Pressure vessel Hollow cylinder 
Inner reflector Hexagonal lattices arranged in five rings  
Active core Hexagonal lattice filling the three rings 


after the inner reflector containing fuel 
lattice, control lattice and reserve shut 
down fuel block  


Fuel lattice Hexagonal lattice with same dimensions 
as inner reflector.  It has a hole in the 
center for mechanical handling. 
The lattice consists of 1)fuel 2)coolant 
3)poison               


Fuel rod Fuel spheres impressed in rod of graphite 
by the whole length of the reactor core 


Coolant channel Cylinder rod  
Poison rod Cylinder rod 
Reserve system 
shut down fuel 
block 


Hexagonal lattice with same dimensions 
as inner reflector, with one hole in the 
center and one in the side 


Outer control 
rod fuel block 


Hexagonal lattice with cylinders at the 
side  


Inner control 
rod 


Used only at startup and therefore not 
included in the model 


Outer reflector Consists of hexagonal lattices arranged 
in three rings around the active core  


Upper & lower  
reflector 


cylinder  


 
TABLE 2 


Components of fuel spheres 
 


material Shape  


UCO enriched 
17% U235, boron 4 ppm 


sphere Uranium 
oxycarbide 


carbon layer Porous carbon 
buffer 


PyC layer Inner pyrolytic 
carbide 


SiC layer Silicon carbide 
PyC layer Outer pyrolytic 


carbide 
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In order to investigate the impact of uncertainty on the 
flux, there are two ways to change the cross sections; either 
use more than one library with different cross sections, run 
the program  each time and study the change in the nuclear 
parameter, or deal with that change as a perturbation in the 
cross section parameter. The later method is the one 
followed in this paper. 


The MCNP5 code includes a perturbation card (Pert 
card) which allows perturbations in cell material density, 
composition, or reaction cross-section data. The 
perturbation analysis uses the first- and second-order 
differential operator technique described as applied in the 
Monte Carlo method by Olhoeft9 in the early 1960s. Using 
this card the effect of the uncertainty corresponding to a 
certain reaction for a specified element and a specified 
energy range on the calculation of the neutron flux is 
studied. 


The applied procedure can be summarized as:  
Step (1): Adjust the control rod length to keep the reactor 
critical:  
a) Insert an arbitrary length of the control rod inside the 


reactor. 
b) Run MCNP5 code to obtain the value of keff. 
c) According to the value of keff, modify the length of the 


control rod inserted in the reactor. 
d) Repeat steps b) and c) until the proper length 


providing keff equal to 1 is obtained with at least four 
decimal digits in the  value. 


e) Record the nuclear parameter (flux) obtained in the 
last code run. 


Step (2): Perturbation analysis:   
a) Modify the value of the original cross section, 


corresponding to a certain reaction for a specified 
element and a specified energy range, by a certain 
uncertainty value using the Pert card.  


b) Rerun the MCNP5 code with the new cross section 
value.  


c) Record the change in the neutron flux due to the above 
modification in the cross section. 


d) Repeat steps a) – c) for all required cases. 
This study explores the cross section uncertainty 


effects of two elements, namely Uranium (U235) and carbon 
(C). Since the fission of U235 is the main basis of the 
neutron flux and the power in the reactor, the U235 fission 
cross section was considered. Carbon plays the role of the 
moderator in the reactor; in addition it is a major 
constituent in most of the reactor components. As the 
moderation process depends on the scattering phenomenon 
to thermalize the neutrons, the scattering cross section of C 
was also considered.  


Fig. 1 shows the uncertainty in the U235 fission cross 
section as a function of the neutron energy.10 


 


 
 
Fig.1. The uncertainty in the U235 fission cross section versus 


neutron energy.  
 
In this work, two methods have been followed to study 


the effect of the uncertainty in the U235 fission cross section 
on the neutron flux. In the first method, a constant 
uncertainty in the U235 fission cross section was used for 
the whole neutron energy range. Uncertainty values 
ranging from 0.1% to 1% with increments of 0.1%, as well 
as values of 2%, 3% and 4% were used to study the 
variation of the neutron flux due to the changes in the U235 
fission cross section. These values have been selected 
based on the range of uncertainties given in the MCNP5 
code library. 


In the second method, the values of the uncertainties at 
the different neutron energies, as given in Fig. 1, were 
used. The energy range is divided into three groups, such 
that the uncertainty can be considered either constant or 
slowly varying in each group. The average value of the 
uncertainty in each energy group was determined and used. 
The energy groups and uncertainties are given in Table 3. 


 
TABLE 3 


U235 energy groups and the uncertainties associated 
with them 


 
Group Energy range 


(MeV) 
Average 


uncertainty 
1 2.53E-08 – 2.40E+01 0.746% 
2 2.50E+01 – 1.04E+02 2.43% 
3 1.08E+02 – 2.00E+02 4.31% 


 
As to the scattering cross section of C, the neutron 


energy range is divided into three groups and an average 
value of uncertainty is determined. Table 4 shows the 
values of the energy ranges and the corresponding 
uncertainties. 
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TABLE 4 


Carbon energy groups and the uncertainties associated 
with them 


 
Group Energy range 


(keV) 
Average 


uncertainty 
1 1 – 500  0.46% 
2 500 – 1500 0.53% 
3 1500 – 1800 0.60% 
 


IV. RESULTS AND DISCUSSION  
 


A plan of the VHTR core model used as well the 
positions of the cells considered in this work are shown in 
Fig. 2-a and 2-b respectively. 


  


 
 
Fig.2-a. Plan of the VHTR core model drawn by MCNP5.  


 
 


 
 
 
Fig.2-b. Positions of the cells considered in this work. 
 
Fig. 3 illustrates the dependence of Keff on the length 


of the control rod inserted in the reactor. The horizontal 
axis presents the position of the bottom end of the control 
rod measured from a reference point set at a height equal to 
100 cm from the bottom of the pressure vessel. As shown 
in the figure, the criticality can be achieved by placing the 
control rod at a height equal to 24 cm above the reference 
point. 


 


 
 
Fig.3. Variation of keff with the control rod position. 
 


1. Changing the uncertainty from 0.1% to 4% for the 
whole energy range 


 
The results in cells 80, 92 and 100 (see Fig. 2b) are 


given as an example of the output in each case.  However, 
the same behavior was observed in all cells.8 


  
The percentage variation of the neutron flux with the 


uncertainty in the U235 fission cross section is presented in 
Fig. 4 for cells 80, 92 and 100. These curves are obtained 
considering the same uncertainty value for the whole 
neutron energy range. As can be seen, the neutron flux is 
influenced by the uncertainty in the U235 fission cross 
section. The change in the neutron flux varies linearly with 
this uncertainty. Calculations for the other cells resulted in 
similar behavior.  


 
2. Changing the uncertainty by values based on 


MCNP5 library 
 


Fig. 5 illustrates the change in the neutron flux in cells 
80, 92 and 100 due to the reduction of the U235 fission 
cross section by the average uncertainties in the three 
energy groups given in Table 3.  


From the figure, we can see that the change in neutron 
flux lies around the 0.06% in the thermal energy range 
while it is negligible in the other two energy ranges. 
Therefore, dividing the neutron energy range into three 
groups showed that the flux is not affected by the 
uncertainty in the U235 fission cross section in the 
intermediate and fast neutron energy ranges. This is in 
agreement with the fact that the U235 fission process is 
mainly due to the thermal neutrons. 
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(a) 


 


 
(b) 


 


 
(c) 


 
Fig.4. Percentage change in neutron flux versus uncertainty 


in the U235 fission cross section, (a) in cell 80, (b) in cell 92, and 
(c) in cell 100. 


 
 


 
(a) 


 


 
(b) 


 


 
(c) 


 
Fig.5. Percentage change in neutron flux due to the reduction 


of the U235 fission cross section by the uncertainties 
corresponding to the three energy groups, (a) in cell 80, (b) in cell 
92, and (c) in cell 100. 


 
The change in the neutron flux in cells 80, 92 and 100 


due to the reduction of the C scattering cross section by 
their corresponding average uncertainties in the three 
energy groups is shown in Fig. 6. 
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(a) 


 


 
(b) 


 


 
(c) 


 
Fig.6. Percentage change in neutron flux due to the reduction 


of the C scattering cross section by the uncertainties 
corresponding to the three energy groups, (a) in cell 80, (b) in cell 
92, and (c) in cell 100. 


 
The figure shows that in the pressure vessel (cell 100), 


the reduction of the C scattering cross section leads to a 
percentage decrease in the neutron flux reaching 
a maximum of 0.025% in the slow neutron energy range. 


In the active core, the reduction of the C scattering 
cross section also causes a decrease in the neutron flux in 
the slow neutron energy range.  However, it leads to an 
increase in the flux in the intermediate and fast energy 
ranges. On the average, it was found that reducing the 
cross section by 0.46% in the slow neutron energy range 


leads to a reduction in the flux by 1.84E-3%. In the 
intermediate energy range, the 0.53% reduction in the cross 
section results in an increase of 1.68E-3% in the flux, 
while in the fast energy range, the 0.6% reduction causes a 
flux increase of 7.7E-4%. 


The flux change in each cell due to all the applied 
perturbations was calculated using the following equation11 


 


δq =   
∂q


∂x 
δx 


2


+  … +  
∂q


∂z 
δz 


2


  


where q presents the change in the flux; x, …., z are 
cross sections for certain isotopes in certain energy groups; 
x, …, z are the uncertainties in the cross sections and 
∂q


∂x 
δx, …, ∂q


∂z 
δz are the changes in the flux due to each 


cross section uncertainty. The results are listed in Table 5.   
 


TABLE 5 


Overall percentage flux change in each cell 


Percentage of flux change (%) Cell number    
0.066 100 
0.061 90 
0.068 92 
0.067 94 
0.065 96 
0.066 98 
0.061 80 
0.067 82 
0.064 84 


 
It can be noticed that the overall change in the neutron 


flux due to the uncertainties in the U235 fission cross 
section and C scattering cross section lies in the range of 
the 0.06%. Therefore, we can deduct that the neutron flux 
is mainly affected by the uncertainty in the U235 fission 
cross section in the thermal neutron energy range. 
 


V. CONCLUSION 
 


The effect of the uncertainty in the fission cross 
section of U235 and the scattering cross section of carbon on 
the neutron flux in the very high temperature reactor is 
investigated. The results show that the flux and 
consequently the reactor power are influenced by the 
uncertainties in both cross sections, but the U235 fission 
cross section in the thermal neutron energy range is a 
dominant factor. Therefore, improving the accuracy of 
cross sections would allow the operation of the reactor at 
higher power by reducing the margin region associated 
with the uncertainty in cross section.   


Since the flux is not affected by the uncertainties in the 
U235 fission cross section in the intermediate and fast 
neutron energy ranges, the required improvement is only 
needed in the thermal neutron energy range. 
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Modeling a reactor for studying the effect of 
uncertainty in the cross sections with reasonable values of 
error is more effective, safer and better economically than 
performing experiments, to enhance the power extracted 
from the reactor.  
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Abstract – The station blackout (SBO) is one of the most challenging severe accidents for boiling 
water reactor (BWR) plants. In the case of no water injection, the reactor pressure vessel (RPV) 
emergency depressurization strategy should be introduced at the set-point of minimum zero 
injection RPV water level as described in the BWROG EPGs/SAGs. Due to the plant-specific 
features, the present strategy determined by simple mathematical models may not accomplish the 
optimal effectiveness of depressurization. The modular accident analysis program (MAAP) is a 
computer code capable of simulating the responses of a light-water-reactor plant during the 
severe accident. The SBO scenario of a BWR-6 plant with Mark-III containment is simulated and 
the sensitivity analysis for the depressurization parameters in the scenario is carried out. Sensitive 
parameters, such as the set-point of RPV water level and the number of safety relief valves 
opened, are issued in this study. It’s believed that the optimal depressurization strategy would thus 
be determined in terms of the issued parameters.  


 
 


I. INTRODUCTION 
 
The Three Mile Island accident showed the world that 


severe accident management plays an important role in 
nuclear power plants (NPPs). For the purpose of mitigating 
consequences during a severe accident, the MELCOR 
computer code1 and the modular accident analysis 
program2 (MAAP) are developed and used for light water 
reactor (LWR) plants. In Taiwan, MELCOR has been 
widely used in the nuclear industry for many years.3-7 For 
instance, the accident sequences in a large-break loss-of 
coolant accident (LOCA) of the Kuosheng NPP and the 
station blackout (SBO) accident of the Maanshan NPP 
were studied with MELCOR and MAAP.8 Both tools give 
similar simulation results for important phenomena, while 
MAAP has the fast-running feature.  


For the purpose to mitigate the accident consequences, 
the Boiling Water Reactor Owners’ Group (BWROG) 
developed the emergency and severe accident guidelines 
(EPGs/SAGs)9 for generic and symptomatic directions in 
BWR plants, including Mark-I, Mark-II, and Mark-III, in 
1997. The utilities in US are requested to develop their 
own EPGs/SAGs from the end of 1998. In 2001 the 
EPGs/SAGs document was updated.10 There are two BWR 
plants, Chinshan and Kuosheng, in Taiwan. At the end of 


2003 both the severe accident management guideline 
(SAMG) were finished.11,12  MAAP was applied to 
investigate the strategy of containment flooding of the 
Kuosheng NPP13 and to validate the Chinshan SAMG.14,15 


In order to make the low-pressure water able to be 
injected into the vessel to cover the core, the RPV needs to 
be depressurized. For emergency depressurization, opening 
all relief valves is recommended and the core water would 
rapidly reduce with continued vaporization. However, in 
the cases the recovery of offsite power and equipments 
can’t be guaranteed, to optimize the utility of the available 
water in the RPV is straightforward for keeping longer 
vessel integrity concurrent with avoiding high pressure 
melt ejection (HPME) and direct containment heating 
(DCH). The integration of the MAAP code and the 
optimization algorithm may be an appropriate approach for 
this purpose. Before that, the sensitivity analysis for the 
emergency depressurization is carried out in this study. A 
postulated SBO accident of the BWR-6 power plant with 
Mark-III containment, the Kuosheng NPP at north 
Taiwan,16 is used as the base case.  


The remainder of this article is divided into four 
sections. Section II introduces the Kuosheng NPP and the 
postulated SBO scenario. In Section III, the MAAP5 code 
and the nodalization model of the Kousheng NPP are 
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presented. The implementation of sensitivity analysis for 
emergency depressurization in the postulated SBO case is 
detailed in Section IV and followed by the conclusions. 


 
II. SBO SCENARIO OF A BWR-6 POWER PLANT 


 
In this study the Kuosheng NPP, two units of Generic 


Electric BWR-6 with the Mark-III containment, at north 
Taiwan is exemplified. Firstly, the Kuosheng NPP is 
briefly introduced and followed by the base case of a 
postulated SBO accident.  
 


II.A. The Description of Kuosheng NPP 
 
The rated core power of the Kuosheng NPP is 2,894 


MWt and the net electric output is 985.3 MWe. The core 
contains 624 fuel bundles and 145 control rods. The 
Kuosheng schematic diagram is illustrated in Fig. 1. The 
containment is a reinforced concrete cylinder with a 
hemispherical dome and includes the drywell, the wetwell, 
and the reactor building. A spray and fan cooler system is 
equipped to control the containment pressure and 
temperature. The cavity basemat thickness is 4.19 m. The 
wall of the cylinder is about 2.59 m thick. The dome 
thickness is about 1.07 m. A welded steel liner forms the 
pressure boundary. The free volumes in the drywell, 
wetwell (including suppression pool), and reactor building 
are 6.739×103 m3, 3.171×103 m3, and 4.409×104 m3, 
respectively.17 The design pressure of the wetwell is 0.205 
MPa. 


The reactor cooling system (RCS) consists of two 
recirculation loops and operates at 7.22 MPa. Each loop 
has a recirculation pump. There are 16 safety/relief valves 
(S/RVs) distributed at the four main steam lines with 
different set points, which are normally closed. The 
automatic depressurization system (ADS) consists of seven 
S/RVs, which could depressurize the RCS pressure to 
allow the emergency core cooling system (ECCS) water to 
enter the core. The ECCS includes a high-pressure core 
spray (HPCS) system, a low-pressure core spray (LPCS) 
system, a low-pressure core injection (LPCI) system, and 
three loops of an RHR system for low-pressure injection 
and recirculation. One of the RHR loops is used for 
suppression pool cooling. In addition, a fifth emergency 
diesel generator is equipped in the Kuosheng NPP to 
increase the reliability of electrical power. Also, the raw 
water tanks in the mountain and fire water truck can inject 
cooling water into the reactor vessel or containment via an 
RHR loop. Igniters are equipped with alternate diesel 
power for SBO. 


 
 


Fig. 1. The Kuosheng schematic diagram 
 


II.B. The SBO Base Case 
 
The loss of AC and DC power is assumed to occur at 


the start of the SBO simulation. The reactor scram follows 
with the coast down of reactor feedwater pumps (RFPs) 
and reactor cooling pumps (RCPs) tripped. Feedwater is 
quickly reduced to zero. The turbine stop valves (TSVs) 
MSIVs are also closed. HPCS, LPCI and LPCS are 
unavailable. Without recovery of power or equipment, the 
transient proceeds to severe core damage and melting. The 
sequence of events is shown in Table I. The corresponding 
major plant responses are shown in Figs. 2 through 8. 


 
Table I 


Sequence of Events of the SBO Accident 


Key Events Time (s) 
SBO accident starts 0.0 


RFPs and RCPs tripped  
TSVs closed  
Reactor scrammed 1.8 
Core uncovery (TAF) 1,299.7 
Core fully uncovery (BAF) 6,871.2 
Core plate failed 9,112.7 
RPV failure 13,593.2 


Simulation ends 25,000.0 
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The SBO accident was initiated at 0 s. The reactor 
power decreased rapidly to radionuclide decay power as 
the reactor scrammed. The turbine steam flow rate reduced 
to zero as the TSVs closed. The in-vessel pressure and 
temperature increased as the water in the RPV is heated by 
the decay power. When the pressure set-point was 
challenged, the RVs cycle for pressure control. Fig. 2 
shows the RPV pressure in response to the RVs cycling. 
The RPV pressure significantly depressurize at 13,593 s as 
the instrument tube failed at HPME mode.  


 


 
 


Fig. 2. The response of RPV pressure in SBO accident. 
 


The response of RPV water level is shown in Fig. 3. 
Since the steam was dumped to the wetwell through 
S/RVs, the RPV water level decreased monotonically to 
the top of the active fuel (TAF) at 1,300 s. The water 
inventory in the vessel decreased monotonically and 
eventually reached the bottom of the active (BAF) fuel at 
6,817 s. After the core plate failed at 9,113 s, the rest of 
water inventory flushed to steam.  


 


 
 


Fig. 3 The response of RPV water level in SBO accident. 


As the RPV water level fell below the TAF, the 
cladding temperature dramatically increased as the heat 
sink of the fuel deceased. The cladding temperature at the 
uncovered fuel rod increased earlier than those at the 
covered regions. The responses of maximum and average 
core temperature are shown in Fig. 4. As the cladding 
temperature exceeded 1,100 K at 2,710 s, the reaction of 
cladding oxidation began and hydrogen was generated as 
shown in Fig. 5. Totally, 62.5 kg hydrogen was generated 
from the core.  


 


 
 


Fig. 4. The responses of max. and average core temperature. 
 


 
 


Fig. 5. The response of H2 mass generated from core.  
 
The hydrogen from the core was released to the 


wetwell through the S/RVs, then to the upper wetwell, 
lower dome, and upper dome. The hydrogen burning 
occurred while the hydrogen concentration exceeding the 
ignition limit. Fig. 6 shows the mole fractions of H2 and O2 
in the wetwell. The burnings resulted in pressure and 
temperature peaks, as shown in Figs. 7 and 8, respectively.  
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Fig. 6. The responses of mole fraction of H2 and O2 in wetwell. 
 


 
 


Fig. 7. The response of wetwell pressure in SBO accident. 
 


 
 


Fig. 8. The response of wetwell temperature in SBO accident.  
 
As shown in Fig. 2, the RPV kept at high pressure 


until the vessel failed at the instrument tube. It causes the 


HPME and the debris is brought to the free air volume of 
the containment in the form of particles. The decay power 
from the radionuclides directly heats the containment 
(called DCH). The DCH may result in temperature and 
pressure rising of compartments to challenge containment 
design limits. The BWROG thus recommends the plant at 
SBO accident to depressurize the RPV by opening all 
S/RVs in the phase of emergency operating procedure 
(EOP).  


 
III. Computational Model 


 
In this study the MAAP5 code is used to simulate for 


the sequence of events in the SBO accident. The Kousheng 
NPP is exemplified and the sensitive parameters of  
emergency depressurization in SBO accident are studied. 
As follows, the MAAP5 code and the Kousheng model 
developed by MAAP5 are briefly introduced.  


 
III.A. MAAP5 Code 


 
The MAAP is developed by Fauske & Associates 


Inc.’s. The new MAAP5 computer code (including the 
MAAP5-GRAAPH graphical interface)18 includes the 
major model improvements by revising the MAAP4 code,2 
i.e. increased pressurized water reactor (PWR) RCS 
nodalization to model individual loops and to calculate 
natural circulation, improved core model including point 
kinetics (PWR only) and 1-D neutronics models, lower 
head modeling improvements, improvements in BWR 
primary system thermal hydraulics, improvements in 
fission product modeling plus in-plant and ex-plant dose 
calculations, and enhanced containment modeling features.  


It can simulate the response of LWR NPPs during 
severe accident sequence, including mitigations actions of 
accident management. The entire spectra of severe accident 
phenomena, including core heat-up, degradation and 
relocation, lower plenum phenomenology, corium-concrete 
interactions, containment hydraulics, hydrogen 
combustion, radionuclide release and transport, etc. are 
treated in MAAP5. All the control volumes of the plant, 
including reactor vessel, steam generator (S/G), 
containment, ECCS and its associated control logic are 
provided. It provides a flexible, efficient, integrated tool 
for evaluating the in-plant effects of a wide range of 
postulated accidents and for examining the impact of 
operator accident on accident progressions. The advanced 
BWRs are also included, e.g. the simulation of passive 
flooder, containment overpressure protection system, etc.   


Whether running MAAP4 or MAAP5, the operations 
in evaluating nuclear reactor systems or accident 
simulations are common. Fig. 9 shows the procedure of 
generic operations of one MAAP running on a local 
computer. MAAP running relies upon various required and 
optional input files. At a minimum, an Input Deck (.INP) 
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and a Parameter (.PAR) files are included. The Input Deck 
contains the sequence-specific information such as the 
accident initiator, operator actions, and problem time. The 
Parameter file contains the plant-specific parameter 
information, output specifications, and user-controlled 
phenomenological parameters. In the Phase I, prior to 
execution, the input files are prepared. While the Input 
Deck is executed, the progress enters to Phase II and then 
III. During the execution, the MAAP writes numerous 
output files, e.g. Event Summary (.SUM) file, Plot (.Dxx) 
file, etc. The Event Summary file contains a summary of 
the sequence times at which event codes change status. 
Values of selected variables are written at a user-specified 
time interval to the plot files for subsequent plotting and 
listing. In the final phase, the simulation results can be 
visualized using either the default plotting package that 
accompanies MAAP or a user-supplied plotting package, 
such as Microsoft Excel.  


 


 
Fig. 9. The schematic of generic operations of MAAP running 
(cited from Tsai et al. study19). 


 
III.B. The Development of the Computational Model 


 
Users need to set up the parameter files representing 


the specific plant and the input file for the accident 
scenario to run MAAP5 code. In the parameter file, users 
should specify the plant and system configurations, 
including reactor core parameters, primary systems and 
safety systems parameters, containment and auxiliary 
building parameters, and engineered safeguards safety 
systems. The containment nodalization (blue circles) and 
flow paths of the Kuosheng NPP is shown in Fig. 10. 
Nodes 1 through 10 represent the cavity, drywell, 
downcomer, wetwell, upper wetwell, lower dome, upper 
dome, and upper fuel pool. In the input file, users need to 
define the sequence and operation interventions as 
illustrated in Section II.B. The parametric values in the 


MAAP5 models governing these phenomena are 
determined according to the FAI’s suggestions.  


 


 
Fig. 10. The MAAP5 model of the Kuosheng NPP. 


 
IV. SENSITIVITY ANALYSIS FOR EMERGENCY 


DEPRESSURIZATION 
 


As referenced to EOP, the sensitivity analysis for two 
parameters, the RPV water level and the number of the 
relief valves (RVs) opened, in emergency depressurization 
is carried out. Because the TAF and BAF are 9.1059 m and 
5.2959 m from the bottom of the RPV, respectively, the 
spectrum of RPV water level is bounded from 5.3 m to 9.1 
m. The bounds of RVs opened are set as one to all (nine 
valves). The corresponding effects on the RPV life and 
appearance of HPME and DCH are studied as follows.  


The effectiveness of the number of RVs opened for 
emergency depressurization at the RPV water level of 9.1 
m is studied. Fig. 11 shows the relation of RPV life versus 
the number of RVs opened at the same time. The results 
show that more early the water inventory in the vessel ran 
out as more RVs opened in depressurization. Although 
opening more RVs could accomplish larger contribution of 
steam cooling, it's possibly followed by early core melt. As 
shown in Fig. 11, opening 1 RV is recommended It's also 
demonstrated that the emergency depressurization is 
essential to SBO accident since the HPME and DCH are 
eliminated in all cases, but opening more RVs doesn't have 
deterministic contribution for RPV life.   
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Fig. 11. The distribution of RPV life versus the number of RVs 
opened for depressurization at RPV water level of 9.1 m.  
 


The effectiveness of the RPV water level for in the 
case of opening RVs for emergency depressurization with 
one RV is studied. The water level in the bounds from 5.3 
m to 9.1 m is regularly divided to five levels. Fig. 12 
represents the distribution of RPV life versus the water 
level for emergency depressurization. It shows delaying 
the depressurization could extend the utility of water 
inventory in the RPV and remain the vessel integrity longer. 
Depressurizing the RPV at the water level of 6.2 m could 
remain the vessel integrity longer. However, if the 
depressurization is introduced too lately, the cumulative 
impacts on the vessel and core may be as large as the 
depressurizing efficiency is not enough to stop the HPME 
mode. For instance, in the case of depressurization at the 
water level of 5.3 m, The HPME failure mode can't be 
eliminated by the steam cooling at such a late introducing 
time.  
 


 
 
Fig. 12. The distribution of RPV life versus the RPV water level 
(m) for depressurization with one RV opened. The red circle 
denotes the vessel was failed at HPME mode.  


 


V. CONCLUSIONS 
 


In this study the effects of the RPV water level and 
number of RVs opened for emergency depressurization on 
the vessel life and appearance of HPME mode and DCH 
affects are studied. The results in sensitivity analysis of the 
number of RVs opened demonstrate the depressurization is 
essential to eliminate the HPME mode and DCH affects. 
But opening more RVs has no deterministic contribution. 
In the cases of the RPV water level for depressurization, 
the delay action has positive contribution on RPV integrity 
concurrent with negative impacts from delaying the 
introduction of steam cooling.  


In the future, the optimization algorithm combined 
with the MAAP5 code would be used to identify the 
optimal strategy for emergency depressurization to ensure 
the vessel integrity longer without HPME mode and DCH 
affects. It’ll be believed that the optimization can provide 
the best utility for the available water in the RPV until 
recovering the plant power or equipments.  


 


NOMENCLATURE 
 
ADS automatic depressurization system 
BAF bottom of active fuel 
BWR boiling water reactor 
BWROG boiling water reactor owners’ group 
DCH direct containment heating 
ECCS emergency core cooling system 
EPGs/SAGs emergency procedure and severe 


accident guidelines 
FAI Fauske & Associates, Inc.’s 
HPCS high-pressure core spray 
HPME high pressure melt ejection 
LOCA loss-of coolant accident 
LPCI low-pressure coolant injection 
LPCS low-pressure core spray 
LWR light water reactor 
MAAP modular accident analysis program 
NPP  nuclear power plant 
PWR pressurized water reactor 
RCP reactor cooling pump 
RCS reactor cooling system 
RFP reactor feedwater pump 
RHR residual heat removal 
RPV reactor pressure vessel 
SAMG severe accident management guideline 
SBO station blackout  
S/RV safety/relief valve 
TAF top of active fuel 
TSV turbine stop valve 
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Abstract – The cause of the abnormal power change phenomenon of Phénix core is studied under 
the assumption that a negative reactivity insertion is induced by a gas blow into the control rod 
assemblies. The size and layout of the core analyzed are set to simulate the Phénix core while 
material compositions of the assemblies are assumed to be a typical MOX fuel core and the 
control rod channel is assumed to be a simple sodium plenum zone at intact.  The calculation has 
been conducted by using three-dimensional continuation energy Monte Carlo code MVP with 
JENDL-3.3 library so that the neutron moderation and leakage through the void channel can be 
evaluated exactly. The result of  the analysis shows  the negative void reactivity is about -80 cents 
when the sodium below the level of 1/3 of core height from the core bottom of the seven control  
assemblies including the center shutdown system is voided while it is about -1 cents when the 
sodium between the core bottom to the core top is voided in the same assemblies. The void 
reactivity for the region above the level of 2/3 of core height is again about -80 cents. The negative 
reactivity of -80 cents is consistent to the power decrease of about 40 % at the beginning of the 
event if zero-power reactor model can be applied to the transient of this phenomenon,. The 
successive power swing observed can be explained by the reactivity change if the gas flows up 
through the control assemblies in which the cross sectional area of the gas is reduced by a half at 
the upper level of the assembly due to the absorber pins.  


 
 


I. INTRODUCTION 
 


According to the presentation on Phénix operation 
experience conducted in the Fall meeting of AESJ at 
Sapporo, Japan in September, 2010, the cause of the 
abnormal power change phenomenon due to a negative 
reactivity insertion to Phénix core has not been identified 
definitely. In the other side, some negative reactivity 
insertions have been observed in the critical experiment of 
ZPPR-3 when the CRP channels are voided. 


In this paper, we have assumed the cause of the 
negative reactivity is due to a gas blow into the control rod 
assemblies, that may be introduced from an accumulated 
gas below the upper grid plate of the low pressure sodium 
plenum where the inlet nozzles of the control rod 
assemblies are inserted. The size and layout of the core 
analyzed are set to simulate the Phénix core while material 


compositions of the assemblies are assumed to be a typical 
MOX fuel core and the control rod channel is assumed to 
be a simple sodium zone 


  
 
II. NEGATIVE REACTIVITY TRANSIENTS 1989-


1990 IN PHÉNIX 
 


Core layout of Phénix sized core is shown in Fig. 2-1. 
Main core parameters are listed in Table 2-1. The core has 
114 fuel assemblies and 6 control rods and one 
complimentary shutdown system at the center. Some 
special assemblies in the outer zone of the actual Phénix 
core was replaced to the outer fuel assemblies for 
simplification. The main core parameters of Phénix 
including the core height of  850 mm follows the data base 
of a text of FBRs .4) 
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It is reported 4 trips due to negative reactivity 
transients in 1989-1990 as shown in Fig. 4.2 


Electrical perturbations, gas release through the core, 
relative movement between core and control rods, oil 
ingress cannot explain the scenario. 


The reference scenario has been suggested to be core 
flowering and there was no significant consequence for the 
reactor safety1).  


 
III. DESCRIPTION OF ANALYSIS METHOD 


 
The analysis of this paper is comprised with the 


reactivity analysis and the power transient analysis. 
In the reactivity analysis, the relation of sodium void 


reactivity with the axial length and axial position of 
sodium void region in the channel is investigated for 
following the change of void reactivity in the transient.  


The calculation has been conducted by using three-
dimensional continuation energy Monte Carlo code MVP 
with JENDL-3.3 library so that the neutron moderation and 
leakage through the void channel can be evaluated exactly. 
The calculation method and core model are presented in 
Table 3-1. The spectra of the core largely change 
depending on the core regions or zones within the hydride 
assemblies, an accurate evaluation on the reaction rate 
requires continuous energy calculation model. The cores 
are modeled in three dimensional geometry as shown in 
Fig.3-1 and Fig.3-2.  


The power change due to negative reactivity has been 
evaluated by the ordinary point kinetics model.  


The  Runge-Kutta-Gill method was employed to 
solve the equations with the interval of the time steps are 
set at 3 µs. 


Kinetic parameters are listed in Table 4-2 
 
 


IV. EVALUATION OF VOID REACTIVITY FOR 
CONTROL RODS 


 
 


Sodium void reactivity for the seven control 
assemblies including the center shutdown system in Phénix 
is evaluated with Monte Carlo Code MVP as shown in  
Table 4-2.  


We assumed that gas blew up through the seven 
control assemblies simultaneously. It is assumed the 
assemblies are comprised of the duct which size is the 
same as the fuel assembly and the inner sodium zone 
because we did not have detailed data on the internal 
structure of the assemblies. Then axial void zoning for the 
rods have been set as variables as following; Case (1): 
lower plenum + lower axial blanket and lower 1/3 core, 
Case(2): Core bottom to top, Case(3): upper 1/3 Core + 
upper axial blanket + upper plenum. 
   As shown in the table, about 80 cents of negative 
reactivity is inserted at the beginning and then reactivity is 


decreased at the core center. where neutron leakage is 
reduced and positive reactivity factor due to the neutron 
spectrum hardening is enhanced, then it again increase in 
negative at the upper plenum region. It is about -1 cent 
when the sodium between the core bottom to the core top 
is voided in the same assemblies. The void reactivity for 
the region above the level of 2/3 of core height is again 
about -80 cents. 


 
In Table 4-3 , assumed sodium void reactivity changes 


at transients are listed. Two case of sodium volume fraction 
for each axial position of control assemblies are assumed. 
Case 1 assumes  the whole cross sectional area of the duct 
of control assemblies are filled by sodium at intact while 
case 2  assumes a half of the area are occupied by the 
absorber pins above  the upper 1/3 core level. 


The insertion rate of the reactivity is assumed to be 
linearly decreased to the minimum value ( -0.8$) at 0.05 
second after the initial power decrease, which is assumed  
by the  neutron response shown in Fig.4-2. Succeeding 
reactivity insertions are also assumed as linear changes as 
shown in Fig. 4-1. 
 


 
V. EVALUATION OF POWER CHANGE 


 
Power changes due to this reactivity insertion for each 


case have been calculated by ordinary point kinetic 
equations with no feedback effect. 


The results of the power change for case A and case B 
are provided in Fig. 4-1(1) and Fig4-1(2). It is inferred that 
the scram reactivity is imposed at 0.2 second after the 
initial power decrease according to Fig. 4-2. 


 
VII. COMPARISON WITH MEASURED POWER 


CHANGE 
 


Fig.4-3 presents the comparison of power change of 
calculation of case B with the neutron detector response for 
the event  when the initial power is 500MWt. The power 
decrease ratio at the first bottom is well reproduced by this 
assumption. The first peak and second bottom is not so 
well agreed, but the trend of the change is followed and the 
power change can be simulated if the void reactivity is 
more accurately evaluated by reflecting the fine structure 
of the control rod and adjusting the volume of the gas. The 
discrepancy between the observed and calculated power 
after the second bottom will be explained by the Doppler 
feedback that is not yet considered in this study, which will 
be usually affected after a few second of the start of the 
transient. Another possible effect to the positive reactivity 
is the spectrum hardening around the absorber pins at the 
level of upper axial blanket due to the void, which is 
estimated about 5 cents for the typical prototype FBR core. 


 
VIII. CONCLUSIONS 
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The assumption of void reactivity in the six control 


rods can reproduce the power change of Phénix while the 
cause of gas insertion to the control rods are not identified. 


However, the low pressure sodium plenum at Phénix 
seems to be upper than the high pressure plenum. The 
entrance nozzle of the control rods are usually connected to 
the low pressure plenum, thus, any gas bubble introduced 
in the inlet sodium plenum seems to flow into the control 
rods more easily than the other FBR plant such as Monju 
or JOYO where the low pressure plenum is equipped at the 
bottom of the high pressure plenum. 
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Table 2-1 Main design specification of the Phénix sized core 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Items unit Data Notes 
Rated thermal Power MWt 563  


Fuel material  MOX  
Coolant  Sodium  


Active core height mm 850  
Equivalent core diameter mm 1466  


Active core volume l 1282  


number of primary control rods  6 Void assumed at the 
event 


Complementary shutdown system  1 Void assumed at the 
event 


No. of fuel assemblies 
(Inner core / Outer core )  54 / 60  


Fuel volume fraction of core  0.34 Composition of fuel 
assumed as Monju 
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Table 3-1 Calculation codes and methods 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Table 4-1 Kinetics parameters for transient calculation 


 
 
 
 
 
 
 
 
 
 
 
 


*) Appendix A of reference [4] 
 
 
 


Table 4-2 Sodium void reactivity for the 7 control assemblies in Phénix 
 


Case No Axial void zone of the assemblies %dk/kk' cent* 


(1) Lower plenum + lower axial blanket 
+lower 1/3 Core -0.261  -77  


(2) Core bottom to top -0.003  -1  


(3) Upper 1/3 Core + upper axial blanket 
+upper plenum -0.260  -77  


*) beta effective is assumed 0.0034 by referring to appendix A of reference [4] 
 


Item Condition 


Cross section library JENDL-3.3[2] 


 Transport / burn-up code MVP [3] 
Continuous energy 


Method Three dimensional Monte Carlo 


Core model Fuel regions : homogenized 
Number of neutron histories 1,200,000 


Number of neutrons per batch 10,000 
Number of skipped batches for neutron 


source convergence 20 


 Delayed neutron fraction Decay constant(s-1) 
1 0.000112 3.01 
2 0.000744 1.14 
3 0.000663 0.301 
4 0.001334 0.111 
5 0.000393 0.0305 
6 0.0000143 0.0124 


total 0.0034 -  
prompt neutron lifetime 0.33 µsec*) 
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Table 4-3 Assumed sodium void reactivity change at transients 


 
Case No Case  A Case  B notes 


time 
after the 
transient 


start 


cent 


Assumed 
sodium 
volume 


fraction in 
control rod at 


intact 
(%) 


cent 


Assumed 
sodium 


fraction in 
control rod 


at intact 
(%) 


Assumed axial void zone 
at the transient 


0.05 -77  100 -77  100 
Lower plenum + lower 


axial blanket +lower 1/3 
Core 


0.1 -1  100 -1  100 Core bottom to top 


0.15 -77  100 -39 50 
Upper 1/3 Core + upper 


axial blanket +upper 
plenum 


0.2 0 100 0 100 - 
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Fig. 2-1 Core layout of Phénix1) 


 


  
Fig. 3-1 Horizontal cross section of the calculation model         Fig. 3-2 Vertical  cross section of the calculation model 
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Fig. 4-1(1) Assumed void reactivity change and evaluated relative power change for case 1 
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Fig. 4-1(1) Assumed void reactivity change and evaluated relative power change for case 2 
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Fig. 4-2 Neutron detector response during negative reactivity transients 1989-19901) 
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Fig. 4-3 Comparison of power change for the initial power of 500 MWt case 
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Abstract – This paper describes the need for international utility cooperation to support 
continued safe and efficient operation of the worldwide fleet of Boiling Water Reactors and how 
the BWR Owners’ Group is working to improve this effort.  


 
 


I. INTRODUCTION 
 
While many countries and utilities are looking to the 


future with plans to build a new generation of nuclear 
power plants, these plans will only remain viable both 
financially and in the world of public opinion and support 
if the existing fleet of plants continue to operate safely and 
efficiently.  Cooperation amongst plant operators is 
essential in sharing best practices and lessons learned from 
events and also to work together on projects to improve 
plant performance and resolve issues.  The Boiling Water 
Reactor Owners’ Group (BWROG) was created for the 
express purpose of achieving these goals. 


 
II. BWROG MISSION 


 
The Boiling Water Reactors Owners’ Group 


(BWROG) is an industry organization that was created in 
an effort to support common resolution of technical issues, 
address regulatory concerns, promote sharing of 
information and lessons learned among members, as well 
as to promote safety, minimize cost, and provide the proper 
forum for its members to address various specific issues. 
These tasks are achieved by working together between 
utilities and suppliers with common goals, finding cost 
effective solutions, and working closely with the 
regulatory agencies, not only to clear their concerns, but 
also to obtain, in many cases, approval to implement the 
changes once the solutions are found.  Obviously, the most 
important goal of this organization is ensuring that reactor 


safety is maintained at the highest levels and the lessons 
learned from operating experience, analyses, solutions, and 
modifications are shared in an open manner to prevent 
recurrence of any event/near miss, as well as to minimize 
cost. 


While safety must always be paramount, there is also 
value to be obtained in the areas of: 


 
• Improved performance (capacity factor, system and 


component reliability, outage duration, ALARA, 
etc.) 


• Reduced costs though shared projects and best 
practices 


• Common solutions to technical and regulatory 
issues. 


 
The Mission Statement outlined in the BWROG 


Charter clearly defines the goals of the organization. 
 
‘The mission of the Boiling Water Reactor Owners’ 


Group (BWROG) is to provide a forum, in the spirit of 
partnership with GE-Hitachi Nuclear Energy Americas 
LLC (“GEH”), which allows its member utilities to 
maintain and improve plant safety, achieve higher plant 
reliability, minimize and share costs, facilitate regulatory 
interaction, and effectively apply limited technical 
resources for mutual resolution of issues applicable to two 
or more members.’ 
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As is evident in these words, this mission can only be 
enhanced further through the expanded reach of 
international participation.  Most issues are not unique to 
one site, plant vintage, or in many cases even NSSS or 
BOP supplier.  And the sharing certainly goes both 
directions (to and from our international membership). 
 


III. BWROG ORGANIZATION 
 
The BWROG is set up with an Executive Committee, 
responsible for overall organization performance, a 
General Committee responsible for day to day issues and 
operations, as well as numerous Technical Committees. 
The Executive and General committees are responsible for 
authorizing funding and defining the work scope for 
various Technical Committees.  The main responsibility of 
the technical committees is to perform the bulk of the work 
either through utility volunteered labor (mostly best 
practice efforts) or contracted labor.  GE Hitachi acts as the 
program manager, meeting coordinator, project managers 
and in many cases provides the technical resource for the 
committee efforts and supplies the technical information 
needed to find solutions. 


 


 
 


Figure 1 
BWROG Organizational Structure 


 
There are currently three levels of membership in the 


BWROG: 
 
• US 
• International 
• Conditional 
 
While there are minor differences in the rights, 


responsibilities, and costs for each membership category, 
the recent effort has been to drive more similar 
participation of all three membership types. 


All US utilities that own a BWR design are members 
of the BWROG.  That currently covers the 34 operating 
reactors in the US.  In addition, South Texas Project joined 
the organization as a Conditional Member for their 
proposed two new ABWR plants. 


 The international membership currently includes: 
Japan, with four utilities, representing 25 operating plants 
and several in the design and construction phases; Europe, 
with Iberdrola in Spain, who are owners of two BWR 
reactors, Mexico with two BWR reactors operated by the 
Comision Federal de Electricidad (CFE) at the Laguna 
Verde Nuclear Station and Taiwan Power Company (TPC) 
in Taiwan with 4 operating reactors and 2 under 
construction. 


In total this represents almost 70 total units, thousands 
of years of operating experience, and tens of thousands of 
talented and dedicated engineers, operators, maintenance 
and licensing personnel that all contribute to the products 
of the BWROG.  In addition, many of these utilities are 
committed to further development of nuclear power for 
their future generating needs. 


 
IV. INTERNATIONAL MEMBERSHIP CHANGES 


 
Utilities and regulators are driving stations to continue 


their efforts in seeking excellence while maintaining or 
reducing the cost of generation.  .  As a result, utilities are 
looking more and more to shared solutions of common 
problems and unified efforts to obtain improvements in a 
cost effective manner.  Because of the issues described 
above, the US BWROG members found it necessary to 
revise the International Membership program in an effort 
to increase participation, thus allowing the ability to share 
greater amounts of information, technical support, and 
efforts between all of the participants.  The major changes 
to the program include: 


 
• Participation of all International and Conditional 


Members in all GENERIC Committees is now 
required 


• International and Conditional Members can elect to 
participate in additional NON-GENERIC 
Committees 


• Participation at International Workshops and 
Conferences in both Europe and Asia changed to 
NO per seat cost 


• Regional Executive Committee representation 
 
In the past, all International members selected specific 


committees in which they wanted to participate.  More 
often, they just purchased the products produced in a 
particular BWROG Technical Committee (Generic and 
Non-Generic).  This lack of full participation hindered the 
ability for utilities to share fully their needs, operating 
experience and efforts for improvement.  In addition, this 
prevented one utility from learning about solutions that 
may have been developed at another site.  Therefore, to 
foster increased direct involvement, our Executive 
Committee chose to make participation in Generic 
committees mandatory for all types of members. 
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Generic committees are those which are typically 
involved in solving broad technical and regulatory issues 
where a unified response or agreement by all is desired.  
They also include those whereby a nonparticipant would 
gain the same benefit as a participant without having to 
invest in the solution.  The 2011 Generic Committees as 
elected by the Executive Committee are: 


 
• BWR Water Chemistry 
• Containment Accident Pressure 
• ECCS Gas Intrusion 
• ECCS Suction Strainers 
• Emergency Procedures 
• Integrated Risk Informed Regulation 
• Licensing 
• Post-accident Instruments Relaxation (RG 1.97) 
• Reactivity Controls Review 
• Reload Analysis and Core Management 
 
As is evident in the list above, these committees 


involve global issues such as core design, fuel 
performance, emergency system performance concerns, 
regulatory interface, and probabilistic risk initiatives. 


Non-generic Committees involve those activities 
where plants can choose to invest in improvement 
initiatives; there is a required action for a small group of 
affected plants, or other operational improvement activities 
not driven by a common need.  The 2011 Non-generic 
Committees are: 


 
• CRD System Performance 
• Feedwater System Improvement 
• Feedwater Heater Level Control  
• HPCI-RCIC System Improvement 
• I&C Maintenance 
• Offgas System Improvement 
• Outage Management 
• Radiation Protection/ALARA 
• Refueling Performance 
• Reactor Recirc System Improvement 
• RHR System Improvement 
• RWCU System Improvement 
• Scram Frequency Reduction 
• Safety Relief Valve 
• Torus Chamber Coating 
• Turbine, Generator & Auxiliaries Improvement  
• Valve Technical Review Group 


 
There are 8 system improvement committees, 4 related 


to component issues, 3 dedicated to operations/outage 
improvement, and others including the important goal of 
ALARA/Dose reduction.  These committees produce 
products which stations can use to modify their plant 


design, operating and maintenance procedures, improve 
personnel knowledge and understanding, and share best 
practices. 


As an example of the work of these committees, the 
SCRAM Frequency Reduction Committee has been 
focused on understanding and sharing the causes of each 
and every significant loss of production and developing 
recommendations to prevent recurrence.  Although a Non-
Generic Committee, all US stations are members and 
generate great participation.  This team meets twice per 
year to review the events in detail, maintains a database of 
SCRAMs and events leading to Unplanned Capability 
Loss (UCL), has developed a detailed set of prevention 
recommendations and maintains a recommendations-
tracking database to determine which of the committees 36 
recommendations have been implemented and, if not, 
would they have prevented a particular event.  In addition, 
this committee maintains key performance indicators that 
monitor their effectiveness and they perform one or two 
site assist visits per year to participating member stations.  
In fact the SCRAM Frequency Reduction Committee 
celebrated its 25-year anniversary in 2010. 


But here is also a key example of the need for broader 
participation and interaction in the BWROG.  While the 
knowledge gained by the current membership is valuable, 
it represents only about one third of the operating BWRs in 
the world.  And while a component or system design detail 
may change from North America to Europe to Asia, the 
vast majority of events, lessons learned and prevention 
techniques should be shared amongst all utilities with a 
BWR design. 


The BWROG strives to conduct international 
workshops and conferences each year to further this 
sharing.  In the past, two issues prevented the full 
effectiveness of these efforts.  First, since all International 
Members were not members of the broad based 
committees, much information could not be openly shared 
at these events.  The lack of participation seriously 
hampered the information exchange and ability to work 
together on common understanding and shared solutions.  
Second, the requirement to charge participants on a per 
seat basis caused utilities to send fewer or no participants 
to a given event. 


Under the new program, all member utilities are 
invited to attend all international events around the world 
and to bring multiple attendees.  The range of topics that 
will create interest can be larger as a result of the full 
membership in all Generic Committees, and the ability of 
station and corporate staff to obtain permission should be 
enhanced as the annual fee covers participation.  Knowing 
that International Members can have a more difficult time 
in attending regular committee meetings in the US, they 
will have a larger role in developing the topics and agenda 
for the international events. 
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As a result of meetings with our International 
Members to discuss the proposed changes to the 
International/Conditional Membership Program, the 
Executive Committee has been requested to add a regional 
executive voting member from Asia and Europe.  This is 
intended to provide the International Members with a 
larger voice in the future direction of the BWROG.  This 
amendment will be presented for approval at the upcoming 
2011 BWROG Executive Committee meeting. 


 
 
 


V. CHALLENGES 
 
While these changes to the program are focused on 


greater active participation and information exchange, 
challenges remain.  The range of written and spoken 
languages can impede the value of sharing.  While most 
meetings are conducted in English (some include 
interpreters where needed), all products are currently 
developed in English.   


There are differences in designs of BWRs, including 
system and component design and Reactor/BOP supplier.  
However, the process of generic and non-generic technical 
committees recognizes these differences.  In addition, there 
are differences in the focus, priorities, and policies of the 
various regulatory agencies we all work with. 


 
VI. FUTURE PLANS 


 
The future and continued advancement of the safety 


and performance of the existing fleet of operating plants is 
clearly enhanced by the cooperation defined in the mission 
of the BWR Owners’ Group.  The same is true for new 
plants that are proposed and under construction.  There are 
three International Member utilities with operating 
ABWRs, several with plants in the design or construction 
phase, and a new US Conditional Member who is in the 
initial planning for two new ABWRs in the US. 


There is still room for improvement in the 
development of the worldwide cooperation through the 
efforts of groups like the BWROG.  Future opportunities 
for the BWROG include International Member driven 
Technical Committees and expansion of membership 
worldwide.  The unique needs of members working on 
new plants also must be met.   


The creation of non-generic committees to serve the 
interest of groups of International Members can be 
valuable to address technical or regulatory issues they may 
be currently facing and may eventually lead to products 
that can benefit broader membership groups.  It is also 
hoped that the improvements underway in the operation 
and scope of the BWROG will lead to the expansion of the 
International Membership to all BWR operating reactors 
worldwide through demonstrated value sharing.  Utilities 


that have only been focused on operating activities are 
working on the design and construction of new plants for 
the first time in more than twenty years. And those that 
have been continuously building plants are looking at a 
new generation of designs. These members will have needs 
to share related information as they progress in their 
efforts. 


 
 


VII. CONCLUSIONS 
 


 The BWROG is an organization dedicated and 
committed to: 
 


• Safe operation of the core and plant 
• Protection of the public health and safety 
• Providing the necessary talent to resolve issues and 


find practical and cost effective solutions for the 
participating members 


• Representing their members in addressing 
regulatory challenges  
 


But the most important aspect of the organization is the 
unconditional commitment to continuously learn and 
improve with the sole purpose of using this learning and 
improvement for the full benefit of their members.  And 
this commitment must continue for the fleet of operating 
reactors and for those of us committed to the increased use 
of nuclear power in the years to come.  
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Sensitivity Analysis of a Passive Thermal-Hydraulic System 
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Abstract – Passive safety features are now of interest to the design of future generation reactors. Though 
passive safety systems are considered to be more reliable, the large uncertainty associated with the system 
response can not be ignored. It is necessary to identify the uncertain inputs that have the important impact 
on the uncertainty of the system performance. In this study, two global sensitivity measures, the first-order 
sensitivity index and the total-order sensitivity index, are applied to a passive decay heat removal system of 
a gas-cooled fast reactor for identifying the key uncertainty inputs. It is found that the uncertainty in the 
system pressure contributes the most to the uncertainty in the system outputs. In addition, the cooler wall 
temperature, the Nusselt number in the mixed convection regime and the friction factor in the mixed 
convection flow regime also have small impact on the uncertainty of the system outputs. 
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Abstract -  According to  Scientific and Technical Cooperation between the USA and Russia in  field of nuclear 
engineering the Idaho National Laboratory has transferred  to the Russian Research Center " Kurchatov Institute " the 
SAPHIRE Risk Monitor software without any fee. With the help of the software Kurchatov  Institute  developed  a pilot 
(preliminary) Living  PSA- Model of Leningrad NPP Unit 1. The model includes electronic version  of a Database 
(about 10000 Basic Events), electronic versions  of Fault Trees and Event Trees  and linkage of Event Trees.  The model 
consists of 11 Initiating  Events and 10 Safety Systems. For this reason the model is a preliminary (pilot)  model. 
  For verification of the model it was necessary to carry out a number of calculations for additional Initiating  
Events. In the submitted haher   such  additional Initiating  Events are  fires in various compartments  of the   NPP. 
Each fire is considered as an Initiating  Event with  certain frequency. Each fire removes  from service   so-called active 
equipment: pumps, electrical and manual valves, electrical drives and so on. The calculations  were  carried out  for  
plenty  of possible fires. 
  During the calculations of each fire,  structure  of the LPSA-model was not changed, but  Fault Trees  for the 
appropriate systems, which are removed  from service during the  fire, were changed. Also  frequency of the Initiating  
Event, relating to  disconnection of the system, which gives water to  separator drums, was  changed. Removal of the  
components from service  was carried out  with the help of changing  of   boundary conditions in the Fault Trees. 
  The verificatory computations resulted in that  the LPSA-model is applicable for  various Initiating  Events and 
various Safety Systems. Calculation  of one variant requires approximately  
2-3 minutes of  PC Pentium 4 running time, i.e.  the model runs in real time regime. Thus the verificatory computations   
have shown, that there is  opportunity to monitor quickly (only without visualization)  operational safety levels of 
Russian NPPs  with the help of  SAPHIRE  LPSA- models. Such the PSA-models are  completely adapted to inclusion 
them into the  Idaho (SAPHIRE)  Risk  Monitor.        
 
I.  INTRODUCTION 
 
  There are two essentially different  strategies 
of Risk Monitors development  for Russian NPPs. 
According to the first strategy it is necessary to develop 
Risk Monitors  by means of the Russian software, 
which for the present  is in a stage of completion. 
Despite of this fact Kurchatov  Institute, at once after 
the Chernobyl accident, has offered its  concept of Risk 
Monitor development.  According to the concept it is 
necessary to develop Risk Monitors  by means of the 
American software, first of all, by means of the  
SAPHIRE code. To prove, to confirm and to justify the 
point of view Kurchatov  Institute has developed pilot  
(preliminary) Living PSA-model for   Leningrad NPP 
Unit 1  the SAPHIRE code format. Initial computation  
with the help of the  model has shown, that the analysis 
of one variant requires approximately 2-3 minutes of  
PC computer Pentium-4 running time. However the 


computation  was carried out  for a variant including all 
safety systems. Thus was proved, that this LPSA-model  
is applicable, first of all, for design computations 
(project analysts).  
  However NPPs operational personnel  should 
compute the  variants which are taking into account 
absence of some Safety Systems  or its  components. In 
this connection there was a necessity for computation 
by the LPSA-model  additional alternative variants  
which are taking into account absence in service   Some 
Safety systems  or their components. According to it  a 
large series of additional variants was calculated,  
which took into account disconnection of  Safety 
Systems and (or) its  components. Formally in this case 
possible fires in various compartments  of the NPP 
cause  disconnection  of  various equipment. 
  Thus for checking  of applicability at the  
NPP the LPSA-model, an especially practical task was 
solved: the consequences of  in-site  influences (fires)  
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were analyzed. The fires in compartments of the  NPP  
were considered, where  Safety Systems  and power 
cable lines are located.  
In the paper  two essentially different problems   were 
analyzed. First,  a practical (necessary for NPP) task  
was solved. It is an  analysis of consequences of 
possible  fires and choice of fire-prevention measures. 
Secondly, an important from  methodical point of view, 
task was analyzed. The fires removes  from operation  
various Safety  Systems  or  its  components, that is  
necessary from the methodical point of view: to check 
in practice the LPSA-model: as  the model works at  
disconnection from operation   various equipment of 
Safety Systems  or the Safety Systems. 


 
II. METHODOLOGY of  the RESEARCH 
  
 A fire is considered as an Initiating Event with 
a certain  frequency. Furthermore it is accepted that the 
fire first of all influences on water feeding into 
separator drums. It is known that the preliminary 
LPSA-model consists of 11 Initiating Events (see Table 
I). Initiating Event #7 ( the Initiating Event code is TD 


– Trip Deaerator) is loss of pressure in deaerators. The 
Initiating Event #7 is basic and Initiating Event  for 
subsequent consideration. The Initiating Event #7 gives 
birth to an appropriate Event Tree. As usually the Event 
Tree contains a number of Fault Trees (Top Events), 
which describe appropriate operating conditions. Every  
fire disconnects  some components of Safety Systems. 
Therefore calculation of every fire begins with editing 
of needed Fault Tree in which the appropriate 
components are disconnected.  
 In given case for all fires 5 Safety Systems 
(with Russian acronyms)  are  edited  (or are changed ): 
ECCS       -        Emergency Core Cooling System, 
ASCS       –       Accident Steam Condenser System,  
ESS          –       Electrical Supply System, 
LT ECCS –       Long Term Emergency Core Cooling 
System 
PCWS      –      Purification and Cooling Water  
System. 


In total the Event Tree contains 13 Top Event, 
taking into account all Safety Systems and channels of 
these Safety Systems. 


  
                                                     TABLE I 
                      List of Initiating Events in the LPSA-model 
 
Initiating 
Event №   


                              Name of an Initiating Event   Initiating Event 
(code)  


1. 
 


 Middle leak in   down comer pipeline zone  (bottom part)   LM1-B  


2. 
 


 Middle leak in   down comer pipeline zone  (top part)   LM1-N  


3.  Middle leak in compartments  of  water communications (bottom part)   LM2  
4. 
 


 Middle leak in compartments of  water communications (top part)   KM2-UCV  


5.  Pipeline break  in a compartment of separator drums  and steam-water  
communications  


 LM4-S  


6.  Break of a water line in a compartment of separator drum  
 and steam – water  communications  


 LM4-W  


7. 
  


 Loss of pressure in deaerators   TD  


8. 
  


 Loss of  external electrical power supply   TE  


9. 
  


 Loss of feed  water   TF  


10. 
  


 Break of the main steam line   TSW  


11.   Turbine trip  with loss of condensers  
 


 TT  
 


 
For each fire a suitable Event Tree is the same, 
completely similar to the Event Tree, which was 
applied to the Event Tree TD (Trip Deaerator), that is  
loss of pressure in  deaerators. During the calculations 
of each fire structure of the LPSA-model did not 
changed. Only a Basic Event value for the suitable 


component of the Safety System was changed. Such 
procedure of a component disconnection names as 
changed of the proper boundary conditions. In the 
SAPHIRE code disconnection of a Safety System 
component is made with the help of the HOUSE 
EVENT element such as T (TRUE). Thus the 
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probability of component disconnection becomes equal 
unity, Probability = 1. This specifier T shows, that the 
Basic Event should be processed as an reliable event, 
which consists in that failure of given component takes 
place always. Thus the suitable components are 


disconnected at calculation of various fires. As an 
example in Fig. 1 and Fig. 2 fragments of Fault Trees 
for failure of Auxiliary Feed Water Pump АПЭН1 
(Russian acronym) and Main Feed Water Pump ПЭН1 
(Russian acronym) are given.  


 
 


 
Fig. 1. A fragment of a Fault Tree  for updating of the Basic Event:  Failure of  Auxiliary Main    
               Feed Water Pump 1 (AMFWP 1- Russian acronym АПН1)  to start. 
 


 
 


 
Fig. 2. A fragment of a Fault Tree  for updating of  the Basic Event:  Failure  of the Main Feed   
               Water   Pump 1 (MFWP1-Russian acronym ПЭН1) to work.   
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  Each Safety System component  has some 
kinds (types) of failure. For example Main Feed Water 
Pumps (MFWPs) MFWP1, MFWP2 and  etc. can fail  
only during operation, as they constantly are in 
operation. On the other hand Auxiliary  Feed Water 
Pumps (AFWPs) AFWP1, AFWP2 and atc. can fail, 
first of all, at start-up, and then in operation. The 
similar situations are available for valves  and other 
Safety System components.  Each kind of failure has its  
name and  a separate line in Data Base. Preparation for  
calculation of this or that  fire variant  comes  to  
calling of the appropriate line for the  disconnected 
element and editing it. In given  case it is assignment to 
it of value  such as T (TRUE) – a reliable  event with 
value  of  failure probability  equal to unity, Probability 
=1. Arrangement of each kind of failure and its record 
for a disconnected element is resulted in the appropriate 
fragments of Fault Trees. Detailed initial information 


for each variant of a fire and  appropriate results were 
given  earlier in  appropriate papers.  
 
III. The DISCONNECTED   EQUIPMENT   
 
  In  given paper consequences of fires  inside 
the NPP  are calculated. Fires in various compartments 
of the NPP ( in those compartments, where the Safety 
Systems  or their components  and also cable lines) are 
located. Number of taken into account Safety Systems 
was  defined earlier  in   the LPSA-model. 
Each fire disconnects  the so-called active equipment: 
pumps, electrical valves,  manual valves, 
 
power cables and  etc. Calculations  were carried out 
for a lot of fires. Previously a   list of the disconnected 
equipment  is made for  a fire in the appropriate 
compartment. The list is given  in Table II.


 
                                                TABLE II 
List of Safety Systems, disconnected equipment and types of proper Basic Events 
 
Fire 
№    


 Safety system    Disconnected equipment   Explanatory  


1  ECCS 
  


 3 pumps MFWP   Centrifugal pump fails to star  


2  FWS  
 


 5 pumps AFWP   Centrifugal pump fails to run  


3  FWS and a part of elements  
of ECCS  


 9 valves   MOV blockade in accident time  


4  ASCS 
  


 2 pumps   Centrifugal pump fails to run  


5  ASCS 
  


 4 valves   MOV blockage in accident time  


6  TRANSFORMER  
ASSEMBLY  


 4 power  
transformers  


 Transformer fails to operate  


7  ESS  
 


 4 sections 6 kV   Power supply section 6kV fails  


8  ESS 
  


 3 sections 6 kV   Power supply section 6kV fails  


9  ESS 
  


 3 sections of a constant current 220 In   DC switchboard 220V fails  


10  ESS   4 sections 0,4 kV 2 sections of a 
constant current 220 In  


 Power supply assembly 0.4 kV 
fails  


11  ESS 
  


 3 converters   Rotating inverter fails to operate 


12  ESS 
  


 3 diesel engines - generator   Diesel generator fails to start  


13  MT ECCS    4 valves    MOV mechanical blockage in 
accident time  


14  ECCS 
  


 2 pumps   Centrifugal pump fails to start  


15  ECCS 
  


 3 pumps   Centrifugal pump fails to start  


16  SCCWI  
 


 all pumps   Pump fails to start  
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Note to  Table II: 
ECCS       - System of Emergency Core Cooling System, 
SFWS      - Supply Feed Water System, 
LT ECCS -  Long Time ECCS, 
ECSS       -  Emergency Condensation Steam System, 
NPP TU   - NPP Transformer Unit, 
ESS          -  Electro Supply of Own Needs System 
SCCWI    -  Stock of the Chemically Cleared Water Installation     
AFWP     –   Accident Feed Water Pump, MFWP  – MAIN Feed Water Pump 
 
III. CALCULATION RESULTSS 
 


Basic results of the calculation  are given  in  
Table III. 


RESULT 1. From  Table II the next  results follow. 
Calculation of one variant (fire) by the LPSA-model  
requires only 2-3 minutes of the  Personal Computer 
PENTIUM-4 running time. It  means, that  the 
calculations   are carried out  almost in real time.  
Actually the LPSA-model  was checked up in practice. 
It operates normally  for a case of disconnection  of 
various Safety Systems  and disconnection  of various 
parts (component) of Safety Systems. It means, that   
operational personnel of the NPP  can apply the LPSA-
model  Model to  control safety level of their nuclear 
Unit. 
RESULT 2. The LPSA-model of  Leningrad NPP Unit 
1  in  the  SAPHIRE code format for the first time was 
applied for solving  a practical problem – calculation  
of fire consequences  in compartments of the NPP.   
It follows from  Table III, that for ten fires  ## 2-9, 11, 
12 Core damage Frequencies are not changed. Other six 
fires ## 1, 10, 13-16 will cause additional core damage.  


  On the basis of the calculated  results it is 
possible to determine a degree of importance of these 
fires and  (that it is the most important) to establish 
sequence of performance of fire-prevention measures in 
various places (buildings, compartments and so on ) of 
the Unit.  It is the following order: fires №№ 10, 13, 
15, 16, 1, 14.    
  Fire №10 (Core  Damage Frequency (CDF) = 
1.536Е-02 1/year) - fire in  building 401, compartment  
184. The result means, that first of all it is necessary to 
pay attention to safety of the electrical  equipment: 
section 0,4 kV and section of a constant current 220 В. 
  On the second place on the importance there 
is a fire №13 (CDF = 2.064Е-03 1/year), fire in  
building 401, platform 114/1. In this case Long Term 
ECCS components case are damaged. 
  And, at last, fire №15 (CDF = 2.077Е-04 
1/year):  building 401, machine hall, platform 020 – 
ECCS Pumps  1LMFWP-3, 1LMFWP-4 and 
1LMFWP-5; a fire №16 (CDF = 1.911Е-04 1/year):  
building 402а, platform 003 - all pumps of purification 
water installation; a fire №1 (CDF = 1,124Е-04 1/year):  
building 401, compartment  049 – ECCS pumps. 
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                                                        TABLE III 
 
                                   Basic results of the calculations 
 
Fire №   
  


Core Damage Frequency,  
1/year  


Time of computation,   
minutes: seconds  


Fire priority  


0 
 


 2.250E-05   2:30   -  


1 
 


 1.124E-04   2:29   3 (3)  


2 
 


 2.357E-05   2:29   5  


3 
 


 2.344E-05   2:30   5  


4 
 


 2.249E-05   2:28   5  


5 
 


 2.249E-05   2:29   5  


6 
 


 2.250E-05  2:38  5  


7 
 


 2.266E-05   2:22   5  


8 
 


 2.249E-05   2:29   5  


9 
 


 2.359E-05   2:25   5  


10 
 


 1.536E-05   2:30   1  


11 
 


 2.255E-05   2:49   5  


12 
 


 2.249E-05   2:31   5  


13 
 


 2.064E-03   2:22   2  


14 
 


 6.518E-05   2:30   4  


15 
 


 2.077E-04   2:28   3 (1)  


16 
 


 1.911E-04   2:26   3 (2)  


 
IV. CONCLUSIONS 
 
  The Living PSA-model of Leningrad NPP 
Unit 1, developed in  the American code SAPHIRE 
format ,  was checked (verified) in practice. Possibility  
of application of the model by the NPPs operational 
personnel  for  operative control of  safety level of  
nuclear units  was checked. Following results were 
received.  
 
1. A large series of calculations was carried out by the 
LPSA-model.  Each calculation  took into account 
disconnection  either Safety System, or disconnection 


of Safety  Systems components. The calculations  
shown, that calculation  of one variant requires only 2 - 
3 minutes of  PC  Pentium-4 running time. Thus it was 
confirmed in practice once more, that the LPSA-model 
runs  in real time. Hence  NPPs operational personnel  
can carry out   control of  NPP safety level  with the 
help of the LPSA-model without  any assistance. 


  
2.In parallel a practical problem was solved. It are 
calculations of consequences of possible fires at 
Leningrad NPP Unit 1. On the basis of the analysis it is 
possible to establish a sequence of fire-preventive 
measures in various compartments  of the NPP. 
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Experimental Analysis of the Effects of the Graphite Dispersion on the 
Thermal-Hydraulic Phenomena inside the Reactor Cavity Cooling System  


 
 


 


 


 


 


 


 


 
Abstract – An experimental activity was carried out to observe and analyze the effects of the 


graphite dispersion and deposition on the thermal-hydraulic phenomena in a Reactor Cavity 


Cooling System (RCCS). The small scale Texas A&M RCCS experimental facility (16.5cm x 


16.5cm x 30.4cm) used for the experiments represents half of the reactor cavity with a vessel 


electrically heated. Water flows through five vertical pipes removing the heat produced in the 


vessel and releasing it in the environment by mixing with cold water in a large tank. PIV technique 


was used to study the velocity field of the air inside the cavity. A set of 52 thermocouples were 


installed in the facility to monitor the temperature profiles of the vessel and pipes walls and air. 


10g of a fine graphite dust (particle size average 2m) were injected into the cavity through a 


spraying nozzle placed at the bottom of the vessel and temperatures and air velocity field were 


recorded and compared with the measurements obtained before the graphite dispersion, showing a 


decrease of the temperature surfaces which was related to an increase of their emissivity. The 


results give a contribution in the understanding of the RCCS capability in case of accident 


scenario.    


 
I. INTRODUCTION 


 
Very-High Temperature Gas-Cooled Reactor (VHTR) 


was identified to be the reactor type for the Next 
Generation Nuclear Plant Project. Due to the high 
operating temperatures, some of the components designed 
for standard steam-cycles plants, have to be modified or 
revised to operate under such conditions and new passive 
safety systems were considered. The Reactor Cavity 
Cooling System (RCCS) is one of the new safety systems 
designed for the next generation of nuclear power plants 
which will be incorporated into proposed reactor designs 
for VHTR. The RCCS is used during normal operation and 
during accident scenarios, when the Power Conversion 
System (PCS) and the Shutdown Cooling System (SCS) 
may not be available, to maintain the temperature of 
concrete, vessel and core within the design limits. The 
RCCS is designed to guarantee the removal of about 6MW 
(1% of the thermal power generation) during normal 
operation and up to 15MW in case of accident. The thermal 
hydraulic behavior of the air moving into the cavity and of 
the coolant into the reactor cavity cooling system is quite 
complex due to concurrent heat transfer mechanisms such 
as conduction, convection and radiation, which becomes 
predominant due the high temperatures reached in VHTR. 
The system’s heat removal effectiveness is strongly 
affected by different factors including geometry (riser 


length and dimensions, number of risers, wall thickness, 
total elevation change), physical properties of the materials 
(emissivity, thermal conductivity, heat capacitance) and 
thermal conditions (temperatures throughout the system). 
In particular, in case Depressurized Conduction Cooling 
(DCC) event, initiated by a double-ended guillotine break 
of both cold and hot ducts, the depressurization transient is 
expected to be very rapid and, during the blowdown, the 
graphite dust produced and accumulated in the reactor 
system is transported into the reactor cavity. The heat 
transfer mechanisms, such as radiation and convection may 
be affected by the event.  


The main purpose of this project was to evaluate the 
effects of graphite dispersion and deposition into the 
reactor cavity of a VHTR following a loss of coolant 
accident. In particular, this study was intended to estimate 
any possible impact on the radiation heat transfer 
mechanism and the phenomena associated with the natural 
circulation of air inside the cavity. The experimental 
activity was carried out using the Texas A&M RCCS 
Experimental Facility located in the Department of Nuclear 
Engineering. The experimental apparatus will be presented 
and described in detail in the next sections.  
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II. EXPERIMENTAL FACILITY OVERVIEW 
 
An overview of the test facility with the layout of the 


components is presented in Figure 1. 
 


 
 
Fig. 1. Experimental Facility Overview 
 
As shown, the main components of the facility are the 


reactor vessel, the standing pipes, the reactor cavity, the top and 
bottom tanks and the pumps. The reactor vessel is a copper semi-
cylinder fixed on the front wall of the cavity, heated by two 
electrical heater rods. Five stainless steel vertical annular pipes 
are positioned in front of the vessel. A detailed view of the reactor 
cavity with its dimensions is shown in Figure 2. 


 


 
 
Fig. 2. Reactor Cavity 


The flow path over the experimental facility is depicted in 
Figure 3. Cold water from the bottom tank is pumped into the 
inner section of the five standing pipes through the lid of the top 
tank. The water goes down through the pipes and reaches the 
cavity lower plenum where the flow is directed to the annular 
section. While moving up toward the upper tank, the water 
removes the heat produced in the vessel. The coolant now leaves 
the pipe right at the entrance of the upper tank and gravity moves 
it toward the lower tank. Hot water mixes with the cold water in 
the lower tank and a new cycle starts. 


 
Fig. 3. Water Coolant Flow Pattern 
 
 


III. INSTRUMENATION 
 
Several types of instrumentation were installed in the facility 


in order to measure the thermodynamic quantities of interest such 
as walls air and water temperatures, mass flow rates, and electric 
power. 54 thermocouples (K-Type) were installed to measure the 
temperature profiles of the vessel and risers, air inside the cavity, 
inlet and outlet coolant temperatures and temperatures at the 
cavity back wall. The lateral walls of the cavity are made of Pyrex 
in order to carry out any kind of visualization inside the cavity. 
For this experiment, the facility was coupled with a laser and 
camera, set to evaluate the velocity of air inside the cavity using 
Particle Imaging Velocimetry (PIV) which will be described in 
the next sub-section. The mass flow rate of water through each of 
the five vertical pipelines was controlled independently by setting 
a different opening of the valves positioned at the exit of each 
pump. The mass flow rates were monitored using analog 
flowmeters placed downstream of the mentioned valves as shown 
in Figures 1 and 3.  
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III.A. PIV Apparatus Description 
 
Particle Image Velocimetry (PIV) was used to measure the 


flow field of the air inside the cavity. PIV is a non-intrusive 
technique largely used to measure the 2D flow velocity of a fluid. 
The main components of the particle image velocimetry apparatus 
used to estimate the velocity of the air in the cavity are shown in 
Figure 4.  


 
Fig. 4. PIV Apparatus 
 
A high speed laser (ESI® New Wave Research, Pegasus PIV, 


wavelength of 527 nm, maximum energy of 10 mJ per pulse) was 
used as the illumination source for the PIV analysis. Pegasus PIV 
is a compact, high speed, dual laser-head system designed to 
provide a highly stable green light source for Particle Image 
Velocimetry (PIV) applications. A fiber optic was used to 
transport the laser beam from the laser head system to the 
location of the experimental facility. To produce a vertical laser 
sheet of desired thickness (1 mm), the illumination source was 
properly manipulated through a set of 2 cylindrical lenses and 
pointed toward the opening window positioned in the midplane of 
the back wall of the cavity. The laser head was coupled and 
synchronized with a high speed/high resolution camera (Vision 
Research, Phantom v7.3, 800 _ 600 pixels, 12 bit) to capture 
images of the illuminated section of the cavity at a rate of 1000 
frames per second (fps). A motor-driven slide system (Velmex 
BiSlide®) was installed to perform axial course adjustment 
and/or fine alignment of the camera and the fiber optic/lenses 
system during the experiment, in order to achieve the best 
illumination throughout the length of the cavity. 


 
IV. EXPERIMENT PREPARATION 


 
As previously mentioned, PIV technique was used to study 


the natural circulation of the air inside the cavity. Different 
particle tracking materials were considered for the PIV technique 
to study the natural circulation of the air inside the cavity. Zinc 
Stereate Zn(C18O35H2)2 was selected among a list of materials 
available as tracking particles due to its physical properties such 
as small diameter, to achieve the mechanical equilibrium with the 
air flow in a short time, relatively low density (0.28 g/cm3) 
allowing enough time for measurements before complete 
sedimentation, white color allowing a good contrast with the dark 
background during camera acquisition and high evaporation 
point, to avoid particles loss due to evaporation when in contact 
with hot surfaces (vessel). A particle size characterization was 
performed to confirm the size of the tracking particles selected for 
the experiment. Figure 17 shows the characterization of the PIV 
particle seed. The same characterization was performed on the 


graphite dust used to conduct the experimental analysis of the 
effect of graphite deposition on the cavity surfaces. The 
characterization of the graphite (Figure 5) showed a mean size of 
the particles of approximately 2m (median = 1.51m). This 
value aligns with the expected size of graphite dust in High 
Temperature Reactors (<10m). 


 
Fig. 5. Graphite Dust Characterization Results 


 
Pictures of the two different particles used during the 


experiment are shown in Figure 6 (right: PIV Particle seed, left: 
graphite dust). 


 
Fig. 6. Particles Used in the Experiment 
 


V. EXPERIMENTAL PROCEDURE 
 


Two sets of experimental measurements, with and 
without graphite, were carried out in order to study the 
effects of the graphite dispersion and deposition into the 
cavity. At the beginning of each experimental set, all the 
internal surfaces of the cavity (vessel, standing pipes, and 
cavity walls) were properly cleaned to remove any seed 
residual from previous runs. The experimental data 
obtained during each set was recorded only when the 
steady-state was achieved. Temperature of the walls and air 
was monitored with a sampling frequency of 4 
measurements per hour until the change in temperature 
between two consecutive samples was lower than the 
temperature acquisition system accuracy (±1.3°C). To 
account for the measurements fluctuations, the average of 
10 consecutive acquisitions of the temperatures of the 
system was performed and used in the final calculations. 
The first set of measurements was performed without 
graphite dust. After collecting the temperature data, the 


1952







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11471 


   


PIV analysis was started. To achieve the best illumination 
throughout the length of the cavity, the cavity was divided 
into four axial regions and the PIV acquisition was 
repeated for each region. A small amount of seed particles 
was injected through one of the two injection orifices (top 
orifice for top and middle-top positions and bottom orifice 
for middle-bottom and bottom positions) with a 
compressed air system depicted in Figure 7.  


 


 
Fig. 7. Particles Injection System 
 
A 5 second image acquisition was started after a 


uniform motion of the particles was visibly achieved. In 
the second set of experiment, 10 grams of graphite dust 
was injected into the cavity and, using the same method 
described above, a new set of measurements was 
performed only after the new steady-state conditions were 
confirmed. The same system described in Figure 7 was 
used to disperse the graphite dust into the cavity. The total 
electric power supplied to the heaters was 165W. The mass 
flow rate selected for each of the five loops was 0.063kg/s. 


 
 


VI. RESULTS 
 


VI.A. Temperatures 


 
 


The vessel and pipes temperature profiles where 
analyzed to study the effect of the graphite dispersion. The 
temperature profiles of the vessel surface before and after 
the graphite dispersion (red and green lines respectively) 
are plotted in Figure 8. Figure 9 shows the temperature 
profile of the coolant riser wall outer surface is for the 
same two cases.   


 
 
 
 


 
Fig. 8. Vessel Temperature Profile 
 


 
Fig. 9. Risers Temperature Profile 
 
The effect of the graphite dispersion into the cavity on the 


temperature profiles of the surfaces of vessel and pipes was a 
decrease in the average temperature of both surfaces as 
summarized in Table I. 


 
TABLE I 


Average Temperature Summary (°C) 


 
 


As mentioned in the previous sections, the inlet and 
outlet temperature of the water were also measured during 
the experiment. Figure 10 shows these measurements 
before and after the graphite injection. As expected, since 
the total energy produced in the vessel and the total coolant 
mass flow rate were kept constant throughout the 
experiment, no effect due to the graphite dispersion was 
observed in the variation of the coolant temperature 
between the inlet and outlet of the cavity. 
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Fig. 10. Inlet and Outlet Coolant Temperatures 
 
 


VI.B.PIV Results 


 


A qualitative overview of the velocity field of the air 
inside the cavity before and after graphite injection is 
shown in Figure 11.  


  
Fig. 11. Air Velocity Field inside the Cavity 
 
The air recirculation cells are easily visible in both cases. 


The air flows upward near the surface of the vessel, due to the 
buoyancy forces induced by the lower density of the hot air near 
the vessel. At the top of the cavity the air hit the top plate and 
moves towards the back of the cavity passing through the risers. 
The relatively colder air now flows downwards through the back 
cavity and starts again its path once reached the bottom. In the 
same picture two main vertices are also easily distinguishable. 
The vortex at the top, mainly induced by the upward air flow 
hitting the roof of the cavity, produces an “isolated” spot (Figure 
11, top left of each picture), where the air is confined. The vortex 
near the bottom of the reactor vessel is produced by the 
combination of the air flow coming back cavity and the air rising 
from the bottom of the cavity. Air velocity pattern in the main 
cavity is characterized in both cases by relatively high magnitude, 
especially near the reactor vessel and change in direction due to 
the recirculation, while a regular velocity profile can be seen in 
the back cavity. No appreciable differences were observed in the 
air flow patterns inside the cavity before and after graphite 
dispersion. The comparison of the horizontal (u) and vertical (v) 
components of the velocity of the air inside the cavity before and 


after the graphite injection, shown in Figure 12, confirms this 
statement. 


 
Fig. 12. Horizontal (u) and Vertical (v) Components of the 


Velocity of Air 
 
 


VII. GRAPHITE EFFFECTS ANALYSIS 
 


The effect of the graphite dispersion on the heat 
transfer mechanism in the reactor cavity was quantitatively 
analyzed by writing the energy balance in the cavity 
between under steady-state conditions. The total heat flux 
produced in the reactor vessel must be equal to the heat 
flux transferred by convection and the heat flux transferred 
by radiation to the pipes walls. 


 
 (1) 
 
It must be remarked that heat losses through the cavity 


walls were neglected in Equation (1). The convection term 
can be expressed in terms of the convection heat transfer 
coefficient and the temperatures of vessel and pipes 
surfaces by the Newton’s law of cooling. The radiation 
term can be expressed in terms of the temperatures and 
emissivity of vessel and pipe surfaces and by the Stefan-
Boltzmann law. Equation (1) can be re-written as follows: 


 
 (1A) 
 
The analysis of the air velocity using PIV described in 


the previous section allowed to consider negligible the 
change in the convective heat transfer coefficient induced 


" " "total convection radiationq q q 


 4 4" ( ) vessel pipetotal vessel pipes vessel pipesq h T T F T T   
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by the graphite. Since the same total heat flux was imposed 
for both experiments with and without graphite, the change 
in the surface temperatures previously presented could be 
related as expected to a change in the emissivity of the 
cavity surfaces and, subsequently, in the fraction of the 
total heat transferred by radiation. Writing the equation 1A 
for the case before graphite and after graphite, the ratio of 
the view factors before and after graphite injection can be 
written as: 


 
 


 (2) 
 
 


Substituting the average temperatures before and after 
graphite dispersion summarized in Table I in Equation (2), the 
change in the view factor was found to be: 


 
 


 (3) 
 
 
 
 


 
VIII. CONCLUSIONS 


 


The RCCS experimental facility at the Department of 
Nuclear Engineering of Texas A&M University was used 
to study the effects of the graphite dispersion on the 
thermal hydraulic behavior Reactor Cavity Cooling 
System. Particle Image Velocimetry, direct flow 
visualization and temperature measures were the 
techniques applied during the experiment. The analysis of 
the velocity maps obtained with PIV allowed to 
qualitatively studying the natural circulation of the air 
inside the reactor cavity, showing enhanced vortices near 
the top and the bottom heads of the vessel. The comparison 
of the results obtained before and after the graphite 
dispersion did not find appreciable differences in the 
velocity components magnitude or flow patterns. The 
variation of the convective heat transfer coefficient induced 
by the graphite was subsequently neglected. In both cases 
low velocity magnitude and regular parallel streamlines 
were observed in the back cavity of the experimental 
facility. The temperature profiles of the reactor vessel and 
standing pipes were observed to decrease when graphite 
was dispersed into the cavity. The increase of the cavity 
view factor was estimated to be as high as 1.54%. This 
increase can be directly related to the change in the 
emissivity of the surfaces produced by the graphite 
deposition. The results obtained during this experimental 
activity give an important contribution in the 
understanding of the thermal hydraulic behavior of the 
reactor cavity cooling system and proves its potentiality as 


passive heat removal system also during accident scenarios 
such as the Depressurized Conduction Cooling event. 
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NOMENCLATURE 


                 Global View Factor 


h               Convective Heat Transfer Coefficient (W/m2 K) 


q”             Heat Flux (W/m2) 


T              Temperature (K) 


Greek 


Difference 


Stefan-Boltzmann Constant (W/m2 K4) 


Abbreviations 


a.g           After Graphite Dispersion  


b.g.         Before Graphite Dispersion  
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Abstract – TRACE V5.0 Patch 1 thermal hydraulic code was assessed against the Achilles natural reflood experiment. The 
input model was obtained through semiautomatic conversion of an existing Relap5/Mod3.3 input model, using Symbolic 
Nuclear Analysis Package (SNAP) Relap5 to TRACE conversion tool plug-in and manual input. Considering the fact that the 
Relap5 to TRACE conversion process is not fully automated, several modifications were made in the TRACE input model 
after conversion. The transient simulation was aimed at the first 400 s after the initiation of the reflood. A SNAP animation 
model for the Achilles TRACE V5.0 Patch1 input model was also developed, displaying the evolution of various phenomena 
during the transient. The TRACE calculations of Achilles reflood experiment were compared against Relap5/Mod2 
calculation data, Relap5/Mod3.3 calculation data and experimental data. Also a quantitative assessment of the codes 
calculation results was performed using the fast Fourier transform based method improved by signal mirroring. In general, 
the TRACE code calculation of Achilles reflood experiment is comparable to the Relap5/Mod2 and Mod3.3 calculation 
results. The results show that the quench front progression is better predicted by the TRACE V5.0 Patch 1 code, but the 
differences between the TRACE calculation and the Relap5/Mod3.3 calculation are very small. The downcomer collapsed 
liquid level transient proved difficult to predict by all codes. Finally, it can be concluded that the SNAP Relap5 to TRACE 
conversion plug-in was successfully used and evaluated in this study. 


 
 


I. INTRODUCTION 
 


As new thermal-hydraulic codes are being developed for 
performing nuclear power plant safety analysis, the need 
for independent code validation against experimental data 
is emerging. TRAC/RELAP Advanced Computational 
Engine (TRACE) is an advanced, best-estimate reactor 
systems code developed by the U.S. Nuclear Regulatory 
Commission for analyzing light water reactors. A TRACE 
V5.0 Patch 1 thermal hydraulic code was assessed against 
the Achilles natural reflood experiment. The Achilles 
natural reflood experiment was chosen in order to analyze 
TRACE reflood heat transfer capabilities. A secondary goal 
of this study was to analyze the conversion of legacy 
Relap5 input decks to TRACE input decks using the 
Symbolic Nuclear Analyses Package (SNAP) Relap5 to 
TRACE plug-in. This conversion plug-in allows for semi-
automatic conversion for each Relap5 component 
independently of the rest of the model, and also preserves 
component interrelations. This conversion process 
generates a new TRACE model that contains the converted 
Relap5 components. This paper also describes the 
problems encountered during the conversion process for 


this specific model. Finally the results obtained by 
RELAP5/MOD2 in post test calculation (original Relap5 
input model), Relap5/MOD3.3 (original Relap5 input 
model adapted to Mod3.3 version) and TRACE (using 
converted model from Relap5/Mod3.3 input model) were 
compared to the experimental data. The judgment about the 
code accuracy was done based on visual observation and 
the use of quantitative assessment by fast Fourier transform 
based method improved by signal mirroring. 
 


II. METHODS 
 


II.A. The Achilles natural reflood test experiment and 
experimental procedure 


 
The Achilles test experiment was an experimental study 
performed at AEA Winfrith Technology Center, 
Dorchester, UK in 1991. This experiment investigated the 
end phase of the accumulator injection in the primary 
system of a Pressurized Water Reactor and the heat transfer 
in the core during the reflood phase of a postulated large 
break loss of coolant accident (LOCA). The Achilles 
natural reflood experiment was also the basis for the 
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International Standard Problem no. 25 (ISP-25). A
simplified schematic of the test facility is presented in 
Figure 1.


Figure 1: Schematic of Achilles test facility


The simulated core or the test section comprised of 69 rods 
corresponding to Westinghouse 17x17 geometry, 
electrically heated over a length of 3.66 m. Aside from 
these nuclear fuel rods simulators, the test section is also 
housing the heat shroud and temperature and pressure 
measurement instrumentation. A centrifugal steam 
separator located at the top of the test section discharges 
the test section output liquid flow. Furthermore, a separator 
located downstream, ensures the separation and collection 
of the liquid phase flowing out of the upper plenum, and 
outputs the single phase steam flow through an orifice,
designed to simulate the hot leg associated losses. Thus,
the liquid is separated from the flow out the upper part of 
the downcomer by means of another separator and outputs 
the gas through a second orifice that simulates the cold leg
associated losses. The experimental procedure is started 
with the downcomer full with water and with no water in 
the simulated core. The rig is heated and circulated with 


steam until saturation temperature and pressure is reached 
and the rods and shroud have reached required 
temperatures. When all initial conditions are reached, the 
valve between the downcomer and the shroud vessel is 
opened. Under the effect of both gravity head and nitrogen 
pressure, the water in the downcomer enters the core. After 
the flow oscillations that are occurring at this point in the 
transient decay, the reflooding of the core continues by 
means of pumped water injection, until all the test section 
rods have been quenched.


II.B. The Achilles RELAP5 input models


The Relap5/Mod3.3 input model originated from a
Relap5/Mod2 input model, created at Jožef Stefan 
Institute, during the participation to the ISP-25, Ref.1. The 
original Relap5/Mod2 consists of 50 volumes, 50 junctions 
and 13 heat slabs and is shown in Figure 2. The nitrogen 
vessel is modeled by an accumulator component. For this 
component it is assumed that it is not initially in injection 
mode. For that reason the valve was placed between the
accumulator and the top of the downcomer. The 
accumulator was filled with nitrogen only. The separators 
were modeled by Relap5 branch components to avoid 
calculation problems. In the Relap5/Mod3.3 input model 
only some slight changes were needed. For heat structure 
some additional left and right boundary data were needed 
and separators were modeled by Relap5 separatr 
component. The rest of the model was unchanged. So 
prepared, the Relap5/Mod3.3 input model served for 
calculation and Relap5 to Trace conversion. Namely, 
SNAP supports only Relap5/Mod3.3.


II.C. The Achilles TRACE input model


The input model was obtained through semiautomatic 
conversion of the above described Relap5/Mod3.3 input 
model, using SNAP Relap5 to TRACE conversion tool 
plug-in and manual input. The Achilles facility SNAP 
nodalization is presented in Figure 3 and it comprises of 38 
hydraulic components with a core test section nodalization 
devided in 13 cells, and a downcommer nodalization 
geometry of 11 cells. When comparing to Relap5 
nodalization in Figure 2, it may be seen that component 
numbering was mostly preserved. The heater rods in the 
experimental facility were simulated using a heat structure 
with 41 axial levels (four times more than in Relap5). The 
transient simulation was aimed at the first 400 s after the 
initiation of the reflood. 
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Figure 2: Achilles facility Relap5 nodalization Ref.1.


Figure 3: Achilles facility SNAP nodalization for TRACE


Considering the fact that the Relap5 to TRACE conversion 
process is not fully automated, several problems were 
found in the TRACE input model after conversion. 


Consequently, the nitrogen vessel represented by an 
Accumulator component in the Relap5 input model was 
converted to Liquid separator component in TRACE. It 
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was manually changed to a Pipe component with the 
Accumulator type option and the gas volume fraction was 
specified in the initial conditions. Moreover, both the 
nitrogen non-condensable gas option and reflood model 
option were not successfully converted to the TRACE 
input model, both model options being of great importance 
for the reflood transient. These options were added 
accordingly, including data input for reflood heat-structure 
unheated fraction. In addition, SNAP conversion tool failed 
short in the respect of converting the hydraulic diameter 
and wall-roughness for various hydraulic components from 
Relap5 to TRACE. The data for the hydraulic diameter and 
wall-roughness for these components were manually added 
from the Relap5 input model to the TRACE input model.  
Aside for this conversion related modifications of the 
TRACE input model, a series of modifications were 
performed in order to further improve the converted input 
model. As a result of calculation problems due to water 
discharge from the two steam separators modeled with 
Pipe components, it was decided to replace these 
components with two TRACE specialized Separator 
components and two Pipe components representing both 
the upper part of the steam separator and the gas discharge 
outlet. Equally important is the fact that the ideal separator 
flag was specified for the Separator components, with no 
liquid carryover (XCO) or liquid carryunder (XCU) input 
specifications. A simplified schematic of the steam 
separators model is shown in Figure 4. A maximum 
calculation time step of 5 milliseconds was used to insure 
that no additional oscillations would occur in the system, 
due to the Separator components in TRACE, Ref. 7. 


 
Figure 4: Schematic of the steam separator model 


Since the experimental core was simulated by a bundle of 
electrically heated rods, the fuel rod option for the heat 
structure model was activated together with the liquid level 
tracking option and axial conduction. The axial 
measurement locations in the test section were chosen to 
be as close as possible to the original locations in the 
experimental facility. The centrifugal steam separator at the 
top of the test section in the Achilles test facility (which 
was not included in the Relap5 model) was modeled in the 
TRACE input using a value of 800 for reverse loss 
coefficient at the top of the test section. Moreover, the 
water inlet was connected to a new Tee component and 
consequently relocated closer to the bottom of the 
downcomer. According to Ref. 6, the length of pipe 


connecting the lower plenum with the water inlet junction 
was modified so that the length of this connection complies 
with the experimental facility geometry data. 


II.D. Fast Fourier Transform Based Method Quantitative 
Code Assessment  


 
The methodology of the code-accuracy assessment consists 
of three steps: a) selection of the test case (experimental or 
plant measured data to compare with), b) qualitative 
analysis, and c) quantitative analysis. The qualitative 
analysis is a prerequisite to perform the quantitative 
analysis. The qualitative analysis, including visual 
observation of plots, is done by evaluating and ranking the 
discrepancies between the measured and calculated 
variable trends. The quantitative analysis (applying 
FFTBM) is meaningless unless all the important 
phenomena are predicted. 
The original FFTBM is a method Ref. 2, which shows the 
measurement-prediction discrepancies in the frequency 
domain. The method purpose is to quantify the accuracy of 
code calculations based on the amplitudes of the discrete 
experimental and error signal calculated by the fast Fourier 
transform (FFT). The basic measure is the average 
amplitude (AA): 
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where )F(fΔ n
~  is the error signal amplitude at frequency 


nf  and )(fF nexp
~ is the experimental signal amplitude at 


frequency nf . The AA factor can be considered a sort of 
average fractional error and the closer the AA value is to 
zero, the more accurate is the result. Typical values of AA 
are from 0 to 1.  
Since the original FFTBM is based on the sum of the 
amplitudes of the frequency spectrum of the investigated 
signal, the frequencies originating from the artificially 
introduced edge (difference between first and last data 
point) may significantly contribute to the sum of the 
frequency spectrum amplitudes of the investigated signal. 
Consequently the accuracy measure based on the original 
FFTBM is significantly influenced by the edge and 
therefore does not present a consistent accuracy measure of 
the signals being compared. This inconvenient drawback of 
the original FFTBM may be completely cured by 
eliminating the artificially numerically introduced edge. 
This may be efficiently done by signal mirroring, where 
the investigated signal is mirrored before the FFTBM is 
applied. For more information on FFTBM by signal 
mirroring refer to Ref. 3 and 4. 
The Achilles TRACE calculation was performed 
successfully and a number of variables were chosen for 
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performing the fast Fourier transform based method 
quantitative assessment, and they are representing the 
following phenomena: cladding temperature for different 
elevations of the test section; quench front progression; 
core exit steam flow rate; core collapsed liquid level; 
downcomer collapsed liquid level; nitrogen vessel pressure 
and pressure at the top of the upper plenum. 
Due to the strong oscillatory behavior of some of the 
variables, the moving average values for these signals were 
used, as recommended by the fast Fourier transform based 
method by signal mirroring. 


II.E. The Achilles SNAP animation model 
 
A SNAP animation model for the Achilles TRACE input 
model was developed, for the purpose of graphically 
displaying the evolution of different phenomena during the 
400 seconds transient. In addition it is important to 
mention that this model is using both the TRACE 
nodalization as well as the Achilles facility simplified 
schematic as a layout for the various hydraulic 
components. A screen capture of the animation model at 
203.7 seconds in the transient is presented in Figure 5. 


 


 
Figure 5: Achilles SNAP animation model for TRACE calculation at 203.7 seconds in the transient 


 
The following variables are displayed in the animation 
model: 


- simulation time, 
- core temperature by means of a temperature color 


map, 
- core test section temperatures by means of data 


value indicators, 
- pressure at the top of the upper plenum by means 


of pressure color map and data value indicator, 
- pressure at the top of the downcomer by means of 


pressure color map and data value indicator, 


- nitrogen vessel pressure by means of pressure 
color map and data value indicator, 


- capacity vessel pressure by means of color map 
and data value indicator, 


- water inlet mass flow and core water output by 
means of data value indicator, 


- current system mass and current system discharge 
mass by means of data value indicator, 


- void fraction throughout the facility by means of 
color map, 


- quench front progression by means of data value 
indicator and animated plot. 
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III. RESULTS AND DISCUSSION 


 
The TRACE calculation data were compared against 


the experimental data, the Relap5/Mod2 and 
Relap5/Mod3.3 calculation data. The TRACE calculation 
has a tendency to under predict the quench front time for 
the test sections, Figure 6, although, compared to 
Relap5/Mod2, the TRACE overall quench front 
progression, together with Relap5/Mod3.3 calculated 
quench front progression are closer to the experimental 
results, as shown in Figure 7. Also, the fast Fourier 
transform quantitative code assessment results show that 
the TRACE calculation gives the most accurate prediction 
for the quench front progression. The under prediction of 
quench front time is in a agreement with the TRACE 
assessment report conclusions where it is stated that 
TRACE has a tendency to under predict quench times for 
low flow, low power cases, Ref. 7. 


 


 
Figure 6: Peak cladding temperature at 2.01m elevation 


 


 
Figure 7: Quench front progression 


 
The test section peak cladding temperatures predicted by 
all codes are in good agreement with the experimental data, 
but the most accurate prediction according to the fast 


Fourier transform quantitative code assessment is given by 
Relap5/Mod3.3. The results for the fast Fourier 
quantitative code assessment with signal mirroring for all 
the variables used in this assessment are presented in Table 
1. On the other hand, TRACE has a tendency to over 
predict the peak cladding temperatures in higher 
elevations, but this is also mentioned in the TRACE 
assessment report conclusions, Ref. 7.  
The results for static pressure at various elevations in the 
core show an oscillatory behavior for TRACE, 
Relap5/Mod3.3 and Relap5/Mod2 calculations, 
manifesting particularly during the early stages of the 
transient. Nevertheless, the TRACE prediction for the 
pressure at the top of the upper plenum is in good 
agreement with the experimental data, Relap5/Mod3.3 and 
Relap5/Mod2 calculation data, although the initial pressure 
peak is under predicted and an oscillatory behavior is 
observable, Figure 8. 
 
 


 
Figure 8: Pressure at the top of the upper plenum  


 


 
Figure 9: Core water exit flow rate 


 
The most accurate result, according to the fast Fourier 
transform quantitative code assessment for the pressure at 
the top of the upper plenum, is given by the Relap5/Mod2 
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calculation, although, it is important to bear in mind that in 
order to reduce the heavy oscillations, a moving average 
was applied to all the calculation data before running the 
fast Fourier transform quantitative code assessment and 
that differences in accuracy are rather small. 
As the core water exit flow rate is qualitatively different 
for TRACE and Relap5/Mod3.3 because of heavy 
oscillations, Figure 9, the fast Fourier transform 
quantitative code assessment was not performed. However, 
we can compare the integrated core water exit flow for the 
experimental data, the Relap5/Mod3.3 calculation data and 
TRACE calculation data, Figure 10. Both codes are under 
predicting the integrated core water exit flow. Also, we can 
visually observe that the Relap5/Mod3.3 calculation and 
the TRACE calculation are following the same trend, but 
the TRACE calculation is better in predicting the trend for 
the first few seconds of the transient, while Relap5/Mod3.3 
predicts more accurately the integrated core water exit flow 
at the end of the transient. The variable for Relap5/Mod2 
was not available for this comparison.  


 
Figure 10: Integrated core water exit flow 


 


 
Figure 11: Downcommer collapsed liquid level 


The downcomer collapsed liquid level transient proved 
difficult to be predicted by all codes, Figure 11, but the 


core collapsed liquid level was better predicted by 
Relap5/Mod3.3 and TRACE, although some oscillations 
are present, as shown in Figure 12. 
 


 
Figure 12: Core collapsed liquid level 


  
 


TABLE 1: The results of the Fast Fourier Transform Based 
Method by Signal Mirroring Quantitative Code Assessment, 


representing the average amplitude for different variables 


Nr. Variables R5m2 R5m33 TRACE 


1 Clad. temperature 0.454 0.416 0.600 


2 Clad. temperature 0.577 0.566 0.638 


3 Clad. temperature 0.625 0.617 0.696 


4 Clad. temperature 0.518 0.519 0.593 


5 Clad. temperature 0.471 0.478 0.533 


6 Clad. temperature 0.482 0.489 0.531 


7 Clad. temperature 0.485 0.480 0.450 


8 Clad. temperature 0.754 0.518 0.584 


9 Clad. temperature 0.635 0.438 0.702 


 Clad. temperatures 
average amplitude 


0.556 0.502 0.592 


10 Quench front 
progression 


0.972 0.653 0.624 


11 Core exit steam flow 
rate 


0.669 0.714 0.722 


12 Core liquid level 0.542 0.339 0.385 


13 Downcomer liquid 
level 


0.599 0.705 0.648 


14 Pressure at the top 
of upper plenum 


0.364 0.397 0.398 
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IV. CONCLUSIONS 


 
The TRACE calculation of Achilles reflood experiment is 
comparable to the Relap5 calculation, especially to 
Relap5/Mod3.3 calculation data. Furthermore, we observed 
slightly better TRACE predictions for quench front 
progression, but overall the differences between the Trace 
code calculation and the Relap5/Mod3.3 calculation are 
very small. Also, the TRACE Achilles reflood experiment 
predictions were found in good agreement with the 
TRACE assessment manual main report. In addition, the 
SNAP Relap5 to TRACE conversion plugin was 
successfully used and evaluated and some of the errors that 
concern the conversion process were identified. Moreover 
the fast Fourier transform based method improved by 
signal mirroring quantitative code assessment was 
successfully used and proved as a good tool for quantifying 
the results of system codes simulations. 
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NOMENCLATURE 
 
- TRACE- TRAC/RELAP Advanced 


Computational Engine best-estimate reactor 
systems code 


- Relap5/Mod2; Relap5/Mod3.3- best-estimate 
reactor systems codes 


- SNAP- Symbolic Nuclear Analyses Package 
- ISP- International Standard Problem 
- separatr- separator component in Relap5 
- XCO- Liquid carryover 
- XCU- Liquid carryunder 
- FFTBM- Fast Fourier Transform Based Method 


Quantitative Code Assessment 
- FFT- Fast Fourier Transform 
- AA- average amplitude 
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The alpha version of the SPACE code, which is the best-estimate safety analysis code in Korea, has 


been developed, and its verification and validation are in progress. The SBLOCA (Small Break Loss-of-


Coolant Accident) evaluation methodology for the APR1400 (Advanced Power Reactor 1400) is also under 


development using the SPACE code. The goal of the development is to set up a conservative evaluation 


methodology in accordance with Appendix K of 10CFR50 by the end of 2012. To develop the Appendix K 


version of the SPACE code, modification of the code is considered through the implementation of the 


required evaluation models. At present, the Moody model for the conservative prediction of the discharge 


flow under a two-phase condition is in effect as a look-up table in the SPACE code. In this paper, the 


implemented critical flow model in the SPACE code is preliminarily assessed against a number of SETs with 


the best-estimate code RELAP5.  


 
 


I. INTRODUCTION 


 


The nuclear thermal hydraulic system code known as 


SPACE (Safety and Performance Analysis CodE) which is 


capable of two-phase, three-field and multi-dimensional 


analyses, is under development. The draft version (alpha 


version) of the SPACE code was released at the end of 


2010. In this phase, its verification and validation are in 


progress, with this step focusing on such factors as an 


assessment of the physical models/correlations, its analysis 


capability, its performance levels and so on using well-


known SETs (Separate Effect Tests) and IETs (Integral 


Effect Tests). The frozen version of SPACE for NPP 


design is expected to be released at the end of 2011. 


At the same time, the SBLOCA (Small Break Loss of 


Coolant Accident) evaluation methodology for the 


APR1400 (Advanced Power Reactor 1400) is also under 


development using the SPACE code. The goal of the 


development of this methodology is to set up a 


conservative evaluation methodology in accordance with 


Appendix K of 10CFR50 [1] by the end of 2012. In order 


to develop the Appendix K version of the SPACE code, the 


code modification is considered through implementation of 


the code on the required evaluation models. Finally, the 


conservatism for Appendix K version of the SPACE code 


will be demonstrated through code analyses of both SETs 


regarding the major phenomena of SBLOCA and IETs 


required as TMI action items. At present, the integration of 


the model to generate the Appendix K version of SPACE is 


in its preliminary stage. Among them, the Moody model [2] 


for a conservative prediction of the discharge flow under 


the two-phase condition has been implemented as a look-up 


table with the Henry-Fauske Model [3] for the subcooled 


liquid condition in the SPACE code.  


 


II. BRIEF DESCRIPTION OF WORKS 


 


Based on the configuration of the SPACE code, several 


models must be assessed and modified to achieve 


conformance with the Appendix K requirements. Therefore, 


the missing models must be added to the SPACE code and 


the requirements must then be satisfied by performing a 


series of experimental evaluations. For the conservative 


models required in the SPACE code, the metal-water 


reaction model, the critical flow model, the Critical Heat 


Flux (CHF) model and the post-CHF model must be 


implemented in the code.  


Appendix K requires that the metal-water reaction is 


calculated using the Baker-Just equation [4], while the 


model included in the existing SPACE code is based on the 


Cathcart model [5]. Therefore, the Baker-Just model will 


be used to replace the built-in Cathcart model. For CHF 


models, three correlations, the B&W [6], Barnett [7], and 


Modified Barnett correlations proposed in Appendix K will 


be implemented into the best-estimate version of the 


SPACE code to cover the pressure range of interest. For 


post-CHF model, Groeneveld 5.7 correlation [8], the 


McEligot model and others will be added. 


The best-estimate version of the SPACE code will  also 


be assessed to fulfill the requirements set forth in Appendix 


K. Separate Effect Tests (SETs) and Integral Effect Tests 


(IETs) are applied to assess specific implemented code 
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models and assure that each modification is working 


properly. The assessment cases for each modification in 


this development are summarized in Table 1. As shown in 


Table 1, LOFT L3-1, Semiscale S-UT-08, and ATLAS [9] 


are included to assess the integral performance of the 


Appendix K version of the SPACE code further.  


 


Table 1. Test matrix for the development of the APR1400 


SBLOCA evaluation methodology 


Phenomenon Case 
SBLOCA 


connection 


Discharge flow 
Marviken 4 cases Critical 


flow Edward Pipe 


Core heat transfer 


Bennett 3 cases 
CHF 


Film boiling 


Subcooled 


Boiling 


RIT 20 cases 


THTF (3.07.9) 4 cases 


THTF (3.09.10) 6 cases 


Christensen 15 


Core water level 


THTF (3.09.10) 12 


cases 
Core level 


Core boiling 
GE Level swell 1004-3 


Loop Seal UPTF Loop Seal Test 
Loop seal 


clears 


IETs 


LOFT L3-1 System 


behavior 


PCT 


Semiscale S-UT-08 


ATLAS 


 


After all of the required models above are successfully 


implemented into the SPACE code and verified against the 


associated SETs and IETs in Table 1, the plant calculation 


will be performed to determine the break size and location 


finally.  


 


III. CODE ASSESSMENT FOR DISCHARGE FLOW  


  


In this section, the Moody model implemented in the 


SPACE code is assessed against Marviken tests and the 


Edward pipe blowdown test compared with the best-


estimate code RELAP5. 


 


III.A. Conservative Discharge Flow Model in the SPACE 


Code 


 


The critical flow model in the SPACE code was 


developed based on the Ransom-Trapp (RT) model. 


However, the Moody model is also implemented into the 


SPACE code to meet the two-phase discharge flow 


requirement. 


Regarding the application of the Moody model, the 


stagnation condition (po, ho) is derived from the cell center 


immediately upstream of the exit plane. The stagnation 


enthalpy can be calculated from the cell center properties 


as [10] 


                (1) 


 


where the local enthalpies(h), fluid velocities(v) and flow 


quality(x) are evaluated under an equilibrium condition at 


the cell center. By assuming an isentropic process, the 


stagnation pressure can then be obtained from the local 


entropy as defined by the cell center properties and the 


stagnation enthalpy derived through the steam table 


iteration: 


 


                    Po = Po (ho, s(h, P))                           (2) 


 


The Henry-Fauske model is used for the subcooled 


liquid condition in conjunction with the Moody model. The 


discharge flow by this model is also expressed using the 


stagnation pressure and enthalpy in the SPACE code. 


Figure 1 presents the discharge flow under both the 


pressure and enthalpy conditions. This is provided as a 


look-up table in the SPACE code.  
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Fig. 1. Discharge flow for the combined HF-Moody model in 


SPACE Code 


 


III.B. SPACE Modeling and Evaluation for Marviken 


 


The Marviken test facility, which is reactor-sized, 


consists of a pressurized vessel containing steam and water 


under high pressure, an exhaust pipe placed at the vessel 


bottom, and a convergent nozzle capping the pipe [11]. 


Each test initiates when the nozzle is suddenly opened, 


after which the pressures, temperatures and densities at 


various sections are measured during the subsequent 


blowdown. Four representative tests of the Marviken 


program are used to assess the implementation of the 


Moody model. These tests were performed with nozzles 


that offer wide coverage of the range of the length to the 
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diameter ratios (L/D = 0.3, 1.5, 3.6) used in Marviken tests, 


which include all conditions, such as subcooling, saturated 


two-phase fluid, and mixture of them. Tests were full scale 


critical flow tests. The break was connected to the bottom 


of a large pressure vessel. The pressure vessel was 5.2m in 


diameter and 24.6m tall. The vessel initially contained 


regions of subcooled liquid, saturated liquid and a steam 


dome. Table 2 shows the boundary conditions for the 


chosen tests. 


 
Table 2. Boundary conditions for Marviken tests 


Test conditions Test 15 Test 20 Test 22 Test 24 


Initial upper press. 


(MPa) 
5.04 4.99 4.93 4.96 


Subcooling at bottom 


of vessel (℃) 
31 7 52 33 


Initial min. temp. ( )℃  233 257 211 230 


Vessel initial level (m) 19.93 16.65 19.69 19.93 


Nozzle L/D (m) 3.6 1.5 1.5 0.3 


 


 
 


Fig. 2. SPACE Nodalization of Marviken tests 


(Left: Test No.15/20/22, Right:  Test No. 24) 


 


The SPACE nodalization of Marviken tests is also 


shown in Figure 2. The pressure vessel is modeled with a 


PIPE component with a discharge pipe. In the test with a 


long nozzle (15,20,22), the nozzle is modeled as a PIPE 


with three cells on the left in Figure 1, while in the test with 


a short nozzle (24), the nozzle is modeled as a PIPE with 


one cell on the right in Figure 1. To simulate the boundary 


conditions, the TFBC (Temporal Face Boundary 


Condition) is introduced in SPACE code, as it is in the 


function of the TMDPVOL(Time-dependent volume) 


Component in the RELAP code. The TMDPVOL 


Component is used wherever fluid can enter or leave the 


system being simulated. The state conditions as a function 


of time or some time-advanced quantity are entered as a 


table, with time or the time-advanced quantity as the 


independent or search variable. The choking option is 


assigned only at the outlet of the TFBC face (No. 007) for 


all prediction calculations. A discharge coefficient of 1.0 is 


used as the default. 
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Fig. 3. Pressure behaviors for Marviken test no.15 
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Fig. 4. Break flow behaviors for Marviken test no. 15 


 


 


As a result of the calculation of Test no. 15, Figures 3 


and 4 show the pressure and break flow between the two 


types of SPACE discharge models with the RELAP5 


calculations using the Ransom-Trapp model. The water in 


the pressure vessel of Test no. 15 has a subcooling 


temperature of 31℃. It is initially discharged as subcooled 


liquid for an extended period of time. It becomes a two-


phase fluid after approximately 18 seconds or is discharged 


as a quasi-equilibrium two-phase fluid at close to 24 


seconds. The transition regime for a critical flow between a 


subcooled fluid and a two-phase fluid is predicted.  


As shown in Figures 3 and 4, the behavior of the 


SPACE with the RT model is in very good agreement with 


RELAP5. In the case of the HF-Moody model, the pressure 


is under-predicted from about 20 seconds because the 


discharge flow is calculated as high in the saturated regime. 
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As a result, the time discharging the steam appears much 


more quickly. 
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Fig. 5. Comparison of break flows for Marviken test no. 15 
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Fig. 6. Void behaviors for Marviken test no. 15 


 


Figure 5 compares the calculated break flow between 


the RT model and the HF-Moody model in the SPACE 


code. The HF-Moody model clearly predicts a higher value 


than the RT model, ranging from 3,000 kg/sec to 6,000 


kg/sec. This range, which appears from approximately 20 


to 40 seconds, as presented in Figure 4, is considered as the 


two-phase fluid regime and is calculated by the Moody 


model. This is confirmed in the void behavior shown in 


Figure 6. The divisions of the flow regimes in the critical 


flow model for the SPACE code are determined as follows 


by the void fraction. 


- When ag = 0: Single-phase fluid regime  


- When ag ≤ 1.0x10
-5
: Subcooled fluid regime 


- When 1.0x10
-5 
< ag ≤ 0.1: Subcooled fluid and two-


phase flow transition regime  


- When 0.1 < ag ≤ 0.9: Two-phase flow regime 


- When 0.9
 
< ag ≤ 0.99: Two-phase flow and pure 


steam transition regime  


- When ag > 0.99: Gas and pure steam regime 


 


When the void fraction exceeds 0.1, as shown in Figure 6, 


it is noted that a two-phase fluid is discharged between 20 


and 40 seconds. Thus the conservative approach of the 


implemented Moody model in a two-phase discharge flow 


is demonstrated.  


The behavior of the void fraction is unstable, unlike in 


the RELAP5 calculation. In RELAP5, a number of 


transitions between flow regimes for interfacial friction are 


included to prevent numerical instability when abruptly 


switching from one flow regime to another. The RELAP5 


calculation indicates the rationale for using a time-


smoothing method [12], while linear time-smoothing in the 


SPACE code is not used yet. The code will be modified 


later. 
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Fig. 7. Break flow behaviors against Cd variation 
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Fig. 8. Pressure behaviors against Cd variation 


The effect of the discharge coefficient at the break face 


for the SPACE code is also investigated, as shown in 


Figures 7 and 8. As expected, a lower discharge coefficient 


provides a smaller break flow and a slower decrease in the 


pressure vessel pressure. Hence, the SPACE code can be 


clearly conservative for a single liquid and for a two-phase 


fluid. Specific sensitivity studies will be performed through 


other test evaluations. 
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Fig. 9. Comparison of the break flows for Marviken test no. 20 
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Fig.10. Comparison of the break flows for Marviken test no. 22 


 


Figures 9 ~ 11 compare the calculated break flow 


between the RT model and the HF-Moody model in the 


SPACE code for tests no. 20, 22, and 24, respectively. In 


every case, similar to test no. 15, the behavior of the RT 


model in the SPACE code is in very good agreement with 


the RELAP5 calculations, while the HF-Moody model in 


the SPACE code is conservatively predicted in the two-


phase regime. In particular, the water in the pressure vessel 


of test no. 20 has a subcooling temperature of 7℃. Thus, 


most of the water is discharged in a saturated condition. 


Therefore, the discharged break flow in test no.  20 is 


calculated by the two-phase critical flow model most of the 


time, as shown in Figure 9. The discharge flow below 


4,000 kg/sec is under-predicted, which explains why the 


time at which the pressure vessel is empty is predicted 


quickly, as explained in test no. 15. Through code 


assessments against Marviken tests, the success of the code 


modification for a two-phase critical flow in accordance 


with the required model is demonstrated. The conservative 


assessment for a single-liquid regime can be shown by 


adjusting the discharge coefficient. 
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Fig. 11. Comparison of the break flows for Marviken test no. 24 


 


III.C. SPACE Modeling and Evaluation of Edward pipe 
 


As another evaluation result in this section, the 


conservative aspects of the proposed model are assessed 


using the Edward Pipe test [13]. The Edward pipe test is 


used to verify blowdown behavior, including the flashing 


phenomenon. This test was designed to simulate sudden 


depressurization of a simple horizontal pipe. The heat loss 


at the pipe wall is not included in this calculation.  SPACE 


nodalization of the Edward pipe test with a boundary 


condition is shown in Figure 12. To simulate the boundary 


conditions, a TFBC component such as Marviken modeling 


is used. The choking option is assigned only at the outlet of 


the TFBC face (No. 005). A discharge coefficient of 1.0 is 


used as the default. 


 
Fig. 12. SPACE nodalization of the Edward pipe test 


 


Figures 13 and 14 present both the SPACE code and the 


RELAP5 code calculation results of the pressure and void 


fraction of a cell at the middle part (1.64m, cell no 8 of the 


PIPE component) of the test section. In comparison with 


the RELAP5 RT model, the pressure calculated by the 


SPACE RT model is slightly over-predicted but is generally 


in good agreement with those results throughout the 


transient, whereas the pressure and void fraction as 
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calculated by the SPACE HF-Moody model are both highly 


under-predicted.  
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Fig. 13. Pressure behaviors for the Edward pipe 
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Fig. 14. Void behaviors in the middle of the test section 
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Fig. 15. Break flow behaviors for the Edward pipe 


As observed in the Marviken evaluation, the behaviors 


vary between the two models in the SPACE code when the 


void fraction exceeds 0.1. Figure 15 shows the break flow 


behavior. This figure shows that the conservative aspects of 


the implemented Moody model in a two-phase discharged 


flow are suitably demonstrated. 


 


III. CONCLUSIONS AND FURTHER WORKS 


 


To set up the conservative evaluation methodology 


for APR1400 SBLOCA, the Moody model implemented 


into the SPACE code was preliminarily assessed for a 


conservative prediction of the discharge flow under a two-


phase condition. Although some unphysical behaviors 


appear as a result of not considering the time-smoothing 


here, the major results show that the conservative discharge 


model was successfully implemented into the best-estimate 


version of the SPACE code. Other required models and 


correlations will be implemented and evaluated against 


associated SETs. In a further assessment of the integral 


performance of the Appendix K version of SPACE, three 


other sets of IET, in this case the LOFT, Semiscale and 


ATLAS tests will be evaluated, in that order. Finally, the 


integral conservatism of the Appendix K version of the 


SPACE code for a SBLOCA calculation of APR1400 will 


be quantified and assured to be ready for licensing 


applications by the end of 2012. 
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NOMENCLATURE 


 


ag            Void fraction 


h             System enthalpy 


hf                   Liquid enthalpy 
hg                  Vapor enthalpy 


ho                  stagnation enthalpy 


P             System pressure 


Po            stagnation pressure 


s              Entropy 


vf                    Liquid velocity 
vg                   Vapor velocity 
x              flow quality 
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Abstract – Feedback on the operation of French sodium fast reactors (SFR) revealed the 
necessity to improve continuous monitoring, particularly in terms of the primary system 
instrumentation. 
Among others, research and development is performed in order to characterise the continuous 
presence of microbubbles in the primary liquid sodium.  
A water-air bench has been experimented as the first step of the industrial development of 
acoustical techniques. The generated bubble cloud characteristics are very similar to the reactor 
case (bubble radiuses and void fractions). 
Non-linear acoustic methods have been investigated to determine the histogram of bubble 
radiuses. Our work involved using the non-linear data resulting from the mixing of two 
frequencies. Sweeping at low frequency makes it possible to determine the non-linear resonance of 
the bubbles present. Then the non-linear mixing with a high-imagery frequency is used to build the 
bubble radius histograms.  
In addition to this method, measurement of the low-frequency acoustic velocity using a Helmholtz 
resonator is proposed to determine the void fraction.  
Future industrial prospects for this work look promising. 
 
(*) Full paper, same as 11292 in session 3.03 System Design-II 
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Abstract – Actinide recycling by separation and transmutation is considered worldwide and 
particularly in several European countries as one of the most promising strategies to reduce the 
inventory of radioactive waste and to optimize the use of natural resources. With its 
multidisciplinary consortium of 34 partners from 12 European countries plus Australia and 
Japan, The European Research Project ACSEPT (Actinide reCycling by SEParation and 
Transmutation) aims at contributing to the development of this strategy by studying both 
hydrometallurgical and pyrochemical partitioning routes. 
After three years of work, significant progresses were achieved in process development with the 
demonstration of the SANEX and innovative SANEX flowsheets. Chemical systems were selected 
for GANEX and a demonstration flowsheet in under finalization. These results were achieved 
thanks to a strong involvement and reactivity of the consortium members. After about fifteen years 
of exploratory research on new extracting molecules, the work focuses now on the optimisation of 
the selected systems, particularly on some hydrophilic molecules or masking agents for specific 
fission products. Aside, the dissolution studies are now on the tracks. 
In pyrometallurgy, the work progresses as well. Head-steps studies gave promising results and two 
methods were developed for the back extraction of the actinides from the aluminium, wich is the 
metallic solvent involved in the two ACSEPT pyro processes. 
In addition, efforts were made to increase collaborations, mutualise and homogenise procedures 
and share good practices. Based on these assessments, it is then time to look at the future 
challenges to be issued. 
A training and education program is implemented to share the knowledge among the partitioning 
community, and present and future generations of researchers. Specific attention is also given to 
the funding of post-doctorate fellowships, and student exchanges between Partners. Through this 
training and education programme, the first ACSEPT International Workshop was organised in 
March 2010 in Lisbon, Portugal. This T&E program is a key point for maintaining a high 
expertise level in actinide separation sciences in Europe. 
The following of ACSEPT is currently under preparation to go further towards demonstration at 
the pilot scale. 
 


 
 


I. INTRODUCTION 
 
When considering worldwide sustainable energy 


development, one of the challenges of nuclear energy is to 
minimize the production of long lived radioactive waste 
but also to optimize of the use of natural resources with an 
increased resistance to proliferation. The separation of all 
significant Trans-Uranium (TRU) elements and 
specifically the Minor Actinides (MA) (Partitioning) and 
their incineration in Gen IV fast neutron reactors or 


Accelerator Driven Systems (Transmutation) is a key 
feature of advanced fuel cycles and should play a key role 
in the development of a sustainable nuclear energy. 
However, new reprocessing technologies (spent fuel 
dissolution, actinide separation and fuel refabrication) are 
required to address these challenges, which cannot be met 
by the current generation of chemical plants. Two 
strategies are proposed today for the recycling of actinides 
coming from the various forms of future nuclear fuels and 
studied within ACSEPT,  based on aqueous or pyro-
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reprocessing: (i) their homogeneous recycling in mixed 
fuels (via a prior grouped actinide) and (ii) their 
heterogeneous recycling in targets or core blankets (via the 
selective separation of minor actinides from fission 
products). 


In parallel, training and education issues are 
acknowledged as a priority and an important program was 
set up to increase the skills of the young researchers in 
nuclear sciences in Europe. 


After three years of work, it is time for a first status 
and start the discussions for the next project, going further 
towards the development of a pilot of a minor actinide 
separation workshop. 


 
II. PROCESS DEVELOPMENTS FOR FUTURE 


FUEL CYCLES 
 
The work program of ACSEPT was built to develop 


treatment processes answering the needs of future fuel 
cycles both for heterogeneous recycling and homogeneous 
recycling, to be implemented in future fuel cycle pilot 
demonstrations. Both aqueous and pyro-reprocessing are 
being considered. In addition a strong effort is devoted to 
process integration and systems studies to answer the 
specific challenge of a future pilot design. A global vision 
of ACSEPT in terms of process development is given in 
Fig 1. 


 
Fig 1. ACSEPT R&D process development framework. 
 


Heterogeneous recycling of actinides. 
Aqueous reprocessing seems to be the most relevant 


route to implement a partitioning strategy that involves a 
specific management of minor actinides. Most of the work 
carried out in ACSEPT is devoted to the development of 
the related processes. However, one route is also being 
studied in pyrometallurgy. 


 
Aqueous reprocessing 
Many countries have developed aqueous processes to 


recover MA elements in order to decrease the radiotoxic 


inventories of nuclear waste. Up to now, none of these 
processes has ever been implemented at the industrial scale 
but their R&D has sometimes reached demonstration tests 
at the laboratory scale. Most of the partitioning strategies 
rely on a three step approach: 


- Separation of U (and sometimes also Pu) from spent 
fuel dissolution liquors; 


- An(III) + Ln(III) co-extraction; 
- An(III)/Ln(III) separation, the latter step being the 


most difficult because of the similar chemical properties of 
4f and 5f elements. 


The processes developed around the world differ from 
the extracting systems involved in these different steps and 
the possibility to merge two of these steps in a single one: 


Within ACSEPT, three concepts were selected to be 
further studied for the separation of An(III) from Ln(III): 
SANEX, innovative stripping SANEX and the 1-cycle 
SANEX. In continuation of the work carried out in 
EUROPART, a SANEX hot test using a BTBP (bis-
triazynil bipyridine) /DMDOHEMA (dimethyl dioctyl 
hexylethoxymalonamide)-/octanol system was carried out 
at JRC-ITU. Using an optimized flowsheet, the main 
objective of 99.9 % recovery of trivalent MA was fulfilled. 
Over 99.9 % of the lanthanides were directed to the 
raffinate except Gd for which 0.32 % was recovered in the 
product. 


The second route is the selective stripping of minor 
actinides after their extraction by selected lipophilic 
ligands (e.g.: malonamides, diglycolamides), in one or two 
cycle processes and based on selective aqueous 
complexation of actinides. The baseline clearly comes 
from achievements of France, USA and Japan as this 
concept has never been studied before in the previous 
Framework Programs. Based on the much stronger 
extraction properties of TODGA (tetraoctyldiglycolamide) 
compare to the reference malonamide DMDOHEMA 
towards trivalent 4f and 5f elements, this new concept of 
An(III)/Ln(III) separation was investigated. Parametric 
studies allowed the optimization of the partitioning system 
formulation in order to meet the requirements of an 
efficient process flowsheet, even if the formulation of the 
solvent is complex. A hot-test was successfully performed 
at CEA in March 2009 to validate this concept. However, 
the flowsheet needs a strict control of some parameters 
during the process (pH, temperature).  


Some efforts are now dedicated to an alternative i-
SANEX process, based on a more elegant system that 
would not require any salting out agent, based on 
hydrophilic bis-triazynyl pyridine or bipyridine. 


 
Pyro-reprocessing 
Within FP5-PYROREP and FP6-EUROPART, a 


process was developed by CRIEPI in collaboration with 
ITU to separate An(III) from a PUREX raffinate, based on 
a molten chloride/liquid metal liquid-liquid reductive 
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extraction process. Starting from a PUREX raffinate, after 
concentration, denitration and calcination, the residue is 
chlorinated and dissolved in a molten chloride bath. After 
contact with a liquid metal phase (bismuth) containing a 
reducing metal (lithium), the actinides could be selectively 
reduced in the metal, leading to their separation. All these 
steps were successfully tested in ITU inert hot cell on 
genuine materials during the first half of the project. A 
flowsheet with several stages of counter-current contactors 
was designed and the associated technology is under 
development at CRIEPI. 


 
Homogeneous recycling of actinides. 


In this field, both hydrometallurgical and 
pyrometallurgical processes are under studies with 
emphasis on the pyrometallurgical concepts. 


 
Aqueous reprocessing 
The development of a process for the grouped actinide 


separation ((An(III to VI), Np, Pu, Am, Cm… or GANEX) 
is today the main objective in aqueous reprocessing. One 
system was developed by the CEA, based on a 
combination of the DIAMEX and SANEX systems (out of 
ACSEPT work). However, the flowsheet is rather complex 
and requires a lot of stages. Within ACSEPT, the challenge 
is to develop a process that does not need a redox control 
of the actinide oxidation states. Two concepts are under 
studies, based either on a BTBP/cyclohexanone system (at 
CHALMERS) or on a TODGA/DMDOHEMA system 
(NNL). Many challenging technological obstacles (e.g.: 
plutonium loading capacity, oxalate substitution, fission 
products masking agents) have to be overcome before a 
demonstration test can successfully be carried out on one 
or the other system. A work program involving most of the 
partners being able to work in active conditions was 
established to try to finalize the design of at least one of 
the flowsheets by the end of 2011 and to be ready for a 
hot-test in early 2012 at JRC-ITU.  


 
Pyro-reprocessing 
Pyroreprocessing is indeed the reference route for 


molten salt reactor fuel reprocessing. However, the 
reprocessing of some types of fuels today envisaged for 
GenIV might not be compatible with current 
hydrometallurgical processes and could need the use of 
molten salt systems. 


In previous European projects, the studies carried out 
on liquid metals highlighted that aluminium is the best 
candidate to increase the selectivity of actinide extraction 
towards lanthanide’s. Two processes were developed: one 
based an electrochemical process in molten chloride and 
one based on a reductive extraction process in molten 
fluoride. The core processes were demonstrated at lab-
scale and flowsheet calculations and system studies were 


performed. Two key process steps were identified and are 
extensively studied in ACSEPT. 


First, the exhaustive electrolysis in chloride aims at 
the recovery of the minor actinides not reduced during the 
electrorefining step. This step is compulsory to avoid to 
send minor actinide into the waste 


Second, the actinide back extraction from aluminium 
is a common step of the two selected processes. Two 
options are under study: the chlorination of the An/Al alloy 
with Cl2 or HCl and the liquid-liquid oxidative back 
extraction from liquid aluminium to a molten chloride 
bath. Significant progress was made in both fields. 


 
III. ADDITIONAL STUDIES 


 
Head-end step 
In hydrometallurgy, the “head-end steps” work-


package addresses challenging dissolution issues dealing 
with the treatment of advanced nuclear fuels. All the future 
fuels envisaged for the homogeneous recycling have the 
common feature that Pu and minor actinide contents 
(respectively ~20 wt% and 5 wt %) will be higher than that 
normally encountered in current oxide fuels. The burn-up, 
and hence heat load and activity, of these fuels will also be 
much higher and will present new challenges in fuel 
handling and processing.. All the losses must be minimized 
to maximize the benefits gained from P&T fuel cycles. The 
work in this field is divided in two main parts: (i) 
Conceptual studies of potential chemical treatment options 
(direct dissolution or pre-treatment) for the dissolution of 
various types of spent nuclear fuels issuing from current 
and next generation reactors. (ii) Experimental studies of 
selected potential chemical treatment options (direct 
dissolution or pre-treatment) for the dissolution of various 
types of spent nuclear fuels issuing from current and next 
generation reactors. 


In pyrometallurgy, the studies mainly concern the 
electrochemical dissolution of oxide fuel in fluoride and 
the direct reduction of oxide to metal, both in chloride and 
fluoride media. The behaviour of fission products during 
head-end thermal treatment is also being investigated. 


 
Fuel refabrication. 
The co-conversion of variously mixed actinide 


aqueous products into oxide, carbide or nitride powders is 
a key step in the development of advanced close fuel 
cycles. The high activity and radiotoxicity of a fuel 
containing both plutonium (at around 20%) and minor 
actinides (from 2 to 20%) make difficult and hazardous the 
management of powders for fuel fabrication. The 
objectives of the research to be carried out in this field will 
be focused on the co-conversion of actinide solutions 
(variously mixed) to polyactinide containing solids for fuel 
preparation. To reach these objectives, different co-
conversion processes have been identified, such as co-
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precipitation and sol-gel routes. In addition, new 
alternative routes such as co-denitration and co-conversion 
by impregnating solid extractants followed by thermal 
treatment show also promising assets but have been less 
studied so far. For all these processes, a common feature is 
the complexity of the initial mixed actinide containing 
solution and there is a need to cover basic studies to 
understand and master the co-conversion processes. 


 
Salt recycling and waste management in 


pyrometallurgy 
Real progress was made in the decontamination of 


spent chloride salts. The zeolite ion-exchange filtration and 
phosphate or carbonate precipitation have been selected for 
their potential to clean up spent salt efficiently. However, 
they lead of an increased amount of waste. In precipitation 
processes, studies are carried out to replace phosphate and 
carbonate by a gaseous reagent that allows the 
minimization of the salt inventory in the loop. In molten 
fluoride, the distillation of the reference molten salt LiF-
AlF3 allowed the salt to be decontaminated and recycled in 
the process.  


The “waste conditioning” work-package foresees 
experimental activities about synthesis and characterization 
of matrices suitable for conditioning chloride, fluoride, and 
metallic waste coming from pyro-processes. This aims at 
minimizing the waste volume and taking into account the 
criteria for storage and disposal. First, a joint research 
program about synthesis and characterization of sodalite is 
being conducted in order to assess the potentialities of this 
material as a confinement matrix. The results show that 
sodalite is not relevant for the confinement of high active 
waste. As an alternative, studies will be carried out to 
optimize conditions to obtain the chloroapatite phase as a 
material for incorporating alkaline, alkaline-earth and rare 
earth elements. The immobilization of noble fission 
products (Pd, Mo, Ru, Rh, Tc, etc.) is studied through the 
formation of solid solutions in Cu/Ni, Cu/Sn, and Al based 
alloys. Small ingots prepared inside furnaces under 
controlled anoxic atmospheres were already characterized. 
An additional study will be conducted about alloys 
corrosion in water. 


 
Process Integration 
System studies are carried out to help optimization and 


rationalization of the research efforts and early 
identification of the engineering constraints. Finally, it will 
seek to generate sufficient scientific and engineering data 
to support the design concept of a technology and 
engineering demonstrator in a future project. Hence one of 
its main goals is to have established an understanding of 
some of the key engineering factors and engineering 
technological challenges by the end of the project. This 
will enable an effective assessment of the technical 
feasibility at larger scale of any retained process option. 


Specific efforts are undertaken to disseminate the 
results with the goal to educate all the consortium members 
on the importance of early integration so they can 
incorporate the process viewpoint as much as possible in 
their own field of research when exploring new ideas. 


 
IV- TRAINING AND EDUCATION 


 
ACSEPT contributes to develop the integration of 


European education and training in the field of separation 
techniques and actinide chemistry, to combat the decline in 
student numbers, teaching establishments and young 
researchers thus providing the necessary competence and 
expertise for a sustainable development of nuclear energy. 
It provides an infrastructure which supports co-operative 
work among the members of the ACSEPT nuclear 
community.  


The main activities and budget allocation relies on the 
mobility of personnel. Indeed, ACSEPT supports the 
funding of post-doctoral students (two students funded on 
the first half of the project), the exchange of students 
between partners (2-3 month stays) and helps students to 
attend specific ACSEPT training sessions or summer 
schools. 


In March 2010, the first ACSEPT International 
Workshop was organized in Lisbon, Portugal. It gathered 
more than 120 people from the ACSEPT consortium but 
also from US, Russia, Canada, Japan, India, Hungary… 
Among the 43 oral contributions, 22 were given by young 
scientist, giving them the opportunity to exchange with 
acknowledged international experts in the field of 
partitioning, transmutation and waste management. It also 
included a specific ISTC session on pyrometallurgy. 


 
CONCLUSIONS 


 
After three years, ACSEPT is definitively on the 


tracks. In aqueous reprocessing, efforts are now devoted to 
the development of a GANEX process, to be demonstrated 
by the end of the project.  


In pyrometallurgy, promising routes are almost 
demonstrated for the actinide recovery from aluminium. In 
addition, progress was also made in head-end steps (oxide 
to metal route, thermal treatment), salt recycling (fluoride 
salt distillation) and waste conditioning (metallic matrices). 


Last but not least significant efforts were made for 
dissemination activity and training of students. 


Based on these results, it is now time to think about 
the next step and to prepare the following of ACSEPT. 
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Abstract – This paper describes two approaches for modelling creep crack growth at high temperature, using the finite 


element (FE) method. Experimental creep crack growth results, obtained from compact tension (CT) and thumbnail crack 


specimen testing of a 316 stainless steel at 600°C and a P91 steel at 650°C, are used to demonstrate the capability of the 


modelling processes. A creep damage mechanics approach, based on the constitutive equations, proposed by Liu and 


Murakami, is used to simulate crack growth because it has significant advantages over other damage mechanics models used 


for modelling components with cracks. In addition, a simplified, C* approach, which is based on the use of a series of 


incremental, steady-state FE analyses, using a Norton's creep law, is used for predicting the creep crack growth process. 


Validation of the FE predictions is achieved, by comparing the predicted creep crack growth results, including creep crack 


growth rates and fracture surface profiles, with corresponding experimental results. Good agreements are achieved with both 


modelling approaches. 


 


 
 


I. INTRODUCTION 
 
Components in nuclear power plants, conventional 


power plants, chemical plants, manufacturing processes, 
aeroengines, etc. may operate at temperatures which are 
high enough for creep to occur. Such components may 
contain cracks or must be assumed to contain defects or 
cracks as part of design life or remaining life assessments 
which are required in service. In practice, the majority of 
problems associated with high temperature component 
failure are caused by, or associated with, creep cracking.e.g. 


1 Hence, effective numerical methods for predicting creep 
crack growth behaviour in power plant materials are 
essential in order to establish suitable component lifing 
methodologies. In order to carry out these analyses, a 
number of approaches have been used, based on, for 
example, fracture mechanics based methods,e.g. 2,3 or 
damage mechanics based methods.e.g. 4,5 
 


Under high temperature creep conditions, it is widely 
accepted that creep crack growth rates, a , can be 
correlated with the creep fracture parameter, C*; such data 
are usually obtained from experimental creep crack growth 
tests using CT specimens, subjected to steady loading, 
following ASTM E1457-00 standard.6 The load-line 
displacement and the creep crack growth data, with time, 
can be measured, and the fracture surfaces and their 
profiles can be obtained. 


 


In this paper, firstly, a brief description of experimental 
testing procedures is given. Then, the general 
methodologies related to the use of continuum damage 
mechanics (CDM) and a simple Norton’s power law, in FE 
modelling of creep crack growth, are described. The 
methods proposed are assessed by comparing FE 
predictions of creep crack growth and fracture surfaces in 
CT and thumbnail cracked specimens with corresponding 
experimental results7,8 using the material constants obtained 
from uniaxial creep and CT specimen creep test results. 
The materials chosen are two power plant steels, i.e. a 316 
stainless steel at 600°C and a P91 steel at 650°C due to the 
ready availability of uniaxial creep, CT and thumbnail 
specimen creep crack growth data. 


 
 


II. EXPERIMENTAL CREEP CRACK GROWTH 
AND TEST RESULTS 


 
II.A. Tested Materials: P91 Steel and  


316 Stainless Steel 


 
Two typical power plant materials were used for creep 


crack growth tests, i.e. the P91 steel and 316 stainless steel. 
The modified 9Cr (P91) steel was initially developed in the 
US in the early 1980s and was introduced to UK power 
plants in the early 1990s, to replace some of the 
components made from low alloy ferritic steels, as its high 
creep strength allows the use of thinner walled components, 
which will be less prone to thermal fatigue cracking. The 
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316 stainless steel is also a creep resistant steel, which is 
widely used in power plants at high temperature. Table I 
shows the chemical composition of the P91 steel and 316 
stainless steel. 


 
TABLE I 


Chemical Composition (wt %) of P91 
and 316 Stainless Steel 


Material P91 316 SS 
Cr 8.74 16.8 
Ni - 11.8 
Mo 
Mn 
Si 
Cu 
V 
Co 
S 
C 
Nb 
W 
Al 
P 
Ti 
N 
Fe 


0.98 
0.36 


0.022 
0.08 
0.21 


- 
- 


0.11 
0.12 


- 
- 
- 
- 


0.048 
Balance 


2.15 
1.42 
0.5 


0.49 
0.08 
0.07 
0.03 
0.02 
0.02 


< 0.02 
0.01 
0.01 
0.01 


- 
Balance 


 
II.B. Compact Tension and  


Thumbnail Specimen Testing 


 
Creep crack growth tests for P91 at 650°C were 


carried out using compact tension (CT) specimens.8 For 
316 stainless steel, creep crack growth tests were carried 
out at 600°C, using CT and thumbnail crack specimens. 
Geometry and dimensions of the CT specimens are shown 
in Fig. 1. For the thumbnail specimens, the geometry and 
dimensions are as shown in Fig. 2. The tested P91 CT 
specimens include plain specimens (i.e. without side 
grooves) and 10% side grooved specimens (see Fig. 1). 
Only plain CT specimens are used for 316 stainless steel 
creep crack growth tests. Load line displacement and creep 
crack growth were recorded, for each CT specimen test. 
Tunnelling behaviour was observed for the plain specimens 
and relatively uniform creep crack growth fronts were 
observed for the side grooved specimens, as shown in Fig. 
3.    Fig. 4 shows typical load line displacement and creep 
crack growth curves obtained for a test at 3kN. The load 
line displacement rates and the creep crack growth data 
were then used to calculate C*.  
 


For both the CT and thumbnail specimen geometries, 
damage mechanics based modelling was performed using 
3D FE analysis. A user defined subroutine utilising the Liu 
and Murakami damage equations was used within these 
analyses and comparisons of the results from these analyses 
with the experimentation are shown in section III.C. 


 
 
Fig. 1. Dimensions (mm) of compact tension specimen. 
 


 
  
Fig. 2. Dimensions (mm) of the thumbnail crack growth 


specimen geometry (a) side-on view, and (b) an enlarged section 
view through x-x plane. 


 


 
  
Fig. 3. Examples of creep profiles for (a) a plain CT 


specimen (P = 5kN), and (b) a side grooved specimen (P = 3.6kN) 
of P91 steel tested at 650°C. 


 
II.C. C* Calculation 


 
For homogeneous materials, the C* is defined by a 


path independent contour integral as  
 


ds
dx


ud
ndyWC


j


jij

















**


      
(1a) 
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Fig. 4. Typical load line displacement and creep crack 


growth curves from a P91 CT specimen tested at 650°C (side-
grooved, P = 3kN). 


 
where 
 











0


* ijijdW


 
(1b) 


 
which can be used to correlate creep crack growth data.e.g. 9 
For creep crack growth testing using CT specimens, it has 
also been shown that, for a material obeying Norton's creep 
law (i.e. nA  ),  the C* can be related to the load-line 
displacement rate, V ,6 i.e.    
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where n is the creep exponent in Norton’s law; P is the 
applied load; V is the load line displacement rate; BN is the 
side grooved specimen net section thickness; W is the 
specimen width and a is the crack length. Fig. 5 shows the 
relationship between the creep crack growth rate, a , and 
C*, calculated using Eqn. (2), for the P91 steel at 650°C.8 


 


 
  
Fig. 5. a  versus C* obtained from P91 CT specimens at 


650°C. 
 


III. DAMAGE MECHANICS MODELLING OF 
CREEP CRACK GROWTH 


 
III.A. Liu and Murakami Creep Damage Equation  


and FE Approach 


 


In order to avoid the very high damage and strain rates 
that occur when the damage variable, ω, approaches unity 
as experienced for Kachanov type models4 in FE creep 
analyses, which can cause severe convergence problems, 
the creep damage model proposed by Liu and Murakami5 
has been used here. This model consists of a pair of 
coupled creep/damage equations, i.e.  
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eq1r )1(      (3c) 


 
in which c


ij  is the strain tensor, t is the time, Sij is the 
deviatoric stress tensor, ω is the damage parameter where 0 
< ω <1 and σeq, σ1 and σr are the equivalent, maximum 
principal and rupture stresses, respectively. A, n, M, χ, q2 
and α are material constants where α (0 < α <1) is related to 
the multi-axial stress state within the material.  


 
FE creep crack growth analyses were performed using 


a commercial FE package, i.e. ABAQUS, with 3D meshes 
for both the CT and thumbnail specimen geometries. The 
Liu and Murakami model was implemented within 
ABAQUS by use of a user subroutine. When the damage 
parameter, ω, reaches a critical value, i.e. 0.99, within an 
element, the material of this element is assumed to have 
failed and its modulus of elasticity is set to zero. Therefore, 
the crack length is assumed to be increased by the length of 
that element. The damage zone (ω = 0.99), i.e. the 
accumulation of the damaged elements on the crack plane 
will then be used to represent the instantaneous crack 
length, and the rate of the damage accumulation along the 
crack plane will be used to represent the crack growth. 


 
III.B. Material Constants for P91  


and 316 Stainless Steel 


 
The material constants A, n, M, χ and q2 in Eqns. (3) 


can be determined from the uniaxial creep strain versus 
times curves obtained from creep tests at a given 
temperature and for a range of steady loads. This is 
generally carried out by curve fitting to the creep strain 
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curves. The -values in Eqn. (3c) can be determined from 
the FE modelling of notched bar creep rupture tests or CT 
specimen creep crack growth tests. Detailed procedures for 
the derivation of these material constants can be seen in.e.g. 


10,7,8 The material constants obtained for P91 and 316 
stainless steels are given in Table II.  


 
TABLE II 


Material Constants in Damage Equations for P91 at 650°C and 
316 Stainless Steel at 600°C (σ in MPa and t in h) 


Material P91 316SS 
A 1.09×10-20 1.47×10-29 
n 8.462 10.147 
B 
χ
q2 
α 


2.95×10-16 


6.789 
3.2 


0.313 


2.73×10-30 


10.949 
6.35 


0.478 
 


III.C. Modelling Results for CT  


and Thumbnail Specimens 


 


P91 Steel 
 


Examples of FE creep crack growth modelling of P91 
CT specimens using the damage mechanics approach are 
illustrated in Fig. 6 and Fig. 7. Fig. 6 shows the damage 
contours, at times close to fracture, of a plain specimen and 
a side-grooved specimen, which represent the predicted 
creep crack surfaces. It can be seen from Fig. 6 that the 
tunnelling effect observed in the plain specimens and the 
essentially uniform crack growth observed in the side-
grooved specimens, as shown in Fig. 3, have been 
reasonably accurately reproduced by the FE analyses. In 
addition and more importantly, as can be seen in Fig. 7, the 
FE damage modelling has reasonably accurately predicted 
the creep crack growth behaviour for the P91 CT 
specimens, when compared with the corresponding 
experimental results.  


 


 
  
Fig. 6. Damage contours for a plain CT specimen (top, P = 


5kN) and a side-grooved CT specimen (bottom, P = 3.6kN) at 
times close to failure (P91 steel). 


 
  
Fig. 7. Predicted creep crack growth compared to 


experimental results for a P91 CT specimen (side-grooved, P = 
3.6kN). 


 


316 Stainless Steel 
 


Fig. 8 and Fig. 9 show (for the CT and thumbnail 
specimen geometries, respectively) multiple comparisons, 
for various steady loads, of the predicted FE results with 
experimental equivalents by mirror image FE contour – 
experimental photo images.  


 


 
  
Fig. 8. FE contours-tested specimen comparison for three 


CT crack growth. 
 


 
  
Fig. 9. FE contours-tested specimen comparison for three 


thumbnail crack growth. 
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It can be seen from Fig. 8 and Fig. 9 that not only are 
the correlations between the FE predictions and the 
experimental results extremely positive in terms of the total 
crack lengths achieved, but also that the tunnelling effect 
present within the CT geometry has been well predicted 
within the FE simulations.7 


 
IV. A SIMPLIFIED METHOD FOR PREDICTING 


CREEP CRACK GROWTH 
 


IV.A. The Method 
 


Although the CDM approach can be used to accurately 
predict the creep crack growth behaviours, it requires a 
relatively large number of material constants in the damage 
model, which may not be easily obtained. Hence, a 
simplified approach, using a Norton-type creep model, has 
been proposed. Since the material constants, A and n, in 
Norton's law (i.e. nA min ), can only describe the 
minimum creep strain rate behaviour, an alternative 
Norton-type model, relating the average creep strain rate, 
involving all the creep regions, to the stress, by use of 
material constants, A' and n', has been developed, i.e., 


n


ave A
  .  Fig. 10 shows the definition of the minimum 


creep strain rate and the average creep strain rate. The 
material constants for the two different creep models for 
P91 steel at 650 °C are shown in Table III. 


 


 
 


Fig. 10. Definition of minimum creep strain rate and the 
'average' creep strain rate. 


 
TABLE III 


Material Constants in Norton’s Models for P91 at 650°C (σ in 
MPa and t in h)  


Creep Model A or A' n or n' 
min  2.466×10-20 8.24 


ave  1.239×10-17 7.132 
 
In the simplified approach, a series of incremental, 


steady-state, three-dimensional FE analyses, with different 


crack lengths and crack front shapes, are performed in 
order to simulate the continuous crack propagation 
processes.11 Figs. 11(a) and (b) show the procedure for 
updating the crack front and for calculating the creep crack 
growth, respectively. It can be seen from Figs. 11 that for 
each increment, the C* values along the specimen thickness 
can be obtained from FE analysis and then used in 
conjunction with the experimental *Ca  relationship, as 
shown in Fig. 5 for the P91 steel at 650°C,  to obtain a new 
crack front. The new crack front, a(x), is updated using 
manual re-meshing in the 3D FE model. The loop of the 
algorithm for predicting creep crack growth, as illustrated 
in Fig. 11(b), continues until the required test duration, td, 
is achieved. 


 


 
  
Fig. 11. (a) Schematic diagram showing the update of crack 


front, and (b) Algorithm for FE creep crack growth prediction 
using an incremental approach. 


 
 IV.B. Prediction for P91 CT Specimens 


 


Similar to the damage mechanics approach, the 
*Ca  approach can also predict the tunnelling effect for a 


plain CT specimen and an approximately uniform crack 
front for a side grooved specimen, reasonably well, as 
shown in Figs. 12.  
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The predicted results obtained from the *Ca   
approach were compared with the corresponding 
experimental results, as well as predictions from the 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
  
Fig. 13. The predicted and measured 'mean' creep crack 


growth for a side grooved P91 CT specimen. (P = 3kN). 
 


 
  
Fig. 14. The predicted final crack profiles obtained from the 


simplified and the damage mechanics approaches for a side 
grooved P91 CT specimen (P = 3.6kN, BN = 12mm). 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 


damage mechanics approach, for the P91 CT specimens. It 
can be seen from Fig. 13 that the predicted crack growth 
behaviour is consistent with the experimental result.  Both 
the creep crack growth and crack profile obtained from the 


*Ca approach agree reasonably well with those obtained 
from the damage mechanics approach, as shown in Fig. 14. 


 
V. DISCUSSION AND CONCLUSIONS 


 
A creep damage mechanics approach, based on the 


form of the constitutive equations proposed by Liu and 
Murakami, was used in conjunction with the FE analyses to 
simulate creep crack growth of CT and thumbnail cracked 
specimens, made from P91 and 316 stainless steels. Both 
the creep crack growth and the profiles of fracture surfaces 
were reasonably accurately predicted, when compared with 
the experimental results, showing very encouraging results 
with the crack fronts matching very closely for both CT 
(plain and side-grooved) and thumbnail crack geometries. 
It should be noted that, accurate determination of the 
material properties, in particular the multi-axial stress state 
parameter, , for the creep damage equations, is very 
important, in order to produce reliable FE predictions.  
 


A significant advantage of the simplified approach is 
that only two (Norton's law) constants for the material are 
required in the analyses, which can be relatively 
conveniently determined from simple uniaxial tests. 
Although a relatively small number of time increments 
have been used in the creep crack growth modelling using 
the *Ca approach, the predictions obtained have been 
shown to be reasonably accurate. Higher accuracy would 
be expected by increasing the number of time increments. 


Fig. 12 Crack front profiles for (a) a plain P91 CT specimen (P = 5kN, BN = 15mm), and (b) a side grooved specimen (P = 3.6kN, 
BN = 12mm), at times close to failure, obtained by the simplified approach. 
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This would, however, increase the time required for FE 
mesh generation and creep analyses.  
 


The general methodologies related to the use of a 
CDM model and the simple Norton’s law, in FE modelling 
of creep crack growth, are described. The validity of the 
methods proposed is assessed by comparing FE predictions 
of creep crack growth and of fracture surfaces in CT and 
thumbnail cracked geometries with corresponding 
experimental results. Good agreements were achieved with 
both modelling approaches, indicating that the techniques 
developed could be used to predict the remaining life of 
cracked power plant components under creep conditions at 
high temperatures.   
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Abstract – Piping systems in nuclear power plants are composed of piping and in-line 
components such as flanges, valves, insulations, etc.  Piping analyses including dead weight and 
seismic analyses are based on the weights and locations of these piping components.  Frequently, 
due to various material changes, site, and construction problems, piping design changes are 
inevitable after piping drawings were issued for construction.  These design changes could lead to 
serious impact on cost and schedule.  As such, site engineers must react quickly based on 
experiences to make the correct decision to mitigate the problems with construction costs and 
schedule.  This paper provides simple equations for rapid span-checks to determine if the changes 
are deemed acceptable instead of undertaking time-consuming detailed analyses which take long 
time to complete.  These simple span-check equations are derived from the sensitivity analysis of 
piping spans through variation of masses, sizes, and locations of in-line components.  The criteria 
used in deriving the simple span-check equations are based on the acceptable deflections and 
stresses of various pipe sizes used in APR1400 (Korea’s Advanced Power Reactor 1400 MWe 
class).   The results show that the simple span-check equations derived herein can be a useful tool 
for site engineers to respond to frequent design change requests.  


 
 


I. INTRODUCTION 
 
Piping systems in a nuclear power plant are composed 


of pipes of various sizes and materials as well as in-line 
components such as flanges, valves and insulations.  These 
piping systems are designed for optimizing installation 
practices and locations of pipe supports.  The piping weight 
and its support configurations are analyzed for dead/live 
weight, thermal, seismic, and other applicable loads to 
qualify their structural integrity.  The design and analysis 
results are finally reflected on drawings for construction.  It 
is evident that pipe support spans are directly influenced by 
pipe sizes, pipe weights, and locations of lumped weights 
of in-line components.  


Design changes are inevitable in the installation of 
large and complex nuclear piping systems due to plant 
specific conditions, interferences, supplier changes, etc.  
The changes in pipe insulations and in-line components 
such as valves, flanges, and filters have significant effects 
on piping design and must, therefore, be evaluated.  
Reevaluations work of piping systems is time-consuming 
and also imposes serious impact on cost and schedule.  
Prompt decisions by site engineering staffs are required to 
keep the cost at a reasonable level and to meet the schedule.   
Detailed re-analysis of piping systems takes long time to 


complete and should be avoided as much as possible 
because the construction will have to be put on hold until 
the analysis is finalized.  To cope with this problem, site 
engineers must rely on their experiences, engineering 
judgments, and various simplified methods to expedite the 
dispositions for design changes.       


This paper attempts to derive simplified equations for 
span-check in order to facilitate sensitivity analysis of 
piping spans subjected to changes in weights of piping and 
in-line components.  These simplified equations are very 
practical and can be used in lieu of detailed analysis to 
expedite various design change requests at a plant 
construction site.  These equations for span-check are 
derived based on the design requirements for pipe 
deflection and stress limits.  Also, sensibility study of 
piping spans subjected to changes in piping weights or in-
line component weights using the span-check equations 
derived herein is quantified, and their results are tabulated 
for use in situ as engineering guidelines. 


 
II. PIPING SPAN MODEL 


 
A piping system generally consists of multiple spans 


with horizontal and/or vertical support spacing.  No matter 
how complicate the piping is routed, each segment of the 
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piping can easily be simplified and represented by 
horizontal or vertical straight spans, bent spans or branched 
spans.  Each span is composed of pipes and in-line 
components such as flanges, valves or insulations and 
modeled as straight beam with uniformly distributed weight 
of pipes and insulations and concentrated weights of 
flanges or valves in piping stress analysis.  


 
II.A. Uniformly Distributed Load Span 


 
Normally, a straight span can be modeled as a simply 


supported beam, a fixed-fixed beam or a fixed-simple beam 
according to the types of supports as shown in Fig. 11.  The 
normal span, LO, is defined as the horizontal or vertical 
support spacing on a horizontal or vertical straight piping 
segment.  For support design in Fig.1, seismic supports are 
located on the lateral sides of spans after deciding the 
proper locations of dead weight supports due to gravity.   
The span L1 adjacent to LO in Fig. 1 is introduced to show a 
typical pipe support arrangement. 


 


 
Fig. 1. Piping Span Model 


 
For piping stress analysis, the major goals are to meet 


the static deflection requirements and code allowable 
stresses.  Maximum static deflection, δW for straight span 
length having uniformly distributed load, w, in Fig. 2 can 
be calculated from Eq. 1, where E is the elastic modulus of 
pipe material, I is the moment of inertia of pipe section, α 
is the support end factor (1 = fixed-fixed, 2 = fixed-simple, 
5 = simple-simple).  


  
Fig. 2. Simple Support Beam with Uniform Load 


 
 From Eq. 1, if we set span length Lo for α = 5 (simple-


simple beam model), span length for α = 1 and α = 2 is 
approximately 1.25 and 1.5 times LO, respectively.  


 Therefore, the simple support beam model as shown 
in Fig. 2 is used as a reference model in this study.   Also, 
the maximum bending moment wS in Fig. 22,3 can be 
calculated from Eq. 2, where M is the bending moment and 
Z is section modulus of a pipe.  
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II.B. Concentrated Load Span 


 
In a piping span as shown in Fig. 3, if a concentrated 


load W (lbs) is located on the horizontal span of straight 
pipe at a distance „a‟ from a support, the piping normal 
span, LO, is shortened to meet the displacement and stress 
limits. 


 


 


 Fig. 3. Concentrated Load Span Model 
 


The reduced piping span, LW, with concentrated load 
is obtained by multiplying the normal span, LO, with the 
span reduction factor, β, as expressed in Eq. 3.  The normal 
span, LO, is the piping span with uniformly distributed load 
as shown in Fig. 2 above. 


                                    


              
OW LL                                               (3)  


 
The span reduction factor, β, is obtained from the 


requirements for displacement and stress limits based on 
the model for horizontal straight pipe spans. 
 
Displacement Criterion  


In a simple support beam with a concentrated load W 
(lbs) and uniformly distributed load w (lbs/inch) as shown 
in Fig. 4, the maximum displacement occurs near the 
midpoint of the span (a = 1/2 Lw).  In the case of simple 
support beam model as shown in Fig. 4, the deflection at 
the midpoint of span due to uniformly distributed load w is 
expressed in Eq. 4 and the displacement at midpoint of 
span due to a concentrated load W acting at the middle of 
span (a = 0.5 Lw) is expressed in Eq. 5. 


 


 
Fig. 4. Simple Support Beam with Concentrated Weight 
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Solving simultaneous equations (4) and (5) and 
utilizing the relationship in Eq. 3, Eq. 6 for span reduction 
factor, β, can be obtained. The weight ratio, α, is expressed 
as the ratio of concentrated load W to uniformly distributed 
load w times LO. 
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Stress Criterion 
In the case of simple support beam model with 


concentrated load W and uniformly distributed load w as 
shown in Fig. 4, the maximum bending moment due to 
uniformly distributed load w occurs at the midpoint of span 
as shown in Eq. 7.  Also, the maximum bending moment 
due to concentrated load W at point „a‟ occurs at the same 
point „a‟ as shown in Eq. 8.  Solving simultaneous 
equations (7) & (8) utilizing the relationship in Eq. 3, the 
equation for span reduction factor, β, can be derived as 
shown in Eq. 9. The location factor K can be expressed in 
terms of distances a, b, and the span length Lw as shown 
below.   Eq. 10 below is the exact solution for Eq. 9. 


 


  8
wL


M
2
O


0                                                          (7) 


W


2
W


C L
Wab


8
wL


M                                              (8) 


1K82                                              (9) 


where,
 2,,


Lw
baK


wLo
W


Lo
Lw 


   


2
42 
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If the concentrated load W is located at mid-span (a = 


b), the location factor K equals 1/4 and the span reduction 
factor, β, can be expressed as shown in Eq. 11. 
 


12                                        (11) 
 


II.C. Seismic Span 
 


In the simple support beam model as shown in Fig. 54, 
the natural frequency nf  and mode factor n  are 
expressed as shown in Eq. 124, 5, 6.  


 


 
Fig. 5. Natural Frequency and Normal Mode of Simple Beam 
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It is assumed in Eq. 12 that the mass m is uniformly 


distributed along the span and the stiffness EI of the beam 
is constant along the span. In case of simple support beam 
model with uniformly distributed loads w (=mg) as shown 
in Fig. 5, the period of the first mode for piping normal 
span, LO, can be obtained from Eq. 12 and is expressed in 
Eq. 13.  The maximum displacement and the maximum 
stress in the piping span are expressed in Eq. 14. 
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In addition, when a concentrated load W (= Mg) is 


located at the midpoint of the span of simple support beam, 
the period of the first mode of the piping seismic span, LW, 
is expressed in Eq. 15.  The maximum stress in the piping 
span is expressed in Eq. 16. 
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Equating the maximum stresses of the two span 


models in Eq. 14 and Eq. 16, assuming that the periods of 
the first modes of the two models are conservatively the 
same and utilizing the relationship in Eq. 3, the span 
reduction factor, β’, for seismic load can be derived as 
shown in Eq. 17. 
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III. SENSITIVITY EVALUATION 


 
III.A. Piping Insulations 


 


The weight of insulation is considered as uniformly 
distributed load along the pipe span in piping stress 
analysis. In a simply supported beam model as shown in 
Fig. 2, if the uniformly distributed load w on the normal 
span LO changes to w’, the normal span LO  will be changed 
to LO


’.  Since the displacement from Eq. 1 and the stress 
from the Eq. 2 must be kept constant because they have to 
satisfy the design limits, the sensitivity of the distributed 
weight span can be evaluated by the rate of span variation 
as shown in Eq. 18.  Also, Eq. 18 can be used for the 
evaluation of the seismic load span when the mass 
m (normal span LO) changes to 'm (adjusted normal span 
LO


’) based on the displacement and stress limits in Eq. 14. 
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  where,
 
n=1/2 (stress criterion) 


                          n=1/4 (displacement criterion) 
 


The span ratio, Su, caused by the rate of weight (or 
mass) variation (w/w’) is calculated from Eq. 18 and the 
results are shown in Fig. 6.   From the results shown in Fig. 
6, if the weight of span increases (i.e., w/w’ < 1.0) the curve 
of span ratio, Su, based on the stress criterion (n=1/2) is 
located below the curve of span ratio, Su, based on the 
displacement criterion (n=1/4) which means that the stress 
criterion is dominant when the span weight increases. 


 


 


Fig. 6. Span Sensitivty (Span Ratio vs. Mass Ratio) 


 


When the span weight decreases (i.e., w/w’>1.0) the 
curve of the span ratio, Su, based on displacement criterion 
(n=1/4) is located below the curve of the span ratio, Su, 
based on stress criterion (n=1/2) which means the 
displacement criterion governs the span design if the 
weight of span decreases.  Also, since the slope of the curve 
of span ratio, Su, based on displacement criterion (n=1/4) is 
smoother than the curve of span ratio, Su, based on stress 
criterion (n=1/2) for the range of weight increase (w/w’ > 
0.1), the span sensitivity in case of weight increase is 
severer than the case of weight decrease.  


Recently lighter and better insulation material such as 
the E-glass fiber has been utilized as piping insulations.  If 
a new insulation (E-Glass Fiber) is used instead of Ca-Si 
insulation, the piping span variations for various pipe sizes 
according to the weight variation (weight decrease, 
w/w’>1.0) can be calculated from Eq. 18 using weight 
variation (w/w’) in Table I and the results are shown in Fig. 
7.   


 
Table I  


Comparison of Insulation Weights 


Size Sch. 
Insulation Weight(lbs/ft) 


Type Thk.(inch) Pipe Insul. Total w/w’ 


3/4 80 Ca-Si 1.5 1.661 1.1 2.76  1.34  New  0.79 1.661 0.4 2.06  


2 80 Ca-Si 1.5 6.302 1.9 8.20  1.17  New  0.79 6.302 0.7 7.00  


4 40 Ca-Si 1.5 16.310 2.9 19.21  1.10  New  0.79 16.310 1.1 17.41  


6 40 Ca-Si  0.79 31.499 3.7 35.20  1.07  New  0.79 31.499 1.5 33.00  


10 40 Ca-Si 1.5 74.670 6 80.67  1.05  New  0.79 74.670 2.4 77.07  


20 STD Ca-Si 1.5 204.78 9.8 214.58  1.03  New  0.79 204.78 4.4 209.18  
 
 


 


Fig. 7. Span Sensitivity for Weight Variation of Insulation 
 
From the results in Fig. 7, the large bore pipes which 


are 4 inches or larger in diameter have less than 5% 
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variability of the span in both the stress and the 
displacement criteria, whereas the small bore pipes which 
are 2 inches or smaller in diameter have more than 5% 
variability of the span.  This means that the sensitivity of 
span for the small bore pipes according to weight variation 
is larger than that for the large bore pipes. 


 
III.B. Weight Variation of Valves or Flanges 


 
Valves, flanges or various filters are considered as 


concentrated loads in piping stress analysis. For a simply 
supported beam with the uniformly distributed load w 
(normal span LO) as shown in Fig. 2, if a concentrated load 
W of valve or flange is applied, the sensitivity of piping 
span LW can be evaluated by the span reduction factor β.  
The pipe span LW under the concentrated load W is 
calculated by pipe normal span, LO, under uniformly 
distributed load times the span reduction factor, β, from the 
Eq. 3 as shown in Fig. 4. 


 


 


Fig. 8. Span Sensitivity for Weight Variation 
 
When a concentrated load W is acting at the midpoint 


of span, the span reduction factor, β, is calculated based on 
the displacement criterion per Eq. 6 and the stress criterion 
per Eq. 11 as shown in Fig. 8.  From the results in Fig. 8, 
the pipe span LW under concentrated weight is much more 
sensitive to the stress criterion than the displacement 
criterion since the span reduction factor, β, based on stress 
criterion (Eq. 11) is getting much smaller than the one 
based on displacement criterion (Eq. 6) if the concentrated 
weight is getting heavier.  Therefore, the pipe span LW 
under the concentrated weight should be designed based on 
the stress criterion.  Moreover, the gradient of β graph 
decreases sharply if the concentrated weight ratio α varies 
from 0 to 2, while it slowly decreases if α is more than 2. 
From this, we can see that the variation of concentrated 
weight has big effects on the span until the concentrated 
weight becomes more than two times the distributed weight.   
Also, we should evaluate the effects on pipe span LW due to 
concentrated weight W under seismic condition.  In this 
paper, the seismic span-check Eq. 17 with uniformly 
distributed weight and lumped weight considering only the 


first mode of seismic responses for convenience in 
comparing with the static load span-check (Eq. 11) directly 
by eliminating seismic period and response terms.  When a 
lumped weight W is applied at the midpoint of span, the 
span reduction factors, β, by the static span (Eq. 11) and, β’, 
by the seismic span (Eq. 17) are shown in Table II and Fig. 
9.  Table II and Fig. 9, from which the differences between 
span reduction factors β and β’, denoted by ε, are about 
1.4% or less.  Based on that, the differences in span 
sensitivity due to variation in loads under static and seismic 
conditions can be neglected considering the existing design 
margin in piping stress analysis.  Finally, performing the 
span sensitivity evaluation based on static span-check (Eq. 
11) instead of the seismic span-check (Eq. 17) is judged 
reasonable. 


 
Table II  


Comparison of Span Coefficient  


α(α') β (Eq. 11) β' (Eq. 17) ε (%)* 
0.1  0.905 0.899  0.80 
0.5 0.618 0.612  1.05  
1.0 0.414 0.409  1.24  
1.5 0.303 0.299  1.33  
2.0 0.236 0.233  1.37  
2.5 0.193 0.190  1.40  
3.0 0.162  0.160  1.41  


*: 100)1((%)
'







  


 


 
Fig. 9. Differences between Static and Seismic Conditions 


 
III.C. Valve or Flange Location Changes 


 
In-line components such as valves, flanges or filters 


are usually installed on piping.  The installation locations, 
sizes or weights of these in-line components are often 
changed due to design changes or interference problems.  
These in-line components have significant effects on pipe 
stress analysis because of their heavy weights therefore; 
pipe stresses and deflections must be reevaluated for the 
changes.   If a concentrated weight W is applied at point „a‟ 
as shown in Fig. 4, the normal span LO (based on pipe 
weight alone) must be reduced to accommodate the 
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additional lumped weights.  The reduced span considering 
the effect of lumped weight W is denoted by Lw.  It was 
established earlier that the reduced span LW is equal to the 
span reduction factor, β, times the normal span LO as 
shown in Fig. 4.  The span reduction factor, β, can be 
calculated by Eq. 10.  Table III and Fig. 10 show the 
sensitivity of piping span when the location of concentrated 
load W moves from midpoint of span (0.5Lw) toward the 
end of the span (0.1Lw, 0.2Lw, 0.3Lw).   


 
Table III  


Span Coefficient Considering Concentrated Load 


α(α') 
β (Eq. 10) 


a distance in K 
0.1Lw 0.2Lw 0.3Lw 0.5Lw 


0.0 1.00 1.00 1.00 1.00 
0.1 0.96 0.94 0.92 0.90 
0.5 0.84 0.73 0.66 0.62 
1.0 0.70 0.55 0.47 0.41 
1.5 0.60 0.43 0.35 0.30 
2.0 0.51 0.34 0.28 0.24 
2.5 0.45 0.29 0.23 0.19 
3.0 0.39 0.24 0.19 0.16 
3.5 0.35 0.21 0.17 0.14 
4.0 0.31 0.19 0.15 0.12 
4.5 0.28 0.17 0.13 0.11 
5.0 0.26 0.15 0.12 0.10 
5.5 0.24 0.14 0.11 0.09 
6.0 0.22 0.13 0.10 0.08 


 
 


 


Fig. 10. Span Factors on the Weight Variations 
 
From the results in Table III and Fig. 10, the span 


reduction factor β is the lowest when the concentrated load 
W is applied at the midpoint of span (0.5Lw) and β increases 
as concentrated load moves to the edge. The allowable 
length of piping span is the shortest when the concentrated 
load acts at the midpoint of span. And the allowable length 
of the piping span increases as the concentrated load moves 
to the edge. Therefore, the sensitivity of piping span is 


greater by moving from the edges toward the center of span 
than by moving to opposite direction.  


Moreover, the span reduction factor, β, decreases 
sharply if the weight ratio, α, varies from 0 to 2, while 
slowly decreasing if α is more than 2 as shown in Fig. 10. 
Therefore, the weight variation of valve or flange has 
significant effects on the span until the concentrated weight 
becomes more than two times of the distributed weight 
regardless of location on the span. 
 


IV. CONCLUSIONS 
 


From the evaluation of results of several cases, the 
following conclusions can be made: 
 
1) In case of distributed weight of piping changes because 


of changes in insulation material or pipe size, the piping 
span design is governed by the stress criterion if 
distributed weight increases but is governed by the 
displacement criterion if distributed weight decreases. 


2) The variation of span due to distributed weight 
increases is more sensitive than that due to distributed 
weight decrease. 


3) The piping span change due to changes in lumped 
weights (of valves or flanges) is governed by the stress 
criterion. The differences of span sensitivity between 
static and seismic conditions are negligible. 


4) For the determination of piping span due to variation of 
concentrated weights or locations, the weight variation 
which is sensitive to span variation is determined to be 
in the range of two times of the distributed weight 
regardless of location variation.  Also, the sensitivity of 
location variation is greater by moving from the edges 
toward the center of span. 


5) The span reduction factor, β, presented in this paper can 
be utilized as a simple span-check equation instead of 
carrying out detailed analysis at site. 
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Abstract –Depleted uranium (DU) is uranium primarily composed of the isotope uranium-238 


(U-238). DU is useful because of its very high density. Civilian uses include counterweights in 


aircraft, radiation shielding in medical radiation therapy and industrial radiography equipment, 


and containers used to transport radioactive materials. Military uses include defensive armor 


plating and armor-piercing projectiles. A review of present and future situation of DU inventories 


in the world points out the back-end of the depleted uranium cycle as a future important question: 


what are the possible destinations of the relatively large quantities of DU produced by the nuclear 


industry in the past and in the future? An evaluation of the alternatives for the final destination of 


DU is carried out: recycle and re-use, now and in the future, is one of the options. Immediate use 


deals with re-enrichment of part of the tails, while future uses may regard the extraction of more 


LEU (Low-Enriched Uranium), and the use in the fuel cycle of breeder reactors. In all these cases, 


the implicit store option requires a disposal option that is recoverable. Innovative civil uses of DU 


in perspective are described in the paper, such as for Spent Nuclear Fuel (SNF) waste packages. 


This appears to be a valid alternative to the pure waste disposal option:  DU has a unique 


chemical capability for SNF disposal applications (criticality control and suppressing SNF 


uranium dioxide matrix dissolution). The “waste only” option can foresee seawater dilution (four 


billion tons of U in equilibrium with the ocean seabed), geological disposal (different 


European/U.S. requirements for heavy metals), and shallow land burial in the US (with chemical 


and radiological issues).  


 
 


I. INTRODUCTION 


 


Depleted uranium (DU) is uranium primarily 


composed of the isotope uranium-238 (U-238). Natural 


uranium is about 99.27 percent U-238, 0.72 percent U-235, 


and 0.0055 percent U-234. U-235 is used for fission in 


nuclear reactors and nuclear weapons. Uranium is enriched 


in U-235 by separating the isotopes by mass. The by-


product of enrichment, called depleted uranium or DU, 


contains less than one third as much U-235 and U-234 as 


natural uranium. Because U-234 accounts for about half the 


radioactivity of natural uranium, the external radiation dose 


from DU is about 60 percent of that from the same mass of 


natural uranium. DU is also found in reprocessed spent 


nuclear reactor fuel, but that DU can be distinguished from 


DU produced as a by-product of uranium enrichment by the 


presence of U-236. 


DU is useful because of its very high density of 19.1 


g/cm
3
. Its other main characteristics are: low specific 


radioactivity (with emission mainly of alpha particles), low 


cost, wide availability. Civilian uses include counterweights 


in aircraft, radiation shielding in medical radiation therapy 


and industrial radiography equipment, and containers used 


to transport radioactive materials. Military uses include 


defensive armor plating and armor-piercing projectiles. 


A review of the present and future situation of DU 


inventories in the world points out the back-end of depleted 


uranium cycle as a future important question: what are the 


possible destinations of the relatively large quantities of 


DU produced by the nuclear industry in the past and in the 


future? 


An evaluation of the alternatives for the final 


destination of DU shows that recycle and re-use, now and 


in the future, is one of the options. Immediate use deals 


with re-enrichment of part of the tails, while future uses 


may regard the extraction of more LEU (Low-Enriched 


Uranium), and the use in the fuel cycle of breeder reactors. 


In all those cases, if depleted uranium is disposed of it 


should be done in a way that allows future recovery.  


Innovative civil uses of DU in perspective are for 


instance the Spent Nuclear Fuel (SNF) waste packages. 


This appears to be a valid alternative to the pure waste 
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disposal option:  DU has a unique chemical capability for 


SNF disposal applications (criticality control and 


suppressing SNF uranium dioxide matrix dissolution). The 


impact of this option on DU inventories is evaluated. 


The “waste only” option can foresee seawater dilution 


(four billion tons of U in equilibrium with the ocean 


seabed), geological disposal (different European/U.S. 


requirements for heavy metals), shallow land burial in the 


US (with chemical and radiological issues).  


 


 


II. DU INVENTORIES: PRESENT AND FUTURE 


SITUATION  


 


Enriched uranium was first manufactured in the 1940s 


when the US and USSR began their nuclear weapons and 


nuclear power programs. It was at this time that depleted 


uranium was first stored as an unusable waste product. 


There was some belief that the enrichment process would 


be improved and fissionable isotopes of U-235 could, at 


some future date, be extracted from the depleted uranium. 


This re-enrichment recovery of the residual uranium-235 


contained in the depleted uranium has been practiced for 


several years. 


Natural uranium contains about 0.7 percent U-235, 


99.28 percent U-238, and about 0.0054 percent U-234. In 


order to produce enriched uranium, the process of isotope 


separation removes a substantial portion of the U-235 for 


use in nuclear power, weapons, or other uses. The 


remainder, depleted uranium, contains only 0.2 percent to 


0.4 percent U-235. Because natural uranium begins with 


such a low percentage of U-235, enrichment produces large 


quantities of depleted uranium. For example, producing 1 


kg of five percent enriched uranium requires 11.8 kg of 


natural uranium, and leaves about 10.8 kg of depleted 


uranium with only 0.3 percent U-235 remaining. 


About 95 percent of the depleted uranium produced is 


stored as uranium hexafluoride, a crystalline solid, (D)UF6, 


in steel cylinders in open air storage yards close to 


enrichment plants. Each cylinder holds up to 12.7 tonnes of 


UF6. In the U.S., 686,500 tonnes of depleted UF6 


(containing about 475,000 tonnes of DU) had accumulated 


by 2008: over 57,000 storage cylinders were located near 


Portsmouth, Ohio and Paducah, Kentucky.
6
 


Other nations believed to have DU inventories (apart 


from those having DU ammunitions in their weaponry) are 


Russia, France, United Kingdom, Germany, The 


Netherlands, Japan, China, South Korea and South Africa. 


An estimate of the world inventory of DU is given in 


Table I, compiled from different sources dating from years 


1996-2002. More recent data are not available, however 


the DU inventory is likely to have further increased. 


As it will better specified in the following sections, the 


storage of DUF6 presents environmental, health, and safety 


risks because of its chemical instability. When UF6 is 


exposed to water vapor in the air, it reacts with the moisture 


to produce UO2F2 (uranyl fluoride), a solid, and HF 


(hydrogen fluoride), a gas, both of which are highly soluble 


and toxic. Storage cylinders must be regularly inspected for 


signs of corrosion and leaks and are repainted and repaired 


as necessary. There have been several accidents involving 


uranium hexafluoride in the United States, including one in 


which 31 workers were exposed to a cloud of UF6 and its 


reaction products. Though some of the more highly 


exposed workers showed evidence of short-term kidney 


damage (e.g., protein in the urine), none of these workers 


had lasting kidney toxicity from the uranium exposure.
7
 


 
TABLE I 


DU world inventory 


Country Organization 


Estimated DU 


stocks 


(tonnes) 


Reported 


United States DOE 480000 2002 


Russia FAEA 460000 1996 


France Areva NC 190000 2001 


United Kingdom BNFL 30000 2001 


Germany 


Netherlands 


United Kingdom 


URENCO 16000 1999 


Japan JNFL 10000 2001 


China CNNC 2000 2000 


South Korea KAERI 200 2002 


South Africa NECSA 73 2001 


TOTAL  
More than 


1,188,000  
2002 


 


 


The use of nuclear energy is seeing a great renaissance 


all over the world. The presently 439 operating reactors 


(with a total power of 374,690 MWe) need over 68,000 


tonnes of uranium per year, most of it being enriched 


uranium. Further 57 reactors are under construction (for a 


power of 57,555 MWe), while 151 are on order or planned 


(165,699 MWe) and 345 proposed (366,775 MWe). 


Uranium production has passed from 31,065 tonnes in 


1999 to 43,853 tonnes in 2008 and 50,572 tonnes in 2009 


(all data from Ref.8). 


These figures and data show how the production and 


inventory of Depleted Uranium is foreseen to rise in the 


future with a steep rate.  


Solutions for the back-end of depleted uranium, i.e., 


what to do with those millions of tonnes of material, must 


be studied and will be useful in the near future..  


 


III. HAZARDS: RADIOLOGICAL AND CHEMICAL 
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DU in its various chemical forms is both a radiological 


hazard and a chemical hazard. Uranium is a heavy metal, 


like lead, where its chemical hazard under most conditions 


exceeds its radiological hazard. 


Like other heavy metals, DU is chemically toxic—but 


less toxic than arsenic and mercury. It is radioactive and 


remains so because of its long half-life. To be exposed to 


radiation from uranium, you have to eat, drink, or breathe 


it, or get it on your skin. The aerosol produced during 


impact and combustion of depleted uranium munitions can 


contaminate wide areas around the impact sites or can be 


inhaled by civilians and military personnel. 


Normal functioning of the kidney, brain, liver, heart, 


and numerous other systems can be affected by uranium 


exposure.
5, 9


 Health effects of DU are determined by factors 


such as the extent of exposure and whether it was internal 


or external. Three main pathways exist by which 


internalization of uranium may occur: inhalation, ingestion, 


and embedded fragments or shrapnel contamination. 


Properties such as phase (e.g. particulate or gaseous), 


oxidation state (e.g. metallic or ceramic), and the solubility 


of uranium and its compounds influence their absorption, 


distribution, translocation, elimination and the resulting 


toxicity. Soluble uranium salts are toxic. Uranium slowly 


accumulates in several organs, such as the liver, spleen, and 


kidneys. The World Health Organization has established a 


daily “tolerated intake” of soluble uranium salts for the 


general public of 0.5 g/kg body weight, or 35 g for a 70 


kg adult. 


Epidemiological studies and toxicological tests on 


laboratory animals point to it as being immunotoxic, 


teratogenic and  neurotoxic, with carcinogenic and 


leukaemogenic potential
5,9-13


. 


External exposure to radiation from pure depleted 


uranium is less of a concern because the alpha particle 


emitted by its isotopes travel only a few centimetres in air 


or can be stopped by a sheet of paper. Also, the low 


concentration of uranium-235 that remains in depleted 


uranium emits only a small amount of low-energy gamma 


radiation. According to the World Health Organization, a 


radiation dose from it would be about 60 percent of that 


from purified natural uranium with the same mass. 


Approximately 90 micrograms of natural uranium, on 


average, exist in the human body as a result of normal 


intake of water, food and air. The majority of this is found 


in the skeleton, with the rest in various organs and tissues. 


The radiological dangers of pure depleted uranium are 


lower (60 percent) than those of naturally-occurring 


uranium due to the removal of the more radioactive 


isotopes, as well as due to its long half-life (4.46 billion 


years).
5
 


 


IV. APPLICATIONS OF DU: PRESENT AND POSSIBLE 


 


IV.A Present Civilian applications 


 


Civilian applications for depleted uranium are typically 


unrelated to its radioactive properties. Depleted uranium 


has a very high density and is primarily used as shielding 


material for other radioactive material, and as ballast. 


Examples include sailboat keels, as counterweights and as 


shielding in industrial radiography cameras. 


Specialized spent nuclear fuel (SNF) and high-level 


waste transport casks are made with DU metal. Such 


transport casks are smaller, lighter, and more expensive 


than casks made of steel but are used in certain applications 


such as truck casks where there are vehicle weight and size 


limitations.  


Industrial radiography cameras include a very high 


source of gamma radiation (typically Ir-192) Depleted 


uranium is used in the cameras as a shield to protect 


individuals from the gamma source. Typically the uranium 


will be surrounded by polyurethane foam to protect the 


uranium from the elements, and stainless steel will be used 


to house the device.
14


 


Consumer product uses have included incorporation 


into dental porcelain, used for false teeth to simulate the 


fluorescence of natural teeth, and uranium-bearing reagents 


used in chemistry laboratories (e.g. uranyl acetate, used in 


analytical chemistry and as a stain in electron microscopy). 


Uranium (both depleted uranium and natural uranium) was 


widely used as a colouring matter for porcelain and glass in 


the 19th and early to mid 20th century. The practice was 


largely discontinued in the late 20th century. In 1999 


concentrations of 10% depleted uranium were being used 


in “jaune no.17” a yellow enamel powder that was being 


produced in France by Cristallerie de Saint-Paul, a 


manufacturer of enamel pigments. 


The depleted uranium used in the powder was sold by 


Cogéma’s Pierrelatte facility. In February, 2000, Cogéma 


discontinued the sale of depleted uranium to producers of 


enamel and glass.
15


 


Aircraft that contain depleted uranium trim weights 


(Boeing 747-100 for example) may contain between 400 to 


1,500 kg of DU. This application is controversial because 


the DU may enter the environment if the aircraft were to 


crash. The metal can also oxidize to a fine powder in a fire. 


Its use has been phased out in many newer aircraft. Boeing 


and McDonnell-Douglas discontinued using DU 


counterweights in the 1980s. Depleted uranium was 


released during the Bijlmer aircraft disaster, in which 152 


kg was lost, but an extensive study concluded that there 


was no evidence to link depleted uranium from the plane to 


any health problems.
16 


Depleted uranium has been considered for other 


applications such as counterweights for forklift trucks. The 


high density would shorten the vehicle length and allow 


narrower aisles in industrial warehouses.   


 


IV.B Military applications 
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The first study of the military use of radioactive 


powders
17


 is as old as nuclear age: the Report “Use of 


Radioactive Materials as a Military Weapon” was compiled 


by James Conant, a leader of the Manhattan project, and 


transmitted to general Leslie Groves, the head of the 


project, in 1943. 


In the 1970s, the Soviet military developed armor 


plating for Warsaw Pact tanks that NATO ammunition 


could not penetrate. The U.S. Army began searching for 


material to make denser bullets. After testing various 


metals, ordnance researchers settled on depleted uranium. 


As a by-product of uranium enrichment, DU became less 


expensive than other high-density ordnance candidates 


including tungsten in the 1960s. With DU stockpiles 


estimated to be more than 500,000 tons, it was more 


economical to use depleted uranium than store it. Thus, 


from the late 1970s, the U.S., the Soviet Union, Britain, 


and France began using a small part of their stockpiles of 


depleted uranium into kinetic energy penetrators. 


Depleted uranium is very dense; at 19050 kg/m³, it is 


1.67 times as dense as lead, only slightly less dense than 


tungsten and gold, and 84% as dense as osmium or iridium, 


which are the densest known substances under standard 


(i.e., Earth-surface) pressures. Thus a given mass of it has a 


smaller diameter than an equivalent lead projectile, with 


less aerodynamic drag and deeper penetration due to a 


higher pressure at point of impact. DU projectile ordnance 


is often incendiary because of its pyrophoric property.
18


 


Because of its high density, depleted uranium can also 


be used in tank armor, sandwiched between sheets of steel 


armor plate. For instance, some late-production M1A1HA 


and M1A2 Abrams tanks built after 1998 have DU 


reinforcement as part of the armor plating in the front of the 


hull and the front of the turret.
5
 


Most military use of depleted uranium has been as 30 


mm caliber ordnance, primarily the 30mm PGU-14/B 


armor-piercing incendiary round from the GAU-8 Avenger 


cannon of the A-10 Thunderbolt II used by the United 


States Air Force and M230 Chain Gun of the AH-64 


Apache helicopter used by the United States Army. 25 m 


DU rounds have been used in the M242 gun mounted on 


the U.S. Army's Bradley Fighting Vehicle and LAV-25. The 


United States Marine Corps uses DU in the 25 mm PGU-20 


round fired by the GAU-12 Equalizer cannon of the AV-8B 


Harrier, and also in the 20 mm M197 gun mounted on AH-


1 Cobra  helicopter gunships.
5
 


Another use of depleted uranium is in kinetic energy 


penetrators anti-armor rounds, such as the 120 mm sabot 


rounds fired from the M1A1 and M1A2 Abrams.
5
 Kinetic 


energy penetrator rounds consist of a long, relatively thin 


penetrator surrounded by discarding sabot. Two materials 


lend themselves to penetrator construction: tungsten and 


depleted uranium, the latter in designated alloys known as 


staballoys. Staballoys are metal alloys of depleted uranium 


with a very small proportion of other metals, usually 


titanium or molybdenum. One formulation has a 


composition of 99.25 percent by mass of depleted uranium 


and 0.75 percent by mass of titanium. Staballoys are about 


twice as dense as lead and are designed for use in kinetic 


energy penetrator armor-piercing ammunition. The US 


Army uses DU in an alloy with around 3.5 percent 


titanium. 


Staballoys, along with lower raw material costs, have 


the advantage of being easy to melt and cast into shape; a 


difficult and expensive process for tungsten. At least some 


of the most promising tungsten alloys which have been 


considered as replacement for depleted uranium in 


penetrator ammunitions, such as tungsten-cobalt or 


tungsten-nickel-cobalt alloys, possess extreme carcinogenic 


properties, which by far exceed those (confirmed or 


suspected) of depleted uranium itself
19


. On more properly 


military grounds, depleted uranium is favored for the 


penetrator because it is self-sharpening and pyrophoric.
5
 


The DU content in various ammunition is 180 g in 20 mm 


projectiles, 200 g in 25 mm ones, 280 g in 30 mm, 3.5 kg 


in 105 mm, and 4.5 kg in 120 mm penetrators.  


It is thought that between 17 and 20 countries have 


weapons incorporating depleted uranium in their arsenals: 


however, the US and the UK only have acknowledged 


using DU weapons. 


Military use of DU for penetrators has become a fact  


in the nineties.
5
 U.S. Army tested it during the seventies 


and eighties, and DU-based weapons were first used in the 


“Desert Storm” War in Kuwait-Iraq (1991). Since then, DU 


weapons have been used in the Mediterranean area during 


the Balkan wars 
(
Bosnia 1995, and Kosovo 1999). During 


the last war in the Balkan area (Kosovo-Serbia War, spring-


summer 1999), NATO forces used weapons containing DU: 


in particular, 30 mm bullets being fired by A-10 anti-tank 


aircrafts. DU was used again in more recent Iraq (2003) 


campaign: the second Iraq war saw the largest use of DU 


ever, even if precise data about the used quantities are not 


available as have been for the past wars. 


There is a trend away from the use of DU as 


alternative technologies are developed, partly because of 


the controversy involved with the use of DU munitions and 


partly because tighter environmental regulations are 


increasing the cost for cleanup of firing ranges and similar 


facilities. 


 


IV.C Future Civilian Applications. 


 


There are multiple civilian nuclear applications and 


several chemical applications that could ultimately use the 


entire inventory of DU. 


 


IV.C.1 Nuclear Reactor Fuel 
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Depleted uranium is a fertile material that in fast 


reactors can be converted to fissile plutonium and fissioned 


to produce energy
20


 Today’s light water reactors (LWRs) 


consume less than 1% of the energy value of uranium. The 


deployment of a fast reactor could convert most of the 


fertile DU into fissile plutonium as fuel. In the traditional 


closed fast reactor fuel cycle SNF is reprocessed to recover 


plutonium and uranium. The recovered plutonium and 


uranium is combined with DU to produce new fuel 


assemblies.  


More recently there has been research on  open-fuel-


cycle breed-and-burn fast reactor fuel cycles
21, 22


 . These 


reactors startup with a reactor core initially containing low-


enriched and DU fuel assemblies. After startup, the reactor 


is fed fuel assemblies containing only DU. In each DU fuel 


assembly plutonium is first produced and then burnt before 


the fuel is discharged from the reactor as SNF. It is 


unknown at this time if a practical breed-and-burn reactor 


can be developed. 


 


IV.C.2 Repository Applications 


 


There are two unique repository applications for DU—


nuclear criticality control and as a chemical barrier to slow 


the degradation of SNFs containing uranium dioxide. 


In the geological past there have been naturally 


occurring nuclear reactors
23


. Natural uranium contains U-


235 and U-238. The U-235 has a shorter half-life; thus, the 


concentration of U-235 in natural uranium was greater in 


the past than it is today. Natural uranium enrichments were 


equivalent to the uranium enrichments found today in 


LWRs. The chemical processes that concentrated uranium 


to form uranium ore bodies occasionally created highly 


concentrated uranium ore bodies that functioned as nuclear 


reactors and produced fission products and actinides. The 


historical record indicates that natural uranium nuclear 


reactors operated at enrichments as low as 1.3% U-235.  


In a SNF geological repository, the odd-number 


plutonium and higher isotopes decay to either fissile U-233 


or fissile U-235. The decay process is expected to be 


significantly faster than the transport of actinides from the 


repository. If the fissile content of the uranium in the 


repository is sufficiently high, the same transport and 


deposition processes that created natural uranium ore 


deposits in the past that formed natural nuclear reactors 


could form natural nuclear reactors in the distant future. 


This can be made much less likely
24


 by codiposal of SNF 


with DU. Over time the groundwater transport that moves 


the uranium from the DU and SNF will isotopically mix the 


uranium streams and lower the SNF uranium fissile content 


below that where nuclear criticality can occur. The same 


isotopic dilution effect occurs between SNF uranium and 


natural uranium with groundwater transport of uranium 


over time.  Natural and depleted uranium are the only 


neutron absorbers with the same chemistry as enriched 


uranium and thus can not be separated by geochemical 


processes from enriched uranium. 


The other unique repository application for DU is as a 


chemical buffer to improve the performance
25


 of a 


repository containing LWR SNF. For this application the 


DU must be in the same chemical form as the SNF—


depleted uranium dioxide. One repository design goal is to 


minimize the degradation of the SNF. The fission products 


and actinides can not escape the SNF until the SNF 


uranium dioxide matrix is destroyed. One of the challenges 


of repository design is that we can not fully know the future 


repository environment. If the SNF is surrounded by 


depleted uranium dioxide, whatever groundwater corrosion 


mechanisms that degrade the SNF uranium dioxide will 


first degrade the depleted uranium dioxide—a process that 


delays SNF degradation and thus improves repository 


performance. Depleted uranium saturates the local 


groundwater with uranium and thus slows the dilution of 


SNF uranium. Depleted uranium dioxide because of its 


chemical form is the only chemical compound with these 


capabilities.  


Investigators have partly developed three ways to 


incorporate depleted uranium dioxide in a repository waste 


package system for SNF: a particulate fill for the void 


spaces between fuel pins in the fuel assembly
26


 , a 


component of a cermet waste package where the depleted 


uranium dioxide is embedded in metal
27


, and as the 


aggregate of a special cement waste package overpack
28


. 


 


IV.C.3 Chemical Applications 


 


As a chemical element, uranium is unique. It has the 


highest atomic number of any element that is available in 


large quantities (hundreds of thousands of tons). Because 


of its high atomic number and large number of electrons, 


the energy separation gap between various outer-shell 


electrons is very small. The 6d and 5F electrons overlap.  


This is why uranium is found in many chemical valence 


states. The multivalence characteristics of uranium are the 


basis of much of uranium processing chemistry
29


 and the 


source of several unique chemical applications. These 


applications, if successfully deployed, could easily use the 


entire inventory. In each case the uranium is not consumed 


and remains inside industrial facilities. 


Hydrogen is required in massive quantities by the 


chemical and oil refining industry. It is used to convert coal 


into liquid fuels. In the future it may be used to convert 


biomass into high-quality liquid fuels or used directly as a 


fuel. As a consequence, there are large incentives to find 


better methods to produce hydrogen.  


One set of options are thermochemical cycles where 


the overall process converts water and heat into hydrogen 


and oxygen. The heat is provided by nuclear reactors. In 


each of these processes there are a series of chemical 


reactions where the chemicals internal to the process are 
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fully recycled. The leading thermochemical cycle is the 


sulfur-iodine cycle. However, it requires peak temperatures 


of ~800°C. Recent work
30,31


 has partly developed a 


thermochemical cycle using uranium with peak temperature 


of about 650°C—a much more practical operating 


temperature. This application would be most likely 


deployed as part of a nuclear-hydrogen production complex 


and in that context it is a nuclear related application. 


There have also been limited investigations of using 


DU in advanced batteries
32


 and as a catalyst
33


 for various 


chemical processes. The relatively limited research in these 


areas is primarily because of the regulatory costs of R&D 


with depleted uranium versus other hazardous chemicals.  


 


IV.D Storage and Disposal Options. 


 


For long-term storage, the preferred form is U3O8 


because it is the thermodynamically stable solid. Much of 


the DU is currently in the form of UF6—the form used at 


uranium enrichment plants. UF6 reacts with air to produce 


highly toxic HF. France for several decades has converted 


DUF6 into a mixture of uranium oxides. The United States 


is beginning to convert government-owned DUF6 to the 


safer oxide form. U.S. regulations require that DUF6 from 


new private enrichment plants be converted to the safer 


oxide form. 


Storage costs are low because of the high density of 


uranium oxides. France has built a long-term surface 


storage facility for DU. There is the option of disposing of 


DU in a geological repository specifically designed to 


allow long-term retrievability
34


—a combined storage and 


disposal option.  


The lowest cost and likely safest disposal option is 


disposal in the deep ocean. The normal hydrological cycle 


dissolves uranium in groundwater and transports it into the 


ocean. The ocean currently contains about 4-billion tons of 


dissolved uranium in the chemical form of a carbonate 


complex. It is thought that the ocean uranium is in 


“equilibrium” with ocean sediments. While this option 


would be the likely preferred disposal option in the context 


of public health and safety, it is thought to be politically 


unacceptable. 


Planned long-term disposal strategies are different in 


the United States and much of Europe. In most of Europe, 


uranium is viewed as a chemically toxic heavy metal that is 


also a long-lived radioactive waste. As such, it requires 


geological disposal to isolate it from mankind. Europe 


currently disposes of many wastes containing heavy metals 


(lead, arsenic, barium, etc.) in geological repositories such 


as the Herfa Neurode repository in Germany. There is a 


internally consistent policy—if its toxic for millions of 


years it requires geological disposal to isolate it from man.  


The United States does not have a consistent policy on 


hazardous wastes. It requires geological disposal of long-


lived SNF but allows heavy metals such as lead, arsenic, 


and cadmium into shallow land disposal sites—disposal 


sites with lifetimes measured in decades for wastes that 


remain hazardous forever. There has been a several decade 


effort to determine how depleted uranium should be 


classified and thus how it should be disposed of. Currently 


shallow land burial is allowed for small quantities of DU 


but there are ongoing lawsuits on whether larger quantities 


can be disposed of in shallow-land disposal facilities.  


The U.S. Nuclear Regulatory Commission regulations 


(10CFR Part 61.7) defines the concept of near-surface 


disposal: “A maximum concentration of radionuclides is 


specified for all wastes so that at the end of the 500 year 


period, remaining radioactivity will be at a level that does 


not pose an unacceptable hazard to an intruder or public 


health and safety.” That philosophy would imply that if 


depleted uranium is a waste it will require geological 


disposal; but, other parts of the regulatory structure have 


different interpretations. This confusion reflects several 


factors. The regulatory structure of the U.S. has hazardous 


chemical waste disposal regulated by the U.S. 


Environmental Protection Agency and radioactive waste 


disposal regulated by the U.S. Nuclear Regulatory 


Commission. The U.S. regulatory structure has different 


safety and health standards required of different industries. 


Last, the concept of sustainability is only partly accepted in 


the United States.  


 


IV.E  Policy Choices 


 


There are several policy questions associated with DU—


none that have been fully answered.  


What are allowable applications for DU? This is part 


of a broader question on the uses of intrinsically toxic 


materials where the world has been in a transition for 


several decades. For example, lead was used in large 


quantities for consumptive (leaded gasoline, lead paint) and 


non-consumptive (car batteries) applications. As alternative 


technologies were developed, lead was banned for 


consumptive uses that dispersed lead to the environment. 


Much of the world is currently in the transition of removing 


lead from electronic circuit boards and transitioning to non-


lead bullets for hunting—applications where lead is 


dispersed to the environment. We believe that this “toxic 


heavy metal” policy is also the right “heavy metal” policy 


for DU. 


What should be the long-term policy for the large 


inventories of DU? Depleted uranium could become the 


primary energy source for the earth or a major component 


of advanced repository waste packages. Because of these 


possibilities, we recommend a policy of storing DU for 


future use.  


DU is a heavy metal that remains hazardous for 


billions of years. In the long term, the primary hazard of a 


SNF repository is the uranium in the SNF that was 


originally mined
35


. Uranium and its decay products 
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dominate the radiological toxicity within 100,000 years. 


However, the heavy-metal chemical toxicity exceeds the 


radiotoxicity and thus total repository toxicity is controlled 


by uranium earlier in time, These factors lead to our 


recommendation that if DU is considered a waste, it should 


be disposed of in a geological repository—along with other 


long-lived radioactive and non-radioactive (heavy metal) 


wastes. This provides a consistent policy for all long-lived 


hazardous materials.  


In the context of our above recommendation for long-


term storage, if DU is disposed of in a geological 


repository the repository design should allow for the option 


of future retrieveability. This option has the desirable 


feature of enabling near-term disposal while maintaining 


long term options. A number of SNF repositories are being 


designed to allow the future recovery of SNF if needed
20


. 


The technology exists to enable DU recovery if placed in a 


geological repository. 
 


 


V. CONCLUSIONS 


 


A review of present and future situation of DU 


inventories in the world points out the back-end of depleted 


uranium as a future important question. The possible 


destinations of the relatively large quantities of DU 


produced by the nuclear industry in the past and in the 


future must be determined. 


An evaluation of the alternatives for the final 


destination of DU shows that the most useful options are 


the following:  


• Recycle and re-use. Immediate use deals with re-


enrichment of part of the tails, while future uses may 


regard the extraction of more LEU (Low-Enriched 


Uranium), and the use in the fuel cycle of breeder 


reactors. In all of these hose cases, the implicit store 


option requires a disposal that is recoverable. 


• Innovative civil uses of DU, such as  Spent Nuclear 


Fuel (SNF) waste packages. This appears to be a valid 


alternative to the pure waste disposal option:  DU has a 


unique chemical capability for SNF disposal 


applications for criticality control and chemical 


buffering within the waste package. 
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Abstract – A forced-convection liquid-fluoride-salt loop is being constructed at Oak Ridge National 
Laboratory (ORNL). This loop was designed as a versatile experimental facility capable of 
supporting general thermal/fluid/corrosion testing of liquid fluoride salts. The initial test 
configuration is designed to support the Pebble Bed Advanced High-Temperature Reactor and 
incorporates a test section designed to examine the heat transfer behavior of FLiNaK salt in a heated 
pebble bed. The loop is constructed of Inconel® 600 and is capable of operating at up to 700oC. It 
contains a total of 72 kg of FLiNaK salt and uses an overhung impeller centrifugal sump pump that 
can provide FLiNaK flow at 4.5 kg/s with a head of 0.125 MPa. The test section is made of silicon 
carbide (SiC) and contains approximately 600 graphite spheres, 3 cm in diameter. The pebble bed is 
heated using a unique inductive technique. A forced induction air cooler removes the heat added to 
the pebble bed. The salt level within the loop is maintained by controlling an argon cover gas 
pressure. Salt purification is performed in batch mode by transferring the salt from the loop into a 
specially made nickel crucible system designed to remove oxygen, moisture and other salt impurities. 
 
Materials selection for the loop and test section material was informed by 3 months of Inconel® 600 
and SiC corrosion testing as well as tests examining subcomponent performance in the salt. Several 
SiC-to-Inconel® 600 mechanical joint designs were considered before final salt and gas seals were 
chosen. Structural calculations of the SiC test section were performed to arrive at a satisfactory test 
section configuration. Several pump vendors provided potential loop pump designs; however, 
because of cost, the pump was designed and fabricated in-house. The pump includes a commercial 
rotating dry gas shaft seal to maintain loop cover gas inventory. The primary instrumentation on the 
loop includes temperature, pressure, and loop flow rate measurement. Although techniques for all 
these measurements have improved, no commercial instrumentation was available for flow and 
pressure measurement that had been tested under these conditions. Instrumentation was tested and 
modified to meet both corrosion and temperature requirements. This paper discusses the issues 
encountered during the design and construction of the ORNL Liquid Salt Loop and should prove 
useful to those contemplating construction of similar high-temperature liquid-fluoride-salt facilities.  
 


 
I. INTRODUCTION 


 
A liquid-fluoride-salt loop is being constructed at 


ORNL to examine the heat transfer inside a heated pebble 
bed cooled by FLiNaK salt. The experiment simulates 
cooling of the pebble core region of the Pebble Bed 
Advanced High-Temperature Reactor (PB-AHTR) that has 
been proposed by the University of California, Berkeley.1 
The reactor design (shown in Fig. 1) uses Triso fuel 
imbedded in 3 cm diameter pebbles. The bed of fuel 
pebbles forms the core of the reactor. The reactor is 
continuously refueled by inserting and removing pebbles 
from the bed. Liquid FLiBe salt (a eutectic consisting of 
66% LiF and 33% BeF2) is used to cool the fuel because of 


its attractive neutronic and thermal properties. FLiBe flows 
up through the pebble bed, entering at about 600oC and 
exiting the core with a temperature of 700oC.  


The experiment discussed here is designed to quantify 
the heat transfer in the pebble bed by using prototypic-
sized graphite pebbles, flowing salt through them at 
prototypic velocities and temperatures, but using FLiNaK 
(a eutectic salt consisting of 46.5% LiF, 11.5% NaF, and 
42% KF) as the coolant salt. FLiNaK has thermophysical 
properties very similar to those of FLiBe and is therefore 
an excellent simulant for FLiBe; however, it eliminates the 
safety issues associated with beryllium-containing 
materials, making testing much less restrictive. 
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Fig. 1. PB-AHTR concept (drawing taken from Peterson et al., “Design and Development of the Modular PB-AHTR,”  
Proceedings of ICAPP ’08). 
 


The loop is constructed of Schedule 40 Inconel 600 
piping, with a 2.54 cm inside diameter, and consists of a 
small circulating pump, a test section made of silicon 
carbide (SiC) that contains the graphite pebbles, and a 
forced convection cooler to remove heat. Heat is supplied 
to the test section using a 200 kW inductive heater that 
selectively heats the graphite pebbles without significantly 
heating either the salt or SiC test section. A rendering of 
the loop is presented in Fig. 2. The loop is capable of 
operating at 700oC and circulating 4.5kg/s of FLiNaK 
coolant. The graphite pebbles are heated using a unique 
inductive heating technique that heats the pebbles 
volumetrically, simulating the heat generation inside the 
fuel pebbles of the PB-AHTR. By selecting SiC as the test 
section flow tube material (the tube that holds the pebble 
bed) and selecting an appropriate frequency for the 
inductive heating power supply (30 kHz), graphite can be 
chosen as the susceptor material and used to simulate the 
fuel pebbles. A more detailed description of the loop itself 
can be found in reference 2.  
 


II. MATERIALS OF CONSTRUCTION 
 


An extremely large amount of materials development 
was undertaken during the 1960s and 1970s as part of the 
Molten Salt Reactor Program to develop a material  


 
Fig. 2. Loop isometric.  
 
compatible with fluoride salts and ASME Code 
qualified up to 704oC. The material, INOR-8, was used as 
the containment material for the Molten Salt Reactor 
Experiment (MSRE) because of its corrosion resistance to 
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fluoride salt and its attractive neutronic properties. This 
material was later commercialized by what is now Haynes 
International and called Hastelloy®-N. Hastelloy®-N is a 
nickel-molybdenum alloy with low chromium content, 
improving its corrosion resistance to fluoride salts. These 
salts tend to deplete the chromium in the metal, which 
significantly decreases material integrity. Hastelloy®-N 
remains a commercial product but is not readily available 
in forms applicable to construction of an experimental 
loop. The purchase of mill run quantities of the alloy is 
necessary to obtain forms such as plate, piping, etc. The 
associated costs for mill run quantities were prohibitively 
high for use in this project. A material very similar to 
Hastelloy®-N has been experimentally produced by 
SKODA Nuclear Machinery Company and tested in a 
liquid-fluoride-salt environment.3 A comparison of 


Hastelloy®-N and MONICR compositions is presented in 
Table I, showing that these materials are essentially 
equivalent. Corrosion testing in fluoride salts produces 
similar results. However, because MONICR was produced 
only in experimental quantities, it was also not readily 
available for loop construction. The project then evaluated 
additional candidate structural materials. Ultimately, 
Alloy 600 (Inconel 600) was chosen as a relatively 
common high-temperature nickel alloy with relatively low 
chromium content (~14–17%) that would provide a 
sufficient lifetime for the experiment. Although this 
material is much more common than Hastelloy®-N or 
MONICR, there was still much difficulty finding specific 
forms of this alloy during both the estimating and 
construction portions of this project. 


Graphite was also used as a structural component for 
the MSRE. At that time, a specific graphite was developed 
that had low porosity and low permeability to the salt and 
also displayed the desirable neutronic characteristics. 
Grade DGB graphite was designed specifically for molten 
salt reactors and was first made in commercial quantities 
for the MSRE. Graphite designs have advanced 
significantly since the 1960s, and a variety of graphite is 
available that shows the appropriate low permeability and 
compatibility with fluoride salts. For this experiment, 
POCO Graphite AXF-5Q was chosen for the fuel 
pebble simulators. 


Finally, the test section flow tube needed to be 
compatible with the salt at operating temperature, needed 
to be “transparent” to the inductive field, and needed to 
provide a salt boundary. Two material options were 
considered: graphite and SiC, both of which were known to 


be compatible with the salt. The flow tube is a cylinder 
approximately 106 cm long with an inside diameter of 
15 cm that holds the pebble bed and serves as the FLiNaK 
salt flow boundary. Additionally, the flow tube must be 
connected to the remainder of the loop that is constructed 
of Inconel® 600. At the outlet end of the flow tube, a bolted 
flange is used, while at the inlet, a slip-ring-type joint is 
incorporated (additional discussion on joints can be found 
in Sect. VII). 


Analysis of the inductive heating system indicated 
that either SiC or graphite could be made essentially 
“transparent” to the inductive heating field, although the 
inductive heating system operating frequency would need 
to be significantly higher for the SiC flow tube design. 
More importantly however, the design of the pebbles 
themselves would be significantly more complicated if a 


graphite flow tube were selected. If a graphite flow tube 
were used, a metallic susceptor material would need to be 
imbedded in the pebbles in order to get significant heat 
generation. The operating frequency of the induction 
power supply would need to be selected so that graphite 
would not act as a significant susceptor in order to prevent 
significant heat generation in the flow tube itself. Selection 
of graphite for the flow tube therefore posed problems 
because the pebbles would have to be split, the metal 
susceptor installed, and then the pebbles resealed in order 
to prevent salt from getting into the pebbles, freezing when 
the loop was cooled down, and potentially breaking the 
pebbles when they are reheated because the salt expands 
when it melts. Additional considerations included issues of 
maintaining good thermal contact at the metal susceptor 
and graphite interface, and thermal expansion differences 
between the two materials. 


Table I  


Hastelloy®-N, MONICR and Inconel® 600 Chemical Compositions (%) 


Material Nickel Chromium Molybdenum Iron Silicon Manganese Carbon 
Hastelloy®-N 71 7 16 5 1 0.8 0.08 
MONICR 72.7 6.3 17.8 2.8 0.05  0.02 
Inconel® 600 72 17  10 0.5 1 0.1 


A graphite flow tube could easily be fabricated using 
simple machining steps; however, it was uncertain if SiC 
forms could be constructed with sufficient scale and 
include the structural detail that would be needed. Several 
potential SiC vendors were contacted, and Saint Gobain 
believed they could work with us to develop the flow tube 
design using SiC. Both graphite and SiC are brittle; 
however, SiC has more strength than graphite. Ultimately it 
was decided to use a SiC flow tube, mainly because of the 
complications that would arise by incorporating the 
metallic susceptor in the graphite pebbles if a graphite flow 
tube had been chosen. The Hexoloy SA SiC tube that was 
ultimately fabricated is shown in Fig. 3.  


A series of static tests have been performed examining 
the compatibility of loop materials with FLiNaK salt at 
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700oC. Testing has included both Inconel® 600 and SiC. 
Results for 30, 60, and 90 day immersions have indicated 
that these materials are suitable for long-term use in the 
convective test loop. The SiC showed no noticeable attack 
during these tests. The Inconel® 600 showed a corrosion 
reaction with the FLiNaK salt with an affected depth of 
approximately 250 μm for the 90 day test. Figure 4 shows 
an Inconel® specimen after a 90 day exposure. Based on 
this data, it has been determined that the lifetime of a test 
loop constructed of Inconel 600 will be sufficient for this 
project. 


 


 
Fig. 3. SiC flow tube with flanged end facing front. 
 


 
Fig. 4. Inconel specimen after 90 day exposure to 700oC 
FLiNaK salt. 
 


III. PUMP 
 


The pebble Reynolds number in the core of the 
PB-AHTR is approximately 3000. It was decided that the 
loop baseline design would be such that the loop could 
produce approximately the same pebble Reynolds number. 
The diameter of the flow channel in the PB-AHTR is 
19.8 cm, allowing a maximum of six 3 cm diameter 
pebbles across the bed. This geometric configuration has a 
non-uniform liquid fraction all the way across the flow 
channel (the channel would have to be larger, or the 
pebbles smaller, in order to have a region in the center of 
the bed that has a uniform average liquid fraction). 
Because the liquid fraction varies across the diameter 
anyway, and in order to keep the size of the experimental 
facility reasonable, it was decided to use a test section flow  


tube of 15 cm internal diameter (five pebbles across). The 
combination of these two factors (desired pebble Reynolds 
number and flow tube diameter) established a required 
flow rate of 4.5 kg/s of salt. Additionally the loop design, 
using 2.54 cm diameter schedule 40 pipe along with the 
other component designs, required a pressure rise through 
the pump of 0.125 MPa. 


Several vendors were contacted regarding construction 
of a pump with the capabilities discussed above. All of the 
vendors who responded proposed using an overhung shaft 
sump-type pump, which we incorporated in our design. 
The loop includes a pump sump tank that has sufficient 
capacity to store all of the loop FLiNaK inventory. The 
pump sump volume is approximately 30% larger than the 
loop salt volume, allowing an inert cover gas volume 
above the salt. In order to fill the loop, this cover gas is 
pressurized, pushing the salt into the upper elevations of 
the loop and ultimately into the surge tank. During 
operation, the liquid head at the bottom of the pump sump 
tank is approximately 3.5 m or 0.08 MPa. This requires a 
rotating seal on the pump shaft that can maintain a gas seal 
between the argon cover gas in the sump and atmosphere. 
Additionally, the pump must be able to operate at the 
system temperature of 700oC, and the pump salt contacting 
components be constructed of Inconel® 600. 


Three vendors proposed pump designs. The estimated 
cost estimates ranged from $10,000 (US) to $150,000 
(US). The lowest cost vendor did not include a rotating 
shaft seal, so this design could not be used as proposed; 
however, this vendor had a very simple and robust 
volute/impeller design. The other two vendors proposed 
pump designs with rotating seals that would meet project 
requirements but were significantly more expensive. In 
their designs, the rotating pump seals proved to be a major 
cost driver, along with significantly more sophisticated 
volute/impeller designs. None of the vendors routinely 
built pumps from Alloy 600. Because of the cost 
differential, it was decided to work with the low-cost 
vendor and design the pump and shaft to accept a 
commercially available rotating seal. A Crane 2800E seal 
was ultimately selected because of its attractive leak rate 
specification. This seal has very tight tolerance 
requirements (shaft run out, shaft end play, etc.), and 
therefore the pump shaft and bearing specifications were 
critical. Figure 5 shows the Crane seal. ORNL worked with 
the pump vendor to modify their pump design to 
accommodate the Crane seal. A final pump design was 
selected that used a 2 in. diameter Inconel® 600 shaft and a 
7.5 kW, 3400 rpm drive motor. The fabricated 
Inconel® 600 pump volute and impeller is shown in Fig. 6.  
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Fig. 5. John Crane rotating pump shaft seal. 
 


 
Fig. 6. Alloy 600 pump volute and impeller. 
 


IV. GAS SEALS AND OVERPRESSURE SYSTEM 
 


Three vessels in the loop (Fig. 2) are designed to 
operate with an inert gas above the vessel salt level. The 
surge tank and the pump sump tank will both operate at 
loop temperature (700oC), while the storage tank must be 
able to accommodate temperatures up to about 650oC. 
Each of these tanks has flanges at the top that allow access 
to the tank internals. Each tank also has to accommodate 
pressures somewhat above atmospheric. All of the tank 
seals must prevent air ingress. This is accomplished by 
always maintaining tank pressures above atmospheric. The 
storage tank is used for long-term storage of the salt, either 
in the liquid or solid state. It is designed to transfer the salt 
to the loop pump sump tank before loop operation and has 
a dip tube that extends to within about 0.8 cm of the tank 
bottom. When the salt is to be transferred, it is melted in 
the storage tank and the storage tank cover gas is 
pressurized sufficiently to transfer it into the pump sump 
tank. This requires a pressure differential between the 
storage and pump sump tank of approximately 0.02 MPa. 
Once the salt is in the pump sump tank, the loop is filled by 
over pressurizing the sump sufficiently to raise the salt 
level into the surge tank. This requires a pressure 
differential between the pump sump and the surge tank of 
approximately 0.08 MPa. Once the loop is filled, the surge 
tank itself will operate at about 0.03 MPa overpressure. 


Each of the three tanks must maintain a gas seal at the 
bolted flange(s) while at operating temperature. For the 
smaller flanges (storage tank and surge tank), CF-type 
(Conflat®) flanges have been successfully used for low-
pressure, high-temperature operation. These flange types 
are designed for vacuum service but work well under low 
pressure conditions as well. They do have a tendency to 
require tightening through repeated heat/cool cycles which 
is a negative for this seal type. Dead annealed nickel was 
selected for the sealing ring with CF flanges for both the 
storage tank and surge tank flange seals. The design of the 
pump sump tank is such that the entire top of the tank is 
removable in order to access the pump volute and the 
transition piping to the test section. The gas seal required in 
this application has a sealing surface that is significantly 
longer than those of the other two tanks, and the CF-type 
seal design is not practical. Two types of seals were 
therefore considered for this application: a graphite-based 
“rope” seal and a C-shaped static metal seal. The graphite 
design was discarded because the graphite rope would be 
required to have a split where the two ends of the rope met. 
It therefore had a high probability of leakage. A Parker 
Hannifin C-shaped ring seal was selected. The C-ring is 
made of Waspaloy and included an Inconel® 718 spring. 
The Waspaloy was coated with  nickel to allow conformity 
with the sealing surfaces. 


As noted above, a rotating gas seal was also required 
on the pump shaft. This seal was needed to maintain a pure 
cover gas over the salt, and to allow pressurization of the 
sump tank. The design of the pump was such that the seal 
could be located at a position on the shaft where 
temperatures were significantly lower than loop operating 
temperatures. Two types of seals were considered. A 
conventional fan-type seal was considered because of its 
cost and relatively relaxed shaft tolerance requirements. 
This type of seal uses multiple sets of rotating and 
contacting graphite surfaces along with a buffer gas system 
to maintain a continuous gas seal. Typically these systems 
use air as the buffer gas, and buffer gas consumption is not 
a significant issue; however, in this case, argon has to be 
employed as the buffer gas to prevent contamination of the 
loop cover gas. The estimated leakage rate for a fan-type 
seal sized for the loop pump and operating pressure was 
approximately 0.1 l/s or over 8000 l/day. This leak rate 
could not be tolerated, and a second more expensive option 
was investigated. Aerodynamic-type rotating seals have 
been developed over the last several decades, first for the 
aircraft industry and then for use in more industrial 
equipment. These seals rely on aerodynamic forces to 
separate two spring loaded disks once the shaft being 
sealed reaches a specific rpm. These disks are separated by 
only a few hundreds of microns and form a very low leak 
rate seal. For this application, the Crane 2800E seal had an 
estimated buffer gas consumption of 0.005 l/s or 400 l/day, 
which was determined to be acceptable. However shaft 
tolerance requirements on this type of seal are very tight, 
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and shaft and bearing fabrication and selection were 
critical to maintaining the seal manufacturer’s tolerance 
specifications. 


The SiC flow tube was designed such that the inlet to 
the tube was located inside the pump sump tank and below 
the operating salt level. This allowed the transition from 
the Inconel® 600 pump discharge piping to the SiC test 
section to be an imperfect seal (i.e., it allowed some salt 
leakage) as the loop design required it to accommodate the 
thermal expansion differential between the SiC test section 
flow tube and the Inconel® 600 piping. This design 
required a gas seal between the SiC flow tube and the 
pump sump tank top flange. Because the bottom of the 
pump sump tank was fixed to the loop support structure 
and the top of the SiC flow tube was fixed to the same 
structure in order to minimize stresses on the SiC flow 
tube, differential thermal expansion had to be 
accommodated in this seal. An expansion ring design was 
chosen to make this seal. Additional discussion of this seal 
is presented in Sect.VII. 
 


V. INDUCTIVE HEATING SYSTEM 
 


An induction heating system was constructed using a 
solenoidal coil, as shown in Fig. 7. The magnetic field 
generated by the coil extends through the SiC flow channel 
where the graphite pebbles are located. The solid graphite 
pebbles act as susceptors for the induction field generated 
by the coil. Because the SiC and salt are much less 
conductive than the pebbles, the magnetic field generated 
by the coils will penetrate through the flow tube and  
 


 
Fig. 7. Induction heating coil undergoing testing using 3 cm 
graphite rods contained in a quartz beaker (red glow is from 
graphite rods at temperature). 
 


FLiNaK coolant and produce an almost uniform radial flux 
density. A 30 kHz induction field was selected to minimize 
skin-effect heating in the salt and SiC flow tube. The 
thickness of the susceptor is designed to be significantly 
larger than the field penetration depths, producing pebble 
surface heat fluxes equivalent to the actual fuel pebble. 


The coils are sized and spaced to produce the field 
density necessary for heating approximately 24 cm of the 
pebble bed. A 200 kW induction heating power supply 
supplied by American Induction LLC (Fig. 8) is used to 
provide current to the coils at the resonant frequency of the 
coil-capacitor combination. The induction coils also are 
heated by current from I2R effects and are water cooled. 


 


 
Fig. 8. American Induction LLC power supply (200 kW). 
 


As shown in Fig. 3, the experiment flow channel is 
made of SiC. Unlike the actual reactor system, the channel 
must be electrically and thermally insulating. High-
temperature insulation is placed between the SiC flow tube 
and the liquid-cooled induction coil (not shown in 
the figure). 
 


VI. SALT SEALS 
 


There are three seals in the loop that must seal against 
FLiNaK salt at loop operating temperature. The first is the 
transition between the pump outlet piping, made of 
Inconel® 600, and the SiC flow tube. This transition is 
actually a “leaky seal” and provides a mechanism for 
accommodating differential thermal expansion between the 
Inconel® 600 piping and the SiC flow tube. This joint 
consists of a cylindrical transition piece made of Inconel® 
600 that fits inside the entrance of the flow tube. The 
design is such that there is a gap between the outside 
diameter of the metal transition piece and the inside 
diameter of the SiC. Because of the differences in thermal 
expansion coefficient, this gap decreases as the 
temperature of the salt and loop increase. At full operating 
temperature, it is expected that approximately 0.4 l/s of salt 


 


829







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11405 


will “leak” out of the gap between the transition piece and 
the flow tube. This is approximately 10% of the total pump 
flow. This was deemed acceptable in the design because 
instrumentation is available to measure actual loop flow. 


The second seal is located in the piping between the 
test section and heat exchanger. Because the top flange of 
the test section is fixed in location by the loop framework, 
the piping was flanged and designed to “rotate” so that 
adjustments could be made to horizontal angle of the 
piping. Several seal designs were considered, but the final 
design chosen uses a spiral-wound-type seal with 
alternating layers of nickel and grafoil. The specific seal 
chosen is manufactured by Flexitallic. Because the grafoil 
oxidizes at loop operating temperatures, a gas buffer is 
required on the external side of the Flexitallic gasket. In 
order to provide this inert gas buffer, a second C-ring-type 
seal surrounds the Flexitallic gasket. The buffer gas is 
provided between the two seals through holes in the 
flanges and the loop argon supply system. 


The third salt seal is located at the top of the SiC flow 
tube. This seal also uses a bolted flange design to connect 
the SiC flow tube to the test section outlet piping. A flange 
cast integral with the SiC flow tube is sandwiched between 
an Inconel® 600 flange welded to the outlet piping and an 
Inconel® 718 backing plate, which also serves to mount the 
top of the test section to the support framework. The seal is 
similar in design to the rotating seal described above. It 
consists of an inner Flexitallic grafoil/nickel spiral-wound 
gasket and an outer Parker C–type seal separated by a 
buffer gas. The Flexitallic gasket has specific roughness 
requirements for the flanges in order to properly seal 
(~3 μm). As-fired SiC typically has a surface roughness 
less than this, so machining of the green flow tube was 
performed to achieve an appropriate roughness.  
 


VII. INCONEL® 600 AND SIC INTERFACE 
 


The bottom of the pump sump tank is pinned to the 
support frame along the centerline of the test section, while 
the SiC flow tube is pinned at the top flange. The top of the 
pump sump and the SiC flow tube must therefore be able 
to move relative to each other. The seal between the SiC 
flow tube that makes up the test section and the top of the 
pump sump tank is made using a series of three expansion 
rings that allow the test section to move both axially and 
diametrically in relationship to the top of the pump sump 
tank. Figure 9 shows the housing for these rings that is 
welded to the pump sump top flange. Precision Rings 
Incorporated, a manufacturer of piston and seal rings, 
supplied these rings and specified all of the ring housing 
geometry, as well as the roughness requirements for the 
SiC tube at the seal location (0.025–0.4 μm). The 
expansion rings are shown in Fig. 10. 


 


 
Fig. 9. “Piston-type” ring housing. 
 


 
Fig. 10. Piston-type expandable rings used to seal between the 
SiC flow tube and the top of the pump sump tank. 
 


The joint at the top of the SiC flow tube is shown in 
Fig. 11. It consists of an Inconel® 600 flange that is welded 
to the test section outlet piping, the SiC flange that is integral 
with the flow tube, and an Inconel® 718 backing plate. A 
finite-element structural analysis was performed on the 
flange/joint structure. Because the SiC material is brittle, the 
Flexitallic gasket has a significant load requirement, and the 
joint must operate from room temperature up to 700oC. This 
analysis suggested design features that included using 
Inconel® 718 bolting to better match the required differential 
thermal expansion of the joint and increase the high-
temperature load-bearing capacity. Additionally, it was 
decided to use Belleville-type washers on the bolting that 
were also made of Inconel® 718 in order to accommodate 
any differences in thermal expansion while maintaining an 
acceptable load on the sealing surfaces. 


 
Fig. 11. SiC-to-Inconel 600 seal system. 
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VIII. INSTRUMENTATION 
 


Four major measurements are used in the loop design: 
temperature, FLiNaK flow rate, pressure, and salt level. 
The simplest of these is temperature, and conventional 
type-N thermocouples are used in this system. 
Thermocouples sheathed with nickel are used where salt 
may come in contact with the thermocouple sheath. This 
includes direct salt temperature measurement at both the 
inlet and outlet of the test section, and thermocouples that 
are imbedded in the graphite pebbles to measure pebble 
temperature. Pebble thermocouples are inserted into the 
pebbles via a hole drilled to the center of the pebble. 


Two types of level measurement are used in the loop. 
The storage, pump sump, and surge tanks all have heated 
thermocouple arrays that are used to measure discrete 
levels within the tanks. These level indicators have heaters 
internal to the sheath and thermocouples located at discrete 
locations along the axial length of the level probe. They 
rely on the difference in heat transfer between the region of 
the probe submerged in the salt and that in the argon cover 
gas to indicate where the level is located. A second probe 
without a heater is also located within each tank with 
thermocouples at the same axial locations as the ones in the 
heated probe in order to compensate for variations in gas 
and salt temperatures. A microwave radar-type level probe 
manufactured by Ohmart/Vega is used in the surge tank in 
order to provide a continuous level measurement. 


Both pressure and flow measurement systems 
compatible with fluoride salts at 700oC were difficult to 
identify and locate. An ultrasonic flowmeter supplied by 
FLEXIM Corporation was modified by the manufacturer to 
accommodate the 700oC operating temperatures. This 
required testing and selecting wave guide configurations 
that would allow sufficient temperature gradients to protect 
the system electronics from the loop operating 
temperatures. This device is capable of measuring flow 
rates up to 4.5 l/s and as low as approximately 0.45 l/s. 


Pressure transmitters compatible with the salt at 700oC 
were also not commercially available. GP:50 agreed to 
modify an existing transducer design that uses a NaK 
intermediate fluid to transition from loop temperature to a 
temperature acceptable to their electronics. The loop 
design places this instrument at the pump discharge, just 
before the test section. 


 
IX. CONTROL SYSTEM 


 
The ORNL Liquid Salt Loop must operate safely 


within its design parameters and be adjustable to fulfill its 
experimental function. The control system applies power to 
heating elements to bring the tanks and loops to operating 
temperature. This melts the salt in the storage tank. Argon 
pressure is controlled to transfer salt into the sump tank 
and fill the loop and upper surge tank. Levels are 
monitored and pressures adjusted to maintain these levels. 


Variable-speed drive motor controllers adjust the speed of 
the sump pump to control salt flow through the loop and 
adjust the air flow through the heat exchanger to match the 
heat input from the induction heater. The induction heater 
has a small Programmable Logic Controller (PLC) that 
monitors its operating conditions, responds to faults, and 
controls power out in response to input from the main loop 
controller. The main controller is an Allen Bradley PLC 
programmed with ladder logic and sequential function 
blocks. This controller monitors loop system safety every 
scan and uses appropriate logic or proportional-integral-
derivative (PID) control for various functions. An Allen-
Bradley Flex-IO unit reads all of the thermocouples and 
communicates with the main controller via ethernet. The 
Human Machine Interface (HMI) (display) uses RSView4 
on a laptop and communicates via ethernet. 
 


X. CONCLUSIONS 
 


ORNL is completing construction of a liquid-fluoride-
salt loop that will be used to simulate the heat transfer 
inside the pebble bed of the PB-AHTR reactor. Several 
engineering issues were encountered during the design 
phase because of the unique features of this loop. These 
issues have included (1) incorporation of a unique 
inductive heating technique to supply prototypical heating 
to a pebble bed and the resulting use of SiC as a integral 
component in the loop, (2) sealing of this component to the 
remainder of the Inconel® 600 piping, (3) developing both 
gas and salt seals compatible with the salt and the 700oC 
operating temperature, and (4) finding components and 
instrumentation capable of operating in this environment, 
as well as others. Designs that overcome these problems 
have been implemented in the loop, which is scheduled to 
be operational in the late spring or summer of 2011. 
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Abstract – In the hypothetical case of a severe accident in a nuclear reactor with core meltdown, the interaction of 
the hot core with the cooling water can generate large amounts of hydrogen. Hydrogen may be produced by oxidation 
of metals present in the corium pool or in the basemat during the molten corium-concrete interaction phase. This 
hydrogen is transferred into the containment (and distributed therein) by convection loops arising essentially from 
condensation of steam released via the RCS break or during corium-concrete interaction. Depending on mixing in the 
containment atmosphere, the distribution of hydrogen is more or less homogeneous. If considerable hydrogen 
stratification exists, local concentrations of hydrogen may become substantial, exceeding the lower flammability limit 
for the gas mixture. For safety assessment, the simulation of the hydrogen distribution in the containment by 
computer codes is of major importance. In frame of OECD/ THAI project and in order to create a data base for code 
validation, several distribution experiments using helium and hydrogen have been performed in the German ThAI 
(Thermal-Hydraulics, Hydrogen, Aerosols, Iodine) facility. The objectives of these tests were (1) to confirm the 
transferability of existing helium distribution test data to hydrogen distribution problems, (2) to understand the 
processes that lead to the formation and dissolution of a light cloud stratification. To check the ability of codes to 
predict hydrogen stratification and its dissolution by a rising steam plume, code benchmark had been organized in 
frame of OECD/THAI project. The Test HM-2 was chosen and IRSN participated using ASTEC lumped parameter 
code to this blind and open phase of this benchmark. This paper presents the IRSN contribution to this benchmark. 
Blind and open ASTEC results are then compared to experiments by checking the effect of nodalisation on hydrogen 
stratification and its dissolution by steam plume.  


 
 


I. INTRODUCTION 
 


In case of severe accidents (SA) in LWR (light water 
reactor), hydrogen is generated by the exothermal 
oxidation of the fuel claddings, hot metallic components, 
and after failure of the reactor pressure vessel and melt 
relocation into the reactor pit, due to decomposition of 
concrete as well. The release rate and the total amount of 
hydrogen depend on the severe accident scenario and also 
on the reactor type. These processes produce hydrogen at 
such high rates and for such a long term in the course of a 
SA that the local volumetric concentrations inside the 
containment may exceed the lower flammability limit. In 
case of hydrogen accumulation, hydrogen detonation can 
lead to high pressure loads which may endanger the 
containment integrity. The processes governing hydrogen 
distribution inside the reactor containment as gas transport, 
gas stratification and wall condensation had been 


addressed in the OECD/THAI project, carried-out under 
the auspices of 14 organizations from 9 countries. The 
main objective of this project was the creation of an 
experimental database in which physical phenomena 
relevant for LWR containment safety analysis were 
addressed. One of these topics concerns the hydrogen 
distribution. The objectives of the corresponding tests, 
namely HM Tests were (1) to confirm the transferability of 
existing helium distribution test data to hydrogen 
distribution problems, (2) to understand the processes that 
lead to the formation and dissolution of a light gas cloud 
stratification. Among them, test HM-2 [1] was selected for 
the blind exercise within the Analytical Working Group 
established by the OECD/THAI project members. 
 During the first phase of test HM-2 a light gas cloud 
consisting of hydrogen and nitrogen was established in the 
upper half of the facility. In the second phase steam was 
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injected at a lower position inducing a rising steam – 
plume eroding gradually the established light gas cloud. 
In frame of the benchmark, a blind simulation of HM-2 
test with ASTEC LP code [2] was performed by IRSN with 
the aim to validate ASTEC code and to improve the user 
experience. The purpose of this paper is the analysis of 
HM2-test using ASTEC LP code by comparing blind and 
open calculations results to experiments. The lessons 
learned from this benchmark and the recommendation for 
reactor applications are summarized in the conclusion.   
 


II. EXPERIMENTS 
 
The HM-2 experiment was carried out in the THAI-facility 
(Fig. 1), which is operated by Becker Technologies in 
Eschborn, Germany. The cylindrical containment has a 
height of 9.2 m, a diameter of 3.2 m, and a volume of 60 
m³. The thickness of the steel walls is generally 0.022 m, at 
the top cover it is 0.12 m. The facility is insulated by 
rockwool with a thickness of 0.12 m. Important internal 
structures are the inner cylinder (diameter 1.4 m) and the 
four condensate trays at the elevation of 4 m. The inner 
cylinder is open at both ends and forms an annular gap 
with the vessel wall. The condensate trays form a mid 
floor, blocking 2/3 of the horizontal flow area of the 
annular room. 


 
Figure 1: Thai facility  


 
For the test HM-2 the facility was equipped with 354 


measurement channels, for gas and wall temperatures, 
atmospheric pressure, humidity, injection flow rates, 
hydrogen concentrations and atmospheric velocities.  
 


To avoid hydrogen combustion, the vessel was filled with 
Nitrogen before starting the hydrogen injection. The 
atmosphere is then composed of   97.7 vol% Nitrogen, 
 


 
     
1.2 vol% water vapour and    1.1 vol% oxygen at ambient 
conditions (1 bar, 21 °C). The experimental procedure 
covers the following phases: 
√ Phase 1 (0 - 4200 s): during this phase, hydrogen is 


injected at rate 0.286 g/s from a pipe with a diameter of 
0.0285 m in the annular gap, directed vertically 
upward, at the elevation of 4.8 m (see Fig.1).  


√ Phase 2 (4200 - 4320 s):  no injection. 
√ Phase 3 (4320 - 6820 s): Steam is injected with rate 


24.1 g/s from a nozzle with a diameter of 0.138 m 
below the inner cylinder, directed vertically upward, at 
the elevation of 1.8m (see Fig.1) 


 
III. ASTEC SIMULATION 


 
III. A. THAI NODALISATION 


 
To simulate HM2 test using ASTEC LP code, two 
nodalisations corresponding respectively to blind and open 
calculations have been developed on the basis of the real 
geometry of ThAI vessel.  
 For the blind calculation, ThAI vessel is divided into 44 
nodes by considering 15 axial levels and 3 radial sections 
(see Fig. 2a). All these nodes are connected by atmospheric 
junctions according the geometric position in axial and 
radial direction. The flow areas of the junctions are given 
by the geometry, the lengths by the distances of the centers 
of the connected nodes. Condensate is drained out of the 
nodes by drain junctions. The plume resulting from the 
higher injection location is simulated by special plume 
zones according [3].  
For the open calculations, the model was adapted by 
adding 4 axial levels in the upper plenum of ThaI facility 
and adopting specific mesh for the lower injection location 
(see Fig. 2b)  
 


 
Fig. 2a : THAI-blind 


calculation nodalisation 
Fig. 2b: THAI-open 


calculation nodalisation 
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III. B. NUMERICAL RESULTS 


 
During the hydrogen injection phase, the pressure 
increases linearly with time. This behavior is well 
predicted by both blind and open calculations results (see 
Fig. 3). However, the pressure is overestimated in the blind 
calculation during the steam injection phase.  This 
deviation is mainly due to an underestimation of heat 
transfer coefficients which were corrected for the open 
calculation.  
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Figure 3: pressure time evolution  


 
Concerning hydrogen distribution, two main phases could 
be distinguished: 
-  Phase 1-2 (0 - 4320 s): During this phase, the buoyant 
hydrogen plume rises up to the top of the vessel and a 
stable atmospheric stratification was then established at 
4320 s. Fig. 4 illustrates this stratification and shows the 
hydrogen concentrations at different level. It is around 37 
Vol.-%in the upper part of the vessel and near 0 Vol.-% in 
the lower part (3.1 m and lower). 


 
Figure 4: Hydrogen concentration vertical profile 


at t=4320s 
 


The hydrogen vertical profiles predicted by blind and open 
ASTEC calculations are similar to the experimental one. 
Figure 4 shows the good agreement between calculations 
and the experiments.   


 
Phase 3 (4320-6820): through this third phase, steam 


is injected in the lower end of the inner cylinder.  Two sub 
phases could be identified:  


- The first one, called stagnation phase, corresponds to 
the time interval from 4320s to 4900s. During this period, 
the hydrogen concentration in the inner cylinder decreases 
immediately after the start of the steam injection (see Fig. 
5). However, the corresponding plume does not penetrate 
the light gas cloud in the upper part of the facility. This is 
due to the fact that the plume density was higher than the 
density of the cloud. Consequently, the hydrogen 
concentration in the upper plenum remains constant. 


 


 
Figure 5: Hydrogen concentration time evolution at 


elevation 4.6m on the central axis of the inner cylinder 
 


In Figure 5, we can observe that the blind calculation 
underestimates the stagnation period time duration. These 
results were improved in the open calculation using a 
dedicated nodalisation for the steam plume shape (Fig. 2). 


- The second sub phase began at 4900s and 
corresponds to the onset of a natural convection. In fact, a 
convection loop rising from the inner cylinder and 
descending along the annulus area is established (Fig. 6). 
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Figure 6: onset of natural convection  


 
As mentioned previously, blind ASTEC calculations 
underestimate the stagnation period time interval. 
Consequently, the onset of natural convection is predicted 
earlier in the blind calculation results than the experiments. 
The use of adapted nodalisation for the lower injection 
location in the open calculations improves the results as 
shown in Fig. 7. Fig. 7 presents then the flow velocity at 
the upper outlet of the inner cylinder and shows a 
reasonably good agreement between the open calculations 
and the experiments.  


 
Figure 7: flow velocity at the outlet of the inner 


cylinder 
 
Later on, the plume flowing out of the inner cylinder 
eroded the light gas cloud in the upper part of the vessel. 


Fig. 8 illustrates this erosion by showing the decrease of 
the hydrogen concentration in the upper part of the dome. 
 


 
Figure 8: Hydrogen concentration time evolution at 


elevation 8.7 m on the central axis of the vessel 
 
Here also, the use of additional axial nodes in the dome 
area improves the prediction of the dissolution time of the 
hydrogen stratified layer which is underestimated in the 
blind calculation results. 
 


III. CONCLUSION AND DISCUSSION 
 
This paper deals with the analysis of THAI THM-2 test 
using ASTEC LP code.  Blind and open calculations 
results are compared to experiments. This comparison 
shows the need of adequate nodalisation to simulate the 
dissolution of an atmospheric stratification. In fact, LP 
nodalisations should contain sufficient detail in vertical 
direction and nodes to model upward plumes.  
These findings could be extrapolated to reactor 
application. Nevertheless, it is recommended to perform 
parametric calculations to overcome the uncertainty 
regarding the modeling of the geometry and the release out 
of the primary circuit for example. These parametric 
studies could help and give the estimation the bandwidth 
of the time needed to dissolve the light gas cloud and the 
corresponding consequences for the safety. 
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Abstract – The paper considers, implemented by the authors within the project of advanced digital 


controls system for NPP with the reactor VVER-1000, a system of unauthorized access protection, partially 


build up on the technology of active audit. The active audit technology is based on response of the system on 


deviation of current signature of NPP APCS from stable rather than a certain signature of attack. The metho-


dology of the active audit, not giving up classical methods of unauthorized access protection, considerably adds 


these methods and unites them into a unique whole by use of the safety policy based on direct assessment of cor-


respondence of results of activity of subjects of information systems to general requirements of the safety. It 


enables one to provide functional closeness of static fragments of the information system by use of the logic 


scheme “everything is forbidden with the exception of allowed”, applied to really appeared events in the infor-


mation system. 


 
 


I. INTRODUCTION 
The energy systems being vital objects of the infra-


structure must be protected against malicious actions affect-
ing their safety, and computer safety plays a key part in 
attaining this goal. During the last five years the problem of 
cyber wars attracts attention of the government authorities 
of many countries. First of all this concerns the most ad-
vanced countries such as the USA, Israel, or European Un-
ion1,2 with high degree of industrial automation and compu-
terization. Experience demonstrated that without proper 
protection against attempts of penetration the computer 
systems may become inaccessible or incapable to perform 
their duties. Their protection must be maintained during the 
entire life cycle. One of the problems within this discussion 
is trying to figure out what cyber war is. Definitions vary, 
probably most cited is given by Richard A. Clarke3: “Cyber 
warfare is the unauthorized penetration by, on behalf of, or 
in support of, a government into another nation’s computer 
or network, or any other activity affecting a computer sys-
tem, in which the purpose is to add, alter, or falsify data, or 
cause the disruption of or damage to a computer, or net-
work device, or the objects a computer system controls.”.  
It is good but its detention limited by the cyberspace.   It 
looks that we  are talking about something as simple as 
taking down somebody's website or infecting computer 
with malware. We think that especially under contents of 
this article necessary to emphasize the cyber war main dif-


ference from hacker attack: that it is  having tangible im-
pact in the real (non-cyber) world. So we adopt the defi-
nition by Clarke with this important addition. The “cyber 
attack” is meant a time-compact action within the frame-
work of cyber war which is directed at the object of at-
tack. The few standards concerning the cyber security are 
known in energy sector4-6 but the majority of experts be-
lieve that the problem of counteracting the cyber attack is 
far from being solved.  


Presently in Russia, a number of modernization  
projects in the national economy have been developed. 
These works are closely related with enhancement of au-
tomation and computerization of the modernized indus-
tries.  Therefore, it is quite possible that in the near future 
Russia may encounter the challenge of cyber threat as the 
other advanced countries. In the opinion of the present 
writers, it is necessary to reconsider the accumulated ex-
pertise in counteracting the cyber threats in nuclear indus-
try taking into consideration the explosive development 
of the digital technology and its intensive application in 
the control systems.  


During the recent decade, the automated process 
control system (APCS) of the nuclear power plants (NPP) 
reached a qualitatively new level of development owing 
to the increased level of automation of the control plants 
and, as the result, an increase in the number of diagnostic 
and control signals processed by the system at a time unit. 
The virtually linear growth in performance of the com-
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puter systems which may be used in the digital control sys-
tems enabled realization of much more sophisticated algo-
rithms for control and data analysis, which in turn gave rise 
to a more profound automation of the control plants with 
the use of programmable components. For example, only a 
decade ago the main safety systems of the nuclear power 
plants were based on the relay logic, whereas the digital 
systems are used today. The increased volume of signals 
and algorithms used in the digital control systems increases 
their complexity, cost, and production time. The desire to 
set off this negative effect leads to using the standard indus-
trial software or that borrowed from other areas of activity 
such as offices, banks, and so on which is represented pri-
marily by the operating systems, databases, or SCADA. 
The remote control using global communication lines to-
gether with other industries gains an increasing importance. 
Apart from their advantages, the standard technologies for 
designing the digital control systems have disadvantages 
due to the fact that the potential intruders can easier acquire 
the knowledge and means required for the cyber attack.  


Since 1994 the Institute of Control Sciences carries 
out work on the design of digital control  systems (DCS) of 
hazardous industrial plants (APCS and automated enter-
prise control system (AECS)) such as the nuclear power 
plants (NPP), chemical plants, oil refineries, and infrastruc-
ture plants exemplified by the electrical networks, gas and 
other pipelines, that is, all objects where emergency can 
directly affect the life and activity of persons who are not 
directly related with the given object. Development of the 
system of upper block level for advanced NPPs gave a fur-
ther impetus to our studies on provision of information 
safety of the DCS at all stages of the system life cycle. 
These studies were carried out in response to the require-
ments of the regulating authorities for plant safety. Until 
recently the studies were preventive and not verified in 
practice, but the events at the nucleat facilities of Islamic 
Republic of Iran (stuxnet virus) pointed out to the need for 
continuing this research and its importance to NPP safety 
and protection against cyber attacks.  It is beyond all doubt 
that the success of stuxnet was due to the knowledge of the 
facilities used in the DCS and psychology of the personnel 
responsible for the its.  


Although the present paper focuses on the problem of 
NPP APCS protection, it has much in common with organ-
ization of the information-safe ICDS’s of the civil infra-
structure objects. The aspect of the cyber war and the pro-
tection facilities are discussed mostly from the point of 
view of deterring the actions aimed either at inflicting a 
perceptible real damage to the plant controlled by the digi-
tal system or at creation of conditions hindering execution 
by the control system of the declared functions.  


II. INFORMATION SAFETY OF THE DIGITAL CON-


TROL SYSTEM AND ITS DISTINCTION FROM THE 


INFORMATION SAFETY OF THE OFFICE AND 


BANKING SYSTEMS  


The NPP APCS safety must be based on a differen-
tial approach allowing for the following factors:  


• The need for determining the ultimate number of 
the safety levels because the measures to provide nonau-
thorized access protection (NAP) cannot be determined 
individually for each component of the NPP APCS be-
cause of the large volume of research and costs and the 
numerous problems involved in their connection. We 
suggest a five-level partitioning into the safety zones, but 
the number of safety levels must be selected in terms of 
many factors (functionality, territorial division,   and so 
on) and may vary in the course of further analysis of the 
safety risks. For example, the safety level 4 includes the 
protection systems that are vital for NPP safety and re-
quire the highest safety level (systems controlling opera-
tion of protections and blocking at the generating plants). 
The safety level 3 is used for the operating control sys-
tems having high level of gravity of various computer 
threats. The safety level 2 is used for systems, networks, 
and related components that are not required for operation 
of, for example, the real-time process monitoring system 
in the control room and have the medium level of gravity 
of various computer threats (the APCS man-computer 
interface systems). The safety level 1 is used for systems 
and control networks of technical data used for mainten-
ance or control of the operational activity concerned with 
the elements required by technical specification for opera-
tion such as the right of access, work order, labeling  or 
document software having the average level of impor-
tance for various computer threats. The safety level 0 is 
used for systems, networks and related components that 
are of no direct importance for technical control or opera-
tion such as the systems for office automation having low 
level of seriousness for various computer threats.  


• The need for grouping the NPP APCS compo-
nents in terms of their functionality and safety levels de-
pending on the possible direct or indirect influence on the 
control plant safety. 


The problem of providing NAP of the NPP APCS 
was often associated with the actions of information pro-
tection against an unintended action, that is, erroneous 
operations of the information user, failure of the informa-
tion system hardware and software, as well as the actions 
for prevention of access to the control plant itself. It is 
namely the unintended actions that were regarded pre-
viously as the main threat to the NPP APCS. With regard 
for the new realities, the information safety policy must 
be supported, among others, by the actions directed at 
prevention of acquisition of the protected information by 
an interested person violating the established rules of 
access to the protected information. Therefore, by the 
term of nonauthorized access protection is meant the en-
tire complex of problems concerned with providing the 
NPP APCS information safety. Though the problem of 
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NAP of the NPP APCS has common traits with the prob-
lems of protection of other computerized (office, banking) 
systems, there are some essential distinctions:  


1. The purpose of cyber attack against a digital control 
system is not the information per se (virtual objects), but 
the physical objects (actuators).  


2. The attack is aimed at a particular object and is 
done using unique ad hoc facilities, which makes inefficient 
the protective measures based on a certain signature of the 
attacking program., as it will be never known till attack has 
been conducted. 


3. The digital control system operates in real time; 
therefore, it seems impossible to employ the means of pro-
tection requiring substantial computer resources (coding, 
for instance).  


4. Active auditing is effective but constrained by in-
sufficiency of the computer resources and diversity of the 
plant control functions. The active auditing technology is 
based on the response to the signature of NPP APCS stable 
state and not on a certain attack signature7.  


5. A relatively small mean life time of information 
makes the cyber attack at the activation phase fleeting.  


6. High complexity and connectivity of the NPP 
APCS. 


These distinctions make awkward using in the NPP 
APCS’s the traditional approaches to realization of the 
safety policy as those used in Internet, office and banking 
systems (installation of antiviruses, firewalls, cryptogra-
phy,).   For example, it is impossible to demonstrate that the 
system is free of any functional equivalents of actions 
(processes) to which access should be restricted; it is im-
possible to provide functional closure of any part of the 
possibilities of the used general-system products legal 
access to which potentially enables their full use. Addition-
ally, there remains an essential uncertainty of the system 
goal as the result of its complexity and methods of realiza-
tion lying in that under certain conditions the individual 
declared partial aims may contradict each other or even the 
main aim of the system and that the declared system aim is 
much narrower than that actually existing in it. As the re-
sult, redundancy of the unlimited actual (realized) system 
goals and the potential contradictions of its partial declared 
goals may be used by the intruders. The situation is aggra-
vated even more by the fact that in the majority of cases the 
cyber attacks are realized through legal clients of system 
personnel for whom the mechanisms of protection barriers 
are transparent. Owing to these causes, rational and com-
plete realization of the safety policy by the methods of 
NAP results in complicated, dynamically controlled sys-
tems with an appreciable deficit of validity. 


III. PROVIDING DIGITAL CONTROL SYSTEM 
SAFETY AT VARIOUS STAGES OF THE LIFE CYCLE  


Development of the NPP APCS includes the follow-
ing basic stages of the life cycle:  


1.  Design. 


2.  Manufacturing at the producer factory.  
3.  Starting-up and adjustment at the plant. 
4.  Operation. 
At each of the aforementioned stages the NPP PCS 


may be an object of cyber attack, but the possibilities for 
attack are different. We consider the main problems of 
providing safety at each of the stages.  The complex of 
measures to realize the NAP concept must be executed, 
obviously, at each stage of the NPP APCS life cycle. 
Omission of any stage in the safety policy seriously ag-
gravates execution of the NAP task at the subsequent 
stages and, as the result, endangers the efficiency and 
safety of control plant operation. 


III.A Design stage 
The concept of NPP APCS NAP should be devel-


oped at design stage of  the DCS. At developing, approv-
ing, and realizing the computer safety concept, the object 
owner or the general designer must take into considera-
tion: 


• The corporate requirements of the power com-
pany for safety provision 


• Internal corporate safety policy 
• National legislature  
• National regulatory documentation 
• State-of-the-art in computer safety. 
The developed NPP PCS NAP concept must include 


at least the following components:  
• determination of the organization of computer 


safety and responsibility for it including the organization-
al structures, names of the responsible persons, and the 
process of periodic checks;  


• development of the process of determining the 
digital objects subject to the protective measures for pro-
vision of computer safety including computer systems, 
their application programs, and network connections;  


• realization of the methods of personnel manage-
ment in the area of computer safety including training, 
qualifying evaluation, and  termination of the wage 
work/transfer  to another position; 


• development and realization of the process of es-
timating the computer safety in terms of risks, vulnera-
bility, and correspondence; 


• determination of the fundamental architecture 
and the design principles and requirements for design and 
control of configuration of the safety provision facilities 
for the plant systems and supplier support; 


• determination of the working safety provision 
procedures for access control, data protection, communi-
cation security, provision of platform and application 
software security, system monitoring, support of comput-
er system safety, control of actions and system duplica-
tion.  
 


III.B. Manufacturing stage. 
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The software is loaded into the system during manu-
facturing the NPP APCS, and then the factory testing is 
carried out. If defects are found, the software is updated, 
checked, and so on. The threat to safety at this stage lies in 
using improperly verified hardware and software (including 
the design facilities) and in insufficient verification of the 
personnel actions. Realization of threat allows substantial 
complication of the task of NAP on the plant because the 
system will be unstable from the very beginning. 


 
III.C. Starting-up and adjustment at the plant. 


 
In the course of the starting-up and adjustment work, 


many workers usually make numerous modifications in the 
NPP APCS in a short time period, often concurrently in 
different rooms. At this stage, the NAP system must be 
used for automatic checking of the modifications made. 
Therefore, the NAP system must be commissioned in the 
first place at the object of NPP APCS installation and run 
continuously. The main threat to safety lies here in the im-
properly verified actions of the personnel, which leads to 
unstable system state at the stage of operation.  


 
III.D. Operation stage. 


 
In the course of operation of NPP APCS, the NAP 


system must operate continuously and mostly perform the 
guarding functions. The   main threat to safety lies here in 
the improperly verified actions of the personnel and the 
nonauthorized external access to the system. A correctly 
operating NAP system at this stage can significantly reduce 
the threat to the control plant.   


Listed below are the main approaches to and methods 
of unauthorized access to the NPP APCS during DCS oper-
ation: 


 1. Access through the external communication lines. 
This method of intrusion becomes now topical in connec-
tion with installation of remote centers coordinating actions 
of more than one object having its own local digital control 
systems. Such centers usually make use of public commu-
nication lines which makes it possible to connect the non-
authorized subscribers to the local-area network of the NPP 
APCS. 


2. Violations in the common time keeping system. If a 
unique time keeping system is used in the NPP APCS to 
synchronize its components, which in turn is synchronized 
with one of the external global systems such as GPS, 
GLONASS, and so on, then it is possible to carry out a 
cyber attack aimed at violating timing of the NPP APCS 
subscribers. Depending on the NPP APCS characteristics, 
violations in operation of the common time keeping system 
may be represented by the general system failure, false re-
sponse, omission of commands or signals, and so on.  


3. Embedding of functions not confirmed by docu-
ments in the NPP APCS software or hardware components 
at the stages of design or manufacturing. The modern digi-


tal system makes use of numerous components of third-
part manufacturers from various countries. Their full veri-
fication by the conventional means of on-receipt inspec-
tion is often impossible because of their technical com-
plexity.  


4. Erroneous or negligent actions of the NPP APCS 
personnel. The human factor still is important for provi-
sion of NAP. 


5. Data exchange through external data carriers by 
which are meant disks, memory cards, programmers, and 
so on that are loaded outside the information safety zone 
of the plant. Availability of programs on them per se is 
not an active stage of cyber attack against the digital con-
trol system, but understandably, it facilitates the possibili-
ty of going to the active stage of intrusion.  


The NAP facilities are subdivided into external and 
internal ones. The former are represented by those where 
the digital control system is passive and no activity to 
execute the NAP task is planned within it. They include, 
for example,  the administrative (barrier) measures to 
limit physical access to the room where the digital control 
system operates or the terminals for communication with 
it are installed, the video surveillance  system, as well as 
the administrative procedures providing quality of the 
embedded components. In the internal NAP facilities, the 
digital system actively counteracts the cyber attack. These 
are represented by various programs supporting the pre-
scribed policy of NPP APCS safety, sensors, and signals 
reflecting the state of NPP APCS and the control plant 
together with the programs responsible for their acquisi-
tion and processing. The internal NAP facilities are usual-
ly classified as traditional (or so-called passive) protec-
tion facilities and those of active audit. The first are 
oriented to counteract some set of certain threats (like 
antivirus), whereas the second respond mostly to the sys-
tem state modified by the cyber attack, rather than to the 
cyber attack proper. The second class of the protection 
facilities is exemplified by firewalls responding to the 
changes in the system state, that is, transition of the sys-
tem to a state which not corresponding to  the objective 
function. 


As follows from complexity of the possible attacks 
against the digital system and diversity of the paths to 
their implementation, none of the existing NAP technolo-
gies can individually provide the desired level of protec-
tion. For NAP to be durable, it must be protected in depth 
where each diagnosed threat to security can be verified at 
least by two independent methods. The present paper 
does not discuss in detail the external facilities first of all 
because of their specificity and relation with particular 
operational modes of the control plant. However, such 
facilities are planned for the internal protection to provide 
the required in-depth protection and independence of ex-
ecuting the NAP task. One should bear in mind that in 
DCS it is advisable to use in advance the active protection 
facilities because of the peculiarities mentioned in above, 
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which is favored by the relative stability and well specified  
of the NPP APCS objective function. The facilities oriented 
to detection of cyber attack signature have limited use be-
cause it is only logical to assume that in view of originality 
of both the control plant and the NPP APCS the attack 
would require that the attacker develops at least relatively 
original means of assault, which hinders their recognition 
by the passive-protection facilities. Let us consider the 
structure and aspects of realization of the NPP APCS NAP 
system allowing for the aforementioned features.  


IV. COMPOSITION OF THE INTERNAL NAP FA-
CILITIES OF THE DIGITAL CONTROL SYSTEM  


 
Analysis of the internal NPP APCS NAP specifies 


three basic subsystems: 
1. Diagnostic system of NPP APCS. 
2. Passive facilities of NAP provision. 
3. Active protection facilities.  


IV.A. The diagnostiv systemt. 
 
The task of error detection in operation of the soft-


ware and hardware NPP APCS facilities underlies opera-
tion of the diagnostic system and involves error detection 
proper and support of the actions to determine its cause and 
measures to eliminate it. The diagnostic system takes ad-
vantage of the combined method (Fig. 1) using both the 
passive diagnostic information acquired directly from the 
software and hardware and the active method.  


 


Diagnostic system 


Object of diagnosis Object of diagnosis 


 
Fig. 1. Typical structure of the NPP APCS diagnostic 


system. Y 1 – facilities (components) realizing the plant 
objective function; Y 2 – embedded technical diagnosis 
facilities; Y 3 – external technical diagnostics facilities; А 
— inputs (working actions on the object of diagnosis): В – 
outputs of the object of diagnosis; С – diagnostic parame-
ters and/or attributes; D – alarm signals for the operator; 
Е – display, logging, archiving of the diagnostic data; F – 
diagnostic messages.  


The passive method mostly uses the information 
from the agents built in NPP APCS components. The 
active method lies in generating special test sequences by 
the elements of the diagnostic system and comparing the 
response obtained with the anticipated response. At detec-
tion of a mismatch, the failure signal is generated. Use of 
the active method is limited by the requirements for eli-
mination of the effect of the diagnostic system on plant 
control. The information acquired by the subsystem is 
used as the input to the passive and active protection fa-
cilities.  


 


IV.B. Subsystem of Passive Protection Facilities  
 
The subsystem of passive protection facilities im-


plements the following NAP measures: 
1. Access control, that is,  
a. Identification, authenticity verification, and 


checking of subject access to the system by checking the 
passwords at accessing the digital control system. A spe-
cial safety policy providing the desired stability of the 
passwords must be developed. It is believed that the NPP 
APCS passwords must provide stability of at least 105 
combinations. A zonal scheme of password stability 
where the access to the critical services requires high sta-
bility of password protection may be developed if neces-
sary.  


Identification may be carried out by means of keys 
(identification cards, mechanical keys).  


Some critical functions of the digital control system 
and data that are of key importance for NAP must be ac-
cessed through coordinated actions of more than one per-
son identified by independent methods such a password 
protection or mechanical key.  


b. Registration and recording by monitoring the lo-
gin/logout of the authorized personnel inside/outside the 
system (network node) of registration, loading, and initia-
lization of the NPP APCS; recording of the information 
carriers.  


2. Testing of all external data carriers for presence 
of the declared objects and those with the a priori known 
signature belonging to malicious programs. The means 
for testing must be based on similar facilities (antiviruses) 
used to solve similar problems in the shared information 
systems and Internet.  


3. Provision of software and information integrity, 
as well as constancy of the software environment by eli-
mination of the means of modification of the program 
target code in the course of processing and storing the 
protected information. Checking the static data domains 
and the controlled code for invariance.  


4. Periodic testing of the NAP functions.  
5. Availability of the means for NAP restoration.  


IV.C. Active Protection Subsystems 
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The active protection subsystem realizes the active 
audit (АА) methodology. As a method of provision of in-
formation safety, the active audit relies on the estimation of 
the behavioral models of the NPP APCS subjects such as 
clients, external resources, and dynamics of information 
resources that manifest themselves in the course of realiz-
ing the NPP APCS objective function. The advent of АА 
reflects the current situation in the information systems and 
technologies where complex distributed platforms are used 
to construct NPP APCS’s. АА enables one to provide func-
tional closeness the determinate fragments of the informa-
tion system with the use of the “forbidden everything ex-
cept for what is permitted” logic scheme which is applied 
to the real events in the information system. Through the 
investigation mechanisms initiated both inside and outside 
the system, АА enables one to localize precisely the loca-
tion of cyber attack and reveal the hidden cause-effect rela-
tions and relations between the objects and subjects of the 
information system. 


АА allows one to make the information system func-
tionally closed, provided that it is determinate. By the sys-
tem determinacy is meant the determinacy of its objective 
function, which means that the system’s objective remains 
invariant and independent of the system environment. At 
that, the system environment proper needs not to be deter-
minate. Consequently, AA is based on the analysis of the 
history of any object defined in the system and its relations 
with other information objects (from the instant of its birth 
to the instant of its death) for its obligatory correspondence 
to the given references, behavioral patterns. The informa-
tion about the realized relations and consumption of the 
information system resources is extracted through the diag-
nostic system.  


The behavioral model is generated by the expert me-
thod. It may be obtained in part by direct generalization of 
the expert knowledge allowing one to deduce the required 
decision rules. The expert analysis of the audit obtained 
from a normally operating system represents another me-
thod. In this case, the behavioral model is in fact the result 
of learning including some sequence of steps realizing the 
principle of completion of learning. In virtue of the “for-
bidden everything except for what is permitted” scheme, 
the realized procedures of logical inference in the incom-
pletely trained (incomplete regular) behavioral model of the 
system would reject a correct but not yet reflected in the 
model system behavior. At that, any incorrect or malicious 
actions will be rejected for sure, but at the same the correct 
actions may be blocked, which would result in violated 
operation of the control plant.  The need for after-learning, 
augmentation of the normal behavioral model, is the cost of 
safety. In the information—especially client-server—
technologies, the main semantic burden usually lies on de-
tection and blocking of the incorrect clients’ actions. Under 
these conditions, the volume of the normal behavioral mod-
el may differ from that of the full normal model by the fac-
tor of tens or even hundreds. The principle of after-learning 


enables one to simplify appreciably the process of gene-
rating the behavioral model realized as a successive ex-
pert’s responses to the identified nonstandard situations. 
A particular methodology of knowledge base generation 
may be determined not earlier than at the stage of NPP 
APCS testing. 


The adequacy of the behavioral model to the real 
system processes is closely related with the model dimen-
sion, scaling of the events observed, selection and use of 
the most informative events in the procedures of logic 
inference. Any of the system objects has more than one 
level of representation corresponding to the different de-
grees of detailing. For example, the information object is 
defined in the system as its electronic document, in the 
file system, as one or more files, in the program platform, 
as the attributes of location and types of the elementary 
functions used, and within the processes, as collections of 
data. Therefore, the behavioral model is represented as a 
hierarchy of interrelated models reflecting the multilevel 
representation of the system objects. The number of hie-
rarchical levels allowed for in the model is defined by the 
informativeness of the system events used at each level 
and considerations about its reasonable dimension.  


The model adequacy is also related with determina-
tion of the level of confidence in the information system, 
as well as with determination of a certain level of com-
plexity of the intruder’s attack which is considered as 
impenetrable for it. The level of the owner’s confidence 
in the system manifests itself first off all in the matter of 
permissibility of attacks realized within the processes 
without violating the sequence of events in the interface 
between the applications and the program platform. Such 
conflicts are possible in the presence in the executable 
code of bookmark programs and built-in functions not 
confirmed by documents.  Such attacks are efficiently 
detected only for large volumes of observations requiring 
corresponding overhead for the logic inference proce-
dures. The need for them may be determined only after 
the system testing.  


The limit complexity for the intruder is, on the con-
trary, characteristic of the upper model levels. It is, for 
example, the complexity of a double or manifold attack 
synchronized in data or time and carried out in different 
fragments of the system environment such as territorially 
distributed computers. Informativeness of the allowed for 
events also exerts strong influence on dimension. АА is 
based on analysis of the histories determined in the sys-
tem of information  objects (IO). It turns out that many 
environmental functions cannot in principle affect these 
IO’s. The events corresponding to such functions carry 
little information. Such functions include, for example, 
control of coloring of various elements displayed to the 
operator.  


Therefore, the adequacy of the АА model reflects 
eventually the owner’s compromise between its confi-
dence in the developed applications and quality of the 
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borrowed system products, limit complexity of the intrud-
er’s attacks, on the one hand, and the resource required to 
provide safety, on the other hand. In this sense, the АА 
model is very flexible and admits any level of compromise.  


The indeterminate component of the behavioral model 
determines, first of all, behavior of the system environment 
and its clients. It does not allow one to draw a strict logical 
conclusion  about the correspondence between the realized 
relations between the system objects to the regular relations 
and is based on the quantitative estimation of the observed 
events.  For that, all observed environmental events and 
system clients’ actions must be ordered in terms of the de-
gree of danger, and on the ordered event sets the corres-
ponding estimators must be defined.  The indeterminate 
model estimates the incorrect states of the environmental 
processes, process starvation and restart, violation of the 
information exchange protocols, and so on. The quantita-
tive estimation of the indeterminate component eventually 
demonstrates the level of confidence in the normally gener-
ated output information objects of the system and reflects 
the level of confidence in the particular realization of the 
system objective function. Time is one of its parameters. At 
that, the longer an information object sojourns in the sys-
tem, the lower level of confidence is given to it. Thereby 
not only the explicit process actions over the object that are 
visible to the observer are allowed for, but also the actions 
that are potentially inaccessible to the observer and have  
probability growing with time.  


The indeterminate component is a must because it al-
lows one to reduce the uncertainty of the intruder’s model 
in what concerns attacks from the system environment. A 
feedback between the protective hull and the semantic level 
of the information system is required for that. This feed-
back has to compare the semantically correct (incorrect) 
realizations of the objective function with the level of con-
fidence and the events defining it that were generated by 
the protective hull. At that, a semantically incorrect realiza-
tion of the objective function (attack took place) with the 
maximal confidence level indicates to incompleteness of 
the deterministic model and the need for its after-learning.   


Incompleteness of the deterministic model is primarily 
to the fact that the intruder used unexplored legal possibili-
ties of influencing the system objectives and a contradiction 
in the partial system objectives. Continuous analysis of 
realizability of the system objective function under the cur-
rent operational conditions is required to overcome this 
situation. Analysis must be done by independent experts, 
and a mechanism of active learning of the models of the 
AA subsystem must be realized on its basis. The sense of 
learning lies in that the system must be purposefully sub-
jected to authorized experts’ attacks. Eventually it is a sin-
gle method to corroborate efficiency and integrity of the 
system protective hull. The experts also have to analyze all 
detected attempts of attacks against the system and carry on 
and generalize the library of standard attacks. The library 
may be used for after-learning of the AA subsystem mod-


els. Estimation of the behavior of indeterminate environ-
ment depends largely on its load. The learning mechan-
isms realized in it and conditioning its indeterminacy are 
activated in the case of lacking environmental resources. 
The changes in behavior of such systems are especially 
significant if their load exceeds 0.7...0.8 of the rated val-
ue. This must be avoided because these mechanisms are 
usually weakly studied and may serve as sources of at-
tack. Exact numerical estimation of the correctness of 
system behavior under the limit load becomes very diffi-
cult. In the general case, one has to compare the seman-
tics realized in the system with its behavior.  


Comparison of the (in)correctly realized system se-
mantics (particular realization of its objective function)  
with the behavior observed at that allows one to specify 
the behavior estimates and determine the precise limits of 
permissible system behavior. This procedure may be ex-
ecuted both automatically and periodically under the ex-
pert control. At that, the expert has to resolve uncertain-
ties of those states where the system semantics was rea-
lized correctly (incorrectly) and the danger estimate of the 
observed behavior exceeded the established limit (was 
normal).The mechanism of investigations is the most im-
portant protective mechanism of the АА subsystem. In-
vestigations enable one to localize precisely the potential 
violations (abortive system attacks) and identify the hid-
den cause-effect relations between the realized system 
events and its objects. Investigations may be activated by 
attributes manifesting themselves both within the system 
and outside. The investigation results are used in the af-
ter-learning mechanisms of the system behavioral model, 
and in this sense they complete the feedbacks of the АА 
subsystem with the system semantic level model and im-
prove the behavioral model. Investigation is a system of 
information filters applied to the set of the information 
system events realized over a given time interval and, 
possibly, to the set of system-generated output informa-
tion objects over the same time interval. The system 
events as well as its objects are defined by the attribute 
sets. Sorting may be based on any of the attributes, and a 
subset of events satisfying some function of the sorting 
attribute (for example, the attribute value belongs to the 
given set of values, is greater/smaller than the given val-
ue, and so on)      may be specified. The set of these func-
tions usually includes all arithmetic and logical operations 
over sets and statistical operations applied to the interme-
diate and final results of sorting. The aim of investigation 
lies in identifying the cause of the observed event and its 
interdependence with some other observed events. Some 
investigations based on standard scenarios may be carried 
out continuously as the background problem of the АА 
subsystem. In this case they play the role of a natural 
complement of the indeterminate model which substan-
tially strengthens it through analysis of many system 
events, especially in what concerns the investigation of 
the system environment behavior.  
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The generalized block diagram realizing the АА me-
thodology is depicted in Fig. 2. The behavioral model and 
the logic inference procedures are defined on the model 
that operates within the system and is control-independent 
of the NPP APCS. The model reproduces the state of NPP 
APCS, and its analysis suggests correct conclusions about 
its operation. The information about the current state that is 
required to reproduce it in the model is provided by the 
NPP APCS diagnostic subsystem. Analysis underlies the 
conclusion about (ab)normal system behavior and the dan-
ger estimate.  


Diagnostic 
subsystem 


 


DCS Model DCS 
 


Input information objects 


Analysis 
and decision making unit


Risk 
assessment 


Control actions 
 


Output information objects 


Safety machine 
separated from DCS DCS Events 


 
Fig. 2. Scheme of supervision using the model of in-


formation system.  


 
The certain NAP states are generated by the expert by 


knowledge generalization and may be introduced into the 
decision rules of the analysis unit. The system of decision 
rules eventually enables one to reduce the size of the NPP 
APCS model. The accuracy of analysis of the NPP APCS 
state in the SM is defined by the accuracy of its reproduc-
tion in the model, that is, the sets and collection of the 
agent-logged events. The attacks that are invisible to the 
АА subsystem may be organized using the  NPP APCS 
states that are indistinguishable in the model and the invisi-
ble transitions. The choice of the level of confidence in the 
system and the maximal (insuperable) complexity of the 
intruder’s attack defines the choice of the set of informative 
events.  


V. CONCLUSIONS 
We see that the cyber wars against the digital control 


systems including the NPP APCS’s from a speculative and   
abstract notion became a reality. Owing to their complex 
and global nature, the existing digital control systems 
represent a convenient target for attack.. The problem of 
counteracting the cyber attacks may be solved only by us-
ing a complex method with creation of an in-depth protec-
tion and use of the active and passive protection facilities 
augmented, if necessary, by facilities that are external to the 
digital control system. The NAP system integrating the 
diagnostic subsystem and the passive and active protection 


was proposed to counteract the cyber attacks. Owing to 
the mechanisms of in-depth protection and after-learning, 
protectability of the NPP APCS depends on the ability of 
the NAP system to counteract the direct attacks against 
itself. For the individual components of the NAP system 
there cannot be any guarantees of protectability except for 
the maximal level of confidence to the environment of 
this component. Therefore, these components must be 
implemented in an individual confidential environment, 
thus making the NAP independent of the protected NPP 
APCS.  
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ABSTRACT 
 


Abstract – To specify kinetic aspects of iodine chemistry in an environment of severe accident in a Pressurized 
Water Reactor (PWR), reproduced at the laboratory scale, an experimental reactor named “flat flame burner” 


has been implemented. The work presented in this article focuses on the study at high temperature of low 
pressure flames of  H2/O2/Ar premixed gas seeded with known amounts of steam and iodhydric acid. The 
quantification of chemical species and the evolution of temperature in such environment are measured by 


specific analytical techniques (Fourier Transform InfraRed absorption spectrometry (FTIR) and Laser Induced 
Fluorescence (LIF) for the key chemical species, a Pt/Rh coated thermocouple for the temperature). A first 


measurement campaign to characterize three H2/ H2O/ HI/O2/ Ar premixed flames by using FTIR absorption 
spectrometry approach has been carried out and the first HI and H2O profiles has been drawn. The development 


of Laser Induced Fluorescence approach to measure OH radical and iodine species is in progress. This 
experimental database will be used as a support to develop and to valid a detailed kinetic mechanism for the {I, 
O, H} system devoted to be implemented in IRSN’s severe accident simulation code ASTEC /SOPHAEROS1, 2. A 


first version of this kinetic mechanism has been established by analogy from data available on chlorine. The 
mechanism  has to be optimized by taking into account the experimental results and thermokinetic parameters 


determined by using theoretical chemistry tools. 
 
 


I. INTRODUCTION 
 


In the hypothetical case of a severe accident in 
a nuclear Pressurized Water Reactor (PWR), fission 
products could be released and transported through 
a break in the Reactor Coolant System (RCS) to the 
reactor containment building and then possibly to 
the environment. Those fission products are 
transported in a hydrogen/steam flow at high 
temperature. Among the fission products which 
may be released from the fuel, 131I is one of the 
most radiotoxic. The potential accidental release of 
volatile iodine to the environment is thus a key 
safety issue for emergency response planning.  


In order to simulate the impact of such 
accidental processes, predictive codes are 
developed by the French Institut de Radioprotection 
et de Sûreté Nucléaire (IRSN)1,2. However up to 
date, they cannot account quantitatively for the 
fractions of gaseous iodine observed in the 
containment building during experimental Phébus-
FP tests3. The discrepancy is attributed to kinetic 


limitations since the actual computer codes assume 
only thermodynamic equilibrium. 


The main purpose of this work is to contribute 
to an improvement of the iodine chemistry 
knowledge by establishing a database describing 
iodine reactivity in the RCS in condition 
representative of a PWR severe accident. The work 
is a part of the CHIP (CHimie de l’Iode dans le 
circuit Primaire) experimental program. It is 
conducted within the framework of the 
International Source Term Program, funded by 
IRSN, Electricité de France, the Commissariat à 
l’Energie Atomique, the European Community, the 
US Nuclear Regulatory Commission, the Atomic 
Energy of Canada Limited, Suez-Tractebel and the 
Paul Scherrer Institute. 


Very few kinetic data involving iodine and 
other fission products at high temperature and in 
steam/hydrogen flow are available in the literature. 
We dispose only of studies performed on the 
reactivity at high temperature and in H2 flow of 
another halogen, chlorine4, 5. An experimental study 


1171







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11 354 


 
on the reactivity of iodine in such conditions is thus 
necessary. 
 


The more suitable experimental reactor to 
realize the kinetic study of the {I, O, H} system 
consists in a “flat flame burner” which allows to 
stabilize H2/O2/Ar laminar premixed flame seeded 
with known amounts of iodhydric acid and steam. 
Furthermore the high temperature of the studied 
flames is near to that of the inlet of RCS (about 
2000 K) in case of a PWR severe accident. 
Adapted analytic techniques have to be coupled to 
the reactor to obtain qualitative and / or quantitative 
information about the chemical species present in 
the reactive environment. Among the usual 
analytical techniques used for species measurement 
on “flat flame burner”, a literature review shows 
that optical analytical methods seem to be more 
adapted than the chromatographic methods. For 
example a degradation of HI and I2 inside the 
column has been observed during measurement by 
gas chromatography-mass spectrometry (GC-
MS)6,7. Moreover the measurement of iodine 
compounds (HI, I2, IO, I) and halogens (especially 
chlorine) by different optical methods has been 
reported in the literature. The chemical species HI 
and H2O have been measured by Fourier Transform 
InfraRed absorption spectrometry (FTIR) between 
2000 and 7800 cm - 1 at temperatures between 26 
and 263 °C8,9. Far Ultraviolet Absorption10 has been 
used to measure HI in flame condition at 360 nm11. 
Molecular iodine (I2) has been measured by 
fluorescence12,13 and absorption techniques14,15. 
Rovibronic transitions of B-X, D-X and A-X bands 
have been analysed. Excitation of this molecule has 
been done between 482 and 640 nm with energy 
sources around 20 mW. Collection of fluorescence 
and absorption signal has been done between 182 
and 1100 nm with detection limits of around 20 ppt 
and resolution spectra between 5.10- 2 nm and 
0.7 nm. Those measurements have been carried out 
principally at ambient with pressure between 4.10-3 
and 4 mbar. The IO radical has been measured by 
fluorescence16,17 and absorption techniques18. 
Rovibronic transitions of A-X bands have been 
analysed. Excitation of this radical has been done 
between 404.3 and 630 nm with energy sources 
around 30-50 mW. Collection of fluorescence and 
absorption signal has been done between 410 and 
630 nm with detection limits between 0.2 ppm and 
0.3 ppt and resolution spectra between 2.5.10-3 nm 
and 0.2 nm. Those measurements have been carried 
out mainly at temperature above 240 K, (some of 
them in flame condition), with pressure between 0.2 
and 840 mbar. Pre-dissociation problems in 
measurement of IO radical have been reported. The 
I radical has been measured by fluorescence19 
(excitation at 206.2 nm and collection at 178.3 nm).  


So, two analytical optical methods will be used 
for the species measurement. The Fourier 


Transform InfraRed absorption spectrometry 
(FTIR)20 will be used to determine HI and H2O in a 
first step, and the Laser Induced Fluorescence 
(LIF)21 will be used to measure OH and selected 
iodine species (I2, IO) in a second step. 
 


Experimental data are used to develop and 
valid a kinetic model of the {I, O, H} system, able 
to reproduce qualitatively and quantitatively the 
evolution profiles of species obtained by the 
experiment. This kinetic model will be performed 
by the PREMIX code22 included in the CHEMKIN 
II library23. Because very few data are available in 
the literature about iodine oxidation, a first kinetic 
model of the {I, O, H} system has been developed 
by analogy with chlorine4. 


 
II. MATERIALS AND METHODS 


 
II.A Experimental Set-up 


 
The experimental set-up developed to study the 


chemical structure of HI/H2/O2/H2O/Ar flames is 
composed of four principal parts (Fig. 1). 
- The first one is the gas supply system linked to 


the gas mixing line and then the burner. A 
Vapour Generator (VG) is connected to the 
system for the supply of H2O (steam) and H2 
(which is used as carrier gas). Three other mass 
flow controllers are used to regulate the O2, Ar 
and HI flows. All gas lines are thermostated at 
150 °C to avoid water condensation. These lines 
are perfluoroalkoxy (PFA) or stainless steel 
(316L) tubes to limit corrosion problems. 


- The flat flame burner is located in a cylindrical 
low pressure (80-107 mbar) combustion 
chamber to stabilize the HI/H2/O2/H2O/Ar 
premixed flames. Several equipments are 
implemented on the chamber: an ignition device 
(electrical discharge), a capacitance pressure 
gauge (0-133 mbar), a control valve linked to a 
primary vacuum system (40 m3.h-1) to regulate 
the combustion chamber pressure, and a coated 
thermocouple (Pt/Rh 6-30%) for temperature 
measurement. Four optical Suprasil® windows 
are located on the combustion chamber to allow 
the use of optical diagnostics as Laser Induced 
Fluorescence (FIL).  


- The flat flame burner itself is composed of a 
stainless steel cylindrical tube topped by a 
porous (7 cm diameter, 2 cm thickness). The 
materials currently used for the porous are 
brass, stainless steel 316L or Inconel 600. These 
three metallic alloys have been tested in our 
experimental conditions. The burner is movable 
along the vertical axis allowing an accurate 
knowledge of the distance between the burner 
and the items such like the Pt/Rh 6-30% 
thermocouple and the sampling system 
described below. 
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- The last part is the sampling system itself 


constituted by a quartz (Suprasil® grade) 
microprobe which permits to sample the 
reactive environment. The microprobe is 
connected to a gas cell which has an optical path 
length of 10 metres, itself coupled to a FTIR 
(NEXUS-THERMO OPTEK) to analyze 
chemical species (HI and H2O). To avoid 
condensation of the steam, the gas cell is 
thermostated at 100 °C. 
The flames stabilized on the burner are one-


dimensional (flat), laminar and stationary. All 
macroscopic variables which permit to describe the 
flame vary only with the gaseous flow axis. That’s 
why this kind of reactor is ideally suited for kinetic 
studies since it allows a measurement free from 
physical and dynamical considerations such as 
turbulence. The coated thermocouple and the 
microprobe are fixed on the combustion chamber. 
As the flat flame burner can be moved vertically, 
we can resolve spatially the reactive environment 
and then measure the evolution profiles of the 
temperature and the chemical species in the flame 
(each sampling distance above the burner 
corresponding also to a reaction time). 


To fully characterize the flames, the influence 
of different parameters (pressure, equivalence ratio 
in fuel, total gas flow, reagents ratio, dilution) must 
be studied. The equivalence ratio (φ) is defined as 
the ratio of the experimental fuel-to-
oxidizer (ox) ratio to the stoichiometric (st) fuel-to-
oxidizer ratio Eq. (1): 


stoxfuel


oxfuel


nn


nn


)(
=ϕ             (1) 


n represents the number of mole of the specified 
species. In the {I, O, H} system studied, H2 and HI 
are the fuels and O2 the oxidizer. 


Working in corrosive conditions requires a 
fairly heavy maintenance of the experimental setup. 
The gas supply lines, the reactor and the FTIR gas 
cell are frequently cleaned.  


 
II.B Kinetic modelling and theoretical 


calculations  
 


A thermo-kinetic model consists of a detailed 
reaction mechanism which includes the different 
elementary reactions describing the behaviour of 
the chemical species involved, and the associated 
rate constants. The reaction mechanism is 
accompanied by a thermodynamic database. This 
last one contains the high temperature 
thermodynamic parameters (standard enthalpy and 
entropy of formation, calorific capacity) of all the 
chemical species involved in the mechanism. 


The kinetic modelling used to analyze the 
experimental results of this work is performed by a 
computational code included in the CHEMKIN II 
library. This library includes several computational 
codes able to model several kinds of reactors such 
as the PREMIX code that is used for flat flame 
burner. In addition to the data available in the 
literature, the theoretical chemistry tools may be 
used to calculate the thermo-kinetic data of key 
species and reactions to complete the 
thermodynamics database24. 
.


 


 


Vacuum 


Ar 


 


 


 


HI 


CH4 


C


E


M 
Burner with 


translation motion 
H2 


H2O 


HI 


CH4 


Pressure gauge Line heated at 100 °C 


 


100°


  


Microprobe 


Combustion 
chamber 


Mass flow controller 


O2 


Ar 


Thermostated 
gas cell 


C


E


M 


Gas mixing line 


 


Fig. 1. Experimental set-up. 
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III. RESULTS AND DISCUSSION 


 
Six parameters have been adopted to study the 


H2/H2O/HI/O2/Ar system. Three of them are 
representative of PWR severe accident conditions:  


- the H2O/(H2+H2O) ratio varies from 0 to 
25%; 


- the amount of HI in the mixture varies 
from 0 to 2%; 


- the equivalence ratio of the flame varies 
from 1 to 2 


The other three parameters have been adopted 
for experimental necessities: 


- the overall gas flow mixture is fixed to the 
value of 5 L/min; 


- the volume fraction of O2 is 15%; 
- the pressure in the combustion chamber is 


stabilized between 80 and 107 mbar. 
HI/H2/O2/H2O/Ar premixed flames have been 
stabilized in the full scale of the six parameters 
cited above in our experimental set-up. 


III.A FTIR measurements 
 


From standard HI/Ar mixtures (6% HI, diluted 
in Ar and injected in the FTIR gas cell at 126 
mbar), the IR spectrum of HI has been reproduced 
between 2000 and 2500 cm-1 as previously 
observed8,9 (Fig. 2. left side). However, in flame 
conditions, the structure of the HI spectrum 
(Fig. 2. right side) does not have the same 
characteristics as the one observed in the case of 
standard mixture. This phenomenon could be 
explained either by an effect of temperature (100 °C 
for standard mixtures against about 1500 °C in the 
flame before sampling) that modifies the 
rovibrational structure of HI, either by abnormal 
reactivity of HI on surfaces within the reactor and 
the sampling system. 


A first set of measurements in three 
HI/H2/H2O/O2/Ar premixed flames was performed 
by FTIR. The specific parameters of these flames 
are presented in Table I. The values of the 
H2O/(H2+H2O) ratio, the equivalence ratio and the 
pressure have been fixed in their lower bound to 
test the sensibility of the analytical technique. The 
small amount of HI (0,2%) in the first flame (n°1) 
has been fixed to test the behaviour of the materials 
of the experimental set-up against the corrosion due 
to the presence of HI . The amount of HI in flame 
n°2 (1%) has been fixed to increase the sensibility 
of the analytical technique for this species 
compared to flame n°1 (0,2%). The H2O/(H2+H2O) 
ratio in flame n°3 has been set to 0% to study the 


absence of steam in the flame compared to flame 
n°2 (20 %). 


Overall, the profiles in the three investigated 
flames are characterized by a significant dispersion 
of the experimental measurements. Only the less 
scattered results, obtained for the flame n°1 are 
presented here (Fig. 3); but the profiles obtained for 
the other two flames show similar trends for HI and 
H2O. If we look at the HI profile (Fig. 3. left side), 
we can see that the signal corresponding to the 
integration of the spectral range from 2319.0 to 
2232.2 cm-1 presents a decrease when the distance 
above the burner increases between 12 and 22 mm. 
The relative small consumption of HI observed 
between 0 and 12 mm, may be linked to a limited 
reactivity of iodine compounds in the flame, as it is 
usually the case for halogenated compounds which 
have an inhibitory effect on the combustion 
process25. On the other hand we have observed that 
the increase of the seeding rate of HI from 0.2% to 
1% did not induce a significant increase in the 
signal of HI in the flame whose signal-to-noise ratio 
is still very low. This could be explained by a high 
reactivity of HI outside the flame on different 
surfaces within the reactor. This hypothesis is 
confirmed by the systematic observation of several 
strong peaks located between 3000-2900 cm-1 and 
1300-700 cm-1 as shown on Fig. 4. These specific 
peaks are not observed in the IR spectrum of HI 
obtained via standard HI/Ar mixtures directly 
injected in the FTIR. Different tests have pointed 
out the origin of these peaks. They come from the 
reactivity between HI and aluminium present in 
several parts of the reactor, as a component or in 
traces: this is the case of the brass porous and the 
microprobe (initially made of natural quartz). Both 
contain both traces of aluminium. 


The H2O profile (Fig. 3. right side) shows an 
increase between 0 and 5 mm above the burner. 
Beyond 5 mm above the burner, the amount of H2O 
seems to be stabilized at a constant value. It is also 
important to note that the signal of H2O presents a 
significant value at the burner when the flame is not 
seeded with steam. This observation clearly 
highlights the need to optimize the H2O 
measurement procedure. 


Other problems have been encountered in this 
preliminary study of H2/H2O/HI/O2/Ar flames. The 
use of gaseous mixtures containing HI induced a 
strong oxidation of the brass porous and a corrosion 
of some parts of the gas supply network. Solutions 
have been implemented to overcome these 
difficulties or are in process. The brass porous has 
been replaced by a stainless steel one and the 
natural quartz microprobe has been replaced by 
quartz Suprasil® exempt from aluminium. 
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HI zone disrupted by H2O 
HI zone free of 
disruption by H2O 


 
Fig. 2. (left) HI standard mixture spectrum between 2000 and 2500 cm-1; (right) comparison of spectrum under flame 
conditions (red), HI standard mixture  spectrum (blue) and H2O spectrum (green). 


TABLE I 


Main parameters of the first H2/H2O/HI/O2/Ar premixed flames studied by 
FTIR.


 
Equivalence 


ratio Pressure  [H2O/(H2O+H2)]  HI H2 O2 (%) H2O (%) Ar (%) 


N° flame   (Torr) (%) (%) (l/h) (%) (l/min) (%) (l/min) (%) (g/h) (%) (l/min) 


(1) 1.3 60 20 0.2 0.60 38.90 1.89 15 0.74 9.73 20.89 36.18 1.85 


(2) 1.3 60 20 1.0 3.00 38.50 1.87 15 0.74 9.63 20.67 35.88 1.83 


(3) 1.3 60 0 1.0 3.00 38.50 1.87 15 0.74 0.00 0.00 45.50 2.37 
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Fig. 3. (left) HI profile between 2319.0 to 2232.2 cm-1, (right) H2O profile between 1407.8 to 1331.6 cm-1 in flame (1). 
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Fig. 4. FTIR spectrum of a HI/Ar standard mixture. 
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TABLE II 


Detailed kinetic mechanism of the {I, O, H} system. Rate constants are given as k = A Tn exp(-Ea/RT) expressed in mol.cm-3. 
A is the pre-exponential factor, T the temperature, n a constant, Ea the activation energy and R the gas constant. 


Rate parameters are the ones recommended by Bouhria4 for chlorine species. 


No. Reaction A (cm3.mol-1.s-1) N Ea (cal.mol-1) 
1 H + H + M → H2 + M 7.310E+17 1.000 0 
2 O + O+ M → O2 + M 1.140E+17 1.000 0 
3 O + H + M → OH + M 6.200E+16 0.600 0 
4 H2 + O2 → OH + OH 1.700E+13 0 47,780.00 
5 O + H2 → OH + H 3.870E+04 2.700 6,260.00 
6 H + O2 → OH + O 1.900E+14 0 16,812.00 
7 H + O2 + M → HO2 + M 8.000E+17 0.800 0 
8 H + OH + M → H2O + M 8.615E+21 2.000 0 
9 H2 + OH → H2O + H 2.161E+08 1.510 3,430.00 
10 H2O + O → OH + OH 1.500E+10 1.140 17,260.00 
11 HO2 + OH → H2O + O2 2.890E+13 0 -497.00 
12 HO2 + O → OH + O2 1.810E+13 0 -400.00 
13 H + HO2 → H2 +O2 4.280E+13 0 411.00 
14 H + HO2 → OH + OH 1.690E+14 0 874.00 
15 H + HO2 → H2O + O 3.010E+13 0 1,721.00 
16 HO2 + HO2 → H2O2 + O2 4.075E+02 3.321 1,979.00 
17 H2O2 → OH + OH 4.792E+14 -1.323 46,156.00 
18 H2O2 + OH → HO2 + H2O 5.800E+14 0 9,557.00 
19 H2O2 + H → HO2 + H2 1.700E+12 0 3,750.00 
20 H2O2 +H → H2O + OH 1.000E+13 0 3,590.00 
21 H2O2 + O → HO2 + OH 2.800E+13 0 6,400.00 
22 HI + H → H2 + I 1.440E+13 0 3,438.00 
23 H2 + I → HI + H 1.320E+13 0 4,074.00 
24 H + I + M → HI + M 1.000E+17 0 0 
25 HI + M → H +I + M 2.370E+17 0 103,419.32 
26 HI + O → OH + I 9.980E+10 2.110 4,024.00 
27 OH + I → HI + O 3.910E+12 0 5,393.14 
28 HI + OH → I + H2O 7.250E+10 2.120 -1,284.00 
29 I + H2O → HI + OH 1.580E+12 1.670 15,260.00 
30 H + I2 → HI + I 8.590E+13 0 1,170.34 
31 HI + I → H + I2 3.720E+13 0 47,517.19 
32 I + I + M → I2 + M 2.340E+14 0 -1,796.12 
33 I2 + M → I + I + M 1.280E+15 0 55,276.34 
34 I + HO2 → HI + O2 4.160E+13 0 0 
35 HI + O2 → I + HO2 8.770E+13 0 54,319.53 
36 I + HO2 → OH + IO 2.470E+13 0 888.50 
37 OH + IO → I + HO2 1.130E+12 0.300 -1,441.00 
38 I + HOI → HI + IO 4.170E+09 4.070 -337.00 
39 HI + IO → I + HOI 3.300E+12 0 11,572.90 
40 O + IO → I + O2 1.760E+13 -0.060 -83.46 
41 I + O2 → O + IO 1.010E+14 0 55,509.46 
42 HO2 + IO → HOI + O2 5.720E+09 2.370 5,111.00 
43 HOI + O2 → HO2 + IO 2.300E+12 0 46,156.97 
44 H2 + IO → HOI + H 1.000E+13 0 13,478.07 
45 HOI + H → H2 + IO 5.530E+08 4.890 425.00 
46 O + HOI → OH + IO 2.590E+11 1.460 932.00 
47 OH + IO → O + HOI 1.490E+12 0 12,937.32 
48 H + HOI → HI + OH 2.960E+12 1.200 372.00 
49 HI + OH → H + HOI 2.700E+12 0 49,622.86 
50 OH + HOI → H2O + IO 1.800E+12 0 993.59 
51 H2O + IO → OH + HOI 4.360E+12 0 26,447.17 
52 HOI + M → OH + I + M 1.760E+20 -3.010 56,627.97 
53 OH + I + M → HOI + M 2.000E+19 -3.010 1,833.14 
54 HOI → IO + H 8.120E+14 -2.090 93,536.83 
55 IO + H → HOI 1.130E+14 -2.090 -313.12 
56 I + IO → I2 + O 1.050E+12 0 9,114.35 
57 I2 + O → I + IO 2.650E+12 0 2,818.38 
58 I + HOI → I2 + OH 4.070E+11 1.390 -352.00 
59 I2 + OH → I + HOI 4.180E+11 1.500 1,437.00 
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III.B Modelling and calculation 


 
As mentioned previously, very few thermo-


kinetic data on iodine chemistry are available in the 
literature. On the other hand, chlorine has been the 
subject of studies in experimental conditions 
reasonably close to those investigated in the present 
work. So a first detailed kinetic mechanism for 
iodine chemistry has been developed by analogy 
with this halogenated compound. To model the 
HI/H2/O2/H2O/Ar premixed flames the mechanism 
takes into account 21 reversible reactions for the 
{O, H} system26, and 38 reversible reactions for 
iodine chemistry (Table II). Because of the lack of 
thermo-kinetic data available in the literature about 
iodine species, the rate parameters we have chosen 
to use in the iodine sub-mechanism are the ones 
recommended by Bouhria4 for chlorine species. 
Regarding HI the results of the first calculations 
with this model do not yield satisfactory results. As 
shown on Figure 5, the comparison between 
experimental and calculation results obtained for HI 
and H2O do not point out a good agreement. 
However the mechanism reproduces experimental 
observations about the H2O formation and HI 
consumption near the burner (below four 
millimetres above the burner). Moreover, the model 
predicts an increase of HI amount from four 
millimetres above the burner that has not been 
observed experimentally.  
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Fig. 5. comparison between experimental and 
simulated profile normalized at the zero (mm) above 
the burner, (a) HI profile, (b) H2O profile; blue, flame 
(1), red, flame (2) and green, flame (3). 


 


An optimization of the kinetic mechanism is 
needed. In this view, complementary to the 
experimental data which will be gained from the 
study of the flames, the rate constants of 10 
reactions, involving iodine were already calculated 
using theoretical chemistry tools24. 


 
IV. CONCLUSION 


 
The experimental set-up for the study of the 


{I, O, H} thermokinetic system has been 
implemented. H2/H2O/HI/O2/Ar one-dimensional 
flames were generated and stabilized in a wide 
range of experimental conditions. 


The first profiles of HI and H2O have been 
drawn by means of FTIR for three flames 
conditions, stabilized at 80 mbar with an 
equivalence ratio of 1.3 and a HI percentage (v/v) 
of 0.2% and 1%. Although the experimental 
measurements are widely dispersed, a formation 
profile for H2O and a consumption profile for HI 
are measured. 


A second measurement campaign for the 
establishment of HI and H2O calibrated profiles will 
be carried out as soon as the technical difficulties 
encountered during the first campaign will be 
solved. The temperature profiles will be also 
measured during this second campaign.  


A bibliographic study for the implementation 
of species (I, IO, I2, HI) measurement by Laser 
Induced Fluorescence (LIF) is underway. The LIF 
will be used firstly for the measurement of the OH 
radical profiles27. In order to complete the 
experimental database, the acquisition of another 
iodinated species (IO, I2) profiles by LIF is also 
foreseen. 


A first detailed kinetic mechanism of the 
{I, O, H} system has been developed by analogy 
with chlorine. The first comparisons between 
experiment and modelling show that an 
optimisation of the model is necessary. 
Complementary to the experimental data, the 
thermokinetic parameters determined by theoretical 
chemistry tools will be used to improve the kinetic 
model. 
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Abstract – The corrosion behavior of four nickel-based superalloys, Inconel 617, Incoloy 800H, 
Haynes 230, and Hastelloy X, was studied in various nitrogen-containing atmospheres in the 
temperature range between 1273 and 1523 K. Inner and outer oxidation, inner nitriding, and 
decarburization were observed. Aluminum, titanium, and chromium nitrides were found after 
annealing in pure nitrogen and in N2/Ar/H2 atmosphere. Chromium and tungsten carbides 
disappeared.  Instead of these carbides, a chromium and tungsten-rich phase was formed at the 
grain boundaries. The type of corrosion products and the kinetics of their formation will be 
described. The suitability of these alloys for application in the intermediate heat exchanger and in 
the nitrogen atmospheres of the second cooling circuit will be discussed.     


 
 


I. INTRODUCTION 
 
Within the framework of the Generation IV initiative, 


concepts for the very-high-temperature reactor (VHTR) are 
developed at different places. The coolant of the primary 
circuit of the VHTR will be helium because of its 
chemically inert reaction behavior and its good 
thermodynamic and neutronic properties. For the 
secondary cooling cycle, also other gases can be applied as 
coolant, because neutronic properties play no role here. 
Nitrogen is one candidate because of its good thermo-
hydraulic properties and its low costs1,2. However, the 
corrosion behavior of materials applied in the intermediate 
heat exchanger (IHX) at operation temperatures of 1150 - 
1300 K has to be investigated in pure nitrogen or nitrogen-
containing atmospheres to ensure safe operation. 


At the Institute for Applied Materials of the Karlsruhe 
Institute of Technology, the corrosion behavior of nickel-
based superalloys was studied in pure nitrogen, air, and in 
an N2/Ar/H2 atmosphere. The investigations covered the 
nickel-based superalloys Inconel 617, Incoloy 800H, 
Haynes 230, and Hastelloy X. These alloys are candidates 
for use as IHX materials.  


The corrosion behavior of nickel-based superalloys in 
VHTR-related atmospheres like helium or air was 
investigated extensively 3-10. The occurring processes can 
be complex. Oxide scales may consist of different layers of 
Al2O3, Cr2O3, or iron oxides. Compact scales formed from 
alumina or chromium oxide may prevent further corrosion. 
Additionally, oxides can be precipitated in the alloy matrix, 
known as inner oxidation.  


Carbon exchange between the metal and gas 
environment is well understood. Carburization and 
decarburization of nickel-based superalloys are controlled 
by the chemical activity of carbon in the alloy and the 
partial pressure of H2, CH4, CO, and CO2 in the 
atmosphere11-13. However, information about the material 
interaction in nitrogen-rich atmospheres was found for air 
oxidation only. Under these conditions, no nitriding was 
observed. 


The corrosion processes, inner as well as outer 
corrosion, are diffusion-controlled. Therefore, parabolic 
reaction kinetics can be expected.  For inner corrosion, it 
can be described by 


tTDtT N ⋅⋅= )(2),(ξ  (1a) 


ξ is the penetration depth of the precipitates, DN is the 
nitrogen diffusion coefficient, and t the time. A comparable 
relation exists for the mass gain Δm: 


tKm m ⋅=Δ  (1b) 


Km is the mass gain rate. From the temperature 
dependence of the diffusion coefficient or the mass gain 
rate, the activation energy QA of the processes occurring 
can be determined according to the Arrhenius law given in 
Eq. (2): 
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0ND  is the pre-exponential factor, R the universal gas 


constant (8.314 J mol-1K-1), and T the absolute 
temperature. Eq. (2) is valid as long as the phase 
composition of the system is not changed.  


The investigations were performed at temperatures 
above the operation values to reduce the annealing times. 
The thermodynamic parameters determined in these 
experiments allow for an extrapolation of the reaction rates 
to VHTR operation temperatures.  


Often, more than one process occur. At temperatures 
of 1273 K and above, not only oxidation and nitriding take 
place. Decarburization has to be taken into account, too. 
This paper will present the results of investigations of the 
corrosion behavior of selected nickel-based superalloys 
annealed in different nitrogen-containing atmospheres at 
temperatures between 1273 and 1523 K. It will be focused 
on the corrosion type and corrosion kinetics after 
annealing in pure nitrogen. 


 
 


II. MATERIALS AND EXPERIMENTS 
 


Commercially available alloys were used for the 
investigations. Table I gives an overview of the applied 
commercial nickel-based superalloys and their nominal 
chemical composition. Disks with a thickness of 1 mm 
were turned off from rods with diameters between 9.5 and 
19.5 mm depending on the material. A pretest with 
simultaneous air annealing of a turned specimen and a 
ground and polished one did not reveal any differences in 
terms of the mass gain between these two surface 
preparations.  


The mass of the disks was measured before and after 
annealing. Specimens of all four alloys were placed in a 
horizontal tube furnace in a corundum holder. The 
investigations were performed under normal pressure. Gas 
flow and composition were controlled by “Bronkhorst” 
mass flow controllers. The quality of the gas atmosphere 
was monitored by a state-of-the-art mass spectrometer 
measuring the composition of the offgas. Fig. 1 represents 
the facility schematically.  


Oxygen impurities of some 10-5 could not be avoided 
because of furnace loading in air and very fine leaks at the 
pipe connections. After establishing a clean argon 
atmosphere, the furnace was heated to the isothermal test 
temperature. When the experiment started, argon was 
switched off and the flow of the test atmosphere was 
established. Three different atmospheres were applied: 
Pure N2, a mixture consisting of 50 % N2 + 47.5 % Ar + 
2.5 % H2, and synthetic air (21 % O2 + 79 % N2). After a 
pre-defined time, the test gas was switched off and the 
specimens were cooled to room temperature in argon.  


 The specimens were removed, embedded in epoxy 
resin, and cut into two halves. The cross section was 


ground and polished and investigated in a scanning 
electron microscope (SEM) JOEL JSM-6100. 


 
TABLE I 


Nominal chemical composition of the superalloys 
investigated 


Alloy Ni Cr Co Mo W Fe Al Ti 


Inconel 617 53 22 12.5 9 - 1.5 1.2 0.3 


Incoloy 
800H 


32 21 1 - - 44 0.4 0.3 


Haynes 230 56 22 2.5 2 14 1.5 0.4 - 


Hastelloy X 48 22 1.5 9 0.6 18.5 - - 


 


 
Fig. 1. Schematic representation of the applied furnace 
system. 


 
 


III. RESULTS AND DISCUSSION 
 


A small oxide layer at the surface was found on every 
material investigated after annealing in all atmospheres. 
Such layers are also formed in pure nitrogen or N2/Ar/H2 
atmosphere because of oxygen impurities in the gas phase. 
Calculations of the free Gibbs energy prove that aluminum 
and chromium oxide are thermodynamic stable, also in 
hydrogen-containing atmospheres. A significant growth 
with time was found only in synthetic air. However, layer 
growth is relatively slow in this atmosphere.  


The four superalloys differ significantly in other 
corrosion features.  


 
III.A. INCONEL 617 


 Corrosion products are clearly visible in the SEM. 
Fig. 2 shows dark rod-like nitride precipitates at the 
surface of Inconel 617 after 4 h annealing in pure nitrogen 
at 1373 K. As obvious from the EDX analysis in Fig. 3, the 
precipitates are AlN and TiN. Because of the concentration 
differences, aluminum nitrides dominate.  
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Fig. 2. Nitride precipitates and small oxide scale in Inconel 


617 after 6 h annealing in pure nitrogen at 1373 K. 
 


+2


+1


+1


+2


 
Fig.3. Aluminum and titanium nitride formed in 
Inconel 617 together with their EDX spectra. 


 
Fig. 4 plots the averaged penetration depth versus the 


annealing time for the temperatures investigated. The 
parabolic behavior expected according to Eq. (1a) for 
diffusion-controlled processes is clearly confirmed for all 
temperatures. From the data, the diffusion coefficients 
were derived. The temperature dependence is obvious. 


An Arrhenius plot of the temperature dependence of 
the nitrogen diffusion coefficient determined for titanium 
and aluminum nitride is given in Fig. 5. The linear 
dependence shows that Eq. (2) can be applied.  


The penetration depths of the titanium and aluminum 
nitrides differ. They are larger for TiN than for AlN, 
showing that nitrogen firstly reacts with titanium. Only 
when titanium is consumed, are aluminum nitrides formed. 
The slopes of the curves are more or less the same and so 
is the activation energy of the formation of both types of 
precipitates.  
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Fig. 4. Dependence of the nitride penetration depth ξ on 
annealing time and temperature. 
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Fig. 5. Temperature dependence of the nitrogen diffusion 
coefficient determined for TiN and AlN. 


 
Thus, nitrogen diffusion determines the precipitation 


kinetics of both TiN and AlN.  
The corrosion behavior of Inconel 617 in N2/Ar/H2 


atmosphere is comparable. However, the mass gain is 
lower in this atmosphere than in pure nitrogen. The reason 
may be a decarburization by the reaction between 
chromium carbide and hydrogen: 


Cr23C6 + 12 H2 → 23 Cr + 6 CH4 (3) 


In synthetic air, no nitrides are formed. Oxidation of 
titanium and aluminum is more thermodynamic preferred 
than nitriding. Inner and outer oxidations occur. The 
penetration depth of inner oxides (chromium and 
aluminum oxides) is lower than the penetration depth of 
nitrides after annealing in pure nitrogen by about one order 
of magnitude.  


 
III.B. INCOLOY 800H 
This superalloy shows the highest corrosion 


susceptibility of all four materials investigated.  
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After annealing in pure nitrogen and N2/Ar/H2 
atmosphere, titanium and aluminum nitrides are formed in 
this material. The corrosion products are the same as in 
Inconel 617, but the number of AlN precipitates is smaller, 
corresponding to the lower aluminum content in this alloy. 
In addition to the rod-shaped precipitates found in 
Inconel 617, also aluminum nitrides of hexagonal cross 
section were found (see Fig. 6, left lower corner).  


In Incoloy 800H, nitriding is accompanied by the 
formation of a large number of surface cracks and a 
roughening of the surface shown in Fig. 6. During 
metallographic preparation, material parts were spalled off 
the surface region, indicating material embrittlement at 
these positions.  


The reaction rate of Incoloy 800H in synthetic air is 
significantly higher than of Inconel 617. As in Inconel 617, 
inner oxidation occurs. Aluminum oxides precipitate in the 
superalloy matrix.  
 


 
Fig. 6. Nitride and crack formation at the surface of a 
Incoloy 800H specimen annealed for 810000 s at 1473 K 
in pure nitrogen atmosphere. 
 


III.C. Haynes 230 
Haynes 230 reveals the lowest affinity to nitrogen of 


all four alloys investigated. The corrosion of this alloy 
processes in nitrogen-containing atmospheres differ 
significantly from those in Inconel 617 and Incoloy 800H.  
Disappearance of tungsten carbides after annealing is 
obvious in all atmospheres applied. Fig. 7 shows an about 
300 µm thick zone without carbides (bright globular 
precipitates). As a result of mass loss due to 
decarburization, oxidation or nitriding cannot be studied in 
terms of mass gain. The highest decarburization was found 
in synthetic air, followed by N2/Ar/H2 atmosphere. In this 
material, the following reactions occur: 


WC + O2 → W + CO2, (4) 


WC + 2H2 → W + CH4 (5) 


depending on the gas environment. The decrease of the 
mass gain rate between 1373 and 1423 K in an N2/Ar/H2 
environment and between 1473 and 1523 K in pure 
nitrogen shown in Fig. 8 is the consequence of 
decarburization. 


The remaining metallic tungsten forms a new phase 
together with chromium. In the carbide-free zone at the 
surface, tungsten- and chromium-rich precipitates (light 
gray) occur at the grain boundaries. Comparison of the 
weight gain with the weigth change of specimens annealed 
in an inert argon atmosphere at the same temperatures and 
EDX measurements indicates that this phase also contains 
nitrogen. Only very few chromium nitrides were found.  


The corrosion of Haynes 230 in air is slow. Inner 
oxidation occurs in this alloy, too. After 60 h annealing at 
1523 K, the layer with internal aluminum oxides has a 
thickness of less than 90 µm.  


 


 
Fig. 7. Carbide (bright globular objects)-free zone in 
Haynes 230 after 60 h annealing at 1473 K in synthetic air.  
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Fig. 8. Temperature dependence of the mass gain rate of 
Haynes 230 in pure nitrogen and N2/Ar/H2. 
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III.D. Hastelloy X 
Corrosion susceptibility of this alloy is the second 


highest after Incoloy 800H. The type of corrosion products 
varies with the environment, temperature, and time. 
Aluminum and chromium nitrides (dark gray rod-shaped 
precipitates in Fig. 9) are found even though aluminum is 
no nominal alloying element. As for Haynes 230, de-
carburization and formation of tungsten- and chromium-
rich phases are observed at the grain boundaries shown in 
Fig. 9. Due to the lower tungsten content, however, the 
concentration of this phase is lower than in Haynes 230.  


At 1523 K, the oxidation in synthetic air is fast. The 
surface region is destroyed partly by spalling of oxides, 
resulting in roughening of the sample surface. 


Apart from the precipitates, more or less globular 
pores with dimensions from few microns up to about 
30 µm are formed in regions close to the surface in 
N2/Ar/H2 atmosphere. They grow with increasing 
annealing time and temperature. The reasons for the 
formation of these pores are under investigation. 


 


 
Fig. 9. Decarburization and chromium and aluminum 
nitrides in Hastelloy X after 2 h annealing in pure nitrogen 
at 1523 K. 
 


III.E. Comparison of the Alloys                                                                                                                                                                     
As the processes occurring in the four alloys differ 


significantly, comparison of the materials is difficult. 
Based on the mass gain, however, corrosion susceptibility 
of the different materials can be compared. Fig. 10 depicts 
the temperature dependence of the mass gain rates during 
annealing in pure nitrogen in an Arrhenius plot. For 
Inconel 617 and Incoloy 800H, a nearly linear dependence 
is found, indicating that nitriding is the dominant process. 
In contrast to this behavior, the mass gain rate at 1523 K 
was observed to decrease in Haynes 230 and Hastelloy X. 
This shows that decarburization is a significant second 
process resulting in a mass decrease in these alloys at high 
temperatures.  


The slope of the curves in Fig. 10 indicates that 
nitriding in Incoloy 800H has a higher activation energy 
than in Inconel 617. As nitriding and decarburization occur 
simultaneously in Haynes 230 and Hastelloy X, no clear 
statements can be derived with regard to the activation 
energies. 


Comparison shows that the differences between the 
four alloys are small at temperatures below 1400 K and, 
hence, at the projected operation temperature.  


Incoloy 800H exhibits the highest mass gain at 
temperatures above 1400 K. 
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Fig. 10. Arrhenius plot of the temperature dependence of 
the mass gain coefficient during annealing in pure nitrogen 
 
 


IV. CONCLUSIONS 
 


All superalloys investigated are subject to significant 
corrosion in pure nitrogen, nitrogen/argon/hydrogen, and 
synthetic air atmospheres at high temperatures. Oxidation, 
nitriding, and decarburization are observed. For all 
materials and atmospheres and even in the hydrogen-
containing gas environment, oxide layers are found at the 
surface. The thickness of the layers is small for pure 
nitrogen and N2/Ar/H2 atmospheres and increases with 
time during corrosion in air. 


The behavior of the alloys in pure nitrogen and in 
N2/Ar/H2 atmospheres is similar. Nitrides are formed under 
these conditions mainly in materials alloyed with titanium 
and aluminum. In synthetic air, only oxides were found. 


 Decarburization is observed in tungsten-containing 
alloys. Instead of the disappearing carbides, chromium- 
and tungsten-rich precipitates are formed at the grain 
boundaries.  


Under these conditions, Incoloy 800H shows the 
highest and Haynes 230 the lowest corrosion susceptibility. 


Rod-shaped precipitates are known to decrease 
ultimate strength and fracture toughness. They are 
nucleation points for fatigue cracks. It remains to be 
confirmed that even for completely nitrided materials, the 
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safety margins are wide enough to exclude static or cyclic 
fracture in the IHX. This would result in a mixing of the 
coolants of the first and second circuit, in changes of the 
chemical, thermodynamic, and neutronic conditions in the 
first cooling circuit, and in a contamination of the second 
circuit.     


Other systems, including those with protective (oxide) 
scales, have to be investigated to find a setup applicable 
for the VHTR-IHX. 
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NOMENCLATURE 
 


VHTR Very-high-temperature reactor 
IHX Intermediate heat exchanger 
Inconel 617 
Incoloy 800H 
Haynes 230 
Hastelloy X 


Producer names of the superalloys 
applied for the investigations 


EDX Energy-dispersive X-ray analysis 
SEM Scanning electron microscope 
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The Sulfur-Iodine thermochemical cycle is one of the candidates of effective nuclear hydrogen 
production processes with VHTR. This cycle includes three steps and among them, the hydrogen 
iodide(HI) decomposition step is a bottleneck of overall hydrogen production efficiency because of 
the low thermodynamic yield and reaction rate. Therefore, there have been number of trials to 
improve HI decomposition efficiency using various methods, such as distillation and membrane, 
mainly challenging to overcome the thermodynamic equilibrium yield around 25% at 500°C of the 
conventional reaction temperature. This article shows the adsorption-desorption method for 
overcoming thermodynamic yield and giving low temperature catalytic activity. The selective 
adsorption-desorption of HI, iodine and hydrogen took place on the surface of the porous nickel 
catalyst through temperature swing. However, this method needs discontinuity of process and high 
value of yield declined after number of tests. Thus, we found an optimal temperature which 
produces a largest yield during the simultaneous adsorption-desorption process, around 300°C. 
Through an experimental study, we could confirm the overcoming of the thermodynamic yield and 
demonstrated the feasibility of the simultaneous adsorption-desorption process providing the 
stable decomposition yield at lower temperature. 


 
 
 


I. INTRODUCTION 
 
The Sulfur-Iodine thermochemical cycle is one of the 


candidates of effective nuclear hydrogen production 
processes with VHTR. This cycle includes three steps, 
Bunsen reaction, sulfuric acid decomposition and 
hydrogen iodide decomposition steps. Among those steps, 
the hydrogen iodide decomposition step is a bottleneck of 
overall hydrogen production efficiency because of low 
thermodynamic yield and reaction rate. Therefore, there 
have been number of trials to improve HI decomposition 
efficiency using various methods, such as distillation and 
membrane, mainly challenging to overcome 
thermodynamic equilibrium yield around 25% at 500°C, 
which is conventional reaction temperature. In case of 
catalysts, though platinum or titanium shows high catalytic 
activity at conventional temperature, problems are that the 
costs of those metals are greatly high and physical 
degradation occurs. 


In this article, we show the adsorption-desorption 
method for overcoming thermodynamic yield and giving 
low temperature catalytic activity. Using porous support 
material, adsorption and selective adsorption-desorption 


through temperature change can give hydrogen conversion 
higher than thermodynamic yield because of product loss 
for maintaining reaction equilibrium inside. Additionally, 
this method can provide relatively reasonable 
decomposition yield even at lower temperature. 


The objective of this research is to develop the better 
HI decomposition process. This study includes two 
categories of experiment: temperature swing method and 
continuous process.  


 
II. HI DECOMPOSITION EXPERIMENT 


 
We performed the HI decomposition experiment to 


see whether we can overcome thermodynamic yield or not, 
and to find low temperature catalytic decomposition yield. 


 
II.A. Materials 


 
Hydriodic acid of azeotropic condition(57wt%) is 


prepared for decomposition test as a reactant and Nickel on 
silica/alumina(Sigma-Aldrich, surface area=190m2/g) is 
used for catalyst and adsorbent. Quartz wool(Quartz 
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scientific, Inc.) is prepared to support catalyst inside the 
reactor unit. 


 
II.B. Apparatus and Methods 


 
Fig. 1 shows the experimental apparatus. The electric 


furnace is used to keep the target temperature for reaction 
and the reactor consists of quartz pipe in 1 inch diameter. 
The catalyst is loaded inside of the quartz pipe, using 
quartz wool as a support for the powder catalyst at the top 
and bottom of catalyst level. 


 


 
Fig. 1  Experimental apparatus for continuous HI 
decomposition test. 


 
For temperature-swing process, HI 1ml is directly 


injected into quartz reactor by syringe at the top part of 
reactor. Injected HI is captured in the upper part of quartz 
wool, and then evaporated and flows into adsorbent-
catalyst level. Decomposition occurs at catalyst part, 
giving product, hydrogen. This hydrogen and carrier gas 
pass through the water and trap part to exclude impurity in 
the gas such as undecomposed HI in the way into the inlet 
side of GC(Gas Chromatography, DS6200, DS science) 
which is gas composition analyzing equipment, and then 
analyzed. After reaction, we raise furnace temperature to 
regenerate adsorbent–catalyst by desorbing iodine and HI. 


Fig. 1 shows experimental apparatus for continuous 
decomposition process. HI feed is supplied into the 
evaporator by the micropump with 0.1ml/min, mixed with 
carrier gas of 20ml/min and moves to the reactor. HI and 
carrier gas mixture passes through catalysts and HI is 
decomposed. Unreacted HI and iodine molecules are 
trapped through water and sodium thiosulfate solution.  
 


II.A. Material Analysis 
 


Before starting the experiment, thermogravimetry 
analysis(TGA) is conducted for an adsorbent to get the 


adsorption and desorption temperature information about 
HI and iodine. Hydrogen and water are desorbed 
immediately. After reaction, BET, SEM, XRD tests are 
done to compare used catalyst condition with fresh 
catalysts. 


 
 


III. RESULTS 
 


III.A. Experimental result 
 


Figure 2 shows TGA results for HI and iodine 
molecules. Both materials show a sharp decline in mass 
around 300°C, which means that the adsorbent adsorbs 
reactants below that temperature and desorbs as the 
temperature increases. Using this mechanism, HI is 
adsorbed at 250°C and then decomposed into hydrogen 
and iodine. Produced hydrogen is instantly desorbed out 
causing continuous reaction due to Le Chatelier's principle. 
After decomposition, we can desorb by increasing 
temperature around 400°C and can recover adsorption sites 
to adsorbent. This process is called temperature swing. 


 


 
 


Fig. 2 TGA results for HI(top) and I2(bottom). 
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The decomposition yield is calculated by hydrogen 
production quantity. When 1ml of HI is completely 
decomposed into hydrogen and iodine, 92ml of hydrogen 
gas is produced. Thus, accumulated decomposition yield is 
calculated as follows: 


 


 
 
Figure 3 shows the accumulated decomposition yield 


at 250°C for 1ml of HI, showing around 40%, which is 
much above the thermodynamic yield, 15%. Thus, we 
could see that adsorption and decomposition reaction can 
produce more amount of hydrogen than the 
thermodynamic limitation. However, when we regenerated 
catalyst around 550°C for 1 hour after reaction and 
performed same experiment at the same condition, there 
was no production of hydrogen. This means that this 
temperature, 550°C, is not the proper condition for 
regeneration of catalyst.  


 
 
 


 
Fig. 3 Hydrogen yield of  HI decomposition for 1ml of 


hydriodic acid at 250°C with regenerations at 550°C. 
 
We performed experiments at more temperature 


ranges to find the appropriate regeneration condition. A 
regeneration process at 350°C was firstly tested and did 
not give a regeneration effect like 550°C. 450°C gave a 
partial regeneration effect, as shown in figure 4, but there 
was the decrease in conversion yield with regeneration 
processes.  


 


 
Fig. 4 Hydrogen yield of HI decomposition for 1ml of 


hydriodic acid at 250°C with regenerations at 450°C. 
 
Experimental result at the same condition with 


regeneration at 400°C is shown at figure 5. This 
regeneration condition offered not so steep decline in 
decomposition yield with almost 10 times of regeneration 
process. Compared to thermodynamic yield at 250°C, 
15%, it gives reasonable conversion ability even with 
several regeneration processes. Thus, we concluded that 
the proper regeneration for this adsorption-desorption 
process is 400°C with 250°C reaction temperature. 


 


 
Fig. 5 Hydrogen yield of  HI decomposition for 1ml of 


hydriodic acid at 250°C with regenerations at 400°C. 
 
However, the temperature swing method needs 


discontinuity of process and shows high value of yield 
declined after several tests. This means that a practical 
decomposition plant should have the discontinuity of 
operation of decomposer and need to replace catalyst-
adsorbent. Therefore, we thought to observe 
decomposition yield with continuous feed of HI without 
temperature swing. We assumed that at certain temperature 
between adsorption and desorption range, 250°C to 450°C, 
we will be able to observe the simultaneous adsorption and 
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desorption to give adsorption site and decomposition 
activity continuously. We found an optimal temperature 
which produces a largest yield based on the simultaneous 
adsorption-desorption process. At this point, HI adsorption 
and iodine desorption can be balanced to give continuous 
decomposition without temperature-swing method. 


The experiment proceeds with some steps. Firstly, 
multiple injection of several milliliters of HI to the 
adsorbent-catalyst without any desorption process, to see 
the adsorption capacity and partial desorption effect of HI 
and iodine. And then, continuous HI feed experiment is 
conducted to get the decomposition yield at the balance 
state of adsorption and desorption. 


The results of multiple injection tests at 250°C with 3g 
of catalyst are shown in fig. 6. 1st and 2nd, 3rd means that 
there were three times of HI injection and decomposition 
yield analysis graphs were drawn at each injection. 
Catalyst decomposes 2ml of HI up to 50%. However, for 
HI more than 2ml, decomposition yield decreases to 30% 
because of the filling of the adsorption sites with HI and 
iodine molecules. After adsorption site occupation, HI gas 
only can contact the catalyst surface giving only the 
catalytic decomposition effect in gas phase, which is quite 
low for Nickel catalyst in this temperature region. 


 


 
Fig. 6 Hdrogen yield of HI decomposition for several 


mililiters of hydriodic acid at 250°C without regeneration 
 


On the other hand, in the case of 300°C reaction, though 


decomposition yield for 1ml is lower than that at 250°C 
reaction, decomposition yield decrease rate is much less 
than that of previous experiment. According to TGA 
results, 300°C is middle of the adsorption and desorption 
temperature range, over which portion of HI and iodine are 
adsorbed and desorbed simultaneously. Because of this 
simultaneous adsorption-desorption, adsorption sites can 


be recovered while reaction occurs. Even with a continuing 
drop, total conversion yield will be better at 300°C for 


several milliliters of HI than that of 250°C, because, if 
there is no partial desorption, all of the adsorption sites 
will not be able to be reused to give continuous 
decomposition. From this experiment, we found that the 
reaction temperature for the continuous operation will be 
300°C rather than 250°C or 350°C, which yields no 
conversion yield, without temperature-swing process. 


 


 
Fig. 7 Hdrogen yield of HI decomposition for several 


mililiters of hydriodic acid at 300°C without regeneration 
 


With previous experiments, we found that 300°C is 
the reaction temperature for continuous HI decomposition 
in the method of simultaneous adsorption-desorption 
process. After that, we assumed to have a point of 
simultaneous adsorption-desorption of HI and iodine will 
be in a balance, which is meaning that adsorption amount 
and desorption amount are same after certain amount of 
adsorption site occupation, so we can get a stable 
decomposition yield. Thus, we did experiment until the 
decomposition yield reached a constant value after the 
certain amount of yield drop. 


At 300°C, 0.1ml/min of HI was fed continuously to 3g 
of catalyst. Results are shown in figure 7. At early phase, 
conversion yield was almost 20%, and declined to 4.7%. 
This value had been held about 1hr, and is expected to be 
maintained, because there is almost no thermal degradation 
due to lower temperature.  
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Fig. 8 Hydrogen conversion yield at 300°C for 


0.1ml/min. HI feed with 3g of catalyst. 
 


With 6g of catalyst under the same condition, the yield 
becomes 30% at peak yield and 7.3% during stable yield. 
The reason is assumed that the rate of adsorption-
desorption depends on not only adsorption site capacity, 
but also some other aspects such as catalyst degradation. 


 


 
Fig. 9 Hydrogen conversion yield at 300°C for 


0.1ml/min. HI feed with 6g of catalyst. 
 


One more thing to pay attention to this adsorption-
desorption decomposition process is that this reaction is 
not affected by water content in HI solution, due to the 
immediate desorption of excess water molecules except 
those for reaction to make hydrated NiI2 compound. This 
can be compared to the gas phase catalytic decomposition 
reaction, because at the temperature below 700°C, water 
molecules surrounds HI molecules interrupting the contact 
between HI and other material. Thus, we can apply this 


characteristic for reaction with no concern on the water 
content, especially for under-azeotropic HI solution.  


 
III.B.Material analysis result 


 
As stated above, the temperature swing process 


accompanies decomposition degradation. To search out the 
major reason of this adsorbent-catalyst degradation, we 
conducted some kinds of fresh-spent –regenerated catalyst 
analysis. 5 tested samples are explained in table I. 


 
TABLE I 


Sample names and details for material analysis 


Sample name Status 


Fresh Unused catalyst 


Used Catalyst used to decompose HI at 250°C  


Fresh – 550  Heated fresh catalyst at 550°C 


Used – 550 Used and regenerated catalyst at 550°C 


Used – 450 – 
used 


Used – regenerated at 450°C and one 
more time used catalyst at 250°C 


 
Firstly, BET is conducted to see the surface area change. 


Result is shown on table II. It includes information about 
surface area, pore volume and pore size analysis data. 
There is a big drop in surface area between fresh and used 
catalyst because HI and iodine fill adsorption sites, giving 
smaller reactant contact area than fresh catalyst. Those 
sites are expected to be recovered by desorption during 
heating process. However, after heating to 550°C, has less 
increase in surface area than the used catalyst, which 
means there was incomplete desorption of HI and iodine, 
and stuck HI and iodine promote the thermal damage of 
the surface. And when this is compared to fresh-550 
sample, they show big difference although in the same 
heating condition, stuck HI and iodine promote the thermal 
damage of the surface. The reused catalyst after 
regeneration has far smaller surface area than just spent 
catalyst, because HI and iodine which are fixed even after 
regeneration take adsorption sites additionally with fed HI. 
In case of pore, we can observe increased pore size 
through reaction and regeneration, because the number of 
small pore is decreased making bigger average pore size.  


According to the analysis result, we could know that 
there is damage caused by heat, but HI and iodine 
existence during heating process give effect on catalyst 
degradation. Pore, which is actually supplying adsorption 
site, has volume decrease after decomposition reaction and 
only partially recovered after heating. And also, with 
regeneration process, the number of small pore declines 
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giving bigger average pore size, and this value is relatively 
much different from that of fresh catalyst. 


 
TABLE II 


BET result 


 Fresh Used Fresh 
- 550 


Used - 
550 


Used-
450- 
used  


surface 
area(m²/g) 141 82.12 131.4 89.29 60.75 


Pore volume 
(cm³/g) 0.281 0.174 0.285 0.314 0.168 


Pore size 
(nm) 7.967 8.48 8.66 14.05 10.85 


 
As shown in table III, XRD results told that fresh 


catalyst including Nickel and Silicon nickel turns to nickel 
iodide hydrate status by decomposition reaction, and this 
structure gets back to the Nickel and Silicon Nickel status 
with regeneration step. With this result, we could know 
that chemical species generated during decomposition 
reaction successfully goes back to the original condition. 
This result says that during regeneration, when we exclude 
oxygen in carrier gas, there will be no Nickel Oxide 
compound which disturbs catalytic activity of Nickel. 


 
TABLE III 


XRD peak analysis result 


Sample name Main material 


Fresh Nickel.syn, Silicon Nickel 


Used Nickel Iodide Hydrate 


Fresh – 550 Nickel Oxide 


Used - 550 Silicon Nickel, Nickel.syn 
 
SEM pictures are shown in fig. 10-12. Through reaction 


and regeneration, Nanoparticles of fresh catalyst have 
loose structure as shown in picture, giving small pores 
between and inside the structure, but used catalyst and 
regenerated catalyst have the more dense structure of 
particles covering small-size pores such as few 
nanometers, so average pore size gets bigger. This means 
the physical degradation of catalyst surface structure such 
kind of surface area decrease and pore size growth, giving 
a lower chance to HI and iodine molecules of contacting 
the Nickel catalyst. 


 


 
Fig. 10 SEM picture for Fresh sample 


 


 
Fig. 11 SEM picture for Used sample 


 


 
Fig. 12 SEM picture for Used-550 sample 
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At last, we conducted ICP tests to get a Nickel content 


information to see whether there is Nickel loss or not.  The 
results are stated at Table IV. 


Analyzing ICP results has some problem because it 
presents the weight percent of Nickel in the sample, which 
is related to the adsorbed materials, so those should be 
considered. ICP results of Fresh and Fresh-550 samples 
show that there is partial nickel loss during heat treatment. 
Ratio was around 5%. In the case of used samples, Nickel 
content decreased, but we could not be sure about the 
complete amount of nickel loss, because HI and iodine 
portion is not known.  


 
TABLE IV 


ICP result 


Sample name Ni content %RSD 


Fresh 62.19% 0.2105 


Used 42.37% 0.4674 


Used – 550 56.06% 1.347 
Used – 450 – 


used 42.57% 1.763 


Fresh - 550 59.52% 1.515 
 
By those material tests, we could know that HI and 


iodine on the surface of catalyst accelerate degradation 
when there is a heat effect. There is also a big difference 
between Used-550 and 550 samples, indicating the effect 
of HI and iodine-related degradation. However, though 
there is physical damage through heat treatment, the 
chemical formula of catalyst and nickel content were 
relatively conserved. 


Thus, we can tell that there is instability on support 
material by surface degradation related with HI and iodine. 
And also we observed adsorption site occupation with 
incomplete desorption during regeneration, aggregation 
among particles and nickel hindrance by structure 
transform. On the other hand, catalyst material, here Nickel, 
is stable. Because NiI2 produced at low temperature with 
HI can be recovered with heat and Nickel loss was quite 
small portion. Therefore, if we can design more heat and 
reactant resistant support material, we will be able to use 
and regenerate with lower degradation of catalyst. 


 
One more aspect of this experiment is about water 


content. The water desorbing ability of adsorbent is a good 
aspect for the reaction. As stated above, the water content 
of HI solution gets increasing during passing through the 
catalytic decomposer. Thus, we can apply this method with 
catalytic decomposer to improve the efficiency, such as 


alternative HI decomposer with a catalytic high 
temperature HI decomposer. Because HI decomposing 
catalyst is very sensitive to the iodine and water content, 
placing this type of equipment after catalytic HI 
decomposer will be good to decompose the residual HI. 
Also, we can use HI and iodine adsorption-desorption 
trend difference to separate iodine from HI solution. From 
TGA results, iodine and HI have different desorption trend 
at a certain range of temperature, 280°C-350°C, giving 
distinct composition of gas coming out from catalyst level 
at each temperatures.  


As described above, there would be some ways to apply 
this method into the HI decomposer design. 


 
IV. CONCLUSIONS 


 
Through the adsorption-desorption process, we 


showed that applying this method can overcome the 
limitation of thermodynamic yield. However, temperature-
swing process takes heating and cooling process with 
discontinuity on hydrogen production. Thus, we 
demonstrated the feasibility of the simultaneous 
adsorption-desorption process providing stable 
decomposition yield at lower temperature. These results 
will be able to be applied to current HI decomposer design 
for reduction of residual HI portion or concentrating of HI 
solution to give higher efficiency. Also, further research for 
this study including catalyst base material improvement 
and operation scheme development can be conducted to be 
used to practical decomposer in hydrogen production plant. 
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Abstract – There has been a renaissance in developing nuclear energy in both developed and 
developing countries in recent years. As increasing concern about the environment, clean 
sustainable energy sources are much needed. In these regards, nuclear energy getting more 
highlight. Although China in particular is expected to play a leading role in future nuclear 
expansion, additional countries will need to commence new nuclear construction in the next few 
years if the pace of expansion is to be maintained. With relatively few nuclear plants having been 
built in recent decades, the available industrial capacity for nuclear construction is presently 
limited in most countries. Although most have already begun to expand their capacities in 
response to actual and anticipated demand, considerably more challenges will be followed. In this 
regards, this paper describes current status and perspectives regarding expansion of nuclear 
power in Asia region as well as suggested short-term model to introduce nuclear energy to the 
countries.   
  


 
 


I. INTRODUCTION 
 


There has been a renaissance in developing nuclear 
energy in both developed and developing countries in 
recent years. As increasing concern about the environment, 
clean sustainable energy sources are much needed. 
Nuclear, renewables and hydropower are the only low-
carbon sources currently providing significant amounts of 
energy. Existing nuclear generation avoids CO2 emissions 
of about 2.9 billion tons compared to coal-fired generation 
annually, or about 24% of annual power sector emissions. 
(IEA 2010) Although nuclear power plants do not produce 
CO2 directly, it cannot be said to be completely carbon-
free because it emits CO2 from some indirect process, 
mainly from fossil fuel use in the fuel cycle, can be 
attributed to nuclear electricity. However, these emissions 
are at least an order of magnitude below the direct 
emissions from burning fossil fuels, and are similar or less 
than those attributable to renewable energy sources. At the 
same time, sustainable energy supply should be achieved 


to meet the energy demand worldwide. In these regards, 
nuclear energy getting more highlight.  


The United States had ceased construction of nuclear 
power plants for decades. However, the U.S. has formally 
certified new reactor designs these days. Many of the 
European countries’ nuclear power development also has 
been in a holding for almost two decades, nuclear energy 
has been the subject of continuous political debate and is 
now a key element in the European Union’s climate-
change policy. After an intense debate, Finland’s 
parliament voted in 2002 to approve building a fifth 
nuclear power plant—the first such decision to build a new 
nuclear plant in Western Europe for over a decade. A new 
White Paper on Nuclear Power put nuclear energy at the 
core of the UK government’s energy policy, and the 
Government’s support for new nuclear build was 
confirmed in January 2008. In May 2008, Italy announced 
plans to resume building nuclear plants within five years 
two decades after a public referendum resoundingly 
banned nuclear power and deactivated the country’s 
reactors. And in February 2009, Sweden announced plans 
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to overturn a near 30-year ban on new nuclear plant 
construction. (Adamantiades and Kessides, 2009) More 
than 40 developing countries, ranging from the Gulf to 
Latin America, have recently approached United Nations 
officials to express interest in starting nuclear power 
programs (Reuters, 2008). There are also ambitious plans 
to expand nuclear power in Latin America. Brazil’s top 
energy official announced the country’s intention to set up 
50–60 nuclear power plants in the coming half century in 
2008. (Associated Press, 2008) Argentina is planning to 
double its existing nuclear capacity and Mexico may add 
eight more reactors by 2025. Chile, Venezuela and 
Uruguay are expressing strong interest in nuclear energy 
(Squassoni, 2009).  


However, the most impressive region of the nuclear 
power capacity expansion occurs in Asia. A number of 
countries in East and South Asia are planning and building 
new reactors. China, Japan, Republic of Korea and India 
expected to experience the strongest growth in the region. 
Indonesia, Vietnam, Thailand, the Philippines and 
Malaysia are also expressing strong interest in nuclear 
power (Symon, 2008).  


As of 1 January 2010, 437 nuclear power reactors 
were in operation worldwide, with a total capacity of 370 
GW. Of the eleven construction starts in 2009, nine were in 
China, with one each in Korea and Russia. A total of 55 
reactors, 36 of the 55 reactors under construction are in 
Asia, were therefore under construction in 14 countries at 
the end of the 2009, the largest number since 1992. (IAEA 
2010) Current expansion, as well as near term and long 
term growth prospects, remain centered in Asia. Taking 
into account current plans and capabilities of the countries 
building and planning to build new nuclear power plants in 
the next few years, scenarios prepared by several 
organizations show nuclear capacity reaching between 475 
and 500 GW by 2020. The higher end of this range takes 
into account China’s recent acceleration of its nuclear 
program. An expansion to 500 GW will require that, in 
addition to units already being built, construction of 
approximately an additional 90 GW starts by about 2016, 
or some 12 to 13 GW per year. As noted above, 11 large 
nuclear projects with a total capacity of just over 12 GW 
entered construction, in 2009. There were ten construction 
starts (10.5 GW) in 2008, of which six were in China and 
two each in Korea and Russia. These two years had the 
highest numbers of construction starts since 1985, even 


though only these three countries were involved. Although 
China in particular is expected to play a leading role in 
future nuclear expansion, additional countries will need to 
commence new nuclear construction in the next few years 
if the pace of expansion is to be maintained. With 
relatively few nuclear plants having been built in recent 
decades, the available industrial capacity for nuclear 
construction is presently limited in most countries. 
Although most have already begun to expand their 
capacities in response to actual and anticipated demand, 
considerably more challenges will be followed. In this 
regards, this paper describes the current status and 
perspectives regarding expansion of nuclear power in Asia 
region.  


 
TABLE 1.  


Nuclear power plants under construction (at the end of 2009) 


Location No. of unit Net capacity (MW) 


Argentina 1 692 


Bulgaria 2 1,906 


China 20 19,920 


Finland 1 1,600 


France 1 1,600 


India 5 2,708 


Iran 1 915 


Japan 1 1,325 


Korea 6 6,520 


Pakistan 1 300 


Russia 9 6,996 


Slovak Republic 2 782 


Chinese Taipei 2 2,600 


Ukraine 2 1,900 


United States 1 1,165 


Total 55 50,929 


 
 
II. PERSPECTIVES ON CHALLENGES FOR THE 


NUCLEAR ENERGY 
 


 Looking towards 2020, since the entire process of 
planning, licensing and building new nuclear power plants 
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takes typically at least 7 to 15 years, most nuclear capacity 
that will be in operation by that date will already be in the 
planning and licensing processes. Forecasts for this period 
can thus be based on an examination of existing plans for 
new nuclear construction worldwide. Some countries with 
active nuclear construction are expected to continue their 
nuclear expansion with further construction starts in the 
next few years. In particular, major expansion of nuclear 
capacity is planned in Asia countries, specially, China, 
India and Russia. Several other countries with existing 
nuclear plants are now actively considering new nuclear 
capacity, with final decisions expected in the next few 
years including Canada, the Czech Republic, Lithuania, 
Romania, the United Kingdom and the United States. Of 
these, the United States could be the most significant 
becuase more than 30 new nuclear units are under 
consideration, with license applications having been 
submitted for 22 of these by the end of 2009. Countries 
with no existing nuclear plants that are considering 
installing nuclear capacity by 2020 include Italy, Poland, 
Turkey and the United Arab Emirates. The latter 
announced an order for four large units in late 2009. (IEA 
2010)  


There is great potential for new developments in 
nuclear energy technology to enhance nuclear’s role in a 
sustainable energy future in the long term. Nevertheless, 
significant  challenges to a rapid expansion of nuclear 
energy remain as well. Therefore, we should have to know 
what the challenges will be and how we can settle them.  


Most importantly, governments need to set clear and 
consistent policies on nuclear because, as noted above, it 
takes long time before constructing nuclear power plant. A 
nuclear power program is a major undertaking requiring 
careful planning, preparation and investment in time and 
human resources. To embark on a nuclear program, a 
commitment to use nuclear power only for the peaceful 
purposes, in a safe, economic and secure manner should be 
made, as well. This commitment requires the establishment 
of a sustainable national infrastructure that provides 
governmental, legal, regulatory, technological, human and 
industrial support for the nuclear program throughout its 
whole life cycle. The development and implementation of 
an appropriate infrastructure to achieve the successful 
introduction of nuclear power and its safe, secure, peaceful 
and efficient application is a critical issue, especially for 


the countries that are considering and planning the first 
nuclear power plant. (IAEA 2007) 


Preparing the infrastructure to introduce nuclear 
power, there are several activities that need to be 
completed. The infrastructure needed to support the 
implementation of a nuclear power plant covers a wide 
range, from the physical facilities and equipment 
associated with the delivery of the electricity, the transport 
of the material and supplies to the site, the site itself, and 
the facilities for handling the radioactive waste material, to 
the legal and regulatory framework within which all of the 
necessary activities are carried out, and the human and 
financial resources necessary to implement the required 
activities. In short, infrastructure, include all activities and 
arrangements needed to set up and operate a nuclear 
program. These activities can be split into some of the 
progressive phases of development. The duration of these 
phases will depend upon the degree of commitment and 
resources applied in each country. It should be noted that 
decisions early in the process can greatly influence the 
resources necessary to create the required infrastructure. 
The development of infrastructure necessary to support a 
nuclear power program would be expected to proceed 
through different steps while at the same time many other 
specific activities are progressing in order to ensure 
implementation of the first nuclear power plant project.  


Therefore, a country decides to introduce nuclear 
power with sincere review, it must be implemented as soon 
as possible. In this regards, UAE can be an excellent role 
model. In the case of the UAE, it takes only 2 years after 
considering launching nuclear power plant. It is profound 
in meaning. No one can forecast even near future in the 
21st century. If it takes more than 10 to 15 years to launch 
the nuclear power, it can’t be sure to succeed. Therefore, 
after taking a careful consideration, it should be 
implemented soon with a short-track approach. Another 
important point is the cost. Cost of the nuclear power plant 
is very closely related to the construction period. And 
construction period is directly connected to the licensing 
procedure. Therefore, to lower the cost of the nuclear 
power plant, licensing process should be shortened based 
on the wise and practical regulation. Needless to say, non-
proliferation efforts and safety culture should be 
established with a parallel track 
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III. CLOSING REMARKS 
 


To promote and introduce nuclear power in Asia 
pacific region, we would like to suggest a new model 
regarding introducing nuclear power. First of all, short 
track approach with a consistency policy based on the 
sincere review should be made. Practical and effective 
regulatory work also needed to shorten both licensing and 
construction time. If these two factors can be achieved, 
nuclear power plant can be constructed economically. 
Parallel with these decisions and implementation, other 
process should be done. Gaining greater public acceptance 
will be helped by early implementation of plans for 
radioactive waste disposal as well as continued safe and 
effective operation of nuclear plants in the future. And 
expanding nuclear industry will need greatly increased 
human resources, including highly qualified scientists and 
engineers and skilled crafts-people. Utilities, regulators, 
governments and other stakeholders will also need more 
specialists. Therefore, industry recruitment and training 
programs will need to be stepped up and governments and 
universities also have a vital role to play in developing 
human resources.  


Achieving the future vision of nuclear capacity will 
require all stakeholders in government, research institutes, 
industry, the financial sector and international 
organizations to work together. As Asia-pacific region is 
the key places in expanding nuclear power capacity from 
now to future, we should have to keep in mind our role and 
duties. Suggested short-track model sets out the steps they 
will need to take over the coming days and this is the only 
way to go.  
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Abstract – Thermal-hydraulic system computer codes are extensively used worldwide for analysis 


of nuclear facilities by utilities, regulatory bodies, nuclear power plant designers and vendors, 


nuclear fuel companies, research organizations, consulting companies, and technical support 


organizations. The computer code user represents a source of uncertainty that can influence the 


results of system code calculations. This influence is commonly known as the ‘user effect’ and stems 


from the limitations embedded in the codes as well as from the limited capability of the analysts to 


use the codes. Code user training and qualification is an effective means for reducing the variation 


of results caused by the application of the codes by different users. This paper describes a 


systematic approach to training code users who, upon completion of the training, should be able to 


perform calculations making the best possible use of the capabilities of best estimate codes. In other 


words, the program aims at contributing towards solving the problem of user effect. The 3D 


S.UN.COP (Scaling, Uncertainty and 3D COuPled code calculations) seminars have been 


organized as follow-up of the proposal to IAEA for the Permanent Training Course for System Code 


Users. Eleven seminars have been held at University of Pisa (two in 2004), at The Pennsylvania 


State University (2004), at the University of Zagreb (2005), at the School of Industrial Engineering 


of Barcelona (January-February 2006), in Buenos Aires, Argentina (October 2006), requested by 


Autoridad Regulatoria Nuclear (ARN), Nucleoelectrica Argentina S.A (NA-SA) and Comisión 


Nacional de Energía Atómica (CNEA), at the College Station, Texas A&M, (January-February 


2007), in Hamilton and Niagara Falls, Ontario (October 2007) requested by Atomic Energy 


Canada Limited (AECL), Canadian Nuclear Society (CNS) and Canadian Nuclear Safety 


Commission (CNSC), in Petten, The Netherlands (October 2008) in cooperation with the Institute of 


Energy of the Joint Research Center of the European Commission (IE-JRC-EC), at the Royal 


Institute of Technology, Stockholm (October 2009) and in Petten, The Netherlands (October 2010) 


in cooperation with the Institute of Energy of the Joint Research Center of the European 


Commission (IE-JRC-EC). It was recognized that such courses represented both a source of 


continuing education for current code users and a mean for current code users to enter the formal 


training structure of a proposed ‘permanent’ stepwise approach to user training. The 3D S.UN.COP 


2010 at IE-JRC was successfully held with the attendance of 23 participants coming from more than 


10 countries and 20 different institutions (universities, vendors and national laboratories). More 


than 30 scientists (coming from more than 10 countries and 20 different institutions) were involved 


in the organization of the seminar, presenting theoretical aspects of the proposed methodologies and 


holding the training and the final examination. A certificate (LA Code User grade) was released to 


participants that successfully solved the assigned problems. The eleventh seminar has been held 


(March 2011) in Wilmington, North Carolina, involving more than 30 scientists between lecturers 


and code developers (http://www.nrgspg.ing.unipi.it/3dsuncop/). 
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I. INTRODUCTION 


 


The best estimate thermal-hydraulic codes used in the 


area of nuclear reactor safety have reached a marked level of 


sophistication. Their capabilities to predict accidents and 


transients at existing plants have substantially improved over 


the past years as a result of large research efforts and can be 


considered satisfactory for practical needs provided that they 


are used by competent analysts. 


Some recognized inadequacies in code calculation 


results are due to the limitations embedded in the codes. 


These range from some model deficiencies to approximation 


in the numeric solution. The transformation of the actual 


reference system geometry into an approximate noding 


scheme constitutes an additional limitation. Nodalization 


imperfections, insufficient knowledge of initial and 


boundary conditions, and ‘user effects’ add to the limitations 


of the code prediction. User effects [2] lie at the origin of 


most of the inaccuracies for the following reasons: 


• Fully detailed, comprehensive code user guidelines do 


not exist. 


• The actual (three dimensional) plant is modeled with 


several one dimensional approximations. 


• Engineering knowledge has to be applied in the 


preparation of the input deck in order to deal with some 


of the code limitations. 


• Certain problems are inherent in the approaches used in 


the modeling process such as: use of local pressure 


drop coefficients, critical flowrate multipliers, 


application to transient conditions of models qualified 


for steady state, application of the fully developed flow 


concept for different nuclear reactor conditions, etc. 


• The fact that an increasing number of users without 


adequate qualification have access to the system codes 


and nodalizations may produce diverging results and 


lead to the diffusion of erroneous evaluations. 


• Experimental data, including the values of initial and 


boundary conditions that are used as a basis for 


comparisons are, in the large majority of cases, 


supplied without error bands. 


• Clear criteria for the acceptability of the results have 


not been agreed upon among experts in the area. 


A wide range of activities have recently been completed 


in the area of system thermal-hydraulics as a follow-up to 


considerable research efforts. Problems have been addressed, 


solutions to which have been at least partly agreed upon on 


international ground. These include: the need for best-


estimate system codes [3] and [4], the general code 


qualification process [5] and [6], the proposal for 


nodalization qualification and attempts aiming at qualitative 


and quantitative accuracy evaluations [7]. Complex 


uncertainty methods have been proposed, following a 


pioneering study at USNRC [8]. This study attempted, 


among other things, to account for user effects on code 


results. An international study aiming at the comparison of 


assumptions and results of code uncertainty methodologies 


has been completed [9]. More recently, the IAEA developed 


a Safety Report on Accident Analysis of Nuclear Power 


Plants containing a set of practical suggestions based on best 


practice worldwide [10]. 


II. IAEA SAFETY REPORT ON ACCIDENT ANALYSIS 


 


During the period 1997-1999, the IAEA developed a 


document consistent with its revised Nuclear Safety 


Standards Series [10] that provides guidance on accident 


analysis of nuclear power plants (NPPs). The report includes 


a number of practical suggestions on the manner in which to 


perform accident analysis of NPPs. These cover the selection 


of initiating events, acceptance criteria, computer codes, 


modeling assumptions, the preparation of input, qualification 


of users, presentation of results, and quality assurance (QA). 


The suggestions are both conceptual as well as formal and 


are based on present practice worldwide for performing 


accident analysis. The report covers all major steps in 


performing analyses and is intended primarily for code users. 


Within the framework of the IAEA guidance the 


important role of the user effects on the analysis is 


addressed. The need for user qualification and training is 


clearly recognized. The systematic training of analysts is 


emphasized as being crucial for the quality of the analysis 


results. Three areas of training, in particular, are specified: 


• practical training on the design and operation of the 


plant; 


• software specific training; and 


• application specific training. 


Training on the phenomena and methodologies is 


typically provided at the university level, but cannot always 


be considered as sufficient. Furthermore, training on the 


specific application of system codes is not usually provided 


at this level. Practical training on the design and operation of 


the plant is, however, essential for the development of the 


plant models. Software specific training is important for the 


effective use of the individual code. Application specific 


training requires the involvement of a strong support group 


that shares its experience with the trainees and provides 


careful supervision and review. 


Training at all three levels ending with examination is 


encouraged for a better effectiveness of the training. Such a 


procedure is considered as a step in the direction of 


establishing a standard approach that could be applicable on 


an international basis. 


A significant number of the suggestions made by the 


IAEA relate to the preparation of input decks and to the 


collection of the relevant plant data as well as to the 


presentation and evaluation of the results and to QA. In 


addition, the report specifies a procedure for performing 


accident analysis that covers all important steps needed for 


this task. 


 


III. CODE USERS 


 


Best estimate codes are used by designer/vendors of 


NPPs, by utilities, licensing authorities, research 


organizations including universities, nuclear fuel companies, 


and by technical support organizations. The objectives of 


using the codes may be quite different, ranging from design 


or safety assessment to simply understanding the transient 


behavior of a simple system. In view of the current 


computing capabilities, a system code (e.g. RELAP, TRAC, 


CATHARE, or ATHLET) can be put into operation in a few 
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days. In the same time span, results can be obtained for a 


complex system provided that there is a nodalization 


available. An unqualified input deck related to a complex 


system such as an NPP can be set up in time periods of a few 


weeks using the available code manuals. However, these 


periods can be shortened if the analyst is a ‘qualified’ code 


user. Qualified code user groups already exist; scientists who 


have been working with system codes for more than thirty 


years belong to such groups. 


The most sensitive use of the code deals with situations 


in which the results obtained have an effect on the design or 


safety assessment of the NPP. In this context, the code 


validation process, nodalization qualification, qualitative or 


quantitative accuracy evaluation, and the use of the code by 


a qualified code user have been recognized as necessary 


steps to reduce the possibility of producing poor code 


predictions [11]. 
 


IV. PERMANENT USER TRAINING COURSE FOR 


SYSTEM CODE: THE PROPOSAL 


 


As a follow-up to the Specialists Meeting held at the 


IAEA in September 1998, the Universities of Pisa and 


Zagreb and the Jožef Stefan Institute, Ljubljana, jointly 


presented a Proposal to IAEA for the Permanent Training 


Course for System Code Users [1]. It was recognized that 


such a course would represent both a source of continuing 


education for current code users and a means for current 


code users to enter the formal training structure of a 


proposed ‘permanent’ stepwise approach to user training. 


Before finalizing the main outcomes in relation to the 


proposed user training, the following can be emphasized:  


- the user gives a contribution to the overall uncertainty 


that unavoidably characterizes system code calculation 


results;  


- in the majority of cases, it is impossible to distinguish 


among uncertainty sources like 'user effect', 


'nodalization inadequacy', 'physical model deficiencies', 


'uncertainty in boundary or initial conditions', 


'computer/compiler effect';  


- 'reducing the user effect' or 'finding the optimum 


nodalization' should not be regarded as a process that 


removes the need to assess the uncertainty;  


- in general, it is misleading to prepare guidelines that 


focus codes predictions into a narrow part of the 


uncertainty.  


As a follow up of the massive work conducted in 


different Organizations, the need was felt to fix criteria for 


training the code user. As a first step, the kind of code user 


and the level of responsibility of a calculation result should 


be discussed. 
 


IV.A. Levels of User Qualification 


 


Two main levels for code user qualification are 


distinguished in the following:  


- Code user, level "A" (LA);  


- Responsible of the calculation results, level "B" (LB).  


A Senior grade level should be considered for the LB 


code user (LBS). Requisites are detailed hereafter for the LA 


grade only; these must be intended as a necessary step (in the 


future) to achieve the LB and the LBS grades.  The main 


difference between LA and LB lies in the documented 


experience with the use of a system code; for the LB and the 


LBS grades, this can be fixed in 5 and 10 years, respectively, 


after achieving the LA grade. In such a context, any 


calculation having an impact in the sense previously defined 


must be approved by a LB (or LBS) code user and 


performed by a different LA or LB (or LBS) code user.  
 


IV.B. Requisites for Code User Qualification 


 


IV.B.1 LA code user grade 


 


The identification of the requisites for a qualified code 


user derives from the areas and the steps concerned with a 


qualified system code calculation: a system code is one of 


the (four) codes previously defined and a qualified 


calculation in principle includes the uncertainty analysis. 


The starting condition for LA code user is a scientist with 


generic knowledge of nuclear power plants and reactor 


thermalhydraulics (e.g. in possession of the master degree in 


US, of the 'Laurea' in Italy, etc.).  


 


Areas for code user qualification: The requisites for the 


LA grade code user are in the following areas:  


A) Generic code development and assessment processes; 


B) Specific code structure;  


C) Code use -Fundamental Problems (FP); 


D) Code use -Basic Experiments (BETF);  


E) Code use -Separate Effect Test Facilities (SETF); 


F) Code use -Integral Test Facilities (ITF);  


G) Code use -Nuclear Power Plant transient Data  


H) Uncertainty Methods including concepts like  


nodalization, accuracy quantification, user effects.  


 


Area A)  


Sub-area Al): Conservation (or balance) equations in 


thermalhydraulics including definitions like HEM/EVET, 


UVUT(UP), Drift Flux, lD, 3-D, 1-field, Multi-field, [4]. 


Conduction and radiation heat transfer. Neutron Transport 


Theory and Neutron Kinetics approximation. Constitutive 


(closure) equations including convection heat transfer. 


Special Components (e.g. pump, separator). Material 


properties. Simulation of nuclear plant and BoP related 


control systems. Numerical methods. General structure of a 


system code.  


Sub-area A2): Developmental Assessment. Independent 


Assessment including SET Code Validation Matrix, [5], and 


Integral Test Code Validation Matrix, [6]. Examples of 


specific Code validation Matrices.  


 


Area B)  


Sub-area Bl): Structure of the system code selected by 


the LA code user: thermalhydraulics, neutronics, control 


system, special components, material properties, numerical 


solution.  


Sub-area B2): Structure of the input deck; examples of 


user choices.  
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Area C)  


Sub-area C1): Definition of Fundamental Problem (FP): 


simple problems for which analytical solution may be 


available or less. Examples of code results from applications 


to FP; different areas of the code must be concerned (e.g. 


neutronics, thermalhydraulics, and numerics). 


Sub-area C2): The LA code user must deeply analyze
1
 


at least three specified FPs, searching for and characterizing 


the effects of nodalization details, time step selection and 


other code-specific features.  
 


Area D)  


Sub-area Dl): Definition of Basic test facilities and 


related experiments (BETF): researches aiming at the 


characterization of an individual phenomenon or of an 


individual quantity appearing in the code implemented 


equations, not necessarily connected with the NPP. 


Examples of code results from applications to BETF.  


Sub-area D2): The LA code user must deeply analyze
1
 


at least two selected BETF, searching for and characterizing 


the effects of nodalization details, time step selection, error 


in boundary and initial conditions, and other code-specific 


features.  
 


Area E)  


Sub-area El): Definition of Separate Effect Test Facility 


(SETF): test facility where a component (or an ensemble of 


components) or a phenomenon (or an ensemble of 


phenomena) of the reference NPP is simulated.  Details 


about scaling laws and design criteria. Examples of code 


results from applications to SETF.  


Sub-area E2): The LA code user must deeply analyze
1
 


at least one specified SETF experiment, searching for and 


characterizing the effects of nodalization details, time step 


selection, errors in boundary and initial conditions and other 


code-specific features.  
 


Area F) 


Sub-area Fl): Definition of Integral Test Facility (ITF): 


test facility where the transient behavior of the entire NPP is 


addressed. Details about scaling laws and design criteria. 


Details about existing (or dismantled) ITF and related 


experimental programs. ISPs activity. Examples of code 


results from applications to ITF.  
 


Sub-area F2): The LA code user must deeply analyze
1
 


at least two specified ITF experiments, searching for and 


characterizing the effects of nodalization details, time step 


selection, errors in boundary and initial conditions and other 


code-specific features.  
 


Area G)  


Sub-area Gl): Description of the concerned NPP and of 


the relevant (to the concerned NPPD and calculation) BoP 


                                                           
1  - to develop a nodalization starting from a supplied data base or 


problem specifications;  


 - to run a reference test case;  


 - to compare the results of the reference test case with data 


(experimental data, results of other codes, analytical solution), if 


available;  


 - to run sensitivity calculations;  


 - to produce a comprehensive calculation report (having an assigned 
format).  


and ECC systems. Examples of code results from 


applications to NPPD.  


Sub-area G2): The LA code user must deeply analyze
1
 


at least two specified NPP transients, searching for and 


characterizing the effects of nodalization details, time step 


selection, errors in boundary and initial conditions and other 


code-specific features.  
 


Area H)  


Description of the available uncertainty methodologies. 


The LA code user must be aware of the state of the art in this 


field.  


 


IV.B.2 LB code user grade 


 


A qualified user at the LB grade must be in possession 


of the same expertise as the LA grade and:  


I) he must have a documented experience in the use of 


system codes of at least 5 additional years;  


J) he must know the fundamentals of Reactor Safety and 


Operation- and Design having generic expertise in the area 


of application of the concerned calculation;  


K) he must be aware of the use and of the consequences of 


the calculation results; this may imply the knowledge of the 


licensing process.  


 


IV.B.3 LBS code user grade 


 


A qualified user at the LBS grade must be in possession 


of the same expertise as the LB grade and:  


L) he must have an additional documented experience in the 


use of system codes of at least 5 additional years.  
 


IV.C. Modalities for the achievements of the LA, LB 


and LBS Code User grades 


 


LA grade: Two years training and "Home Work" with 


modalities defined in Table 1, are necessary to achieve the 


LA grade, following an examination. 


LB grade: The steps and the time schedule needed to 


achieve the LB code user grade are summarized in Tab. 1. 


An examination is needed (5 years after the LA grade). 


LBS grade: The steps and the time schedule needed to 


achieve the LBS code user grade are summarized in Tab. 1. 


The LBS code use grade can be obtained (5 years after 


achieving the LB grade) following the demonstration of 


performed activity in the 5 years period. 


 


IV.D. Course Conduct 


 


The training of the code user requires the conduct of 


lectures, practical on-site exercises, homework, and 


examination while, for the senior code user, only a review of 


documented experience and on-site examination is foreseen. 


The code user training, including practical exercises, 


which represent an essential part of the course, lasts two 


years and covers the following areas: 


A) Generic code development and assessment processes: 


• general structure of a system code; 


• conservation (or balance) equations in thermal-


hydraulics;  
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• conduction and radiation heat transfer; 


• neutron transport theory and neutron kinetics 


approximation; 


• constitutive (closure) equations including 


convection heat transfer; 


• special components (e.g. pump, separator); 


• material properties; 


• constitutive (closure) equations including 


convection heat transfer; 


• special components (e.g. pump, separator); 


• material properties; 


• simulation of NPP and balance of plant (BoP) 


related control systems; 


• numerical methods; 


• developmental assessment; 


• independent assessment including the separate 


effect test code validation matrix [5], and integral 


test code validation matrix [6]; and 


• examples of specific code validation matrices. 


B) Specific code structure: 


• structure of a system code selected by the code user: 


thermal-hydraulics, neutronics, control system, 


special components, material properties, and 


numerical solution; and  


• structure of the input deck, examples of user 


options. 


C) Fundamental problems or simple problems for which 


analytical solution may be available: 


• definition of fundamental problems; and 


• examples of code results from applications 


involving different areas of the code concerned (e.g. 


neutronics, thermal-hydraulics, numerics). 


D) Basic test facilities and related experiments for the 


characterization of an individual phenomenon or of an 


individual quantity appearing in the code equations. 


E) SETFs where a component (or an ensemble of 


components) or a phenomenon (or an ensemble of 


phenomena) of the reference NPP is simulated: 


• details of scaling laws and design criteria; and 


• examples of code results from applications. 


F) ITFs where the transient behavior of the entire NPP is 


addressed: 


• details of scaling laws and design criteria; and 


• details of ITFs and related experimental programs; 


• International Standard Problem activity; and 


• an example of code results from applications to 


ITFs. 


G) Applications to nuclear power plants: 


• description of the NPP concerned and of the 


relevant BoP system and emergency core cooling 


system; 


• an example of code results from applications to an 


NPP; 


• practical exercises in the use of the code for NPP 


accident analysis highlighting the detection of 


errors in boundary and initial conditions and other 


code specific features; 


• use of NPP simulators/analyzers. 


H) Uncertainty methods including accuracy quantification: 


• description of the available uncertainty 


methodologies; and 


• state of the art and future prospects in this field. 


In addition to the aforementioned areas, senior code user 


training also covers: 


I) The use of accident analysis in reactor design and 


safety assessment. 


J) Effects of analysis results on the licensing process. 


 


IV.E. Training Exercises 


 


Practical exercises foreseen during the training include 


development of the nodalization from the pre-prepared 


database with problem specifications. To this end, didactic 


material and presentations/lectures on the exercise will be 


provided with a detailed explanation of the objectives of the 


work that the trainee must perform. Extensive application of 


the code by the trainee at his own institution following 


detailed recommendations and under the supervision of the 


course lecturers is foreseen as ‘homework’. The use of the 


code at the course venue is foreseen for the following 


applications: 


• fundamental problems including nodalization 


development; 


• basic test facilities and related experiments including 


nodalization development; 


• SETFs and related experiments including nodalization 


development; 


• ITF experiments with nodalization modifications; and 


• NPP transients including nodalization modifications. 


 


For each of the above cases, the trainee will be required to: 


1. develop (or modify) a nodalization starting from the 


database or problem specifications provided; 


2. run the reference test case; 


3. compare the results of the reference test case with data 


(experimental data, results of other codes, analytical 


solution); 


4. run sensitivity calculations; 


5. produce a comprehensive calculation report following a 


prescribed format whereby the report should include, for 


example: 


− the description of a particular facility; 


− the description of an experiment (including 


relevance to scaling and relevance to safety); 


− modalities for developing (or modifying) the 


nodalization; 


− the description and use of nodalization qualification 


criteria for steady state and transient calculations; 


− qualitative and quantitative accuracy evaluation; 


− use of thresholds for the acceptability of results for 


the reference case; 


− planning and analysis of the sensitivity runs; and 


− an overall evaluation of the activity (code 


capabilities, nodalization adequacy, scaling, impact 


of the results on the safety and the design of NPP, 


etc.). 
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TABLE 1 


Subjects and time schedule necessary for the LA Code user grade 


Code User 


Grade 
WEEKS LECTURES 


SPECIF FOR 


HOME-WORK 
HOME-WORK ON-SITE TEST 


1-2 A1, A2^, B1, B2^, C1, D1    


3  C2, D2   


4-25   A, B, C2*, D2*  


26    A1, B1, C, D, C2°, D2° 


27 A2, E1 E2   


28-50   E2*  


51    A2, E, E2° 


52 B2, F1 F2   


53 -76   F2*  


77    B2, F, F2° 


78 H, G1 G2*   


79-102   G2*  


LA 


103    G, H, G2* 


LB 


(5 yrs after LA) 
1    I*, J, K, K° 


LBS 


(5 yrs after LB) 
1    L* 


^ Fundamental,     * Report necessary,      ° Solution of submitted problems and discussion 


 


IV.F. Examination 


 


On-site examination at different stages during the course 


is considered a condition for the successful completion of the 


code user training. The homework that the candidate must 


complete before attempting the on-site examination includes: 


A) Studying the material/documents supplied by 


the course organizers. 


B) Solving the problems assigned by the course 


organizers. This also involves the preparation of 


suitable reports that must be approved by the course 


organizers. 


 


The on-site tests consist of four main steps that include 


the evaluation of the reports prepared by the candidate, 


answering questions on the reports and course subjects and 


demonstrating the capability to work with the selected code. 


Each step must be accomplished before proceeding to the 


subsequent one.The completion of all the steps of the 


examination requires that the candidate spend one full week 


at the course venue 


 


V. 3D S.UN.COP SEMINARS: FOLLOW-UP 


OF THE PROPOSAL 


 


V.A. Background Information about 3D SUNCOP Trainings 


 


The 3D S.UN.COP (Scaling, Uncertainty and 3D 


COuPled code calculations) training aims to transfer 


competence, knowledge and experience from recognized 


international experts in the area of scaling, uncertainty and 


3D coupled code calculations in nuclear reactor safety 


technology to analysts with a suitable background in nuclear 


technology.  


The training is open to research organizations, 


companies, vendors, industry, academic institutions, 


regulatory authorities, national laboratories, etc. The seminar 


is in general subdivided into three parts and participants may 


choose to attend a one-, two- or three-week course. The first 


week is dedicated to the background information including 


the theoretical bases for the proposed methodologies; the 


second week is devoted to the practical application of the 


methodologies and to the hands-on training on numerical 


codes; the third week is dedicated to the user qualification 


problem through the hands-on training for advanced user and 


include a final exam. From the point of view of the conduct 


of the training, the weeks are characterized by lectures, code-


expert teaching and by hands-on-application. More than 


thirty scientists (including the organizers and the external 


lecturers) are in general involved in the organization of the 


seminars, presenting theoretical aspects of the proposed 


methodologies and holding the training and the final 


examination. A certificate of qualified code user is released 


to participants that successfully solve the assigned problems 


during the exams. 


The framework in which the 3D S.UN.COP seminars 


have been designed may be derived from Figure 1, where the 


roles of two main international institutions (OECD and 


IAEA) and of the US NRC (and the regulatory bodies of 


other countries) in order to address the problem of user 


effect are outlined together with the proposed programs and 


produced documents. Figure 2 depicts how the 3D 


S.UN.COP ensures the nuclear technology maintenance and 


advancements through the qualification of personnel in 


regulatory bodies, research activities and industries by mean 


of teaching of very well known scientists belonging to the 


same type of institutions. 
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At present, three institutions are planning and managing 


the 3D SUNCOP: 1- the Department of Mechanical, Nuclear 


and Production Engineering (DIMNP) of the University of 


Pisa, Italy (UNIPI, the group was the pioneer in the 


organization of the initial 3D SUNCOP trainings), 2-the 


group of Dynamic Analysis of Energy Systems of the 


Department of Physics and Nuclear Engineering, Technical 


University of Catalonia (UPC), at the premises of the School 


of Industrial Engineering of Barcelona, Spain (ETSEIB), and 


3- the Department of Power Systems (ZVNE) of the Faculty 


of Electrical Engineering and Computing of Zagreb, Croatia 


(FER), University of Zagreb (UNIZG). 


Eleven Training Courses have been organized up to now 


and were successfully held at: 


– The University of Pisa (Pisa, Italy), 5 – 9 January 2004 


(6 participants); 


– The Pennsylvania State University (University Park, PA, 


USA), 24 – 28 May 2004 (15 participants); 


– The University of Pisa (Pisa, Italy), 14 – 18 June 2004 


(11 participants); 


– The University of Zagreb (Zagreb, Croatia), 20 June – 8 


July 2005 (19 participants); 


– The Polytechnic University of Catalonia (Barcelona, 


Spain), 23 January – 10 February 2006 (33 participants); 


– The Autoridad Regulatoria Nuclear (ARN), the Comisión 


Nacional de Energía Atómica (CNEA), the 


Nucleoelectrica Argentina S.A (NA-SA) and the 


Universidad Argentina De la Empresa (Buenos Aires, 


Argentina), 2 October – 14 October 2006 (37 


participants); 


– The Texas A&M University (College Station, Texas, 


USA), 22 January – 9 February 2007 (26 participants); 


– The Hamilton & Niagara Falls, Ontario, Canada (2007), 


8 October – 26 October (33 participants); 


– The IE-FRC Petten & Alkmaar, (Amsterdam, 


Netherlands) 13 October – 31 October 2008 (35 


participants); 


– The Royals Institute of Technology (Stockholm, 


Sweden) 12 October –  30 October 2009 (38 participants) 


– The IE-JRC Petten (Netherlands) 18 October – 5 


November 2010 (23 participants) 


 


V.B. Objectives and Features of the 3D S.UN.COP 


Seminar Trainings 


 


The main objective of the seminar activity was the 


training in safety analysis of analysts with a suitable 


background in nuclear technology.  The training was devoted 


to the promotion and use of international guidance and to 


homogenize the approach to the use of computer codes for 


accident analysis. Between the main objectives are: 


� To transfer knowledge and expertise in Uncertainty 


Methodologies, Thermal-Hydraulics System Code and 


3D Coupled Code Applications; 


� To diffuse the use of international guidance; 


� To homogenize the approach in the use of computer 


codes (like RELAP, TRACE, CATHARE, ATHLET, 


CATHENA, PARC, RELAP/SCDAP, MELCOR, 


IMPACT) for accident analysis; 


� To disseminate the use of standard procedures for 


qualifying thermal-hydraulic system code calculation 


(e.g. through the application of the UMAE 


<Uncertainty Methodology based on Accuracy 


Extrapolation> [12]); 


� To promote Best Estimate Plus Uncertainty (BEPU) 


methodologies in thermal-hydraulic accident analysis 


through the presentation of the current industrial 


applications and the description of the theoretical 


aspects of the deterministic and statistical uncertainty 


methods as well as the method based upon the 


propagation of output errors (called CIAU <Code with 


the capability of Internal Assessment of Uncertainty> 


[13, 14]); 


� To spread available-robust approaches based on BEPU 


methodology in Licensing Process; 


� To address and reduce User Effects;  


� To realize a meeting point for exchanges of ideas 


among the worlds of Academy, Research Laboratories, 


Industry, Regulatory Authorities and International 


Institutions. 


 


 
 


Fig. 1. 3D S.UN.COP Framework to address the user 


effect problem. 


 


 
 


Fig. 2. 3D S.UN.COP Loop of benefits. 
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Other two fundamental goals to achieve are: 


� To ensure of a suitable Quality Assurance (QA) for the 


training. Higher Education in Europe is nowadays 


involved in a process of change as focus has to be set 


on the student’s workload and on his significant 


learning. This is a wide subject with many implications 


that are leading to important changes. Different 


initiatives have been already carried out in many 


European universities looking for this new approach in 


teaching organization and in the methodology used. 


Some essential aspects to be taken into account are the 


definition of the learning objectives and results, the 


planning of activities necessary to reach these 


objectives, the use of active learning methodologies 


(cooperative learning, problem-based learning) and the 


use of continuous learning measurement. To fulfil this 


main goal, some other objectives have been 


established: 


• To ensure the teaching quality at the following 


levels 


• To ensure an adequate learning measurement 


• To establish a procedure for admission of 


participants 


• To ensure adequacy of teachers 


• To consider the tools for preserving the knowledge 


• To follow the international developments 


� The connection with EC objectives and framework. To 


connect the 3D SUNCOP training with EC objectives 


and framework. This includes: 


• Experience and dissemination from past and present 


EC projects which have links with the 3D SUNCOP 


training subjects (CRISSUE-S, VALCO, 


CERTA…) 


• Consideration of key results of EC Framework 


Programs. 


• Consideration of transfer of knowledge inside EC 


TACIS and Phare projects. 


• Consideration of any individual EC program that 


may have any connection with the 3D SUNCOP 


subjects. 


• Consideration of ENEN network initiatives. 


• Consideration of (new) relevant political areas for 


the EC. 


• To establish a permanent contact with EC offices 


(Bruxelles, JRC, etc...) 


The following main features of the seminar-course may be 


identified and outlined: 


� The idea of practical use of the code: a course without 


practical code application has (much) lower validity. 


� The idea to mix different codes: the use of different 


code is worthwhile also to establish a common basis for 


code assessment and for the acceptability of code 


results. 


� The need of exam: exams were in the past courses 


(very) well accepted by code users. The exam gave 


them the possibility to show their expertise and to 


demonstrate the effort done during the course. 


� The practical use of procedures for nodalisation 


qualification that can be directly applied in the 


participants institutions.  


� The practical use of procedures for accuracy 


quantification that are demonstrated at the qualitative 


and the quantitative level. 


� The “joining” between BE codes and uncertainty 


evaluation that shows the full application of uncertainty 


methodologies and the worth of these within a licensing 


process. 


� The establishment, promotion and use of international 


guidance through large participation of very well 


known international experts 


 


V.C. 3D S.UN.COP Training Structure 


 


The seminar is subdivided into three main parts, each of 


one with a program to be developed in one week. The 


changes between lectures, computer work and model 


discussion showed up useful to maintain a steady high level 


of participant’s attendance. The duration of the individual 


sessions varied substantially according to the complexity of 


the subjects and the training needs of the participants: 


• The first week (titled “Fundamental Theoretical Aspects”) 


is fully dedicated to lectures describing the concepts of the 


proposed methodologies. The following 8 technical 


sessions (with more than 30 lectures) are presented 


covering the main topics hereafter listed: 


o Session I: system codes: evaluation, application, 


modelling & scaling 


 - models and capabilities of system code models 


 - development process of generic codes and 


 developmental assessment 


 -  scaling of thermal-hydraulic phenomena 


 -  separate and integral test facility matrices 


o Session II : International Standard Problems 


 - lesson learnd from OECD/CSNI ISP 


 - Characterization and Results from some ISP 


o Session III: best estimate in system code applications 


and uncertainty evaluation  


 -  IAEA safety standards 


 -  origins of uncertainty 


 -  approaches to calculate uncertainty 


 - user effect 


 -  evaluation of safety margins using BEPU 


 methodologies 


 -  international programs on uncertainty (UMS [11] 


 and BEMUSE [12]) 


o Session IV: qualification procedures 


 -  qualifying, validating and documenting input deck 


 - the feature of UMAE methodology 


 .- description and use of nodalization qualification 


criteria for steady state and transient calculation 


 -  use of thresholds for the acceptability of results for 


the reference case; 


 -  qualitative accuracy evaluation 


 - quantitative accuracy evaluation by Fast Fourier 


Transform Based Method (FFTBM) 


o Session V: methods for sensitivity and uncertainty 


analysis 
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 - GRS statistical uncertainty methodology 


 - CIAU Method for Uncertainty Evaluation 


 - ASAP and GASAP procedures for Sensitivity 


Analysis 


 - Comparison of Uncertainty Methods with CSAU 


Methodology 


o Session VI: relevant topics in best estimate licensing 


approach 


 -  best estimate approach and rules in licensing 


o Session VII: 3D Neutron-Kinetics/Thermal-Hydraulic 


Coupling 


 -  Cross section generation: models and applications 


 -  coupling 3D neutron-kinetics/thermal-hydraulic 


 codes (3D NK-TH) 


 - uncertainties in basic cross-section 


 -  CIAU extension to 3D NK-TH 


• The second week (titled “Industrial Application, Coupling 


Methodologies and Hands-on Training”) is devoted to 


lectures on the practical aspects of the proposed 


methodologies and to the hands-on training on numerical 


codes like ATHLET, CATHARE, CATHENA, RELAP5 


USNRC, RELAP5-3D ©, TRACE, PARCS, 


RELAP/SCDAP and IMPACT. The following 4 technical 


sessions are presented covering the main topics hereafter 


listed: 


o Session I: industrial application of the best estimate 


plus uncertainty methodology: general Aspects and 


Procedures 


-  - Historical Evolution of LOCA Regulatory 


 Requirements 


 - CSAU and EMDAP (RG 1.157 and RG 1.203) 


 methodologies with particular emphasis to the PIRT 


 process 


 - Computer Code, Evaluation Model Assessment of 


 Biases and Uncertainties 


 - Industry Best Practices in Evaluation Model 


 Development and Assessment 


o Session II: industrial application of the best estimate 


plus uncertainty methodology: Vendors’ 


Application and Sample Results 


 -  Westinghouse realistic large break LOCA 


 methodology 


 - AREVA realistic accident analysis methodology 


 - GE Technology for Establishing and Confirming 


 Uncertainties 


 - BEAU for CANDU reactors 


 - UMAE/CIAU application to Angra-2 DEGB 


 licensing calculation 


o Session III: Interactions of Thermal-Hydraulics with 


Fuel behaviour, Structural Mechanics and 


Computational Fluid Dynamics 


 -  Modelling Fuel Behaviour and its Interaction with 


  Thermal-hydraulics 


 -  Safety Limits, with Particular Reference to High 


  Burn-Up 


 -  Mox Fuel and related Safety Issues 


 -  Pressurised Thermal Shock 


 -  Role of CFD Codes and Bases for their Use in 


  Nuclear Reactor Technology 


 Each of the parallel hands-on trainings on numerical 


codes consists of about 20 hours and covers the following 


main topics: 


-  Structure of specific codes 


-  Numerical methods 


-  Description of input decks 


-  Description of fundamental analytical problems 


-  Analysis and code hands-on training on 


fundamental problems (e.g. for RELAP5 


fundamental proposed problems deal with boiling 


channel, blow-down of a pressurized vessel, 


pressurizer behaviour) 


- Example of code results from applications to ITFs 


(LOFT, LOBI, BETHSY) 


• The third week (titled “Code Hands-on Training for 


Transient Analysis in ITF”) is designed for advanced-users 


addressing the user effect problem. The participants are 


divided in group of three and each group receive the 


training from one teacher. The applications of the 


proposed methodologies (UMAE, CIAU etc.) are 


illustrated through the BETHSY ISP 27 (SBLOCA) and 


LOFT L2-5 (LBLOCA) tests. Applications and exercises 


using several tools (RELAP5, WinGraf, FFTBM, UBEP, 


CIAU, etc…) are considered. The following main topics 


are covered: 


- Modalities for developing (or modifying) the 


nodalization 


- Plant accident and transient analyses 


-  Examples of code results from application to a NPP 


  (PWR-Type and VVER-Type) 


-  Code hands-on training through the application of 


system codes to ITFs (LOFT and BETHSY) 


A final examination on the lessons learned during the 


seminar is designed and consists of three parts: 


I) Written Part: Questions about the topics discussed 


during the seminar are proposed and 20 questions are 


assigned both to each participant and to each group. 


At least 14 questions must be correctly answered by 


the group and 14 by each participant. 


II) Application Part: Two types of problems are proposed 


to the single participant and to the group:  


 - Detection of Simple Input Error: 


  Each participant receives the experimental data of 


 the selected transient, the correct RELAP5 


 nodalization input deck and the restart file of the 


 wrong input deck containing one simple input 


error. Each participant shall identify the error 


 - Detection of Complex Input Error: 


  Each group receives the experimental data of the 


 selected transient, the correct RELAP5 


 nodalization input deck and the restart file of the 


wrong input deck containing one complex input 


error. Each group shall identify the error 


 Evaluation reports are submitted in a written form 


containing short notes about the reasons for the 


differences between results of the reference 


calculation and results from the ‘modified’ 


nodalization. At least one problem over two shall be 


correctly solved to obtain the certificate 
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III) Final Discussion: Each participant takes an oral 


examination of about 15-20 minutes, discussing own 


results (or results obtained by own group) with the 


examiners. General questions related to lectures 


presented during the three-weeks seminar are asked to 


the participants. 


A certificate of type “LA Code User Grade” (see Table 1) 


like the one depicted in Figure 3 is released to participants 


that successfully solved the assigned problems. 


 


V.D. 3D S.UN.COP 2010 in IE-JRC-EC Petten 


(Netherlands) 


 


The 3D S.UN.COP 2010 was successfully held in Petten  


(Netherlands) from October 18
th


 to November 5
th


 with the 


attendance of 23 participants coming from 8 countries and 


16 different institutions (universities, vendors and national 


laboratories). 32 scientists (13 countries and 23 different 


institutions) were involved in the organization of the 


seminar, presenting theoretical aspects of the proposed 


methodologies and holding the training and the final 


examination. 


All the participants achieved a basic capability to set up, 


run and evaluate the results of a thermal-hydraulic system 


code (e.g. RELAP5) through the application of the proposed 


qualitative and quantitative accuracy evaluation procedures. 


At the end of the seminar a questionnaire for the 


evaluation of the course was distributed to the participants. 


All of them very positively evaluated the conduct of the 


training as can be derived from the charts in Figure 4. 


 


VI. CONCLUSIONS 


 


An effort is being made to develop a proposal for a 


systematic approach to user training. The estimated duration 


of training at the course venue, including a set of training 


seminars, workshops, and practical exercises, is 


approximately two years. In addition, the specification and 


assignment of tasks to be performed by the participants at 


their home institutions, with continuous supervision from the 


training center, has been foreseen. 


The 3D S.UN.COP seminars constitute the follow-up of 


the presented proposal. The responses of the participants 


during the training demonstrated an increase in the 


capabilities to develop and/or modify the nodalizations and 


to perform a qualitative and quantitative accuracy evaluation. 


It is expected that the participants will be able to set up more 


accurate, reliable and efficient simulation models, applying 


the procedures for qualifying the thermal-hydraulic system 


code calculations, and for the evaluation of the uncertainty. 


The twelfth seminar will be held in March 2011 in 


Wilmington, North Carolina (USA), in cooperation with 


GEH, AREVA NP, Westinghouse and INL and will involve 


more than 30 scientists between lecturers and code 


developers (www.nrgspg.ing.unipi.it/3dsuncop/). 
 


 


Fig. 3. 3D S.UN.COP “LA Code User Grade” Certificate. 


 


 


Fig. 4. Design & conduct of the seminar-training. 
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Abstract – When assessing pollutants’ emissions per unit of power generated, life cycle analysis 
(LCA) should better be employed to address not just power plant operation but the whole range of 


supply chain encompassing fuel mining, processing and transportation, plant construction, and 
further to plant dismantling and waste treatments, and thereby the entire spectrum of direct and 
indirect CO2 emissions.  We conducted another revision of the study and obtained the results of 


LC-COe emissions per kWh by nuclear power plants in Japan based on the data available in 2009. 
 
 


I. INTRODUCTION 
 
When assessing pollutants’ emissions per unit of 


power generated, however, life cycle analysis (LCA) 
should better be employed to address not just power plant 
operation but the whole range of supply chain 
encompassing fuel mining, processing and transportation, 
plant construction, and further to plant dismantling and 
waste treatments, and thereby the entire spectrum of direct 
and indirect CO2 emissions.   


Using the LCA methodology, Central Research 
Institute of Electric Power Industry (CRIEPI) pioneered in 
performing life cycle CO2 emissions (LC-CO2) evaluation 
based on the state-of-the-art power generation technologies 
in Japan and published the first evaluation results in 
1991[1], which was updated in 2000 and 2001[2][3]. 


As a decade has passed since then, we conducted a 
similar analysis based on the latest wisdom and 
experiences as of 2009 and obtained the results of revised 
LC-CO2 per kWh by those generation technologies, such 
as coal, LNG, nuclear and wind power[4]. In this paper, we 
focus on the LC-CO2 per kWh as the current Japanese fleet 
average as well as the effects of recent advancements and 
improvements in power generation technologies as well as 
CO2 intensity of raw materials, 


 
II. Outline of LCA for Power Generation Technologies 
 


 (1)Boundary of the LCA Analysis 
The boundary of evaluation spreads from production 


(upstream) and transportation of fuel, power plant 
construction and operation, and up to dismantling those 
plants across the supply chain (Fig.1).  It should also 
encompass various waste treatment and disposal 


(downstream), which we consider only in the cases of coal 
fired and nuclear power generation, while those were 
omitted as negligible for the other generation technologies.  
Specifically about the coal-fired power plant, we took into 
consideration processing of the coal ashes after 
combustion which is not reused.. We considered the entire  
spent nuclear fuel management with interim  storage (for 
50 years)  and disposal of low level radioactive waste 
(LLW). 
 


Operation Operation Operation Operation 


Disassemble  Disassemble Disassemble  Disassemble  


Constructi on Constructi on  Constructi on Constructi on 


Parts Parts Parts Parts 


Fuel,  
Electricity 


Fuel,  
Electricity 


Fuel,  
Electricity 


Raw 
Material 


Raw 
Material 


Raw 
Material 


Raw 
Material 


Maining,  
Fuel  


Fuel 
transportation 


Generation 
Waste 


Disposal  


Electricity  
(Net Output) 


 
Fig.1: The Boundary of Life Cycle Analysis for Power 


Generation Technologies. 
 
The indirect CO2 emissions associated with 


transportation of raw materials and products were 
evaluated and accounted to the primary processeswhich 
manufacture the parts and assemblies which constitute 
plants, such as a boiler and a turbine. 
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(2) Formulation to Evaluate LC-CO2 Emission 


The LC-CO2 discharged during the entire lifetime of 
power plant were estimated according to the Eqs. (1). 


 


Q


DDDUUUPPPE
LCEU i


di
i


mi
i


ci
i


di
i


mi
i


cidmc ∑∑∑∑∑∑ +++++++++
=


 (1) 


LCEU : LC-CO2 emission [g-CO2/kWh] 
Q : Electric power production in lifetime = Capacity 


[kW]*8760[h/y]*Capacity Factor*Operating  
Period[y] 


E : Emission from Combustion[g-CO2] 
cP : Emission from Construction of Power Plant[g-CO2] 


mP : Emission from Operation of Power Plant [g-CO2] 


dP : Emission from plant Dismantling [g-CO2] 


ciU : Emission from Construction of Upstream facilities 
( i ) [g-CO2] 


miU : Emission from Operation of Upstream facilities ( i ) 
[g-CO2] 


diU : Emission from Upstream facilities dismantling ( i ) 
[g-CO2] 


ciD : Emission from Construction of Downstream 
facilities ( i ) [g-CO2] 


miD : Emission from Operation of Downstream facilities 
( i ) [g-CO2] 


diD : Emission from Downstream facilities Dismantling 
( i ) [g-CO2] 


Accompanying methane (CH4) in fuel mining was 
added by the conversion factor of 21 (g-CO2/g-CH4)  based 
on the global warming potential (GWP 100). 
 
(3) Precondition of Analysis 


Conventional coal-fired thermal power generation was 
assumed with 39.6% of thermal efficiency and  6.9% of 
own use rate. In Ultra Super Critical (USC) power plants, 
we assumed 42.4% of thermal efficiency and 5.1% of own 
use rate based on the latest performance data. About the 
oil-fired thermal power generation, we assumed 38.3%of 
thermal efficiency and 5.1% of own use rate. For the 
thermal efficiency of LNG-fired power plants,  38.9 % for 
the LNG steam-power generation and 44.6% for 
conventional LNG combined cycle (LNG-CC) system (i.e. 
1,200 degree C type) were assumed, respectively. Thermal 
efficiencies of advanced LNG-CC technologyieswere 
assumed at 50.5% for 1,300 degree C type and at 53.0% 
for 1,500 degree C type, respectively. 


When an indirect CO2 emission according to 
production of the material or the equipment in a certain 
country is evaluated, it is necessary to consider the 
emission factor of the electric power mix in the country. 
CO2 emission coefficient of the electric power in each 


country was calculated based on t the CO2 exhaust in 
2007[5] with IEA energy balance table of 2007[6][7]. 


About the embedded CO2 emission factors of raw 
materials, i.e. CO2 emitted during production of a unit of 
each raw material, we  incorporated the J-LCA 
database[8].About the material which is not registered in 
the J-LCA database, we obtained it on the analogy of two 
or more materials with resemblance. For a material that can 
not be obtained by such analogy, it was approximated in a 
monetary dimension using the input-output table. 


 
III. Macroscopic Results: LC-CO2 Emissions of 
Existing Power Generation Stocks in Japan. 


 
The LC-CO2 emissions reappraisal results of the 


various power generation technologies based on the 
information acquired in 2009 are shown in Fig.2, with 
those results in 2000[2] and 2001[3]. In Fig.2, the 
weighted average LC-CO2 emissions of existing power 
generation fleets  in Japan are shown.  


 
(1) Nuclear Power Plants 


Roughly 50% of LC-CO2 of nuclear power generation 
is resulted from power consumed at the uranium 
enrichment process.  In the evaluation in 2000, 
enrichmanet in the United States by the gaseous diffusion 
process with low enrichment efficiency (i.e. large 
electricity consumption) formed 67% of enrichment 
service. This large share coupled with a large CO2 emisson 
factor of electricity caused the major portion of LC-CO2 of 
nuclear power. In the latest scene, the LC-CO2 emissions 
of nuclear power generation,due to the reduced share of  
United Statesenrichment services by gaseous diffusion  to 
33% while European centrifuge process increased their 
share, fell from 27g-CO2/kWh to 20g-CO2/kWh by 27% 
compared with the evaluation in 2000[3]. 
 
(2) Thermal Power Plants 
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Fig.2 : The Life Cycle CO2 Emissions of the Power Generation  


Stock Average in Japan Estimated in 2009 
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Thermal power generation technologies, i.e. coal, oil, 
LNG and LNG-CC,  whose LC-CO2 emissions are largely 
preocupied by fuel conbustion, became aproximately 9% a 
few per cent less compared with the previous results in 
2000[2]. Coal and LNG-CC power plant showed their 
average LC-CO2 emissions improved substantively, as 
approximately 4% and 9% lower than in 2000. 


The average LC-CO2 emissions of coal-fired power 
generation fell by 4% compared with our 2000 
evaluation[2] due to  installation of USC coal-fired power 
plant with 8% lower LC-CO2 emission compered with 
conventional coal-fired power plant.  As of 2009, the 
capacity share of USC reached 28% of the whole coal-
fired fleet.  


The average LC-CO2 emissions of LNG-CC power 
generation increased 9%  compared with our 2000 
evaluation[2] due to installation of 1,300- and1,500-
degree-C class LNG-CC power plants with 10% and 16% 
lower LC-CO2 emission compered with conventional 
LNG-CC. As of 2009, and the share of 1,300-degree-C 
LNG-CC reached 39% while 1,500-degree-C type had just 
started its market penetration.  


 
(3) Wind Turbine plants 


About 300kW class wind turbine, LC-CO2 emissions 
stays at the same level as the 2000 evaluation. Although 
enlargement of the windmill progressed, since the required 
quantity of raw materials, namely concrete for its 
foundation part,  increased, it has not necessarily led to an 
improvement of LC-CO2 emissions. Despite that, the LC-
CO2 emissions of wind power fleet avarage decreased 14% 
compared with the evaluation in 2000[2] due to general 
technology improvements during the past decade. 
 


IV. Microscopic Results: Effects of LC-CO2 Reduction 
by  Individual Power Generation Technology 


Advancements 
 


 
(1) Boiling Water Reactor plants 


While the present models of Boiling Water Reactor 
(BWR) have a steal containment vessel. The containment 
vessel of Advanced Boiling Water Reactor (ABWR) is 
reinforced concrete containment vessel (RCCV). For this 
reason, since the use of concrete with large embedded CO2 
emission factor compering with steal, the LC-CO2 
emissions upon construction of ABWR plant increase. LC-
CO2 emissions upon construction of ABWR increase from 
1.66 to 1.84g-CO2/kWh, a 1.1% contribution to the overall 
LC-CO2, compared with BWR. 


However, since own use rate falls while output 
increases, ABWR offsets the increase in CO2 emissions 
upon plant construction , and resulted in 3.8% reduction of 
LC-CO2 emissions compared with BWR(Fig.3). With 
reduction of the own use rate by enlargement of plant, the 


LC-CO2 emission from other parts such as uranium  
mining,  fuel fabrication and interim storage of spent fuel   
also showed reduction for 4.9%. The total LC-CO2 
emissions of ABWR become 3.8% less compared with 
BWR. 
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Fig.3 : The LC-CO2 Reduction by Advanced Boiling Water 


Reactor Power Plant 
 
 
(2)Gas turbine combined cycle plants 


Maximum burner inlet temperature of LNC-CC power 
plants was approximately 1,200 degree C in Japan before 
1990s. High temperature-ization of gas turbine burner 
temperature progressed, which resulted in 1,300-degree-C 
class LNG-CC power plants started their operation in early 
2000s and1,500-degree-C class is coming into the market. 
The thermal efficiency of 1,300-degree-C class LNG-CC is 
about 50% (HHV, generating end), which is approximately 
five or so points higher than the conventional (i.e. 1,200-
degree-C class) LNG-CC. Moreover, the efficiency of 
1,500-degree-C class LNG-CC is approximately eight 
points higher than the conventional LNG-CC  plant at 53% 
(HHV, generating end). Material requirements have also 
been reduced through optimized design of those advanced 
gas turbine combined plants. 


Evaluated LC-CO2 emission of fuel combustion from 
1,300-degree-C class is about 9% lower against the 
conventional LNG-CC plant (Fig.4). Evaluated LC-CO2 
emission of fuel combustion from 1,500-degree-C class is 
about 14% lower . 


The improvement in power generation efficiency 
translates that more electric power is generated with the 
same quantity of fuel, and thus those indirect LC-CO2 
emissions such as from fuel mining including CO2 exhaust 
by construction and operation of gas fields are reduced 
disproportionately. Evaluated LC-CO2 emission from fuel 
minig by 1,300-degree-C class is about 2% lower against 
the conventional LNG-CC . Evaluated LC-CO2 emission 
from fuel mining by 1,500-degree-C class is about 3% 
lower against the conventional LNG-CC. Those 
improvements in the advanced LNG-CC technology have 
reduced to 457g-CO2/kWh  and 430g-CO2/kWh from 
511g-CO2/kWh (sending end). 
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Fig.4 : Effects of LC-CO2 Reduction by Advanced LNG-CC 


Plant 
 


(3)Coal-fired plants 
The coal-fired power plants which operate with high 


temperature steam such as 600 degree C steam temperature  
(Ultra Super Critical : USC) became the standard type 
coal-fired power plant during the past decade. Compared 
with the conventional coal-fired power plants, with their 
average thermal efficiency of a latest  experience at 42.4% 
(HHV, generating end), the USC plants show their thermal 
efficiency three points higher than conventional one. 
Furthermore, own use rate of USC plant is about two 
points lower  than conventional one.  


As for USC plant, LC-CO2 emission by combustion 
during power generation, compared with the conventional 
plant, showed around 8% reduction (Fig.5). 


The improvement in power generation efficiency  
lowers all indirect LC-CO2 emissions from fuel mining 
disproportionately. Evaluated LC-CO2 emission of USC 
plant from fuel minig contributes approximately 0.4% to 
the overall LC-CO2 against the conventional plant. 


 
 (4)Wind Turbine plants 


44 models of windmill at different generation capacity 
have brought  into the market in Japan by 2009. We 
classified those 44 types into five categories with 


representative models for each (600kW, 1,000kW, 
2,000kW and 2,500kW Class) based on their weight. 


By enlarging the capacity, the amount of materials per 
unit output decreased, and thus the windmill has been 
expected to have reduced LC-CO2 per output. We 
evaluated, after scrutinizing the required amount of 
materials paying attention to not only the main part but 
also the foundation. 


Weight for main part of a 2500kW class wind turbine 
have 7 times haveier compered with a 300kW class (Fig.6, 
on the right axis). On the other hand, foundation of 
2500kW class wind turbine weighs  16 times more than  a 
300kW class. The increase in foundation weight exceeds 
the increase in weight of the main part, since the height of 
the hub of a windmill grows, which leads to the stress 
moment to the foundation scaling up. Therefore, the large-
sized windmill needs tomake its foundation bearable a far 
larger stress moment compared with a small one. Since  the 
increase in weight of foundation part exceeds the increase 
in weight of the main part of a windmill,  increase of the 
unit capacity of wind power results in an increase of 
concrete requirement for foundation part per generation 
capacity, which leads to an increase of LC-CO2 emissions. 
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Fig.6 : Effects of LC-CO2 Reduction by Scaling up of Unit 
Capacity of Windmill 


 
IV. CONCLUSIONS 


 
Taking the recent advancements and improvements in 


nuclear power and other generation technologies, as well 
as embedded CO2 emissions per unit  of raw materials into 
account, we conducted LC-CO2 emissions per kWh by 
various power generation technologies against latest 
wisdom and experiemces in Japan based on the data 
available in 2009. The main conclusions are summarized 
as follows: 


(1) Advanced LNG-CC technologies with higher 
turbine inlet temperature, i.e. 1,300 and 1,500 degree C 
types, have efficiency at 50% and 53%, respectively. 
Material requirements have also been reduced through 
optimized designs of those advanced LNG-CC. Those 
improvements in the advanced LNG-CC technology have 
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reduced from 511g-CO2/kWh (sending end) by 
conventional (1,200-degree-C) LNG-CC to 457g-
CO2/kWh by 1,300C and 430g-CO2/kWh by 1,500C, 
which convert to 11% and 16% improvements, respectively. 


(2)The advancements in clean coal technology such as 
ultra-supercritical (USC) coal-fired plant, i.e. 600 degree C 
type adopted by the utilities in Japan, have reduced from 
966 g-CO2/kWh (sending end) by conventional coal-fired 
plant to 881g-CO2/kWh, which convert to 9% 
improvements. 


(3)Roughly 50% of LC-CO2 of nuclear power 
generation is resulted from power consumed at uranium 
enrichment process.  In the evaluation in 2000, 
enrichment in the United States by the gaseous diffusion 
enrichment process with low enrichment efficiency and 
large CO2 emission factor per service dominated the 
supply of enrichment services to Japan as much as 67%. 
Under the current situation, the LC-CO2 emission of 
nuclear power generation fell due to the change of its 
supply chain, with the enrichment services by the gaseous 
diffusion process in the United States having fallen to 33%. 
As a result, the nuclear fleet-average LC-CO2 emission is 
20g-CO2/kWh which fell 18% compared with the 
evaluation in 2000. 


(4)While the present models of BWR have a steal 
containment vessel, the containment of ABWR is 
reinforced concrete containment vessel (RCCV). For this 
reason, since the concrete requirements, whose embedded 
CO2 emission per weight is  larger than steal, the LC-CO2 
emission of ABWR during  construction  is higher than the 
conventional BWR by 1.1%.  However, since a own use 
rate falls with the increase in the output, ABWR shows 
3.8% of LC-CO2 emission reduction effect compared with 
BWR because of lower  LC-CO2 emission from other 
indirect processes such as uranium mining, fuel fabrication 
and interim storage of spent fuel . 
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Abstract – We participated in an International Atomic Energy Agency (IAEA) activity of 
International Collaborative Standard problem (ICSP) with the objective to benchmark and 
validate the thermal-hydraulic analysis code against qualified data for Small Break Loss of 
Coolant Accident (SBLOCA) scenario in Heavy Water Reactor (HWR) systems. This ICSP started 
with the first meeting of the participants in Vienna in 2007 November. Two tests were selected for 
this activity, test B9006, a 7-mm inlet header break experiment with pressurized accumulator 
emergency coolant injection, performed in 1990, and test B9802, a 3-mm inlet header break 
experiment, performed in 1998, to provide data with full channel power to study boiling in the 
channels and condensation in the steam generators. The CATHENA results of the blind transient 
simulation for RD-14M test B9006 and B9802 were provided and discussed at the IAEA meeting 
in Vienna in 2009. These blind simulations demonstrated that the CATHENA code is capable of 
adequately predicting the primary pressure depressurization, channel flow rate, channel voiding 
for tests B9006 and B9802, and the high pressure core injection flow by CATHENA accumulator 
model and switching time from high pressure to low pressure injections for test B9006. However, 
several significant discrepancies between the code predictions and the measurement data were 
noted, and attributed to the input errors and the code models relevant to post-dryout (PDO) heat 
transfer phenomena in the heated channels of test B9802. Therefore, the open calculations are 
performed to allow correction of previous blind calculations in the present study. These open 
calculations include the Senaratne and Leung model with the optimized coefficients of its 
correlation for the test B9802, which can predict more accurately the onset of sustained dryout on 
the surface of the heater rods. The improvement of the open calculation results are shown by 
comparing them with the test data and also with the blind calculation results.  


 
 


I. INTRODUCTION 
 
In 1999 an IAEA Coordinated Research Program 


(CRP) was started on “The Intercomparison and Validation 
of Computer Codes for Thermalhydraulic Safety 
Analysis,”. The first International Collaborative Standard 
Problem (ICSP)1 was completed in 2003 using data from 
AECL (Atomic Energy of Canada Limited)’s RD-14M2 
Large-Break Loss-of-Coolant-Accident (LBLOCA) 
experiment B9401. The RD-14M is an 11 MW, full-
elevation-scaled thermal-hydraulic test facility possessing 
most of the key components of a CANDU primary heat 
transport system. The comparison of results obtained from 
six participating countries, using four different computer 
codes, is documented in IAEA TECDOC-13951. 


A second ICSP was discussed and endorsed in 2005 
December by the TWG-HWR (Technical Working Group 
on Heavy Water Reactors) to conduct a code comparison 
using a Small-Break LOCA (SBLOCA) experiment3 from 
the RD-14M facility. Specific SBLOCA-relevant tests 
were presented to the TWG-HWR in 2007 June and two 
tests, B9006 and B9802, were selected by the group. Korea 
Atomic Energy Research Institute (KAERI) participated in 
an IAEA activity of this ICSP with the objective to 
benchmark and validate CATHENA code4,5 against 
qualified data for SBLOCA scenario in HWR systems. 


Two tests were selected for this second ICSP, test 
B9006, a 7-mm inlet header break experiment with 
pressurized accumulator emergency coolant injection, 
performed in 1990, and test B9802, a 3-mm inlet header 
break experiment, performed in 1998, to provide data on 
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the influence of condensation rates in the steam generators 
on primary loop response under conditions where such a 
sensitivity is expected. The participants agreed on a subset 
of 52 measurements (plus several additional code-to-code 
comparison variables), out of the available experimental 
data of almost 600 measurements, as a basis for the code 
comparison, and that both blind and open calculations 
would be performed. The facility description2, test 
summary3 and the electronic boundary and initial 
conditions were distributed to participants in early 2008. 


All participating institutes provided the results of blind 
transient simulation for RD-14M tests B9006 and B9802 
by mid 2009, which were discussed at the meeting in 
Vienna in 2009 August. Individual participants presented 
their model assumptions, nodalizations and sensitivities, 
and AECL presented the transient measurements. Several 
significant discrepancies between code predictions of the 
test behaviour and test observations were noted, and 
attributed to the input errors and the code models relevant 
to post-dryout (PDO) heat transfer phenomena in the 
heated channels of test B9802. All transient test data was 
subsequently made available for the open calculations. 


The blind calculation results6 by the CATHENA code 
were compared with the transient test data in 2010. The 
open calculations are performed to allow correction of 
previous blind calculations in the present study. 


 
II. RD-14M Experiments 


 
II.A. Test Facility 


 
The RD-14M is an 11 MW, full-elevation-scaled 


thermal-hydraulic test facility possessing most of the key 
components of a CANDU primary heat transport system 
[6]. Figure 1 shows a simplified schematic of the RD-14M 
facility. The facility is arranged in the standard CANDU 
two-pass, figure-of-eight configuration. The reactor core is 
simulated by ten (five per pass) 6 m-long horizontal 
channels (test sections). Each test section has simulated 
end-fittings and seven electrical heaters (heated sections), 
or Fuel Element Simulators (FES). The FES heaters are 
divided into 12 axial sections, each having a length of 495 
mm. Test sections are connected to headers via full-length 
feeders. The elevation of the above-header piping is also 
CANDU-typical. The above-header piping includes the 
piping connected to two full-height, U-tube steam 
generators, and two bottom-suction centrifugal pumps. 
Steam generated in the secondary side of the steam 
generators is condensed in a jet condenser and returned as 
feedwater to the steam generators. A pressurizer (a surge 
tank) controls the primary-side pressure. The test facility is 
also equipped with Emergency Core Cooling (ECC) 
systems. 


The FES pins consist of a central core of magnesium 
oxide surrounded by an electrically heated Inconel 625 


tube. The tube is insulated from the 13.18 mm outside 
diameter stainless steel sheath by a 2 mm thick annulus of 
boron nitride (Fig. 2). Seven FES pins are surrounded by a 
44.80 mm inside diameter pressure tube. 


 


 
  


Fig. 1. Schematic of the RD-14M facility. 
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Fig. 2. Cross section of FES in the RD-14M heated section 
 


II.B. Measurements and Uncetainty 
 
The RD-14M loop is extensively instrumented. 


Approximately 600 instruments are used to scan and 
record various thermal-hydraulic parameters using a 
dedicated data acquisition system during RD-14M 
experiments. In addition to above-header pressures, 
temperatures, volumetric flows, and void fraction 
measurements, the test sections are extensively 
instrumented. Inlet and outlet temperature, pressure, 
volumetric flow and void fraction are measured for each 
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test section. Fuel element sheath temperatures are 
measured around the inside circumference of the test 
bundle and along the length of the test section. 


A detailed error analysis of RD-14M primary 
instrumentation was performed using a generic computer 
program that process RD-14M experimental data, and 
provides the experimental uncertainty of each recorded 
instrument. The program utilizes an existing 
comprehensive calibration database. As part of standard 
RD-14M Quality Assurance procedures, each instrument in 
RD-14M is calibrated to traceable standards on an annual 
basis, at minimum. The uncertainty analysis program uses 
the calibration database to obtain pre- and post-test 
calibrations, as well as historical calibration performance, 
in calculating the actual instrument calibration 
uncertainties, as opposed to relying on instrument 
manufacturers specifications. 


 
II.C. Summary o f Experiments 


 
Test B9006 was a 7-mm inlet header break experiment 


with pressurized accumulator emergency coolant injection, 
performed in 1990 May. The break was represented by a 
fast-opening valve connected to an inlet header, and an 
orifice plate, scaled by the ratio of break area to loop 
volume to represent a feeder-sized break. Once the break 
valve was opened, single-phase liquid was discharged 
through the orifice, changing to two-phase flow when the 
inlet header pressure reached saturation. The break 
discharge flow was not measured directly. This is the most 
complete SBLOCA test conducted in RD-14M in terms of 
including all the phases of the transient (blowdown, 
exponential pump ramp, secondary pressure ramp (crash 
cool), high-pressure ECC, refill, low pressure ECC, and 
natural circulation) and had the fewest problems during 
test execution.  The break was represented by a 7-mm 
orifice connected to the inlet header, and power was 
reduced to decay power. The sequence of the events and 
the nominal test conditions of test B9006 are shown in 
Table I and Table II, respectively. 


 
TABLE I 


Nominal Event Timings during Test B9006 


Time (s) or 
Condition Event/Action 


0.0 s Data gathering started 
6.0 s Surge tank isolated 


10.8 s Break valve opened 


8.8 MPa(g) @ HD7 Primary pump ramp and power ramp 
down to 200 kW/pass started 


6.0 MPa(g) @ HD7 Individual header ECC valves opened and 
secondary pressure ramp started


4.2 MPa(g) High-pressure ECC flow started (each 
header independent) 


TK2 @ 10% level Stopped high pressure ECC, started low-
pressure pumped ECC 


2284 s Data gathering stopped 
 


TABLE II 


Nominal Test Conditions of Test B9006 


Parameter Value
Power (kW)  in Each 
Heated Section 
- Sections 5, 6, 7, 8, 9: 
- Sections 10, 11, 12, 13, 14


 
 


748.0, 748.0, 811.0, 944.0, 757.0 
749.0, 760.0, 822.0, 961.0, 760.0


Pump Speed (RPM) 
- Pump 1: 
- Pump 2:


 
3485.7 
3521.7


Feedwater Temperature (oC) 192.9 
Feedwater Flow Rate (kg/s) 
- Steam Generator #1 
- Steam Generator #2


 
2.2 
2.2


Steam Drum Pressure (MPa) 4.433 
4.458 


 
Test B9802 was a 3-mm inlet header break experiment, 


performed in 1998 January, to provide data on the 
influence of condensation rates in the steam generators on 
primary loop response under conditions where such a 
sensitivity is expected. The break was represented by a 3-
mm orifice installed in the drain line from header HD8 to 
an inventory tank. Once the break valve was opened, 
single-phase liquid was discharged through the orifice, 
changing to two-phase flow when the inlet header pressure 
reached saturation. The break discharge flow was 
condensed and measured. 


Test B9802 had a smaller break (3 mm) than B9006, 
no ECC injection, no pump ramp, and no secondary 
pressure ramp. Channel power remained at full power 
during most of the transient, and pump speed was slightly 
reduced from nominal in order to achieve higher initial 
enthalpy in the channels and thus more boiling. This test 
was intended to study boiling in channels and 
condensation in steam generators in a slowly 
depressurizing loop rather than a blowdown. The sequence 
of the events and the nominal test conditions of test B9802 
are shown in Table III and Table IV, respectively. 


 
TABLE III 


Nominal Event Timings during Test B9802 


Time (s) or 
Condition Event/Action 


0.0 Data gathering started 


8.2 Surge tank isolated 
12.2 Break valve MV17 opened 


449.6 Scans stopped and restarted 


901.6 Scans stopped and restarted 
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1191.8 Pump 1 tripped on over-voltage process 
protection trip 


1336.3 
Power supplies tripped on high FES 
sheath temperature process protection trip 
(>600ºC) 


1362.7 Break valve MV17 closed 


1362.7 Data gathering stopped 
 


TABLE IV 


Nominal Test Conditions of Test B9802 


Parameter Value 
Power (kW)  in Each 
Heated Section 
- Sections 5, 6, 7, 8, 9: 
- Sections 10, 11, 12, 13, 14 


 
 


745.0, 748.5, 796.5, 951.0, 753.7 
749.3, 761.1, 890.3, 907.9, 756.9


Pump Speed (RPM) 
- Pump 1: 
- Pump 2: 


 
2989.0 
3001.6 


Feedwater Temperature (oC) 187.4 
Feedwater Flow Rate (kg/s) 
- Steam Generator #1 
- Steam Generator #2 


 
2.08 
1.98 


Steam Drum Pressure (MPa) 4.508 
4.505 


 
 


III. Code Modelling 
 


III.A. CATHENA Code 
 


The CATHENA code was developed by AECL for 
analysis of postulated events in CANDU reactors. It uses a 
transient, one-dimensional two-fluid representation of two-
phase flow in piping networks. In the thermal-hydraulic 
model, the liquid and vapour phases may have different 
pressures, velocities, and temperatures. The thermal-
hydraulic model consists of six partial differential 
equations for the conservation of mass, momentum, and 
energy for each phase. Interface mass, energy, and 
momentum transfer between the liquid and vapour phases 
are specified using constitutive relations obtained either 
from the literature or developed from separate effect 
experiments. The code uses a staggered-mesh, semi-
implicit, finite-difference numerical solution technique to 
solve the conservation equations. The extensive wall heat 
transfer package includes radial and circumferential 
conduction, solid-solid contact, thermal radiation, 
pressure-tube deformation, and the zirconium-steam 
reaction. The heat transfer package is general and allows 
the connection of multiple wall surfaces to one or more 
thermal-hydraulic nodes. The code also includes 
component models required to complete loop simulations, 
such as pumps, valves, tanks, break discharge, separators, 
and an extensive control system modelling capability. 


Reference4,5  provides detailed description of the 
CATHENA code. 


The qualified PC version of CATHENA MOD-
3.5d/Rev2 is used in all the RD-14M experiment 
simulations. The PC platform uses the Microsoft Windows 
XP operating system. 


 
III.B. Facility Nodalization 


 
The CATHENA nodalizations of the RD-14M facility 


with primary and secondary side loops are shown in Fig. 3-
a. The CATHENA nodalization used to simulate B9006 
experiment consists of 528 thermal-hydraulic nodes, 543 
links and 150 wall heat transfer models. However, in case 
of B9802, the numbers of thermal-hydraulic nodes and 
links are decreased to 483 and 494, respectively, because 
the modeling of ECC system is excluded in the B9802 
simulation. 


The nodalization of the ECC system as shown in Fig. 
3-b is included for both the high pressure ECC tank and 
low pressure ECC pump injection phases used in the 
B9006 experiment. 


In the high pressure ECC phase, accumulator tank 
model of CATHENA is used for the high pressure ECC 
tank. The accumulator tank pressure is calculated assuming 
isentropic expansion of the gas portion of the tank as the 
liquid is expelled. For the simulation of RD-14M, an 
accumulator tank model is filled with 2.72 m3 of 21.4 °C 
water at an initial pressure of 4.3 MPa. If the pressure of 
RD-14M test loop decreases below 4.3 MPa, the ECC 
injection by the accumulator starts and the water level in 
the accumulator tank decreases. The high pressure 
injection valve (MV 11) will later close automatically on 
indication of low level in the accumulator tank. This is 
modelled by tracking cumulative water mass discharged 
from the accumulator tank. When the level in the 
accumulator tank reaches 10% of the initial level 
(modelled when the cumulative water mass discharged 
from the accumulator tank exceeds 1711.7 kg), the valve 
begins to close. 


After the accumulator injection valve is closed, a low 
pressure ECC pump injection phase starts. A pressure 
boundary condition was used to simulate the low pressure 
pumped ECC phase since the break flow of test loop is 
smaller than the prediction of ECC injection flow by the 
low pressure pump (pump 8) performance curve. A 
constant pressure boundary condition (1.6 MPa) is applied 
to the location of pump discharge during the low pressure 
ECC phase. 
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(a) Primary and secondary coolant loop 
 


 
 


(b) ECC system 
 


Fig. 3. CATHENA Nodalization of RD-14M Facility. 
 
 


III.C. Input Models 
 


(1) Heat loss 
GENHTP accounts for the heat transfer from pipe 


walls of the primary loop to the environment. Heat losses 
to the environment are modelled by assuming the heat 
transfer coefficients of 5.0 W/m2/°C for the feeder pipes 
and 35.0 W/m2/°C for the pressure tubes, and a reference 
temperature of 20°C to the outside of piping components. 


 
(2) Simulation time steps 


The simulation times for B9006 and B9802 are 2280 
seconds and 1363 seconds, respectively. Using the 
CATHENA time step control algorithm, the time steps 
during the simulation time are calculated within the user 
specified minimum and maximum time steps. The 
minimum time step is 10-6 second, which is small enough 
to cover the rapid transient period. The maximum time step 
is specified as 10-1 second. 


 
(3) Boundary conditions 


The heater thermal powers, coolant pump speeds, 
feedwater temperatures and flow rates, and secondary side 
steam outlet pressures are given for the blind calculations 
of B9006 and B9802 tests. Instead of using the pressure 
history of the ECC tank in B9006 test, the high pressure 
ECC injection is simulated by the CATHENA accumulator 
model. 


 
(4) Discharge models 


The CATHENA discharge model uses Bernoulli's 
equation for subcritical discharge and provides the option 
of selecting a choked flow model. 


In the simulation of B9006 test Henry-Fauske critical 
flow model is used for two-phase and superheated steam, 
but choking is not considered for single-phase liquid. 


In the simulation of B9802 test Henry-Fauske critical 
flow model is used for single-phase liquid discharge and 
homogeneous polynomial formulation is used for critical 
two-phase and superheated steam flow. 


A discharge coefficient of 0.61 is specified for single-
phase liquid conditions. 


 
(5) CHF and Post-Dryout Heat Transfer Models 


The default option for CHF calculations in CATHENA 
is the Groeneveld-Leung CHF table lookup method, as 
recommended in the CATHENA Mod3.5d Theory Manual. 
This option actually consist of 8 separate tables, including 
tables for both light water (H2O) and heavy water (D2O) in 
tubes, 37-element bundles, CANFLEX (43-element) Mk-
IV and CANFLEX Mk-V bundles. The input parameters 
for the table lookup are pressure, mass flux, and 
equilibrium quality. CATHENA automatically selects the 
most appropriate table based on the channel geometry 
defined by the user. 
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The default correlation for fully developed post-dry 
out heat transfer is the Leung lookup table (based on wall 
superheat). The wall-superheat based lookup table 
provides a value of heat transfer coefficient from known 
pressure, equilibrium quality, mass flux and wall superheat. 


 
III.D. Modification from Blind to Open Calculation 


 
In addition to the fully-developed PDO heat transfer 


correlations, the best-estimate PDO heat transfer 
correlation is available for the developing PDO heat 
transfer model in the CATHENA code. In a tube or bundle 
with flow and enthalpy non-uniform distributions, the 
onset of dryout is reached in a non-uniform way on 
different surfaces. Close to CHF, the dry patch covers only 
a fraction of a tube or bundle. Without using the 
developing PDO heat transfer model in the one-
dimensional code like CATHENA, the entire surface is 
assumed to experience fully-developed PDO heat transfer 
conditions after the first occurrence of CHF in the tube or 
bundle. As a result, the net surface heat flux will be 
significantly underestimated. The best-estimate PDO heat 
transfer correlation is used for an “average” heat transfer 
calculation, based on interpolation of the heat transfer 
between CHF (i.e., nucleate boiling) and fully-developed 
film boiling conditions. An important consideration in the 
application of the best-estimate PDO calculations is that 
they are based on the average thermalhydraulic conditions 
for the entire surface of the tube or bundle. 


In the blind calculations of RD-14M small break tests, 
the default options for CHF and the fully-developed PDO 
heat transfer models are used. 


However, in the open calculation of B9802 test, the 
best-estimate 37-element developing post-dryout heat 
transfer model (Senaratne and Leung model, described in 
the CATHENA Mod3.5d Theory and User Manuals) is 
applied to the FES pin model to improve the bundle post-
dryout heat transfer predictions during the oscillatory 
phase of the test B9802. This model requires that the user 
has specified either of the PDO look-up table methods. The 
best-estimate heat transfer correlation is defined through 
the form, 
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 fdh = fully-developed film boiling coefficient, 


 ebh − = best-estimate heat transfer coefficient to 


 be calculated, 
 *T = wall superheat ratio, 
 wT = wall temperature ℃, 


 CHFT = critical heat flux temperature, ℃,  


 satT = saturation temperature ℃. 


 
This model requires four coefficients with the default 


values given by 
a1 = 1.6403, a2 = -0.4442, a3 = 0.0807, and a4 = -0.4437. 


However, the following two coefficients are changed 
as; a1 = 0.58 and a2 = -0.1442 (without changing other two 
coefficients) for the open calculation of the test B9802. 


 
 


IV. Calculation Results 
 


IV.A. Steady-State Calculation 
 


The first part of the code run is to get the steady-state 
solutions. For this part of the run some parameters such as 
channel power, pump speed, feedwater flow, steam 
generators pressure are imposed as constant, which are 
based on the steady-state data provided. Instead of using 
the pressure history of the ECC tank in the test B9006, the 
high pressure ECC is simulated by the CATHENA 
accumulator model. 


For the steady-state calculation, CATHENA code was 
run for 500 seconds to make the major output variables 
approach the constant values. Adjusting the flow resistance 
in the inlet feeder line of CATHENA input model, 
CATHENA calculates the nearly same flow distribution as 
the test data. 


The differences between the measured data and the 
code prediction are considered acceptable and the steady-
state results are used as the starting point for the transient 
calculation. 


 
IV.B. Results of B9006 Test 


 
Blind calculation results both for B9006 and B9802 


tests were obtained in the reference6. However, the revised 
open calculations are performed only for the test B9802, 
since the significant discrepancy of the code predictions 
from the B9802 test data were identified. 


The summary of the calculation results of test B9006 
are as follows. For a 7-mm inlet header break experiment 
(B9006), the depressurization (Fig. 4), high pressure ECC 
injection, secondary pressure ramp, refill, low pressure 
ECC injection, exponential pump ramp, and natural 
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circulation are simulated and shown to be similar to the 
transient behaviors in the test B9006. 
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Fig. 4. The Primary Pressure at Inlet Header 8 for Test B9006. 
 
Figure 5 provides the code comparison to 


experimental measurements for the inlet and outlet headers. 
 


ECC Flow to Header 8 (B9006)
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ECC Flow to Header 5 (B9006)
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(a) Inlet header 8                                 (b) Outlet header 5 


 
Fig. 5. ECC Flows to Inlet and Outlet Headers for Test B9006. 


 
The flows are measured and calculated near the header 


entrances, thus during the period prior to net ECC injection 
flow (< ~115 s) the flow rates are not from the ECC system 
to the headers, but reflect inter-header flows which are 
over-predicted by about a factor of two.  This could 
possibly indicate incorrect modeling of the ECC system 
pipe losses. 


FES Temp. at the Top Pin, Outlet of HS13 (B9006)
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Fig. 6. FES Temperatures in the Heated Section 13 for Test 
B9006. 


 
The switch from the high pressure to low pressure is 


reasonably predicted to occur at 1126.0 seconds, which is 
based on depletion of the water inventory in the high 
pressure tank. The calculation result of a low pressure ECC 
flow by assuming a pump discharge pressure being 
constant is in good agreement with the experimental data. 


When measurements of FES temperature are compared 
with the code predictions for test B9006 (Fig. 6), the rapid 
temperature decrease at early blow-down phase and a long 
term cooling of FES are shown to be well reproduced by 
the code simulation. 


 
IV.C. Results of B9802 Test 


 
Test B9802 progresses in a monotone manner after the 


break, as a result of inventory loss out of the break opening 
and the consequent voiding in the heated section and 
condensation of the steam in the boiler tubes. Therefore, 
timing of major events, such as start of boiler outlet void, 
oscillatory flow, and FES heatup, is driven mainly by the 
rate of break discharge, and secondarily by the boiler heat 
transfer modelling. 


Primary loop coolant circulation is provided by two 
high-head centrifugal pumps. In test B9802, even after the 
break the primary pumps were maintained at a constant 
speed of ~3000 rpm.  Thus the pump differential pressures 
and flow rates are a function of void at the pump and 
liquid density. After 1000 seconds the pump differential 
pressure shows an oscillatory behavior (Fig. 7). Since the 
trip of the pump at 1192 seconds is used as boundary 
conditions in the CATHENA simulation, a rapid decrease 
of pump differential pressure after pump 1 trip is well 
predicted as shown in Fig. 7-a. However, the oscillatory 
behavior of the pump differential pressure observed 
between 1000 and 1192 seconds is not reproduced by 
CATHENA code. Pump 1 and pump 2 behaviors are very 
similar; however, Pump 1 trips earlier as a result of a 
process trip. 
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Pump2 Differential Pressures (B9802)
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(a) Pump 1                                 (b) Pump 2 


 
Fig. 7. Pump Differential Pressures for Test 9802. 


 
Figure 8 shows the channel flow rates in the heated 


section 5. The channel flow rate in this section shows the 
similar pattern to those in the other channels. It is observed 
that coolant flow rate is maintained in normal flow 
direction before the flow becomes unstable at about 1000 
seconds. As the void generated in channels is increased, 
the channel flow rate continues to decrease with high flow 
resistance under two phase conditions. The flow oscillation 
is predicted between 600 and 1000 seconds because of not 
using the “STM-GEN-COND” option which will be 
discussed later.  
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HS5 Inlet Flow (B9802)
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Fig. 8. Channel Flow Rate for Test 9802 
 
As void fraction of coolant entering the boiler is 


increased (Fig. 9-a), not all vapor is condensed, and void 
appears in the boiler outlet after 800 seconds (Fig. 9-b). 
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Boiler1 Outlet Void Fractions (B9802)
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(a) Inlet of Boiler 1                   (b) Outlet of Boiler 1 


 
Fig. 9. Boiler Inlet and Outlet Void Fractions for Test 9802. 


 
During tests data recorded, the FES temperature show 


significant oscillations (dry-out and rewet) during the last 
part of the test B9802. As part of the open calculation 
phase, we performed a set of sensitivity cases developing a 
PDO correlation for test B9802. The results shows an 
improved prediction in terms the timing the maximum FES 
temperature is reached. 


Furthermore, the open calculation results in 
conjunction with “STM-GEN-COND” option selected for 
steam generator U-tubes show even better results. From 
the comparison of the header pressure measurements with 
the CATHENA open calculation predictions, a “plateau” at 
about 1 MPa over the measurement was observed as 
shown in Fig.10. However, this deviation from the test 
results disappears in the new sensitivity calculation 
applying the option “STM-GEN-COND” to the primary 
side of steam generator tubes. The CATHENA option for 
“STM-GEN-COND” specifies that direct condensation of 
vapor as a result of heat removal at the wall surface is to 
take place. Without this option, condensation within the 
tubes may be underestimated. 
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Fig. 10. Pressure at the Broken Header – “STM-GEN-COND” 
Option Effect. 


 
The direct effect of selection the “STM-GEN-COND” 


option is observed in the FES temperature. If we add the 
steam condensation option to the reference case, the PDO 
heat transfer coefficients must be tuned again to correct the 
slightly different timing of the FES temperature excursion. 
The discrepancy of the FES temperature predictions with 
“STM-GEN-COND” option is shown in Figures 11 and 12, 
which can be reduced by additional tuning process. 
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Fig. 11. Heated Section HS13 Center Temperature. 
 


FES Temp. at the Top Pin, Outlet HS13 (B9802)
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Fig. 12. Heated Section HS13 Outlet Temperature. 
 


 
IV. CONCLUSIONS 


 
The present CATHENA simulations for SBLOCA in 


the RD-14M facility demonstrate that CATHENA code is 
capable of adequately predicting the primary pressure 
depressurization, channel flow rate, channel voiding, and 


1867







Proceedings of ICAPP 2011 
Nice, France, May 2-5, 2011 


Paper 11397 


   


FES temperature under liquid convective or nucleate 
boiling heat transfer condition for tests B9006 and B9802. 


The CATHENA code simulation of B9802 has 
difficulties in the following areas: 


• Dryout/rewet cycles, prior to PDO heat transfer, in 
the channels 


• Slow heatup in PDO regime (only achieved by 
tuning the developing PDO model) 


 
The key phenomena in B9802 test are void generation 


through boiling in the channels (initially nucleate boiling, 
later PDO heat transfer) and steam condensation in the 
boiler tubes. The “STM-GEN-COND” option was found to 
have an important effect on pressure evolution. 


For SBLOCA, channel voiding is not a concern as 
much as for LBLOCA and code accuracy for void 
prediction is not essential. However, maximum FES 
temperatures are important, and therefore, improvements 
in PDO models and in the critical break discharge models 
are required. Also, ECC effectiveness for channel refilling 
and steam generator effectiveness for condensation are 
important phenomena that affect FES heatup. 
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Abstract – The upcoming nuclear power plants are having various advance design features. The 
containment being the final barrier to protect the public is equipped with safety systems to prevent 
over pressurization and release of radioactivity under various accident conditions. The passive 
heat removal in the containment is one of the new concepts being deployed. Large pools of water 
at atmospheric pressure provide a heat sink for the reactor or the containment by means of natural 
circulation. The main objective of the experiments carried out in the containment test facility has 
been to demonstrate the passive cooling concept. The long-term cooling requirements, with 
special emphasis on the performance of the passive cooling components and the interaction 
between the various systems of evolutionary reactor designs are being investigated. The basic 
phenomena involved are natural circulation and condensation heat transfer in the presence of 
non-condensable gases. The paper deals with the detailed modeling of the experimental set up 
using the internationally renowned code RELAP5/MOD3.2. The experiment involves the passive 
containment cooling during a LOCA scenario. The dynamic response of system pressurization and 
the PCC start up are well captured in time domain. Response of different process parameters has 
also been compared with the test results and it was found to be in good agreement.  


 
 


I. INTRODUCTION 
 
The upcoming nuclear power plants are having various 


advance design features. The containment being the final 
barrier to protect the public is equipped with safety systems 
to prevent over pressurization and release of radioactivity 
under various accident conditions. Most of the load on the 
containment comes from the released steam from the 
primary coolant system due to the Loss of Coolant 
Accident (LOCA) or venting of the pressure relief valves. 
Containment pressure suppression pools have been used in 
various designs for many years. Following a LOCA, steam 
is vented into the drywell (the primary containment) where 
it is subsequently forced through large vent lines 
submerged in the suppression pools. The steam condenses, 
thus mitigating a pressure increase in the containment. The 
long-term heat removal is established with systems having 
various active components. Containment pressure reduction 
and heat removal during a LOCA using an external steam 
condenser heat exchanger is one of the passive design 
features in the upcoming reactors. Large pools of water at 
atmospheric pressure provide a heat sink for the reactor or 
the containment by means of natural circulation and 


condensation heat transfer. The performance of these 
passive emergency-cooling systems in a low-pressure 
natural circulation system has to be assessed for different 
conditions such as condensation in the presence of non- 
condensable (NC) gases. The major part of the NC gases 
consists of the original containment atmosphere such as air 
or nitrogen, however with the core damage, hydrogen or 
fission gases can also be released into the containment 
atmosphere. The PCCS (Passive Containment Cooling 
System) removes the core decay heat energy, rejecting it to 
the containment and finally taking it outside of the 
containment. This nearly eliminates the requirement of 
containment venting before and after core damage as a 
means of overpressure protection. The PCCS loops are 
driven by the pressure difference created between the 
containment drywell and the suppression pool during a 
LOCA. PCCS operation requires no sensing, control, logic 
or power actuated devices for operation. Together with the 
pressure suppression containment system, the PCCS 
condensers limit containment pressure to less than the 
design pressure for at least 72 hours after a LOCA, without 
inventory makeup to the IC/PCC pool. All these innovative, 
passive system, performance needs to be accessed using 
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mathematical models and experiments. The various 
accident conditions have been experimentally simulated in 
large-scale integral test facilities like PANDA [1]. The data 
generated from these test can be used for validation of 
various Safety & Licensing codes. The objective of the 
current study is to validate the model for PCCS startup. 
This study can access the mitigation of containment 
pressurization with the help of PCCS. 


 
II. DESCRIPTION OF THE INTEGRAL TEST 


FACILITY 
 
 PANDA, a large-scale integral test facility located at 


the Paul Scherrer Institute (PSI) in Switzerland is scaled 
1:1 in height, and 1:40 in volume and power, compared 
with the ESBWR. Equipped with a 1.5 MWe steam source, 
the facility is capable of simulating accident scenarios 
starting approximately one hour into a loss of coolant 
accident (LOCA). The main objective of the experiments 
has been to demonstrate the passive cooling concept for the 
long-term cooling, with special emphasis on the 
performance of the passive cooling components and the 
interaction between the various systems of evolutionary 
reactor designs.  
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Fig. 1. Scheme of PANDA facility for Phase-A 
These tests designated with International Standard 


Problem (ISP)-42 (or P-series) were used as part of an 
Organization for Economic Development and Cooperation 
(OECD), Nuclear Energy Agency (NEA) Standard Problem 
code comparison and benchmarking exercise [1-2]. The 
detailed physical design of the PANDA facility is 
documented in Reference [3]. A total of six separate 
experiments (denoted Phases A through F) were conducted 
as a part of the ISP-42 test in order to experimentally 


simulate various time frames of a design-basis accident in 
the SBWR containment, and to enable the study of specific 
accident phenomena. The conditions realized in the six test 
phases (phase-A to F) are fully described in reference [4]. 


 
III. RELAP5 SIMULATION OF PANDA FACILITY 


FOR PHASE-A 
REALP5/MOD3.2 [5] code has been used worldwide 


for analyzing thermal hydraulic behaviour of nuclear 
reactor systems. It is based on two-fluid simulation using a 
nonequilibrium, nonhomogeneous, six-equation 
representation. Constitutive models represent interphase 
drag, the various flow regimes in vertical and horizontal 
flow, wall friction and interphase mass transfer. The code 
has also the capability to simulate the presence of slabs of 
material adjacent to the fluid. Thus, energy transfer to and 
from stationary slabs of material can be simulated. Relap5 
simulation model (Fig.2 & 3) of all the above components 
along with the different connecting lines like main steam 
lines into the drywell vessels, the GDCS (Gravity Driven 
Cooling System) injection line to the RPV (Reactor 
Pressure Vessel), main vent lines from the drywells to the 
wetwell compartment, the pressure equalizing lines from 
each of the two wetwell vessels to the GDCS tank gas 
space and PCC supply, vent and drain lines has been 
developed. 
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Fig. 2.  RELAP5 Nodalisation of various components 
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Fig. 3 Simulation of interconnecting lines 
 
To establish a desired system configuration for 


different phases of the experiment, the valves in these lines 
have been modeled to be close and opened for a particular 
transient test.  Fig.2 shows the simulation of the different 
vessels in detail. RPV has been modeled with 11 equal 
numbers of volumes in the downcomer and the riser paths. 
Heater has been simulated with two heat slabs attached 
with the two bottom volumes of the riser. To have more 
realistic representation of large diameter vessel behaviour, 
two parallel paths in each vessel have been considered. The 
interconnection between the different vessels along with 
various valves has been simulated in Fig.3. To capture the 
cross flow behavior in a large diameter interconnecting 
lines between Drywells (DWs) and Wetwells (WWs), two 
junctions at each end face of the pipe with two parallel 
paths have been modeled. 3 PCC have been simulated with 
5 heat structures. To simulate the natural circulation 
established in the poolside, two parallel streams with cross-
junction have been modeled. Time dependent volumes have 
been used to maintain the ambient condition on the pool 
upper volumes. The total number of volumes and the 
junctions simulated are 387 and 456 respectively. To 
account the effect of metal inertia the heat structures with 
metal mass of different vessels has been simulated. Heat 
structure for insulation to simulate the heat losses from 
various vessels to ambient has also been modeled. The 
present scheme consists of 116 number of heat structures 
with 304 total number of mesh points. 


IV. RESULTS & DISCUSSION 
 
The objective of the first phase of test was to 


investigate the startup of a containment passive cooling 
system when steam is injected into the cold vessels filled 
with air and to observe the mixing of two fluids and the 
integrated system behavior. 


 
IV.A. Phase-A Test and Expected Phenomena 


 
Fig.1 shows the schematic of the test facility for phase-


A experiment. All 3 PCCs are operational with no 
interconnection between them. Main vent lines and the 
vacuum breakers are not available in this case. At t=0, the 
heater is switched on and then steam from RPV is injected 
to two DWs through the two steam lines, MS1 and MS2 
shown in the Fig.1. The injected steam started diluting the 
air concentration in the DW-1& 2, and there was partial 
condensation on cold wall of DWs. When the drywell 
pressure exceeded the Wet Well pressure by 10 kPa (the 
hydrostatic head at the PCC vent outlet), the drywell 
content partially was pushed to the two wet wells through 
the PCC vent lines. In the beginning of transient, as air was 
mainly being pushed out through the PCC feed lines so the 
heat removal from PCCs was poor and system pressure 
keeps on increasing. Afterwards with the pure steam 
flowing into PCCs, the steam condensation resulted in an 
enhance heat removal and the system pressure rise was 
arrested. The different phenomenon involved during this 
phase is system pressurization, steam condensation on 
drywells wall, steam condensation in PCC tubes for a wide 
range of gas flow rates and non-condensable gas fractions.  


 
IV.B. Phase-A Simulation Results 


 
The initial steady state condition for the phase-A 


experiment with RELAP5 has been achieved as per the 
system configuration for phase-A test 
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Fig. 4 Gas Mass Flow Rate in Main Steam Line 1 
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The valves of the GDCS injection line, main vent 
lines, and the wetwell   to drywell vacuum breakers were 
closed, while the PCCS connection lines were left open. 
The values of different initial process parameters prior to 
the test have been given in the table-1. 


 
At t=0 second, RPV power (1000 kW) has been 


switched on and the two main steam line valves have been 
opened allowing the steam to flow into two drywell 
volumes. The predicted steam line flow and the integrated 
mass of steam injected during the test (Fig. 4 & 5) are in 
good agreement with the test data.  
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Fig. 5 Integral of Gas Mass Flow Rate in Main Steam Line 1 
 
The air concentration in the middle volume of DW-1 


during the steam injection phase is shown in Fig. 6. There 
is a reasonably good match of air partial pressure. 
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Fig. 6. Air Partial Pressure Near Middle of Drywell 1 
 
 Air is purged from the drywells into the wetwell 


vessels through the PCCS vent lines (which are submerged 
approximately 0.75 meters below the initial suppression 
chamber pool surface). Though there is a slightly higher 


rate of predicted air dilution, the average gas temperature 
in DW-1 is well predicted (Fig.7). 
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Fig. 7. Average Gas Temperature in Drywell 1 
 
The steam condensation on drywell walls is 


represented by the increase of water mass in the DW-1 
(Fig.8). The transient response is well captured and is in 
good agreement with the experimental data before the PCC 
startup. Both predicted and experimental condensation rate 
shows a reduction in the slope (at t=3500s) with PCC 
startup but the addition of water mass following the PCC 
startup is at a higher rate in the experiment due lower heat 
removal rate in the PCCS experimental conditions as 
compared to the predictions. 
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Fig. 8. Water Inventory in Drywell 1 
 
The heat transport to the PCC pools are simulated by 


adding heat transfer rates to different water volumes 
attached to the tube heat structures. The total power 
transfer to the PCC pools is more or less matched with the 
heater power of 1000 kW. Fig.9 shows the comparison of 
heat removal from PCC-3. As seen from the graph, in the 
beginning phase due to higher rate of air removal form 
drywells the predicted rate of heat removal is slightly lower 
as compared to the test data.  
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Fig. 9.  Heat Transfer Rate through PCCS 3 
 
The liquid mass in RPV is compared with the 


experimental data in Fig.10. There is a good agreement in 
the predicted behavior with the experiment just prior to the 
fully operational state of PCCs. But as the heat removal 
from PCCs in the experiment is slightly less as compared to 
the heater power after the arrest in system pressure rise, the 
rest of heat load is getting absorbed in wetwell. This has 
resulted in a higher depletion of water mass at t>3500s 
(non-condensed steam part diverted to wetwell) in the 
experiment as compared to the predicted value. 
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Fig. 10.  Water Inventory in RPV 
 
The pressure behavior of drywell vessel is shown in 


Fig. 11.  The pressure of drywell starts increasing and when 
the drywell pressure exceeds the wetwell pressure by 10 
kPa (the hydrostatic head at the PCC vent outlet), the 
drywell content partially was pushed to the two wetwells 
through the PCC vent lines. At t>3500 seconds, the drywell 
volume is significantly diluted with steam and the feed to 
PCC is mainly steam which is getting condensed in the 
primary side of PCC leading to heat removal path being 
established through PCC start up. The rise in system 
pressure is stopped and it goes through a steady response 


thereafter. A good agreement in the predicted pressure 
response with respect to the experiment has been observed 
during the system pressurization phase. As seen from the 
Fig.12, the differential pressure between the drywell and 
wetwell vessel is well matched against the experimental 
data. 
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Fig. 11.  Pressure in Drywell 1 
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Fig. 12.  Differential Pressure (Drywell- Wetwell) 1 
 
 


V. CONCLUSIONS 
 
A detailed investigation of the different phenomena 


during the phase-A test has been carried out using RELAP5 
MOD/3.2. The dynamic response of system pressurization 
and the PCC start up are well captured in time domain. 
Response of different process parameters has also been 
compared with the test results and it was found to be in 
good agreement. It can be concluded that RELAP5 can be 
used for design & scaling of such passive devices/systems 
working under low power and low pressure conditions with 
non condensable.  
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Table-1 


Component Total 
Pressure 
(kPa) 


Air 
partial 
pressure 
(kPa) 


Gas 
temp. 
(oC) 


Water 
temp. 
(oC) 


Water 
mass 
 (kg) 


RPV 120.8 - 109.3 109.3 5860 
DW1 
DW2 


120.4 
120.4 


114.9 
115.2 


34.5 
33.5 


- 
- 


0 
0 


WW1 
WW2 


120.1 
120.1 


75.6 
75.1 


78.8 
78.6 


80.2 
80.0 


39240 
39240 


GDCS tank 119.9 - 52.8 52.8 9530 
 


REFERENCES 
 


1 D. Luebbesmeyer, S.N. Aksan, “ISP42 (PANDA Tests) 
Blind Phase Comparison Report,” Organization for 
Economic Development and Cooperation, Nuclear 
Energy Agency Report NEA/CSNI/R (2003) 6, May 
2003. 
 


2 D. Luebbesmeyer, S.N. Aksan, “ISP42 (PANDA Tests) 
Open Phase Comparison Report,” Organization for 
Economic Development and Cooperation, Nuclear 
Energy Agency Report NEA/CSNI/R (2003) 7, May 
2003. 
 


3 Z. Yuan, M. Ghaderi, A. Krall, M. Zavisca, and M. 
Khatib-Rahbar, “Design Specifications of the PANDA 
Test Facility,” Energy Research, Inc., Prepared for U. 
S. Nuclear Regulatory Commission, ERI/NRC 06-206, 
October 2006. 


 
4 M. Zavisca, M. Ghaderi and M. Khatib-Rahbar, 


“Assessment Of TRACE Code Against PANDA ISP-
42 Experimental Data,” Energy Research, Inc. Final 
Report Prepared for U. S. Nuclear Regulatory 
Commission, June 15, 2008. 


 
5 Fletcher, C. D., Schultz, R.R., June 1995. 


RELAP5/MOD3 Code Manual, Idaho National 
Engineering Laboratory, Idaho Falls, Idaho. 
 


1920








Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper #11417 


 


 


Assessment of the Standard EPRTM Reactor against the European Utility 
Requirements (EUR) 


 
 


François Bouteille 
AREVA NP 


Tour AREVA - 92084 Paris La Défense Cedex, France 
Tel: +33 1 34 96 84 64, Fax: + 33 1 34 96 84 77, Email: francois.bouteille@areva.com 


 
 


Abstract – The EUR Steering Committee selected the EPRTM design as one of the first designs to 
be reviewed and assessed against the EUR. This work was completed in 1999 within the 
framework of a joint working group involving the designer and EUR group representatives taking 
into account the design work available at that time. The Volume 3 EPR subset revA was issued in 
December 1999.  


 
At the end of 2003, TVO selected the EPRTM reactor for construction on the Olkiluoto 3 and in 
2006 EDF decided to launch the construction of an EPRTM reactor on the Flamanville site. 


 
At the end of 2006, AREVA proposed to the EUR Steering Committee to undertake a revision of the 
EPR Volume 3 to take into account the present status of the work but also the evolution of the EUR 
document (the assessment was done against Volume 2 Rev B, whereas Volume 2 Rev C is now 
applicable).  This proposal was accepted by the EUR Steering Committee in 2007. 


 
By early 2009, the EUR organization completed the compliance assessment of AREVA’s EPRTM 
reactor standard design against the EUR.  The EUR organization formally presented with the 
certificate during a special ceremony held in Brussels on July 15, 2009. This award confirms that 
the EPRTM reactor can be built throughout Europe and meets international regulatory 
requirements.  


 
The EUR requirements cover an exhaustive range of requirements for a nuclear plant to operate 
efficiently and safely and include such areas as layout, systems, material, components, 
probabilistic safety assessment methodology, availability assessment and many more.  
 
The EUR assessment was extremely detailed, covering 4,678 requirements. The EPR™ reactor 
complied with over 99% of these requirements (including the non-applicable ones). The 
assessment also showed only a 0.1% level of non-compliance, all of which were substantiated by 
AREVA. 
 
Furthermore, in some cases, the EPRTM reactor exceeded the EUR requirements; these include 
aircraft crash protection (large commercial aircraft are deterministically covered), waste storage 
capacity, and a design lifetime of 60 years compared to the EUR requirement of 40. 
 
This paper presents the highlights of this review. 
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I. INTRODUCTION 
 
The EUR Steering Committee selected the EPRTM 


design as one of the first designs to be reviewed and 
assessed against the EUR in 1996 in parallel with the basic 
design work. This project was completed in 1999 within 
the framework of a joint working group involving the 
designer and EUR group representatives, taking into 
account the design work available at that time. The EUR 
Volume 3 EPR Subset, Rev A, was issued on this basis in 
December 1999.  


 
In 2003 TVO selected the EPRTM reactor for 


construction on the Olkiluoto 3 site and in 2006 EDF 
decided to build an EPRTM reactor on the Flamanville site 
and to apply to the French Authorities for a construction 
license. As a result of both decisions, the available 
knowledge on the EPRTM detailed design existing in 2006 
was drastically increased. In addition the EUR document 
was revised (the assessment was done against Volume 2 
Rev B, whereas Volume 2    Rev C was published in April 
2001). In this context, AREVA took the initiative to 
propose to the EUR organization to launch the project to 
update the assessment work in view of preparing a new 
version of the EUR Volume 3 EPR Subset. This proposal 
was accepted by the EUR Steering Committee. After some 
preliminary exchanges to organize the project, the actual 
work started in August 2007 with a two-day seminar during 
which AREVA presented the design to the EUR members 
who had joined the dedicated working group.   


 
II. EPRTM REACTOR DEVELOPMENT 


 
The EPRTM reactor is a PWR in the 1600 MWe class. 


Its evolutionary design is based on the experience feedback 
from several thousand reactor-years of operation of Light 
Water Reactors worldwide, primarily those incorporating 
the most recent technologies: the N4 and the KONVOI 
reactors currently in operation in France and in Germany. 
The EPRTM design also integrates the results of decades of 
research and development programs, in particular those 
carried out by the CEA (French Atomic Energy 
Commission) and the German Karlsruhe Research Center. 
Through its N4 and KONVOI roots, the EPRTM reactor 
benefits from an uninterrupted evolutionary innovation 
process which has continuously accompanied the 
development of the PWR since its introduction in the 
Western marketplace. 
 


Offering a significantly enhanced safety level, the 
EPRTM reactor features major innovations, especially to 
prevent core meltdown situations and to mitigate their 
potential consequences. It also benefits from an outstanding 
resistance to external hazards, especially against a military 
or a large commercial airplane crash and against 


earthquake. Together, the EPRTM operational and safety 
systems provide progressive responses commensurate with 
any abnormal occurrence. 
Thanks to a number of technological advances, the EPRTM 
reactor is at the forefront of PWR technology. Significant 
progress has been incorporated into its main features: 


• The reactor core and its flexibility in terms of fuel 
management; 


• The reactor protection system; 


• The instrumentation and control (I&C) system; 


• The operator-friendly man-machine interface and fully-
computerized control room; 


• The large components such as the reactor pressure 
vessel and its internal structures, the steam generators 
and the primary coolant pumps. 


 
These innovations contribute to a high level of 


performance, efficiency, operability and therefore 
economic competitiveness offered by the EPRTM reactor to 
fully satisfy customer’s expectations for their future nuclear 
power plants. 
 


In the early nineties Framatome and Siemens, the 
leading European nuclear power plant suppliers, and also 
utilities in France and in Germany united their knowledge 
and experiences to develop a new reactor that would fulfill 
the requirements of the 21st century, the EPRTM reactor. 
 


IRSN and GRS jointly developed a "Proposal for a 
Common Safety Approach for Future PWRs", which was 
endorsed in 1993 by the French and German nuclear 
reactor advisory committees (GPR and RSK). This 
proposal was then approved by the French and German 
nuclear safety authorities (ASN and BMU) in a joint 
declaration issued to the EPRTM design project. 
 


Later, French and German Safety Authorities and 
safety experts worked closely together during the EPRTM 
reactor basic design phase, and actively and intensively 
reviewed the EPRTM safety concepts on the basis of the 
above proposal. This review enabled the nuclear safety 
authority to influence the design at an early stage of the 
project. 
 


This work was concluded in October 2000 with the 
endorsement by the GPR, (with the participation of German 
experts), of the "Technical Guidelines for the Design and 
Construction of the New Generation of Pressurized Water 
Reactors" (TGs). 
 


The Technical Guidelines present the safety 
philosophy and approach and general safety requirements 
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that the GPR and German experts considered to be 
appropriate for the design and construction of the next 
generation of PWR nuclear power plants to be built at the 
beginning of the 21st century. The requirements of France 
and Germany were harmonized; a balanced approach was 
sought rather than simply a summation of requirements 
identified by each country. 
 


The TGs require significant safety improvements to be 
incorporated into the design of the next generation plants in 
comparison to Nuclear Power Plants (NPPs) in operation. 
They provide the designer with the views of the safety 
authorities on the general safety approach and principles to 
be applied, such as: 


• Development of new plant designs using an 
evolutionary approach starting from the design of 
existing plants, taking into account operating 
experience and analyses already performed for currently 
operating NPPs; 


• Introduction of innovative features, in particular for 
prevention and mitigation of severe accidents. 


 
When the design approval for the EPRTM reactor was 


issued by the French government in September 2004, the 
TGs were included as an appendix to the approval letter 
which confirmed that, at this stage of the EPRTM project 
review, the safety options defined by the TGs were 
considered as essential for meeting the established 
objective of achieving a general safety improvement. The 
TGs were used as safety guidelines for the assessment of 
the EPRTM and authorization for construction of the first 
French EPRTM project (Flamanville 3) was granted in April 
2007, after review of the Preliminary Safety Analysis 
Report (PSAR) with a design envelope against the TG 
requirements. 
 


Moreover, a second important development goal was 
to assure the competitiveness of the electrical output when 
compared with alternative energy sources. Therefore, target 
economic assessment criteria were defined at the beginning 
of the EPRTM Basic Design (BD) phase. 


 
III. STANDARD EPRTM REACTOR 


 
Several EPRTM reactors are being constructed in 


different countries (Finland, France, China), taking into 
account country-specific regulations and particular 
customer requirements, therefore it has been identified as 
necessary to define and maintain a standard EPRTM reactor 
configuration, taking benefit from all ongoing projects. 
This reference configuration is defined as a set of technical 
features described in a set of documentation, including the 
EPRTM Nuclear Island (NI) Technical Description, the 


Standard Preliminary Safety Analysis Report (SPSAR) and 
the Standard Probabilistic Risk Assessment (SPRA). 
 


This configuration is maintained through a change 
control and configuration management process. This 
process takes into account, for example, EUR review group 
comments, experience feedback from ongoing projects, 
modifications issued from the process of EPRTM reactor 
optimization. It is this version which has been assessed 
against the EUR. 


 
IV. PROJECT ORGANISATION 


 
The work program and the list of the members of the 


EUR Coordination Group (CG) were finalized in June 
2007, and the EUR-CG started to work in August 2007. 
The EUR utilities responsible for the production of EUR 
Vol. 3 EPRTM (“sponsors”) were CEZ, EnBW, Endesa, 
ENEL, EnergoAtom, E.ON, Fortum, Iberdrola, 
Rosenergoatom, Tractebel Engineering/GDF Suez and 
Vattenfall, with the technical support of the EPRTM 
designer, AREVA. The other EUR utilities that participated 
in the EUR-CG (“supporters”) were British Energy, EDF, 
Swissnuclear and TVO.  AREVA provided all the necessary 
information and E.ON was the technical leader of the EUR 
CG. Bilateral agreements between AREVA and the EUR-
utilities cover the rights of use of EPRTM information and 
of distribution of the EPRTM Subset. 


 
 
 


  
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 1 Organisation for the EPR Subset of EUR Volume 3 
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All the rules which are usually used by the EUR 
organisation for this type of work were followed. In 
particular, all the EUR document individual requirements 


were assessed against the different possibilities foreseen by 
the EUR organisation. 


 
 


TABLE 1 
Labels used in the compliance analysis 


 


Compliance assessment labels Meanings Acronyms 


Compliance The design meets the requirement but does not go significantly beyond them. COM 


Compliance-with-objectives only The design is assumed to achieve the objective of the requirement; 
either a different approach from the EUR one is used to achieve the 
same objectives or the approach is not yet defined. 


CWO 


Non-compliance The design does not meet the requirement; an assessment of the gap 
importance must be given 


NOC 


Not applicable The requirement is not applicable to the design. NAP 


Not assessable today The assessment cannot be made for some reason. NAS 


Beyond requirement The design significantly exceeds what is requested by EUR; 
an assessment of the gap importance must be given 


BRE 


 
After more than 10 Coordination Group meetings and 


a number of dedicated Administrative Group meetings to 
review the reports, and several intermediate presentations 
to the EUR Steering Committee the project was completed. 
The review was finally approved by the EUR Steering 
Committee in June 2009. 


 
V. RESULTS OF THE ASSESSMENT WORK 


 
Due to the history of the EPRTM design development 


and the numerous discussions with European safety 
authorities and utilities, it is natural for the EPRTM design 
to be in full compliance with most of the European Utilities 
Requirements. Out of about 5,000 requirements, nearly 
95% were classified as “compliant” or “compliant with 
objectives”. This applies especially to important areas such 
as safety level, licensing, quality assurance, standardisation, 
operation and simplification.  
 


Some different design solutions have been applied to 
the EPRTM with the same objective as the EUR; these items 
are defined as “compliance with objectives”. Non-
compliances are very limited and restricted to areas where 
EPRTM-specific choices were made, mainly driven by 
economic considerations.  


The overall results out of the 4678 requirements are: 
 


COM 90.3 % 
CWO 3.3 % 
NOC 0.1 % 
NAP 6.3 % 
NAS 0.1 % 
BRE 0.3 % 


 
Of course, the main result is that there is a high 


percentage of the COM labels, which reflects a very good 
compliance level against the expectations of the EUR. 


 
The main safety objective of the EUR is that a 


standard LWR project design compliant with the EUR 
should be licensable in the different countries of Europe 
without need for significant changes to meet differences in 
national licensing regimes. The EUR document asks that 
the safety approach be based on well-established 
deterministic methods complemented by probabilistic 
methods and that the design be based on a solid defense-in 
-depth concept. This approach is fully applied in the EPRTM 
safety case. As required by the EUR, severe accident 
prevention and mitigation are considered at the design 
stage, with the target to provide greater protection against 
radioactive releases and to provide a technical basis for a 
possible simplification of the off-site emergency measures. 


 
The EPRTM reactor includes a high level of protection 


against external hazards such the Airplane Crash, beyond 
what is required in the presently applicable version of the 
EUR. Since the issuance of the EUR in April 2001, the 
situation has significantly evolved and, on this matter, the 
EUR does not reflect the present status of the regulatory 
requirements in Europe. 


 
For the safety requirements only a few items were 


addressed as Compliance with Objectives. For these items, 
the design achieves the objective of the requirements. The 
EPRTM design uses a different approach from the EUR in 
order to achieve the same objectives. Some examples are 
given below. 
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With regard to seismic design, there is one EUR 
requirement which states: 
The potential capability of the required components, 
structures and systems to withstand seismic events of 
greater severity than those specified shall be assessed to 
show that sudden failure would not occur just beyond the 
specified magnitudes (“no cliff edge effect”). A seismic 
margin assessment shall be performed to demonstrate this. 


The assessment result is:  
A seismic margin assessment is not done by AREVA for 
the standard design, but detailed analyses are provided 
once the detailed design for specific project is completed to 
show to a national regulatory authority that the final design 
is fully compliant with their requirements. Therefore, a 
detailed analysis cannot be done for the EUR assessment 
without a specified site.  


For radiological consequences of accidents, the EUR 
document requires: 
The EUR requirement gives detailed data for the 
verification process of the environmental impact like 
values for the fraction of gap releases and the spectrum of 
isotopes to be taken into account.  


The assessment result is: 
Even if there are some differences between this 
requirement and the method which was applied by AREVA, 
the presented releases of the EPRTM met the target with a 
wide margin. 
 


The EUR sets a high level of performance in terms of 
plant operational and transient response capabilities and 
the elements to consider in the design of the plant to assure 
that radiation exposure is As Low As Reasonably 
Achievable (ALARA). Operational capabilities include 
plant size, plant and core response in normal and abnormal 
situations, maneuvering capability,and radioactive waste…  


On all this aspects, the EPRTM meets the EUR 
requirements and shows a very good level of compliance, 
with only one single Non-Compliance. 
 
The EUR set the following requirements: 
Load following shall be achieved in PWRs without 
adjusting soluble boron concentration during maneuver. 
 
Following the justification given by AREVA, the 
assessment result is: 
For short term load follow transient a boration /dilution of 
the primary water is performed, so the load follow 
maneuverability in the short term is not performed with the 
control rods alone. The AREVA position as designer is that 
this EUR requirement is not in line with an optimum 
design, since it would imply a permanent and very deep 
insertion of control rods at full power. This type of 
operation would lead to high burn up imbalance between 
fuel assemblies and would be detrimental for the power 


distribution to be taken in the safety analyses (and thus to 
core margins) and would require additional rods to meet 
shutdown reactivity criteria. Therefore, the EPRTM does not 
follow this orientation.  
 


The EPRTM Core Control mode leaves the possibility 
to the operator to minimize the amount of effluents, 
keeping the boron concentration constant when at low 
power during a load-follow transient. This mode of 
operation can be selected as the most appropriate, 
depending upon the actual boundary conditions of the 
operator.  
 


Three beyond-requirements items have been identified. 
They are: 
• The total capacity of the spent fuel pool exceeds the 


EUR requirement, 
• The duration of the cool down for the shutdown of the 


plant is shorter than required, 
• The capability of stretch-out of the natural fuel cycle is 


longer than required. 
 
In the Design Basis chapter, the EUR specifies the 
requirements for: 
• Site Design Conditions 
• Design basis philosophy 
• Safety and seismic classification 
• Design loads and conditions 
• Seismic design 
• Equipment qualification 
 
On all these topics, the EPRTM reactor is compliant. 


A CWO is identified with regard to External air 
temperatures and humidity conditions. The EUR 
requirement is the following: 
The standard design shall be able to deal with 60% 
relative humidity at 37°C (dry bulb). 


The assessment result is: 
The EPRTM standard design can deal with 50% relative 
humidity at 37°C (dry bulb). A design basis requirement of 
60% may lead to unjustified over-sizing and over-cost.  


The standard EPRTM has safeguard and fuel buildings that 
are large enough to provide sufficient flexibility to 
accommodate HVAC equipment according to air 
temperature and humidity conditions specified by the EUR.  


Another CWO is identified with regard to plant design life, 
the EUR requirement is: 
All major plant components and equipment shall be 
expected to meet the specified design life. 


The assessment result is: 
Because of the implemented provisions and measures 
(improvement of materials, mitigation of transients, 
improvement of design based on operating experience), it 
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can be assumed that the major plant components will meet 
the specified design life. But in the design stage, the 
designer did not take the same indicative numbers of design 
basis conditions into account as recommended in the EUR.  


In this domain, one beyond-requirements capability is 
identified: 
The plant design lifetime is 60 years vs. 40 years required 
by the EUR. 
 
With regard to Codes & Standards, it is acknowledged by 
the EUR that the approach used by AREVA is robust and 
in line with the EUR requirements. 
 
On Material-related requirements, the EPRTM reactor 
follows the EUR requirements.  The requirements 
contribute, in particular, to using well-proven technical 
solutions that reduce the risks of corrosion and exposure 
for maintenance personnel. 
 
On Functional requirements for components, there is 
globally a very good level of compliance. For example, the 
primary components have been designed to minimize the 
number of welds and thus to lighten the in-service 
inspection work. The number of homogeneous welds on the 
cold leg is significantly reduced by adopting a one-piece 
forging. The reactor coolant pumps are equipped with a 
standstill seal system. No cobalt-based hard-facing 
materials are used for seats of valves in contact with reactor 
coolant. High efficiency filters and automatic filter change 
devices are specified in order to maintain a high level of 
radiological cleanliness. 
 
The following non-compliances have been identified:  
The fuel assemblies should have a 90-degree rotational 
symmetry, thus permitting it to be arranged in four 
different orientations in the core. 


The assessment result is: 
EPRTM Fuel Assemblies only have 180° rotational 
symmetry. The Designer has operating feed back with 90° 
symmetry (from German reference plants equipped with 
longer upper tie nozzle) but, after an internal review, has 
concluded that the fulfillment of this requirement, taking 
into account the other constraints, would have implied 
drawbacks on the reliability of the connection and that the 
loss of flexibility would have rather mild consequences for 
future EPRTM operations.  
 
For the lifetime of the diesel generators the EUR 
requirement is: 
The main components of the emergency diesel generator 
shall be designed for a lifetime of not less than 40 years 
and for at least 2000 starts. 


The assessment result is:  


Due to the required short start-up time and the high 
frequency of the periodical tests, expected lifetime is rather 
about 30 years, in accordance with common experience 
feed back. This time duration is consistent with the overall 
time life of the plant which is 60 years. The diesel 
generator would need to be changed in the middle of the 
life of the plant. 
 
With regard to the functional requirements for systems, 
the EPRTM Nuclear Island is in good compliance with the 
EUR requirements. The design process of the EPR paid 
particular attention to achieving high availability of the 
plant as required by the EUR. This has resulted in 
implementing four separate redundancies, e.g. for the 
Emergency Core Cooling System (ECCS) and the 
Emergency Feedwater (EFW) System, that enables 
equipment maintenance during power operation. The 
Internal Reactor Water Storage Tank (IRWST) is located 
inside the containment. This tank also acts as a collection 
pool for the sump water within the containment and thus a 
separate recirculation mode of ECCS is not needed. 
 
Only a single non-compliance has been identified. The 
EUR requirement is: “Continuous combined hot leg and 
cold leg low head safety injection shall ensure in the long 
term no boron precipitation in the core without Operator 
action”.  The EPRTM design requires an operator action for 
that, but there is sufficient time. 
 
Some CWO have been identified, such as: 
The RCS circuit should be designed and laid-out so that it 
is physically impossible to drain water out of the RCS 
below the mid-loop low level, except if necessary and when 
the core is unloaded. 


The assessment result is: 
The RCS should be laid out in such a way that it is 
physically impossible to drain water out of the RCS below 
the mid-loop level, but in the EPRTM, the drainage is 
possible because it is necessary for plant operation. 
However, specific precautions have been taken to reduce 
the possibility of events that could lead to such situations. 
There is a dedicated, active, safety system that is activated 
in the event of excessive draindown.  
 
Regarding the heat removal function in Design Basis 
Accidents, the EUR requirement is: 
A Containment Heat Removal System (CHRS) shall be 
included in the design of the primary containment. 


The assessment result is:  
In EUR, CHRS means a containment heat removal system 
in Design Basis Accidents (DBAs) only. The EPRTM has a 
Containment Heat Removal System (CHRS), however it is 
not designed to be used in DBAs. In the EPRTM, the CHRS 
is designed to be used in severe accidents, but it could be 
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used in some Design Extension Condition (DEC) accidents. 
For Design Basis Accident, the heat removal function is 
fulfilled by the Safety Injection System (SIS) extracting 
heat directly from the core. The release of steam to the 
containment atmosphere is limited to a minimum due to the 
design and dimensioning of the SIS.  
 
The Containment System plays a key role, particularly as 
the last barrier of the defense-in-depth strategy to avoid 
uncontrolled releases of fission products to the 
environment both for Design Basis Accidents and Design 
Extension Conditions. The EPRTM project complies with 
the EUR requirements. The EPRTM containment is a double 
wall structure. The primary shell is pre-stressed concrete 
fitted with a metallic liner and a secondary shell made of 
reinforced concrete. No non-compliance as well as beyond 
-design requirement issue has been found. 


The Instrumentation and Control (I&C) and Man-
Machine Interface chapter addresses the following topics: 
• I&C architecture 
• Automation and protection systems requirements 
• Man-Machine Interface 
• Interface with off-site system. 


The EPRTM I&C design is based on experience feedback, 
primarily from the N4 and the KONVOI reactors currently 
in operation in France and Germany. The EPRTM I&C 
meets most of the requirements (COM label close to 98%). 
The 2% CWO correspond to items which would be 
addressed within a specific contract. The Standard EPRTM 
I&C also benefits from the feedback of experience from the 
licensing experience from the on-going EPRTM projects. 


The EUR document includes detailed Layout Rules that 
cover the following items: 
• Guidelines for safety including redundancy, segregation 


and fire barrier 
• Environmental zones for radiation and contamination, 


access and escape routes 
• Separation and segregation for the routing of services. 


The EPRTM Nuclear Island shows a very good level of 
compliance. In particular, no non-compliance has been 
found. 


The EUR document outlines a number of requirements to 
enhance operation, maintenance and procedures. It 
includes: 
• Interface between operators and equipment 
• Provisions to enhance operability and maintainability 
• Provisions for emergency preparedness 
• Provisions for replacing major components 
• Inspection and testing 
• Occupational radiation exposure 
• Security access 
• Procedure guidelines. 


The EPRTM Nuclear Island demonstrates a very high level 
of compliance. This is due to the utility involvement from 
the inception of the project. The EPRTM design is based on 
the large amount of operating experience from the French 
and German fleets that has been built into the design. 
 
The EUR document specifies detailed requirements for the 
Probabilistic Safety Analysis methodology. The EPRTM 
reactor has been developed continuously using PSA tools 
(level 1, level 1+, and then level 2) to assess the design and 
ensure a well-balanced design. The level of compliance is 
very high. There are nearly 98% COM labels and only 1% 
CWO. The main CWO item is related with the mission 
time.  
 
The EUR requirement is: 
A sensitivity study shall be performed for specific initiating 
events using a longer mission time. The initiating events 
and the longer mission times shall be selected case by case 
in order to ensure to the extent possible that no significant 
increase of core damage frequency could result with a 
longer mission time. 


The assessment result is:  
This kind of study is not performed systematically in the 
standard EPRTM PSA. But, for loss of off-site power and 
loss of ultimate heat-sink, which have the biggest risk 
impact, a mission time longer than 24 hours is considered.  


 
IV. CONCLUSIONS 


 
The EUR document is a reference document which is 


extensively used by a significant number of utilities, even 
outside Europe, that intend to build new power plants. For 
AREVA, this updated review was a major undertaking. 


 
The European Utility Requirement organization 


completed the compliance assessment of AREVA’s EPR™ 
reactor standard design against the European utilities’ 
requirements.  The group was formally presented with the 
certificate during a special ceremony held in Brussels on 
July 15, 2009. This award confirmed that the EPR™ 
reactor can be built throughout Europe and meets 
international regulatory requirements. AREVA is very 
pleased and proud that our EPR™ reactor design has 
passed the EUR scrutiny. The cooperation with the utilities 
was quite exemplary and beneficial to all parties. 


 
The EUR requirements cover an exhaustive range of 


requirements for a nuclear plant to operate efficiently and 
safely and include such areas as layout, system, material, 
components, probabilistic safety assessment methodology, 
availability assessment and many more.  
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The EUR assessment was extremely detailed, covering 
over 4,675 requirements. The EPR™ reactor complied with 
over 99% of the applicable requirements. The assessment 
also showed only a 0.1% level of non-compliance, all of 
which were justified by AREVA. 


 
Furthermore, in some cases, the EPR™ reactor 


exceeds the EUR requirements, e.g.: aircraft crash 
protection (large commercial aircraft are deterministically 
covered), spent fuel storage capacity, and a lifetime design 
of 60 years compared to the EUR requirement of 40 years. 
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Abstract – The low cycle fatigue behavior of the T91 martensitic steel has been studied at 300°C 
in air and in liquid lead-bismuth eutectic (LBE). T91 exhibits a strong cyclic softening which is 
not influenced by the environment. However, the fatigue resistance is decreased when cycling in 
LBE instead of air. LBE modifies the mechanisms of long crack formation by assisting the 
overcoming of the structural barriers. The exposure of non oxided steel short crack lips to LBE 
results in a liquid metal accelerated damage.  A coating consisting of a superficial M23C6 
compound covering a thick layer of Cr1-yFey solid solution obtained by pack cementation reduces 
the detrimental effect of LBE on fatigue lives of the T91 steel.  


  
 
 


I. INTRODUCTION 
 
New generation of fission reactors is presently under 


intensive research in the Generation IV plans. Heavy liquid 
metals appear to be potential candidates for coolant 
materials. In the Lead-cooled Fast Reactor (LFR), lead of 
lead bismuth eutectic (LBE) is employed for cooling the 
reactor while in the new Sodium Fast Reactor (SFR) the 
heavy liquid metals could be used for coolant material for 
the secondary circuit. This raises the question of the 
reliability of structural materials in terms of liquid metal 
embrittlement, corrosion, corrosion-fatigue and of the 
methods of protection against these damage sources. 
Therefore basic research must be carried out on structural 
materials in contact with liquid Pb or liquid LBE.  
In the frame of the European research program 
(EURATOM) and inside the Megawatt pilot experiment 
project (MEGAPIE) which aims to demonstrate the 
feasibility of a heavy liquid metal spallation target for 1 
MW of beam power1, or inside the EUROTRANS project2, 
the low cycle fatigue (LCF) behaviour of the T91 


martensitic steel has been investigated in LBE at 300°C. 
This was necessary because as opposed to corrosion-
deformation interaction studies conducted with aqueous 
environments, papers on mechanical properties in liquid 
metals as environment are rather scarce, especially in the 
field of fatigue behaviour. The possible fatigue damage 
originates from temperature variations due to shut down of 
the reactor for maintenance or due to power variation. 


The objective of the paper is first to report the most 
important effects of LBE on LCF behaviour of the T91 
martensitic steel and to discuss them on the basis of 
metallographic analysis. Because fatigue crack initiation 
occurs most of time at material surface, attention will be 
paid on some potential surface treatments which could 
affect the fatigue resistance of the material in LBE. 


 
 


II. MATERIALS 
 


 Two batches of T91 martensitic steel have been 
studied. The first one - T91ASCO - was supplied by 
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Ascometal and the second one T91DEM was the material of 
interest in the frame of the DEMETRA domain of the 
EUROTRANS project. 
T91ASCO was provided in the form of forged billet while 
T91DEM in a form of rolled plate. 
The two steels have the chemical composition given in 
Table Ia and Table Ib.  
 


 
TABLE Ia 


Chemical composition of the T91ASCO steel (wt %, Fe bal) 


C Cr Mo Nb V Si Mn Ni 


0.10 8.50 0.95 0.06 0.21 0.22 0.47 0.12 


 
 


TABLE Ib 


Chemical composition of the T91DEM steel (wt %, Fe bal) 


C Cr Mo Nb V Si Mn Ni 


0.11 8.80 1.00 0.07 0.25 0.41 0.38 0.17 


 
 
Both materials received the standard heat treatment which 
consisted of an austenitisation 1050°C and air quenching 
followed by a tempering at 750°C for 1 hour. After this, 
their microstructure consists of a tempered martensite with 
an average prior austenite grain size of 20µm and with an 
expected fine distribution of M23C6 carbides. 
 
 


III. LCF EXPERIMENTS 
 


A tank and samples specifically designed to perform 
LCF tests in LBE were machined. The specimens were 
smooth and cylindrical with a gauge length of 13mm and a 
gage diameter of 10mm. In order to avoid effects due to 
the roughness of the surface and to residual stresses 
developed during the machining, the sample surface was 
carefully electro polished. The fatigue tests were carried 
out using a servo-hydraulic MTS machine with a load 
capacity of 100 kN under total axial strain control t 
ranging from 0.36% to 2.4%. A fully push pull mode (R= 
-1), a triangular waveform and a constant strain rate of 
4.10-3 s-1 were used. All the tests were carried out at 300°C 
in air and in LBE (56.at%Bi-44at.%Pb) and no particular 
care was taken to control or measure the oxygen activity. 
The fatigue life Nf, is defined as the number of cycles 
needed for a 25% drop in the tensile stress taking as a 
reference the (pseudo) stabilized hysteresis loop. 
Additional informations can be found elsewhere3. 


 
 
 


IV. LCF BEHAVIOR OF T91 STEEL 
 


IV.A. Stress response to strain cycling 
 


Typical of such martensitic steels4, the T91 steel 
presents, in air, a strong cyclic softening very early in the 
fatigue life as shown in Fig. 1 for the T91DEM. Then the fall 
of the stress is more moderate. Finally a marked decrease 
of the stress amplitude occurs that is related to the 
propagation of a macroscopic crack into the bulk just 
before the final failure. Except for the final decrease in the 
stress amplitude which is affected by the liquid metal, the 
same overall behaviour is observed when cycling in the 
LBE environment. Note that the amount and duration of 
the initial softening clearly depends on the applied strain 
range only. 
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Fig. 1: Cyclic stress response for various strain ranges at 300°C 
in air and in LBE of the T91DEM steel 


 
The T91ASCO steel exhibits the same stress response to 
strain cycling than the T91DEM one except that the stress 
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Fig. 2: Stress amplitude according to cyclic plastic strain 
variation at 300°C in LBE of the T91ASCO steel and T91DEM steel 
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amplitudes values for a given strain amplitude are much 
higher in the DEMETRA heat than for the Ascometal heat. 
Fig. 2 reports the stress amplitude value measured at mid 
life against the plastic strain amplitude for both heats. 
 
 


IV.B. Fatigue life 
 


The evolution of the plastic and total strain range as a 
function of the number of cycles to failure is plotted Fig. 3 
Despite the difference in the cyclic stress, the fatigue 
resistance expressed in terms of Manson Coffin 
representation indicates that there is no effect of material 
procurement on fatigue lives. 
The main effect of LBE is to reduce the fatigue resistance 
in comparison with tests performed in air. Such an 
influence of a liquid metal on fatigue resistance has been 
reported for the Manet II martensitic (Fe-10Cr-0.8Mn-
0.2V-0.1C) in LBE at 260°C5.  
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Fig. 3: Fatigue resistance curves of the T91 steel at 300°C in air 
and LBE  


 
 


IV.C. Mechanism of fatigue damage 
 


The best way to understand fatigue damage 
mechanisms is to perform metallographic analysis of the 
specimen transverse cross sections. This provides 
informations on the depth and the density of the short 
cracks formed at the specimen surface. In both 
environments, the crack propagation into the bulk is 
essentially transgranular. The samples tested in air have a 
high density of short cracks (Fig. 4a). The total number of 
cracks increases with the total strain range but the 
proportion of longer cracks falls with applied strain. In 
marked contrast, the specimens tested in LBE show only a 


major crack that propagates into the bulk and very few 
secondary short cracks (Fig. 4b). SEM observations 
revealed that in all the tests performed in the liquid metal, 
LBE is present at the major crack tip. 
 


 
 
Fig. 4a: Transversal cut of the T91ASCO specimen after fatigue 
failure at 300°C and t = 2.2% in air  
 
 


 
 
Fig. 4b: Transversal cut of the T91ASCO specimen after fatigue 
failure at 300°C and t = 2.2% in LBE 
 
As a result of cyclic solicitations, formation of extrusions-
intrusions and then short microcracks (of a length below 
the grain size) at the specimen surface are the usual 
starting point of fatigue damage. The growth of such a 
grain-sized crack is hindered by the presence of grain 
boundaries (including a misorientation effect between the 
grains) which can be overcome after a given number of 
cycles. The crack extension proceeds by crystallographic 
growth and may again be delayed by other grain 
boundaries as its length reaches three or four grain sizes. 
Longer microcracks (up to ten grain sizes typically) can 
eventually form by the coalescence of the shorter cracks 
and finally, only a very few of them propagate into the 
bulk perpendicularly to the stress axis. Such a process is 
consistent with the fatigue damage mechanism observed in 
air. For low strain tests, the plastic deformation per cycle is 
very small (e.g. for the test at t=0.38%, p is less than 
0.01%) and hence an important number of cycles is needed 
to initiate the final crack. Very few nucleation sites are also 
available and therefore the overall crack density at failure 
is rather small. As the strain range increases, the surface 
density of intrusions- extrusions is likely to raise, and as 
well as the nucleation rate of short cracks per cycle. A 
further increase in the strain may however result in an 
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overall crack density fall. This is due to the reduction of 
the number of cycles to failure which compensates the 
raise of the crack nucleation rate. To summarize, for the 
tests performed in air, the applied strain range controls the 
balance between crack nucleation and crack growth and 
consequently the distribution of the microcrack sizes at 
failure. Finally, the grain boundaries appear to be efficient 
barriers for temporary stopping the microcrack growth 
since for all the values of the applied strain only few 
cracks exceed the grains size.  
In LBE, the situation is totally different and almost no 
cracks are present in the bulk specimen. A likely 
explanation for this behaviour is that the grain boundary 
resistance to the crystallographic growth vanishes as the 
LBE wets the tip of small cracks (one grain length) 
favouring its propagation into the bulk and inducing a 
strain localisation. Once the crack extends, the remaining 
of the sample is submitted to a low mechanical loading and 
no further cracks nucleate on the surface of the sample. To 
obtain such effects certainly requires the wetting of the 
crack tip and lips by LBE that has been indeed observed in 
most of the tests as mentioned previously. The tendency to 
have similar fatigue live in air an in LBE for the lowest 
strain range can be connected with the absence of LBE on 
the tip of some secondary cracks (with a size below 
20µm). This result suggests that the wetting of crack tips 
may depend not only on physic chemical parameters but 
also on mechanical loading (stress, stress ratio, critical 
opening displacement…). 
 
 
 


V. EFFECT OF SURFACE TREATMENT OF LCF 
RESISTANCE 


 
 


V.A. Oxide Coating 
 
The reason why attention has been paid on the effect of an 
oxide layer on the fatigue resistance is related with the 
control of the chemistry of the liquid LBE in the in service 
reactor. Indeed, the presence of oxygen in the liquid LBE 
has been a questionable point6. From a pure corrosion 
point of view, low oxygen content results in dissolution 
process which effect is a loss of matter and the formation 
of sharp defects. High oxygen content in LBE allows 
oxidation of the steel. It is questionable if the oxide layer is 
detrimental or not for fatigue resistance. Indeed, for some 
materials fatigued at high temperature, e.g. the 2.25Cr1Mo 
steel at 565°C in air,  cracks early initiate in the oxide layer 
which forms during cycling, and propagate in the steel 
substrate causing poor fatigue resistance7.    
The study of oxide coating on fatigue resistance has been 
carried out on the T91ASCO steel. Experimental conditions of 
oxidation were chosen on the basis of previous results on 


high temperature oxidation of T91 steel8. A batch of 
fatigue specimens was exposed in a saturated oxygen (air 
over pressure of 200mbar) LBE bath at 470°C for 502h. 
This led to the formation of an oxide film 8µm in thickness 
and with a morphology of double layer (Fig. 5).  
 


 
 
Fig.5 : SEM micrograph of the oxide film and EDX repartition of 
Fe, Cr O, Pb and Bi elements 
 
The EDX analysis were in agreement with the literature, 
and indicated magnetite for the external layer and a 
(Fe,Cr)3O4  spinel for the internal one. 
With the same fatigue conditions as detailed above, the 
fatigue live of the oxided specimens were not affected by 
LBE as was the case for the as received specimens (Fig. 6). 
But oxide coating cannot be considered as a very efficient 
protection mean at the moment because of the too small 
number of datas. 
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Fig. 6: Effect of oxide coating on the fatigue resistance of the 
T91ASCO steel at 300°C in LBE and comparison with fatigue 
resistance in air 
 
Observation of the transversal cut of pre oxidized 
specimens fatigued in LBE is shown Fig.7. 
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The observation would tend to suggest that the oxide layer 
had good mechanical resistance in this range of 
solicitation. 
No obvious delamination or excessive cracking were 
observed. 
 
 


 
 
Fig. 7: T91ASCO oxided specimen after fatigue test in LBE at 
300°C and at t = 0.4% (transversal cut) 
 
 
Even though if cracks were observed in the oxide layer, 
some of them propagating in the steel substrate, this 
appears not to be detrimental 
 
 


V.B. Carbide Coating 
 
Apart from natural coating deposit as for the oxide layer 
described in the above section, a lot of heat treatment 
surface techniques are available. Among them, pack 
cementation which is  a CVD (Chemical Vapor 
Deposition) coating technique, is probably the most 
competitive. In the cementation process, the part to be 
coated is heated in a powder mixture comprising an inert 
material (usually Al2O3), the powder of the element to be 
deposited (Al, Cr or Si for example), and a halide salt 
activator. Before heating, the silica or metallic crucible 
containing all the previous powders (the pack) is 
evacuated. At the process temperature and under low 
pressure (Ptotal = 10-1Pa), a volatile metal halide forms, 
diffuses in the gaseous phase and reacts with the substrate 
to form a coating, which growth is governed by solid 
diffusion. Versatility of this technique is effective provided 
thermodynamic approach is controlled. Thermodynamic 
calculations of the gaseous phase composition9, 10, are 
widely exploited in chromizing - aluminizing of Ni and Fe 


- base alloys, or chromizing - siliconizing of steels11. 
Therefore, the pack cementation technique has become 
popular for components used at high temperature. 
Pack cementation process has been applied on the T91DEM 
steel. The cement consisted of a mixture of 75% Fe30Cr70, 
25% d’Al2O3 and 17 mg of CrCl3(s). The pack and the 
fatigue specimens were then introduced into a vessel under 
vacuum and then heated at 980°C for 4 hours. Then, after 
deposition, the conventional heat treatment consisting in an 
austenitisation at 1050°C and tempering at 750°C was 
performed. 
The coating consists of a superficial M23C6 (M=Cr+Fe) 
compound covering a thick layer of Cr1-yFey (0 <y< weight 
%) solid solution. 
Then fatigue tests are carried in LBE at 300°C on coated 
and non coated specimens. 
The evolution of the stress amplitude with the fatigue life 
fraction reported Fig. 8 shows that the pack cementation 
process does not affect the cyclic accommodation 
response. Indeed, the pack cemented T91DEM exhibits a 
pronounced cyclic softening as for non coated specimens.  


 
 
Fig. 8: Cyclic stress response according life fraction for various 
strain ranges at 300°C in LBE of the T91DEM pack cemented steel 
 
In terms of fatigue resistance, a beneficial effect of the 
coating is pointed out as can be seen in Fig. 9. 
Observations of the transversal cut of pack cemented 
specimens fatigued in LBE show that the coating was 
adherent to the substrate. Fatigue cracks were observed as 
well in the coating as in the substrate. In the coating, the 
cracks appeared to be branched in the Cr1-yFey solid 
solution layer. 
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Fig. 9: Effect of pack cementation coating on the fatigue 
resistance of the T91DEM steel at 300°C in LBE and comparison 
with fatigue resistance in air 
 
 
A crack in the substrate was always associated with a crack 
in the coating and no isolated crack in the T91 steel 
substrate was observed (Fig. 10). 
 
 


 
 
Fig. 10: T91DEM  pack cemented specimen after fatigue in LBE at 
300° at t = 0.97 % (transversal cut) 
 


 
VI. DISCUSSION 


 
The present study shows that the fatigue resistance of 


T91 steel is sensitive to the presence of LBE.  A clear 
reduction of fatigue lives when the material is cyclically 
deformed in LBE is observed instead of air. In air, the 


fatigue damage mechanism is very conventional since it 
comprises the steps of short crack initiation, crack 
extension, crack coalescence at the surface of the material 
and finally crack propagation in the bulk. Here, the fatigue 
resistance is connected with the number of cycles to form a 
long crack. Grain boundaries are microstructural barriers 
to crack propagation. To overcome these barriers, 
accumulation of plastic deformation is necessary in air. 
However, this cumulated cyclic plasticity also gives rise to 
new slip bands and new short cracks. LBE appears to be a 
promoter for overcoming those microstructural barriers. 
Indeed, here the formation of intrusions provides exposure 
of non oxided surfaces to liquid metal. The difference 
between the T91 external specimen gage surface exposed 
to LBE before cycling and these intrusion lips which 
appear during fatigue in LBE concerns the reactivity with 
liquid metal. Indeed, it is known that oxided steel surface 
is not well wetted by LBE as opposed to fresh steel 
surface12. Thus, adsorption effects are probably 
emphasized on the defects generated during cycling 
deformation in LBE and their subsequent propagation in 
the material. Though the selected coatings appear as hard 
materials on one hand, and therefore suspected to be 
brittle, and even though if crack initiation in LBE takes 
place in the coating on the other hand, the tendency for a 
crack to cross the coating followed by a rapid transfer and 
a rapid propagation into the bulk of the T91 steel is not 
observed. The likely reasons are that first the coatings 
isolates the T91 steel from the liquid metal. Secondly, even 
if cracks initiate by cyclic loading first in the coating, due 
to low wettability and pronounced capillarity effect at 
crack opening, the driving force for crack propagation in 
the steel substrate is weak.  
From a practical point of view, the idea to limit the 
interactions between the liquid metal and the surface of the 
materials of nuclear reactor components by natural 
oxidation thanks to dissolved oxygen in LBE cannot be 
foreseen because of the heterogeneities in temperature and 
oxygen concentration in LBE bath. These heterogeneities 
generate instabilities in oxide layers formation and 
properties and so cannot provide enough reliable function 
of the coating. Therefore, the coating consisting of a 
superficial M23C6 compound covering a thick layer of  
Cr1-yFey solid solution exhibits better performance from 
protecting the T91 steel against liquid metal accelerated 
damage. 
 


VII. CONCLUSIONS  
 


The low cycle fatigue behavior of the T91 martensitic 
steel has been studied at 300°C in air and in LBE. 
Formulation of coating has been proposed for protecting 
the T91 steel against liquid metal accelerated damage. 
The main conclusions are: 
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- the fatigue resistance of T91 steel decreases in presence 
of LBE instead of air 
- LBE modifies the mechanisms of long crack formation 
- oxide coating is not detrimental for fatigue resistance 
- a coating consisting of a superficial M23C6 compound 
covering a thick layer of Cr1-yFeysolid solution obtained by 
pack cementation reduces the detrimental effect of LBE on 
fatigue lives of T91 steel  
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Abstract – The purpose of this work is to analyze thermal hydraulics of the cooling system under steady-
state and transient conditions of Accelerator Driven System (ADS). .It consists of Lead-Bismuth Eutectic 
(LBE) mixture in the primary loop and air in the secondary loop. Gas injection acts as driving force for 
maintaining the flow of LBE in the primary loop without pump. Air heat exchanger has been used for 
cooling of the primary loop (LBE). The thermal hydraulics of the problem is analyzed with the help of 
RELAP5 code. RELAP5 model basically consists of hydraulic volumes linked by junctions. 
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Abstract – In the near future, we have to find some appropriate solution for high level 
radioactive waste (HLW) problem to cope with the increasing quantity of wastes and the difficulty 
of finding disposal sites. If a thermal reactor can burn-up the Minor Actinides(MA), radioactivity 
from HLW can be cut down by comparison without MA burning. Among the MAs, curium has 
especially high decay heat originated  from 244Cm and high thermal fission cross section of 245Cm, 
and the curium have different half lives between 244Cm(18.1y) and 245Cm(8500y). In this paper we 
discuss the characteristic of curium recovered from LWRs and disclosed one answer for the 
treatment to curium. 


 
I. INTRODUCTION 


 
In the near future, we have to find some appropriate 


solution for the high-level radioactive waste problem to 
cope with the increasing quantity of the wastes and the 
difficulty in finding disposal sites. We can divide those 
wastes into two categories; Fission Product (FP) and 
Minor Actinides (MA). The characteristics of FP are quite 
different from those of the MA. Fission product can hardly 
be transmuted in reactor. The minor actinides, however, 
have a good nature as a fissile or a fertile1. For this reason, 
we focus on making good use of this property of MAs.  


One significant aspect of 245Cm is that it has very large 
thermal fission cross-section as large as 2100 barns2. If we 
use it effectively, we can achieve improved reactor core 
characteristics3, 4. Another significant aspect of curium is 
the difference of half-lives between the two main isotopes, 
244Cm (18.1y) and 245Cm (8500y)5, 6. It is necessary, 
however, to take into account the very high decay heat 
from 244Cm(the α-decay)7 when we think about the nuclear 
fuel doped with this particular curium isotope. 


 
II. CURIUM AS LWR FUEL 


 
Because of this difference in half-lives between 244Cm 


and 245Cm, the reactivity of the recovered curium from 
LWRs will increase along with its cooling time if we load a 
unit amount of curium into a reactor core as a part of the 
fuel. The decay heat of 244Cm is 2.8×103 W/kg and this 
nuclide accounts for almost 90% of the decay heat of the 
recovered curium at the cooling time of 5 years. Decay 
heat, as well as the amount of 244Cm, decreases rapidly 


because of its short half-life. By cooling the spent fuel 
longer from which curium is recovered, 245Cm is 
practically enriched in the elemental curium along with the 
decrease of 244Cm. The more the 245Cm fraction increases, 
the more the reactivity increases, and 245Cm, therefore, 
behaves as a favorable fissile in this respect. The allowable 
level of specific heat generation is reported to be 20W/kg-
HM1 in the view-point of the fuel fabrication. We set a 
limit on the curium concentration at this level and did a 
decay heat calculation of the curium-doped uranium fuel. 
We aim at extension of burn-up of a LWR up to 10GWd/t 
by using of a curium-doped uranium fuel. 


 Figure.1 shows our scenario of burning of the curium-
doped fuel in a thermal reactor. This scenario consists of 
the following steps. 


 
STEP1: Recovering curium from spent fuels burnt in a 
typical LWR. This step is simulated by burn-up 
calculation of a typical LWR. 
 
STEP2: Store the spent fuels in a storage facility 
waiting for the essential enrichment of the fissile, 
245Cm in a sense mentioned above. 
 
STEP3: Extract curium from the spent fuel by 
reprocessing after an appropriate period of cooling.  
 
STEP4: Fabricate curium-doped uranium fuels by 
adding curium to enriched uranium. In STEP 4, a 
certain amount of enriched uranium is displaced for 
adding curium extracted in STEP 3. 
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STEP5: Burn up these curium-doped uranium fuels in 
a thermal reactor.  


 
 In this paper, we present a scenario for burning up of 


curium in thermal reactors. 


Spent Fuel


MA（Cm，Am）


Enriched Uranium


Fuel Fabrication 
plant


Spent fuel storage 
facility and


Reprocessing plant 


LWR


LWR


STEP1


STEP2


STEP3


STEP4


STEP5


 
Fig.1. Scenario of burning up of curium in thermal 


reactors 
 


III. METHOD OF CALCULATION 
 


The calculation is divided into the following three 
parts.  The first part is the decay calculation of the curium 
discharged from a LWR to follow the variation of the 
curium isotopic compositions along with cooling time.  
Secondly, we decide the amount of the curium to be doped 
to the uranium fuel within the thermal limitation coming 
from the decay heat. As the third part, the burn-up 
calculation is done for the curium- doped uranium fuel in a 
typical PWR.  
 


III.A CURIUM ISOTOPIC COMPOSITION 
 


The burnup calculation of STEP1 is carried out by 
SRAC95 PIJ routine using JENDL-3.3. This module of the 
code uses the collision probability method, and we 
modeled a typical PWR into an infinity pin-cell lattice as 
shown in Fig.2. The isotopic composition of curium was 
obtained from this calculation, where the fuel was burnt up 
to 30GWd/t. The uranium enrichment was set to 03 a  at 
the beginning of the burnup cycle. 
 


III.B. DECAY HEAT 
 


The decay-heat calculation sets a limit on the curium 
doping rate in the uranium fuel from the view-point of the 
fuel fabrication and the fuel integrity.  


 Decay heat power was calculated by  


M
DHM


kgWDH ii∑ ⋅
=]/[   ,     (1) 


 where iM  stands for the mass of the nuclide i-th nuclide 


per unit volume (1cm3) and iDH  the decay heat power 
from this material given by the unit W/kg.  The symbol M 
is the total mass of existing heavy metals in a unit volume. 


The decay-heat power was calculated at the time of 
the fabrication of the curium-doped uranium fuel, which 
was assumed to be from 30 to 65 year after the fuel 
discharge from the PWR. The criterion set to the decay 
heat is below the 20W/kg8. 


 
III.C. BURN-UP CALCULATION OF CURIUM-


DOPED FUEL 
 


After checking whether the decay heat is below 
20W/kg-HM, namely, the critical value introduced in 
Sec.II, we move to the burn-up calculation step. The 
details of the burn-up calculation is the same as that used 
to obtain the curium isotopic composition and are 
described in the preview section, where the SRAC95 PIJ 
routine9 and the infinite pin cell model as shown in Fig.2 
are used.  


In the burn-up calculation of the curium-doped 
uranium fuel, the liner heat power is set the value to 
180W/cm in accordance with a liner power of the typical 
PWR specification. Burn-up calculation results are 
evaluated at the maximum burn-up. Here, the maximum 
burn-up is defined as the burn-up down to the k-infinity=1 
point. Flow chart of the calculation employed in the 
present study is shown in Figure.3.  
 


1.
26


5c
m


0.
82


4c
m


0.064cm


Fuel


Clad


H2O


 
Fig.2. Calculation model of typical PWR pin cell 
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Calculation of curium isotopic 
evaluation with cooling time  


Division of curium doping rate 
Into uranium fuel


Decay heat 
calculation


DH < 20W/kgHM


Burn-up 
calculation


Result evaluated
 


Fig.3. Flow chart of calculation was used for this paper 
 
 
 


IV. CURIUM AS FISSILE 
 
 


The fission cross-sections of U-235, Cm-243, and Cm-
245 are illustrated in Figure.4. The Cm-245 fission cross-
section is much lager than that of U-235, and the Cm-243 
fission cross-section is almost the same as U-235 in the 
thermal neutron energy region. These large fission cross-
sections of the curium isotopes lead  to raising the 
reactivity when it is loaded in a thermal reactor. Saving of 
the U-235 consumption by these curium isotopes 
contributes to extend the burnup. 


The concept of the effective enrichment of curium is 
illustrated in Fig.5. Two curium isotopes, Cm-244 and Cm-
245, are taken into account. On the one hand, the amount 
of Cm-244 degreases with the cooling time. On the other 
hand, the amount of Cm-245 is kept almost constant in 
comparison with Cm-244. Then, an effective enrichment of 
Cm-244 in the elemental curium can be achieved. Details 
are as follows. 


Figure.6 shows the variation of the curium isotope 
number densities as a function of the cooling time. This 
was calculated by the SRAC95 PIJ routine using a typical 
PWR pin-cell model (3%EU, 30GWd/t) as mentioned 
before. Curium isotopic composition varies along with 
cooling-time, because each of the curium isotopes has 


different half-life. The most important isotopes among 
others are 244Cm(half life: 18.1y) and 245Cm(8500y).  


Curium-244 accounts almost 90% in the curium 
isotopes at the cooling-time of 5 years after discharge. The 
244Cm amount, however, degreases with the cooling time.  
In contrast, 245Cm has longer half life, namely, 8500 years.  
Hence the variation of the amount of 245Cm is very small. 
Consequently, the fissile isotopes (245Cm, 243Cm) increase 
along with the cooling-time as shown in Fig.7. Fissile ratio 
nearly 12% is achieved at the cooling time of 30 years by 
the aforementioned effect. In this paper we called this as 
the “effective enrichment” of curium. This result suggests a 
possibility of extending the fuel burn-up by using curium 
in thermal reactors.  


 


Cm-245


U-235


Cm-243


Cm-245


U-235


Cm-243


 
Fig.4. Total fission cross section of U-235, Cm-243 and 
Cm-245 


Amount of Cm-244


Amount of Cm-245


Cooling time  
Fig.5. Effective enrichment of curium 
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Fig.6. Curium isotope number density variation at each 
cooling time. 
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Fig.7. Fissile component of curium isotopes (245Cm, 
243Cm) increases along with the cooling time 
 
 


V. RESULT AND DISCUSSION 
 


V.A. CURIUM ISOTOPE RATIO AT EACH 
COOLING TIME 


 
The isotopic vector of the curium recovered from the 


spent fuels after cooling of 30, 40, 50, 60, and 65 years is 
as shown in Table I. These five cases are abbreviated as 
30y, 40y, 50y, 60y, and 65y, hereafter. 


TABLE I 
Isotopic composition of curium 


nuclide 30y case 40y case 50y case 60ycase 65y case


Cm-242 0.000353% 0.000446% 0.000546% 0.000646% 0.000693%


Cm-243 0.182% 0.189% 0.190% 0.184% 0.179%


Cm-244 76.4% 68.9% 60.2% 50.8% 46.0%


Cm-245 15.8% 20.8% 26.7% 33.0% 36.2%


Cm-246 7.7% 10.1% 13.0% 16.0% 17.6%  
 


The curium-244 composition at each cooling time is 
seen here. It is easy to see that the curium recovered from 
fuels after long cooling time will have higher reactivity.  


 
V.B. DECAY HEAT CALCULATION AND FABRICATION 


OF THE CURIUM-DOPED URANIUM FUEL 
 


As is mentioned in the previous section the effective 
enrichment of curium may leads to burn-up extension of 
the curium-doped fuel. The decay heat from curium 
isotopes, however, put a restriction on the curium-doping 
rate to the uranium fuel.  


Then, the decay heat from a unit amount of the 
curium-doped fuel material was calculated and the result is 
shown in Fig.8. The longer the cooling-time of the spent 
fuel from which the curium was recovered, the smaller the 
decay heat is. Curium doping rate into the uranium fuel is 
decided from the decay heat. This critical rate is given by 
the intersections of each curves with the horizontal line of 
constant decay heat =20W/kg-HM. This critical rate for 
each case is shown in Table II. This value of curium 
addition rate will be used in the burn-up calculations 
hereafter. 


Uranium-235 and 238 do not generate any 
meaningful decay heat because they have over 100 million 
years half lives.  Consequently, the decay heat of curium-
doping uranium fuel is decided only by the curium 
isotopes. The origin of the decay heat from the curium-
doped uranium fuel are as shown in Table III for cooling-
times from 30 to 65 years.. 


The decay heat from curium isotopes is essentially 
dominated by curium-244. Therefore, decay heat problem 
of curium-doped uranium fuel fully depends on the amount 
of curium-244. Decay heat from curium-244 was 
degreasing with cooling time as shown in Fig.9.  


 
 
 


TABLE II 
Critical doping-rate of Cm decided from the decay 


heat level of 20W/kg-HM 


case name
curium doping rate


to uraniuml[%]


30y 0.780%


40y 0.865%


50y 0.989%


60y 1.170%


65y 1.290%  
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TABLE III 
Origin of decay heat from curium doped uranium fuel 


nuclide 30y 40y 50y 60y 65y
Cm-244 99.92% 99.89% 99.83% 99.76% 99.70%
Cm-245 0.04% 0.06% 0.09% 0.13% 0.16%
Cm-246 0.04% 0.05% 0.08% 0.11% 0.14%  
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Fig.8. Result of decay heat calculation by each curium-
doping ratio 
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Fig.9. Elemental curium and isotopic curium-244 decay 
heat 


 
V.C. BURN-UP PROPERTIES 


 
The burn-up calculation of the curium-doped uranium 


fuel was carried out with the doping rates of Table III. The 
235U enrichment of the uranium is fixed to 03 a . The 
results are shown in Fig.10. Extension of burn-up by the 
curium-doping is about 10GWd/t in the case of 65y. The 
burn-up extension realized by the curium-doping is 
summarized in Table IV and Fig.11. 


Anyway, the burn-up extension rate increases along 
with the extension of the cooling time of spent fuel.  


 


 
 


TABLE IV 
The value of burn-up extension by used curium-


doped uranium fuel 


case name
extention of burn-


up[GWd/t]


30y 5.14


40y 5.72


50y 6.80


60y 8.27


65y 9.62  
 
 


Doping of curium, however, leads to superfluous k-infinity 
at beginning of cycle (BOC). For solution of this problem, 
the reactivity surplus can be compensated by introduction 
of a burnable poison like Gd2O3. 
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Fig.10. Result of curium-doped uranium fuel burn-up 
calculation 
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Fig.11. Burn-up extension by used curium-doped uranium 
fuel 
 
 


V.D REACTIVITY EFFECT OF CURIUM DOPING 
 


The high reactivity of curium-doped uranium fuel 
comes from curium-245. This effect is analyzed here on 
the basis of the perturbation theory. The perturbation 
calculation is performed with SAINT code developed by 
Kitada10 and the neutron flux and its adjoint are calculated 
by SRAC code with the infinite lattice model. The energy-
wise breakdown of the fission and the capture components 
of the heavy nuclides contributing to k∞  are shown in 
Fig.12 and Fig.13, respectively. The concentrations of 
these heavy nuclides in the curium doped uranium fuel are 
shown in Table V. 


TABLE V 
Abundance ratio in curium-doped uranium fuel 


nuclide abundance ratio
Cm-242 0.000010%
Cm-243 0.0027%
Cm-244 0.69%
Cm-245 0.55%
Cm-246 0.26%
U-235 2.95%
U-238 95.54%  


 
The abundance ratio of curium-245 is only 0.55%, 


and this is only 1/6 of the uranium-235 concentration. 
Though, the reactivity of contribution from the fission of 
245Cm dominates the total fission contribution as seen in 
Fig.12..  This effect comes from the very high thermal 
fission cross section of curium-245.  


Meanwhile, the contribution rate of the neutron 
capture in 238U has a large negative value in the epi-
thermal energy region, as is expected.  
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Fig.12. Contribution rate to k∞ of fission ( 65y case 


curium-doped uranium fuel ) 
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Fig.13. Contribution rate to k∞ of neutron capture 


( 65y case curium-doped uranium fuel ) 
 
 


VI. CONCLUSIONS 
 


Element of curium can be used as fissile by using of 
the effective enrichment. Effective enrichment of curium 
fissile is based on the difference in half-lives between 
curium-244 and curium-245. Isotope ratio of fissile 
(curium-243 and curium-245) in curium was up to the 
~38% in 65y case.  
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The curium doping rate in enriched uranium was set to 
1.29% from the decay-heat limit. The curium-doped 
uranium fuel extends the burn-up almost 10GWd/t in a 
typical thermal reactor. This effect is originated from the 
reactivity of Cm-243 and Cm-245. Moreover, this result 
suggests plutonium recovered from spent fuels after long 
cooling time will have a proliferation resistance. This 
resistance comes from plutonium-240 generated by theα-
decay of curium-244. 


Additionally, concentrated curium had high reactivity 
from curium-245. This reactivity can be applied to the 
small reactor, especially space reactor. Results of the study 
disclosed one answer for the treatment to curium. 
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Abstract –  is a waste conditioning process for Low Level radWaste (LLW) or 
Intermediate Level radWaste (ILW) like sludge, soil, ashes, evaporator concentrate, concrete 
rubble, asbestos, sand… 
 
Usually such radioactive waste is solidified into a cement matrix, resulting in a factor 2 to 5 
volume increase: 1 m3 of initial raw waste generates 2 to 5 m3 of solidified waste. 
Sogeter consists in melting the waste at high temperature, up to 2000 K, and producing a 
synthetic rock. The main component of the matrix is the waste itself; therefore 1 m3 of initial raw 
waste generates only 0.2 to 0.5 m3 of solidified waste. 
Compared to cementation, synthetic rock decreases the volume to be disposed of by a factor of      
4 to 25! 
 
By mixing different types of waste, or using additives, the composition of the waste is adjusted, so 
that a fluid melt is obtained at temperatures less than 2000 K, and so that the final 200 L ingot 
may be cooled down within 2 days, without shattering or disaggregating. We tested a wide range 
of compositions, demonstrating that almost every type of waste may be conditioned with Sogeter. 
 
We designed the industrial facility, based on a very robust and proven heating technology, and 
with a proven technology for off-gas treatment.  
We carried industrial tests on more than 2 tons of simulated, non-radioactive, waste, producing 
blocks of treated matter weighing up to 250 kg. During these tests, we checked all the parameters 
of the process: electrical consumption, throughput, robustness….  


 
 


I. INTRODUCTION 
 


 1) 2) consists in immobilising the waste 
into a synthetic rock matrix through melting. Sogeter is 
designed for conditioning powdery or granular LLW/ILW, 
mainly mineral and non-metallic such as soil, sludge, 
asbestos, concrete rubble, ashes and dust from filters…, 
which is usually immobilised into a cement matrix. 


 
Sogeter consists in adjusting the composition of the 


waste with additives or by mixing different waste streams, 
melting the mixture at a temperature of up to 1700°C 
(2000 K, 3100°F), and casting the lava into 200 L drums 
which may be directly disposed of into a near surface 
repository, after cooling down. Other casting volumes and 
geometries are also possible. 


The conventional process consists in mixing the waste 
with a cement grout. The final waste volume with the 
conventional cement process is 2 to 5 times the initial 
volume of raw waste. 


 
Sogeter, however, reduces the initial volume by a 


factor of 2 to 5 (according to the chemical composition of 
the initial raw waste), first because the final product is 
much denser than the initial product (density of 2.5 to 3 
kg/L for the final product, versus about 1 kg/L as apparent 
density for the raw waste), and secondly because of the 
thermal dissociation of compounds such as carbonates, 
resulting in a loss of weight. 


 
Compared to cementation, Sogeter reduces the volume 


of the final conditioned waste by an average factor of 10. 
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II. TARGET COMPOSITIONS 
 
We carried out numerous tests in order to find the 


composition range (target composition) for which melting 
is reasonably achievable, and for which the final product 
has convenient characteristics: 
• Melting temperature less than 1700°C (2000 K, 3100°F) 
• Lava fluid enough, so that melting is quick, and the lava 


is homogeneous 
• Solid, single-piece, non soluble final product. 


 
Usually, speaking about melting refractory materials, 


one thinks "vitrification", which means that the final 
product is a glass. 


 
However, large pieces of manufactured glass require 


to be cooled down very slow in order to avoid that the 
mechanical stresses resulting from the decrease of volume 
under temperature shatter and disaggregate the ingot. For 
instance, large glass single piece astronomical mirrors 
require more than one year for cooling down; 500 kg 
single glass pieces require 2 months to cool down. 


 
Sogeter is an industrial process, with a natural cooling 


down process of 1 to 2 days. Nevertheless Sogeter is able 
to produce 200 L single piece ingots, which do not 
disaggregate, because the composition target is defined so 
that the final product is not a glass, but a polycrystalline 
solid (in other words: a synthetic rock). 


 
The first target composition range is defined in the 


ternary diagram for lime, alumina, and silica (CaO, Al2O3, 
SiO2). It suits for calcareous contaminated soils, 
calcareous sludge, and corresponds to gehlenite: 


 


 
We also studied the replacement of alumina by other 


trivalent oxides (hematite, boric anhydride). 


It is then possible to obtain the target composition by 
mixing different types of waste, with few or no additives. 


 
We designed other target compositions for: 
• Siliceous contaminated soils or siliceous sludge 
• Borated waste (mainly evaporator concentrates) 
• Soda (waste arising from neutralisation of 


contaminated sodium). 
 
We also designed a specific target composition for 


siliceous and/or calcareous waste, when very strong 
leaching characteristics on the final product are required. 


 
III. FURNACE 


 
Several heating technologies are available: plasma, 


induction, micro-waves, Joule effect, electric arc… 
 
We selected the electric arc produced between 


graphite electrodes because it is the most currently used in 
large scale industry. Graphite electrodes are used as soon 
as the requirements gather high heating temperature, above 
1400°C, mass production, controlled costs, large 
throughput, and reliable equipment. 


 
The operating principle of the graphite electrodes 


furnace is as follows:  


 
 
We checked during our tests that the consumption of 


electrodes and refractory crucible is very low and 
represents less than 1% of the mass of the raw waste. 


 


 


1st load 


  Lid 
 


Electrode 


Dipping the 
electrodes 


Next load Cast
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IV. OFF-GAS TREATMENT 
 
The off-gas treatment fulfils the French regulations 


(Order of 20/09/2002). It may be adapted to the regulations 
of other countries. The guidelines are as follows: 
• Trapping the radio-nuclides 
• Trapping heavy metals and dioxins 
• Trapping nitrogen oxides NOx. These NOx arise from 


the thermal dissociation of nitrates eventually present in 
the raw waste, and from high temperature synthesis from 
nitrogen and oxygen from air 


• Trapping SO2 and other acid gases from the thermal 
dissociation of sulphates or other precursor compounds 
eventually present in the raw waste. 


 
Sogeter accepts some organics in the raw waste, up to 


10 % of the mass, but is not designed for incineration. 
Therefore treatment of CO and volatile organic compounds 
is not required (but may be added if necessary). 


 
The filter dusts are recycled into the furnace, in order 


to reduce the amount of final radioactive waste. We 
checked during our tests that at least 50 % of the caesium 
inventory is evacuated into the solid ingots. 


 
Therefore the inventory will not grow to unacceptable 


values. Note that the other 50 % are not released, but 
recycled: 25 % of them will be evacuated into the next 
ingot, and so on.   


Cooling down through
dilution Bag filter HEPA


Off-gas
treatment


Filter dust


Off-gas


Proportion of the inventory driven into 
the off-gas and recycled into the 
furnace:


• Caesium: < 50%
• Pu, Co, U: < 5%


Furnace Cooling down through
dilution Bag filter HEPA


Off-gas
treatment


Filter dust


Off-gas


Proportion of the inventory driven into 
the off-gas and recycled into the 
furnace:


• Caesium: < 50%
• Pu, Co, U: < 5%


Furnace


 
.  
V. CASTING AND COOLING DOWN 


 
Casting directly into the drum raises 2 issues: 
• The maximum lava temperature, 1700°C, exceeds 


the melting temperature of the best steel refractory 
(1550°C). The cost of the steel also affects the 
economy of the process when drums are used as 
lost moulds. 


• The cooling down may shatter and disaggregate the 
ingot (see § 3). 


 
Our tests at almost industrial scale have shown 


that the casting into 2 mm thick drums is possible, 
even using cheap ordinary steel. 


 


During these tests, 200 kg monoliths were 
produced and were cooled down within less than 48 
hours; they still stand as single piece monoliths and 
are exposed in our factory at Pierrelatte, France      
(see § 6). 


 
VI. TESTS 


 
We carried out extensive laboratory tests in order to 
determine the target composition range, and in order 
to check: 
• Leaching 
• Caesium behaviour 
• Crystallography of the final product. 
 
We also performed a test in almost industrial scale 
(scale ½), during which we melted more than 2 tons 
of raw materials. Within a day of work, we made 8 
casts, and produced 200 kg ingots. During this test 
we checked: 
• Cooling down of the ingots 
• Easy adaptation of the industrial furnace to the 


nuclear conditions 
• Robustness of the furnace (the furnace we used was 


rented from a ceramic industrialist who has been 
operating this furnace for 50 years without 
replacement)  


• Heating time and throughput 
• Power consumption: less than 1.5 kW.h per kg of 


waste raw  
• Consumption of graphite: less than 1% of the mass 


of processed raw waste 
• Consumption of crucible: below the detection limit 


(less than 0.1% of the mass of processed raw waste) 
• Mechanical and leaching characteristics of the 


ingots. 
 


 
Casting at 1,600°C 
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Hot ingot 


 


 
One of the produced ingots 
(after cutting into 2 parts) 
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Abstract –Increase in transmutation rate of I-129 by using deuteride moderator with LLFP 
mixture for LLFP assembly located at surrounding blanket positions of a MOX-fuel fast reactor 
are studied in this report. The core and assembly concept as well as the result of transmutation 
rates are described. The LLFP assemblies are located at the 1st layer of radial blanket position in 
a demonstration class MOX-fuel core, and annual transmutation rates have been evaluated. In the 
analysis, neutron moderation and absorption effect has been taken into consideration when 
coupling the LLFP with zirconium deuteride and zirconium hydride moderators. In addition to 
transmutation rates, support factor, which is the ratio of the amount of generated LLFPs to the 
transmuted LLFPs at the same core, have been evaluated. The total 127 pins of the LLFP 
assembly are separated to two groups, outer 90 pins with only zirconium moderator and inner 37 
pins with a mixture of LLFP and zirconium moderator where the volume ratio of LLFP to 
Zirconium moderator is set at 0.3. The form of LLFP, I-129, is set as BaI2 under the consideration 
of chemical stability. Transmutation rates for different combinations of ZrD1.6 and ZrH1.6 
mixed with BaI2 are surveyed to maximize the transmutation rate under the restriction of support 
factor to be more than 1.0. The transmutation during the supposed 6 years LLFP assembly life can 
be increased to more than 50% by employing ZrD1.6 for the outer 127 pins and ZrH1.6 mixed 
withBaI2 for the inner 37 pins due to the neutron absorption differences between hydride and 
deutride.  


 
 


I. INTRODUCTION 
 
In the future of nuclear fuel recycle system, the 


fraction of fast reactors is expected to increase steeply. One 
of the distinctive features of the fast reactor is its good 
neutron economy.  Excess neutrons in fast reactor cores 
enables us to construct flexible core to incinerate minor 
actinide (MA) and long-life fission products (LLFP) to 
reduce radio toxicity.  I-129 (half-life:1.57x107 year) has 
been confirmed to have highest transmutation priorities in 
terms of long-term radiological risk1.  


Fig.1 illustrates a nuclear fuel recycle system assumed 
in this study, where LLFPs are separated and recycled to 
the fast reactor. Other FPs are disposed to undergrounds 
while some fraction of LLFPs are interfused to the disposal 
and can be a risk of radio toxicity when some accidents or 
deteriorations of the disposal containers occur. . 
 


In the system, LLFP assemblies as well as fuel 
assemblies are reprocessed as the LLFP pins irradiated 
have a defined life-time due to the integrity of the pins.  


If recovery loss of the LLFP at the reprocessing of the 
LLFP pins, disposed LLFP volume increases. Fig. 2 shows 
an estimation of the relation of disposal LLFPs and 
recovery loss for different transmutation rates. When 
recovery loss is assumed 1%/recycle ( 1cycle=1.5 years ), 
the relative disposal, which means amount of disposal 
weight of LLFP  relative to total disposal weight without 
transmutation, can be less than 1 % for 50 %/4cycles 
transmutation rate. 


Thus we have determined the target transmutation rate 
during 6 years shall be 50 % or more. 
 


Not to mention, support factor, which is defined as the 
ratio of transmuted LLPFs in the LLFP assemblies to 


536







 Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11115 


   


generated LLFPs in the driver fuels, should be more than 
1.0. Then our target of our study is summarized as follows. 


 
Transmutation rate > about 50 % /6 years 
under the restriction of 
Support factor >1.0  
 
Fig. 3 illustrates typical pin array of LLFP assemblies. 


The moderator pins have a role to reduce neutron energy 
and to increase the effective neutron cross sections of 
LLFPs in the fast reactor core as shown in Fig.4. But, the 
transmutation rates were often less than 50 % in these 
arrangements. The main reason of this low transmutation 
rates is due to the neutron absorption by hydrogen in the 
moderator as shown in Fig. 4. In order to reduce absorption,  
deuteride moderator materials have been proposed in this 
study and evaluated the transmutation ability of the pins in 
the typical fast  reactor core.  


 
II. Fast reactor core for LLFP transmutation 


 
In our LLFP transmutation study, a typical fast reactor core 
has been assumed for transmuting LLFPs generated in its 
own driver fuels. The specifications of the core are listed in 
Table 1. LLFP target assemblies are located at the core 
peripheral region. The problem of the hydride use in fast 
reactor is positive reactivity insertion occurred at 
dissolution of hydrogen. If it is occurred at core regions, it 
induces positive reactivity as neutron spectrum shifts 
harder. But, if it occurs at core peripherals, it causes to 
increase neutron leakage and ends up with negative 
reactivity. 


Another reason is mitigation of the effect on thermal 
spike, which sometimes takes place near hydride materials 
in fast reactors. If hydrogen is located at core peripherals, 
thermal spike is not important because linear heat rates of 
fuel pins there are relatively low.  


Fig.6 shows the core layout, location of LLFP 
assemblies and reference assembly pin array.  
 


III. Design method of LLFP assemblies 
 


Nuclear design method for LLFP assembly is 
described in Table 2.  


A three dimensional continuous energy Monte Carlo 
Code MVP[2] is a MCNP-like Monte Carlo code except 
aster and user friendly input forms.  Cross section library is 
JENDL-3.3 processed adjusted to MVP code. 


The burn-up chain employed is basically a FBR chain 
pre-installed in MVP-BURN ( burn-up routine for MVP )  
and it has been modified to include I-127 and I-129 capture 
reactions as shown in Fig. 7. The fission product yields 
employed is also derived from JENDL-3.3. 
 


 
 


Table 1 Specifications of reference core 
 


Items Unit Specifications 
Reactor thermal 


power MWt 1600 


Core type  Homogeneous 2 
region core 


Operation cycle 
length  12 months (365 days)


Core height mm 1000 
Axial blanket 


thickness 
( Top / Bottom ) 


mm 350/350 


Core equivalent 
diameter mm 2747 


Number of driver fuel 
assemblies 


(Inner / Outer / Total)
- 108/138/246 


Control-element-
assembly number - 19 


Number of LLFP 
target assemblies - 60 (Located at core 


peripheral regrion)


Number of total pins 
in a LLFP assembly - 


127 ( Moderator ZrH 
pins included for 


heterogeneous type)
Diameter of LLFP 


pin / Thickness of SS 
claddings 


mm 11/0.45 


Number of SS shield 
assemblies - 66 


Number of B4C 
shield assemblies - 66 


Fuel material  MOX 
Pu enrichment ( Inner 


/ Outer) % 14.9/18.4 


 
Table 2  Nuclear design method for LLFP 


 
Items Methods Notes 


Computation 
method 


Three-dimensional 
continuation energy 
Monte Carlo analysis 
code 
MVP 
(Burn-up routine is 
MVP-BURN) 


1,200,000 neutron 
histories with 120 
Batches, 
Initial 20 batches 


are run to establish 
the initial neutron 
source distribution.


Nuclear data JENDL-3.3 library   


Calculation 
model 


LLFP assembly : 
pin heterogeneous 
model 


Driver fuel: 
homogeneous 
model 
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 IV. Transmutation of I-129 
 
Iodine produce many chemical compounds such as YI3, 
CeI3 or others. Among them, BaI2 has been found most 
promising compound in respect of manufacture and 
chemical stability in our study. A mixture with ZrH or ZrD 
are proposed in our study. Fig.8 and Table 3 shows 
different types of LLFP pellets with moderators.  In case 
(1) to (3) , the smear density of the pellets in the pins are 
all 100 %. In case (1) , the composition of outer 90 pins are 
ZrD1.6 / SD100％ and that of inner 37 pins are  30vol％ of 
BaI2 in the mixture of ZrD1.6 and BaI2.  In case (2) , 
ZrD1.6 is changed to ZrH1.6 for all pellets. In case (3) , 
outer pins are ZrD1.6 and inner pins are ZrH1.6 mixture. 
In case (4) to case (6), the smear density is decreased to 
90 % for the case of  (1) to (3), respectively. In case (7) to 
(9), only the smear density of inner pins are decreased to 
70 % for the case of (4) to (6), respectively. 


Table 3 summaries transmutation rates and support 
ratios of I-129 evaluated by MVP and MVP-BURN. Fig. 9 
illustrates the transmutation rate v.s. smear density. This 
result indicates larger transmutation rates can be obtained 
in case (3) or (6) or (9) where outer pins are ZrD (1.6 is 
deleted hereafter for simplification) and inner  pins are ZrH 
mixture with LLFP. The transmutation rates of thecases 
where only  ZrH used cases, i.e., case (2) or (5) or (8) are 
less than those of the ZrD used cases in outer pins. Those 
of only ZrD used cases are less than those of the ZrH used 
cases. The trends of support factors are the same as the 
transmutation rate as shown in Fig. 10. 


The optimized case is case (6), where the 
transmutation rate is 54% and the support factor is 2.5. 


Fig. 11 shows the neutron spectra of case (5) and case 
(6). The figure illustrates the reason of the trends above 
mentioned. When the outer pins are ZrD, the spectra of 
inner LLFP mixed pins are larger than that of ZrH case in 
outer pins. This is caused of the difference of capture cross 
sections between them. In the other hand, when ZrD is 
used in inner pins, the transmutation rates are decreased 
due to less moderation effect of deuterium.  


 
V. Conclusions 


 
Deuteride uses  LLFP target pins  have been proposed 


for increasing transmutation rate of I-129 for the FBR 
recycle system.  The LLFP target pin for transmuting I-129 
are selected as  ZrH mixed with BaI2.  


The optimization of mixture of the moderator pins and 
LLFP target pins are conducted to achieve the target 
transmutation rate of  50%/6years or more.  


The target transmutation rates of I-129 can be 
achieved by the configuration of the LLFP assembly 
composed with mixed moderator pins and LLFP pins 
where outer pins are ZrD and inner pins are ZrH mixed 
with BaI2 located at the peripheral of the core of the large 
fast reactor. 


Table 3 Transmutation rate and support ratio of I-129 
 


 
Nomenclature 


BaI: Barium Iodide 
ZrH: Zirconium hydride 
ZrD: Zirconium deuteride 


 
REFERENCES 
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Khalil, " Long-Lived Fission Product Transmutation 
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Case


Outer 90 pins
Composition / 
Smear Density


Inner 37 pins 
Composition / 


Smear Density 
 


I-129 
transmut


ation 
rate 
（％


/6years)


 
Support 
factor 


(1) ZrD1.6 / 
SD100％ 


ZrD1.6+BaI2 
30vol％ 


/SD100％ 
29.1 1.5 


(2) ZrH1.6 / 
SD100％ 


ZrH1.6+BaI2 
30vol％ / 
SD100％ 


35.1 1.8 


(3) ZrD1.6 / 
SD100％ 


ZrH1.6+BaI2 
30vol％ / 
SD100％ 


51.8 2.7 


(4) ZrD1.6 / 
SD90％ 


ZrD1.6+BaI2 
30vol％ 
/SD90％ 


29.3 1.4 


(5) ZrH1.6 / 
SD90％ 


ZrH1.6+BaI2 
30vol％ / 
SD90％ 


36.3 1.7 


(6) ZrD1.6 / 
SD90％ 


ZrH1.6+BaI2 
30vol％ / 
SD90％ 


54.0 2.5 


(7) ZrD1.6 / 
SD90％ 


ZrD1.6+BaI2 
30vol％ 
/SD70％ 


30.2 1.1 


(8) ZrH1.6 / 
SD90％ 


ZrH1.6+BaI2 
30vol％ / 
SD70％ 


37.9 1.4 


(9) ZrD1.6 / 
SD90％ 


ZrH1.6+BaI2 
30vol％ / 
SD70％ 


53.8 2.0 
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Fig.1  Nuclear fuel recycle system for LLFP transmutation 
 


 
 


Fig. 2   Relation of disposal LLFPs and recovery loss 
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Fig.3  Concept of LLFP assembly 
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Fig.4 Neutron energy spectra and I-129 cross section 
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Fig.5 Cross sections of proton and deuteron  
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90 moderator 
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37 LLFP 
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Fig.6 Core layout and LLFP assembly for transmutation 


 


 


 
Fig.7 Burn-up chain of fission products modified for LLFP calculation 


 


Tc99   Tc100 


I127   I128


I129   I130


541







 Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11115 


   


 
 


 
Fig.8 LLFP assemblies with BaI2 pellets
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Fig.9 I-129 transmutation rate in BaI2 pellets  
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Fig.10 I-129 Support factor 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig.11 Neutron spectra in each pellet 


1.0E-04


1.0E-03


1.0E-02


1.0E-01


1.0E+00


1.0E-04 1.0E-02 1.0E+00 1.0E+02 1.0E+04 1.0E+06


Neutron energy （eV)


N
e
u
tr
o
n
 s
pe
c
tr
a


ZrH＋BaI2 pin inside of ZrD pins


Outer ZrD pins


ZrH＋BaI2 pin inside of ZrH pins


ZrH pin


Core


543








Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11301 


“Development of the Analytical Method to Estimate the Allowable Horizontal Load 
of the RCCA Guide Tube” 


 


Shinjiro Inomata, Makoto Nakajima, Jun Shimizu, Toshio Ichikawa 
Kaina Teshima, Yoichi Iwamoto, and Hiroshi Ogawa 


Mitsubishi Heavy Industries, LTD.  
 


Kobe Shipyard & Machinery Works 1-1, Wadasakicho 1-Chome, Hyogo-ku 
Tel:+81-78-672-3296 , Fax: +81-78-685-2399 , Email:shinjiro_inomata@mhi.co.jp 


 
 


Abstract – A new analytical methodology to estimate the allowable horizontal load of the RCCA 
guide tube due to hydraulic cross-flow loading at a postulated Loss of Coolant Accident condition 
was developed. From a review of the available literature there appears to be no precedent for this 
methodology. The methodology consists of three analyses: an elastic-plastic deformation analysis; 
a drag force analysis; and an RCCA insertion analysis. The RCCA insertion analysis has been 
validated by data from testing and actual plants. The other analyses are to be validated by 
adjustments in uncertainties to ensure agreement with tests performed between April, 2008 
through June, 2010. This paper discusses the new methodology and the validation tests. 


 
 


I. INTRODUCTION 
 


In designing a nuclear reactor, the Loss of Coolant 
Accident (LOCA) is considered as a postulated accident. 
In this accident condition, if a hot leg pipe is broken,  
hydraulic cross-flow loading on the Rod Cluster Control 
Assembly (RCCA) guide tube (GT) would increase due to 
an increase in the reactor vessel outlet nozzle flow rate of 
the broken loop. It is required that the deformed GT does 
not impede the gravity insertion of the RCCA to shut down 
the core after the LOCA event. The limit load which does 
not impede insertion of the RCCA is delineated in this 
paper as the allowable horizontal load.  
 
Traditionally, the allowable horizontal load is estimated by 
a room temperature mock-up model test because it is 
difficult to simulate the actual plant operating condition in 
the test, i.e., hot fluid at high pressures. This test requires 
too much cost and time. So, MHI developed an analytical 
methodology to estimate the allowable horizontal load 
using only finite element analyses instead of the test. There 
appears to be no precedent for the new methodology. 
 
The methodology includes many uncertainties such as 
elastic-plastic GT deformation at operating temperature 
and friction between the RCCA and drive line components. 
To assist in understanding these uncertainties, validation 
tests were performed. 
 


 
 


II. PROCEDURE TO ESTIMATE THE ALLOWABLE 
HORIZONTAL LOAD 


 
The methodology consists of three analyses: (1) the elastic-
plastic deformation analysis for the deformation of the GT; 
(2) the drag force analysis for the RCCA insertion; and (3) 
the insertion analysis to confirm the RCCA inserting 
function into the core. 
 
 
(1) The elastic-plastic deformation analysis 
 
In this analysis, a finite element model of the guide tube 
using the ABAQUS[1] finite element code is created. The 
general element type of the finite element model is a 20-
node quadratic brick from the ABAQUS element library. 
Only the lower guide tube is modeled because this part has 
a large deformation due to the hydraulic cross-flow loading 
at a postulated Loss of coolant accident (LOCA). The 
model of the lower GT is shown in Fig. 1. The stress strain 
curve of reference [2] and modulus of elasticity of 
reference [3] are used for this analysis. 
 
The analysis procedure is as follows.  
 
Concentrated loads are applied to three intermediate guide 
plates to simulate the LOCA cross-flow loading 
distribution that results in an elastic-plastic deformation 
distribution. 
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Three intermediate guide plates are selected so that the GT 
deformation distribution due to the concentrated loads can 
reasonably simulate that of the LOCA loads.  
 
The concentrated loads are increased in proportion to the 
hydraulic cross-flow loading during the LOCA, and the 
elastic-plastic deformation distribution is acquired 
corresponding to the incremental concentrated intermediate 
guide plate loads.  
 
A sample result of the elastic-plastic deformation analysis 
is shown in Fig. 2. 
 


Reactor Vessel Head 


 


XZ Cross section 


Enclosure 


Intermediate Guide Plate 


Enclosure Pin 


Bottom Flange 


Intermediate Flange 


Fig.1 The elastic-plastic deformation analysis model 
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Fig.2 Result sample of the elastic-plastic deformation analysis 
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(2) The drag force analysis 


Fig.3 The Drag Force Analysis Model  
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The drag force analysis is performed using the 
displacement results at the RCCA guide plates from the 
elastic-plastic deformation analysis. In this analysis, 
another ABAQUS finite element model is created. The 
ABAQUS beam element type is used for creation of the 
finite element model with gaps. Also, in this analysis, 
control rods and drive rod of the CRDM and all RCCA 
drive line components which the RCCA and drive rods 
passes through are modeled. 
 
The drag force analysis model is shown in Fig. 3 and the 
modeling method of this analysis is described as follows.  
 
The analysis calculates the drag forces between the RCCA 
and each component that makes up the construction of the 
RCCA drive line. Two beam elements are used to model 
the twenty-four control rods in each RCCA. The guide 
plate displacements and the continuous assembly 
displacements calculated by the elastic-plastic deformation 
analysis are input as the boundary conditions. The control 
rod guide thimble of the Fuel Assembly, the guide plate of 
the GT, Thermal Sleeve (T/S), and Control Rod Drive 
Mechanism (CRDM) are modeled using beam elements. 
 
The drag force is calculated by analysis as a function of the 
RCCA insertion distance. Samples of the analytical results 
are shown in Fig. 4. In this figure, the drag forces are 
normalized. The largest drag forces are generated at the 
intermediate guide plates. The plots show that the largest 
drag forces are generated when the RCCA spider passes 
through the extremely deformed points. Thus, the larger 
the guide plate displacement, the higher the drag force.  
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Fig.4 Result samples of the drag force analysis


 


(3) The insertion analysis 
 
The insertion analysis is performed to evaluate the 
insertion time to fully insert the RCCA through a deformed 
GT that is subjected to insertion drag forces. The follow 
equation is used for this evaluation. 
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Mg: Weight of the RCCA 


Ff: The hydraulic drag force  


Fm: The mechanical drag force (Output of the drag 


force analysis) 


Fu: The buoyancy load. 


x: RCCA Insertion Distance 


t: Insertion Time 
 
The RCCA insertion time at normal operating conditions 
was validated by previous drop time testing and actual 
operating plant data. Also, it was noted that when the 
RCCA is inserted in a deformed GT, only the mechanical 
drag force contributes to the increased insertion time.  
  
Fig. 5 illustrates a sample plot of Insertion Time as a 
function of GT deformation.  It can be observed that as the 
deformation increases the insertion time increases until the 
“sticking point” is reached.  
 


 
 
The allowable horizontal load is estimated from the results 
of the three analyses above. 


Fig.5 A Result sample of the insertion analysis 
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III. VALIDATION TEST 
 


The elastic-plastic analysis and the drag force analysis 
needed to be validated by testing because of uncertainties 
and assumptions in the analyses. Consequently, validation 
tests were performed between April, 2008 through June, 
2010. The tests were performed at TAKASAGO Research 
& Development Center, MHI.  
 
(1) Test Apparatus 
 
In this test, mock-ups of the drive line components were 
simulated. The outline of the test apparatus is shown in   
Fig. 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(2) Test Procedure 
 
Initially, the GT was displaced in 2 millimeter increments 
by three hydraulic jacks as shown in Fig. 7. The loading 
points were selected at those intermediate guide plates that 
resulted in an approximation of the expected deformation 
profile of the lower GT sustaining the maximum LOCA 
hydraulic cross-flow loading. The three plates selected 
were based on elastic-plastic deformation analysis results 


so that the GT deformation distribution was similar to that 
at the LOCA event.  
 
After the hydraulic jacks were unloaded, the RCCA was 
mechanically inserted into the permanently deformed GT 
to acquire data of the drag force per insertion distance. The 
RCCA was smoothly inserted in order not to generate the 
impact load between RCCA and the guide plates.  
 
Then, the insertion analysis was performed using the 
experimental data to determine whether the RCCA could 
be inserted into the deformed GT or not.  
 
The insertion analysis also included a determination of the 
stick point (i.e., the point at which the RCCA sticks and 
can’t be inserted).  Above the GT experimental permanent 
deformation, insertion analysis was performed in 2 
millimeter increments up to the maximum analytical 
displacement point when the RCCA sticks and cannot be 
inserted. 
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Fig.7 Loading Apparatus 
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Fig.6 Outline of Test Apparatus 


 


 


 


   


 
 


 


 


 Guide Tube 
 (Lower assembly) 


Fuel Assembly 


Upper core support 


Upper core plate 


Lower core support 


Guide Tube 
 (Upper assembly) 


Control Rod 


CRDM 
(Mock up tube) 


   


2331







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11301 


(3) Test Results 
 
The GT deformation distribution and the drag force 
distribution are shown in Fig. 8. The elastic-plastic 
analysis results were in reasonably good agreement with 
the test results of the GT deformation distribution 
conducted at room temperature in air. Therefore, it can be 
concluded that the elastic-plastic analysis assumptions and 
results are validated by the GT deformation test results.  
 
MHI will also perform elastic-plastic analysis at operating 
temperature to confirm that the GT permanent deformation 
distribution is similar in profile to the distribution at room 
temperature.  
 
With regard to the drag force analysis, the location of the 
maximum drag force from the analytical results did not 
correlate with the location of test results. It was observed 
that the analytical results showed the maximum drag force 
was generated at the intermediate guide plate whereas the 
test results showed that the maximum drag force occurred 
in the continuous assembly. The primary reason for 
disagreement of results is that the elastic-plastic analysis 
doesn’t simulate the test drag force because of the 
permanent deformation of the RCC holes in the continuous 
assembly. MHI will adjust some parameters of the drag 
force analysis in order to simulate the correct location of 
the drag force in the test. 
 
 


 
 
 


IV. CONCLUSIONS 
 


A new analytical methodology to estimate the allowable 
horizontal load on an RCCA GT from hydraulic cross-flow 
loading during a LOCA event was developed and shown to 
mostly correlate with test results. The methodology 
consists of three analyses at actual plant condition: (1) an 
elastic-plastic deformation analysis; (2) a drag force 
analysis; and (3) an insertion analysis. 
 
Validation tests for the elastic-plastic deformation analysis 
and the drag force analysis were performed at room 
temperature in air because of uncertainties in these 
analyses. 
 
For the elastic-plastic validation test, a GT mock-up was 
permanently deformed by the horizontal concentration of 
loads that simulated the hydraulic cross flow loading 
during the LOCA event. An RCCA was inserted in the 
deformed GT after unloading. The elastic-plastic 
deformation analysis was validated because the results 
were in agreement with the GT deformation from the test 
conducted at room temperature. The elastic-plastic analysis 
at operating temperature will be performed in order to 
confirm that the GT deformation profile at operating 
temperature is similar to that at room temperature. 
 
For the drag force validation test, it was found that the 
drag force distribution in the analytical model did not 
correlate with location of the drag force test. In order to 
resolve the discrepancy, certain parameters such as friction 
factors at continuous assembly in the drag force analysis 
will be adjusted so the results are in agreement with the 
drag force test. 
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 NOMENCLATURE 
 
RCCA: Rod Control Cluster Assembly 
GT: Guide Tube 
FA: Fuel Assembly 
RV: Reactor Vessel 
RVH: Reactor Vessel Head 
CRDM: Control Rod Drive Mechanism 
T/S: Thermal Sleeve 
MHI: Mitsubishi Heavy Industry 
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Abstract – SiC/SiC composite is a refractory material which presents an excellent mechanical 
behavior in very harsh conditions (high temperature and high irradiation flux). Initially developed 
as cladding materials for the Fourth generation Gas cooled Fast Reactor (GFR), this material has 
been recently envisaged by CEA for different core structures of Sodium Fast Reactor (SFR) which 
combines fast neutrons and high temperature (700°C). Key aspects of its viability include the 
resolution of a few technological breakthroughs and specific safety demonstration which 
encompass the development of both refractory and dense fuel, and core structural materials that 
resist to high temperature and fast neutron damages and finally a robust management of 
accidental transients, especially cooling accidents. Then, before going further in the development 
of a possible demonstrator, CEA has to establish the feasibility of a SiC fiber reinforced SiC 
composite as structural material of the fuel element of the SFR. The behaviour of this fuel element 
that contains the UPuOx compound of actinides up to 50% by volume is subjected to severe 
operating conditions (up to 100dpa; up to 700°C in nominal conditions and about 1600°C in 4th 
category accident). The cladding material must meet stringent requirements such as: fabricability, 
tightness and compatibility with sodium, high thermo-mechanical properties, sufficient thermal 
conductivity, low swelling properties and irradiation creep. We describe herein the last 
improvements regarding fabrication of tubular SiC/SiC composites through chemical vapour 
infiltration (CVI) route for generic in-core structures applications. 


 
 


I. INTRODUCTION 
 


Among various refractory materials, SiC/SiC ceramic 
matrix composites (CMC) are of prime interest for fusion 
and advanced fission energy applications, due to their 
excellent irradiation tolerance and safety features (low 
activation, low tritium permeability,…)1,2.  


 
Initially developed as fuel cladding materials for the 


Fourth generation Gas cooled Fast Reactor (GFR), this 
material has been recently envisaged by CEA for different 
core structures of Sodium Fast Reactor (SFR) which 
combines fast neutrons and high temperature (550°C). 


 
Regarding fuel cladding generic application, in the 


case of SFR, the first challenge facing this project is to 
demonstrate the feasibility of a fuel SFR operating under 
the very harsh conditions that are :  


- temperatures of structures up to 700 ° C in nominal 
and  over 1600 ° C in accidental conditions,  


- irradiation damage higher than100 dpa,  
- neutronic transparency, which disqualifies 


conventional refractory metals as structural core materials, 
- mechanical behavior that guarantees in most 


circumstances the integrity of the first barrier (e.g.:ε > 
0.5%, …), which excludes monolithic ceramics and 
therefore encourages the development of new types of 
fibrous composites SiC/SiC adapted to the SFR conditions.  


 
Thus, a new specific development dedicated to the fuel 


cladding for SFR is currently under study at CEA. It aims 
at demonstrating the feasibility of structural component by 
the end of 2012. A road map has been established in order 
to identify and schedule until 2012 the major actions to be 
undertaken to meet this important technology challenge.  


 
This point has led to identify 5 topics in order to take 


into account the requirements of the concept; these are: 
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- the definition of conceptual cladding, fabrication of 
structural composites and the development of their 
protections and their assembly processes, 


- the characterization of the thermomechanical 
behavior and microstructure of materials; 


- the study of corrosion and erosion in sodium; 
- the set up of a neutron irradiation experimental 


program and its associated post irradiation examinations 
(PIE); 


- finally, the development of baseline studies to 
accumulate knowledge about the behavior before and after 
irradiation by charged particles of ceramic carbides (SiC 
type) or more innovative type of MAX phases (ternary 
carbide)3. 


 
This paper will deal with some of the last significant 


results obtained on the cladding material.  
 


II. FABRICATION OF OPTIMIZED WEAVING 
 
An ambitious program of manufacturing of fibrous 


composite materials was thus undertaken at CEA to try to 
obtain a final object with the right geometry: typically, 
length: ~2m, outer diameter: 10mm and thickness: 1mm. In 
a first step, fabrication focused on a 20 centimeters long 
tube that is enough to evaluate R&D solutions4. 


 
So, for the tubular geometry, the technique of the 


braiding was used at first. Actually, 2D braids at 45° and 
60° were prepared then densified by chemical vapor 
infiltration (CVI) at CEA. 


 


 
 


Fig. 1 : 2D and 3D braiding pins. 


 


However, if 2D braiding presents a real interest from 
the mechanical behavior point of view, 3D braiding 
(interlock type) seems - a priori - preferable because of the 
expected gap in thermal conductivity (through the thickness 
of the tube) and in resistance to interlaminar shear. For this 
purpose, 3D weaves were also prepared then densified in 
the same way. The important feature is that these 3D braids 


have been realized for the first time to our knowledge from 
high purity silicon carbide fibers (Hi-Nicalon S or Tyranno 
SA3). Figure 1 highlights very clearly the difference 
between the 2D and 3D braiding.  


 
Besides, it is important to point out that only the 45° 


braiding allows to guarantee a thickness of the composite 
pin lower than the millimeter, which is a criteria imposed 
by the designers.  


 
As a first step, to achieve mechanical characterization 


quickly while having the possibility of using existing 
models, 2 tubes (type 2 and type 3) made from 3D braiding 
have been opened in order to be transformed into plates 
(Figure 2) and then densified by CVI using specific tools. 


 


 


 


 
Fig 2 : Preparation of plates from 3D braided pins. 


 
The results of tensile tests on plates are shown in 


Figure 3(top). Following the good results obtained on 
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plates, a system extension for performing tensile tests on 
tubes has been developed. The results of the first 
mechanical tests performed on a 2D braiding comprising 3 
layers at 45° (6.9 mm φ int / ext φ 8.75 mm) and a 3D 
braiding  (Type2, 7.9 mm φ int / ext φ 9.7 mm) 
manufactured at CEA are shown in Figure 3 (bottom). 


 
From these curves, it can be assumed that CEA 


materials have very high level mechanical properties. These 
results also show the importance of pattern braiding on 
mechanical properties. This study is underway and shall 
result in a lot of data to retain the most interesting braiding 
for the application. It should also lead to the establishment 
of a model for this innovative type of texture in the field of 
CMC.  
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Fig.3: Tensile curves obtained on plates made from 3D 


braiding (top) and stress-strain curves of 2D and 3D braided 
tubes (bottom). 


 
III. TIGHTNESS 


 
In addition to this preliminary study on the 


optimization of the CVI process for manufacturing the 
composite material whose major disadvantage against the 


application is its porosity, a program has been also 
undertaken in 2010 in order to develop a gastight 
composite tube.  


 
Indeed, whatever the initial level of porosity of a 


composite, the matrix of the latter will crack when the 
applied stress exceeds the proportional limit stress (PLS) of 
the CMC. To overcome this problem, one solution being 
considered is to use a multi-layers system covering the 
surface of the composite and capable of deflecting the 
cracks generated within the ceramic matrix. This system 
consists of an AlN buffer layer covered with a deposit of 
W-Re5. Permeation measurements with helium showed that 
the system is gastight. The next step is to measure the 
permeation when composite is operating beyond its PLS.  


 
IV. SMOOTHING 


 
As shown in figure 1 or 2, the roughness of the inner or 


outer surface of the pin is quite high and not acceptable for 
the application. This is the reason why different 
investigations have been carried out in order to make the 
surface smoother. A first approach consists to play with the 
the way to braid the fibers.  


 
A very nice result has been recently obtained by using 


the filament winding process (fig.4). No machining was 
necessary to get the very smooth inner surface. 


 


 
 
Fig. 4 : Transverse section of a tube obtained by filament 


winding without post-machining. 
 


A second route under study for smoothing the surface of the 
composite was carried out by using the spin coating 
technique. Significant work has been done to optimize the 
formulation of suspensions and process parameters (speed, 
number of deposits, etc.). Initially, the suspensions were 
prepared from commercial α-SiC submicronic powders and 
a specific polymer AHPCS (Allylhydridopolycarbosilane). 
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In the future, the use of nanosized β-SiC powders is 


preferred. 
 
SiC coatings were thermally treated in a cycle 


optimized at LCTS and leading to the conversion of AHPC. 
Finally, the SiC coatings have been characterized (X-Ray 
Diffraction, microprobe analysis, Scanning Electron 
Microscopy observation, density measurement and optical 
profilometry). 


 
As shown in Figure 5, good results were obtained, 


since the average roughness (Ra) of the initial composite 
was significantly reduced from a Ra ~ 59 µm to 22 µm. 


 
 w/o coating w coating 


optical 
microscopy 


 


2D 
profilometry 


- 


3D 
profilometry 


 


 
Fig.5: 2D and 3D profilometries of the surface of a SiCf/SiC 


composite with and without coating. 
 


V. JOINING 
 


In 2008, two irradiation experiments, called CROCUS 
and CEDRIC, have been launched by using SIC/SiC 
minicomposite. A minicomposite is a unidirectional (1D) 
composite constituted of a tow of fibers embedded in a SiC 
matrix which is representative of a composite.The aim of 
CROCUS was to get information on mechanical properties 
of minicomposites (tensile test) after irradiation at 900°C 
under 5dpa ; regarding CEDRIC, it was to determine the 
irradiation creep of minicomposites in the same irradiation 
conditions6. 


 
The preparation of the mechanical tests carried out in 


situ (CEDRIC) and post irradiation examination 
(CROCUS), implied to solder prior the experiment the 
minicomposite to SiC grips. This was done by using a 
brazing Z4 developed by CEA Grenoble.  


 


One of the results so obtained with CROCUS is 
reported in figure 6. It appears that the result concerning 
the composite is very good: we can observe a pseudo 
ductile mechanical behavior and in addition a slight 
increase of the stress to rupture. Examination of the 
fractured minicomposite assesses this result: one can 
observe very clearly the fibers extraction along a 
significant length. 


 
Besides the good mechanical behavior of the 


minicomposites, preliminary characterizations that have 
been done post irradiation also highlighted the very 
promising behavior of the solder used. This excellent 
behavior suggests another possible use of this solder as a 
means of closing a cap on a pin.  


 
The increase in temperature range of use of this type of 


solder (BraSiC Z4) requires the development of a new 
brazing resistant at higher temperature. This is the subject 
of a thesis started in September 2009. The initial findings 
of the study guide research towards a system already 
formed of powder close to MSi2 composition. 


 


 
 
 


 
 
 
 
 
 
 
 
 
 
Fig. 6 : Tensile curves of non irradiated and irradiated of a 


minicomposite (top); SEM images of a typical rupture zone with 
fibers extraction assessing the right behavior of the irradiated 
minicomposite (bottom)  
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VI. CONCLUSION 
 
This paper was intended to assess achievements of 


materials testing in order to define the different 
components of the cladding. 


 
The CVI has shown the extent of its possibilities for 


the development of tubes through judicious selection of 
fiber architecture. Compliance with the geometric tolerance 
on the diameter of the tube can be achieved without 
machining operation; in addition, it has been shown that the 
strain to failure exceeds the target value of 0.5%. The work 
of smoothing the outer surface of the first CMC gives 
satisfactory results; the method proves to be industrially 
reliable. The sealing system of needle cap brazed poses no 
particular problem. The Z4solder tested in the range 900-
950° under 5dpa (CEDRIC) is already a reference. 


 
So, even though many important results have been 


already achieved, a lot a work is still necessary to develop a 
convincing composite SFR cladding. In particular, gas 
tightness of the CMC cladding under strain has to be 
demonstrated and its heat-exchanger function has to be 
qualified. Indeed, encouraging studies are underway to take 
up this material challenge. In the mean time, effort has to 
be done in conceptual design in order to better take into 
account the specificity of the composite materials. 
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Abstract – A typical PWR is simulated using the Monte Carlo MCNP5 code to study the impact of using BeO, as a reflector 
on the power peaking factor, core average discharge burnup and the core operating cycle. Three cases with different fuel 
enrichments, different soluble boron concentrations and different uniform distribution of burnable poisons concentrations are 
studied. The calculations showed that a 20 cm BeO reflector with a combination of an optimized three batch cores would 
ideally lead to a perfect flattening of the power distribution. Many trails are carried out to optimize the core map and fuel 
enrichments. Assembly peaking factors less than 1.08 are obtained for the three cases which increase the core average 
discharge burnup to about 92% from the optimum or licensing limits. Also a fairly flat distribution of plutonium formation 
throughout the core is obtained which help in keeping the flattening of the power distribution throughout the core life. With 
this flattening of the burnup distribution, all assemblies will be loaded once and there is no shuffling is needed. This 
increases the operating cycles and reduces the outage frequency and increases the capacity factor. All of these will improve 
the uranium utilization and reduce the operating costs of the nuclear power plant. 


 
 


I. INTRODUCTION 
 


Improving uranium utilization is a potential goal for 
reducing the operating costs of nuclear power plants. 
Applicable research focused on improving uranium 
utilization has been conducted since the 1970’s. Several 
ideas have been reported that include optimizing the 
reactor core design, fuel cycle length and ways to flatten 
the reactivity shape throughout the core life. Some of these 
ideas are given in Refs [1-4]. Flattening the reactivity shape 
will increase the core average discharge burnup. The main 
three strategies to shape the power distribution are (1) 
multibatch cores strategy, (2) use burnable absorbers such 
as ZrB2, Gd2O3 and Er2O3 and (3) use of a good reflector. 
The shortcoming of burnable absorbers is the reactivity 
residual penalty through the generation of absorbing 
isotopes in the neutron capture process (e.g. Gd-157 and 
Gd-156 in the case of using Gd2O3) which can reduce the 
cycle length [1]. The amount of burnable absorbers can be 
minimized by using multibatch cores or/and using a good 
reflector. Use of reflectors increases the neutron flux in the 
peripheral assemblies, and, therefore, the energy extracted 
from these assemblies will be increased.  


R. A Matzie [2], el. showed that the use of BeO as a 
reflector for PWR can improve the uranium utilization by 
about 5% and other reactivity analysis indicate that the 
maximum saving in ore when using BeO as a reflector is 
5% [1]. Flattening the reactivity shape throughout the core 
life requires also flatting the distribution of the plutonium 
generated due to U-238 neutron capture. Due to strong    
U-238 resonance absorption in the epithermal range, 


plutonium generation in the peripheral assemblies is 
strongly dependent on the type of reflector.  


Among the three common reflectors (water, beryllium 
and graphite) beryllium is the best reflecting material to 
increase both the thermal and epithermal neutron fluxes in 
the peripheral assemblies. Beryllium can be used in form of 
Beryllium oxide (BeO).  BeO has a melting temperature of 
about 2,800 K and nominal density of 3.01 g/cm3 and it is 
corrosion resistant, however it is react with water at 1,273 
K. One advantage of using BeO rather than pure Be is the 
increase in melting temperature of the reflector material.  
The melting point of Be is much less than BeO at 1,560 K. 
Using BeO will give a very comfortable temperature 
margin.  However, Be is a more effective neutron 
moderator than BeO.  Since oxygen is not an efficient 
neutron moderator, the beryllium density is a good 
indicator of the relative effectiveness of the two moderator 
materials.  The density of beryllium in BeO is about 1.08 
g/cm3 while pure Be has a density of 1.85 g/cm3


 [5].   
The aim of this work is to study the impact of using 


BeO as a reflector for PWR on the power peaking factor, 
core average discharge burnup and the core operating 
cycle. 


 
II. MODEL 


 
The general purpose Monte Carlo code MCNP5 [6] 


was used to simulate a typical PWR to study the impact of 
using BeO as a reflector on the power peaking factor, core 
average discharge burnup and the core operating cycle. 
MCNP uses point-wise continuous cross-section data based 
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mainly on ENDF/B-VI and, for some nuclides, ENDF/B-V 
data.  


 
II.A. Plant Description 


 
A typical Westinghouse 1150 MWe four loop PWR 


plant has been selected as a case study. The design data of 
the reference PWR core is given in Refs [1,3]. The core is 
built from 193 fuel assemblies arranged in a near-
cylindrical array as shown in Fig.1. The fuel assembly 
consists of UO2 fuel rods bundled in 17x17. There are three 
means for the reactivity control in the PWRs: (1) Control 
rods, (2) Soluble poison (chemical shim) and (3) Burnable 
poisons. The control rods in PWR normally enter the core 
from the top. In our case, there are 53 rod cluster control 
assembles (RCCA) positioned symmetrically in the core as 
shown in Fig.1. The RCCA’s are classified into two groups: 
the shutdown banks (shutdown banks: A, B, C, D and E) 
and control banks (control banks A, B, C and D). The 
control rods are not the principal means to change the 
power level, since they create large localized flux 
desperation. The major function of RCCA’s is to ensure the 
shutdown margin. During normal operation, all shutdown 
banks should be fully withdrawn and the control banks are 
limited inserted [3]. 


Boric acid (H2BO2) dissolved in the primary loop 
water is used as a soluble poisons (chemical shim) in PWR. 
In H2BO2, only B-10 has a significant absorption cross 
section via (n,α) reaction. Reactivity adjustments to 
maintain 100% power as the fuel is burned is normally 
controlled by varying the concentration of boric acid 
dissolved in the primary reactor coolant. Since the soluble 
poisons is limited to about 2000 ppm, the burnable poisons 
is introduced to compensate the excess reactivity of fresh 
fuel assemblies at the beginning of life. The Integrated Fuel 
Burnable Absorber (IFBA) is a burnable poison developed 
by Westinghouse Electric Corporation. It is applied as a 
thin coating of zirconium diorite (ZrB2) coating on fuel 
pellets surface.   


 
II.B. MCNP5 Simulation 


 
An MCNP5 input file was created to simulate the 


problem using a criticality calculation with 2000 cycles of 
which 500 were skipped and 100000 neutrons per cycle. 
Tally type F4 (neutron flux average over a cell) and a 
corresponding FM specification card with the reaction 
types -6 (fission cross section) and 102 (radioactive capture 
cross section) are used to get fission densities and Pu-239 
production rate average over each fuel assembly. In the 
simulation, it is assumed the following: 
1. The reactor core is centered in a nearly squared 


cylinder: 404 cmD x 400 cmL. and reflected by a 17 cm 
water from the top and bottom. 


2. The core is reflected from the peripheral by a row of 
beryllium oxide blocks as shown in Figs. 2 and.3. Each 
block is 370 cm long and 20 cm wide x 20 cm 
thickness. There is a 0.75 cm water between the core 
and the BeO row and between each two blocks as 
shown Fig.3. The rest of simulated cylinder is assumed 
to be filled with water as shown Fig.2. 


3. Three batch cores with three different U-235 
enrichments as shown in Fig.1 where: 1 represents the 
lower enrichment, 2 represents the intermediate 
enrichment and 3 represents the higher enrichment 
(colors: yellow, blue and red, respectively). 


4. The reactor is at full power where all control rods are 
fully out except the control bank D which is partially 
inserted with 199/226 steps withdrawn as shown in Fig1 
where one superscript star means a  RCCA  with 
withdrawn control rods and  two superscript stars means  
a  RCCA  with partially inserted control rods. 


5. The IFBA is a smeared material in the gap between fuel 
pellet and inner wall of the cladding. The density of this 
material is adjusted to give zero reactivity (keff =1) for 
the control rods position given above and soluble boron 
concentrations of 900, 1200 or 1600 ppm. 


6. The temperature of the fuel, clad and moderator and 
other materials are 900, 600 and 583 K respectively and 
the coolant density (water) is 0.705 g/cm3. 


 
II.A. Verification 


 
Using the geometry-plotting capability in MCNP, the 


problem geometry was checked by looking at several 
different views (Figs. 2 and 3 are two examples). A series 
of sensitivity calculations were performed to verify the 
model. These calculations includes changing the control 
rods positions, changing boron concentrations in the 
coolant, changing fuel, clad and moderator temperatures 
and changing the enrichments of U-235. TABLE I 
summarizes some of these calculations. 


 
III. RESULTS AND DISCUSSION 


 
        Three basic cases are studies with different U-235 
enrichments (cases: 1, 5 and 6 in TABLE 1) to calculate the 
fission density and plutonium generated average over each 
fuel assembly.  All the fuel pallets are assumed to be coated 
by the same amount of IFBA.  The amount of IFBA is 
assumed to represent all burnable poisons and it is adjusted 
to give zero reactivity (keff =1) as given in TABLE I. Many 
trails were carried out to optimize the core map and fuel 
enrichments of each case. The core map is presented in Fig. 
1 where 113 assemblies of the 193 assemblies have the 
lower enrichment, 32 assemblies have the intermediate 
enrichment and 48 assemblies have the higher enrichment. 
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A B C D E F G H I J K L M N O 


1   3 3 3 3 3 3 3 


2  3 3* 2 2* 2 2* 2 2* 2 3* 3 


3  3 3 1 1* 1 1* 1 1* 1 1* 1 3 3 


4  3* 2 1**  1 1 1 1* 1 1 1 1**  2 3* 


 5 3 2 1* 1 1 1 1 1 1 1 1 1 1* 2 3 


6 3 2* 1 1 1 1* 1 1* 1 1* 1 1 1 2* 3 


7 3 2 1* 1 1 1 1 1 1 1 1 1 1* 2 3 


8 3 2* 1 1* 1 1* 1 1**  1 1* 1 1* 1 2* 3 


9 3 2 1* 1 1 1 1 1 1 1 1 1 1* 2 3 


10 3 2* 1 1 1 1* 1 1* 1 1* 1 1 1 2* 3 


11 3 2 1* 1 1 1 1 1 1 1 1 1 1* 2 3 


12  3* 2 1**  1 1 1 1* 1 1 1 1**  2 3* 


13  3 3 1 1* 1 1* 1 1* 1 1* 1 3 3 


14   3 3* 2 2* 2 2* 2 2* 2 3* 3 


15   3 3 3 3 3 3 3 


Fig.1: Proposed core map, where: 1 represents the lower enrichment, 2 represents the intermediate enrichment and 3 
represents the higher enrichment (colors: yellow, blue and red, respectively). One superscript star means a  RCCA  with 
withdrawn control rods and two superscript stars means  a  RCCA  with partially inserted control rods. 
 
 


 


BeO 
Reflector 
 
 
Core 
 
 
 
Fuel 
Assembly 
 
 
 
 
 
Coolant  
 


 


Fig. 3. MCNP model of BeO reflector. 


 


Fig. 2. MCNP model of the core.   
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               The optimized fuel enrichments obtained are 2.8-
2.95-3.25, 4.3-4.55-5 and 7.1-7.5-8.25 for the three studied 
cases respectively for the chemical shim and IFBA 
concentrations given in TABLE 1. Figs.4-6 gives the 
fission density and plutonium generated average over each 
fuel assembly for the ¼ core symmetry relative to the 
average values. As shown in these figures, the fission 
density is very flat while the plutonium generated 
distributions are less flattening since the atom density of U-
238 are almost the same in the three batches. The assembly 
peaking factors are 1.077, 1.062 and 1.066, respectively as 
given in TABLE I. Due to the control bank D which is 
partially inserted; the results of the H8 and L12 assemblies 
are somewhat less than their surrounding assemblies and 
The relative fission densities of the peripheral assemblies 
change from about 1.02 to about 0.86 with average value of 
0.95 relive to the average burnup as shown in these figures.  
        During the fuel burnup, the fuel enrichment is 
decreased and fission fragments are built in. This change in 
the reactivity is compensated by decreasing the soluble 
boron and the IFBA concentrations. High fission densities 
produce higher fission fragment poisons leading to shift the 
power peaking factors towards the lower fission density 
positions. This in turn leads to more power flattening. From 
these results we can conclude the following advantages of 
using BeO as a reflector of PWR. 
1. High fuel burnup. Use of BeO as a reflector of PWR 
increases the energy extracted from the peripheral 
assemblies and with a combination of an optimized three 
batch cores would ideally lead to perfect flattening of the 
power distribution. From the results presented in Figs.4-6, 
and TABLE 1 the assembly power peaking factors for the 
three studied cases are less than 1.08. Assuming Fuel 
burnup licensing limits of 70 MWD/MTU, the maximum 
core average discharge burnup that could be obtained from 
the core is approximately on the order of: 70/1.08 = 64.5 
MWD/MTU  or 92.5% from the licensing limits as given in 
TABLE 1.  
 


2. Fairly flat distribution of generated plutonium. 
Flattening the reactivity shape throughout the core life 
requires also flatting the distribution of the plutonium 
generated. Due to strong U-238 resonance absorption in the 
epithermal range, plutonium generation in the peripheral 
assemblies is strongly dependent on the type of reflector.  
Use of BeO as a reflector with a combination of an 
optimized three batch cores would provide a fairly flat 
distribution of plutonium formation throughout the core as 
given in Figs.4-6.  
3. Reducing the power peaking factor. Using this core map 
and BeO reflector, the radial power peaking factor is 
reduced to less than 1.08 which enhances the safety 
margins and can help in increasing the power density.  
4. Extending the cycle length. Theoretically if there is a 
sufficient excess reactivity for burning the fuel to the 
burnup licensing limits (assuming 70 MWD/MTU), the  
core average discharge burnup will be 65 MWD/MTU 
which achieves about 56 Effective Full Power Months 
(EFPM). Noting that, all assemblies will be loaded once 
(there is no need to shuffle the peripheral assemblies into 
interior positions) the outage period during this core cycle 
will be for the maintainace tasks only. This means that the 
outage frequency is reduced and the capacity factor is 
improved. Also the cost of fuel loading and shuffling is 
reduced. 
5. Uniform distribution of burnable poisons. In the 
simulation, it is assumed that the burnable poisons which 
used to compensate the excess reactivity is represented by 
boron which is assumed to be a smeared material in the gap 
between fuel pellet and inner wall of the cladding and 
uniformly distributed throughout the core.  This means that 
any burnable poisons (IFBA, Gd2O3 and Er2O3) can be 
introduced uniformly in the core. This in turn reduces the 
shifts of the power peaking factor throughout the core life.  
        All of these of cores will improve the uranium 
utilization and reduce the operating costs of the nuclear 
power plant. 


TABLE I 
MCNP Calculation Results, uncertainties in keff  is 0.01% and in other calculations are less than 1%.  


 


Case 
Enrichments 
(o/w U-235) Reflector 


Control rod 
positions 


 


Boron 
conc. in 


the 
coolant 
(ppm) 


IFBA 
conc. 


(mg/cm 
B-10) 


keff 


Assembly 
power 


peaking 
factor 


Average 
discharge  
burnable 


(% of  licensing 
limit ) 


1 2.8-2.95-3.25 BeO Basic case* 900 0.26371 0.996856 1.077 93 
2 2.8-2.95-3.25 H2O Basic case 900 0.26371 0.989269 - - 
3 2.8-2.95-3.25 BeO Fully inserted 900 0.26371 0.930199 - - 
4 2.8-2.95-3.25 BeO Basic case 450 0.0 1.242496 - - 
5 4.3-4.5-5 BeO Basic case 1200 0.54499 1.000602 1.062 94 
6 7.1-7.5-8.25 BeO Basic case 1600 1.14273 1.00069 1.066 94 


*All  control rods are fully out except the control bank D which is partially inserted with 199 steps withdrawn from 226 steps. 
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H I J K L M N O 


8 
0.987 1.056 1.072 1.077 1.068 1.057 1.046 1.015 


1.048 1.090 1.113 1.122 1.114 1.097 1.060 0.906 


9 
1.049 1.062 1.066 1.066 1.060 1.045 1.043 1.004 


1.083 1.105 1.107 1.097 1.108 1.090 1.049 0.899 


10 
1.064 1.061 1.060 1.048 1.033 1.016 1.001 0.946 


1.115 1.102 1.106 1.089 1.075 1.051 1.014 0.847 


11 
1.063 1.057 1.043 1.022 0.991 0.967 0.939 0.893 


1.103 1.098 1.083 1.065 1.040 1.010 0.951 0.751 


12 
1.056 1.047 1.025 0.987 0.906 0.923 0.990 


1.100 1.089 1.066 1.021 0.974 0.967 0.895 


13 
1.040 1.028 1.001 0.967 0.966 0.956 0.873 


1.085 1.070 1.048 1.006 0.979 0.917 0.739 


14 
1.038 1.023 0.979 0.934 0.988 0.863 


1.057 1.038 0.991 0.935 0.887 0.726 


15 
0.999 0.985 0.919 0.872 Fission density 


0.897 0.878 0.818 0.736 Pu production rate 


 
Fig. 4. Fission density and Pu production rate distributions (relative to the average) for the 


first case, the uncertainty is less than 1%. 
 


H I J K L M N O 


8 
0.986 1.048 1.057 1.053 1.054 1.055 1.062 1.047 


1.144 1.178 1.195 1.186 1.198 1.201 1.168 1.005 


9 
1.039 1.049 1.054 1.054 1.049 1.045 1.046 1.026 


1.176 1.185 1.192 1.179 1.182 1.186 1.162 0.982 


10 
1.048 1.052 1.042 1.035 1.026 1.018 1.003 0.957 


1.202 1.197 1.184 1.161 1.164 1.155 1.110 0.927 


11 
1.046 1.042 1.032 1.010 0.987 0.972 0.947 0.911 


1.185 1.176 1.153 1.140 1.114 1.108 1.051 0.830 


12 
1.044 1.038 1.025 0.983 0.911 0.927 0.995 


1.180 1.172 1.151 1.107 1.047 1.062 0.969 


13 
1.043 1.030 1.006 0.970 0.965 0.971 0.881 


1.173 1.168 1.140 1.103 1.072 1.003 0.799 


14 
1.037 1.028 0.984 0.932 0.997 0.887 


1.149 1.134 1.089 1.028 0.976 0.805 


15 
1.004 0.994 0.924 0.877 Fission density 


0.972 0.962 0.901 0.800 Pu production rate 


 
Fig. 5. Fission density and Pu production rate distributions (relative to the average) for the 


second case, the uncertainty is less than 1%. 
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IV. CONCLUSIONS 
 
          The simulation of a typical PWR using the Monte 
Carlo MCNP5 showed that a 20 cm BeO reflector with a 
combination of an optimized three batch cores would 
ideally lead to perfect flattening of the power distribution.  
Three cases with different fuel enrichments, different 
soluble boron concentrations and different uniform 
burnable poisons concentrations are studied. Many trails 
are carried out to optimize the core map and fuel 
enrichments. The core map is presented in Figs. 1 and 2 
where 113 assemblies of the 193 have the lower 
enrichment, 32 assemblies have the intermediate 
enrichment and 48 assemblies have the higher enrichment. 
The optimized fuel the enrichments are given TABLE 1 for 
the three basic cases studied. 
          An assembly peaking factors less than 1.08 are 
obtained for the three cases which increase the core 
average discharge burnup to about 93% from the optimum 
or licensing limits. Also a fairly flat distribution of 
plutonium formation throughout the core is obtained which 
help in keeping the flattening of the power distribution 
throughout the core life.  All assemblies will be loaded 
once and there is no shuffling is needed and the operating 
cycle will be increased and outage frequency will be 
reduced where capacity factor will be increased.  
            All of these will improve the uranium utilization 
and reduce the operating costs of the nuclear power plant. 
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H I J K L M N O 


8 
0.999 1.058 1.069 1.066 1.046 1.045 1.041 0.996 


1.067 1.099 1.119 1.112 1.091 1.087 1.055 0.885 


9 
1.051 1.053 1.061 1.050 1.037 1.026 1.035 0.980 


1.092 1.108 1.107 1.091 1.081 1.076 1.045 0.877 


10 
1.053 1.061 1.049 1.034 1.012 1.003 0.988 0.922 


1.104 1.107 1.096 1.073 1.068 1.038 1.005 0.820 


11 
1.058 1.057 1.040 1.015 0.979 0.959 0.929 0.875 


1.097 1.096 1.089 1.057 1.022 1.002 0.937 0.738 


12 
1.054 1.053 1.033 0.994 0.918 0.922 0.980 


1.098 1.087 1.070 1.031 0.984 0.965 0.876 


13 
1.050 1.041 1.017 0.984 0.982 0.970 0.864 


1.092 1.088 1.061 1.028 0.985 0.924 0.724 


14 
1.057 1.046 1.003 0.960 1.014 0.884 


1.072 1.061 1.016 0.968 0.895 0.746 


15 
1.018 0.994 0.941 0.905 Fission density 


0.905 0.890 0.839 0.758 Pu production rate 


 
Fig. 6. Fission density and Pu production rate distributions ((relative to the average) for the 


third case, the uncertainty is less than 1%. 
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Abstract –An earthquake of magnitude 6.8 hit the Kashiwazaki Kariwa Nuclear Power Station of the Tokyo Electric 


Power Company (TEPCO) on 16 July, 2007. At the world’s largest nuclear power plant, four of seven reactors were in 
operation. Those reactors were shut down safely as designed. Through the post-quake inspection, no significant damages are 
found in safety related systems, structures and component. As of January 31, 2011, four units are back on-line, remaining 
three units are undergoing the seismic upgrade works. 


In this paper, restoration activities are elaborated and especially followings are focused. 
- Extensive geological survey of on-shore and off-shore areas. 
- Formulation of design base earthquake ground motion (DBEGM) and seismic upgrade work 
-Improvement of crisis management and Efforts for building public confidence 


 
 


I. INTRODUCTION 
 
Invaluable information on seismic design concepts has 


emerged from TEPCO’s work since the Niigata-ken 
Chuetsu-oki Earthquake (NCOE), which caused loss of life 
and destroyed more than 40,000 homes when it hit Japan 
on the morning of July 16, 2007. 


The epicentre of the offshore earthquake was only 16 
kilometres from Kashiwazaki Kariwa Nuclear Power 
Station (Fig.1 and Fig.2), which is the world’s largest 
nuclear generating station by net electrical power rating 
with a capacity of 8,212 MWe. On the day of the 
earthquake, four of the plant’s seven reactors were in 
operation. Each reactor shut down as designed, although 
one unit suffered a short-lived transformer fire and a small 
amount of radioactivity well below the legal limit was 
released into the environment. 


Although the 6.8 magnitude earthquake shook the 
plant beyond design basis, no damage was found in 
facilities classified in the higher seismic design grade such 
as safety-related systems, the reactor pressure vessel or the 
primary containment vessel. However, some damage was 
found in lower grade facilities such as the fire protection 
piping. 


To assess the full effects of the earthquake, a thorough 
inspection of the facilities and a detailed seismic response 
analysis were conducted. The results have endorsed those 
of the initial investigation: there was no serious structural 
and functional damage in the safety-significant facilities. 
This result is attributable to the safety margins and the 
design robustness added during the various stages of 
design. 


In addition to a damage assessment, the station’s 
‘Design Base Earthquake Ground Motion’ was newly 
formulated using the geological and seismological survey 
information that was subsequently collected. Based on this 
information, seismic upgrade work was carried out to 
achieve a sufficient structural margin. For example, almost 
3,000 additional supports were installed in Unit 7. 


 
 


 
 
Fig. 1. Kashiwazaki Kariwa Nuclear Power Station. 
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Fig. 2. The positions of the epicentre of NCOE and the 


nuclear power station. 
 
 


II. FORMULATION OF A NEW DESIGN BASE 
EARTHQUAKE GROUND MOTION 


 
II.A. Geological Survey and Active Fault Evaluation 


in the Neighboring Areas 
 
The Nuclear Safety Commission of Japan updated the 


seismic design guideline in 2006. In accordance with this 
new guideline, a new Design Base Earthquake Ground 
Motion (DBEGM) is determined to evaluate seismic safety 
in neighboring areas of the nuclear power plant site. For 
that reason, a geological survey was carried out carefully 
for both the neighboring sea and land areas (Fig.3 and 
Table I). Assessment of the active fault to cause a possible 
earthquake is then made. Various researches have been 
carried out using the most recent techniques such as 
maritime acoustic exploration for sea area, and aerial 
photograph deciphering, surface geology survey and 
subsurface explorations for land. As for active faults to be 
considered on seismic design, the old seismic design 
guidelines defined it as what became active from 5 million 
years downward, whereas the new one extends back to the 
late pleistocene (before 12-13 million years) as far as we 
can not exclude the possibility. As for formulation of a 
DBEGM, we decided to set conservatively a length of the 
active fault and also to assume that active faults close to 
each other act simultaneously.  


 
 


 
 
Fig. 3. Main active faults around the nuclear power station. 
 


II.B. Analysis of the NCOE 
 
There are two notable characteristics in the NCOE, 


these are; 
・ The actual seismic intensity exceeded a seismic 


intensity resulted from an empirical evaluation 
made for magnitude scale of 6.8, 


・ A maximum acceleration observed at the base mat 
of the reactor building (the lowest part of the 
basement) was in considerable difference between 
reactors from Unit 1 to 4 (384 - 680 Gal) and Unit 
5 to 7 (322 - 442 Gal) located 1km away from the 
others. 


Seismic observation data have been analyzed, such as 
geological survey, seismic observation data in aftermath of 
the NCOE, and that of another major earthquake in 2004. 
It was found that there are some elements to amplify 
seismic motion arriving from the direction of sea. The 
following mechanisms for the amplification (Fig.4) are 
conceivable for the earthquake occurred this time; 
【Element of amplification - 1】 


It is presumed that the seismic motion level at the 
seismic center based on the seismic motion observed. As a 
result of comparison between the actual seismic motion in 
the center and the one established empirically, we found 
out that the earthquake was in stronger motion at the 
seismic center than that of the usual one. 
【Element of amplification - 2】 


There is deep ground irregularity of the complicatedly 
shaped stratum that protrudes massively in the direction 
from sea to land. This causes a seismic wave to reverberate, 
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at the same time a propagation velocity of seismic motion 
decreases once a seismic wave reaches to the ground 
where propagation velocity is low. This made a seismic 
wave travelling behind to catches up with the one before, 
which then created multiplier effect of double 
amplification. 
【Element of amplification - 3】 


Due to an old fold structure in the ground, the seismic 
wave reverberated and the waves diverged into the 
direction of unit 1 to 4 areas. In consequence the seismic 
motion became almost double of that of Unit 5 to 7 areas. 


 


II.C. Formulation of DBEGM 
 
As we take into account of knowledge on the seismic 


motion amplification mentioned earlier based on the result 
of active fault evaluation, we found out dominant active 
faults: F-B faults for sea area and the Nagaoka Plain 
Western Rim active fault zone for land area. For these 
active faults, we carried out the evaluation that reflected 
knowledge learned from the NCOE in accordance with the 
new guidelines for seismic design. In consequence, we 
formulated a new DBEGM (Table II). 


TABLE I 
Main Active Faults Taken into Account upon DBEGM 


 
 
 


 
 


Fig. 4. Conceptualization of the factors for amplification of earthquake motions. 
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The new seismic guideline requires that DBEGM is 
formulated on so called “free surface of base stratum” 
which is a large ground surface in the horizontally flat 
spread (that assumes no layer and structures). At 
Kashiwazaki Kariwa Nuclear Power Station, the free 
surface of base stratum is set in 146 – 290m depth in the 
ground, depending on the depth of each reactor. To 
evaluate the impact on the facility by an earthquake, the 
seismic motion at the base mat of the reactor building is 
crucial. Therefore, we evaluated the seismic motion at the 
base mat of each reactor by taking account of attenuation 
of the seismic motion during traveling from the free 
surface of base stratum to the reactor building (Table II). 


 
III. IMPLEMENTATION OF SEISMIC  


UPGRADE WORKS 
 
The Tokyo Electric Power Company currently carries 


out seismic safety evaluations and implements seismic 
upgrade works for each reactor at Kashiwazaki Kariwa 
Nuclear Power Station. The evaluations and upgrade works 
are conducted in parallel. On the other hand, recovery 
works of facilities damaged by the earthquake are still 
ongoing. For the seismic safety evaluations, it computer 
analyses verified that critical safety functions of the facility 
are secured to the motion caused by the new DBEGM. In 
addition, Seismic upgrade works are conducted so as to 
tolerate the seismic motion of 1000 Gal at the reactor 
building base mat. This is equivalent to 1.5 times of 
maximum observed acceleration of the NCOE. 


As of Jan 31, 2011, we have already completed both 
safety evaluations and the seismic upgrade works for Unit 
1, Unit 5, Unit 6 and Unit 7. Below are described examples 
of the seismic upgrade works for Unit 6 and Unit 7. 


 
III.A. Seismic Upgrade Works for Piping 


 
Out of the safety related piping, the ones with less 


safety margin were screened based on the computational 
analysis. Seismic response of the piping system was 
reduced by providing the additional piping support 
structure in order to lower the stress added to the piping 
body (Fig.5) and to improve the strength of a piping 
support structure itself as well (Fig.6). Extra cautions must 
be paid to unexpected heat stress caused by overly tight 
constraint of additional supports. 


 


 
 
Fig. 5. Additional snubbers to pipings. 
 
 


TABLE II 
Evaluation of Earthquake Motions 


 


740728601704761809873standard seismic ground motion*


356322442492384606680
Niigataken-Chuetsu-Oki Earthquake


(observation data)


1,000set gal for seismic reinforcement


Unit 7Unit 6Unit 5Unit 4Unit 3Unit 2Unit 1base mats for the reactor buildings


740728601704761809873standard seismic ground motion*


356322442492384606680
Niigataken-Chuetsu-Oki Earthquake


(observation data)


1,000set gal for seismic reinforcement


Unit 7Unit 6Unit 5Unit 4Unit 3Unit 2Unit 1base mats for the reactor buildings


1,2092,300standard seismic ground motion


Unit 7Unit 6Unit 5Unit 4Unit 3Unit 2Unit 1free surface of base stratum


1,2092,300standard seismic ground motion


Unit 7Unit 6Unit 5Unit 4Unit 3Unit 2Unit 1free surface of base stratum


(unit: gal in east-west direction)


*As for Unit 2 to 4, the values are calculated. Seismic back-check is now under way.
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Fig. 6. Reinforcement of piping support structures. 
 


III.B. Seismic Upgrade Work for a Roof Truss  
over a Reactor Building 


 
As for a roof truss above a reactor building, it is found, 


as result of a computer analysis, that the main truss still has 
a tolerance, but there is less tolerance in a part of the sub-
truss crossing the main truss and in the secondary 
components such as the lower horizontal-brace. For 
components in less tolerance, we carried out various 
seismic upgrade works such as supplementing 
reinforcement materials, exchanging the component for 
better tolerance to stress (Fig.7). As a result of those efforts, 
stress added to the main truss reduces and eventually the 
safety allowance for the entire roof truss improves. 


 


 
 
Fig. 7. Reinforcement of roof truss on the reactor building. 
 


III.C. Seismic Upgrade Work for a Main Stack 
 
As for a main stack, a part of the steel tower 


component is found to have less tolerance. After assessing 
ways to manage the issue, we decided to install a vibration 
motion control device (Fig.8) to prevent a time-consuming 
large scale upgrade work. This device can minimize the 


vibration of the stack because fluid resistance of oil in the 
device can absorb the vibration energy. 


 


 
 
Fig. 8. Installation of vibration control device in stacks. 
 


III.D. Seismic Upgrade Work for Overhead Crane 
 
There is a moment that the crane travels over the spent 


fuel storage pool which is highly important safety 
structures. The upgrade work is to minimize the chance 
that the crane derails and drops onto the floor. To prevent 
the accident, we enlarged the size of derailment prevention 
device and reinforced the supporting structure for the rail 
track (Fig.9). 


 
III.E. Seismic Upgrade Work for Fuel Handling Machine 


 
The fuel handling machine is always in standby mode 


over the spent fuel storage pool. For this reason, the 
upgrade work is conducted to prevent the machine into the 
pool upon massive earthquake. We enlarge the size of 
derailment prevention device, or install partially additional 
device. Moreover, the strength of the machine body is 
imroved by adding structure components partly (Fig.10). 


 
IV. IMPROVING CRISIS MANAGEMENT 


 
Apart from ensuring the safety of systems, structures 


and components, TEPCO also initiated measures to 
improve its crisis management processes. 


For instance, the on-duty manager at the time of the 
earthquake found it difficult to enter the Technical Support 
Centre, where crisis events were supposed to be handled, 
because the entrance door had been damaged by the tremor. 
Though a seemingly small item, the damaged door made it 
difficult to get into the building and posed a challenge to 
reporting the event in a timely manner. 


Learning from this experience, a new support centre 
has been built with a base-isolated structure and 
independent emergency diesel generators (Fig.11). Other 
initiatives for crisis management include strengthening the 
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station’s firefighting squad and evacuation management of 
its workers. 


 


 
 


Fig. 9. Reinforcement of reactor building ceiling cranes. 
 
 


 
 


Fig. 10. Reinforcement of refueling machinery. 
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Fig. 11. New Technical Support Centre with base isolated 


structure. 
 


V. BUILDING PUBLIC CONFIDENCE 
 
Ensuring the transparency of the recovery process and 


securing the confidence of local residents has been crucial 
to get the necessary support for the plant to restart. The 
results of investigations and actions have been reviewed by 
technical committees hosted by central and local 
government. 


In fact, more than 350 meetings and committees had 
been held by the end of Jan. 2011. TEPCO officials 
attended almost all of them to explain the status of the 
plant and the results of its investigations. 


More than 40,000 visitors from all over the world 
have also visited the power station. As part of its extensive 
public outreach program, TEPCO has also produced a 
variety of newsletters, video news items, and television 
and newspaper advertisements. 


 
VI. CONCLUSIONS 


 
After extensive works required, four units are back 


on-line and three units are undergoing seismic upgrade 
works as of Jan 31, 2011. TEPCO is committed to 
conducting investigations and safety evaluations of the 
plants step by step. It is our mission to share the lessons 
learned with the nuclear industry, which eventually lead to 
enhanced nuclear safety worldwide. 
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Abstract – Energy has recently come to be regarded as the major factor in production, replacing 
land. Mankind will confront a critical turning point in the energy supply in the 21th century. Since 
the industrial revolution, fossil-fuel based production has been revealing the limits of growth, such 
as the depletion of fossil fuels and the various conflicts caused by it. The nature of the problem is 
structural, not economic cycle.  
The Republic of Korea has the sixth largest installation of nuclear power plants in the world. 
Nuclear energy has been actively promoted for 40 years since the 1970s, in the South Korea. It 
has enabled a stable mass production of electricity to be supplied at a competitive price, and for 
South Korea to become an industrialized country. 
Nuclear energy is expected to play the following roles in the future:  
- as a core energy source for shifting to a post-petroleum society 
- as a key technology for shifting to a low-carbon energy society 
- as a technology for achieving an energy self-sufficient society 
- as the response to changes in future energy demand patterns. 
- as a job creator technology for new growth engines 
- as a contributor to energy welfare 
For playing these roles, South Korea makes considerable efforts in the development of 
infrastructure and technology in the nuclear energy field. Moreover, South Korea strives to 
contribute to a safe and transparent use of global nuclear energy through active international 
cooperation in order to share valuable experience of nuclear energy use and to play an important 
role in the world. 


 
 


I. INTRODUCTION 
 
I.A. Threat factors to sustainability in a global energy 


policy 
 


Modern civilization has obtained energy from the 
fossil fuels such as petroleum, coal, and nature gas for last 
two hundred years. Shown by the change of a worldwide 
energy-related background, however, it is even more 
difficult for us to obtain energy from the fossil fuels to be 
of sustainable prosperity. 


Typical threat factors to sustainability in a global 
energy policy are fossil fuel depletion, the advent of a new 
expensive oil era accordingly, and global warming. In 
other words, depletion of global endowed fossil-fueled 
resources, price instability as a result of the depletion, and 
regulation of the greenhouse gas(GHG) emissions to cope 
with climate change. Related to the GHG total emissions, 


the energy section ratio reaches 84.7% in the Republic of 
Korea(ROK). 


With regard to assuring the economy sustainability, 
the uncertainty is a more important factor than economic 
recession among the various threat factors. The threat 
factors listed above are the most uncertain in economic 
sustainability as well as global energy. This is the same to 
the South Korean economy. 


 
I.B.  A basic direction of South Korean energy policy  
 


The national sustainability issues, such as energy 
resources depletion, global warming and the effectuation 
of climate change conventions, the advent of a new 
expensive oil era belong to the issue of energy and 
environment. Nowadays, in order to efficiently deal with a 
sudden change in energy background and to support the 
sustainability, it is insufficient to make efforts using only 
demand side management such as energy conservation and 
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the rational utilization of energy. So South Korea proposed 
a long-term prospect with low-carbon green growth as a 
new development strategy for achieving the national 
vision. This is in response to increased dependence on 
foreign energy and higher GHG emissions in South Korea.  


In the ROK, the proportion of imported energy costs is 
increasing rapidly. The rate of increase in its GHG 
emission is the highest in the world, and its GHG 
emissions totals is ranked among the world's top 15 (See 
Fig. 1 and 2). 
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Fig. 1.  Trend of Energy Import in the ROK 
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Fig. 2.  Proportion of GHG Emissions from ROK (OECD, 


2010) 
 
To cope with the South Korea's serious energy and 


environmental situation, the energy sector's five point 
vision for green growth are as follows: 1) implementation 
of an energy self-sufficient society; 2) shifting to a low 
energy consumption and low-carbon society; 3) shifting to 
a post-petroleum society; 4) implementation of an energy 
symbiotic society; 5) creation of new growth engines based 
on green technologies and green energy, as well as job 
creation. 


Here, nuclear energy is expected to play the following 
roles in achieving these visions. 


 
II. EXPECTATIONS AND ROLES OF NUCLEAR 


ENERGY IN SOUTH KOREAN ENERGY POLICY 
 


II.A. A Core Energy Source for the Transition to a Post- 
petroleum Society 


 


According to the National Basic Plan for 
Energy(2008-2030), South Korea launched its energy 
supply structure in 2008. It has a plan to reduce oil 
dependence from 43.6% in 2006 to 33% by 2030. In 2006, 
South Korea's oil dependence degree was lower than 
Japan's 47.4%, and slightly higher than OECD's average of 
41%. If oil dependence in 2030 shrinks to 33% as per  the 
government plan, the figure will be low in comparison 
with USA's 39%, Japan's 39%, and EU's 35%. Also, it will 
be lower than OECD's average forecast of 38% and equal 
to a world average oil dependence degree of 33% in 2030. 


To reduce oil dependence, it is necessary for an 
alternative energy to replace oil. The government plan took 
into account an expansion of the natural gas sector, clean 
use of coal, and the economic and energy supply 
instability. Based on that, the following was proposed: 1) 
an efficient mixture of energy sources, 2) determination of 
the most optimal nuclear energy level based on public 
acceptance, and 3) huge expansion of the renewable 
energy (See Fig. 3). 


 


    


<2006>                        <2030> 
Fig. 3.  Changes in Share of Primary Energy 


 
In this plan, the nuclear energy ratio increases in 


11.9% increments from 15.9% in 2006 to 27.8% in 2030. 
In 2030 nuclear energy is second in the primary energy 
source rankings, following oil. Also, its growth ratio is 
higher than that of new renewable energy, including 
hydropower which will go from 2.5% in 2006 to 11.5% in 
2030, in 9% increments. So the government is placing its 
highest hopes on nuclear energy to lower dependence on 
oil. 


In order for nuclear energy to play a key role in the 
transition to a post-petroleum era, the following policies 
will be important: 1) a timely determination of a location 
for a new nuclear power plant, 2) preparation of 
radioactive waste management measures, 3) reinforcement 
of the safety and social acceptance for nuclear plants, 4) a 
secure, stable supply of nuclear fuels, 5) promotion of 
foreign nuclear plant markets, and 6) enhancement of 
international collaboration. 


 
II.B. A Key Energy Source for the Transition to a Low-


carbon Energy Society 
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Various environmental regulations are being 
strengthened to preserve the global. In particular, the 
Climate Change Convention as an international 
environmental treaty for GHG emission restrictions took 
effect in 2005. Since then, even if South Korea was not a 
country in favor of obligatory reduction of GHGs, it has 
declared a voluntary reduction plan. 


To pursue sustainable growth, it is a realistic way to 
reduce unnecessary energy consumption and to consume 
energy sources that emit relatively few CO2. In this 
context, nuclear energy, which has relatively few CO2 
emissions, high economic value and high efficiency, is 
realized as one of the realistic alternative energy sources.  


It is estimated that the nuclear energy in Korea is 
reducing GHG emissions by more than 200 million tons a 
year. That is about 10% of total GHG emissions in South 
Korea. In South Korea, the amount of CO2 emissions from 
the electricity sector is about 24% of the amount in all 
sectors. It supposes that the ratio will slowly increase 
because the electricity demand is expected to increase. So 
the nuclear power is almost a necessity for achieving the 
decrease of CO2 emissions from economic and 
environmental aspects  (See TABLE 1). 


 
TABLE I 


Reduction of GHG Emissions and Import due to 
Nuclear Power Plant in ROK (2008) 


Substituted for in GHG (M ton) in import (B Won) 
Bituminous coal 140 7,900 


Oil 120 25,100 
LNG 81 16,100 


※ Won : Korean currency unit (￦) 
 


The amount of CO2 emissions from nuclear power is 
the same as that of hydropower or natural energy during its 
life cycle from mining of the energy source through power 
plant construction to operation. Thermal power emits 
GHGs 50~100 times as much as nuclear. Nuclear power 
does not emit GHGs during its operation. Therefore, 
nuclear power is one of the proven energy sources that 
contributes to the reduction of GHG emissions and that can 
handle the increasing energy demands (See Fig. 4). 


 


     
(fossil fuel)                     (low carbon fuel) 


Fig. 4.  GHG Emissions by Fuel Type (Chung et al. 2008) 
 
 


II.C. A Basis of Implementation to an Energy Self-
sufficient Society 


 
In ROK, with a lack of natural energy resources, we 


have to use energy policies for heightening the degree of 
energy self-sufficiency so that we can be prepared for an 
energy crisis and reach the status of energy self-
sufficiency. Even from an energy security dimension, we 
must prepare for diversified energy policies among 
international societies using energy as an industrial 
strategy. 


With regard to energy supply sources, new and 
renewable energy offers domestic energy sources and 
makes fewer CO2 emissions so that we can view it as the 
most desirable source for energy self-sufficiency. 
However, because the characteristics of new and 
renewable energy are both with low unit capacity and low 
economic power, it is hardly expectable that it will take the 
role of large-scale energy supply source for several 
decades. 


In this situation, the role of nuclear power for 
implementing an energy self-sufficient society is very 
important. The nuclear power has become significant in the 
context of post-petroleum energy policies since two oil 
crises of the 1970's. Since then, nuclear energy has grown 
continuously. It is holding about 40% of the total annual 
average amount of various power generation for two 
decades since 1988, and is playing a central role of major 
sources for stable electricity supply. If nuclear energy is 
considered domestic energy, since 2006 nuclear energy has 
lowered the dependence degree on foreign energy by about 
16%. That means that in 2006 the dependence on imported 
energy was about 81% in Korea (See Fig. 5). 


Fig. 5.   NPP and Energy Overseas Dependence in ROK 
 
Nuclear energy can become ROK’s semi-domestic 


energy source. Domestic energy is currently in a difficult 
situation due to a sudden increase in energy demands, an 
overconsuming industrial structure, a lack of an alternative 
energy developments, a sudden increase of CO2 emissions, 
and threat factors like energy security. Nuclear energy is 
playing a basic role in energy self-sufficiency, considering 
that the energy reality in South Korea, is a difficult reality. 
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For implementing an energy self-sufficient society, 
however, there is an issue to overcome, that is the supply 
of nuclear plant fuels. From the fuel supply aspect, nuclear 
power is much safer than the fossil-fueled powers because 
it uses uranium fuels that are relatively abundant and its 
reserves are widely distributed. Also, it has relatively 
larger reserves because of long term chargeability of 
nuclear fuels.   


In order for nuclear power to play a central role in 
implementing an energy self-sufficient society, it is 
necessary for the supply of nuclear fuel to be stable and 
secure. Fuel depletion becomes an issue because uranium, 
a fuel material for nuclear power plants, is a recycleable 
material. Uncertainty about fuel depletion can definitely be 
reduced in that uranium reserves are relatively abundant 
and their geological locations are distributed evenly 
compared to other energy sources. U3O8 yellow cake 
reserves amount to about 16 million tons(proven reserves 
of 5.47 million tons,  estimated reserves of 10.54 million 
tons) around the world. So it is estimated that uranium will 
last for 240 years (See TABLE 2). 


TABLE 2 
World Uranium Reserves (OECD/NEA 2007) 


Production 
cost category 
(US$/kgU) 


Proven 
reserves 


Estimated 
reserves 


Sub-total


Below 40 2.97 - 2.97
40~80 1.49 1.95 3.44
80~130 1.01 5.62 6.63


Undetermine
d 


 2.97 2.97


Total 5.47 10.54 16.01
 


In ROK, U3O8 yellow cake and uranium enrichment are 
dependent on foreign markets. For stable, secure supply of 
uranium, there are the following programs: 1) to procure 
long term contracts and the most suitable portfolio of spot 
market purchases according to the uranium market 
condition, 2) to participate in overseas resource 
development and in enrichment business for long term 
aspects, and 3) to participate actively in an international 
stable supply system for nuclear plant fuel that is under 
discussion in the IAEA. 


Until now the nuclear power has been a basis of 
implementation an energy self-sufficient society. If these 
programs are performed well, nuclear energy will be 
playing a central role for implementing an energy self-
sufficient society in the future. 


 
II.D. Response to Changes in the Future Energy 


Demand Patterns 
 
Electricity is the most preferred among various energy 


sources. The reasons for that are its ease of use, the 
economics, and cleanness of it. As for the utilization of 


energy sources in South Korea, TABLE 3 shows consumer 
prices. For instance, comparing diesel fuel costs with 
electric costs, the latter is about of one eighth less than the 
former. In regard to the future, it is reasonable to prefer 
electricity to other energy sources (See TABLE 3). 


Because of the merits of electricity use and because of 
advances in technology for auxiliary facilities such as heat 
storage, it is expected that demands for plug-in cars in the 
transportation sector and for heating in the final use sector 
to increase suddenly.   


TABLE 3 
Comparison of Consumer Price of Energy Sources in ROK 


 Unit Diesel Coal Electricity
Unit price ￦ 1,600/liter 700/EA 45/kWh


Heat content Kcal 9,050 4,650 2,150
Consumer 


expenditure
￦/Kcal 0.17 0.15 0.02


 
Both bituminous coal-fired power and nuclear power 


are representative power sources for the base load in South 
Korea. The basic requirements of a power source for the 
base load are viable economics and large-scale electricity 
generation. Since the cost of nuclear power in South Korea 
is the most inexpensive in comparison to other power 
sources, nuclear power contributes to developed nation 
status relative to energy efficiency by improving the 
energy units. TABLE 4 shows the electricity prices and the 
electricity amounts for different sources in South Korea for 
2008. 


TABLE 4 
Power Generation Cost by Energy Source in ROK (MKE 


2008) 
 


Energy 
source 


Unit Hydr
o 


Coal 
mix 


Oil 
therma


l


LNG Nuclear


Generatio
n cost 


￦/kWh 136.7 51.2 190.9 143.7 39.0 


Power 
supply


GWh 5,563 174,885 7,981 76,037 150,958 


 
The calculated electricity price for nuclear power 


amounts to 39 Korean Won, and is the cheapest, and 
amounts to about 76.1% of that for the bituminous coal-
fired power as a part of the same base load. The ratios of 
source electricity to total electricity are 35.8% for the 
nuclear power, 41.4% for the bituminous coal-fired power. 
Note that nuclear power is second in large-scale supply of 
electricity following bituminous coal. 


 
II.E. A Job Creator technology for New Growth 


Engines 
 
The energy industry is a large-scale infrastructure 


business with huge links on the front end and the back end.  
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It is one of the biggest industries that have potential to 
create job opportunities and to create added values. As for 
the energy supply and demand situation, there are many 
difficult challenges such as continuous high oil prices, 
fossil fuel depletion, rising developed nation-centric oil 
demands and oil supply limitations, and the 
implementation of the climate change conventions. 
Recently, under these circumstances, many nations around 
the world are paying more attention to green technology 
and green energy, such as new and renewable energy, 
including nuclear power, and are extending its 
development and dissemination. 


Nuclear power plants belong to a higher value-added 
business with far reaching economic effects. The export 
effects for one nuclear plant unit are as follows: the direct 
effect of 5 billion US Dollar (about 6 trillion Korean Won) 
for such as the construction cost, the indirect effects of 5 
billion dollar (about 6 trillion won, for 60 years) for such 
as the operation, maintenance, fuel supply, and waste 
processing costs. The job creation effect is about 27,450 
people per year. The domestic material sales of small and 
medium enterprises are about 470 billion won. If 80 new 
plants are ordered by 2030, as planned by the government, 
the economy scale would be 400 billion dollar (about 480 
trillion won). Exports are expected to expand above total 
export scales of 363.8 billion dollars in 2009. Job creation 
is expected to be a total of 1,567,000 people (i.e., annual 
average 75,000 people) and the domestic plant material 
sales of small and medium enterprises will total 26,700 
billion won. 


Within the framework of energy policies, nuclear 
energy as a green technology and green energy seem to 
play the most important roles along with new and 
renewable energy as a job creator driven by new growth 
engines. 


 
II.F. A Contributor to Energy Welfare 


 
The polarization of society has become more serious, 


where social needs for energy as one of the necessities for 
daily life is growing. Accordingly, energy welfare has 
become one of the necessities in modern society, so that it 
is accepted that people should be able to consume the 
minimum energy for sustaining human life regardless of 
their social status. South Korea has the following plans: 
Firstly, the estimated number of the energy-poor in 2006 is 
about 7.8% (about 1.2 million households) of total 
households in South Korea. That number is to be reduced 
through 2016 until the basic energy utilization rights of the 
whole nation are guaranteed. Secondly, a policy target of 
the energy welfare program is to be extended to the next 
class level (the potential poor) until 2030. This policy is to 
be performed using the following five programs: 1) reduce 
costs and improve the environment by enhancing efficient 
energy use, 2) offer energy-generic services, 3) extend 


dissemination of energy that has relatively lower unit fuel 
costs, 4) maintain structures for energy prices based on 
social balance, 5) setup a participating welfare network led 
by the South Korean energy foundation. 


The starting point for the above-mentioned policy is 
the possibility of a supply of inexpensive energy. When 
nuclear power is not available, energy costs rise the ratio 
of the energy-poor becomes higher, and the polarization of 
energy uses becomes more serious than when nuclear 
power is available. When we can provide cheap nuclear 
power to the energy-poor classes, their energy expenses go 
down, the ratio of the energy-poor goes down, and the 
efficiency of national energy use goes up. As for 
consumption expenditures in South Korea, the expenditure 
ratio for energy among a whole range of goods is the 
lowest. The reason for that is that we provide massive 
amounts of energy at lower prices, such as nuclear energy. 
This fact underlies all the energy welfare policies in Korea 
(See Fig. 6). 


 


 


Fig. 6. Engel's Coefficients for Various Consumer Goods 
in ROK 


 
III. CONCLUSIONS 


 
There are two main energy issues: fossil energy 


depletion, and GHG emissions. Forecasts of the global 
energy supply/demand and climate change are raising 
awareness of crisis situations causing these two issues. The 
industrialized countries are making every effort to achieve 
a slowdown in energy consumption and reduce GHG 
emissions so that these two issues can cease to be global 
crisis factors. In contrast, most developing countries, in 
view of global sustainability, are making close 
observations about things like a fast-growing energy 
demand, and GHG emission increases.   


Developing countries included mostly in non-Annex-I 
countries can consider the use of nuclear energy as a 
solution measure for energy and environment issues. 
Nuclear energy involves debatable problems, such as 
nuclear weapon proliferation, radioactive waste 
management including spent nuclear fuel, and safe 
operation capability. 
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ROK fully recognizes the need to emphasize the role 
of nuclear energy within the framework of future national 
energy and environment issues. Moreover, by exporting a 
research reactor to Jordan and a nuclear power reactor to 
UAE, South Korea is penetrating the world market for 
nuclear plants. As a nation exporting nuclear plants among 
world societies, it is our responsibility to encourage 
peaceful and safe uses of nuclear energy.   


Nuclear energy can be the key to the solution for the 
global energy and environment crises. To promote uses of 
nuclear energy, South Korea is making efforts to develop 
an environmental-friendly fast reactor with a recycling fuel 
systems that can handle safe operations and future spent 
nuclear fuel problems. Also, it seeks to develop a nuclear-
based hydrogen manufacturing system which uses  HTGRs 
that will prepare for a future hydrogen based economy. 
 


Fig. 7.  Long-term Nuclear Development Plan in ROK 
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Abstract – We have developed ASTRA for designing commercial reactor core. For the purpose of 
verifying the function of multi-group transient analysis in KARMA/ASTRA code system, the 
benchmark analysis has been performed with the PWR MOX/UO2 control rod ejection problem 
provided by OECD/NEA and U.S. NRC. The results calculated from the reference cross section 
data showed that ASTRA has a good performance in the two-group and the multi-group transient 
problems despite the difference of nodal method and thermal hydraulic feedback model. When 
using the cross section generated by KARMA from heterogeneous model, the rod worth and the 
reactivity were considerably different to the reference values, because of the significant difference 
of the cross sections. This discrepancy led to the lower peak power comparing with the reference 
solution. Except the differences based on the different cross section data, it is concluded that 
ASTRA has reasonable performance from this benchmark analysis. 


 
 


I. INTRODUCTION 
 
Recently, KEPCO Nuclear Fuel (KNF) has 


successfully developed ASTRA (Advanced Static and 
Transient Reactor Analyzer) [1] under the project 
“Development of the Core Design Codes for a Nuclear 
Power Plant”. The code was made for designing 
commercial reactor core like OPR1000 (Optimized Power 
Reactor 1000) and APR1400 (Advanced Power Reactor 
1400) with replacing the current code system of KNF.  


ASTRA is a multi-group nodal code for analyzing 
steady-state characteristics and transient core behaviors in a 
three dimensional Cartesian geometry based on the multi-
group diffusion theory. The neutronic analysis module of 
ASTRA has the capabilities of calculating three 
dimensional flux distribution, critical boron concentration, 
and Axial Offset(AO)/Axial Shape Index(ASI), and 
additionally the functions of carrying out microscopic 
depletion and transient calculation with thermal hydraulic 
feedback. Especially, the code includes THALES (Thermal 
Hydraulic Analyzer for Enhanced Simulation of core) [2] 
module for elaborate thermal hydraulic analysis at sub-
channel and ROPER (Fuel Rod Performance Analysis 
Code) module for fuel rod performance analysis developed 
by KNF as well. 


In the point of handling the cross sections, ASTRA 
adopted KARMA (Kernel Analyzer by Ray-tracing Method 
for fuel Assembly) [3] as a transport lattice code developed 


by Korea Atomic Energy Research Institute (KAERI) for 
generating homogenized group constants. KARMA is a two 
dimensional multi-group transport theory code for burnup 
calculation on a single fuel pin, a fuel assembly, and a core 
consisting of rectangular array of fuel pins. 


 After developed the ASTRA, we have done 
considerable effort to verify the performance of the code. 
Using the measurement data from the reactor in operation, 
the core follow calculation was carried out from first cycle 
to current cycle and the uncertainties of the results were 
analyzed and reviewed. On the contrary, more work is 
needed ahead for the verification of the transient or the 
multi-group calculation. 


Therefore, for the purpose of verifying the function of 
multi-group transient analysis in KARMA/ASTRA code 
system, we have performed the benchmark analysis with 
the PWR MOX/UO2 control rod ejection problem 
provided by OECD/NEA and U.S. NRC.[4] This paper is 
to report that the analysis results are reasonable and to 
discuss the difference between the core characteristics 
behavior predicted by KARMA/ASTRA and the 
preliminary benchmark results. 


 
II. METHODS 


 
ASTRA employed Semi-Analytic Nodal Method 


(SANM) [5] for the accurate and efficient analysis of two-
group or multi-group diffusion problems. Moreover, in 
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order to accelerate the calculation of multi-group nodal 
method, two-level Coarse Mesh Finite Difference (CMFD) 
that accelerates multi-group CMFD with two-group CMFD 
is adopted. [6,7] 


KARMA uses CMFD accelerated Method of 
Characteristics (MOC) method for two-dimensional 
neutron transport calculation. Subgroup method and direct 
resonance integral table method can be used to obtain the 
effective self-shielded cross sections at the resonant energy 
groups.[3] We, however, used KARMA only for generating 
the group constants of benchmark problem and the 
numerical accuracy or performance of KARMA code was 
not discussed further here because it is beyond the scope of 
this paper. Some research about them were established and 
is described in detail elsewhere [3,8]. 


 
II.A. SANM 


 
In the SANM, the fission, scattering, transverse 


leakage source, and transient source term are placed on the 
right hand side of the transverse integrated neutron balance 
equation, which are approximated by high order 
polynomial approximation. Therefore, SANM can be 
readily applied to the multi-group problems and has the 
advantages that the solution is not only similar in terms of 
computational accuracy but also superior in terms of the 
computational efficiency to that of Analytic Nodal Method 
(ANM).  


The SANM formulation is started from the transverse 
integration of the multi-group diffusion equation as the 
followings. 
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In Eq.(1), the right hand side can be approximated by a 
quartic polynomial as the following form: 
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The second term of Eq.(2) represents the quadratic 
transverse leakage and the transient fixed source. From this 
approximation, one can obtain the analytic solution Eq.(1) 
which consists of the homogeneous and particular solutions 
of the following form: 
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The first five basis functions, ( 0 ~ 4i = ), constitute 
the particular solution of Eq.(1) and remaining two 
functions, ( 5,6i = ), form the homogeneous solution of (1). 
The basis functions of the particular solution are 
constructed from linear combinations of five independent 
polynomial functions which are the same ones been used in 
the NEM (Nodal Expansion Method) formulation. 


The coefficients of the one-dimensional flux can be 
obtained from the given right hand side function, Eq.(2), 
and the incoming current boundary condition given at the 
both side of the node. Once the coefficients are determined, 
the outgoing partial current is obtained from the following 
relations:  
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 (4) 


where, 
iugT is a constant given in terms of  /ug g uD aβ = . 


The node average flux can be calculated through the 
nodal balance equation as the followings. 
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For determining the coefficients of the effective source, 
Eq.(2), the transverse integrated one dimensional (TI1D) 
flux of the right hand side at Eq.(1) should be 
approximated through the projection of TI1D flux, Eq.(3), 
to the polynomial space. Therefore, the coefficients, 


iugCɶ , 


of the projected TI1D flux can be readily determined by the 
weighted residual method equation as Eq.(6). 
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Once the TI1D flux of the source term is determined, 
the coefficients of the effective source term can be easily 
calculated. Then the TI1D flux, Eq.(3), in the next iteration 
step will be updated from these coefficients. 


 
II.B. Two-Level CMFD Acceleration 


 
The multi-group nodal calculation can be accelerated 


by the multi-group CMFD. However, the ineffectiveness of 
the source iteration scheme and the Chebyshev acceleration 
scheme used in the multi-group problems needs additional 
acceleration scheme. Therefore, ASTRA employs the two-
level CMFD scheme that the multi-group CMFD can be 
accelerated by the two-group CMFD. [7] 


In the step of the multi-group CMFD calculation, the 
multi-group node average flux can be readily updated using 
the correction factor generated from the nodal calculation. 
Then, the multi-group structure and the two-group structure 
are respectively collapsed or expanded by the dynamic 
condensation and prolongation. 


The two-group cross sections for CMFD equation are 
generated by spectrum weighting as follows: 


 


, ( 1,2)


, ( 1,2)


g
g G g


g GG


out
sg out out


sg sG sgout
g GsG


XG Xg g
g G


G


j
j j G


j


φ
ϕ φ φ


φ


ς


ϕ


∈


∈


∈


= = =


= = =


Σ = Σ


∑


∑


∑


 (7) 


In addition, the two-group corrective nodal coupling 
coefficients are determined by the following equation: 


 ˆ ( )R L
sG G G sG


sG R L
G G


D J
D


φ φ
φ φ


− += −
+


ɶ  (8) 


In the CMFD problem, the two-group interface 
currents are represented using the corrective coefficients as 
the following form: 


 ˆ ( ) ( )R L R L
sG sG G G sG G GJ D Dφ φ φ φ= − − − +ɶ  (9) 


Once a two-group CMFD solution is obtained, the 
multi-group flux and currents are computed from 
previously stored flux and outgoing current spectra, Eq.(7), 
and then multi-group CMFD or nodal calculation is 
performed.  


 ( ), out out
g g G sg sg sGg G j jφ ϕ φ ς= ∈ =  (10) 


The two-level CMFD calculation flow involving two-
group and multi-group CMFD solutions is depicted in Fig. 
1. 


 


  


Fig. 1. Two-level CMFD scheme flow. 


 
III. BENCHMARK MODEL 


 
OECD/NEA and U.S.NRC MOX/UO2 PWR core 


transient benchmark based on the characteristics of the 
NEACRP L-335 PWR benchmark proposed by Finnemann 
[9] adds the complexity of modeling a control rod ejection 
in a core loaded partially with MOX fuel assemblies. The 
benchmark specification report provides not only the 
homogenization model for nodal diffusion calculation, but 
also the heterogeneous core model for transport calculation. 
Therefore, we used KARMA code for generating the 
assembly-wise homogenized nodal cross sections from the 
heterogeneous model given in benchmark specification and 
then the benchmark analysis was performed using ASTRA 
code. 


Figure 2 shows the core layout of the benchmark 
model with UO2 and MOX fuel assemblies and the further 
information are listed in Ref [4].  


The benchmark problems are divided into four parts, 
2D fixed TH problem, 3D HFP, 3D HZP and control rod 
ejection accident problem. Here, Part 2 and Part 4 
problems include the thermal hydraulic feedback effects by 
the fuel temperature and the moderator temperature. In this 
paper, the fuel temperature feedback effect was calculated 
using the 1D heat transfer model inside fuel rod and the 
moderator temperature effect was considered by THALES 
module which can analyze the distribution of flow and the 
energy of coolant in sub-channel as mentioned in the 
previous section. 
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Fig. 2. MOX/UO2 PWR core layout. 


 
IV. NUMERICAL CALCULATION RESULTS 


 
In order to verify the performance of the 


KARMA/ASTRA code system, we carried out the various 
numerical analyses with the benchmark problems. Firstly, 
under the same cross sections,  the calculation results  were 
compared to the results of PARCS [10] provided as the 
reference solutions, which were obtained using the 2G, 4G, 
and 8G reference cross sections generated by HELIOS. 
Secondly, in order to confirm the difference between both 
cross sections, the group constants generated by KARMA 
were compared to the reference cross sections. Lastly, we 
investigated the performance comparison to the result of 
ASTRA using the data from KARMA with the reference 
solutions. 
 


IV.A. Comparing between ASTRA and PARCS with the 
reference cross section 


 
Table I shows the comparison of the rod worth on the 


2D fixed thermal hydraulic conditions between ASTRA and 
PARCS with the same reference cross section. Almost 
results are in a very good agreement, however, a slight 
difference is found out as increasing the number of energy 
groups on the Rod-In condition. Since the thermal 
hydraulic conditions in Part 1 are fixed, the difference of 
the rod worth is caused by the different multi-group nodal 
method used in two codes, which are SANM in ASTRA 
and NEM (Nodal Expansion Method) in PARCS. Generally, 
it is known that SANM is more accurate than NEM. [11] 


 
TABLE I 


Rod worth on the Part 1 conditions 


Rod-in 
2G (keff) 4G (keff) 8G ( keff  ) 


ASTRA PARCS ASTRA PARCS ASTRA PARCS 
ARO 1.06379 1.06379 1.06379 1.06376 1.06358 1.06354 


Rod(A,1) 1.06191 1.06191 1.06191 1.06187 1.06169 1.06164 
Rod(C,3) 1.06240 1.06240 1.06240 1.06237 1.06220 1.06215 
Rod(E,5) 1.06306 1.06306 1.06306 1.06303 1.06285 1.06281 


Rod-out 
2G (keff) 4G (keff) 8G (keff) 


ASTRA PARCS ASTRA PARCS ASTRA PARCS 
ARI 0.99154 0.99154 0.99136 0.99136 0.99115 0.99114 


Rod(A,1) 0.99986 0.99986 0.99977 0.99978 0.99964 0.99963 
Rod(C,3) 1.00274 1.00274 1.00263 1.00263 1.00247 1.00247 
Rod(E,5) 0.99399 0.99399 0.99383 0.99383 0.99364 0.99363 


Rod-in 
2G (dk/k) 4G (dk/k) 8G (dk/k) 


ASTRA PARCS ASTRA PARCS ASTRA PARCS 
Rod(A,1) 166 166 166 167 167 168 
Rod(C,3) 122 123 122 123 122 123 
Rod(E,5) 64 64 64 65 64 65 


Rod-out 
2G (dk/k) 4G (dk/k) 8G (dk/k) 


ASTRA PARCS ASTRA PARCS ASTRA PARCS 
Rod(A,1) -840 -839 -849 -850 -856 -857 
Rod(C,3) -1127 -1127 -1134 -1134 -1140 -1140 
Rod(E,5) -249 -248 -251 -251 -253 -253 


 
The calculation results on the 3D HFP condition with 


thermal hydraulic feedback are showed in Table II. While 
two codes used the same fuel temperature feedback model, 
the 1D fuel model, PARCS used the closed 1D coolant 
channel model and ASTRA contains THALES module with 
more complex methods as previously described. 
Considering the difference of thermal hydraulic feedback 
model between two codes, it is shown that ASTRA can 
predict very similar to PARCS. As mentioned above, the 
slightly lower boron concentration predicted by ASTRA is 
attributable to the different nodal method. In addition, the 
solutions of Part 3 on 3D HZP were listed in Table II as 
well. As expected from the results of Part 1 and 2, the CBC 
results of ASTRA are almost same as those of PARCS. 


 
TABLE II 


Core parameters on the Part 2 and Part 3 conditions 


Part 2 
2G 4G 8G 


ASTRA PARCS ASTRA PARCS ASTRA PARCS 
CBC(ppm) 1675.6 1679.3 1672.0 1673.9 1670.3 1672.0 


Tf (C) 564.2 562.9 564.3 563.0 564.3 563.1 
Tm (C) 308.9 308.2 308.9 308.2 308.9 308.2 


Dm (kg/m3) 703.9 706.1 703.8 706.1 703.9 706.1 


Part 3 
2G 4G 8G 


ASTRA PARCS ASTRA PARCS ASTRA PARCS 
CBC(ppm) 1340.4 1340.7 1337.7 1337.0 1334.9 1334.0 
Beta(pcm) 576 579 576 579 576 580 


 
Lastly, the calculation results of Part 4, the transient 


response to the control rod ejection accident with the Part 3 
condition, are presented in Figure 3, 4 and 5. Compared 
with PARCS results, ASTRA predicts higher by 10~20% in 
the peak power and slightly earlier in the peak time. This 
trend is consistent to the previous study about the 
difference of transient behavior between SANM and NEM. 
[11] Additionally, Figure 3 shows that the power shape 
appears to be later and lower peak with fewer energy 
groups. The cause is known that the number of the emission 
neutron with thermal energy in the two-group structure is 
neglected, whereas the multi-group structures have the 
more fine fission spectrum in the lower energy region, 
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which affect to increase the number of lower energy 
neutron. They can readily lead to higher and earlier peak 
power. 
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Fig. 3. Transient core power behavior in Part 4. 
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Fig. 4. Fuel temperature behavior in Part 4. 
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Fig. 5. Moderator temperature behavior in Part 4 


 
Also, we can find out from Figure 4 and 5 that the 


behaviors of fuel temperature and moderator temperature in 


ASTRA are very similar to the results of PARCS in spite of 
the difference of thermal hydraulic feedback model. 


These results showed that ASTRA can predict well the 
core characteristics in the multi-group transient problems. 
 


IV.B. Comparing between the cross section by KARMA 
and the reference cross section 


 
Using KARMA code, we generated the multi-group 


nodal cross sections for ASTRA from the heterogeneous 
core model given on the benchmark specification. Because 
KARMA and HELIOS use basically different methods and 
nuclear data library, 47 group library based on ENDF/B-VI 
R8 and ENDF/B-VI R3, respectively, we should confirm 
the difference between the cross section generated by 
KARMA and the reference data. Therefore, the infinite k of 
loaded fuel assembly type were calculated and presented in 
Figure 6. 


It shows that the cross sections from KARMA have 
300 pcm ~ 1000 pcm lower the infinite k than the reference 
data. Also, it is seen that the differences between two data 
are naturally bigger in the high burnup fuel assembly and 
larger in the UO2 fueled assemblies than in the MOX fuels. 
The difference between two fuels is caused by the fact that 
UO2 assemblies and MOX assemblies contain the two 
different burnable absorbers, IFBA and WABA, 
respectively. This significant difference directly affected 
the results of benchmark problems presented in the next 
section. 
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Fig. 6. Infinite K of loaded fuel assembly 


 
IV.C. Comparing between ASTRA/KARMA and 


PARCS/REF 
 


We carried out the calculation of the same problem 
using the group constants generated by KARMA as 
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described above. Table III shows the comparison results 
about effk and rod worth on the Part 1 condition. Because 


of the difference of the cross section presented in the 
previous section, ASTRA predicts the lower effk  than 


PARCS and the maximum difference is about 850 pcm in 
single rod-in and about 700 pcm in single rod-out. Also, it 
is particularly noted that the rod worth of ASTRA are 
significantly smaller than that of PARCS in rod(E,5), 
because the rod worth heavily influences on the peak power 
in Part 4 problem. 
 


TABLE III 


Rod worth on the Part 1 conditions 


Rod-in 
2G ( keff ) 4G ( keff  ) 8G ( keff  ) 


ASTRA PARCS ASTRA PARCS ASTRA PARCS 
ARO 1.05599 1.06379 1.05588 1.06376 1.05511 1.06354 


Rod(A,1) 1.05427 1.06191 1.05414 1.06187 1.05338 1.06164 
Rod(C,3) 1.05467 1.06240 1.05455 1.06237 1.05380 1.06215 
Rod(E,5) 1.05528 1.06306 1.05517 1.06303 1.05440 1.06281 


Rod-out 
2G ( keff ) 4G ( keff  ) 8G ( keff  ) 


ASTRA PARCS ASTRA PARCS ASTRA PARCS 
ARI 0.98637 0.99154 0.98571 0.99136 0.98480 0.99114 


Rod(A,1) 0.99396 0.99986 0.99340 0.99978 0.99258 0.99963 
Rod(C,3) 0.99681 1.00274 0.99620 1.00263 0.99545 1.00247 
Rod(E,5) 0.98863 0.99399 0.98798 0.99383 0.98712 0.99363 


Rod-in 
2G (dk/k) 4G (dk/k) 8G (dk/k) 


ASTRA PARCS ASTRA PARCS ASTRA PARCS 
Rod(A,1) 154 166  157 167  156 168  
Rod(C,3) 118 123  119 123  118  123  
Rod(E,5) 63  64  64  65  64  65  


Rod-out 
2G (dk/k) 4G (dk/k) 8G (dk/k) 


ASTRA PARCS ASTRA PARCS ASTRA PARCS 
Rod(A,1) -774 -839  -785 -850  -797 -857  
Rod(C,3) -1062 -1127  -1068 -1134  -1087 -1140  
Rod(E,5) -232 -248  -233 -251  -239  -253  


 
The results on the 3D HFP and 3D HZP condition are 


showed in Table IV. Comparing Table II and Table IV, it is 
shown that the thermal hydraulic parameters are not 
significantly affected, though the cross sections are largely 
changed. Merely, the critical boron concentration is 
decreased by about 100 ppm. 


 
TABLE IV 


Core parameters on the Part 2 and Part 3 conditions 


Part 2 
2G 4G 8G 


ASTRA PARCS ASTRA PARCS ASTRA PARCS 
CBC(ppm) 1572.0 1679.3 1571.5 1673.9 1575.3 1672.0 


Tf (C) 564.4 562.9 564.3 563.0 564.0 563.1 
Tm (C) 309.0 308.2 308.9 308.2 308.7 308.2 


Dm (kg/m3) 703.7 706.1 704.0 706.1 704.5 706.1 


Part 3 
2G 4G 8G 


ASTRA PARCS ASTRA PARCS ASTRA PARCS 
CBC(ppm) 1246.0 1340.7 1238.8 1337.0 1228.7 1334.0 
Beta(pcm) 576 579 576 579 576 580 


 
For the further investigation about the considerable 


change of the cross section, the radial power distribution 
and the axial power shape in Part 3 are presented in Figure 
7 and 8. The maximum relative difference between two 


results in the radial power is only 1.6%. All the case in the 
axial power shape is a good agreement to each other. These 
results mean that the relative power distribution with the 
new cross section is similar to the shape of the reference 
and the cross sections in the specific position as like 
reflector were reasonably generated. 
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Fig. 7. 2G Radial power distribution in Part 3. 
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 Fig. 8. Axial power distribution in Part 3. 
 


Lastly, Figure 9 shows the transient core power by 
ASTRA with KARMA cross sections in Part 4 problem. 
Unlike the result in Figure 3, the power shapes are 
noticeably different to the reference results and it means 
that the reactivity inserted by the rod ejection in ASTRA is 
significantly different from that in PARCS. Indeed, this 
result can be inferred from the rod worth at point (E,5) in 
Table III and the delayed neutron fraction in Table IV. 
While the beta is similar, the rod worth of the ejected rod is 
smaller than the reference. As a result, the smaller rod 
worth leads to the lower reactivity, and it leads to the lower 
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peak power and the slower peak time. The root cause of 
this discrepancy in the rod worth is based on the 
differences in the cross-section data generated by KARMA 
and HELIOS.  
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Fig. 9. Transient core power behavior in Part 4 


 
V. CONCLUSIONS 


 
We performed the benchmark analysis with the 


MOX/UO2 rod ejection transient problems for verifying 
the KARMA/ASTRA code system. The results calculated 
from the reference cross section data showed that ASTRA 
has a good performance in the two-group and the higher 
multi-group transient problems despite the difference of 
nodal method and thermal hydraulic feedback model. 
When using the cross section generated by KARMA from 
heterogeneous model, the rod worth and the reactivity were 
significantly different to the reference values. The cause of 
the discrepancy is the differences in the cross-section data 
which the two lattice codes generated with the different 
nuclear data library. 


From this analysis, it was verified that ASTRA had 
reasonable performance in the MOX fueled transient 
problem, and it is expected that ASTRA can be sufficiently 
used for designing commercial reactor core in the near 
future. Additionally, the further investigation about the 
nuclear data library of KARMA/ASTRA system is needed 
for analyzing various core models.  
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Abstract – Here two theories are presented in order to calculate the burn-up of the in-core vana-
dium self-powered nuclear detector (SPND). One of the developments is based on an exponential
behaviour of the burn-up process, while the second treatment takes into account the neutron flux
perturbation due to the presence of the detector. The results of both theories agree each other and
show that for the kind of detectors installed at the nuclear power plant Central Nuclear Atucha II
(CNA II) the burn-up is very low, either after a long period of time under full power of the nuclear
reactor: about 7% after 10 years.


I. INTRODUCTION


To calculate the burn-up of the vanadium in-core self-
powered neutron detector (SPND) two theories were devel-
oped. One is based on an exponential behaviour of the burn-
up process, while the second follows the analytical analysis
of Rao and Misra [1]. The first theory takes as main parame-
ter the relative sensitivity,ǫ/ǫ0, and proposes a negative time
exponential behaviour for the burn-up. On the contrary, in
the second approach an analytical formulae is developed for
the relative sensitivity taking into account the processes of
self-shielding and neutron flux depression due to the pres-
ence of the detector. Since both approaches use the vana-
dium thermal neutron absorption cross-section,σ


51V
n , for an


extension of both models an effective cross-sectionσ̂ was
calculated weighting the cross-section as a function of the
energy,σ


51V
n (ε), with the thermal neutron fluxΦ(ε) of the


CNA II nuclear reactor. Calculations for an estimation of the
burn-up of the in-core vanadium SPN detectors have been
also performed. Both theoretical approaches agree with each
other and with the measured values for this kind of vanadium
SPND.


In this work the first section describes the vanadium
SPND, where the nuclear reaction (neutron capture) is


explained in detail. The second section develops the two the-
oretical approaches mentioned before, theory A and theory
B, and defines the sensitivity and the burn-up concepts. In
the third point of this section a comparison of both theories
is performed. The third section shows the behaviour of the
analytical functions from the B theory, functionsfs, fd and
asd, the calculation of theasd(


51V) coefficient, performs the
calculations of sensitivity at the beginning of operation (time
zero), the monthly burn-up (or equivalently sensitivity loss)
and after 10 years. The conclusions are explained in section
four. In the appendices is explained in detail the calculation
of two parameters, namelŷσ in appendix A and the atomic
densityN andΣ in appendix B, parameters all used to com-
pute the vanadium SPND burn-up.


II. THE VANADIUM IN-CORE SPND AT CNA II
NUCLEAR REACTOR


The KWU-Siemens company has planned for the moni-
toring of the thermal neutron flux at the reactor of the CNA II
a set of 15 lances, noted N1 to N15, containing 6 vanadium
SPND each, what represents a total of 90 so called in-core
detectors. These detectors, of type 5503-B, were manufac-
tured by Studsvik Energieteknik
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ABa. Some technical data of them are shown in table I, see
ref. [2]. A schema of the detector is depicted in fig. 1.


TABLE I


Geometrical and physical properties of the vanadium SPND
type 5503-B installed at CNA II.


Detector characteristics


Emitter material 51V
Emitter diameter 2.0 mm
Sensitive length 210 mm
Outer diameter 3.7 mm
Insulation material Al2O3


Collector material Inconel 600b


Properties


ThermalΦν sensitivity 1.0×10−20 A cm2 s
Max. thermalΦν 1015 cm−2 s−1


Maximal temperature 770 K
Maximal pressure 20 MPa
Response time (0 to 63%) 330 s
Burn-up rate @Φν = 1014 cm−2 s−1 1.2×10−3 per month


Figure 1. Schema of the vanadium SPND type 5503-B.


aThe Studsvik company produces no more vanadium neutron
detectors. For additional information about this company see:
http://www.studsvik.se/


bA Nickel-Chromium alloy with good resistance to oxidation and cor-
rosion at high temperatures. Approximate chemical composition: Ni: 72%
minimum, Cr: 14-17% and Fe: 6-10%, see ref. [4].


II.A. Vanadium Nuclear Reaction in SPND


The nuclear reaction51V(n, γ)52V, which takes place in
the vanadium SPND, has two steps: in the first step, as a con-
sequence of the neutron absorption by the51V nuclide, oc-
curs an instantaneous emission of aγ photon (what is called
promptemission, first step). The new nuclide formed,52V,
decays to52Cr with a half-life τ1/2 = 224.58 s, ref. [3], via
β− emission (second step):


51V + n −→ 52V + γ , prompt
52V −→ 52Cr + β−. τ1/2 = 224.58 s


The energy of theγ radiation isε(γ) = 1.43406 MeV, and for
the second decay the end-point energy of theβ-emission is
ε(β−) = 2541.5 keV.


By means of the Compton effect the energy of theγ ra-
diation is transmitted to electrons in the emitter (51V) and
the insulator (Al2O3 for this type of detectors) of the SPND,
being some of them driven to the collector. This process pro-
duces a positive charging of the emitter against the collector.
The current so resulting represents thepromptcomponent of
the detector signal, called activation currentIγ . In the second
decay,β− emission, electrons are emitted from the emitter
and a part of them reach the collector, which also contributes
to the positive charging of the emitter. This current is noted
Iβ and is greater thanIγ .


III. BURN-UP THEORIES
III.A. Theory A: Relative Sensitivity as a Function of the


Accumulated Charge. Exponential Behaviour


The sensitivity of the SPN detectors is defined asc, ref.
[6]:


ǫ(t) =
I(t)


Φ(t)
, (1)


cA light precise definition of the sensitivity, according to the Westcott
formalism, is:


ǫ(t) =
Ie(t) − Ik(t)


Φ(t)
,


where the emitter lead currentIe is corrected for the compensating lead
currentIk, ref. [5].
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whereI(t) is the detector current andΦ the thermal neutron
flux. The sensitivity units are [A cm2 s]. A useful parameter
instead of the sensitivity is the relative sensitivity,i.e.


ǫ(t)


ǫ(t0)
≡ ǫ(t)


ǫ(0)
. (2)


This last equation can be written, for constantΦ, as:


ǫ(t)


ǫ(0)
=


I(t)


Φ(t)


Φ(0)
I(0)


=
I(t)


I(0)
if Φ 6= Φ(t). (3)


The sensitivity lossz (actually it is the definition of the de-
tector’s burn-up) is defined as:


z(t) = − ∆ǫ


ǫ(0)
=


ǫ(0)− ǫ(t)


ǫ(0)
, (4)


under the condition that the neutron flux remains constant
up to timet (normally one takes the valueΦ0 = 1014 cm−2


s−1). According to eqns. (2) and (4) one has for the relative
sensitivity:


ǫ(t)


ǫ(0)
= 1− z(t) . (5)


Defining the sensitivity loss for time periodstn, with n =
0, 1, 2, ..., and assuming that the functionz remains constant
in each period of timetn, z 6= z(t), it is easy to see that


ǫ(tn)


ǫ(0)
= (1− z)n . (6)


For the case where the neutron flux is different thanΦ0, the
exponent in eqn. (6) should be weighted byΦ/Φ0, thus:


ǫ(tn)


ǫ(0)
= (1− z)


( Φ


Φ0
n)


, (7)


beingΦ0 the reference neutron flux at which the sensitivity
ǫ0 was measured. Usuallyz is measured per month (1 month:
2.6298×106 s =m (d)), and for the specific case of vanadium
SPND type 5503-B it has the nominal valuez = 1.2×10−3


per month, as it is shown


dThis value is obtained taking the number of seconds per year and divid-
ing by 12,i.e.: (86400 s d−1


× 365.25 d) / 12 = 2629800 s.


in table I. A generalisation of eqn. (7) for any timet will be
then:


ǫ(t)


ǫ(0)
= (1− z)


( Φ


Φ0
t


m
)
, (8)


where the timet is measured in the same units asm, usually
seconds. Now, if one assumes an exponential behaviour of
the relative sensitivity, it will be


ǫ(t)


ǫ(0)
= exp(−αt) . (9)


From eqns. (8) and (9), accepting the validity of both be-
haviours and solving for the constantα one obtains:


α = − ln(1− z)


mΦ0
Φ = a(51V) Φ , (10)


beinga(51V) a specific constant for vanadium SPND. For
the 5503-B type vanadium detectors it has the nominal value
a(51V) = 4.5658×10−24 cm2 obtained for the values from
table I (standard values).


From eqns. (9) and (3), and under the hypothesisΦ 6= Φ(t)
one has for the detector current as a function of the time:


I(t) = I(0) exp(−αt) . (11)


SinceI = d
dtq, the integral of the current,i.e. the accumu-


lated chargeq at timet, will be:


q(t) =


∫ t


0
dt′ I(t′) =


I(0)
α


[1− exp(−αt)] . (12)


Solving the exponential term of this last equation one has:


exp(−αt) = 1− α


I(0)
q(t) . (13)


From eqns. (1) fort = 0, (9), (10) and (12) one obtains for the
relative sensitivity as a function of the accumulated chargeq


ǫ(q(t))


ǫ(0)
= 1− α


I(0)
q(t) = 1− a(51V)


ǫ(0)
q(t) . (14)


This equation gives the relative sensitivity at any timet
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knowing the accumulated charge by the detector up to this
time and the sensitivity at timet = 0, ǫ(0).


From eqns. (5) and (14) the burn-up will be then calcu-
lated as follows:


z(t) =
a(51V)


ǫ(0)
q(t). (15)


III.B. Theory B: Analytical Formulation of the Relative
Sensitivity


III.B.i. Analytical Development for the SPND CurrentsIβ
andIγ


The current signalIβ due to induced activity (β emission)
is given by (see ref. [1])


Iβ(Φ) = e V Rn(Φ) pβ , (16)


wheree is the electron charge, 1.6022×10-19 C;V the emitter
volume in cm3, V = 0.6597 cm3 calculated with the geomet-
rical dimensions listed in table I;Rn the neutron capture rate
per cm3 of emitter andpβ the escape probability of theβ-
decay electrons from the emitter.Rn is calculated according
to the equation


Rn(Φ) = fsfd ΣΦ , (17)


where the two functionsfs and fd are the neutron self-
shielding factor for the emitter and the neutron flux depres-
sion factor for the emitter respectively. They are defined as
follows:


fs(x) = 1−


4
3
x+


x2


2


[


ln


(


2
x


)


+
5
4
− Γ


]


, (18)


fd(x) =


{


1+
3re
2λtr


[


ln


(


2L
π re


)


+
3
2
− Γ


]


fs(x)x


}


−1


. (19)


Hereλtr is the transport free path andL the diffusion length
of the moderator, beingΓ the Euler constante. The values of
λtr andL for the CNA II nuclear reactor have been taken 2.9
cm and 140.8 cm respectively, ref. [7]. Both functions de-
pend onx = Σ re, beingΣ the macroscopic neutron capture
cross-section andre the emitter radius. The definition ofΣ
specifically used in this analytical theory is lightly modified
from the nor-


eFor the calculations was takenΓ = 0.57721 56649 01532.


mal one,Σ = N σ, to be


Σ = N σ̄ = N σ
51V
n (g + r s) , (20)


whereσ̄ is called the effective capture cross-section, and the
factor(g + r s) has the definition:g the Westcottg-factor,r
the epithermal index ands the correction factor due to depar-
ture of capture cross-section from 1/


√
ε law in the epither-


mal region. If the cross-section obeys a 1/
√
ε law,g = 1 and


s = 0, ref. [5]. Thus in our case the value ofΣ = N σ̄ is
numerically identical to the standard definition ofΣ = N σ.


The52V γ-photons can interact with the emitter and pro-
duce a prompt signal which augments the signal due to the
β-decay electrons. This current signalIγ due to Compton
and photo-electric interactions in the emitter is given by


Iγ(Φ) = e V Rn(Φ) (pγ,Ce + pγ,pe) , (21)


beingpγ,Ce andpγ,pe the productions and escape probabili-
ties for Compton and photo electrons. The vanadium SPND
type 5503-B has the probabilities:


pβ = 0.291,


pγ,Ce = 8.8×10−3 ,


pγ,pe = 1.33×10−5 .


III.B.ii. Analytical relative sensitivity


From refs. [6] and [1] the relative sensitivity of the vana-
dium SPND of type 5503-B can be analytically calculated
after the equation


ǫ(t)


ǫ(0)
= exp(−fs(x) · fd(x) · σ


51V
n · Φ · t)


= exp(−asd(
51V) · Φ · t) , (22)


where


asd(
51V) = fs(x) · fd(x) · σ


51V
n , (23)


andσ
51V
n is the neutron capture cross-section for an energy of


0.0253 eV,σ
51V
n = 5.07051 b, ref. [8].
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From eqns. (5) and (22) the burn-up will be then calculated
as


z(t) = 1− exp[−asd(
51V) · Φ · t]. (24)


This theory also shows an exponential behaviour for the
relative sensitivity, of the same kind as in theory A, compare
eqns. (9) and (22). The difference resides in the physical
derivation of the exponential factor. For the A theory the ex-
ponential factor is given asa(51V) Φ, while for the B theory
it is asd(


51V) Φ. It will be shown later, that these two param-
eters are very similar.


III.C. Comparison of both burn-up theories A and B


The agreement of both theoretical approaches is deter-
mined by solving the sensitivity lossz (burn-up) for the B
theory, eqn. (24), after 1 month and compare this result with
the nominal value in table I, which is actually the result of
the A theory forz. Thus,


z = 1− exp[−asd(
51V)Φ0 m] . (25)


Since both theoretical approaches have been done for
neutrons with energy 0.0253 eV, the factorasd(


51V) must be
calculated under these conditions too,i.e. σ


51V
n = 5.07051 b


and also the argument of the functionsfs andfd: x = Σ re,
with


Σ = Nσ
51V
n .


From the results forN in appendix A (calculations with
the mean values of moderator’s temperature and pressure un-
der operating conditions), eqn. (43),N = 7.1793×1022 cm−3,
one hasΣ = 0.3640 cm−1; x = 3.6403×10−2 and the func-
tionsfs andfd have the valuesfs = 9.5456×10−1 andfd =
9.8631×10−1.


Finally one hasasd(
51V) = 4.7739×10−24 cm2, actually very


close toa(51V), eqn. (10), and the value of the sensitivity
loss obtained from eqn. (25) isz = 1.2546×10−3, which ex-
hibits a very good agreement with the nominal value for the
vanadium SPND shown in table I, as it was to expect accord-
ing to the similar values ofasd(


51V) (theoretical) anda(51V)
(nominal),


eqn. (10).


IV. CALCULATIONS


In this work it will be taken as the effective capture cross-
sectionσ̂ (needed to calculate theasd(


51V) coefficient in eqn.
(23)) neither the definition of eqn. (20) nor the valueσ


51V
n =


5.07051 b, but the microscopic51V neutron capture cross-
section weighted with the thermal neutron flux of the CNA
II nuclear reactor (see appendix A). Thus the factorasd(


51V)
will be recalculated as


asd(
51V) = fs(x) · fd(x) · σ̂ , (26)


i.e.the microscopic cross-section is replaced by the weighted
microscopic cross-section, appendix A,σ̂ = 2.305 b. The
calculation ofΣ used for the burn-up, explained in appendix
B, also uses this weighted microscopic51V neutron capture
cross-section. At timet = 0 this parameter has the value
asd(


51V) = 2.1702×10−24 cm2.


IV.A. Analysis of functionsfs, fd andasd(
51V)


The time behaviour of the functionsfs andfd is shown in
figures 2 and 3. In both cases was taken the time dependence
of Σ according to appendix B.


Both functionsfs andfd are almost linear in behaviour. For
practical purposes one can calculate the time dependence of
these functions using a linear regression, since both of them
are very close to a line. According to this, the functions are
calculated as follows:


fs = 0.97872+ 1.40621×10−4 a−1, (27)


fd = 0.99358+ 4.24553×10−5 a−1.
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Figure 2. Functionfs as function of time, in years.
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Figure 3. Functionfd as function of time, in years.


These equations indicate that the year change of the functions
is less than 0.01%, what also shows that a mean value of them
is enough for the calculations. Since for the burn-up calcu-
lations the value of theasd(


51V) parameter is of importance,
one can also estimate it with a linear regression, namely:


asd(
51V) = 2.24147×10−24 + 4.18099×10−28 a−1. (28)


For this function a linear regression is also appropriate to cal-
culate the values for burn-up estimation, since its behaviour
is very close to a linear function. This is shown in fig. 4.
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Figure 4. Functionasd(
51V) as function of time, in years.


The three functions mentioned before,fs, fd and
asd(


51V), follow actually a quadratic behaviour. A least
square quadratic regression for these functions is calculated
as:


fs = 0.97868+ 1.50340×10−4 a−1


−1.54017×10−14 a−2


fd = 0.99357+ 4.53861×10−5 a−1


−4.64275×10−15 a−2 (29)


asd(
51V) = 2.24140×10−24 + 4.46698×10−28 a−1


−4.53262×10−38 a−2


For practical uses,i.e. the burn-up calculations, it is enough
to use the linear regression, since for the theoretical model
here developed and the conditions under which the burn-up
will be calculated, the error in approximate these functions
through a line is totally negligible.
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IV.B. Calculation ofasd(
51V)


From eqn. (26) the time dependence ofasd(
51V) is de-


termined by the functionsfs andfd. These two functions
changes very low with the time, as it was shown in figures 2
and 3. For a period of 10 years the change forfs is


fs(0) = 9.7868×10−1 ,


fs(10 y) = 9.8014×10−1 ,


⇒ ∆fs = 1.4553×10−3 . (30)


This represents about 0.1% offs(0). The same analysis for
fd gives the result:


fd(0) = 9.9357×10−1 ,


fd(10 y) = 9.9401×10−1 ,


⇒ ∆fd = 4.3930×10−4 , (31)


what is 0.04% offd. The same values are obtained using the
linear regression explained in point IV.A.


Since the functionsfs and fd are almost constant in time,
the value ofasd(


51V) to be used in calculating the relative
sensitivity for the first 10 years, eqn. (26), isasd(


51V) =
2.2435×10−24 cm2, obtained by using the mean values for
the functionsfs andfd: [fξ(0) + fξ(10 y)]/2.


IV.C. Sensitivityǫ at timet = 0 for neutron thermal flux


To calculate the sensitivity at time zero,ǫ(0), in a neutron
thermal fluxΦ (εn = 0.0253 eV), it will be used the defini-
tion in eqn. (1). The total detector currentI will be then
calculated as the sumI = Iβ + Iγ , being the currentsIβ
andIγ computed according to eqns. (16) and (21), B theory.
These equations have the factorRn, which is the product of
the termsfs, fd, Σ andΦ, eqn. (17). From eqns. (18) and
(19), forΦ = 1014 cm−2 s−1 and taking forN the value cal-
culated in appendix B one hasΣ = Nσ


51V
n = 0.3640 cm−1,


fs = 9.5456×10−1 andfd = 9.8631×10−1, what gives for the
currents the following values:


Iβ = 1.0542×10−6 A ,


Iγ = 3.1928×10−8 A .


This means a total detector currentI = 1.0861×10−6 A, be-
ing Iγ approximately a 3% of the total detector current.


Finally the sensitivity att = 0 is calculated from eqn. (1)
giving the value:


ǫ(0) = 1.0861×10−20 A cm2 s .


This result is in agreement with the measurements done in
ref. [1] for similar type of detectors,ǫ(0) = 5.03×10−21 A
cm2 s (since the CNA II detectors are twice larger in longi-
tude than the calculated in the reference), and also agree with
the nominal value shown in table I.


For the detectors installed at the CNA II reactor, the sensitiv-
ity at timet = 0 forΦ = 1014 cm−2 s−1 will be calculated with
Σ from appendix B,i.e.Σ = Nσ̂ = 0.1655 cm−1 (weighted
σ


51V
n ). Then the detector currents are


Iβ = 4.9497×10−7 A ,


Iγ = 1.4991×10−8 A ,


i.e. a total detector currentI = 5.0996×10−7 A and the sen-
sitivity is:


ǫ(0) = 5.0996×10−21 A cm2 s ,


i.e. about 50% of the nominal sensitivity, because of the
weighted microscopical cross-section. This value is the theo-
retical sensitivity to be expected for the CNA II SPND at the
very beginning of the operation and under full power.


IV.D. Burn-upz calculated with weightedσ
51V
n and


correctedN


To calculate the sensitivity lossz (i.e. the burn-up per
month) after one month, the time dependence ofΣ
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should be known and then replace this value in eqn. (17) to
calculate the factorRn.


The theory used to compute the macroscopic absorption
cross-section as a function of the time,Σ = Σ(t), is based on
the time dependence of the51V atomic densityN = N(t),
which decreases as a consequence of the neutron capture nu-
clear reaction, since the weighted microscopic cross-section
σ̂, eqn. (39), is considered constant in time. The following
development shows the time dependence of the51V atomic
density.


The neutron absorption rateF of the nuclear reaction51V(n,
γ)52V is given as


F (t) = Σ(t)Φ = N(t) σ̂Φ , (32)


where here is used the weighted microscopic cross-section,
σ̂. Because of the nuclear reaction51V(n, γ)52V, the atomic
density of the51V isotope decreases. It is easy to see that


dN = −N(t) σ̂Φ dt . (33)


Solving this differential equation one obtains for the atomic
density:


N(t) = N(0) exp(−σ̂Φ t) . (34)


After 1 month,m, the fraction of51V nuclide will be reduced
in a factor


N(2.6298×106 s)
N(0)


= 0.9994 (35)


The new value ofΣ after this period of time will be the
calculated value in appendix B times this fraction,i.e. Σ =
0.1654 cm−1. By calculatingasd(


51V ) after 1 month with
eqn. (23), the burn-up according to eqn. (24) gives the value
z = 5.8927×10−4. Using the value forasd(


51V ) explained in
point IV.B. (the mean value in 10 years), the burn-up gives
the valuez = 5.8982×10−4, actually almost the same as be-
fore. Both results indicate a burn-upz = 0.6×10−3.


The sensitivity loss (burn-up) so calculated is the half of
the nominal value for vanadium SPND shown in table I. One
should note here that this value ofz is calculatedspecifically
for the vanadium in-core SPND


of type 5503-B, using thêσ weighted with the thermal neu-
tron flux of the CNA II nuclear reactor, which is less than the
half of theσ


51V
n , and taking into account the variation of the


51V atomic density due to the nuclear neutron caption reac-
tion. This is the theoretical value expected to be measured
after one month at full power reactor.


IV.E. Burn-upz after 10 years


After a period of 10 years, the burn-up calculated with
the A theory, eqns. (5) and (9), has the valuez = 0.1342.
The burn-up calculated with the B theory gives the valuez
= 0.0684. The difference between these two values resides
in the microscopic cross-section. As it was explained be-
fore, the B theory is much realistic since it takes into account
the perturbation of neutron flux due to the detectors, fur-
thermore the calculations were performed with the weighted
cross-section. The burn-up value obtained with the B theory
agrees with the calculation for the variation of the51V atomic
density, point IV.D.:


N(10 y)
N(0)


= 0.9298, (36)


i.e. the burn-up indicates about 7% and the last value, varia-
tion of atomic density, indicates also the same value.


V. CONCLUSIONS


To calculate the burn-up of the vanadium in-core SPND at
the CNA II nuclear reactor as a function of the accumulated
chargeq = q(t), it will be used the eqn. (14) of theory A,
where instead of using the factora(51V) it is replaced by the
factorasd(


51V), eqn. (26),


ǫ(q(t))


ǫ(0)
= 1− asd(


51V)


ǫ(0)
q(t) , (37)


and the detector burn-upz will be calculated as (see eqns. (5)
and (14)):
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z =
asd(


51V)


ǫ(0)
q(t) , (38)


i.e. the nominal factora(51V) in eqn. (15) is replaced by the
theoretical oneasd(


51V), calculated for the weighted micro-
scopical cross-section̂σ.


The reasons to use this last equation are justified as follows:


R1: The excellent agreement between theories A and B
(point III.C.) . The value ofasd(


51V), eqn. (23), ac-
cording to theory B, is 4.7739×10−24 cm2, while us-
ing theory A, eqn. (10), this coefficient has the value
4.5658×10−24 cm2. The∆% for these two values is
about 4%, what indicates the consistence of both the-
oretical approaches. Also the value of the sensitivity
lossz calculated with the formalism of the B theory,
eqn. (25), agrees with the nominal values shown in ta-
ble I. This is again a proof of the consistence of both
theories with each other.


R2: The good agreement between the calculated sensi-
tivity and the measured value (point IV.C.). The cal-
culated value differs only by about 1% from the mea-
sured one.


R3: The calculated value ofz (point IV.D.) . Here was
computed the sensitivity loss per monthz (burn-up)
with the B theory. The result so obtained is of the order
to be expected according to the nominal value in table
I.


R4: Neutron shielding and flux perturbation effects.
The B theory takes into account two effects that in-
volve the perturbation of the neutron flux by the pres-
ence of the detector (reflected in theasd(


51V) parame-
ter):


E1: The neutron self-shielding.


E2: The flux perturbation (depression).


These two interactions are not consider in the A theory,
contained only very partially in the sensitivity lossz in
eqn. (10).


APPENDICES
A. Calculation of̂σ for the CNA II nuclear reactor


For the calculation of̂σ the following equation was used
(weighted with the thermal neutron flux):


σ̂ =


∫


εth
dε Φ(ε)σ


51V
n (ε)


∫


εth
dε Φ(ε)


, (39)


whereεth is the energy interval used to calculate the thermal
neutron flux.


Theσ
51V
n (ε) function data were taken from ref. [8] and fitted


using the generalized least squares method. The function ob-
tained –a proposed 1/


√
ε behaviour– isσ


51V
n (ε) = c1 εc2+c3,


where the vectorc is given as (8.11447×10−4 b MeV−c2, -
0.499678, -2.98092×10−3 b), being the units of the cross-
section barns and the energy MeV. The control parameters
for this fit areχ2 = 10−5 andΓ = 1.


The thermal flux data, ref. [9], were calculated for the en-
ergy interval [10−5 eV, 0.625 eV] and pseudo-fitted using the
Akima spline method with 2048 points. The energies, where
the thermal flux was calculated, and the corresponding flux
values are noted(εi, Φi), with i = 0, ..., n. The thermal flux
is shown in fig. 5 in arbitrary units together with theσ


51V
n (ε)


function (data and fit function). The dash line in the figure
corresponds to the energy 0.0253 eV.


0 2×10
-7


4×10
-7


6×10
-7


8×10
-7


ε [MeV]


0


2


4


6


8


10


12


σ [b]


ENDF data


σ(ε) = 8.11447 x 10
-4 ε-0.499678


 - 2.98092 x 10
-3


φth(ε) data (a.u.)


Akima spline for φth(ε)


Figure 5. Cross-sectionσ
51V
n (ε) and thermal neutron flux


(arbitrary units).
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For the numerical integration of eqn. (39) was taken a
line segment to joint the points of the neutron flux. For each
of the n energy intervals,[εi−1, εi] with i = 1, ..., n, the
corresponding equation of the flux line segments is


Φ(ε) = mi · ε+ hi,


where the parametersmi andhi are calculated as follows:


mi =
Φi − Φi−1


εi − εi−1
,


hi = Φi −mi · εi .


Finally the integration of the numerator in eqn. (39) was cal-
culated with the expression:


∫


εth


dε Φ(ε)σ51V
n (ε) =


n
∑


i=1


mi


(


c1


c2 + 2
εc2+2 +


c3


2
ε2


)
∣


∣


∣


∣


εi


εi−1


+


hi


(


c1


c2 + 1
εc2+1 + c3 ε


)∣


∣


∣


∣


εi


εi−1


, (40)


and the denominator calculated as:


∫


εth


dε Φ(ε) =


n
∑


i=1


mi
ε2


2
+ hi ε


∣


∣


∣


∣


εi


εi−1


. (41)


The calculated value for the weighted cross-sectionσ̂ is
2.305 b.


B. Calculation ofΣ with σ̂


For the calculation ofΣ = Nσ̂ the following vanadium
physical properties have been utilized, ref. [10]:


TABLE II


Vanadium physical properties.


Physical property


w(50V) 49.9471609(17) [0.250(4) atom%]
w(51V) 50.9439617(17) [99.750(4) atom%]
̺ @ 298 K 6110 kg m−3


linear thermal expansionα 8.4×10−6 K−1


compressibilityκ 6.25×10−12 Pa−1


The vanadium atomic density at 298 K (room temperature)
is calculated as:


NV(298 K) =
NA ̺


w(V)
, (42)


where NA is the Avogadro’s constant and w(V) =
50.9415(29) is the molecular weight of vanadium calculated
with the values of table II. Since the vanadium SPND will
work under conditions of approximately 440 K temperature
and 11.7 MPa pressure (mean operating values for the mod-
erator at reactor pressure vessel), it is necessary to consider
these effects for the correction ofNV . The effect of the pres-
sure is negligible compared with the temperature effect (see
the compressibility moduleκ and linear thermal expansion
coefficientα); due to this, it is only enough to take into ac-
count the volumetric expansion as correction forNV . Then:


NV(440 K) =
NV(298 K)
1+ 3α∆T


= 7.1973×1022 cm−3 . (43)


Finally given that only the51V isotope is involved in the nu-
clear reaction, one must also take into account the atomic
proportion of this nuclide,i.e. 0.9975. Then the51V atomic
density has the value


N51V(440 K) = 7.1793×1022 cm−3. (44)


Using the result for̂σ from appendix A the value of the
macroscopic cross-section is thusΣ = 0.1655 cm−1.
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Abstract – Computational Fluid Dynamics codes (CFD) are increasingly used to simulate containment 
conditions after various transient accident scenarios. Consequently, the reliability of such codes must be 
tested against experimental data. This paper presents such validation experiments, conducted in the frame of 
the OECD/SETH-2 project. Related to gas mixing and hydrogen transport within containment compartments, 
these experiments address the combined effects of mass sources and heat sinks. The experiments were 
conducted in the large-scale thermal-hydraulics PANDA facility located at the Paul-Scherrer-Institute (PSI) 
in Switzerland. A wall jet of different compositions and projecting vertically upwards (mass source) interacts 
during the experiments with an operating containment cooler (heat sink) located in the middle (M-
configuration) and the top (T-configuration) of the containment vessel. The experiments are characterized by 
a 3-phase injection scenario for which the cooler is kept running during all the phases. In the first phase 
pure steam is injected, while in the second phase a helium-steam mixture is injected. Finally, in the third 
phase, pure steam is injected again. The discussion will focus on the developing velocity fields in the vicinity 
of the cooler. Results for the M-configuration show helium stratification build up during phase II. During 
phase III, a positively buoyant plume emerging from the cooler housing becomes negatively buoyant once it 
reaches the helium-steam layer and continuously erodes the layer. For the T-configuration we observe a 
mainly downwards acting cooler resulting in a combination of forced and natural convection flow patterns. 


 
 


I. INTRODUCTION 
 


Three dimensional Computational Fluid Dynamics (CFD) 
codes as well as Advanced Lumped Parameter (LP) codes are 
increasingly used for safety analysis to simulate transient 
containment conditions after various accident scenarios for 
present1 and upcoming generations of nuclear power plants2. 
Consequently, the reliability of such codes must be tested 
against experimental data collected under prototypical thermal 
hydraulic conditions. Large scale test facilities3 must be used 
to minimize distortional effects that might arise from 
geometrical scaling4. In the frame of the OECD/SETH project 
(Phase 1), the large scale PANDA facility built at the Paul 
Scherrer Institute (PSI) in Switzerland was used to perform 
such prototypical experiments relevant for Light Water Reactor 
(LWR) containment safety issues. The experiments conducted 
in Phase 1 can be briefly characterized as the transient build-
up of a stratified environment by wall plumes5, 6, free plumes7, 


8 and horizontal high momentum jets9. Post test analytical 
activities performed by the project participants were aimed at 
assessing strengths and drawbacks of different codes in 
analyzing the phenomena occurring in these PANDA tests10-12. 
The analytical activities revealed a number of code challenges 
related to i) gas transport, ii) stratification build-up, iii) 
prediction of peak gas temperature and iv) stratification 
disruption and erosion. In response to this, an experimental 
program using the PANDA and MISTRA facilities13 is 


currently being conducted in the frame of the OECD/SETH-2 
project which addresses some of the above mentioned issues 
including gas mixing, hydrogen transport and the erosion of 
helium stratifications within containment compartments14-16. 
For safety reasons, helium is used to simulate the expected 
hydrogen release from the reaction between cladding metal 
and water during a severe accident. It was shown in the THAI 
project that ‘thermal-hydraulic processes in the containment 
atmosphere, in particular the stratification and mixing 
phenomena, are primarily governed by the density differences 
in the atmosphere’ and not by the gas species used17. The 
experiments within the OECD/SETH-2 project focus on the 
separate effects caused by a) mass sources b) heat sources and 
c) heat sinks, as well as the complex interaction of more than 
one of these components on the gas mixing and the helium 
transport. The experiments presented in this paper address the 
combined effects of a mass source and a heat sink (a 
containment cooler similar to those described in 18, 19) in the 
case of a severe accident scenario with the possible release of 
hydrogen. They highlight the influence of the condensation of 
steam, as well as the convective flow caused by the operating 
cooler, on the gas transport and the hydrogen distribution in 
the containment.  


The paper is organized as follows: In section II the PANDA 
facility and the instrumentation is briefly described. Section III 
presents the complete test matrix and describes the 
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experimental procedure including the preconditioning of the 
test-section. Since the multifaceted character of the phenomena 
does not allow for a discussion of the entire set of experiments 
in one paper, this presentation will concern the series in which 
the cooler is located h=4 m and 2 m below the top of the vessel 
and the cooler duct is in operation (ST4_2_2 and ST4_4). The 
qualitative and quantitative discussion will focus on the 
developing velocity fields. Additional results depicting the 
mixing and the transport in the vessel which are necessary to 
understand the velocity fields, will be presented in terms of 
concentration evolutions and temperature maps. A more 
detailed discussion of the concentration and temperature 
results are subject of separate publications.  


Some of the axis scales in the figures of the paper are not 
shown or are presented in non-dimensional form to keep a 
conservative position with respect to the release of the 
experimental data. Nevertheless the present overview should 
allow the reader to follow and understand the main phenomena 
characterizing the evolution of the tests.  


II. PANDA FACILITY 
 
PANDA is a large-scale thermal-hydraulics test facility 


designed and used for investigating containment system 
behavior and related phenomena for different Advanced Light 
Water Reactor (ALWR) designs as well as for large-scale 
separate effect tests20. The containment compartments and the 
Reactor Pressure Vessel (RPV) are simulated in PANDA by 
six cylindrical pressure vessels, Fig. 1. The height of the 
facility is 25 m, the total volume of the vessels is about 
460 m3 and the maximum operating conditions are 10 bar at 
200 °C. 


 


(              )
Vessel 2


IP


Vessel 1
(              )


 
 


Fig. 1: The PANDA facility 


The RPV is electrically heated with a maximum power of 
1.5 MW. Various auxiliary systems are available for 
controlling the initial and boundary conditions for the tests. 
Only the upper parts of the PANDA facility, as outlined in red 
in Fig. 1, are used for the SETH-2 tests. The experiments are 
carried out in a large (approximately 180 m3 total volume) 
multi-compartment configuration consisting of the two 
identical stainless steel vessels (referred to as Vessel 1 and 
Vessel 2 in the SETH-2 project), 8 m in height and 4 m in 
diameter, connected by a large Interconnecting Pipe (IP) 1 m 
in diameter. The RPV is used as a steam source. This steam is 
used to heat-up the facility before each test as well as during 
the tests, when required, to inject steam through a tube. 


II.A. PANDA Instrumentation 
 


The three main quantities measured in the PANDA 
vessels 1 and 2 during the tests can be categorized as 
i) temperature, ii) concentration and iii) velocity. Besides the 
recording of these main values, the data acquisition allows for 
the measurement of absolute and differential pressures, wall 
temperatures, flow rates, condensation rates, and heating or 
cooling power. The measurement sensors are implemented in 
all of the facility compartments, in the system lines and in the 
auxiliary systems.  


For the temperature measurements up to 400 K-type 
thermocouples (TCs) were used to measure fluid temperatures 
as well as the temperatures of the inside and outside walls of 
Vessel 1, Vessel 2, the IP and the cooler (Table I).  


 
TABLE I 


Number of TCs and capillaries in Vessel1, Vessel2, IP and in 
the cooler 


 Fluid Wall 
inside 


Wall 
outside 


Injection 
/ Vent 


Capillaries 


Vessel 1 226 23 9 3 58 
Vessel 2 58 19 9 1 34 
IP 23 3 - 1 15 
Cooler 15 2 - 9 11 


 
For the temperature measurements an accuracy of 


approximately 0.7 °C is assessed. Temperature sensors are 
installed in the vessels at different heights, designated as 
Level A (near the top) to Level T (near the bottom), and at 
different angles and radial distances from the vessel axis 
spanning a fine measurement grid. This allows for the 
generation of temperature contour maps with a time resolution 
of 0.5 Hz. 


The injection and venting flow rates are measured with 
vortex flow meters with an accuracy of 1.1 %. 


The gas concentration is measured in the PANDA facility 
by means of two Mass Spectrometers (MS). Gas is 
continuously sampled through small tubes (capillaries, 
Table I) maintained at a temperature of 130 °C outside the 
vessel to avoid any condensation. The measurement is 
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sequential and only one line can be selected at a time via a 
multi-port rotating valve. When selected, the sampled gas is 
sent to a quadrupole mass spectrometer which gives the partial 
pressure of the selected gas (steam, air, or helium). From 
partial pressures the concentrations are then deduced. 118 
sampling lines are connected to the two MS, Table I. The 
system can measure any gas concentration and composition. 
The gas mixtures used for the SETH-2 tests in PANDA are 
either helium/air, steam/helium, or steam/air/helium. The 
number of sampling lines used for measurements varies in 
each test and as each test progresses. Different scanning 
sequences are programmed to monitor facility 
preconditioning, initial test conditions and test progression. A 
few millimeters from each sampling capillary tip, a 
thermocouple is placed such that gas concentration and 
temperature measurements are available at almost the same 
spatial location. For steam/helium mixtures, an absolute error 
on the measured steam/helium molar fraction of ± 1.5 % is 
assessed. 
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Fig. 2: Schematic of the experimental setup and the Field-Of-View 


(FOV) for the velocity measurements for experiment 
ST4_2_2 and ST4_4. 


 
For the measurement of velocity fields a commercial 


Particle Image Velocimetry (PIV) set-up is used. This system 
measures 2D velocity fields21 in Vessel 1 in the vertical mid 
plane of the test section, Fig. 2. Small droplets of olive oil 
dispersed by a spray nozzle are used as seeding particles for 
the PIV technique. The oil particles are injected into the 
steam/helium flow flowing into Vessel 1 through the injection 
pipe. The PIV system provides 2D instantaneous velocity 
fields with acquisition rates up to 15 Hz. 


 


III. TEST PROCEDURE AND PARAMETERS 


III.A. Preconditioning 
 


The PANDA Vessels 1, 2 and IP are preconditioned before 
each test according to the specified test conditions; fluid 
temperature and composition as well as pressure and wall 
temperature are adjusted. The vessels are first heated up for 
one day with pure steam to allow the adjustment of the 


stainless steel wall temperatures. After this phase the steam is 
purged out of the vessels for 1.5 hours through the injection of 
hot air into the top of Vessel 1 using a blower fan. The facility 
is then pressurized with compressed air and ready for the 
experiment. 


IV.B. Test Procedure 
 


During the experiments, a wall jet of varying compositions 
and projecting vertically upwards (mass source) interacts with 
an operating containment cooler (heat sink) located at various 
heights within the containment, Fig. 2 For experiment 
ST4_2_2 the cooler is located at h=4 m below the top of 
Vessel 1, Fig. 2, and, for experiment ST4_4, h=2 m below the 
top. All of the experiments conducted are characterized by a 
3-phase injection scenario. In phase I, lasting for one hour, 
pure superheated steam is injected through the injection pipe, 
Fig. 2. In phase II, lasting for only half an hour, a mixture of 
helium and steam is injected. Finally, in phase III, pure 
superheated steam is injected again for one hour.  


II.C. Test Parameters 
 
Parameters for the entire experimental series are i) the 


vertical cooler position in the vessel ii) the presence or 
blockage of the cooler duct (a cylindrical pipe) through which 
the colder gas could flow downwards, Fig. 3, and iii) the 
presence or absence of a containment vessel vent (Table II). 
 


TABLE II 


Parameters for the experimental series 


 ST4_1 ST4_2_2 ST4_3 ST4_4 
Distance h [m] 4 4 4 2 


Duct Yes Yes No Yes 
Venting No Yes Yes Yes 


Cooler 
fixing rods


Condensate 
drain


Cooler
body


Cooler
duct


Cooling 
waterOpen 


side


Instrumentation
wires


IP


 
 


Fig. 3:  Picture of the cooler installed in Vessel 1 for experiment 
ST4_2_2. 
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The latter results in a pressure increase in the vessel during the 
experiments. The open side of the cooler body is faces the IP, 
Fig. 2 and Fig. 3. 


As already mentioned above, the complex phenomena 
evolving during the experiments do not allow for a discussion 
of the entire set of experiments in one paper. The discussion 
of the results is therefore focused on experiments ST4_2_2 
and ST4_4, with emphasis placed on the velocity field in the 
vicinity of the cooler. 


 
III.D. PIV Image De-Warping and Masking 


 
Due to the horizontally and vertically non perpendicular 


orientation of the camera with respect to the light sheet in both 
experimental runs, it was necessary to account for the 
perspective distortion and to de-warp the images before 
applying the PIV algorithms, Fig. 4 a) and b).  


 
Raw Image


a)


b)


c)


De-Warped
Image


Instrumentation
wires


Instrumentation
wires


Particle 
free area


Masked
area


Cooler 
fixing rods


Cooler 
fixing rods


 
Fig. 4:  Effect of de-warping and masking on the resulting velocity 


field.  
 


The de-warping removes the perspective distortion 
affecting the instrumentation wires, Fig. 4 a), such that they 
become horizontal, Fig. 4 b). In contrast, the cooler fixing 
tubes remain inclined. This is not a weakness of the de-
warping method as the tubes are in reality also inclined with 
respect to the cooler’s upper surface. The de-warping method 
results in irregularly shaped, particle free areas around the 
image border, Fig. 4 b). Consequently, no velocities can be 
calculated in these parts. Additionally, since two horizontally 
aligned instrumentation wires (used to mount thermocouples 
and capillaries for the mass spectrometer) as well as two 


vertical cooler fixing rods hamper the PIV images, it was 
decided to mask this area out and set the velocity to zero, Fig. 
4 c).  


IV. RESULTS 
 


The origin of the coordinate system used to describe the 
measurement locations for concentration, temperature and 
velocity measurements is positioned at the bottom of the test 
section, while the y-axis coincides with the symmetry axis of 
the test section, Fig. 2. For the two sets of experiments 
(ST4_2_2 and ST4_4) the two components u and v of the gas 
velocities were measured in the x-y plane by means of Particle 
Image Velocimetry (PIV), Fig. 2.  


IV.A. ST4_2_2 Results 
 
Five mean velocity fields recorded during the different 


phases of experiment ST4_2_2 above the cooler are depicted 
in Fig. 5 b), c), e), f) and g). The velocity fields are 
represented by red velocity arrows where the lengths of the 
arrows indicate the velocity magnitude; the same scale was 
used for all of the velocity fields. Additionally, based on the 
velocity field, stream lines appearing in black were calculated 
which indicate the overall flow pattern. The relative timing 
information for these recordings is depicted in Fig. 5 a) where 
the different sequences are denoted with S02, S03, S05, S06 
and S07, respectively. Instantaneous PIV raw images from 
phase III are presented as well; the plume-like physics present 
in these are discussed later in this section. For the PIV 
measurements discussed the field-of-view covers an area from 
-100 to 900 mm in the x direction and 5400 to 6400 mm in the 
y-direction. It is worth noting that 1024 double images were 
recorded for each sequence, with the sampling frequencies 
adjusted to the speed of the expected physical processes 
(either 1, 2 or 5 Hz). This results in different averaging times 
for the sequences as presented in Table III. 
 


TABLE III 


PIV sampling parameters for experiment ST4_2_2. 


 S02 S03 S05 S06 S07 
Frequency [Hz] 5 2 5 5 1 


Av. Time [s] 205 512 205 205 1024 
 
During phase I (superheated steam injection) and phase II 


(superheated steam and helium injection) of the experiment, 
we find a mean velocity field in the FOV which is dominated 
purely by one flow direction from right to left, and which is 
inclined slightly upwards with respect to the horizon, Fig. 5 b) 
and c). No small scale motion is detectable during these 
phases and, more importantly, with the cooler located just 
600 mm below the FOV, there is no obvious footprint of the 
cooler operation in the velocity field. The flow field is most 
probably caused by the generation of a strong large scale 
vortex as depicted schematically in Fig. 5 d).  
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Fig. 5: Five different mean velocity fields recorded during experiment ST4_2_2 with the cooler in the lower position. The relative PIV recording 


time is indicated in the upper banner for the different phases of the experiment. PIV raw images, h), i) and k), corresponding to the three 
recordings taken during phase III, e), f) and g), highlight stratified structure of the gas layer. 


 
 


The jet emerging from the injection tube is confined by the 
vessel walls and continuously bent such that we record the 
lower part of this clock wise rotating vortex. This upper 
vortex formation is promoted by the fact that the density of the 
superheated steam injected is below that of the air initially 


present in the entire vessel such that steam accumulates in the 
upper part. 
Since we are somewhat limited with our FOV, however, the 
presumed vortex in the upper part should be subject to a 
refined analysis when comparing the experimental results with 
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corresponding numerical calculations covering the complete 
test section. In the last part of phase II and at the beginning of 
phase III of the injection the flow field undergoes a transition 
and rearranges considerably, i.e. the characteristics of the flow 
field patterns do not coincide with the injection phases. The 
cause of this is the cooler internal flow structure; the 
discussion of which is beyond the scope of this article. This 
flow field transitional phase is not covered by a presentation 
of a mean velocity field in this paper but can be highlighted by 
movies compiled from the instantaneous velocity fields. 
Starting at the end of injection phase II the strong, main 
circulation pattern visible so far stops almost completely, and 
the velocities in the FOV show very small values close to 
zero. After this transition of the velocity field to phase III the 
effect of the cooler on the velocity field becomes visible both 
in the mean velocity fields as well as in the raw images 
recorded. For this discussion one should bear in mind that the 
cooler as well as the injection pipe were put into operation at 
the beginning of phase I and were both kept running until the 
end of phase III. At the beginning of phase III, Fig. 5 e), we 
encounter a flow field now dominated by the gas mixture 
emerging from the cooler. We find a plume-like velocity field, 
characterized by an up-flow around x≈600 mm, with the 
velocities decelerating in the central line up to the point where 
the vertical component of the velocity becomes almost zero at 
y≈5800 mm; this stagnation point is marked as point A on Fig. 
5 e). Unfortunately, it was necessary to remove part of this 
zone by masking one of the cooler fixing rods, Fig. 4 c).  
At the same time we see parts of two vortices formed left and 
right beneath this up-stream zone. Later in time, during 
phase III, the principal shape of the above described flow 
pattern remains the same, Fig. 5 f) and g) except that the 
stagnation point moves upwards. Above the stagnation point 
(A) we find a weaker secondary flow which entrains gas from 
the upper part into the lower part. One can think of two 
phenomena explaining the deceleration of the vertically 
upwards projecting velocity: a) the initial plume momentum is 
weak, the momentum is redistributed over the entrained gas 
and the kinetic energy is finally dissipated such that point A 
represents the region of energy dissipation or b) a layer of 
lighter gas mixture is formed during phase II which acts as a 
barrier, hindering the plume rise beyond point A. Besides the 
upward movement of the stagnation point A during phase III, 
the latter explanation is promoted by the instantaneous PIV 
raw images, Fig. 5 h) to k). In contrast to the raw images from 
phase I and II (not shown here) where the seeding particles are 
homogeneously distributed in the entire FOV, we now find 
three distinct regions with three apparently qualitatively 
different seeding densities.  
Although not visible as a grainy pattern the upper region, 
mark C, shows the regular seeding consisting of oil droplets 
injected through the injection pipe, Fig. 2. Without having 
these seeding particles in the gas it would not have been 
possible to calculate valid velocity vectors in this region with 
the PIV technique. Region D covers what we now call the 


plume region, influenced by the operation of the cooler in 
phase III and, initially Fig. 5 h) and i), visible through the 
strong reflections of the laser light on larger droplets. Within 
region D we finally find a zone of even brighter filaments, 
Fig. 5 h) to k), mark E. Note that the vertical rise of the plume 
region, as depicted by the brightness patterns of the particles, 
corresponds to the above discussed rise of the stagnation 
point, Fig. 5 e) to i).  
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Fig. 6: Temperature contour map for experiment ST4_2_2 


corresponding to recording sequence 06 (S06) in Fig. 5 e). 
 


The droplets in region D and the filaments in region E are 
water droplets since the only condensable substance present in 
the gas is steam. The steam, or part of the steam, is condensed 
in regions D and E and droplets are formed. This finding is 
supported by the temperature map calculated from the 
different thermocouples installed in Vessel 1 after 
interpolating the temperature linearly from point to point, Fig. 
6. This temperature map corresponds to sequence 6 (S06) in 
Fig. 5. The thermocouple locations are marked with black 
crosses. The color coding denotes the higher temperatures in 
red and the lower temperatures in blue. In the left part of Fig. 
6 we find higher temperatures caused by the superheated 
steam injected. In the upper part, above y=6000 mm, a region 
with little temperature variation becomes visible and the 
cooler is depicted by a dark blue color. Inside the cooler duct, 
Fig. 6, we find the temperatures similar to the outside 
temperatures, indicating that there is no outflow. This 
observation contrasts with the results obtained for experiment 
ST4_4 discussed in the next section. 
A cold plume rises from the top of the cooler body exit, Fig. 6, 
and we can distinguish the two regions D and E in the 
temperature map also visible in the PIV raw images. Using the 
gas composition and calculating the non dimensional 
temperature T/Tsat where Tsat denotes the steam saturation 
temperature, it is found that T/Tsat in fact approaches 1 at 
position H_22 (Fig. 7) such that steam can condense and form 
water droplets in regions D and E.  
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Fig. 7: Selected normalized temperatures for measurement 


locations depicted in Fig. 6.  
 
In contrast to this, the non dimensional temperature at 
locations H_20, D_20 and A_20, respectively, is larger than 1, 
indicating that it is very unlikely to find steam condensing 
there. The statement made above: ‘a cold plume rising’ seems 
to conflict with basic physical principles and requires a 
refined discussion. To understand a cold plume rising, one has 
to take into account the gas composition as well as the gas 
mixture density emerging from the cooler body. Based on the 
mass spectrometer measurements and the temperature, the 
normalized gas mixture density as a function of time was 
calculated at four selected locations, depicted in Fig. 6, during 
phase III. The results are presented in Fig. 8. 
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Fig. 8: Normalized gas mixture density at four selected points (see 


Fig. 6). 
 
Despite the low temperature measured in the cooler, taking the 
density at location C03, Fig. 8, as being representative for the 
density of the gas mixture leaving the plume we find a density 
which is in fact below the density measured at point H_22 or 
D_20, thus resulting in an upward buoyancy force which 
makes the plume rise.  
To highlight the temporal behavior of the velocity field the 
normalized vertical velocity signal v extracted at point B in 
Fig. 5 e) as a function of time is presented in Fig. 9 where 
t0=0 s denotes the beginning of the PIV recording sequence. 
We are faced with an almost regular sinusoidal velocity signal 
which undergoes periodic sign changes, indicating that the 
vertical velocity changes from upward to downward. The 
dominating frequency of this signal is obtained from 
calculating a Power Spectrum Density function (PSD), Fig. 
10 a), and is found to be f = 0.12 Hz.  
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during sequence S05 at point B in Fig. 5 e). 
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Fig. 10: Power Spectrum Density function (PSD) of the vertical 


velocity signal from Fig. 9 (left) and of the horizontal 
velocity signal from Fig. 12 (right). 


 
Since a helium-steam mixture was injected during phase II we 
suppose now stable density stratification in region C, Fig. 
5 h). If a small volume V of gas of density ρo emerging from 
the cooler outlet is moved upwards a distance z through the 
density gradient dρ/dz by the momentum of the plume into 
regions of lower density gas ( 0 /zd dzρ ρ− ), the upthrust, 
representing the weight of the fluid displaced, may be 
calculated as: 


 0( )
d


gV z
dz


ρ
ρ −  (1) 


and the net downward force becomes: 


 
0 0( )


d d
g V z gV g V z


dz dz


ρ ρ
ρ ρ⋅ − = − ⋅ ⋅−  (2) 


With Newton’s second law the force on the gas volume is: 


 
2


0 2
  


d z d
V g V z


dt dz


ρ
ρ = − ⋅ ⋅  (3) 


which can be rewritten as: 


 
2


2


2


0


d z g d
N z


dt dz
zρ


ρ
= − = ⋅⋅  (4) 


where the frequency N is known as the buoyancy frequency 
with units radians per second.  
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Fig. 11:  Three different mean velocity fields recorded in phase I, II and II during experiment ST4_4. The relative PIV recording time is 
indicated in the upper part for the different phases of the experiment in the form of a sequence notation. The corresponding 
instantaneous temperature maps c), f) and i) together with likely coarse flow structures d), g) and g) assist in the interpretation of the 
velocity fields.  
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Using this result along with f=0.12 Hz and a normalized 
density of 


0
0.15 /


ref
ρ ρ =  the calculated density gradient at 


location B in Fig. 5 e) becomes / 0.084 [1/m]d dzρ = − ; the 
magnitude of which is in good agreement with the density 
gradient between points D_20 and H_22, 1 m apart, see Fig. 
8. 


Interestingly the normalized horizontal velocity signal u 
extracted at point B1 in Fig. 5 e) as a function of time, and 
presented in Fig. 12, possesses similar characteristics as just 
discussed for the vertical velocity at point B. Although the 
time signal is somewhat noisier compared with point B, we 
now find a periodicity with f=0.10 Hz, Fig. 10 b), which 
indicates an additional left and right swinging movement of 
the plume.  
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Fig. 12: Normalized horizontal velocity component signal extracted 


during sequence S05 at point B1 in Fig. 5 e). 
 


Considering the information obtained so far, we have 
strong indications of a helium stratification build up in the 
upper part of the vessel during phase II. This stratification 
alters the flow field in phase III such that the plume emerging 
from the cooler outlet becomes visible. The momentum of the 
plume results in a highly periodic vertical pumping movement 
associated with a horizontal left-right movement. This erodes 
the helium stratification, entraining and mixing the gas layer 
as is indirectly visible by the upwards movement of the 
stagnation point A. 


IV.B. ST4_4 Results 
 


Three different mean velocity fields recorded during the 
different phases of experiment ST4_4 below the cooler are 
presented in Fig. 11 b), e) and h). The relative timing 
information for these recordings is depicted in Fig. 11 a) 
where the different sequences are denoted with S01, S04, and 
S06, respectively. Additionally, instantaneous temperature 
maps are presented to highlight the intimate relation between 
the velocity and temperature fields. Finally, expectations for 
the coarse velocity field in the upper vessel are also depicted, 
see the schematics in Fig. 11 d), g) and k). For the PIV 
measurements discussed the field-of-view covers an area from 
0 to 1500 mm in the x direction and 4800 to 6000 mm in the 
y-direction. Regarding experiment ST4_4, 1024 double 


images were recorded for each sequence with the sampling 
frequencies adjusted to the speed of the expected physical 
processes with 2 Hz for S04 and 5 Hz for S01 and S06. 
During phase I (superheated steam injection), we find a 
velocity field right below the cooler body and dominated by a 
downwards flow of cold gas from the open side of the cooler, 
Fig. 3, as also depicted by the temperature map, Fig. 11 b) and 
c). As for experiment ST4_2_2, the color coding for the 
temperature maps denotes the higher temperatures in red and 
the lower temperatures in blue. A comparable downwards 
outflow during phase I for experiment ST4_2_2 is not visible 
in the temperature maps (not shown here). The outflow during 
St4_4 causes a small scale vortex visible in the lower right 
part of the velocity field. In the last part of phase I and during 
the velocity field transition to phase II (superheated steam and 
helium injection), the flow field rearranges such that the direct 
outflow from the cooler body stops, Fig. 6 versus Fig. 11 f). 
The flow field is now most probably caused by the generation 
of a strong large scale vortex as depicted schematically in Fig. 
11 g). The jet emerging from the injection tube is confined by 
the vessel walls and continuously bent such that we record the 
lower part of this clockwise rotating vortex around the cooler 
body. While the outflow from the cooler body stops, we see a 
strong outflow of colder gas from the exit of the cooler duct, 
Fig. 11 f). This finding is opposite to the cooler behavior for 
experiment ST4_2_2; for a comparison see Fig. 6. 


For experiment ST4_2_2 the temperatures inside the 
cooler duct are similar to the outside temperatures and we thus 
concluded that there is no or only a weak outflow. For 
experiment ST4_4 during phase III (superheated steam is 
again injected) we find a flow field below the cooler body 
which shows a counter clockwise rotating pattern larger than 
the FOV, Fig. 11 h). This flow field is governed by the flow of 
colder gas through the duct as depicted by the temperature 
map, Fig. 11 i). Via heat transfer, the cold down-flowing gas 
in the duct continuously cools the duct walls, cooling the gas 
in the vicinity of the cooler duct such that a stable natural 
circulation pattern develops, and transports the heat to the 
surroundings. In essence, throughout Vessel 1 we find in phase 
III a combined forced (wall jet) – natural convection flow 
pattern which is probably challenging to model by CFD 
calculations. It is not expected to find a similar natural 
circulation pattern for experiment ST4_2_2 had velocity 
measurements been conducted below the cooler body since 
the temperature in the cooler duct, Fig. 6, is missing as a 
driving force. In summary, we find that in experiment 
ST4_2_2 the cooler influences the flow field mainly above the 
cooler body, while the cooler is acting mainly downwards in 
experiment ST4_4.  


IV. CONCLUSIONS 
 
Experiments addressing the complex combined effects of 


mass sources (jet) and heat sinks (cooler) on the hydrogen 
transport within containment compartments were conducted in 
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the large-scale thermal-hydraulics PANDA facility. A wall jet 
of different compositions and projecting vertically upwards 
interacts with an operating containment cooler located in the 
middle (M-configuration) and the top (T-configuration) of the 
containment vessel. The experiments were characterized by a 
3-phase injection scenario while the cooler was kept running 
during all the phases. In the first phase pure steam was 
injected, in the second phase a helium and steam mixture was 
injected. Finally, in the third phase, pure steam was injected 
again.  


The results demonstrated the dominant influence of the 
cooler position on i) the cooler feedback into the environment 
and ii) the developing velocity field around the cooler, which 
then determines the gas mixing mechanisms. Preliminary 
numerical calculations have demonstrated the usefulness of 
the velocity data in assessing code validation purposes for the 
complex velocity field around the cooler. 


The velocity field above the cooler for the M-
configuration during phases I and II was found to be 
dominated purely by one flow direction from right to left. No 
small scale motion was detectable during these phases, and 
there was no obvious footprint of the cooler operation in the 
velocity field. During phase III the cooler released an upward 
projecting buoyant plume which continuously eroded the 
helium stratification built up during phase II. Temperature 
maps showed no outflow through the cooler duct during 
phases II and III. This contrasts with the findings for the T-
configuration experiment. For the T-configuration, the cooler 
released cold gas downwards through the cooler open side 
during phase I, and through the cooler duct during phases II 
and III. This cold gas release was so strong that a natural 
circulation vortex became visible near the cooler duct. In 
summary we found that the cooler feed-back acts mainly 
upwards for the M-configuration, while the cooler acts mainly 
downwards for the T-configuration. 
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Abstract –  One of the most important safety features of all reactor types is the ability of shutting  
down the chain reaction under all circumstances.  Current generation PWR reactors have two 
completely independent methods of shutting down the reactor. The first method is the insertion of  
safety and control bars by means of gravitation. The second method is the dilution of the neutron  
absorbing  boric  acid  into  the  primary  water.  Unfortunately  for  liquid  metal  cooled  GEN IV  
reactors this second method cannot be used because there are no liquid absorbers that can be  
diluted in liquid metal in sufficient quantity, and cleaning the liquid metal after a scram would be  
very expensive. In this paper a promising new concept for a second scram system is presented.  
This concept leads to a totally passive self activating device. The device consists of dedicated 
hollow  tubes  filled  with  particles  of  an  absorber  material  .  During  normal  operation,  these 
particles are kept above the active core by means of a metallic seal. In case of an accident, the 
system is activated by the temperature increase in the coolant. This leads  to melting of the metal  
seal and a release of the absorber particles inside of the active core region. The ongoing work 
conducted at SCK-CEN and UCL/TERM  aims at assessing the reliability of this new concept both  
experimentally  and  numerically.  This  study  is  multidisciplinary  as  neutronic  and  thermal  
hydraulics issues are tackled. However the major research focus is understanding and predicting 
the particle flow during and after the seal melt.
Experiments with high speed video have been done. These experiments are compared to numerical  
simulations  using  the  Discrete  Element  Method  for  simulating  the  particles,  coupled  with  
Smoothed Particles Hydrodynamics  for simulating the melting of  the seal.  In  this paper both  
experimental and numerical results will be presented and compared in terms of the particle flow 
dynamics where both qualitative and qualitative parameters are defined.


I. INTRODUCTION


Because GEN IV reactors are designed to be safer than 
currently existing reactors, also the ability to shut down the 
chain  reaction  must  be  more  reliable  than  in  currently 
existing  reactors.  In  PWR  reactors  there  are  two 
completely  independent  methods  of  shutting  down  the 
reactor.  The  first  method  is  the  insertion  of  safety  and 
control bars by means of gravitation. The second method is 
the dilution of  the neutron absorbing boric acid into the 


primary water.  For liquid metal cooled GEN IV reactors 
this second method cannot be used because there are no 
liquid absorbers that  can be diluted in  liquid metal,  and 
cleaning  the  liquid  metal  after  a  scram  would  be  very 
expensive.


The purpose of this paper is presenting an alternative 
for  the  dilution  of  a  neutron  absorber  into  the  primary 
coolant  that  can be used in a  reactor  cooled with liquid 
metal. 
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For  safety  reasons,  the  second  method,  also  called 
secondary scram system, has to be as diverse as possible 
with respect to the primary system in order to reduce the 
probability for common cause failure modes. This includes 
that the activation signal for the secondary scram system 
cannot be shared with the primary system. The secondary 
system needs thus to be self actuating, meaning that it does 
not require an external signal to activate. Since the primary 
scram system is already two or three times redundant, the 
common cause failure mode of an absence of the scram 
signal  is  already  dominant,  making  a  third  system  also 
dependent  on  this  scram  signal  would  not  increase  the 
reliability any further.


 
A  secondary  scram  system  has  to  comply  to  the 


following requirements [1]:
1.To have sufficient negative reactivity worth and be 
sufficiently fast acting to prevent damage to the core 
for postulated faulted conditions;
2.Not to be affected by the movement of the head and 
upper internals relative to the core;
3.To be of high reliability and availability;
4.To function under design base seismic conditions;
5.Not to interfere with any normal mode of operation;
6.To have minimal impact on the core neutronics and 
thermo hydraulic performance;
7.To  be  replaceable  using  normal  in-core  fuel 
handling equipment;
8.To be able to withstand the neutron flux and coolant 
temperature.
Under  normal  circumstances  the  primary  scram 


system will protect the reactor core. It is not desirable that 
when the primary scram system activates as expected, that 
the secondary scram system also activates. The secondary 
scram  system  must  therefore  be  acting  fast  enough  to 
protect  the  reactor  core,  but  slow  enough  to  give  the 
primary scram system time to work. 


II. STATE OF THE ART


In principle there are three different ways to stop the 
neutron chain reaction: removing fissionable material from 
the core,  increasing the neutron leakage of  the core and 
adding  a  neutron  absorber  into  the  core.  Removing 
fissionable  material  from  the  core  in  practice  means 
ejecting  a  fuel  element  out  of  the  active  core.  This  is 
mechanically difficult and not used in any power reactor. 
Increasing the neutron leakage can be done by reducing or 
removing the neutron reflector. This principle is applied in 
some thermal spectrum research reactors such as the Venus 
reactor[2] and some small fast reactor concepts[3]. In fast 
reactors however voiding the reflector results in very small 
negative  reactivity  changes  or  in  some  cases  even  in 
positive  reactivity  changes.   In  practice  the  only  viable 
option for use in heavy metal cooled reactors option[4] is 
to insert a neutron absorber into the core.  Several methods 
for doing this in a liquid metal cooled reactor have been 
considered before and are mentioned here. Only methods 


relevant for the concept presented in this paper are listed 
here.  Other  scram  systems  using  articulated  absorber 
rods[5]  poison  also exist.


II.A. Hydraulically Suspended  Absorber Balls


This concept was designed for use in sodium cooled 
reactors by Rockwell international[6]. It uses balls made of 
a  neutron  absorbing  material  that  are  hydraulically 
suspended.  The balls made of tantalum are held above the 
active  core  region  by  the  upward  flow  of  the  sodium 
coolant. In case of interruption of this flow, either by loss 
of coolant or loss of flow, this upward force disappears and 
the  balls  drop  into  the  active  core  region  inserting  a 
negative reactivity. This system has the advantage of being 
self actuating but can also be activated by a scram system: 
it has a valve that can shut down the flow in case of scram. 
The entire system is however quite complex and does also 
require a lot of space. 


II.B. Liquid Absorber with Melt Seal


This concept, called LIM Lithium Injection Module, 
uses a liquid neutron absorber in tubes. It was conceived 
for  use  in  the  RAPID[7] and  RAPIDL lithium  cooled 
reactor design concepts. These are self controlling reactor 
concepts  which  do  not  require  the  intervention  of  an 
operator.   An aluminum seal  keeps a liquid poison (Li6) 
above the active core region during normal operation. In 
case  of  overpower,  loss  of  coolant,  and  loss  of  flow 
incidents  the  seal  temperature  will  increase  and  at 
approximately 650 °C it will melt, thus releasing the Li6 


into the active core region. This system is also fully self-
actuating but it cannot be activated by a scram system. The 
disadvantage of this system is that  Li6 is not a very good 
neutron  absorber,  is  chemically  reactive  and  is  quite 
expensive.


II.C. ALMR Ultimate Shutdown System .


The  American  ALMR[8],  Advanced  Liquid  Metal 
Reactor, also has a complementary shutdown system. This 
system also uses absorber balls that are kept in a central 
channel above the core in normal operation by means of a 
seal. In case of scram the seal is ruptured by means of a 
mechanical  device.  With  the  seal  ruptured  the  balls  are 
then free to flow in the active core region. This system is 
not self actuating and has to receive a scram signal. 


III. THE PRESENTED CONCEPT


The  concept  that  is  presented  in  this  paper  aims  at 
combining  the  strong  points  of  the  currently  existing 
concepts.  The  presented  concept  is  shown  in  Fig.  1.  It 
consists  of  tubes  with  the  same  diameter  as  a  fuel  pin, 
placed in every fuel assembly in the central position. The 
tube is divided into two sections by means of aluminum 
seal similar to the melting seal in the LIM concept. In the 
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used for  modeling the motion of colliding objects.   The 
method is summarized in Fig 5


After the problem is initialized with the starting positions 
and velocities of the particles, the simulation loop can start. 
The first step in this loop is to determine which particles 
are in contact with each other and how deep they penetrate 
each other. The next step consists of calculating the contact 
forces for each particle starting from the given penetration 
of the other particles in this particle. The Kono-Kuwabara-
Hertz  [13] model is used to give a relation between the 
amount of penetration and the contact force.  The normal 
force  in  this  contact  model  as  a  function  of  the  normal 
penetration un [m] and the normal penetration velocity


u̇n [m/s] is given by:


 f n=k⋅r eff⋅unun−A⋅u̇n (1)


 r eff=
r 1⋅r2


r1r 2


(2)


where k is the contact stiffness [N/m5/2], A is the 
viscoelastic damping coefficient [1/s] and r1 and r2 are the 
radii of respectively particle 1 and 2 taking part in the 
collision. For the interaction between the wall and the 
particles the same Kono-Kuwabara-Hertz model is used. 
Tangential forces could be modeled analogously to normal 
forces however since bodies can slide against each other 
the model is extended with a friction law. The magnitude 
of the tangential force f t  is given by: 


 f t=−mink t⋅utA u̇t , f n (3)


Where ut is the tangential penetration, u̇t the 
tangential penetration velocity, k t the tangential 
stiffness, which has been assumed identical to the normal 
stiffness, also the viscoelastic damping coefficient A has 
been assumed identical. The friction factor  has in 
reality two values. One 'static' friction factor when the two 
bodies do not slide over each other and one 'dynamic' 
friction factor when the two bodies slide over each other. 
In general the dynamic friction factor is lower than the 
static friction factor.
The next step is to sum all forces working on a particle and 
combine  them  into  one  force  acting  on  the  center  of 
gravity and one moment. 
The final step is to integrate these forces to new positional 
and rotational velocities of the particles and integrate the 
positional  and  rotational  velocities  to  respectively  new 
positions and orientations using Newtons motion laws.
The  DEM  simulations  are  done  using  the  existing  but 
adapted “DEMeter” [14] software.
It is important that the simulation software can accurately 
simulate  blocking  flows.  This  might  seem like  a  trivial 
requirement, however most implementations of the DEM 
method  use  spherical  particles  as  elementary  particles. 
They have the advantage that they are very simple and can 
therefore  be  processed  very  quickly.  However,  because 
perfect spheres have no resistance to rolling and therefore 
can always “roll”  loose no matter  how high the friction 
factor is. 
The approach taken here is to use a combination of  two 
simple  spheres  as  elementary  particles  in  the  simulation 
with a small offset in their center point that form together a 
single  rigid  body  as  shown  exaggerated  in  Fig  6.  The 
advantage is that the computationally simple spheres can 
still be used while the rotational movement is prevented in 
a single direction. 


The original DEMeter software is further adapted to run on 
the  Graphical  Processing  Unit  GPU  to  speed  up  the 
calculations.  This  is  necessary  since  the  simulations 


Fig 5: DEM Algorithm


Fig  6:  Particles  used  in  the 
simulation.
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Abstract – After one-two years of normal operation in a LWR, the fuel–cladding gap may close, 
as a result of as a result of several phenomena and processes, including the different thermal 
expansion and swelling of both the fuel and the cladding (Pellet Cladding Interaction). In this 
equilibrium state, a significant increase of local power (like a transient power ramp, i.e. power 
increase in the order of 100kW/m-h), induces circumferential stresses in the cladding. In presence 
of corrosive fission products (i.e. iodine) and beyond specific stress threshold, material dependent, 
cracks typical of stress corrosion may appear and grow-up: this phenomenon is called stress 
corrosion cracking (SCC). The cracks of the cladding may spread out from the internal surface, 
causing the fuel failure. The objective of the activity (performed in the framework of the IAEA 
CRP FUMEX III), is to validate the TRANSURANUS models relevant in predicting the fuel 
failures due to PCI/SCC during power ramps. Focus is given on the main phenomena, which are 
involved or may influence the cladding failure behavior. The database selected is the Studsvik 
BWR Super-Ramp Project, which belongs to the “public domain database on nuclear fuel 
performance experiments for the purpose of code development and validation – International Fuel 
Performance Experiments (IFPE) database” by OECD/NEA. It comprises the data of sixteen 
BWR fuel rods, that have been modeled and simulated with suitable input decks. The burn-up 
values range between 28 and 37 MWd/kgU. Eight rods, of KWU standard type, are subjected to 
fast ramps, the remaining rods experience slow ramps and are of standard GE type. 
 


 
 


I. INTRODUCTION 
 
The present activity is focused on the behavior of the 


fuel component. The aim is to study the PCI/SCC 
phenomenon during power ramp in water nuclear reactor, 
i.e. BWR. The relevance of PCI in nuclear technology is 
connected with the prevention of fuel failures due to 
stress corrosion cracking (SCC), involving the lost of 
integrity of the first and second barriers (defense in depth 
concepts), during normal, off normal and accident 
conditions. 


The objective is the assessment of 
TRANSURANUS[1] [2] [3] code performance in predicting 
fuel and cladding behavior under pellet cladding 
interaction using one experimental database based on 
BWR rods at burn-up ranging from 28 to 37 MWd/kgU: 
the BWR Super-Ramp Project [4]. The datasets of the 
Super-Ramp Project, are part of the International Fuel 
Performance Experiments (IFPE) [5] [6]. 


 


II. BWR SUPER RAMP PROJECT 
 
The main technical objectives of the BWR Super-


Ramp were the following [4]: 
 “Establish through experiments the PCI 


failure threshold of standard design BWR 
test fuel rods on fast power ramping at burn-
up levels exceeding about 30MWd/kgU”; 


 “Establish safe reduced ramp rates for 
passing through the failure threshold using 
high burn-up rods”. 


The BWR-SR power ramped 16 individual test fuel 
rods of standard as well as modified designs. Kraftwerk 
Union AG/Combustion Engineering (KWU/CE), as fuel 
suppliers, delivered 8 rods that have been base irradiated 
in the Wurgassen nuclear power reactor, Germany up to 
an average burn-up of 32-37 MWd/kgU. The rods were 
all identical in design. They formed the group BK7. 


General Electric Company (GE), as a fuel supplier, 
delivered 8 rods following base irradiation in the 
Monticello reactor, USA (burn-up 28-37MWd/kgU). 
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These rods formed the two groups, BG8 and BG9. The 
main difference between BG8 and BG9 rods is the fuel-
cladding gap dimension. The power ramping of the 
experimental fuel rods (BK7, BG8 and BG9 groups), was 
performed in the R-2 Reactor at Studsvik [7] (Sweden), in 


the pressurized loop n°1 with forced circulation cooling 
simulating BWR conditions. Further details about 
ramping are available in TABLE I. 


 


 


TABLE I 


BWR Super-Ramp Project: ramping phase main data. 


Rod group Rod  
Label 


CL 1 
 


[kW/m] 


HT 2 at  
CL 
[h] 


RTL 31 
 


[kW/m] 


RR 4 1 
 


[Kw/mh] 


HT at  
RTL1  
[min] 


Exp 
 


F/NF 


RR2 
 


[kW/mh] 


RTL2 
 


[kW/m 


HT at  
RTL2 
 [min] 


Exp 
 


F/NF 


BK7 


BK7-1 25.5 24 37.5 540 154 F -- -- -- -- 
BK7-2 25.0 24 36.0 510 720 F -- -- -- -- 
BK7-3 25.0 24 32.5 540 720 NF -- -- -- -- 
BK7-4 18.0 24 30.0 540 720 NF -- -- -- -- 
BK7-8 18.0 24 33.0 540 160 F -- -- -- -- 
BK7-5 25.0 24 32.0 540 1440 NF 540 37.5 720 NF 
BK7-6 25.0 24 32.0 540 1440 NF 540 40.5 720 NF 
BK7-7 25.0 24 32.5 600 720 NF 540 40.5 390 F 


BG8 


BG8-1 21.5 1 34.0 0.264 -- F -- -- -- -- 
BG8-2 21.5 1 32.0 0.264 -- NF 0.198 38.0 720 NF 
BG8-3 21.5 1 41.5 0.198 -- NF 0.198 40.0$ -- F 
BG8-4 21.5 1 32.0 0.264 -- NF 0.198 38.0 720 NF 


BG9 


BG9-1 27.5 1 44.0 0.336 720 NF -- -- -- -- 
BG9-2 27.5 1 42.0 0.318 -- F -- -- -- -- 
BG9-3 21.5 1 41.8 0.330 -- F -- -- -- -- 
BG9-4 21.5 1 43.3 0.294 160 F -- -- -- -- 


$ Interrupted at 41.5 kW/m due to reactor scram, re-ramped from 38.5 kW/m failed at 40.0 kW/m. 
1 CL: Conditioning Level 
2 HT: Holding Time 


3 RTL: Ramp Terminal Level 
4 RR: Ramping Rate  


 
II.A. KWU Rods Ramping Details 


 
The ramp phase was performed as follow: 


 Conditioning with a rather slow increase of 
the LHR from an initial value to a selected 
value and holding at this level for 24 hours. 


 Ramping with a rapid increase of about 
100W/(cm-min) from the CL to a pre-
selected RTL. 


 Holding at this last terminal power level for 
12 hours (or until failure). 


The first three rods (BK7-1, BK7-2, BK7-3) were 
conditioned at 25 kW/m (Fig. 1 (a)), two other rods (BK7-
4, BK7-8) were conditioned at 18 kW/m. A different 
approach was applied to the remaining last three rods 
(BK7-5, BK7-6, BK7-7), a double step ramp was executed 
(Fig. 1 (b)): 


 Conditioning at 25 kW/m of power and 
holding 24 hours at this value. 


 Ramping to 32.5 kW/m with a RR of 
100W/(cm-min). 


 Holding at 32.5 kW/m 12 or 24 hours 
 Ramping again to a pre-selected RTL (at 


100W/(cm-min)). 
 Holding 12 hours or until failure 


II.B. GE Rods Ramping Details 
 


The ramp phase was performed as follow: 
 


 Conditioning at 27.5 or 21.5 kW/m and 
holding for 1 hour at the conditioning power. 


 Ramping with a selected RR (from 0.033 to 
0.056W/(cm-min)) to a RTL of 44 kW/m or 
until failure. 


 Holding at 44 kW/m for 12 hours or until 
failure (Fig. 2 (a)). 


 
Rods BG8-2 and BG8-4 were ramped with the 


following approach (taking the BG8-3 behavior as 
reference, Fig. 2 (b)): 


 
 Ramping at 32kW/m (instead of 44kW/m) at 


a selected RR. 
 Continuing the ramp with a lower RR (the 


same of rod BG8-3), until 44 kW/m or 38 
kW/m. 


 
 
 


2263







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11402 
 


   


0


5


10


15


20


25


30


35


40


45


50


35005 35015 35025 35035 35045 35055


CL: 18-25 
kW/m


RTL: [32.5-37] 
kW/m


ΔLHR: [7.5-12] 
kW/m


RR: [510-540] 
kW/m-h


HT at CL: 24 hrs


HT at RTL:12 
hrs


 or failure


Time


LHR


 
10


15


20


25


30


35


40


45


50


35005 35015 35025 35035 35045 35055 35065 35075 35085


CL: 25 
kW/m


∆LHR1: 7 kW/m


HT at CL: 24 
hrs


∆LHR2: [12.5-15.5] 
kW/m


Time 


LHR


RTL1: [32] 
kW/m


RR1: [540-600] 
kW/m-h


HT at RTL1:
 12 or 24 hrs 


RTL2: [37.5-40.5] 
kW/m


HT at RTL2:
12 or failure 


RR2: [540] 
kW/m-h


a) BK7-1, BK7-2, BK7-3, BK7-4 and BK7-8 ramping scheme. b) BK7-5, BK7-6, BK7-7 double step ramping scheme. 


Fig. 1. BWR S-R: KWU rods, very fast ramp schemes. 
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a) BK8-1, BK8-3, BG9 ramping scheme. b) BG8-2, BG8-4 ramping scheme. 
Fig. 2. BWR S-R: GE rods, very slow ramp schemes. 


 
 


III. MODELING 
 


The input deck has been prepared respecting the 
information available in the code manual [3]. The models 
selected are generally the ones standard for the transient to 
be simulated. Only the active part of the fuel is accounted 
for the simulation. The active part has been divided into 3 
or 5 axial slices, according to the experimental data 
available [5].  


For the reference calculations, the nominal geometrical 
values were assumed (when available). The main 
differences among the groups are listed in TABLE II. 


The boundary conditions implemented for the analysis 
are: 1) linear heat rate (LHR) at the axial position 
according to the ASCII files; 2) cladding temperature 
histories (same position of LHR); 3) fast neutron flux 
(same positions of LHR) and 4) pressure. Details on the 
input decks are reported in Ref. [8]. 


 
IV. VALIDATION OF TU CODE AGAINST BWR-


SR 
 


The present section provides a summary of the main 
results achieved from the reference simulation as well as 
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the sensitivity analyses (see Ref. [8] for more details). The code version is TRANSURANUS 2009 (v1m1j09).  
 


TABLE II 


BWR S-R: KWU and GE rods main features. 


Grou
p 


N° of 
rods Type 


Grain 
size 


[μm] 


Active 
length 
[mm] 


Gap 
width 
[μm] 


Avg 
LHR 


[kW/m] 


Nominal  
burn-up 


[MWd/kgU] 
BK7 8 Standard KWU 7.6 314 100 12-23 32-37 
BG8 4 Standard GE 18 753 67 11-13 27-33 
BG9 4 Standard GE 18 753 115 12 28-31 


 
 


 
IV.A. Reference Case: FGR Analysis  


 
More details about measurement techniques are 


available in Refs. [4] and [8]. The reference simulation 
shows a good agreement between measured and calculated 
values of FGR (Fig. 3 and TABLE III). The error is within 
+/-35%. In the figure is reported also the experimental 
accuracy (+/-8%).  


In TABLE III are summarized the achieved results and 
are outlined some parameters (they are not exhaustive), 
that affect the predictions as the maximum centerline 
temperatures both in base irradiation (BI) and ramp phases. 
The possible explanation for the underestimation of BG8 
group is related to their initial gap. These rods (only) 
experience gap closure during the BI, this causes  
enhancement of the gap conductivity and reduction of the 
fuel centerline temperature (that is responsible of gas 
diffusion and release from the grain boundaries). 
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Fig. 3. BWR S-R Exp. vs. TU v1m1j09 results: FGR analysis. 


TABLE III 


BWR S-R Exp. vs. TU v1m1j09 results: FGR analysis. 


Rod 
group 


Rod 
Label 


EXP 
FGR 
[%] 


TU 
Calc. 
FGR 


 
[%] 


Err. 
 
 
 


[%] 


Parameters that can affect TU predictions 


Accuracy +/-8  
[%] 


Initial 
gap [µm] 


Avg LHR in 
BI [kW/m] 


TU calc. Max 
centerline T 
in BI [°C] 


TU calc. Max 
centerline T 
in ramp [°C] 


BK7 


BK7-3 1.6 1.4 -9.7 100 18.2 1080 1300 
BK7-4 0.8 0.7 -15.2 100 16.9 1090 1200 
BK7-5 5.2 5.2 -0.5 100 20.2 1130 1530 
BK7-6 7.0 9.2 31.4 100 19.6 1110 1650 


BG8 BG8-2 2.4 1.6 -32.5 65 12.2 730 1560 
BG8-4 1.8 1.4 -24.7 65 11.3 650 1530 


BG9 BG9-1 3.6 4.1 13.9 115 10.9 740 1770 
 


 
IV.B. Reference Case: Grain Size Analysis 


 
The experimental data [4] are expressed as Mean 


Intercept Length (MIL), the grain size (G) is obtained from 
the following expression according to Ref. [9]: 


G = MIL*Fs*Fd (1) 


Where Fs is dependent from grain shape, it is equal to 
1.50 for sphere shape (our case). The constant Fd is 
usually equal to 1 when the grains are uniform in the size. 
No experimental data are available to calculate Fd. In 
order to check the degree to the grain uniformity, the initial 
grain size is compared with the measured MIL After Ramp 
(AR) at pellet periphery. The approach assumes that no 


2265







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11402 
 


   


major deviations have to be observed between initial grain 
size and grain size at pellet periphery AR. The 
acceptability band, based on conservative judgment, is 
fixed to 25%.  


The comparisons at the pellet periphery (Fig. 4 b, 
TABLE IV) highlight a general accordance between 
measured and calculated values. The errors are within 
15%, therefore, the previous hypothesis are fulfilled. 


The analysis of the results (Fig. 4 a, TABLE IV) 
reveals that the code generally underestimates the grain 


size at the centre of the pellet. The maximum error is 57% 
(rod BG9-1B). The restructuring effects predicted by TU 
code are clearly visible only for rods BK7-6, BG9-1-I and 
BG9-1-B, in all the other cases the grain size remains close 
to the initial value. The experimental measures reveal 
restructuring effects for rods BK7-3, BK7-6 and BG9-1-B. 
The indexes B, I and T indicate the axial position of 
measures: bottom, intermediate and top elevations 
respectively. 


 


TABLE IV 


BWR S-R Exp. vs. TU v1m1j09 results: summary of grain size analysis. 


Rod 
group 


Rod 
label 


EXP 
grain 
size 
PC 


[μm] 


TU 
Calc. 
grain 


size PC 
[μm] 


Err 
 
 
 


[%] 


EXP 
grain 


 size at 
PP 


[μm] 


TU Calc. 
grain 


size at PP 
[μm] 


Err. 
 


% 


TU calc. 
Max 


central 
T  


[°C] 


Max 
local 
ramp 
power 


[kW/m] 


Hold 
time 


 
[min] 


BK7 
BK7-3 14.0 7.7 -44.8 8.0 7.6 -4.4 1300 32.5 720 
BK7-8 11.9 7.7 -35.5 6.9 7.6 10.1 1300 32 160 
BK7-6 20.3 14.6 -27.7 9.0 7.6 -15.6 1650 40.5 1440+720 


BG8 


BG81I 22.5 18.0 -20.0 21.0 18 -14.3 1370 33..5 720 
BG81B 27.0 18 -33.3 19.5 18 -7.7 1350 33.5 720 
BG8-2 24.0 18.0 -25.0 21.0 18.0 -14.3 1560 38 720 
BG8-3 24.0 18.0 -25.0 21.0 18.0 -14.3 1635 39.5 0 


BG9 
BG91B 51.0 22.0 -57.0 19.5 22.0 0.0 1770 44 720 
BG91I 27.0 21.8 -19.3 18.0 18.0 0.0 1600 38- 720 
BG91T 19.5 18.0 -7.7 18.0 18.0 -7.7 600 4 720 
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a) Pellet centerline b) Pellet periphery 
Fig. 4. BWR S-R Exp. vs. TU v1m1j09 results, grain size analysis. 


 
IV.C. Reference Case: Clad Outer Corrosion Analysis 


 
The experimental results, described in Ref. [4], are 


largely different: the corrosion layer of GE rods ranges 
from 6 to up to 14 µm, while the corrosion layer of KWU 
(BK7) ranges from 6 to up to 100 µm. 


TU calculations (Error! Reference source not 
found.) show an under-estimation of the outer oxidation 
layer in the case of KWU rods (BK7). Contrary results are 
obtained in the case of GE rods (BG8 and BG9). The GE 
rods absolute values are larger then the predictions 
achieved for KWU rods. The reason for this difference is 
related to the base irradiation conditions reported in Error! 
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Reference source not found. that are representative for 
the two groups. The duration of the BI plays the most 
important role: BG and BK7 rods are irradiated at similar 
avg. temperature conditions but, due to a lesser average 
LHR of BG rods, the duration of the irradiation is larger in 
order to reach similar burn-up. This causes the higher 
prediction achieved for BG rods. 


TU simulations show that oxidation thickness is 
axially uniform. In TABLE V the results are summarized, 


some parameters that can influence the simulations are also 
given as the average coolant temperature and the average 
clad surface temperature. 


Must be mentioned that the water chemistry plays a 
role in the cladding corrosion. A possible explanation of 
the general difference between calculated and measured 
values may be connected with the different reactor in 
which the rods are base irradiated. 


 


TABLE V 


BWR S-R Exp. vs. TU v1m1j09 results: oxidation analysis. 


Rod 
group 


Rod 
label 


EXP 
clad oxi 


 
 


[μm] 


TU calc. 
clad oxi 


 
 


[μm] 


Parameters that can affect TU predictions 


Reactor 
 


Avg.  
burn-up  


 
[MWd/kgU] 


Avg. 
coolant T. 


in BI  
[°C] 


Avg. clad 
surface 
T. in BI 


[°C] 


BK7 
BK7-3 6-90 17 


Wurgassen 
34.8 290.8 292.8 


BK7-8 8-100 17 38.4 290.4 292.2 
BK7-6 8-100 17 35.4 291.3 293.4 


BG8 
BG8-1 6-12 25 


Monticello 


30.3 290.5 292.4 
BG8-2 10-14 25 32.7 290.8 292.8 
BG8-3 8 24 27.3 289.8 291.5 


BG9 BG9-1 7-8 26 28.4 290.1 291.8 
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Fig. 5. BWR S-R Exp. vs. TU v1m1j09 results: analysis of 


corrosion. 
Fig. 6. BWR S-R Exp., groups BK and BG; comparison of the 


time trends in peak axial position. 
 


IV.D. Reference Case: Failures Analysis 
 


In TABLE VI and TABLE VII the cladding failure by 
PCI/SCC is analyzed, some parameters, are also reported. 
TU predictions are compared with experimental results [4] 
in TABLE VIII. The reference calculation predicts 4/8 
KWU rods correctly, the errors are all of not conservative 
type. From the simulations, no one KWU rod experiences 


failure and PCI in BI. Three out of eight GE rods are 
correctly simulated; three errors are of not conservative 
type. 


BG8 group results conservatively predicted, it differs 
from the other groups in the initial gap size. Due to the 
lowest gap, the rods belonging to this group experience 
PCI during the base irradiation (TABLE VII). 
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The failure thresholds obtained with TU of each sub-
group are reported in TABLE VIII in terms of ramp 
terminal level for BK7 group only. These thresholds are 
also identified experimentally. Due to the purpose of the 
experiment, BG8 and BG9 failure thresholds are not 
analyzed. The analysis of the experimental data and of the 
code results brought to the observations reported hereafter. 


BK7, one step, conditioned at 25 kW/m: in the 
experiment, a failure threshold due to PCI/SCC mechanism 
was established in the power range of 32.5 and 36.0 
kW/m, and the delta power range of 7.5 to 11.0 kW/m. In 
the TU simulations (TABLE VIII), two different thresholds 
are evidenced: 48 kW/m for the rods held 720 min (BK7-2 
and BK7-3) and 68 kW/m for the rod BK7-1 that was 
ramped 154 min only (due to experimental failure). 


BK7, one step, conditioned at 18 kW/m: the ramp 
power change was in the range 12.0 to 15.0 kW/m and the 
power level for failure 33 kW/m. Thus, any influence of 
the conditioning level (comparison between 18 and 25 
kW/m) could not be ascertained from the experiment. In 
the TU simulations (TABLE VIII), an increase of SCC 
resistance up to 73 kW/m (BK7-8), was revealed with a 
holding time similar to rod BK7-1. 


BK7, two steps: performing the ramp in two steps with 
holding 12 or 24 hrs (after the first step), it was possible to 
exceed the level of 36 kW/m and 11 kW/m of delta power 
without experiencing failure. Thus, an influence of this 
conditioning was evidenced. In particular, comparing the 
non-failed rod BK7-6 (held 24 hours at 32 kW/m and 
ramped at 40 kW/m) with BK7-7 rod (same conditions of 
BK7-6 exception for the holding: 12 hrs only), can be 


 observed an increase in SCC resistance increasing the 
holding time between the first and the second steps. In the 
TU simulations (TABLE VIII), opposite results are 
obtained: the SCC resistance is reduced in comparison to 
one step ramping (44kW/m is the new threshold for the 
rods conditioned at 25 kW/m and held 720 min in the 
second step). In addition, the SCC resistance of rod BK7-7 
increases up to 48 kW/m. This may be connected with the 
increase of PCI duration compared to the one step ramp. 
This last conditions is essential to initiate the chemical 
crack creation model contained in the subroutine that treat 
failures  (REF). In order to check the influence of the 
holding time 720 minutes were applied to rods: BK7-1, 
BK7-7 and BK7-8, the results are reported in brackets in 
TABLE VIII. 


 
IV.E. Sensitivity Analysis 


 
The sensitivity analysis is a fundamental step for the 


assessment of the code capabilities. Different objectives 
shall be fulfilled such as to demonstrate the robustness of 
the calculation, to characterize the reasons for possible 
discrepancies between measured and calculated trends or 
values observed in the reference calculation, to optimize 
code results and user option choices, to improve the 
knowledge of the code by the user. Several sensitivity 
analyses were performed and documented in Ref. [8]. Here 
after are presented the results of main interest. 


 
 


TABLE VI 


BWR S-R Exp. vs. TU v1m1j09 results: F/ NF against ramp parameters. 


Rod 
group 


Rod  
label 


CL 1 
 


[kW/m] 


HT 2 
at CL 


[h] 


RTL 31 
 


[kW/m] 


RR 4 1 
 


[kW/mh] 


HT at  
RTL1  
[min] 


Exp 
 


F/NF 


RR2 
 


[kW/mh] 


RTL2 
 


[kW/m] 


HT at  
RTL2 
[min] 


Exp 
 


F/NF 


TU 
 


F/NF 


BK7 


BK7-1 25.5 24 37.5 540 154 F -- -- --  NF5 
BK7-2 25.0 24 36.0 510 720 F -- -- --  NF 
BK7-3 25.0 24 32.5 540 720 NF -- -- --  NF 
BK7-4 18.0 24 30.0 540 720 NF -- -- --  NF 
BK7-8 18.0 24 33.0 540 160 F -- -- --  NF 
BK7-5 25.0 24 32.0 540 1440 NF 540 37.5 720 NF NF 
BK7-6 25.0 24 32.0 540 1440 NF 540 40.5 720 NF NF 
BK7-7 25.0 24 32.5 600 720 NF 540 40.5 390 F NF 


BG8 


BG8-1 21.5 1 34.0 0.264 -- F -- -- --  F 
BG8-2 21.5 1 32.0 0.264 -- NF 0.198 38.0 720 NF F6 
BG8-3 21.5 1 41.5 0.198 -- NF 0.198 40.0 $ -- F F 
BG8-4 21.5 1 32.0 0.264 -- NF 0.198 38.0 720 NF F 


BG9 


BG9-1 27.5 1 44.0 0.336 720 NF -- -- --  NF 
BG9-2 27.5 1 42.0 0.318 -- F -- -- --  NF 
BG9-3 21.5 1 41.8 0.330 -- F -- -- --  NF 
BG9-4 21.5 1 43.3 0.294 160 F -- -- --  NF 


$ Interruped at 41.5 kW/m due to reactor scram, re-ramped from 38.5 Kw/m failed at 40.0 kW/m. 
1 CL: Conditioning Level 3 RTL: Ramp Terminal Level 5 Red colour indicates not conservative prediction 
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2 HT: Holding Time 4 RR: Ramping Rate 6  Blue colour inicates conservative prediction 


TABLE VII 


BWR S-R Exp. vs. TU v1m1j09 results: F/NF against BI parameters. 


Rod  
group 


Rod  
label 


Initial 
gap 


width 
[μm] 


Initial 
grain 
size 
[μm] 


Avg. 
LHR 


in BI-(1) 
[kW/m] 


Avg. 
neutron 


fast flux (2) 
[n/cm2s] 


Meas. 
burn-up 


 
[MWd/kgU] 


TU 
PCI 
in BI 
[hrs] 


Reactor 
 
 
 


Exp 
 
 


F/NF 


TU 
 
 


F/NF 


BK7 


BK7-1 100 7.6 19.9 6.4*1E13 37.7 0 


Wurgassen 


F NF5 
BK7-2 100 7.6 19.2 6.7*1E13 36.5 0 F NF 
BK7-3 100 7.6 18.2 6.8*1E13 34.8 0 NF NF 
BK7-4 100 7.6 16.9 6.4*1E13 31.8 0 NF NF 
BK7-8 100 7.6 17.2 6.5*1E13 32.6 0 F NF 
BK7-5 100 7.6 20.2 6.4*1E13 38.4 0 NF NF 
BK7-6 100 7.6 19.6 6.8*1E13 37.2 0 NF NF 
BK7-7 100 7.6 18.6 6.8*1E13 35.4 0 F NF 


BG8 


BG8-1 65 18.0 11.5 2.8*1E13 30.3 20000 


Monticello 


F F 
BG8-2 65 18.0 12.2 2.6*1E13 32.7 20000 NF F6 
BG8-3 65 18.0 10.6 2.5*1E13 27.3 20000 F F 
BG8-4 65 18.0 11.3 2.4*1E13 29.6 20000 NF F 


BG9 


BG9-1 115 18.0 10.9 2.5*1E13 28.4 0 NF NF 
BG9-2 115 18.0 11.6 2.4*1E13 31.1 0 F NF 
BG9-3 115 18.0 10.9 2.5*1E13 28.5 0 F NF 
BG9-4 115 18.0 11.6 2.4*1E13 30.9 0 F NF 


1 Calculated from ASCII flies 
2 Calculated from ASCII flies 


3 Red colour indicates not conservative prediction 
4  Blue colour inicates conservative prediction 


TABLE VIII 


BWR S-R Exp vs. TU v1m1j09 results: failure thresholds. 


Rod 
group 


Rod  
label 


CL 
 
 


[kW/m] 


HT 
at  


CL 
[h] 


RTL1 
 
 


[kW/m] 


HT at  
RTL1 
[min] 


RTL2 
 
 


[kW/m] 


HT at 
RTL2 


 
[min] 


Burn-up 
[MWd/kgU] 


Exp 
RTL 


threshold 
[kW/m] 


TU 
RTL 


threshold 
[kW/m] 


Notes 
 EXP TU 


calc. 


BK7 


BK7-1 25.5 24 37.5 154 -- -- 37.7 35.8 36.0 68.0 (55) Similar hold 
time, different 
CL BK7-8 18.0 24 33.0 160 -- -- 32.6 30.9 33.0 74.0 (56) 


BK7-2 25.0 24 36.0 720 -- -- 36.5 34.5 36.0 48.0 Similar hold 
time, different 
CL 


BK7-3 25.0 24 32.5 720 -- -- 34.8 32.8 36.0 48.0 
BK7-4 18.0 24 30.0 720 -- -- 31.8 30.3 33.0 50.0 
BK7-5 25.0 24 32.0 1440 37.5 720 38.4 36.3 >40.5 44.0 Double step 


ramps, different 
hold times  


BK7-6 25.0 24 32.0 1440 40.5 720 37.2 35.2 >40.5 44.0 
BK7-7 25.0 24 32.5 720 40.5 390 35.4 33.5 40.5 47.0 (47) 


 


Gap Dimension 


This sensitivity is based on the following 
consideration: BG8 group is the once that is conservatively 
predicted (4/4 failed rods in the simulation, 2/4 in the 
experiment). The main difference among the three groups 
is the gap initial dimension: BK7 and BG9 groups have 
large gap (100 and 110μm respectively), while BG8 has 
the smallest gap (65 µm). The gap impact is also confirmed 
by the post-processing analysis, in fact, BG8 group, is the 
once that experiences about 2000 hours of PCI in the 
reference simulation during the base irradiation. With the 
aim to reveal the influence of the as fabricated gap, the gap 
geometrical design of BG8 group is applied to BK7 and 
BG9 groups.  


The results are showed in TABLE IX. All the rods 
experience cladding failure. This analysis reveals a strong 


influence of the gap initial dimension in the failure 
criterion. The existence of gap ranges at fixed burn-up at 
which the code is conservative or non-conservative has to 
be investigated. 


Corrosion Models 


The objectives of the selected sensitivities are to verify 
which code models are able to improve the accuracy of the 
results, and to address the relevance of the outer oxidation 
layer on the prediction of the failures / not failures due to 
PCI/SCC. 


The “Reference” option to simulate waterside 
corrosion is ICORRO 3, a MATPRO model for BWR 
conditions [3] that considers thermal and mechanical 
effects. Three different sets of sensitivities are carried out 
assessing: 
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• BWR conditions, one MATPRO model 
investigated (ICORRO 1); 


• LWR conditions, five MATPRO models 
investigated (ICORRO 40, 41, 42, 43, 48) 


• LWR condition, four EPRI models investigated 
(ICORRO 21, 22, 23, 24). 


The analysis pointed out that the clad outer corrosion 
does not affect the prediction of failures. Nevertheless, 
among the models investigated, the MATPRO models for 
LWR conditions resulted of interest to improve the 
simulation of corrosion.  


ICORRO 40: MATPRO corrosion model for T ≤ 673 
K. Thinning of the cladding wall is not considered. 
ICORRO 41: MATPRO corrosion model for T ≤ 673 K. 
Thinning of the cladding wall is considered. 


ICORRO 42, 43, 48 apply the same MATPRO models 
previous mentioned in the temperature range [0,673K], 
they differentiate over 673 K.. 


The GE rods are predicted within the range of 
measurements (Fig. 7). Therefore, the simulations of these 
rods result enhanced with respect to the reference 
calculation. 
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Fig. 7. BWR S-R Exp. versus TU v1m1j09 results: 


sensitivity analysis addressing the influence of the LWR 
MATPRO cladding outer corrosion models. 


 


TABLE IX 


BWR S-R Exp. vs. TUv1m1j09: sensitivity analysis addressed to the gap dimension. 
Rod  


group 
Rod 
label 


Initial design gap 
[μm] 


Exp 
F/NF 


TU Ref 
F/NF 


TU Gap of BG8 
F/NF 


BK7 


BK7-1 


100 


F NF F 
BK7-2 F NF F 
BK7-3 NF NF F 
BK7-4 NF NF F 
BK7-8 F NF F 
BK7-5 NF NF F 
BK7-6 NF NF F 
BK7-7 F NF F 


BG8 


BG8-1 


65 


F F F 
BG8-2 NF F F 
BG8-3 F F F 
BG8-4 NF F F 


BG9 


BG9-1 


110 


NF NF F 
BG9-2 F NF F 
BG9-3 F NF F 
BG9-4 F NF F 


 
V. CONCLUSIONS 


 
The capability of TRANSURANUS (version 


“v1m1j09) code in predicting the phenomenon of the pellet 
cladding interaction is assessed against BWR Super-Ramp 
Project. The experiment addresses the behavior of 16 
BWR fuel rods (Zr-2 cladding), including preceding base 
irradiation, during the over-power ramping. The burn-up 
values range between 28 and 37 MWd/kgU.  


The prediction of the failures of KWU rods is correct 
for 4 out of 8 rods in the “Reference” simulation. The 
analysis of the results demonstrates that the code resulted 
non-conservative, under predicting the fuel failures. On the 
contrary, the 8 GE rods reveal two different trends: 4 BG8 


rods are conservatively predicted (4/4 failures in the 
simulation, 2/4 in the experiment), while, 4 BG9 rods are 
non conservatively predicted (0/4 failures in the 
simulation, 3/4 in the experiment). The main difference 
between BG8 group and BG9 group is the initial gap 
dimension (BG8 has the lowest gap). 


The initial gap influences the behavior of the following 
models, which are relevant to PCI: the gap conductance 
model, the relocation model and indirectly, by means of the 
temperature the fuel swelling model. On the basis of the 
code results, a direct connection between the gap width 
(analyzed ranges from 65 to 110 µm), and type of failure 
prediction (conservative or not) is detected. This should be 
connected with the failure threshold implemented in TU, 
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which might be calibrated/validated for specific ranges of 
the gap and cladding materials. Further investigations are 
necessary to confirm this hypothesis and identify the 
ranges. 
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NOMENCLATURE 
AR After Ramp 
BI Base Irradiation 
BWR Boiling Water Reactor 
CE Combustion Energy 
CL Conditioning Level 
Exp Experiment 
F/NF Failure / Non Failure 
FGR Fission Gas Release 
FP Fission Product 
FUMEX FUel Modeling at Extended Burn-up 
GE General Electric company 
GRNSP Gruppo di Ricerca Nucleare San Piero a Grado 
HT Holding Time 
IAEA International Atomic Energy Agency 
IFPE International Fuel Performance Experiment 
ITU Institute for TransUranium Elements 
KWU KraftWerk Union 
LHR Linear Heat Rate 
LWR Light Water Reactor 
MIL Mean Intercept Length 
NEA Nuclear Energy Agency 
NSC Nuclear Science Committee 
OECD Org. for Econom. Co-operation and Develop. 
Oxi Oxidation layer thickness 
PC Pellet Centre 
PCI Pellet Cladding Interaction 
PTI Prior To Irradiation 
PTR Prior To Ramping 
PP Pellet Periphery 
RR Ramp Rate 
RTL Ramp Terminal Level 
SCC Stress Corrosion Cracking 
S-R Super-Ramp 
T Temperature 
TU TransUranus code 
UNIPI UNIversity of PIsa 
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Abstract – This paper introduces some advanced design features and the relevant thermal-
hydraulic tests, which are mainly being performed at KAERI, for the APR+ (Advanced Power 
Reactor plus) development. The major goal of the APR+ program consists of not only developing 
its standard design as a Gen-III+ PWR reactor but also accomplishing the advancement of 
nuclear power plant operation technologies. The main R&D issues for the APR+ are related 
directly to the efforts to introduce new safety concepts, such as the advanced safety injection 
system, and passive systems for both the safety injection and feedwater delivery for emergencies.  


 
 


I. INTRODUCTION 
 
The major goal of the APR+ development program 


consists of developing its standard design as a Gen-III+ 
PWR reactor, both through further technology 
developments based upon the technologies obtained and 
already proven during the APR1400 development (Song et 
al., 2007), and by accomplishing the advancement of 
nuclear power plant (NPP) operation technologies. 


The R&D issues for the APR+ reactor development are 
related directly to our recent efforts to introduce new 
safety concepts, such as the advanced safety injection 
system (SIS) and passive system for safety injection and 
feedwater delivery for emergencies. The R&D activities 
reported here mainly cover the thermal-hydraulic areas and 
are being performed in experimental and/or analytical 
ways. They include: (1) advancement and optimization of 
SIS, and (2) incorporation of passive safety features, such 
as advanced Fluidic Device (FD+) and passive type of 
auxiliary feedwater system.  


This paper briefly introduces some advanced design 
features and the relevant thermal-hydraulic tests, which are 
mainly being performed at KAERI, for the APR+ 
(Advanced Power Reactor plus) development and licensing. 
The new technologies developed will be applied not only 
to the developments of the APR+ as a Gen-III+ reactor, but 
also to the design improvements of existing reactors, such 


as APR1400, for enhancing the nuclear safety and 
improving economic competitiveness. 


 
II. APR+ SYSTEM OVERVIEW 


 
The APR+ is a Gen-III+ PWR reactor, and the standard 


design is currently being developed in the Republic of 
Korea. This reactor adopts new design features that are 
believed to contribute to enhancements in nuclear safety as 
well as improvements in economic competitiveness.  


The APR+ program is being supported by MKE 
(Ministry of Knowledge Economy) since Mid. 2007, while 
KHNP leads this program with the participation of several 
nuclear industries in Korea. The KAERI is involved in this 
program as a major contributor and mainly in charge of 
developing new safety concepts and their performance 
verification through testing and analysis.  


The final goal of the program is to get licensing 
approval of the APR+ standard design with the 
performance goal of power larger than 1500 MWe, CDF 
less than 1.0x10-6/RY, and much shortened construction 
period, with the requirements of securing core 
technologies to improve the competitiveness by the 
enhancements of nuclear safety and also by improving 
economic competitiveness (Song et al., 2009). 


Among the technologies being developed, our 
research efforts are mainly associated with advanced safety 
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systems. These advanced safety systems include: (1) the 
development of an advanced DVI system (DVI+) to 
minimize direct ECC bypass, (2) the development of a new 
fluidic device  system (FD+), which is an advanced passive 
flow controller to extend the duration of low flow 
discharge after a flow turndown, and (3) the development 
of a Passive Auxiliary Feedwater System (PAFS), which 
can completely replace the currently prevailing active 
AFS(Auxiliary Feedwater System), and (4) the 
incorporation of severe accident mitigation features.  


 


 
Fig. 1 Improvements of the safety injection 


system for APR+ (Song et al., 2010) 
 
The key technologies that are being developed are 


based both on the technologies obtained and already 
proven during the APR1400 development and also on the 
advancement of NPP operation technologies. The hybrid 
concepts with a combination of both active and passive 
concepts, and the independent actuation of safety functions 
are being considered for the safety enhancements.  


And also the improvements of economic 
competitiveness will be pursued by reducing the 
construction period and cost through modularization as 
well as the O&M costs. Figure 1 shows a gradually 
improved performance of the SIS in achieving both the 
safety enhancements and economic competitiveness by 
adopting a hybrid concept of the SIS and also through their 
continued design improvements. 


 
III. ECC BYPASS MITIGATOR 


 
Both the APR1400 and APR+ adopt the two stages of 


SIS, which consists of the high-pressure safety injection 
(HPSI) and safety injection tank (SIT) by excluding the 
LPSI owing to adopting the fluidic device (FD). This 
design feature is believed to contributing the economic 
competitiveness by simplifying the relevant system even 
while securing the same level of safety performance. The 
effective use of ECC water for emergency is crucial to not 
only to securing the nuclear safety but also to economics, 
and this is dependent upon the design of the ECC system. 
(Chu et al., 2008)  


An ECC direct bypass during the late reflood phase of 
a LBLOCA is strongly dependent on the break location, a 
downcomer cross flow from intact cold legs, and the 
geometrical configuration of DVI nozzles and their 
location in the downcomer (Kwon et al., 2003; Glaeser, 
1992 & 1993).  


 


Fig. 2  Concept of the ECC penetration duct for 
APR+ (T.S. Kwon et al., 2009a & 2009b) 


 
The design parameters in the DVI system of major 


consideration for minimizing a direct ECC bypass is the 
azimuthal angle of the DVI nozzle from each cold leg 
(Kwon et al., 2003). The relative azimuthal injection angle 
of a DVI nozzle is defined as the angle between broken 
cold leg to hot leg. A high relative azimuthal, in general, 
gives a low ECC bypass fraction (Kwon et al., 2003 & 
2004). To minimize the direct ECC bypass flowing 
throughout a broken cold leg, an ECC flow channel called 
the ECC extension duct to prevent a steam-water 
interaction is considered as a design feature of an advanced 
DVI system. 


 
III.A. DVI+ Duct Shape 
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The ECC extension duct is designed for the HPSI 
discharge phase of a LOCA. Therefore, the flow area of 
ECC water throughout the ECC extension duct would be 
considered only for the case of HPSI operation stage. The 
exit of the ECC extension duct, as shown in Fig. 3, is 
located just above the top of active core to avoid a core 
barrel heating by a neutron flux. The DVI nozzle is not 
connected mechanically to the ECC extension duct by a 
pipe. The ECC water is injected into the intact hole of the 
ECC extension duct from the DVI nozzle by a hydraulic 
flow momentum. The duct should not cause any 
interference when the reactor vessel is assembled with a 
core barrel or a withdrawal hole for a neutron monitoring 
capsule.  


 


45


 


Fig. 3 Shape of a ECC duct 
 
As shown in Fig. 3, the side face of a ECC extension 


duct inclined in a transverse direction at an angle of 45° to 
minimize the flow resistance and flow vortex of the cross 
flow during normal operation of NPP.  
 


III.B. Performance Testing and Analysis 
 


An air-water visualization test using the 1/5-scale 
reactor downcomer model of the APR1400 which is a 2-
loop type of PWR has been performed under atmospheric 
temperature and pressure conditions for preliminarily 
evaluating the ECC bypass performance.  
 


Table 1.  A Summary of test and calculation conditions 
Description Condition 


Cold leg fluid Air  (CL 1~3) 
Cole leg temperature 15oC 
Cold leg Velocity 10, 15, 18, 20 m/sec 


DVI Conditions Water Temp 15oC 
Injection DVI-1,-3, and -4


Nozzle 
Velocity 0.72 m/sec 
Single 
failure 
assumption 


DVI-2 : no 
injection 


 
The test section to simulate the reactor vessel consists 


of 4 cold legs, 2 hot leg blunt bodies, and 4 DVI nozzles. 
The DVI injection and cold leg flow conditions are 
summarized in Table 1. The tests are performed for the 
ECCS conditions simulating both the single failure and the 
4-EDG maintenance cases as shown in Fig. 4. 


 


Fig. 4 Single failure and maintenance for 4 EDGs 
 


Figure 5 represents the performance of the ECC 
extension duct to reduce the ECC direct bypass. The 
bypass fraction for the case of an ECC extension duct, 
which plays a role of an ECC penetration channel, is much 
lower than that of a conventional type of DVI injection.  


 


Fig. 5 Effect of ECC penetration duct on the ECC 
bypass fraction  
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The direct bypass fraction in the case of an ECC 
extension duct is about 2.3~2.6 %, while a conventional 
type shows 48% of direct ECC bypass for the 4-EDG 
working condition. The 3 DVI injection nozzles were 
considered for the 4-EDG system with the assumption of 
single failure as shown in Fig. 4. 


 


(a) without Duct                 (b) with Duct 
 


Fig. 6 Flow patterns in the downcomer annulus 
for the DVI-4 injection case: air velocity of 15 


m/s at a cold leg 
 


A CFD analysis for a 1/5-scale downcomer model has 
been also performed using the CFX analysis adopting an 
air-water two-fluid model. The same DVI and cold leg 
flow conditions as the test conditions were applied as 
summarized in Table 1. An inlet turbulence intensity of 5% 
is applied at the CL inlet. The length scale of a droplet is 
assumed to be 4 mm for the air-water interaction. A 
uniform velocity distribution is applied at the inlets for 
both the cold leg nozzles and the DVI nozzles. The applied 
turbulence intensity at the cold leg inlet is 5%.   


In Fig. 6 the ECC flow patterns near the DVI-4 are 
compared for the DVI-4 injection case with the air velocity 
of 15 m/s in a cold leg. The ECC spreading pattern is very 
much different from each other, which indicates the 
effectiveness of a extension duct in view of ECC bypass. 
The ECC water flows well down to the lower downcomer 
through the ECC extension duct. The ECC extension duct 
prevents a high air-water interaction near the broken cold 
leg.  


 
IV. PASSIVE AUXILIARY FEEDWAER SYSTEM 


(PAFS) 
 


IV.A. PAFS Design Concept 
 


The PAFS (Passive Auxiliary Feedwater System) has 
been adopted in the APR+ by completely replacing the 
existing active AFS. The PAFS cools down the secondary 
system by condensing the steam in nearly-horizontal U-
tube heat exchangers submerged inside the passive 


condensation cooling tank (PCCT), as schematically 
shown in Fig. 7. 


It can contribute to enhancing the operational 
reliability and reducing any possible operator errors, which 
have been known as fundamental weak points of active 
concept from the viewpoint of safety analysis including 
probability safety assessment. The adoption of the PAFS is 
expected to contribute to reducing the construction cost by 
~ 50%, improving nuclear safety with the CDF (Core 
Damage Frequency) reduction by ~25%, eliminating 
human error by simplified new design features, securing 
easy operation and maintenance, which naturally lead to 
increased competitiveness in terms of both safety and 
economics.  


 


 
Fig. 7  Concept of the passive auxiliary feedwater 


system (PAFS) for APR+ 
 
The PAFS should be operated to cool down the RCS 


to the SCS entry point within 8 hours even in the case of 
SBO (station blackout) without any operator intervention 
and also the PCCT should have as much cooling water as 
the RCS maintains the hot standby condition for 8 hours.  


The pool water in PCCT is maintained at atmospheric 
pressure, so that the boiling heat transfer at the outside 
wall of heat exchanger tubes occurs and also the natural 
convection occur in the PCCT pool. The PCCT and the 
submerged heat exchangers are located higher than SG, so 
that the condensate can be drained easily to the feedwater 
lines without any active measures to form a natural 
circulation mode.  


The condensing heat exchanger is designed to prevent 
water hammer, flow instability and to assure the thermal 
equilibrium quality of ~ 0.0 at the exit. The heat exchanger 
consists of 4 tube bundles per SG with 60 tubes in each 
bundle, as shown in Fig. 8. Each tube has the inclination 
angle of 3 degree. The tube of about 8.1m in length and 
50.8 mm in outer diameter was currently selected as the 
heat exchanger element.  
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The experimental program is also in progress, which 
include the separate effect test (SET) for developing the 
design concept of the heat exchanger and the integral 
effect test (IET) for confirming its behavior coupled 
together with the other systems using the ATLAS facility 
(Baek et al., 2005).  


 


 
Fig. 8  Design of a U-tube bundle for the PAFS 
 


IV.B. PAFS Performance Verification 
 
The important thermal-hydraulic phenomena to be 


investigated for the PAFS design include the steam 
condensation inside nearly horizontal U-tubes and the 
gradual developments of two-phase flow structures inside 
a tube, boil-off outside the heat exchanger tubes, and the 
natural convection in a pool.  


For the preliminary analysis of the PAFS design 
performance, the heat removal capacity of the submerged 
heat exchanger in PCCT is being analyzed by using the 
MARS code. (Bae et al., 2010a) The analysis results are 
being used as a benchmark problem for the PAFS heat 
exchanger design. These have also been used for 
investigating two-phase flow phenomena in condensation 
heat exchanger and the amount of heat transfer.  


In order to experimentally investigate the 
condensation phenomena and natural convection in PAFS, 
a separate effect test loop with a single horizontal U-tube 
and PCCT is under construction at KAERI, which is 
named as PASCAL (PAFS Condensing heat removal 
Assessment Loop), as shown in Fig. 9. (Yun et al., 2010)  


The major objective of the facility is to experimentally 
investigate the two-phase flow phenomena in horizontal U-
tube and PCCT. The effect of non-condensable gas and the 
start-up transient of PAFS are also investigated. Those 
experimental results will be used for the design of the heat 
exchanger in PCCT and also for more elaborate validation 
of computational analysis code for T-H system behavior in 
PAFS-related system.  


 


 
 
Fig. 9 Schematic diagram of PASCAL facility 


 
In the experiments, the following parameters are 


measured: local and overall heat transfer coefficients, fluid 
temperature inside the tube, wall temperature of the tube, 
flow regime identification (using needle conductance 
probes), and pool temperature distribution. The scaling 
effect of PASCAL facility was evaluated by the MARS 
code analysis for LOCV (Loss of Condenser Vacuum) 
accident scenario as shown in Figs. 10 and 11. (Bae et al., 
2010b) The transient behavior of the pressure decrease and 
natural convection flow shows a good agreement between 
the PASCAL facility and the prototype. 
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Fig. 10 Steam generator pressure in LOCV 
 


Since 2005, KAERI has been operating the ATLAS 
facility, which is a thermal-hydraulic integral test loop to 
simulate advanced PWRs, including APR+. In order to 
validate the overall performance of the PAFS, a set of IET 
is scheduled to perform when the SET with a single tube 
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will be finished. In the IET test, either two or one SG of 
the ATLAS will be connected to the PAFS simulator by 
applying the scaling law to the ATLAS.  
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Fig. 11 Flow rate of PAFS in LOCV 
 
The IETs aim at confirming the residual heat removal 


performance at a maximum heat load condition, 
demonstrating that the maximum primary cool down rate is 
within the allowable safety limit, identifying system 
integrity and secondary inventory behavior during the 
start-up period, and developing operational procedures 
required for NCC operation. The effects of non-
condensable gas on the performance of the PAFS will also 
be investigated in the IET as well. 


 
V. SUMMARY 


 
In this paper, the current status and near-future plans 


on the development of some advanced design features and 
the relevant thermal-hydraulic R&D for the APR+ 
(Advanced Power Reactor plus) development are reported. 
The main R&D issues for the APR+ reactor are directly 
related to our recent efforts to introduce new safety 
concepts, such as the advanced safety injection system, and 
passive system for safety injection and feedwater delivery 
for emergencies.  


The interim goal of the R&D is to secure the core 
technologies to further improve the competitiveness in 
view of nuclear safety and economics. The new safety 
concepts developed will be fully verified in terms of their 
performance and contribution to the safety enhancements 
through experiments and the associated analysis. Finally 
the advancement of nuclear power plant operation 
technologies will also be implemented to the APR+ system 
design and the whole system behavior will be thoroughly 
evaluated by using the advanced safety analysis tools (e.g., 
SPACE) having better prediction capabilities. 


The core technologies developed will be applied not 
only to the developments of the APR+, as a Gen-III+ 
reactor, but also to the design improvements of the existing 
reactors. 
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NOMENCLATURE 
 


AFS : Auxiliary Feedwater System (active or passive) 
ATLAS  : Advanced T-H Test Loop for Accident Simulation  
CDF : Core Damage Frequency 
DVI : Direct Vessel Injection 
ECC  : Emergency Core Cooling 
FD : Fluidic Device 
IET : Integral Effect Test  
LBLOCA: Large Break Loss-Of-Coolant Accident 
KAERI : Korea Atomic Energy Research Institute 
KHNP : Korea Hydro & Nuclear Co. 
MARS : Safety Analysis Code, Developed by KAERI 
MKE : Ministry of Knowledge and Economy 
NCC : Natural Circulation Cooldown 
NPP : Nuclear Power Plant 
O&M : Operation & Maintenance 
PAFS : Passive AFS 
PCCT : Passive Condensation Cooling Tank 
PWR : Pressurized Water Reactor 
RCS : Reactor Coolant System  
RV : Reactor Vessel 
R&D : Research & Development 
SBO : Station Black-Out 
SCS : Shutdown Cooling System 
SET : Separate Effect Test 
SG : Steam Generator 
SIT : Safety Injection Tank  
T-H : Thermal-Hydraulics  
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Abstract – After the Phenix sodium cooled  fast reactor final shutdown and before decommissioning, a final set of tests were 
performed covering core physics, fuel behavior and thermal-hydraulics areas. Detailed analysis of the tests results is 
ongoing. It will allow the extension of code validation, typically ERANOS and DARWIN codes for core physics, TRIO_U and 
CATHARE for thermal-hydraulics and GERMINAL for fuel behavior. 


In addition, the program included two tests related to the comprehension of the four negative reactivity transients (AURN in 
French acronym) experienced during the reactor operation in ‘89 and ’90. 


The standard instrumentation of the reactor was completed by specifically designed devises. 


The PHENIX final tests program was performed successfully within the planned time schedule and provided a significant 
amount of data for the development of sodium fast reactors.  


 
 
 


I. INTRODUCTION 
 


The 250 MWe (140 MWe since 2003) PHENIX sodium 
cooled fast reactor was shut down on March 6th, 2009. 
Before decommissioning, a final set of tests were 
performed during the May-December 2009 period 
covering core physics, fuel behavior and thermal-
hydraulics areas. The analysis of the tests is being used for 
the extension of code validation in those areas, typically 
ERANOS and DARWIN codes for core physics, TRIO_U 
and CATHARE for thermal-hydraulics and GERMINAL for 
fuel behavior. 


In addition, the program included two tests related to the 
comprehension of the four negative reactivity transients 
(AURN in French acronym) experienced during the reactor 
operation in ‘89 and ’90 and not yet fully explained. 


The standard instrumentation of the reactor was completed 
by specifically designed devises. 


This paper summarizes the objectives and the detailed 
scenario for each test and the specific instrumentation and 
devices developed to perform it. 
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II. TESTS PERFORMED 
 


Ten different tests of four types were performed 
 


TABLE I 


Tests performed 


Thermal-hydraulic 
1. Asymmetrical transient 
2. Natural convection 
Core physics 
3. Decay heat 
4. Control rod offsetting 
5. Subassembly reactivity worth 
6. Control rod worth 
7. Sodium void 
Fuel 
8. Partial fuel melting 


Negative reactivity transient investigations 
9. Carrier/Blankets interactions 
10.Core flowering 
 


II.A. Thermal hydraulics 
 


Two tests were performed in the thermal-hydraulics area: 
asymmetrical regimes and natural convection. Two specific 
instrumented devices equipped with several tenths of 
thermocouples were added to the reactor for these two 
thermal-hydraulic tests, one in the hot plenum and the other 
one in the cold plenum to measure the axial sodium 
temperature profile.(Fig. 1 and 2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 1. Specific thermal-hydraulics instrumentation. 
 
 
For the first test, the trip of one the two secondary pumps 
produced azimuthal and axial dissymetries in the cold 
plenum. The lack of cooling created a hot shock in the cold 


plenum of the primary vessel at the outlet of the two 
intermediate heat exchangers connected to the 
corresponding secondary circuit. The axial temperature 
distributions were recorded showing the buoyancy 
influence on the flow pattern. 
The azimuthal distribution was also recorded by the 
standard reactor instrumentation giving a large data base 
for the qualification of thermal hydraulic codes. 
For the natural convection test, the primary pumps were 
tripped from a 30% nominal power regime. Decay heat was 
first removed by thermal losses on secondary piping and 
then by the air natural circulation in the steam generators 
casing. In the final phase of the test, one secondary pump 
was also tripped, the other one remaining in operation for 
safety reasons. Specific sensors were added on the steam 
generators casing to measure air temperatures and 
velocities at different positions. 


 
 


Fig. 2. Cold plenum temperature measurement device 
 


II.B. Core physics 
 


In the core physics area, five tests were performed: 


Measurement of individual subassembly reactivity worth: 
By placing successively in the core central position fresh 
and used fuel and fresh and used blankets, the effect of 
burn-up on the reactivity was measured by reaching the 
control rod critical position for each case. The separate 
effect of fissile and fission products inventories in each 
case were discriminated by measuring similar fresh fuel 
subassemblies having different plutonium contents. One 
additional measurement was done by placing a sodium 
filled subassembly. 
Six different configurations were studied: 


- 1 high burn up standard fuel sub-assembly, 
- 1 fresh standard fuel sub-assembly, 
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- 1 experimental fuel sub-assembly (with reduced 
Pu mass), 


- 1 sub-assembly without fissile material (only 
sodium and steel), 


- 1 fresh blanket sub-assembly, 
- 1 high burn up blanket sub-assembly. 


 


Decay heat measurements: The measurements were 
performed for a wide range of time from one hour to twelve 
days after the scram by doing thermal balances with the 
reactor on isothermal conditions. The system behaviour is 
represented by Eq (1). 
  
I dΘ/dt = D + P – L, (1) 


 
I: Thermal inertia of the whole system, 
Θ: Mean sodium temperature, 
D: Decay heat, 
P: Supplied power by other sources (pumps,…), 
L: Thermal losses. 
 
By measuring the sodium mean temperature as a function 
of time, the core decay heat was calculated with this 
equation. 
 
Control rod offsetting: Several control rod position 
configurations were explored to create distorted radial 
power distributions at nominal power. Individual 
subassemblies powers on these configurations were 
deduced from the S/A outlet temperatures measurements. 
The aim of the "Operating with offset rods" test was to 
study the influence of control rod position on the spatial 
distribution of power within the core. During the test the 
control rods were progressively offset in relation to each 
other while maintaining constant the total power. 
Four control rod configurations were studied: 


1. Six control rods on bank, within ±2mm, 
2. Five rods on bank and one rod offset to –267 mm 


in relation to the bank, 
3. Four rods on bank, one rod offset to –229 mm and 


another to  +279 mm, 
4. Five rods on bank and one rod offset to +325 mm 


in relation to the bank. 
The deformations of fissile sub-assembly heat maps 


were measured and the largest offsets were in the order of 
10% (Fig. 3). 


 
 
 
 
 
 
 
 
 


 
 


 
 
 
 
 
 
 
 
 
 


 
 


Fig. 3. S/A temperature variations measured during the 
maximum offset configuration. 


 
Several control rod worth measurement methods were 
implemented in order to improve the knowledge of control 
rod worth in the upper part of the core: 


- static methods when the reactor is subcritical, 
- rod balancing when the reactor is critical, 
- rod drop measurements (partial rod drop) 


 
The assessment of the reactivity effect produced by a gas 
bubble into the core is a key issue in the safety studies of 
future sodium cooled fast neutron reactors. The final tests 
of the Phénix reactor represented a unique opportunity to 
experimentally check and to validate calculations made by 
the neutronic codes for such safety studies. The principle of 
the test was to simulate the displacement of a gas bubble in 
the core by replacing the B4C absorber contained in a 
control rod by a helium-filled tank 
Several measurement methods were used to determine the 
reactivity effect of this helium tank, the reactor being 
critical: 


- Measurements by balancing the helium rod against 
the control rod  


- Dynamic parameter measurements, monitoring the 
change in reactivity according to the continuous 
displacement of the helium “rod” 


- Measurements by helium “rod” drop. 
 


II.C. Fuel 
 
In the fuel behaviour area, a  “power to melt test” was 
done using three specially designed capsules containing 
MOX fuel pins (Fig. 4), at different burn-ups (0, 4 and 
8at/%) and with different geometries on a six minutes 
duration power transient from 86 % to 106 % nominal 
power. 
Subsequent post irradiation examinations are needed to 
obtain the whole results. 
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A fuel melted fraction of approx 10% in mass is expected 
locally at the maximum neutron flux axial level for some 
pins. 


 
 


Fig. 4. Rig for partial fusion of the fuel. 
 
These results will be used to complete the validation 
database of the fuel thermo-mechanical behavior code 
GERMINAL. 


 
II.D. Negative reactivity transient (AURN) 


investigations tests. 
 
The analysis of the AURN transients performed in the 
early 90’s had concluded that the most likely mechanism 
for a fast decrease of the core reactivity was a radial core 
deformation named core “flowering”. The investigated 
scenario producing such flowering is based on the 
neutronic and thermalhydraulic interaction between a 
moderated experimental carrier (“DAC” subassembly) and 
the surrounding blanket subassemblies is considered like 
most plausible (Fig. 5). 
 


Assemblage Fertile DAC


Sodium 
interassemblage


Hydrure de 
Calcium


Aiguilles de 
Cobalt


Sodium 


Assemblage Fertile DAC


Sodium 
interassemblage


Hydrure de 
Calcium


Aiguilles de 
Cobalt


Sodium 


 
 
Figure 5 – "Blanket - DAC" configuration 
 
The conjunction of the increased power in the blankets due 
to neutron moderation and the low sodium flow in the 
“DAC” was supposed to lead to sodium boiling. The 
collapse of sodium vapor bubbles inducing the core 
flowering and the correspondent negative reactivity. 
The scenario was explored by reproducing a similar 
configuration at 2/3 power over flow conditions. 


Special measurements of the sodium flowrate inside the 
experimental DAC S/A were carried out with an Eddy 
current Flowmeter (Fig. 6).  
 


 
 
Figure 6 -  Thermal-hydraulic measuring pole on the 
DAC 
 
During this test, thermal balances of both S/A were made at 
different sodium flowrate regimes. With the help of 
detailed neutronic and thermal hydraulic models, the right 
effects of moderation on the blanket power and the thermal 
exchanges between S/A will be determined. 
 
The core flowering test was carried out by introducing a 
mechanical device operated by a safety control rod driver 
placed at two different core positions: at the center and at a 
peripheral one.  The effect of core flowering was measured 
at different temperatures in the range 180 °C to 350 °C. 
The purpose of the test was to measure the reactivity effect 
of such deformation at subcritical and critical zero power 
conditions. 
The mechanical behaviour of the core was close to what 
was expected. Very small changes on core radius give 
significant reactivity modifications, around - 60 pcm/mm in 
case the device is operated at the central position. This 
effect is strongly reduced when the device is located at the 
peripheral position of the core. 
 


III. SAFETY OF THE TESTS 
 
For each individual test, except tests # 1 and 3, a specific 
authorization from the French Safety Authority (ASN) was 
needed. Then the risks and the consequences on the reactor 
were identified and studied to demonstrate their 
acceptability. In this process, dedicated teams of operators 
were identified on each test and an extended training 
program was deployed including the use of the plant’s 
simulator when feasible. 
The operators where also involved in the definition of each 
test procedures. 
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IV. CONCLUSIONS 
 


A large program of tests was carried out for almost one 
year after the last industrial operation cycle of the Phenix 
sodium cooled fast reactor. 
The program covered core physics, thermal hydraulics and 
fuel issues and also the investigations of the negative 
reactivity transients occurred in 89 and 90. 
Several specific devices were designed, fabricated, 
qualified and used during the tests to complete the standard 
instrumentation of the reactor and to perform the tests. 
A big amount of information was recorded and is being 
used to fulfill the main objectives of the program on the 
validation of sodium fast reactors codes and the 
investigations on the negative reactivity transients. 
This work was also the opportunity to involve young 
engineers in the preparation and performance of the tests. 
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Abstract. Fast  reactors  (FRs),  or  surgenerators,  or  "breeders",


transmute U238 (99,3% of natural uranium) into fissionnable plutonium Pu239. For


a given uranium mass, 60 to 100 times more energy may be produced, relatively to


light water cooled reactors, as demonstrated by Phenix. Higher temperature gives


better thermal efficiency. Increase of uranium ore cost would open access to


huge uranium reserves, and planet energy needs could be satisfied for very long


periods. FRs transmute actinides, created in the fuel, into shorter live fission


products. Thought  reacting with air and water, sodium is the preferred coolant,


liquid between 98°C and 883°C and cycled between 400°C and 550°C. To reduce FRs


price, increase safety and allow earlier extension, a cold bottom resting vessel


and other innovations are proposed.


Several designs were proposed for "pool reactors" where a vessel contains


the full primary circuit with pumps and exchangers to a secondary circuit : 


- vessel suspended to the concrete vault top, a rounded bottom supporting the


core, (Phénix, Superphénix, European Fast Reactor project), all the vessel in


tension, needing climatization in hot parts by sodium cooled in the exchangers. 


- half resting vessel ( Russian pool reactors BN-600 and BN-800), the upper


cylindrical wall resting on a ring supported by the basement. Inside this ring a


rigid slab supports the core , above a rounded bottom in moderate tension. No


climatization is needed.


- cold resting bottom vessel, developed in this paper. The flat vessel bottom


cooled at less than 90°C rests on the concrete basement and supports the core


diagrid above a sodium in thermal gradient, by vertical shells and by the vessel


wall.  This space contains heavy and refractory materials, preventing bottom


piercing by "corium", hot mix flow of fuel and steel in case of core fusion


accident. A concrete vault  contains the reactor under ground level.


Resting cylindrical vessel provides stability and robustness for core and


internal  components.  A  toric  collector  welded  around  the  diagrid  receives


vertical  exchangers  and  pumps,  homogenizing  temperature.  Climatization  of


structures is not needed. Sodium leaks through the bottom plate are prevented by


sodium  freezing.  Exchangers  and  pumps  are  stable,  maintained  at  roof  and


collector levels. Reduced thermal exchanges provide better efficiency. Arrest


exchangers, located around pump columns above the collector, allow a reduced


vessel diameter. Simplified structures provide lesser weight and cost. 


The cold resting bottom may be applied to loop reactors and to lead cooled


reactors. Its advantages could allow earlier extension of fast reactors.
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I. INTRODUCTION . 


 Fast reactors (FRs), or surgenerators,


transmute U238 of natural uranium into


fissionable plutonium Pu239, in better


proportion  than  water  reactors.  The


neutron fast spectrum also transmutes


long life actinides produced in this


reactor as well as received from other


reactors,  into  short  life  fission
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products, much reducing waste storage


delays. For a given uranium mass, FRs


produce  60  to  100  times  more  energy


than light water reactors, with better


thermal efficiency, and would satisfy


world  energy  needs  for  many  years.


Experience  on  reactors  showed  their


neutronic stability and easy control.


They are fuelled by a mix of plutonium


and  depleted  uranium  and  produce  if


required  a  supplement  of  plutonium


allowing to start other reactors. They


may  also  at  beginning  be  fuelled  by


enriched uranium. But at this moment


their  construction  is  deemed


expensive,  entailing  a  large  delay


before  clear  economic  advantage.


Innovations  are  presented  in  this


paper  with  the  aim  to  reduce  their


price  and  increase  safety,  allowing


earlier adoption.


     Preferred coolant for FRs is sodium,


liquid between 98°C and 883°C, at high


thermal  conductivity  (141  W/m°C).  It


circulates  from  about  400°C  ("mild"


temperature)  to  550°C  ("hot"


temperature)  in  fuel  subassemblies


planted  in  a  "diagrid"  plate.  Most


prototypes  used  a  vessel  suspended


around its top board, inside a safety


vessel and a nitrogen filled space for


insulation. The diagrid loaded by fuel


assemblies  was  then  borne  by  the


vessel curved bottom. A roof slab on


the  safety  vessel  closes  the  sodium


space, covered by an argon layer. This


roof bears a command block for control


rods,  a  handling  machine  and,


distributed  in  vessel  periphery  of


"pool"  or  "integrated"  reactors,


intermediate heat exchangers IHXs and


pumps. IHXs feed hot secondary sodium


to  external  steam  generators  for


energy  production.  In  such  reactors,


temperature  in  core  and  in  IHXs


increases to the top, but the vessel


wall,  suspending  the  reactor,  shall


not reach so high a temperature. It is


"climatized"  at  mild  temperature  on


full height by circulating sodium.


     Not suspended, resting vessels on the


basement  were  proposed,  using


articulations below a mild temperature


bottom, or internal insulating layers


not  admitted  as  safe.    Russia


initiated  cylindrical  vessels  with


vertical  walls  in  compression,


reaching an higher temperature on top,


without  climatization.  These  walls


rest  on  a  peripheric  rigid  ring  and


support the upper slab through conical


parts.  BN-600,  efficiently  producing


since  1980,  uses  on  articulations  a


ring  on  which  is  fixed  the  wall


cylindrical part, a full diameter slab


supporting  the  diagrid,  above  a


rounded  bottom.  For  BN-800  in


construction,  articulations  are


replaced by a short cylindrical shell,


in  thermic  gradient,  submitted  to


acceptable  stresses  in  temperature


cycles.       


  Before 1980 [Ref 1], the author proposed


the  cold  bottom  cylindrical  sodium


vessel  resting  in  a  concrete  safety


vessel or "vault". Above the bottom at


90°C,  without  load  limitation,  in  a


sodium layer 2 or 3 m high in thermic


gradient,  freezed  at  bottom  contact,


vertical shells  support the diagrid


slab  at  mild  temperature.  In  this


layer,  sodium  also  contains  solid


refractory inclusions able to resist a


discharge  of  "corium",  hot  mix  of


liquid  fuel  and   steel  which  may


appear after a severe core accident.


These inclusions act also as thermic


isolation,  limiting  in  normal


operation  the  thermal  flux  from


diagrid  to  bottom  through  sodium.


Structures  are  submitted  to  low


thermal stresses. 


    This proposition raised an objection :


a  steel  bottom  plate  should  not


directly  rest  on  the  vault  cooled


concrete  because  not  inspectable,


again  usual  safety  requirements  for


primary walls. Then, in first designs
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[Ref 2], the author admitted under the


plate  a  lower  gas  layer  allowing


inspection between concrete and steel


cooled  bottom,  with  supports  from


concrete to sodium vessel bottom and


diagrid.  But  only  direct  resting


option was later retained, considering


the efficient barrier to corium given


by  inclusions  in  sodium,  and


unnecessary risks implied by a lower


gas  layer.  This  layer  could  be


restored if required.


Author's efforts for the resting cold


bottom  (chronological  reference  list)


were not taken into consideration. For


other FR projects, his proposition to


combine  safety  vessel  with  concrete


vault was accepted.   


II.CONCEPT DEVELOPMENT.


      In the author's French Patent Ref


[6] a handling system was described,


using  an  upper  cell  and  several


pantographic  manipulators.  It  is  not


reproduced  here,  taking  into  account


results of the rotating plugs system,


able to cover a sufficient area for a


several  years  stockage  of  used


elements.


   In existing pool reactors, pumps take


sodium  from  the  lower  plenum  in  the


vessel, at outlet of exchangers, and


feed the diagrid by pipes.


    Along Ref [7], the diagrid, feeded by


vertical exchanger-pumps, was extended


as far as to the vessel wall, to which


it was welded.  This option, prone to


thermal stresses in case of incidents


on exchangers or pumps, and impeding


diagrid  dismounting,  is  not  retained


here. 


In the presently proposed cold bottom


cylindrical vessel, along Ref [8], the


diagrid is welded to a toric collector


around it, giving a strong isothermic


slab  reaching  the  vessel  wall.  This


slab rests on several vertical shells


in the lower sodium space and also on


an  internal  rim  of  the  vessel  wall,


where it is fixed by bolts. It centers


IHXs  and  pumps  at  lower  level,  for


their seismic stability. A leak-proof


diagrid  lower  plate  prevents  that


sodium  currents  disturb  the  lower


space  thermal  gradient.  This  toric


collector  is  a  "plenum"  preventing


sudden  temperature  variations  in  the


diagrid  and  resulting  stresses.  It


receives IHXs pumps which, driven by


motors from the upper slab, force mild


sodium into the diagrid.  


Such a collector around the core had


been  proposed  by  Ref  1,  separately


supported on the vessel bottom, with


chimneys for exchangers and for pumps.


It  was  connected  to  diagrid  by


flexible  pipes.  Gas-bell  joints  at


exchanger  inlets  and  column  pump


entries gave limits to depression in


this collector and then to allowable


pressure drag in exchangers.  


    For the present reactor construction,


the concrete vault bottom may be first


cast down. The complete vault liner,


solid with the bottom plate, wearing


its  system  of  cooling  tubes,  is  put


down  on  the  sodium  vessel  bottom


plate,  and  fitted  with  steel  rebars


penetrating  in  vault  concrete


lodgings. Concrete injections fix the


bottom  plate,  leaving  for  cooling


tubes  a  thickness  below  the  plate,


before  complete  filling  by  a  better


conductivity  material,  for  instance


lead. The concrete vault wall is then


raised.  The  cylindrical  part  of  the


sodium  vessel  is   welded  on  the


bottom.  Its  bottom  space  receives


shells  supporting  the  diagrid  and


inclusions.  The  diagrid-collector


block  is  put  down  and  the  vessel


covered by the roof.


A  description  is  given  below  for


several levels.


III LOWER LEVEL.
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 The  vault  2  and  the  sodium  vessel  1


contain the lower sodium plenum 3, on


a height of 2 to 3 m, to be precised,


under  thermic  gradient  between  the


lower  plate  4  at  less  than  98°C


(sodium  solidification)  and  the


diagrid  5  at  400°C.  For  3  m,  this


gradient would in pure sodium induce a


flux  of  14,6  kW/m²,  reduced  for


instance  to  5  kW/m²,  easing  bottom


cooling,  by  refractory  and  isolating


elements 5  piled up in this space,


which  also  contains  steel  shells  6


supporting the diagrid. These elements


should  stop  and  cool  any  drop  of


"corium"  and  prevent  recriticality,


even  if  fusion  consequences  in  fuel


pins are first prevented by helicoïdal


spacers between pins to avoid sodium


blockages and ( P. Cachera) by hollow


fuel pins allowing molded fuel to run


down, reducing nuclear power. 


Coated  by  steel  for  strength  and  to


avoid chemical effects in normal run,


elements  5  may  use  refractory


materials  like  graphite  (conductivity


100  W/m°,  fusion  3850°),  alumina  (8


W/m°,  2054°)  or  hafnium,  or  bore


carbide,  or  depleted  uranium  oxide.


Their  shape  resembling  tulles  allows


their piling up while maintaining an


important ratio of liquid sodium, and


favouring  a  corium  liquid  motion  to


periphery.  Conical  steel  plates


(conductivity 82 W/m°, fusion 1200° to


1500°  depending  on  composition)  help


this motion.


     In peripheral parts 7 below the toric


collector 8 where corium discharge is


not  expected,  insulating  inclusions


are  sufficient.  The  collector  bottom


may  be  extended  down  with  a  curved


shape,  providing  a  large  collector


volume  for  temperature  progressivity


after  an  incident  on  IHXs  or  pumps,


without important thermal leaks.


While radial heat transmission is low


through the gas isolating space around


vessel 1, a reliable cooling system is


needed below the bottom plate. A net


of parallel horizontal tubes 9 would


be  cooled  by  fluid  flow.  P.  Cachera


proposes to use water boiling under a


low pressure, able to extract an high


thermal  flux   at  a  low  uniform


temperature. Tubes 9 are connected in


U  shape  to  descending  and  ascending


parts 10 along the cylindrical vault


liner, up to its top.


To allow ultrasonic sounding of liner


and bottom plate through these tubes,


from  the  top,  tubes  9  curvatures


between  horizontal  sections  9  and


vertical 10 are limited, using oblical


junctions  around  the  bottom,  closely


fixed to the liner. This allows to fix


the full cooling system to the liner


before its concreting. Water circuits


reach an upper tank where a depression


is  maintained  by  external  cooling.


After the cooling flow is induced by a


pump,  the  steam  part  in  ascending


tubes  provides  a  strong  natural


circulation. If deemed useful, a lead


layer  poured  around  bottom  tubes


improves conduction and resistance to


corium.


IV. DIAGRID LEVEL.


   Above  the  lower  sodium  space  3  in


vessel  1,  a  composite  diagrid  feeds


coolant to assemblies in core 11. It


is  made  of  two  pressure  layers,  the


upper one 12 feeded at full pressure


by  the  pumps  for  central  area


assemblies,  and  the  lower  one  13,


feeded by leaks from the upper one, at


lower  pressure  for  other  assemblies.


No  flow  is  derived  for  wall


climatization.  The  diagrid  is  welded


to  the  peripheric  toric  collector  8


extended to the vessel wall. They form


together  a  slab  supported  on  vessel


bottom  by  several  cylindrical


concentric shells 6, and in periphery


by  a rim  14  in the  vessel wall,  to


which  it  is  retained  by  bolts.  This
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supporting  system  allows  easy


mounting,  dismounting  if  necessary,


and assures stability.


The collector 8 receives by leak-proof


bearings  15  the  mild  temperature


sodium issued by IHXs and contains the


pumps  16,  entering  the  collector


through  leak-proof  bearings  18  and


driving to the diagrid a uniformized


temperature sodium under a pressure of


about 5 bar, through vertical openings


19  and  elbows  conducting  to  upper


layer  12.  Alignment  of  the  pump


column, to be obtained through three


leakproof  bearings  (below  the  upper


slab,  at  the  entry  18  in  the


collector,  and  at  connexion  19)  is


preserved by a flexible column for the


bearing 18.


V. UPPER LEVEL.


For  instance  six  to  nine  main


exchangers IHXs 20 are suspended from


upper  slab  21  and  centered  below  by


the collector 8, giving resistance to


earthquakes. They are feeded on upper


level by hot sodium (550°C) issued by


the  core.  They  form  a  series  of


cylinders  along  the  vessel  wall  1,


alternating with for instance two or


three pump columns 22 below motors 23.


This  collection  of  steel  cylinders


could to some extent protect the wall


again pression peaks due to accidents.


Secondary sodium penetrates exchangers


through the roof slab 21. 


     This slab bears as usual a large


rotating  plug  24  including  a  small


excentered rotating plug 25, for fuel


loading  operations  and  to  bear  the


control  rods  block  26.  Slab  21  is


cooled on bottom face for instance  by


low  pressure  water  as  described  for


vessel  bottom,  preventing  from  leaks


to sodium, and is isolated by joined


steel  plates  maintained  at  short


distance  by  anchors  as  in  other


projects. 


In emergency, the vessel itself could


be  cooled  through  the  wall  1,  after


filling  the  external  annulus  with


sodium in place of argon. For normal


decay  heat  removal  however,  after


nuclear  power  and  steam  generation


arrest,  heat  in  sodium  may  be


extracted by exchangers 27 to sodium


or argon loops, smaller than IHXs 20,


contained  in  pump  columns  22  above


level  18  around  pump  axes.  Heat  is


rejected  to  air  environment  using


exchangers 28 on building roof, under


natural  convection,  or  forced


convection by electromagnetic pumps in


sodium and fans in air. These sodium


exchangers  need  no  increase  of  pump


column  diameter  and  vessel  diameter


remains limited. In normal operation,


sodium freezing in air exchangers is


prevented by air flows control. 


When sodium is externally cooled this


way, cocks 33 at column bottom could


be  opened  and  allow  cooled  sodium


entry  in  the  collector,  short-


circuiting  main  exchangers.  Same


columns may in top tubes heat helium


to  feed  turbines  of  electric


production  during  decay  or  emergency


situation. 


  Along this innovation, as for precedent


solution  of  exchanger-pumps  in  an


extended diagrid [Ref 7], the pumps,


not connected to free surface sodium,


do  not  limit  loss  of  charge  in


exchangers.  Pressures  are  chosen  for


optimization of circuits.


Top vessel board 30 dilates to upper


and  larger  diameter  directions,  and


must  be  joined  to  the  roof  slab  21


preferably  cooled  and  fixed  in


position.  Leak-tightness  between


vessel  and  roof  slab  should  not  use


metal  bellows,  difficult  to  control


and repair. 


Argon  penetration  from  the  annular


space to sodium, but by a controlled


conduct in the slab, is then prevented


by a skirt 31 at short distance inside
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board 30, fixed to slab 21, plunging


in  sodium  on  2  or  3  m.  This  skirt


prevents  also  waves  induced  on  the


surface by the core turbulent flow to


reach  the  board  and  raise  thermal


fatigue.


       VI.  SAFETY


      Core catchers, extensively studied


for LWR's assuming large corium flows,


were also examined for sodium cooled


reactors.  Theoretical  studies  and


simulation tests showed that reactions


in  case  of  heat  injection  could  be


less dangerous with sodium than with


water. Energies taken into account for


safety evaluation have been reduced. 


    Assumed  core  disruptive  accidents


(CDA)  producing  corium  were


precedently  limited  to  seven  fuel


subassemblies.  Even  with  large


preventing  measures  and  low


probability  of  accident,  a  core


catcher  should  preferably  cope  with


full core fusion.  The proposed cold


resting bottom should in this extreme


case exclude vessel piercing. 


    The core catcher lower space in sodium


temperature gradient extends below the


full  diagrid  surface.  Refractory,


isolating  and  absorbing  inclusions,


preventing  recriticality  and  able  to


stop  corium,  are  piled  up  in  this


space, and a layer of lead may extend


on the bottom.  If not arrested, the


corium, made lighter by mixed oxides,


could float on this lead, preventing


contact  to  steel.  In  this  space,


openings in supporting shells 6 allow


horizontal sodium convection currents.


If a corium flood reaches this lower


space, cooling would be obtained : 


   - upstream, by currents of sodium vapor


and liquid, through the pit opened by


the  corium  in  the  diagrid,  sending


heat to upper cooling means, 


  -  in  lower  space,  by  conduction  and


convective  sodium  flows  in  intervals


between  refractory  inclusions  and


through openings in supporting shells,


to vessel wall lower part,


  - from this part to the vertical vault


liner,  by  conduction  through  the


annular  space,  where  argon  has  been


replaced by sodium, to vault cooling


tubes under strong natural convection,


  -  to  the  cooled  vessel  bottom,  by


conduction through sodium,


  - by forced circulation of sodium in the


lower space, normally  unimportant for


sodium  oxide  elimination  at  low


temperature, but possibly increased. 


Subject to extended studies, a core-


catcher for full core fusion appears


to  need  a  reasonable  volume  and


exclude  radioactive  leaks  outside  of


the vessel, contrary to known systems


using dry spaces.  


    Cracks are not expected in the bottom


plate remaining cold and contained in


a  prestressed  vault.  However,  the


vault  concrete  is  inspected  by


pressure,  temperature  and  steam


detectors. As shown above, cracks or


defects  could  also  be  detected  by


ultrasonic  inspection  through cooling


channels in the concrete. Of very low


probability,  they  could  in  extreme


cases be repaired from concrete side


after local sodium freezing.


    Diagrid supports, in thermal gradient


on the large cold bottom, provide full


stability for all structures, using no


antiseismic  pads.  The  cylindrical


vessel 1, not rounded like suspended


ones, allows a compact arrangement of


internal components, maintained on two


levels,  preventing  resonances  and


resisting  accidental  loads.  Easy


assembling or dismounting is obtained


for the reactor.


     No supplementary risk  is identified


relatively  to  known  sodium  fast


reactors,  and  measures  to  prevent


accidents in the core are not examined


here.  In steam generators of previous


reactors,  incidents  came  from  water-
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sodium contacts but were avoided after


some  improvements.  No  innovation  is


presented.


     Large aggressions should be excluded


by vault deep embedment. A protection


is  given  by  above  roof  structures.


Secondary sodium circuits, with parts


above  reactor  roof  for  allowing


natural  convection,  should  also  be


protected  by  partial  embedment  and


embankment surrounding.


       VII. COMPARISON  TO EFR 


     EFR project, described by Ref[4], an


evolution since the 250 MWe Phenix and


the 1200 MWe Superphenix reactor, is


taken as reference. Its thermal power


is  3600  MW  and  electric  power  1470


MWe. The sodium vessel is suspended in


periphery  of  the  vault  top.  Vessel


height  is  15.2m,  from  which  3  m


between  the  concrete  bottom  and  the


diagrid,  due  to  the  rounded  vessel


shape, below a 0.85m thick steel roof.


Diameters are 18m internally for the


vault, 17.2 m for the vessel (12 m for


Phenix,  21  m  for  the  too  complex


Superphenix),  16.25m  for  an  internal


wide-mouthed (redan) vessel, 8.2m for


diagrid, 7.2m for the handling machine


large plug. The diagrid is supported


by a steel strongback resting on the


rounded  vessel  bottom.  Six


intermediary exchangers (diameter 2.3m


in  the  exchanging  part  and  2.85m  in


the roof slab for a height of 7.7m in


exchanging  part  and  13.2m  between


bottom  and  roof  surface)  heat


independently  external  steam


generators . Three primary pumps, at


flow rate of 19 tons/s,  penetrate the


roof  through  2m  diameter  pits.  Six


smaller DRC exchangers (direct reactor


cooling, 3 in natural convection, 3 in


forced  convection,  each  for  15  MW)


remove  heat  if  pumps  are  stopped.


Their diameter seems to be 1.5m.  


     In the resting bottom reactor as now


proposed for same core and power, the


vessel  diameter  may  be  reduced  to


13.5m and the height between concrete


bottom and diagrid to for instance 3m,


incorporating  the  core  catcher.


Diagrid  thickness  is  maintained  to


1.15m. Reduction is over 50% for the


vessel volume. Wall thicknesses may be


lower. Internal structures and baffles


for  sodium  guiding  and  wall


climatization  disappear,  but  for  the


skirt  around  the  board.  Before  a


detailed project is established, it is


clear that proposed innovations should


allow a very reduced cost, for a given


power SFR.


VII.  ADVANTAGES.


a.  Vessel  simplification  and  robustness,


steel and sodium masses reduction. A


minimum  sodium  volume  could  remain


required  for  a  sufficient  thermal


inertia.


b. Integrated core catcher in sodium for


containing  corium  flows  without


radioactive leaks out of vessel, in a


very reduced volume,


c.   Robustness  of  internal  components


provided by fixations on two levels. 


d.  Vault  embedded  in  ground,  against


aggressions, accidents, earthquakes, 


e.  Bottom  leak-tight  to  cracks,  due  to


sodium  freezing,  and  voids  exclusion


below the core, against core dry-out.


f.  Thermic  losses  reduced,  thermal


efficiency increased,


g.  Negative  reactivity  coefficient  added


by opposite dilatations of structures


and control bars.


h. Diagrid area allowing a several years


decay  for  subassemblies,  with  heat


recuperation.


i. Emergency cooling obtained by replacing


argon around the vessel by sodium.


j.  Slow  circulating  cooled  sodium  in


bottom space may trap sodium oxides.


k. Later, the vault remains available for


new structures or waste stockage.
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    These innovations allow better safety,


easier  inspections  and  repairs,  and


lower costs. They could give economic


advantages of SFRs to LWRs and allow


shorter  delays  before  large


utilization.


The author thanks Pierre Cachera for


useful suggestions. 


He  would  appreciate  to  receive


comments to his propositions.
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Abstract – A temperature sensitivity evaluation has been performed for the AGR-1 fuel 
experiment on an individual capsule.  A series of cases were compared to a base case by varying 
different input parameters into the ABAQUS finite element thermal model.  These input 
parameters were varied by ±10% to show the temperature sensitivity to each parameter.  The most 
sensitive parameters are the outer control gap distance, heat rate in the fuel compacts, and neon 
gas fraction.  Thermal conductivity of the compacts and graphite holder were in the middle of the 
list for sensitivity.  The smallest effects were for the emissivities of the stainless steel, graphite, and 
thru tubes.  Sensitivity calculations were also performed varying with fluence.  These calculations 
showed a general temperature rise with an increase in fluence.  This is a result of the thermal 
conductivity of the fuel compacts and graphite holder decreasing with fluence. 


 
 


I. INTRODUCTION 
 
A sensitivity evaluation has been performed for the 


daily thermal analyses performed on the advanced gas-
cooled reactor (AGR) experiment (AGR-1) in the 
Advanced Test Reactor (ATR). Six capsules were analyzed 
for each day of the experiment as discussed in Ref [1]. This 
paper discusses the sensitivity to various input parameters 
for one capsule (Capsule 4) at one point in time during the 
irradiation. Thirty different runs were performed for this 
sensitivity analysis. 


Several fuel and material irradiation experiments, 
which support the development of the Next Generation 
Nuclear Plant (NGNP), are planned for the Advanced Gas 
Reactor Fuel Development and Qualification Program. The 
goals of these experiments are to: provide irradiation 
performance data to support fuel process development, 
qualify fuel for normal operating conditions, support 
development and validation of fuel performance and 
fission product transport models and codes, and provide 
irradiated fuel and materials for post-irradiation 
examination and safety testing. AGR-1 was the first in this 
series of planned experiments to test tri-isotropic (TRISO)-
coated, low-enriched uranium oxycarbide fuel. The AGR-1 
experiment was intended to serve as a shakedown test of 
the multiple capsule test train designs to be used in 
subsequent irradiations and to test early variants of the fuel 
produced under this program. 


The AGR-1 experiment is comprised of six individual 
capsules, approximately 0.034925 m diameter by 0.1524 m 
long, stacked on top of each other to form the test train. 
Each capsule contains 12 fueled compacts that are 


approximately 0.0127 m diameter by 0.0254 m long. The 
compacts are composed of fuel particles bound together by 
a carbon matrix. Each compact contains approximately 
4,150 fissile particles (35 vol% particle packing fraction). 
Each capsule is supplied with a flowing helium/neon gas 
mixture to control the test temperature and sweep any 
fission gases that are released to the fission product 
monitoring system. Temperature control is accomplished 
by adjusting the gas mixture ratio of the two gases (helium 
and neon) with differing thermal conductivities. 


A control gas gap designed to be 0.000279 m was 
implemented in the model.  A nominal ATR east lobe 
source power of 22.47 MW was used to normalize the 
power amplitude in the thermal analysis. The finite element 
stress and heat transfer code ABAQUS in Ref [2] was used 
to perform the thermal analysis.  


The AGR-1 experiment was placed in the B-10 
position in the ATR core as shown in Fig 1. Each capsule 
contains a graphite holder with three equally spaced fuel 
compact holder openings as shown in Fig 2. Each holder 
opening accommodates four axially stacked fuel compacts. 
Thus, each capsule has three stacks by four fuel compacts 
per stack for a total of 12 fuel compacts per capsule, with 
the entire AGR 1 experiment capsule assembly having six 
capsules by 12 fuel compacts per capsule for a total of 72 
fuel compacts.  


Fig 3 shows the axial arrangement for Stack-1. The 
ABAQUS model has a direct volume-for-volume 
correlation with the physics model discussed in Reference 
[3] for the heating of the compacts (each compact is evenly 
axially divided into two equal parts). An axial cut of a 
typical capsule is shown in Figure 4. 
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II. MODEL DESCRIPTION 


 
Figures 5 through 9 are used in the description of the 


model. The finite element mesh is discussed first, followed 
by a description of the material properties, and ending with 
the volumetric heat rates imposed on the model 


 


 
Fig 1.  Cross section view of the ATR core, B-10 


irradiation test position. 


 


 


 


 


 
Fig 2.  Schematic of cross section of an AGR-1 capsule. 


 
Fig 3.  Axial cross-section view of the six capsules in 


an AGR-1 experiment capsule assembly. 


 
Fig 4.  Three-dimensional cutaway rendering of 


single AGR-1 capsule. 
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II.A. Finite Element Mesh 
 


Fig 5 shows the finite element mesh with a cutaway 
view of the entire model. Approximately 350,000 eight-
noded hexahedral brick elements were entirely used in all 
the models. A set of conduction-convection elements was 
used to model the flow of the water. All other elements 
were modeled solely for diffusion heat transfer.  


 


 
Fig 5.  Sideways cutaway view of mesh with colored 


entities. 


The graphite holder and fuel compacts were modeled 
as 0.1016 m lengths, but most of the heat comes from the 
fuel compacts and not from the outer components. The 
water is the ultimate heat sink for each capsule. The 
graphite holder with its two end-cap spacers and ring were 
modeled for the inner part of the model. A radiation 
boundary sink temperature of (204.4°C) is placed on the 
top and bottom of each graphite end cap. This value came 
from previous models discussed in Reference [1] for 
typical operating conditions.  


 
II.B. Compact Thermal Conductivity 


 
The fuel compact thermal conductivity was taken from 


correlations presented from Gontard in Reference [3] 
which gives correlations for conductivity, taking into 
account temperature, temperature of heat treatment, 
neutron fluence, and TRISO-coated particle packing 
fraction. In this work, the convention used to quantify 
neutron damage to a material is fast fluence E >0.18 MeV, 
yet in the work by Gontard [4], the unit used was the dido 
nickel equivalent (DNE). In order to convert from the DNE 
convention to the fast fluence >0.18 MeV, the following 
conversion was used:  


Γ>0.18MeV = 1.52 ΓDNE (1) 


where Γ is neutron fluence in either the >0.18 MeV 
unit or DNE. The correlations in the report by Gontard [4] 
were further adjusted to account for differences in fuel 
compact density. The correlations were developed for a 
fuel compact matrix density of 1.75 g/cm3, whereas the 
compact matrix used in AGR-1 had a density of 
approximately 1.3 g/cm3. The thermal conductivities were 
scaled according to the ratio of densities (0.74) in order to 
correct for this difference.   


Fig 6 shows a three-dimensional plot of the fuel 
compact thermal conductivity varying with fluence and 
temperature. For fluences greater than 1.0 x 1025 
neutrons/m2 (E > 0.18 MeV), the conductivity increases as 
fluence increases for higher temperatures, while the 
opposite occurs at lower temperatures because of the 
annealing of radiation-induced defects in the material with 
high temperatures. 


 


 
Fig 6.  Three-dimensional plot of fuel compact thermal 


conductivity (W/m-K) varying with fluence and 
temperature. 


II.C. Graphite Thermal Conductivity 
 
Unirradiated graphite thermal conductivity data for the 


holders were provided by GrafTech [5]. Fig 7 shows 
unirradiated thermal conductivity of four different types of 
boronated graphite. The percentages indicate the weight 
percent (wt%) boron present in the material. The 5.5% 
against grain (was used in the holders for Capsules 1 and 6, 
while the 7% against grain was used in Capsules 2–5. The 
higher boron content was placed in the interior capsules 
(2–5) as these locations experience a greater thermal 
neutron flux than the two outer capsules (1 and 6) and the 
higher boron content provided a flatter compact heating 
profile through the irradiation. The types of graphite used 
are indicated with arrows in the legend of Fig 7. 
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Fig 7. Thermal conductivity (W/m-K) of unirradiated, 


boronated graphite holders [5]. 


The effect of irradiation on the thermal conductivity of the 
graphite was accounted for in this analysis using the 
following correlation by Snead [6]: 


0.25 0.00017 1.0 log


0.00683  
 (2) 


where kirr and k0 are thermal conductivity of unirradiated 
and irradiated graphite, respectively, Tirr is the irradiation 
temperature (°C), and dpa is displacements per atom. The 
multiplier used to convert fast fluence (>0.18 MeV) to dpa 
is 8.23 x 10-26 dpa/(n/m2) and comes from Sterbentz [7]. 
Fig 8 shows a three-dimensional plot of this ratio (kirr/ko) 
varying with dpa and temperature. The ratio of unirradiated 
to irradiated thermal conductivity increases for higher 
temperatures and decreases for higher dpa. 
 


II.D. Gas Mixture Thermal Conductivity 
 


Heat produced in the fuel compacts is transferred 
through the gas gaps surrounding the compacts into the 
graphite holder via a gap conductance model using the gap 
width and the conductivity of the sweep gas as discussed 
below. Since the temperature difference between the 
compacts and the holder is so small, no radiative heat 
transfer was considered across this gap. Heat is transferred 
across the outer sweep gas flow region between the outside 
of the graphite holder and the inside of the stainless-steel 
liner via radiation between the two surfaces and conduction 
through the helium/neon sweep gas. Because the thermal 
capacitance of the sweep gas is very low (30 cc/min), 
advection is not considered in the sweep gas, and it is 
modeled as stationary.  


 
Fig 8.  Graphite thermal conductivity plot of ratio of 


irradiated over unirradiated (kirr/ko) varying 
with temperature and dpa. 


The thermal conductivity of the sweep gas was determined 
using the kinetic theory of gases used by the commercial 
Computational Fluid Dynamics code FLUENT [8], which 
gives conductivity k of a gas mixture as a function of the 
gas constituents i and j according to 
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where Yi is the mole fraction of gas i, and ki is the thermal 
conductivity of pure gas i. The parameter φij in Equation 3 
is given by 
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where μi is the viscosity of pure gas i and Mw,i is the 
molecular weight of pure gas i. Pure gas properties were 
taken from Toulukian [9]. Fig 9 shows a plot of the 
resulting helium/neon sweep gas thermal conductivity 
versus temperature and mole fraction of helium. The 
thermal conductivity increases as the helium mole fraction 
increases and as the temperature increases.  
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March 13, 2007, for the base case. The water heat rate and 
the beryllium heat rate were included. These rates raise the 
water temperature as it flows by the capsule, but are only a 
small fraction of the total heat. The components on the 
inside of the water had the greatest effect on the 
temperature of the fuel compacts and thermocouple 
locations. The following list shows the component heat 
rates for the base case. Units are (W/m3). These heat rate 
values are multiplied by an amplitude multiplier of 1.0 as 
shown in Table I 


TABLE I 


Component Heat Rates (W/m3) 


*DFLUX, OP=NEW,AMPLITUDE=GRAPH 
inner_parts-1.Hold, BF,              29.294e6 
bot_ring-1.ring, BF,                 29.294e6 
top_ring-1.ring, BF,                 29.294e6 
bot_spacer_bot-1.graphite_solid, BF, 29.294e6 
bot_spacer_top-1.graphite_solid, BF, 29.294e6 
top_spacer_bot-1.graphite_solid, BF, 29.294e6 
top_spacer_top-1.graphite_solid, BF, 29.294e6 
** 
** 
*DFLUX, OP=NEW,AMPLITUDE=POWER 
bot_ssretain-1.bot_ssretain, BF, 23.953e6 
bot_ssretain-1.bot_ssretain, BF, 23.953e6 
inner_parts-1.Ssretain, BF,      23.953e6 
top_ssretain-1.top_ssretain, BF, 23.953e6 
top_ssretain-1.top_ssretain, BF, 23.953e6 
inner_parts-1.Intub1, BF,        19.302e6 
inner_parts-1.Intub2, BF,        19.302e6 
inner_parts-1.Intub3, BF,        19.302e6 
inner_parts-1.Ttub1, BF,         35.387e6 
inner_parts-1.Ttub2, BF,         35.387e6 
inner_parts-1.Ttub3, BF,         35.387e6 
outer_parts-1.Beryl, BF,         35.387e6 
outer_parts-1.Hafnm, BF,        118.643e6 
outer_parts-1.Pbond, BF,         30.928e6 
outer_parts-1.Ssfill, BF,        19.340e6 
water-1.Set_Water_channel, BF,    4.677e6 
 


 
II.I. Fuel Compact Heat Rates 


 
Fuel compact heat rates were adjusted so that the 


maximum fuel temperature would be near 1250°C. All of 
the compact heat rates had the same value in the capsule of 
77.208e6 W/m3. Table II shows the base case heat rates 
adjusted for this sensitivity calculation for the fuel 
compacts and the actual heat rates on March 13, 2007, for 
the fuel compacts.  


TABLE II 


List of fuel compact heat rates for sensitivity calculation and 
March 13, 2007 heat rates. 


Base case heat rates adjusted 
for sensitivity evaluation 
used in ABAQUS (W/m3) 


Actual heat rates from 
March 13, 2007 used in 


ABAQUS (W/m3) 
*DFLUX,OP=NEW 
Stack1-1.S1C4Top,BF, 77.208e6 
Stack1-1.S1C4Bot,BF, 77.208e6 
Stack1-1.S1C3Top,BF, 77.208e6 
Stack1-1.S1C3Bot,BF, 77.208e6 
Stack1-1.S1C2Top,BF, 77.208e6 
Stack1-1.S1C2Bot,BF, 77.208e6 


*DFLUX,OP=MOD 
Stack1-1.S1C4Top,BF, 78.511e6 
Stack1-1.S1C4Bot,BF, 66.944e6 
Stack1-1.S1C3Top,BF, 62.763e6 
Stack1-1.S1C3Bot,BF, 61.923e6 
Stack1-1.S1C2Top,BF, 63.254e6 
Stack1-1.S1C2Bot,BF, 64.060e6 


Stack1-1.S1C1Top,BF, 77.208e6 
Stack1-1.S1C1Bot,BF, 77.208e6 
Stack3-1.S3C4Top,BF, 77.208e6 
Stack3-1.S3C4Bot,BF, 77.208e6 
Stack3-1.S3C3Top,BF, 77.208e6 
Stack3-1.S3C3Bot,BF, 77.208e6 
Stack3-1.S3C2Top,BF, 77.208e6 
Stack3-1.S3C2Bot,BF, 77.208e6 
Stack3-1.S3C1Top,BF, 77.208e6 
Stack3-1.S3C1Bot,BF, 77.208e6 
Stack2-1.S2C4Top,BF, 77.208e6 
Stack2-1.S2C4Bot,BF, 77.208e6 
Stack2-1.S2C3Top,BF, 77.208e6 
Stack2-1.S2C3Bot,BF, 77.208e6 
Stack2-1.S2C2Top,BF, 77.208e6 
Stack2-1.S2C2Bot,BF, 77.208e6 
Stack2-1.S2C1Top,BF, 77.208e6 
Stack2-1.S2C1Bot,BF, 77.208e6 


Stack1-1.S1C1Top,BF, 70.586e6 
Stack1-1.S1C1Bot,BF, 87.634e6 
Stack3-1.S3C4Top,BF, 78.270e6 
Stack3-1.S3C4Bot,BF, 66.495e6 
Stack3-1.S3C3Top,BF, 63.099e6 
Stack3-1.S3C3Bot,BF, 62.385e6 
Stack3-1.S3C2Top,BF, 63.437e6 
Stack3-1.S3C2Bot,BF, 64.741e6 
Stack3-1.S3C1Top,BF, 68.478e6 
Stack3-1.S3C1Bot,BF, 85.233e6 
Stack2-1.S2C4Top,BF, 51.032e6 
Stack2-1.S2C4Bot,BF, 38.822e6 
Stack2-1.S2C3Top,BF, 35.090e6 
Stack2-1.S2C3Bot,BF, 34.954e6 
Stack2-1.S2C2Top,BF, 35.703e6 
Stack2-1.S2C2Bot,BF, 36.044e6 
Stack2-1.S2C1Top,BF, 40.042e6 
Stack2-1.S2C1Bot,BF, 55.606e6 


 
The ABAQUS model and the MCNP model used to do 


the physics calculations use the exact same volumes for the 
fuel compacts. The heating volumes in ABAQUS were 
described with element groups matching one-half of each 
compact split at the mid-point from top to bottom. These 
one-half fuel compact heat rates were input into the 
ABAQUS input file. 


 
III. UNCERTAINTIES 


 
The top five parameters that can be quantified with an 


uncertainty are shown in Table III with the estimated value.  
All of these values are the best estimate of what the 
uncertainty is based on machining tolerance; physics code 
calculations, mass flow controllers, and engineering 
experience. 


TABLE III 


Uncertainties of most significant parameters 


Parameter Uncertainty (%) 
Control gas gap width 


Heat rate in fuel compacts 
Ne fraction 


Graphite Conductivity 
Fuel Conductivity 


10 
5 
2 


20 
20 


 
IV. RESULTS 


 
Results of this sensitivity analysis are shown in Figs 


10 through 16. Fig 10 shows a cross-cut view of the 
temperature contours for the base case. The maximum fuel 
temperature is 1249.5°C. The maximum fuel temperature 
occurs in the fuel compacts near the center of the graphite 
holder. Fig 11 shows a temperature contour plot of the 
three fuel stacks for the base case. A constant (even) heat 
rate of 77.208e6 W/m3 was input into all of the compacts. 
It appears that there is not any axial temperature gradient 
near the center of the fuel compacts. This allows for a good 
sensitivity study, since there are no abrupt changes in heat 
rates or axial temperature gradients. 
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Fig 10.  Temperature contour plot (°C) near mid-plane 


of capsule. 


Fig 12 gives a description of the 30 cases that were run. 
The base case is taken as Case 0, while Cases 1 and 2 show 
the temperature change for changing the outer control gas 
gap by ±10%. This control gas gap was changed by 
multiplying the thermal conductivity of the control gas by 
0.9 and 1.1 to have the effect of moving the gap distance 
by ±10% respectively. This was done as a quick method of 
not having to redo the finite element mesh with a 
geometrical change. Cases 3 and 4 show the temperature 
sensitivity by varying the neon fraction by ±10%. Other 
cases studied include fuel conductivity; graphite 
conductivity; emissivity of stainless steel, thru tubes, and 
graphite; and heat rate in fuel, graphite, and components. 
Cases 20 through 25 show the effect of fluence varying 
from 0 to 5.0 x 1025 n/m2. Cases 26 and 27 show the 
sensitivity when the control gas gap is changed by ±20%. 
A new base case with 80% helium was performed in Case 
28, with Cases 29 and 30 showing a ±10% in the helium 
fraction from Case 28. These last three cases were 
performed to show the sensitivity to a high fraction of 
helium at high temperature. Again, the heat rates in the 
compacts were adjusted to 120.316e6 W/m3 for the fuel 
compacts, while the component heat rates were the same as 
Case 0. This heat rate was found so the peak capsule 
temperature would again be nearly 1250°C. Fig 12 shows 
the resulting capsule average temperature, peak capsule 
temperature, and TC1, TC2, and TC3 temperatures. The 
last five columns show the temperature difference in each 
of the cases compared to the base case 


 
Fig 11.  Temperature contour plot (°C) of fuel compacts 


for base case. 


for the average, peak, TC1, TC2, and TC3. The base case is 
highlighted in gold, while the peak fuel temperatures are 
highlighted in yellow. The light green highlights show the 
difference between ±10% neon compared to ±10% helium. 
 
Fig 13 shows a tornado plot of the most sensitive 
temperature variations sorted from largest to smallest. The 
biggest affect is the control gap distance, heat rate in the 
fuel, and control gas fraction. The next four are heat rate in 
the graphite, graphite thermal conductivity, fuel 
conductivity, and gap conductivity between compacts and 
graphite holder. The emissivities of the graphite and 
stainless steel, along with the heat rates in the components 
and emissivity of the thru tubes are the least sensitive. The 
total temperature sensitivity for ±20% outer control gap 
distance is 130.49°C, as displayed on the left side of the 
plot.  
 


Figs 14 and 15 show tornado plots for the temperature 
sensitivity for TC2 and capsule average temperature, 
respectively. The order of the sensitivity remains the same 
for all three plots except the 5th and 6th places are reversed 
on the capsule average temperature plot in Figure 15. 
Fig 16 shows the peak fuel temperature sensitivity based 
on fluence. The fluence values have an effect on the 
thermal conductivity of the fuel compacts and the graphite 
components. The thermal conductivity of the fuel compacts 
and the graphite varying with fluence and temperature are 
shown in Figs 6 and 8 (above). It appears that the overall 
trend is for the conductivity to decrease and cause higher 
temperatures. 
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Fig 12.  Description of cases with temperature results in (°C). 


 


  
Fig 13.  Tornado plot of peak fuel temperature (°C) 
sensitivity. 


Fig 14.  Tornado plot of TC2 temperature (°C) sensitivity. 


Case # Description CAP_AVE CAP_MAX TC1 TC2 TC3 Δcap_ave Δcap_max Δ TC1 Δ TC2 Δ TC3
0 Base Case 1151.26 1248.72 922.92 1226.21 922.42 0.00 0.00 0.00 0.00 0.00
1 1.1 X outer control gap distance 1182.96 1282.33 957.88 1259.82 957.43 31.70 33.61 34.96 33.61 35.01
2 0.9 X outer control gap distance 1121.61 1217.24 890.17 1194.73 889.62 -29.65 -31.48 -32.75 -31.48 -32.80
3 1.1 X Ne fraction 1198.02 1295.51 961.57 1268.94 961.11 46.76 46.79 38.65 42.73 38.69
4 0.9 X Ne fraction 1103.48 1200.80 882.59 1181.85 882.03 -47.78 -47.92 -40.33 -44.36 -40.39
5 1.1 X FUEL conductivity 1145.43 1237.47 922.15 1217.51 921.65 -5.83 -11.25 -0.77 -8.70 -0.77
6 0.9 X FUEL conductivity 1158.21 1261.90 923.78 1236.21 923.28 6.95 13.18 0.86 10.00 0.86
7 1.1 X GRAPHITE (7.0% Boron) conductivity 1142.77 1236.64 919.94 1210.68 919.45 -8.49 -12.08 -2.98 -15.53 -2.97
8 0.9 X GRAPHITE (7.0% Boron) conductivity 1161.06 1262.43 926.40 1243.61 925.89 9.80 13.71 3.48 17.40 3.47
9 1.1 X gap conductivity INT4 (holder/compact gap) 1142.30 1240.88 922.66 1221.31 922.16 -8.96 -7.84 -0.26 -4.90 -0.26
10 0.9 X gap conductivity INT4 (holder/compact gap) 1162.11 1258.29 923.22 1231.98 922.72 10.85 9.57 0.30 5.77 0.30
11 0.9 X emissivity of SS retain 1160.82 1258.50 933.24 1235.99 932.73 9.56 9.78 10.32 9.78 10.31
12 0.9 X emissivity of Thru Tubes 1152.88 1250.65 924.49 1228.23 923.99 1.62 1.93 1.57 2.02 1.57
13 0.9 X emissivity of graphite 1160.67 1257.54 932.49 1234.99 931.99 9.41 8.82 9.57 8.78 9.57
14 1.1 X heat rate in fuel 1204.98 1310.60 959.13 1284.20 958.64 53.72 61.88 36.21 57.99 36.22
15 0.9 X heat rate in fuel 1095.43 1184.40 884.82 1165.87 884.31 -55.83 -64.32 -38.10 -60.34 -38.11
16 1.1 X heat rate in graphite 1164.17 1262.29 935.37 1241.17 934.87 12.91 13.57 12.45 14.96 12.45
17 0.9 X heat rate in graphite 1138.15 1234.97 910.24 1211.05 909.74 -13.11 -13.75 -12.68 -15.16 -12.68
18 1.1 X heat rate in components 1154.14 1251.99 925.94 1229.59 925.39 2.88 3.27 3.02 3.38 2.97
19 0.9 X heat rate in components 1148.37 1245.44 919.90 1222.82 919.44 -2.89 -3.28 -3.02 -3.39 -2.98
20 0.0 fluence 1119.73 1205.97 910.75 1176.13 910.27 -31.53 -42.75 -12.17 -50.08 -12.15
21 0.001 fluence 1126.43 1215.13 913.35 1187.77 912.86 -24.83 -33.59 -9.57 -38.44 -9.56
22 0.01 fluence 1135.05 1226.84 916.80 1202.07 916.31 -16.21 -21.88 -6.12 -24.14 -6.11
23 0.1 fluence 1145.71 1240.99 921.14 1218.49 920.64 -5.55 -7.73 -1.78 -7.72 -1.78
24 1.0 fluence 1164.93 1266.97 927.75 1244.75 927.24 13.67 18.25 4.83 18.54 4.82
25 5.0 fluence 1191.86 1301.01 935.48 1277.08 934.97 40.60 52.29 12.56 50.87 12.55
26 1.2 X outer control gap distance 1216.92 1318.33 995.28 1295.93 994.87 65.66 69.61 72.36 69.72 72.45
27 0.8 X outer control gap distance 1093.92 1187.84 859.67 1165.28 859.09 -57.34 -60.88 -63.25 -60.93 -63.33
28 New Base 80% Helium 1250 C 1107.24 1250.09 837.12 1231.12 836.38 0.00 0.00 0.00 0.00 0.00
29 1.1 X He fraction from Case 28 1063.24 1206.04 799.10 1189.17 798.32 -44.00 -44.05 -38.02 -41.95 -38.06
30 0.9 X He fraction from Case 28 1151.93 1294.67 875.93 1273.43 875.22 44.69 44.58 38.81 42.31 38.84
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Fig 15.  Tornado plot of capsule average temperature (°C) 
sensitivity.  


Fig 16.  Plot of peak fuel temperature sensitivity based on 
fluence. 


 
V. CONCLUSIONS 


 
A temperature sensitivity evaluation has been performed 
for the AGR-1 fuel experiment on an individual capsule. A 
series of cases were compared to a base case by varying 
different input parameters into the ABAQUS finite element 
thermal model. These input parameters were varied by 
±10% to show the temperature sensitivity to each one. The 
most sensitive parameters are the outer control gap 
distance, heat rate in the fuel compacts, and Neon gas 
fraction. Thermal conductivity of the compacts and 
graphite holder were in the middle of the list for sensitivity. 
The smallest effects were for the emissivities of the 
stainless steel, graphite, and thru tubes. Sensitivity 
calculations were also performed varying with fluence. 
These calculations showed a general temperature rise with 
an increase in fluence. This is a result of the thermal 
conductivity of the fuel compacts and graphite holder 
varying with fluence. 
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Abstract – Recent testing of two advanced high-power neutron spallation sources MEGAPIE and 
EURISOL have yielded a wealth of experimental data and operational experience that is of 
relevance to efforts currently under-way to develop a safe, reliable, sub-critical reactor also 
referred to as an ADS or Accelerator-Driven System. The neutron spallation source at the heart of 
such a reactor must be maintenance-free and inherently safe to operate. The radio-toxic inventory 
in the liquid metal must at all times be contained within successive layered barriers to avert 
contamination in the event of an accident. The paper reviews constraints in terms of the general 
layout of the neutron source and shows how liquid metal neutron source design may be improved 
compared to the current state of the art.  


 
 


I. INTRODUCTION 
 
Neutron spallation sources are currently being 


developed based on liquid-metal technology, by which the 
proton beam impacts a liquid metal flow to produce 
neutrons through spallation. The development of neutron 
sources for purposes of research has reached a critical 
stage where the next logical step would be their 
industrialisation, as a first step towards their 
implementation in a hybrid reactor or ADS. 


The world’s first liquid metal high-power spallation 
source MEGAPIE [1] operated successfully under a 
proton beam in 2006; the culmination of many years of 
effort. Successive improvements sought to increase the 
neutron flux density of such sources and in 2009, a 
compact source with increased power EURISOL [2] was 
tested on a liquid metal hydraulic bench demonstrating 
the capacity to absorb 4 MW of beam power. The wealth 
of experience afforded by these successive experiments 
seems a pertinent basis for mapping out a safety-centred 
approach to the design of a neutron source able to meet 
industry standards. 


The first generation of liquid metal neutron sources 
were designed with neutronic efficiency in mind. The 
current paper proposes to focus on a safety-centred 
approach, whilst conserving the neutronic advantage 
inherent to liquid metal technology. Safety concerns may 
best be addressed by a combination of adapting existing 
nuclear power guidelines and hands-on experience from 
the first-generation experimental neutron sources. 


II. ADOPTED SAFETY GUIDELINES  
 
The diverse nature of national nuclear regulators has 


in recent years been subject to increasing efforts aimed at 
harmonization. The reasons are both technical; reactor 
technology has sufficiently matured that it is essentially 
identical the world over, but also political; with the 
growing realisation that nuclear safety concerns are 
inherently global.  


A formal grouping of European technical safety 
organisations (TSOs) is embodied by the Western 
European Nuclear Regulators’ Association (WENRA) 
which has released a series of guidelines giving a 
framework for both existing and future nuclear reactors. 
These very thorough guidelines apply to conventional 
nuclear pressurised water reactors (PWR), however they 
have a sufficiently broad reach that some of the 
overriding aspects of the guidelines -as listed in Table I- 
may be applied to the design of a neutron spallation 
source. 


The safety cases used in conventional nuclear 
reactors design are not all relevant to a spallation source. 
Thus, the safety cases listed in [3] by WENRA are 
restricted in Table II to those cases which have a direct 
relevance to a spallation source. Furthermore, in some 
instances, the nomenclature pertaining to conventional 
reactors has been rephrased to fit this new field of 
application. For instance, an SGT (Steam Generator 
Tubing) rupture is referred to in the current context as a 
more general heat exchanger tube rupture. 
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TABLE I 


Summary of WENRA Guidelines (simplified from [3]) 


Section [1] Relevant Safety Guideline 
Annex E / 
§1.2 


The design basis shall include a set of postulated 
initiating events (PIE), with consideration of 
failures and hazards (internal and external, natural 
and man-induced),…, to demonstrate that the 
necessary safety functions are accomplished and 
the safety objectives met 


Annex E / 
§2.2 


The single failure criterion shall be applied in all 
design basis analyses of postulated initiating events


Annex E / 
§4.1 


Consideration shall be given to the performance of 
the plant in specified accidents beyond the design 
basis, including a selection of severe accidents (…)


Annex F / 
§3.2 


The design shall prevent as far as practicable:  
• Challenges to the integrity of the barriers;  
• Failure of a barrier by a PIE;  
• Failure of a barrier as consequence of a 


failure of another barrier. 
Annex F / 
§4.1 


The plant shall fulfil fundamental safety functions: 
• Removal of heat from the core;  
• Confinement of radioactive material;  . 


Annex F / 
§5.6 


The following safety analysis rules shall be 
observed, considering:  
• Only safety classified systems;  
• The most penalizing single failure 
• Manual action at the earliest after 30 minutes 
• Loss of off-site power 


 
TABLE II 


Summary of relevant WENRA Safety cases from [3] 


Section [1] Relevant Safety Case 
Annex F / 
§5.1 


The following types of PIEs shall, be included:  
• Forced decrease of reactor coolant flow;  
• Inadvertent opening of pressuriser valves 
• Inadvertent opening of safety valves; 
• Heat exchanger tube rupture 
• Loss of off-site power 
• Loss of core cooling 


Annex F / 
§5.3 


(..) The following types of external events shall be 
included in the safety analysis:  
• Extreme wind loading;  
• Extreme outside temperatures, icing;  
• Extreme rainfall and site flooding;  
• Earthquake;  
• Aircraft crash; 


Annex F / 
§5.4 


(..)beyond design basis events shall be considered:  
• Station blackout;  
• Total loss of feed water;  
• LOCA together with the complete loss of one 


emergency core cooling system;  
• Loss of ultimate heat sink;  
• Multiple heat exchanger tube ruptures 
• Coolant line break together with a heat 


exchanger tube rupture. 


 
III. OPERATIONAL EXPERIENCE 


 
The two experiments mentioned in the introduction 


are a valuable source of operational experience. Lessons 
learnt are described in further detail in the sub-sections 
hereafter and are summed up in Table III which serves as 
a complement to tables I and II. 


 
 


III.A. MEGAPIE Experience 
 
Megapie was as successful experiment leading to an 


80% increase in neutron flux to 1014 [n/cm2 s] at the 
source surface. The overall configuration is shown below 
in Fig.1. The most salient feature of the design is the fact 
that the proton beam enters the source from below 
through a tunnel. The advantage of this configuration lies 
in the possibility of operating a liquid metal source by 
natural circulation alone, without the need for a pump 
since the heat is produced at the lower end and evacuated 
at the upper end of the source. 


 


 
 
Fig. 1. Neutron source configuration at SINQ [1]. 
 
The success of the experiment should not detract 


from the fact that it suffered from a number of 
deficiencies, inherent to a first-of-a-kind. Lessons learned 
from these weaknesses can benefit future efforts in this 
field. 


The perceived advantage of the configuration in 
Fig.1 turned out to be of less value than anticipated as the 
so-called beam window of the source where the beam 
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penetrates the source needs to be continuously cooled 
including during a beam trip which would interrupt 
cooling, if it were achieved by natural circulation alone. 
Indeed, calculations showed that a pump running at 
constant speed was the only reliable method of ensuring 
cooling of the window. Conversely, the electro-magnetic 
pump, which operates by using electro-magnetic 
induction in the liquid metal fluid, proved to be reliable 
and performed steadily.  


Monitoring the flow was difficult due to a failure in 
the flow-meter. The problem was solved using enthalpy 
calculations based on the thermocouple data; however a 
flow-meter relying on a different principle such as an 
ultrasonic probe, or a Pitot tube would have been useful. 
Hence, the first lessons that may be drawn are that; 


• natural circulation is of little value in a liquid 
metal source and 


• electro-magnetic pumps survive well even when 
immersed in liquid metal, 


• flow-meter data is essential and must be ensured 
through diversification, 


• conventional stainless steels such as the T91 and 
316 grades are able to survive in the irradiated 
environment, in particular the beam window. 


During irradiation a steady increase in pressure was 
recorded inside the safety hull (Fig.2) which fully encased 
the source. The design of the source is shown in Fig.3. 
This occurrence was attributed to a gas exuding from the 
source. The gas was extracted and the pressure reduced at 
regular intervals. Subsequent analysis revealed the 
exuded gas to be rich in hydrogen-based compounds 
typical of organic chemicals. 


 


 


 
Fig. 2. Pressure build-up inside the MEGAPIE 


containment. [4] 
 
The cause of the presence of this gas is thought to lie 


with a failure inside the source heat exchanger located at 


the top of the source and which contained Diphyl™, a 
high-temperature organic oil ( see top of Fig.3). 


A fault in the design of the cooling pins located 
inside the heat exchanger was most probably to blame for 
the failure. Indeed the cooling pins were designed as 
simply hanging from the top interface by a flexible bellow 
to accommodate thermal expansion. As the source 
reached full power the thermal expansion probably 
released the press-fit which originally constrained the 
cooling pin inside its bore-hole leaving it free to oscillate 
vertically. Analysis showed that the pin would thus rock 
up and down at 7 Hz leading to millions of cyclical 
tensile/compressive shocks on the bellow and thus 
ultimately to fatigue failure of the thin-gauge bellow.  


As the oil seeped out through a crack in the bellows, 
it flowed down into the lower portion of the safety 
containment hull where it was carbonised by the proton 
beam. The resulting contamination remained inside the 
containment hull, a success of the barrier strategy but did 
complicate matters upon dismantling. Another potential 
contamination source, the production of Polonium by 
proton bombardment was found to be less of a problem 
than anticipated and it is assumed that much of the 
substance remained attached to the oxides on the walls. 


 


 


 
Fig. 3. schematic of the MEGAPIE neutron source. [4] 
 
Thus the lessons to be drawn from experience during 


the proton beam irradiation are that: 
• instrumentation must be diversified and hardened, 


both inside the source and outside (beam 
monitoring) and 
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• in particular leaks must be detected using diverse 
multiple sensors and  


• if they occur, leaks must not flow into the path of 
the proton beam and  


• provisions must be in place for containing and 
analysing leak products 


• multiple containment strategy is vital; the safety 
hull performed well under an unforeseen event and 
prevented contamination of the entire installation, 


• no organic cooling liquid should be used inside the 
source, 


• prior to irradiation, analysis coupling thermal 
analysis, fluid-dynamics and structural analysis is 
essential. 


 
 


III.A. EURISOL Experience 
 
As a sequel to Megapie, a subsequent project in the 


field of liquid metal spallation sources, Eurisol, got 
underway during the period from 2005 to 2009. The goal 
was to investigate a more complex geometry which 
promises a higher neutron flux density of over 1015 [n/cm2 
s] at source surface level. To achieve this goal, the new 
design features greater compactness and energy 
deposition density such that more spallation neutrons are 
produced by the proton beam impacting the liquid metal 
and the neutrons have a shorter escape route.  


The design proposed in [2] was subsequently tested 
on a hydraulic test bench where it achieved the full flow 
rate needed to absorb a 4 [MW] proton beam over a 15 
cm diameter [5]. The similarity of Eurisol with Megapie 
in terms of the physics means that the higher flux would 
likely be achieved, were the Eurisol prototype to be put 
under a proton beam irradiation facility, since the cooling 
ability and hydraulic stability were proven in the full-
scale test. However the project scope and budget did not 
extend to irradiation. An executive summary of the 
Eurisol project may be found in [6]. 


 


 
 
Fig. 4. Eurisol neutron source on hydraulic test stand[5],[6] 


 
The high power deposition inside the source led to 


the use of a very thin window, in places as low as 0.8 mm, 
the characteristic design is shown on the test stand in 
Fig.4. A specially optimised compound-curved concave 
conical beam window proved able to resist the force of 
the liquid metal at high speed  


The experiment was broadly a success and as shown 
in [6] the ability of CFD codes to replicate correctly the 
degree of turbulence in liquid metal was instrumental to 
this success. However the very high speeds which were 
reached in the liquid metal (over 6 m/s) also brought 
about two major new concerns; the risk of cavitation and 
the possibility of structural resonance in the source which 
could have led to failure.  


In the first instance, cavitation was successfully 
suppressed by increasing the static pressure inside the 
source. The pressure load could be increased at will, as 
the shape of the window had been specially tailored to 
resist static pressure far in excess of that experienced 
during the test, this despite the thin beam window. 
However the pressure needed to suppress cavitation 
proved to be higher than anticipated due to numerous 
irregularities on the inner surface which enhanced the 
inception of cavitation. Nevertheless the resulting 
maximum pressure needed to contain cavitation, at 6 Bar, 
remains modest in comparison to reactor technology and 
would not pose a problem to future developments. 


The second area of concern, resonance of the 
structure, was well within the predicted behaviour and did 
not endanger overall performance. Dynamic stress on the 
hull at the point of highest stress did not exceed a few 
[MPa]. However one component inside the source, a flow 
vane used to promote cooling, did fail at high speed. The 
failure had been predicted ahead of the test but 
corrections not implemented due to time constraints. 
Remedial reinforcing solutions could easily be found in a 
follow-on project. An unintended benefit of the internal 
vane failure was that it produced some interesting results 
in terms of testing remote health monitoring of the source 
and also proved the ability of the design to withstand 
internal shocks [6].  


Another major problem in the test was the existence 
of pulsations originating in the electro-magnetic pump. As 
this was an ancient Soviet-era equipment, relevance to 
modern developments is small. However the negative 
impact on experimental data does highlight the need to 
develop and use the latest in pumping technology.  


Subsequent to this experiment, the following 
recommendations may be proposed, 


• electro-magnetic pumps must be calibrated and 
tested, 


• the existence of diversified instrumentation is 
crucial, particular for the flow meter, 
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• pressure transducers and thermocouples are 
particularly resilient, 


• manufacturing must strive to perfect surface 
treatment and surface quality to reduce the onset of 
cavitation, 


• all development should be preceded by coupling 
fluid-dynamics and dynamic structural analysis. 


The two experiments described above are a useful 
complement to the formal WENRA directives. The 
corresponding recommendations are summed up in Table 
III hereafter. 


 
TABLE III 


Summary of Experimental feedback (Eurisol/Megapie) 


Relevance Relevant Safety Guideline 
Multiple containment strategy is vital 
Natural circulation is of little value 
Leaks must not flow into the path of the beam 
Leak analysis and mitigation strategy in place 
No organic cooling liquid inside source 


System 


Development using multi-physics analysis 
Calibrated electro-magnetic pumps are reliable 
High-grade finishes reduce drag losses Component 
T91 /316 stainless steel are an appropriate choice
Diversify flow-meter instrumentation 
Instruments in- and outside of source (beam) 
Ensure leak detection using diverse sensors Signal 


Pressure transducers and TCs are resilient 
 
 


IV. PROPOSED DESIGN 
 


The return of experience contained in Table III and 
the regulations already in place for nuclear reactors in 
Tables I and II form a fair basis for selecting an 
appropriate design. An optimised design should fulfil the 
criteria outlined above by allowing for the following 
provisions; 


• The proton beam penetrates the source from above 
or the side such that any outflow would not 
propagate into a beam tunnel as would be the case 
in the facility depicted in Fig.1. 


• The heat exchanger must be external and contain 
only water or gas with a robust inherent leak 
detection device between the source liquid metal 
and the containment 


• The source must form a self-contained system that 
may easily be decoupled from the surrounding 
structure and ancillaries which enhances safety 
against external aggressions such as earthquakes, 
explosions, etc. 


• A beam window single failure must not breach the 
containment. 


• The containment itself must not be highly 
impacted by the proton beam, and be subject to 
very low stresses and temperatures. 


 
 
 
V. PROPOSED DEVELOPMENT STRATEGY 


 
An optimal design should offer the possibility of 


modularity with a wide range of beam power from 100 
kW to 10 MW by simply varying the dimensions of the 
heat exchanger in accordance with the beam power. 


The development strategy would follow a multi-
tiered approach: 


1. Develop a high performance source to be tested 
thermally and structurally without irradiation at the 
equivalent of 4 MW beam power to prove survivability 
under representative thermal cycling equivalent to 2 years 
operation. Demonstrate modularity by developing and 
testing at the same time a low-power version (100 kW) 
which would be of particular interest for producing radio-
pharmaceuticals. 


2. Upon completion of the thermal-hydraulic tests, 
licence for continuous operation under proton beam 
irradiation at 2 MW beam power.  


3. Operate at 2 MW under beam irradiation, 
gathering neutronic and hydraulic performance as well as 
material degradation data. Demonstrate analytically from 
the experience thus accumulated the potential for a 10 
MW source. 


4. In parallel pursue development in the radio-
pharmaceutical field at lower power. 


In this manner, the potential for energy production 
may be fully validated, whilst supporting the needs of the 
radio-pharmaceutical industry. Both fields of application 
may benefit considerably from synergies 


 
VI. CONCLUSIONS 


 
Coupling an accelerator with a high power neutron 


source promises great progress in the production of 
isotopes for nuclear medicine, materials investigation for 
future Gen IV reactors and most importantly 
implementation in a hybrid reactor or Accelerator- Driven 
System ADS. Industrial solutions already exist in the field 
of accelerators. Manufacturers in Belgium (IBA), Canada 
(ACSI) and Korea (EB-tech & Samyoung) are able to 
offer solutions for high-power beams. No such product 
exists yet for liquid metal spallation sources, although 
there is enough experimental evidence that such a 
development could succeed. 


Indeed, successive experiments such as Megapie and 
Eurisol have shown that the development of an industrial-
grade, reliable, safe, liquid metal neutron source is a goal 
well within reach. Existing technology is no barrier to 
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reaching the very high neutron fluxes that are required for 
practical applications. In particular the beam window is 
no longer a concern and can withstand very high proton 
bombardment using conventional materials such as T91 
stainless steel, a material for which there is abundant 
industrial experience. 


The first step in such an industrial development 
program for neutron sources should be to design, build 
and test thermally a source at the equivalent of 4 MW 
power (roughly 2.8 MW thermal). In parallel 
demonstrating the modularity of the proposed design 
would broaden the range of possible applications to the 
radio-pharmaceutical industry. 
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ADS Accelerator Driven Systems 
EMP Electromagnetic pumps 
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PIE  Postulated Initiating Event 
PWR Pressurised Water Reactor 
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WENRA Western European Nuclear Regulators’ Association 
SGT  Steam Generator Tubing 
TC Thermo-couple 
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Abstract – The control of a nuclear power plant incorporating a Sodium-Cooled Fast Reactor (SFR) 


and a Supercritical Carbon Dioxide (S-CO2) Brayton power converter was investigated using a 


combination of the ANL Plant Dynamics Code (PDC) for the S-CO2 side and the SAS4A/SASYSYS-1 


code for the reactor side. To investigate the autonomous load following, capabilities of the SFR with a 


S-CO2 cycle transient system level simulations were carried out without any active control on the 


reactor side such that the reactor power is regulated only by means of the inherent reactivity feedbacks 


of the metallic-fuelled sodium-cooled fast neutron spectrum core. The system response to a linear 


change in the grid demand from 100 to 0 % at the rate of 5 % nominal power per minute was 


analyzed. The results of the analysis demonstrate that a small temperature variation is calculated in 


the reactor core during the load following transient. Since the reactor behavior in response to the 


assumed 100 % change in grid demand is achieved without any need for deliberate control action on 


the reactor side, the calculations demonstrate the potential for autonomous load following for a SFR 


coupled to a S-CO2 cycle power converter. 


 
I. INTRODUCTION 


 


The supercritical carbon dioxide (S-CO2) Brayton 


cycle has been under development at Argonne National 


Laboratory for several years under the U.S. Department of 


Energy Generation IV Nuclear Energy Systems Initiative 


and the Advanced Reactor Concepts Program. The focus of 


the ANL work has been modeling and simulation of the S-


CO2 cycle control and dynamic behavior and development 


of an automatic control strategy for the S-CO2 cycle. It has 


been demonstrated
1-3


 that with appropriate control 


mechanisms, the S-CO2 cycle can be safely controlled and 


maneuvered even at conditions very close to the critical 


point.  


The majority of the research and development on a 


control strategy for the S-CO2 cycle at ANL has been 


carried out for Lead-Cooled Fast Reactor (LFR) 


applications, such as the STAR-LM and SSTAR
1-4


 small 


modular LFRs for international deployment or remote 


deployment on small electrical grids. In recent years, the 


focus of the DOE-sponsored work on Advanced Energy 


Conversion has been on cycle application to Sodium-


Cooled Fast Reactors (SFRs).
5
 Investigation of the steady-


state (design) S-CO2 cycle performance for the SFR has 


been carried out at ANL.
6-7


  


 For this work, the S-CO2 cycle control and dynamic 


.behavior is studied for a SFR. In particular, the potential of 


utilizing autonomous reactor operation together with S-CO2 


Brayton cycle energy conversion is investigated.  


 


II. AUTONOMOUS REACTOR CONTROL 


 


Under autonomous rector operation it is assumed that 


no deliberate operator-initiated control action is applied to 


the reactor side of the plant with the exception of mainly 


startup and shutdown. Instead, the reactor responds to the 


changing conditions on the energy conversion side of the 


plant by means of its inherent reactivity feedbacks. If such 


autonomous reactor operation is possible, then it would 


simplify reactor operations, possibly reducing the operator 


staff requirements. These benefits would be especially 


important for small and medium reactors connected to 


small electrical grids. For such reactors, the staffing and 


reactor maneuvering requirements are more significant than 


for the traditional role of economy-of-scale nuclear power 


plants connected to large electrical grids for base load 


applications.      


Not all reactor types are capable of operating in an 


autonomous mode for large variations in load demand. 


First, a reactor should have a negative overall reactivity 


feedback on temperatures. That means that in the case 


where the heat removal by the power conversion plant is 


reduced leading to the increased temperatures in the cold 


leg of the reactor side, the reactor should respond by 


702







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11192 


   


inherently reducing its power and eventually matching the 


reduced heat removal rate at the balance-of-plant (BOP) 


side. Even though every reactor needs to have an overall 


negative temperature reactivity feedback for safety reasons, 


the requirements on the magnitude of the feedbacks are 


much higher for autonomous operation. In order to avoid 


excessive temperature increases during autonomous reactor 


control, the reactivity feedbacks need to be strong enough 


to provide significant power reduction with minimal 


temperature variation. Liquid metal-cooled fast reactors 


offer potentially suitable reactivity feedbacks for 


autonomous control. 


As an example of a SFR system, a 400 MWe (1000 


MWt) SFR preconceptual design
8
 was selected for the 


current analysis. Even though this particular SFR was never 


designed specifically for autonomous reactor control, it has 


all the attributes required to make such operation at least 


feasible. The combination of the fast-spectrum reactor, 


metallic fuel, and liquid metal (sodium) coolant provide the 


very strong reactivity feedbacks necessary for the 


autonomous control. To investigate the potential for 


autonomous control of a SFR with a S-CO2 balance of 


plant (BOP), a set of system level reactor and S-CO2 cycle 


dynamics computational tools has been employed..  


 


 


III. COMPUTATIONAL TOOLS AND APPROACHES 


 


 The Plant Dynamics Code (PDC)
4
 for the analysis of 


supercritical carbon dioxide (S-CO2) Brayton cycle power 


converters has been under development at Argonne 


National Laboratory for several years. The Plant Dynamics 


Code has been used previously for control and transient 


analysis of the S-CO2 cycle coupled LFRs, including 


SSTAR and STAR-LM.
1-4


 Recently, modifications to the 


Plant Dynamics Code were made to allow application of 


the code to any reactor type. In particular, an option was 


introduced to the PDC to directly define the reactor-side 


fluid conditions, including temperature, flow rate, and 


pressure, at the reactor heat exchanger (RHX) as  time-


dependent tables. In the case of a SFR, the RHX would be 


an intermediate sodium-to-CO2 heat exchanger. The PDC 


code accepts the tables of intermediate sodium 


temperatures and flow rates at the inlet of this heat 


exchanger (inlet pressure is not needed for sodium since its 


properties do not depend on pressure). Those reactor-side 


fluid conditions need to be calculated by a separate reactor 


analysis code.    


For this work, the SAS4A/SASSYS-1 Liquid Metal 


Reactor Code System
9
 is utilized for the reactor side 


calculations. The SAS4A/SASSYS-1 code couples reactor 


dynamics with thermal hydraulics calculations. The 


SAS4A/SASSYS-1 code incorporates very detailed 


reactivity feedback models along with comprehensive 


thermal hydraulic models for the primary, intermediate, and 


decay heat liquid metal loops. The SAS4A/SASSYS-1 


code also supports the modeling of the balance-of-plant. 


However, this option is currently limited to steam cycles 


only. Therefore, for the current work, only the models 


incorporating the primary and intermediate sodium loops of 


SFR reactor are used. 


To implement simultaneous dynamics calculations of 


the reactor and BOP sides of the plant, the following 


computational approach was developed (Fig. 1). The PDC 


is used to calculate the S-CO2 cycle conditions, such as the 


CO2 pressures, temperatures, and flow rates everywhere in 


the cycle, including the CO2 side of the RHX. The 


dynamics calculations of the PDC incorporate the cycle 


control logics to match the generator power to the grid 


demand. The PDC calculations require the time-dependent 


conditions on the hot side RHX inlet. The sodium 


temperature at the RHX outlet is then calculated at every 


time step by the PDC. That temperature is supplied to the 


SAS4A/SASSYS-1 code as the intermediate sodium 


temperature at the RHX outlet (RHX is called steam 


generator, SG, in SAS4A/SASSYS-1). The 


SAS4A/SASSYS-1 code then calculates the rest of the 


reactor side parameters, including the intermediate sodium 


temperature and flow rate at the RHX inlet. Those are 


supplied back to the PDC code. Since these two codes are 


run independently, the entire simulation is first done in one 


code and then in other (rather than adjusting the conditions 


at each time step). Because of that, iterations are required 


during which the parameters which provide the coupling of 


the two systems - intermediate sodium flow rate and its 


temperatures at the RHX inlet and outlet -  are supplied 


back and forth between the two codes as shown in Fig. 1 


until convergence is achieved. The authors’ experience with 


this scheme is that it takes about five iterations to achieve 


reasonable convergence between the two codes.      


 
 


SAS4A/SASSYS-1 PDC


Na flow rate and Temp. 


at SG (RHX) inlet


Na Temp. at 


RHX outlet


Na Temp. 


change in SG


First 


guess


 


Fig. 1. Coupled Transient Calculations of S-CO2 Cycle for SFR 


Using SAS4A/SASSYS-1 and Plant Dynamics Codes. 


 


The dynamics calculations described in the next 


section are always preceded by steady-state calculations in 


both the PDC and SAS4A/SASSYS-1 codes. The steady-


state part of the PDC is used to provide the CO2 conditions 


in the cycle, including pressures, temperatures, and flow 
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rates. Those conditions are shown in Fig. 2 and serve as a 


starting point for the dynamics calculations. Similarly, 


steady-state initialization in the SAS4A/SASSYS-1 code, 


calculates the conditions on the reactor side, including the 


primary and intermediate sodium temperatures and flow 


rates as well as sodium pool levels, where appropriate. The 


intermediate sodium condition at the RHX inlet and outlet 


are shown in Fig. 2. The steady-state core inlet and outlet 


temperatures are 355 °C and 510 °C, respectively. The core 


thermal power is the same as the RHX power (1000 MWt).  


The primary sodium flow rate is close to that of the 


intermediate sodium which is shown in Fig. 2 on the 


sodium side of the RHX.  


The PDC dynamics calculations include the automatic 


cycle control logic. In general, the same control logic 


developed for this cycle for LFR applications
3
 was adopted 


for this application to an SFR. The generator power control 


is achieved by the means of turbine bypass control assisted 


in the range of 50-90 % load by inventory control. The 


minimum cycle temperature is controlled by a combination 


of cooler bypass and cooling water flow rate variation.   


The S-CO2 cycle design for the SFR is somewhat 


different with regard to the cycle control than analyzed 


previously for the LFR. The most significant difference is 


the CO2 conditions at the cooler outlet/compressor inlet. 


For the SFR, the cooler outlet temperature is about 1 °C 


closer to the critical point than in SSTAR. That closer 


proximity to the critical point results in the need to re-


optimize the S-CO2 cycle controls for the minimum 


temperature. The adjustments though were minor and were 


mostly limited to variation of the coefficients for the 


proportional, integral, and differential (PID) control 


components. In addition, it was found beneficial for this 


particular design to implement limited control of the flow 


split between the two compressors by means of the 


Compressor #2 outlet throttle valve (C2Ov). That limited 


flow split control introduces a very small variation of the 


flow rates and the conditions near the critical point, but is 


effective in avoiding what are believed to be numerical 


oscillations calculated at certain compressor-inlet 


conditions.  


 


 


 
ABR S-CO2 CYCLE TEMPERATURES, PRESSURES, HEAT BALANCE, AND EFFICIENCIES
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Fig. 2. Steady-State Conditions for ABR-1000 S-CO2 Cycle. 


 


II. TRANSIENT SIMULATION AND RESULTS 


 


The characteristics of the S-CO2 cycle control and 


autonomous reactor control were investigated for a linear 


load reduction transient. The grid demand is assumed to 


decrease from 100 % (full power) all the way to 0 % at a 5 


%/min rate. This rate was selected on one hand to provide 


sufficient speed to see the dynamic aspects of the system 


and, on the other hand, not to introduce any potential issues 


associated with very fast cooling rates, such as thermal 
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shock. That linear reduction in grid demand was the only 


external variable for the transient. All other adjustments to 


the system are either done by automatic S-CO2 cycle 


control or are achieved though the internal feedbacks of the 


SFR system. The transient was run for 1,600 seconds of 


which 1,200 seconds were for the actual load reduction and 


400 seconds – for the continuous operation at zero 


generator power.  


For the autonomous reactor operation, it was assumed 


that the reactor power changes only in response to the 


change in the heat removal conditions on the S-CO2 cycle 


by means of the internal reactivity feedbacks. No active 


control action (e.g., by control rod movement) is modeled 


for the reactor power. The sodium pump speed in both the 


primary and intermediate loops is kept constant. The 


reactor coolant flow rates were allowed to vary as 


determined by the selected pump model for the pumps 


assumed operating with a constant speed.  


The results of the transient simulation are shown in 


Fig. 3. The S-CO2 cycle automatic control is able to follow 


the load very closely (W_gen and W_grid curves on the 


first plot overlap during the entire transient). The heat 


removal rate in the RHX and, therefore, the cycle 


efficiency, are related to the acting control mechanism. For 


turbine bypass control (above 90 % and below 50 % load), 


the cycle efficiency drops linearly with the load and the 


heat removal from the RHX stays approximately constant. 


For inventory control, the cycle efficiency is more or less 


maintained at the same level such that the heat removal 


from the RHX closely follows the grid load.  


The S-CO2 cycle low pressure falls below the critical 


value when inventory is removed from the cycle. It 


increases back to almost the critical value when turbine 


bypass control operates below 50 % load. The high CO2 


pressure decreases with both inventory control and turbine 


bypass control. After about 500 s, the Compressor #2 outlet 


pressure increases above that of Compressor #1, due to the 


C2Ov throttling action, such that it becomes the highest 


pressure of the system (but still stays significantly below 


the maximum cycle pressure at steady state conditions).  


The compressor flow rates decrease with inventory 


control but increase with turbine bypass control. The 


turbine flow rate decreases with both inventory control and 


turbine bypass control. This flow rate behavior provides the 


primary reason for the reduction in the generator power. It 


also explains why the efficiency drops with turbine bypass 


control (due to increased compression work). Overall, the 


cycle response is close to that calculated previously for 


other systems with a S-CO2 cycle.   


Both of the reactor-side variables which affect the S-


CO2 cycle performance, namely, the intermediate sodium 


temperature at the RHX inlet and its flow rate, do not 


change significantly compared to the steady-state values. 


The flow rate changes by only about 2 %. The RHX inlet 


temperature increases by about 10 °C at most.  


The response on the reactor side is defined by the heat 


removal by CO2 in the RHX and the reactivity feedback 


coefficients of the reactor core. In the turbine bypass 


control action range (before 120 s and after 600 s with 


some delay due to thermal inertia), the heat removal rate by 


CO2 does not change much such that the reactor 


temperatures are approximately constant. As a result, the 


net reactivity is zero and the reactor power does not 


change. When inventory control is applied to the S-CO2 


cycle, the CO2 flow rate and the heat removal by CO2 in the 


RHX are reduced leading to an increase of the intermediate 


sodium cold leg temperature and later of the core inlet 


temperature. Through the net negative overall reactivity 


feedback of the SFR core (dominated mostly by the thermal 


expansion of the core), the higher core inlet temperature is 


translated into negative net reactivity and, therefore, a 


lower reactor power. Eventually, the reactor power matches 


the heat removal rate in the RHX such that the 


temperatures equalize at the new level and the net reactivity 


is zero. The level at which the reactor temperatures 


equalize is a function of the reactivity feedbacks (or 


combination of various feedbacks components). The results 


in Fig. 3 demonstrate that due to the favorable reactivity 


feedbacks of the SFR core, the core outlet temperature does 


not change much during load following.  
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Fig. 3. Transient Results.                                     (Continued on next page) 
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BRAYTON CYCLE FLOW RATES: TURBOMACHINERY
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Fig. 3. Transient Results. (Continued) 
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IV. CONCLUSIONS 


 


Development of control strategies for S-CO2 Brayton 


cycles at ANL has been extended to include the analysis of 


overall plant control strategies for a Sodium-Cooled Fast 


Reactor. Unlike the SSTAR LFR considered in previous S-


CO2 cycle control analysis, the 400 MWe (1000 MWt) SFR 


considered in this work is not designed for autonomous 


reactor operation; it was envisioned that the reactor power 


would be actively controlled by control rods when 


necessary. However, metallic-fueled SFRs embody large 


reactivity feedback coefficients similar to a metallic-fueled 


or nitride-fueled LFR raising the possibility of autonomous 


SFR operation.   


The S-CO2 cycle control logic was previously 


optimized for LFRs; it was found necessary to re-optimize 


some controls for this application to an SFR. The closer 


proximity to the critical point at the compressor inlet in the 


SFR results in the need to re-optimize the S-CO2 cycle 


controls for the minimum temperature. In addition, a 


limited flow split control by means of compressor throttling 


was adopted for the SFR as an effective mean in avoiding 


potentially unfavorable conditions of compressor operation 


reducing the numerical oscillations otherwise calculated as 


part of the transient results.  


The transient results were obtained by finding an 


iterative solution for simultaneous runs of the Plant 


Dynamics Code for the S-CO2 cycle and the 


SAS4A/SASSSYS-1 code for the reactor side. Based on 


the results of the transient analysis, the flowing conclusions 


are drawn.  


The behavior of the S-CO2 cycle under turbine bypass 


and inventory controls is very similar to that observed in 


the previous analyses for other systems. With turbine 


bypass, the cycle efficiency reduces almost linearly with 


the grid demand meaning that the heat from the reactor is 


transferred to the cooler directly instead of to the turbine. It 


is therefore the most inefficient way of cycle and whole 


plant operation. The benefits of this control is that there are 


no limits on its range and the speed of the control 


mechanism is virtually limited only by the valve opening 


and closing rates – the system response to pressure and 


flow changes is almost instantaneous. Inventory control on 


the other hand provides the most efficient operation at the 


reduced loads. However, the range of this control is limited 


by the total inventory storage vessel volume. In addition, 


the speed of inventory control is limited to how fast a 


distortion of the flow at the compressor outlet and inlet 


(where inventory control is connected to the cycle) can be 


applied without having a significant negative effect on 


compressor operation. The minimum temperature control, 


consisting of cooler bypass and water flow controls, is once 


again shown to be effective and necessary for the S-CO2 


Brayton cycle. Overall, the control strategy selected in 


previous work for the S-CO2 cycle – inventory control with 


turbine bypass control outside of the range of the former 


assisted by cooler bypass and water flow rate controls – has 


proven to be effective and optimal for the S-CO2 cycle 


coupled to a SFR.  


The results of the investigation show that the heat 


removal rate by the cycle is defined by the control 


mechanisms on the S-CO2 cycle side. When turbine bypass 


control is the main control mechanism, the heat removal 


rate by the cycle does not change significantly. With 


inventory control, the heat removal rate changes closely in 


proportion to the specified grid demand.  


The autonomous operation of the reactor, where no 


active control is applied to the reactor power and flows, is 


demonstrated to be a feasible option for the SFR 


preconceptual design with a S-CO2 Brayton cycle BOP. It 


is demonstrated that the plant can effectively follow the 


load over the entire range (0 % to 100 %) by means of the 


automatic S-CO2 cycle control. The only possibly 


undesired feature of autonomous reactor operation 


discovered during the analysis is a slight increase of the hot 


side sodium temperatures – the intermediate sodium hot leg 


temperature is calculated to increase by a maximum of 


about 10 °C during the considered load reduction transient.  
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Abstract – The sodium-cooled fast reactor (SFR) is one of the main options as a next generation 
reactor. Its in-vessel instrumentation is required to detect any abnormal situation at a sufficiently 
early stage, and thus to deliver measurements that are reliable and easy to interpret over several 
reactor cycles. 
 
In this paper we pick up the detector family that is the best suited for the in-vessel SFR 
instrumentation with respect to this requirement. Three types of detectors that are widely used for 
in-core neutron measurements are reviewed: fission chambers, boron-lined proportional counters 
and self-powered neutron detectors. We use as an input data neutron and gamma spectra  that 
have been  computed for a preliminary design of the SFR in different locations. We compute for 
each detector family the expected signal, to assess whether its level is sufficient. The evolution of 
the signal due to the depletion of the active part of the detectors is also addressed, to examine 
whether it is compatible with long term measurements. The issue of leakage current and 
irradiation damages is examined. 
 
Fission chambers appear to be the best suited detector family for in vessel neutron 
instrumentation of the SFR, able to deliver an interpretable signal for a wide dynamic of reactor 
power and for three or more operating cycles. This conclusion is supported by three key assets: 
the possibility to choose the fissile deposit according to the location in the reactor, the excellent 
rejection of the gamma events by using the Campbelling mode, and the intrinsic wide dynamic of 
those detectors when combining pulse mode and Campbelling mode. The Campbelling mode is 
also a convenient way to deal with the leakage current. In contrast, the two other types are shown 
to be inadequate for SFR measurements. 


 
 


I. INTRODUCTION 
 
The detection of any abnormal situation at a 


sufficiently early stage is, as far as the safety is 
concerned, a key point for Generation-IV systems in 
general, and sodium-cooled fast reactors (SFR) 
specifically. The implied instrumentation must 
continuously and quickly deliver measurements that are 
reliable and easy to interpret. This paper focus on the 
incore neutron instrumentation for the SFR. The criteria 
can be defined as follows : 


• life duration : three operating cycles (typically 
410 days at nominal power) are required to 
match foreseen maintenance schedule; 


• wide dynamics : in order to follow the reactor 
from start to nominal power; 


• a signal level that is at a reasonable level for an 
easy measurement; 


• good rejection of additional contributions, such 
as gamma-induced signal and leakage current. 


 These criteria are more or less stringent depending 
on the location within the reactor: in diluting tubes within 
the fuel assembly, or in the lateral neutron protections. 


 
Three types of neutron detectors are widely used in 


the existing power and research reactors: fission 
chambers, boron-lined proportional counters, self-
powered neutron detectors1. We confront them to the 
aforementioned criteria. For the sake of clarity, after 
having described the condition within the SFR core, we 
address each type of detector separately.  
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II. SFR INCORE CONDITIONS 
 
In this paper, we adopt the SFR core displayed on 


Fig. 1, coming from a preliminary design for an industrial 
reactor2.  


 


 
 
Fig. 1. The SFR core used in this paper for ERANOS 


calculations. Only one third is sketched, the whole core is 
obtained by hexagonal symmetry. Safety rods are in white, 
control rods in pink or blue, fuel in green or yellow. Diluting 
assemblies and lateral neutron protections are in gray. We have 
emphasized the locations for which the detector signal and 
evolution is computed. 


 
The thermal power is 3.6 GW. The length of an 


operating cycle is 410 days at nominal power. The core is 
evolving during its life, we suppose that the core has 
already undergone 14 operating cycles, as the 
corresponding flux will put more stringent constraints on 
the detectors. During normal operation, the sodium 
temperature ranges from 395 and 577°C. The neutron and 
gamma spectra have been computed by the European 
Reactor ANalysis Optimized calculation System 
(ERANOS) code3. This code, designed for Generation-IV 
reactor studies, can perform multi-group neutron 
calculations in hexagonal 3D geometry when the reactor 
is at equilibrium. With the gamma spectra, it is possible to 
compute with MCNP the gamma heating in alumina 
(Al2O3), the neutron heating is found to be negligible. 


 
In order to have a good overview of the detector 


behavior in sensible in vessel locations, we consider as 
possible locations for detectors: 


• the diluting assembly 32/28 at median level: 
obviously it represents the harsher conditions, 
with a high neutron flux, fast spectrum, large 
heating; 


• the same one at the top of the assembly: the 
neutron spectrum is significantly degraded with 
respect to the median level ; 


• the lateral neutron protection 42/18 at the median 
level: the neutron spectrum is almost as fast as 
32/28, but the heating is significantly lower; 


• the lateral neutron protection 45/15 at the median 
level: the effects of the protection on the neutron 
flux and spectrum are apparent. 


 
TABLE I 


Neutron, gamma flux (in n or gamma/cm2/s) and heating 
(W/g) for the studied location. We also indicate the percentage 


of neutron flux above 0.1 MeV 


 32/28 32/28 top 42/18 45/15 


Neutron 3.0 1015 4.5 1014 1.1 1015 4.3 1013


>0.1 MeV 59.00% 39.00% 56.00% 30.00% 


Gamma 4.4 1014 2.4 1013 8.1 1013 3.3 1012


Heating 2 0.1 0.3 0.02 


 


The neutron, gamma flux and the heating are 
reported on Tab. 1 for those locations. The neutron and 
gamma spectra are outlined on Fig. 2 and 3. 


 
Fig. 2. Neutron spectra for the locations studied in this 


paper. 
 


 
Fig. 3. Neutron spectra for the locations studied in this 


paper. 
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III. FISSION CHAMBERS 


 
III.A. Description 


 
Typically, a fission chamber has two coaxial 


electrodes between which an electric field is applied. The 
inter-electrode space is filled with pressurized gas at few 
bars.  Because the gas must not chemically interact with 
the electrodes, and because the gamma rays break up 
molecular bounds, noble gas such as argon are preferred. 
The body of the chamber is sealed, an insulating material 
(e. g. Al2O3) insures the electrical separation between the 
electrodes.  


One of the electrode is coated with a thin layer  (from 
a few ・g to a few hundreds of ・g) of fissile material. 
Depending on the choice of this deposit (usually U235 or 
Pu242), the chamber can be more or less sensitive to the 
thermal or fast parts of the neutron spectrum. After this 
step, the chamber is heated at about 500°C. 


When a neutron reaches the fissile deposit, it may 
induce a fission that generates two fission products, 
emitted in two nearly opposite directions.  The one 
emitted out of the deposit ionizes the filling gas on its 
trajectory, the amount of created charges Qf is about 105qe 
(where qe is the electron charge) for a miniature chamber. 
The electrons and positive ions are separated by an 
applied DC voltage of few hundred volts, and drift across 
the gas, generating a current signal that can be amplified 
and processed. That DC voltage must be high enough to 
collect all the charges, and low enough to prevent the 
production of secondary ionization pairs (a phenomenon 
occurring in proportional counters). If both conditions are 
fulfilled, the fission chamber works in the saturation 
regime, namely for which the neutron-induced current 
signal is proportional to the fission rate. In the following, 
we suppose that this is achieved.   


An interesting feature of fission chambers is that it 
can be operated in three different modes, depending on 
the fission rate, the pulse shape and the signal sampling:  
1) Pulse mode: The pulses do not pile up, so the fission 
rate ・f, which is proportional to the flux, is retrieved. As 
the pulse shape is about 10-100 ns wide for a miniature 
chamber, this mode can be used up to  ・f ~106 s-1. The 
lower limit is linked to the time allowed to reach the 
desired precision, which evolves as the square root of the 
number of counts.  
2) Campbelling mode: The quantity of interest is the 
variance of the signal. According to the second Campbell 
theorem, the variance due to fission events is proportional 
to ・f Qf


2 


3) Current mode: The quantity of interest is the mean 
current, which is proportional to ・f Qf. 


For current and Campbelling modes, the upper limit 
is linked to the veracity of the saturation hypothesis, 
which is questionable above ・f ~109 s-1, for two reasons: 
first, it would need such a high electric field to collect all 
the charge before recombination that secondary ionization 
would occur, second, the accumulation of charges in the 
inter-electrode space produce a distortion of the electric 
field (space charge effect) that shrinks the saturation 
plateau4. 


The possibility to use pulse and fluctuation modes 
with a good rejection of gamma events is an great 
advantage of fission chambers, as they can deliver an 
exploitable signal over several (・f ~102-9s-1) orders of 
magnitude of flux5, allowing a good monitoring from start 
to nominal power. 


 
In SFR conditions, several problems may arise: 
• During the irradiation, the fissile deposit 


undergoes a depletion and an isotopic evolution6. 
As a result, the spectral sensitivity of the 
chamber evolves: see Sec III-2. 


• The gamma photons that directly ionize the 
filling gas also generate a signal, by directly 
ionizing the filling gas, although the amount of 
created charges per event is much smaller: see 
Sec III-3. 


• Because of the irradiation and temperature, a 
leakage current may appear: see Sec III-4. 


 
 


III.B. Deposit evolution 
 


This matter has been treated in large details 
elsewhere7. We recall here the main results. 


 
Because of depletion and isotopic evolution, the 


signal varies even if the neutron flux is kept constant. The 
lifetime of the fission chamber can then be empirically 
defined as the irradiation duration before the sensitivity is 
reduced by a arbitrarily chosen amount. We choose a 
diminution of the signal of 30% for U235 chambers, 10% 
for Pu242 (in this case an augmentation of the signal is to 
be avoided as far as possible), with the following 
justifications:  


• The evolution of signal due to depletion and 
isotopic evolution has a large timescale when 
compared to the one of the phenomena we want 
to measure (for instance a sudden augmentation 
of the flux), so a high-pass filter is worth 
considering. 
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• It is in principle possible to correct for the 
evolution of signal with an appropriate 
acquisition system: this method has found a 
practical application with the FNDS system8,9. 
However its accuracy is limited by the 
knowledge of the spectrum and data library, that 
can be an issue for safety applications. It is 
rather easy to correct for the evolution of an 
U235 chamber, as it is driven by the exponential 
depletion of the number of fissile nuclei of 235U, 
although for high depletion levels the initial 
impurities and the 236U production by capture are 
a concern. The evolution of Pu242 chambers is 
far more complex, with a key role of isotopes 
such as 245Cm, eventually leading to an 
augmentation of the signal during irradiation, 
and isotopes such as 243Pu, for which the nuclear 
data are scarce and questionable. This is not 
desirable for safety applications. 


 
The signal of fission chambers and its evolution is 


computed with the DARWIN 2.2 suite10. This suite is able 
to compute, for a given neutron spectrum, the condensed 
cross-sections for all available reactions and isotopic 
evolution under irradiation, hence the derivation of the 
fission rate is straightforward. We simulate the evolution 
of high purity U235 and Pu242 chambers, the percentage 
of the main isotopic being 98.49 and 99.93% respectively.  


 
The fission rates for 1 ・g (neglecting self-screening 


and self absorption issues, the results for other masses can 
be derived by proportionality) is given on Tab 2, its 
evolution over three operating cycles is featured on Fig. 4 
and 5.  
 


TABLE II 


Fission rate (per second) of fission chambers in the four 
locations at the beginning of irradiation, computed for 1 ・g,.  


 32/28 32/28 top 42/18 45/15 


U235 1.6 107 6.4 106 8.9 106 7.8 105


Pu242 2.5 106 1.6 105 7.9 105 7.1 103


 


 
Fig. 4. Evolution of the fission rate for U235 fission chambers in 
the four locations as a function of the irradiation time (in days at 
nominal power), with respect to its initial absolute value. 
 


 
Fig. 5. Same as Fig. 4 for Pu242 
 


Operations in Campbelling and current modes is 
possible with common deposit mass of U235 (about 10-
100 ・g) at nominal power in each location. However, 
most of the signal comes from the epithermal neutrons, 
the sensitivity to fast neutrons (above 0.1 MeV) is quite 
low (23% at 42/18).  


The decrease of the fission rate, driven almost 
exclusively by depletion in 235U isotope, is negligible in 
45/15, so that, as far as the deposit depletion is concerned, 
the chamber will last much longer than three cycles. The 
top of 32/28 and 42/18 are rather equivalent in terms of 
depletion, about 30% after three operating cycles: 
depending on the application, a correction of sensitivity 
may be necessary to use the chamber over three cycles. 
For 32/28 at median level, the depletion is very important 
(about 60%), so U235 is not recommended. A possible 
solution  is to use regenerable deposits, i.e. mixing the 
U235 with U234 or U238. A very good stability of the 
signal can be achieved7, however the required 
composition of the deposit depends strongly on the 
expected neutron spectrum. 
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Operations in Campbelling and current modes is 


possible with common deposit mass of Pu242 (about 10-
100 ・g) at nominal power for all locations but 45/15, for 
which pulse mode is preferred. In contrast with U235, 
Pu242 chambers are sensitive to the fast neutrons: in 
42/18, 96% of the signal comes from neutrons above 0.1 
MeV. The evolution of Pu242 is rather complex, and 
depends on the spectrum shape, not only on the flux level. 
However, in the SFR conditions, the behavior of Pu242 
chambers is shown to be very satisfactory to make 
measurement in the four location over three operating 
cycles. 


 
Other isotopes, such as Np237, U238 and Th232, 


have been tested and found to evolve to quickly to be 
used. 
 


III.C. Sensitivity to the gamma flux 
 


A fission chamber, as an ionization chamber, is 
sensitive to the incoming gamma rays. The gamma-rays 
interact mainly with the electrodes, producing energetic 
electrons that may reach the filling gas and ionize it in a 
way that is similar to the fission products. Direct 
ionization of the gas is found to be negligible, mainly 
because the density is much lower than that of the 
electrodes.  


 
To compute the signal of the gamma-rays, we have 


devised a simulation route, detailed elsewhere11.   The 
principle is to simulate with the MCNP code the electron 
created by the gamma in the electrodes and in the gas of 
the fission chamber, and tally their contribution to the gas 
heating. We then divide this heating by the average 
energy W required to create an ion pair12.  


For this evaluation, we choose a miniature fission 
chamber geometry. The electrodes are in stainless steel. 
The outer diameter is 3 mm, the diameter of the anode is 
2 mm, the inter-electrode gap is 0.25 mm, the sensitive 
length is 1.3 cm. The chamber is filled with pure argon at 
a pressure of 4 bars. The computed currents are given in 
Tab. III. When comparing to the fission rates given in 
Tab. II, and assuming a mean charge per neutron event of 
105qe, the gamma-induced current can be of the same 
order of magnitude as the neutron-induced current for 
Pu242 chambers. For U235 chambers, the contribution is 
not preponderant, although not negligible.  Conversely, 
the gamma contribution is reduced below 1% of the total 
variance in the Campbelling mode, assuming a mean 
charge per gamma event of11  105qe, in reasonable 
agreement with the available experiments13 and 
demonstrates the interest of the Campbelling mode to 
discriminate between the various contributions to the 


signal. In pulse mode, given that the area of the pulse is 
given by the charge, and that the width of neutron-
induced and gamma-induced pulses are similar, a 
threshold rejection is straightforward. 
 


TABLE III 


gamma-induced current (in ・A) in the four locations for a 
subminiature chamber.  


 32/28 32/28 top 42/18 45/15 


Gamma current 13 1 2 0.1 
 
 


III.D. Leakage current 
 


The resistivity of insulator materials used in fission 
chambers, such as Al203 or MgO, decrease of several 
order of magnitudes in the SFR irradiation and 
temperature conditions with respect to their room values. 


 
The decrease of the resistivity with temperature is 


well understood theoretically14. The insulator can be 
considered as an extrinsic semi-conductor, i.e. the thermal 
excitation energy of the electron is about the same order 
of magnitude of the gap energy of the electron-donor 
impurities (about 1eV. As a result, the resistivity may 
decrease of three orders of magnitude for a 100°C 
increase of temperature, with the law14 1/R∝ exp(-
Ed/kT). Because the Ed and proportionality term are 
highly dependent on the impurity level and surface state, 
resistivity measurements span several orders of 
magnitudes, as illustrated in Fig.6 from15. In agreement 
with this, laboratory measurements of the resistivity of the 
CFUC07 chamber shows that the insulation resistance 
drops from 1012 to 107 Ω when the temperature goes from 
20°C to 650°C. 
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Fig. 6. Compilation from14 of experimental results on the 
conductivity of alumina with temperature.  In Will14, an ultra 
pure monocristal is considered.  
 


The radiation-induced conductivity (RIC) is the 
decrease of the resistivity with irradiation. The basic idea 
is that the irradiation tends to release the electrons trapped 
in the defects16. The experimental data are well described 
by the phenomenological law ・=・0+KP・, where     ・0 


depends on the temperature as state above, P is the dose 
rate. Measurements16 yield  ・・0.91 at 570K (38), 0.85 


at 750°C, and K=8 10-13 Ω-1 cm-1 rad-1 s for alumina, so 
that the relationship with the dose rate is almost linear. 
With those values, we find that the irradiation effect is 
dominant with respect to the temperature effect for 32/28, 
of the same order of magnitude for 45/15. Those values 
are in good agreement with the measurements of refs17,18.  


 
Thus, the resistance of the insulator of the fission 


chambers in SFR conditions will be about 105-106 Ω, a 
more precise value would require a dedicated experiment. 
As the chamber is polarized at few hundred volts, the 
leakage current of the order of 1 mA. Dedicated sources 
can deliver such a current without a significant decrease 
of the voltage.  
 


The leakage current yields contrasting issues 
depending on the operating mode. The pulse mode is not 
affected, as the leakage current does not have pulses. The 
current mode is directly affected: the leakage current adds 
up with the neutron-induced and gamma-induced 
currents. A popular solution is the guard ring design, in 
which the bias voltage and the signal are carried by two 


distinct cables. An other advantage is that the signal cable 
is insensitive to partial breakdown, as it is not polarized. 
However, this design may rise some practical issues 
(because of the need of two cables and a specific 
measuring chain). Another possibility is to have an 
ionization chamber, without deposit, which is identical to 
the fission chamber, to monitor only the non-neutron 
contributions to the signal: however in practice the 
subtraction is rather tricky, as the chambers cannot be 
placed at the very same location.  


 
The variations of the leakage current due to the 


structural evolution of the insulator or to the voltage 
source have long time scales when compared to the 
frequencies at which the measurements are made (103 - 
107 Hz). The Johnson-Nyquist noise, giving the 
fluctuation of the current through a resistance, is given 
with a good approximation at frequency f and temperature 
T by I2~4kTf/R. With SFR values, we get I2=5 10-25 
A2/Hz, while the sensitivity of fission chambers is usually 
about 10-26 A²/Hz/nv: the Johnson-Nyquist noise is 
therefore negligible even at very low flux. The measuring 
chain has a low impedance (much below 105 Ω in the 
frequency domain of interest), as it acts like an ammeter: 
thus the loss of charge through the insulator of the 
chamber is negligible. Then, with fluctuation mode, a 
guard ring concept is not required as far as leakage 
current is concerned, although it can be interesting to 
solve partial breakdown issues. 
 


In conclusion, the use of pulse mode and fluctuation 
mode greatly help to overcome the problem of the 
leakage current. 
 


III.E. Irradiation damages 
 


The detector body and cables may be affected by the 
harsh conditions reigning in the SFR core. Gamma 
photons heat the materials, in an instantaneous and 
reversible way. Thermal neutrons may be captured by 
materials, the following decays may affect their electrical 
and mechanical behavior. However the main issue is the 
combination of fast neutrons and high temperature. Fast 
neutrons alter the structure of the materials: according to 
the ERANOS calculations, the displacements per atoms 
for three operating cycles are 90 in 32/28 at median level, 
23 at the top, 29 in 42/18 and 0.4 in 45/15. The 
fragilization may be significant, but is not an issue if the 
detectors are not mechanically strained. Widely used 
insulating materials such as Al2O3 undergo macroscopic 
swell19,20. In our conditions, using the fit proposed by 
those authors, we infer a swelling of 3%. It is desirable to 
carry out specific experiment to check for all those 
effects; we can already note that endurance tests for the 
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fission chamber CFUC07 at PHENIX (temperature about 
550°C) have shown no degradation21.  
 


IV. OTHER DETECTORS 
 


IV.A. Boron-lined proportional counters 
 


Boron-lined proportional counters are very similar to 
fission chamber, allowing to use the same calculation 
techniques. The commercial counters have a much 
heavier deposit: about 0.1 g of 10B, but masses as low as 
0.05 mg are available. This is due to the fact that the main 
use of those detectors is outcore low flux measurements 
at reactor start. Boron-lined proportional counter are 
usually used in pulse mode, although the use of the other 
modes is theoretically possible. However, because the Q-
value of the (n,alpha) reaction is rather small, the created 
charge is about 104qe,  so that boron counters are less 
effective than fission chambers in Campbelling mode. In 
current mode, those detectors would have the same issues 
with leakage current as fission chambers. 


 
During irradiation, the deposit depletes. The reaction 


rate and its evolution of the boron deposit are computed 
the same way as for fission chambers.  The reaction rate 
at the beginning of the radiation is given for 0.1 mg in 
Tab. IV. Its evolution over three operating cycles is 
featured on Fig.7. 
 


TABLE IV 


Event rate (per second) of boron-lined proportional counters in 
the four locations at the beginning of irradiation, computed for 


0.1 mg.  


 32/28 32/28 top 42/18 45/15 


Boron 5.7 1010 3.5 1010 3.5 1010 4.5 109


 
Fig. 7. Evolution of the event rates for boron-lined proportional 
counters in the four locations as a function of the irradiation 
time (in days at nominal power), with respect to its initial 
absolute value. 


 
A mass of  0.1 mg  yields an event rate about 1010 s-1. 


Given the collection time (about 250 ns for commercially 
available counters), the pulse mode would require an 
unrealistic mass of 20 ng in 45/15, which is the less 
demanding location. To have event rates compatible with 
Campbelling or current mode, deposit masses should be 
of the order of  ・g. This would imply the development of 
specific counters which is useless given the existence of 
fission chambers. 


 
The depletion is very important: 65\% in 32/28 over 


three operating cycles, even 8\% in 45/15. This would 
imply a sensitivity correction. Besides, the sensitivity of 
boron detectors to fast neutrons is very small. Indeed, 
more than 90% of the signal comes from neutrons below 
1 eV, which count for much less than 1% of the total 
neutron flux in the four locations. 
 


IV.B. Self-powered neutron detectors 
 


Self-powered neutron detectors (SPNDs) are rather 
different in nature and structure. Two coaxial electrodes 
are separated by an insulator. One of the electrodes, the 
emitter, is made with a material that interacts with 
neutrons by radiative capture (n,gamma. Usual materials 
are Platinum, Gadolinium, Hafnium, Rhodium, Cobalt. 
Electrons are produced according to two processes: the 
interaction the the gamma issued by the (n,gamma) 
reaction, the ・– decay of the activated material. The 
former process gives the prompt response of the SPND, 
the latter the delayed response (ranging from few seconds 
to several minutes). The electrons that reach (thanks to 
their kinetic energy) the other electrode (the collector) 
give directly the signal: as the name of SPND implies, 
there is no need of a DC voltage, hence no leakage 
current. 
 


The depletion is computed with the same method as 
for fission chambers. over three operating cycles in 32/28 
ranges from 4% (Cobalt) to 30% (Gadolinium). This 
latter value may be overestimated, as the neutron self-
screening effect may be not negligible. 


 
Prompt and delayed contribution of SPND signal, 


and the contribution due to the gamma, are computed 
with MCNP for SPNDs  of typical dimensions: 1 mm for 
the diameter of the emitter, 2 mm and 2.5 mm for the 
inner and outer diameter of the collector, and a length of 
80 mm, the insulator is Al2O3. We apply the simulation 
process detailed in22,23. The principle is to compute first 
the activation of the emitter by the neutrons. The result is 
taken as an electron source to compute the delayed 
contribution, and as a photon source to compute the 
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prompt contribution. The gamma contribution is 
evaluated in a separate routine, in a similar way as for 
fission chambers.  The results for usual emitters are given 
on Tab.V.  


 
The expected signal is very small, in most cases 


below 100 nA; in practice only when the reactor is at 
nominal power. Moreover, in all cases, the gamma-
induced current is at least of the same order of magnitude 
as the prompt and delayed contributions. As a SPND is by 
definition operated in current mode, there is no way to 
reject it. 
 


The delayed contribution comes from thermal 
neutron, as a radiative capture is involved. The prompt 
contribution is dominant for Platinum only in all 
locations, and for Hafnium where the spectrum is fast 
enough; note however that the delayed contribution if 
computed at its maximum, i.e. after a time that is large 
with respect of the  decay constant of the activated 
material, which ranges up from minutes (rhodium) to 
days (hafnium) and even years (cobalt); if we consider 
that a delayed contribution with a decay constant greater 
than few days as slow gradual increase of the 
background, then the signal of hafnium and cobalt is 
essentially prompt, with a ・・・ ratio well above 10.  
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


TABLE V 


Prompt SPND currents (nA) and  of prompt to delayed 
contributions(・・・). The gamma-induced current I・ is also 


given.  


 Pt Gd Hf Rh Co 


32/28      


I 122 24 29 18 29 


・・・ 7 0.2 3.2 <0.1 <0.1 


I・  887 654 804 520 393 


32/28 top      


I 44 3 3 7 13 


・・・ 4.6 <0.1 0.4 <0.1 <0.1 


I・  110 72 96 69 45 


42/18      


I 59 8 10 9 16 


・・・ 5.8 0.1 1.4 <0.1 <0.1 


I・  215 147 190 119 73 


45/15      


I 5 0.2 0.3 0.8 16 


・・・ 4.3 <0.1 0.3 <0.1 <0.1 


I・ 17 11 15 11 8 


 
Because of this weak signal, because of the existence 


of a delayed contribution, and because the high level of 
the gamma-induced current, SPNDs are not suited for 
SFRs. 
 


 
IV. CONCLUSIONS 


 
In this paper we have simulated the signal and its 


evolution of neutron detectors located in the vessel of a 
SFR, and intended to be used for safety applications. We 
have investigated which type is able to deliver 
measurements that are reliable and easy to interpret over 
three operating cycles. 
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Fission chambers have a lot of crucial advantages: 
• They can deliver a reliable signal over three 


operating cycles in all locations (and more in 
45/15) provided a guided choice of the deposit 
nature and mass. The depletion is significant for 
U235, but it can be overcome by regenerable 
deposits. 


• Using different deposits,, one can investigate 
different parts of the spectrum: this can be very 
interesting for detecting a distinct neutron 
population, e.g. coming from a clad failure. This 
is an unique properties of fission chambers 
among neutron detectors. 


• When operated in pulse or Campbelling mode, 
the contribution of gamma events can be rejected 
or significantly suppressed. Moreover, with 
those modes, the leakage current can be 
suppressed without having a guard ring design, 
as far as the partial breakdowns are not a 
concern. The combined use of the operating 
modes allows a large dynamic. 


Nevertheless, the development of a high-temperature 
chamber is needed, in order to find solutions for the 
irradation/temperature effects described in Sec. IIIE. This 
effort is not specific to this kind of detector. 


 
In contrast, boron-lined proportional counters have 


no advantages, and a lot of drawbacks: 
• The mass of the deposit must be much lower 


than for commercial models. 
• They must be miniaturized. 
• The depletion is significant over three operating 


cycles. 
• The detector is essentially sensitive to thermal 


neutrons. 
 
SPNDs have some advantages: 
• There is no need for a DC voltage, hence no 


leakage current. 
• They are very robust. 
However, those advantages have little weight when 


compared to the drawbacks: 
• The signal is very weak. 
• There is a delayed contribution that must be 


processed. 
• It is not possible to distinguish from gamma 


events, the contribution of which is high. 
 
Fission chambers appear clearly as the only type of 


detector able to provide reliable and durable in-vessel 
measurements in SFR. 
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Rolls-Royce has been the principal catalyst in the creation of a global network of 
Advanced Manufacturing Research Centres (AxRCs), The AxRCs are centres of 
excellence for the development and demonstration of high-value, advanced 
manufacturing technologies. The Nuclear AMRC has been established to help UK 
companies to enter the Nuclear New Build supply chain. The paper describes the 
background and operation of the Nuclear AMRC and describes some of the tools and 
work programmes being carried out. 


 
 
 


I. INTRODUCTION 
 
The AxRC network is a network of seven Advanced 


Manufacturing Research Centres being established to help 
Rolls-Royce and other industrial partners achieve Best in 
Class capability across the full portfolio of manufacturing 
technologies. This emerging network linking companies, 
industrial sectors and universities provides a radical new 
model of collaborative research designed to achieve 
transformational and step change improvements. The 
Nuclear Advanced Manufacturing Research Centre 
(Nuclear AMRC) was established in November 2009 with 
the main objective of rejuvenating the UK nuclear 
manufacturing industry ahead of the Nuclear New Build 
Programme. 


 
 


II. NUCLEAR AMRC - OVERVIEW 
 


The Nuclear AMRC is a joint initiative between the 
University of Sheffield, The University of Manchester, and 
a consortium of industry partners and is dedicated to 
supporting the UK civil nuclear manufacturing industry. 
The mission of the Nuclear AMRC is to: 


- Enhance the capabilities and competitiveness of the UK 
civil nuclear manufacturing industry.  


- Work with members to develop world-leading 
manufacturing processes and technologies.  


- Help British manufacturing companies compete for 
nuclear contracts worldwide. 


- Become the focal point for Britain’s civil nuclear 
manufacturing industry  


The Nuclear AMRC brings together the manufacturing and 
engineering expertise of the University of Sheffield’s 
Advanced Manufacturing Research Centre, the nuclear and 
materials technology capacity of The University of 
Manchester’s Dalton Nuclear Institute and the experience 
and resources of leading industries. The Founding Partners 
are EDF, Areva, Westinghouse, Rolls-Royce. Sheffield 
Forgemasters International Ltd and Tata Steel (formerly 
Corus).  
 
The technologies available within the centre include: 


- Machining 
- Welding and joining 
- Assembly 
- Virtual reality modeling 
- Structural integrity testing 
- Evaluation of performance in nuclear environments. 


 
The nuclear AMRC follows the collaborative model used 
in the university of Sheffield AMRC with Boeing and will 
enable over 30 companies to work together on the 
development of processes for the manufacture of civil 
nuclear components and assemblies, to develop 
management processes, training and workforce 
development programmes and to achieve civil nuclear 
standards and accreditation.  Member companies bring 
value through: 


- Expertise and capabilities 
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- Support for generic projects 
- Extensions to knowledge base through specific projects 
- Support for the UK cluster of nuclear equipment 


manufacturers and suppliers 
- Support for strategic alliances between leading 


manufacturers, research centres and associated 
industries. 
 
 


III. FACILITIES 
 


The Centre will be housed in an 8,000m2 purpose built 
building on the Advanced Manufacturing Park in 
Rotherham, South Yorkshire (fig 1). The Centre is financed 
by a combination of £22m from the UK Department of 
Business Innovation and Skills (BIS), the Regional 
Development Agency (Yorkshire Forward) and 
approximately £20m from the European Regional 
Development Fund. In addition to the new nuclear building 
the ERDF funding will also support the building of an 
extension to the existing AMRC to accommodate 
additional composites research and a Knowledge Transfer 
Centre to enable the AMRC and Nuclear AMRC to present 
skills and training courses at all levels from apprentice 
through to senior manager. All buildings will be built to the 
BREAMM excellent standard with power and heat 
provided by ground source heat pumps and a 1 MW wind 
turbine respectively. 
The building is scheduled for completion in late 2011and 
will sit alongside the established University of Sheffield 
AMRC with Boeing ‘Factory of the Future’. 
In addition the BIS and the North West Regional 
Development Agency have each invested £4m to enhance 
and refurbish the extensive manufacturing, testing and 
analytical research facilities of the Dalton Nuclear Institute 
at The University of Manchester. The investment covers a 
range of state-of-the-art equipment including machining, 
cutting and welding centres; tensile testing machines and 
autoclaves; and electron and x-ray analytical facilities. 
 
 
 


 
 


Fig. 1: Nuclear AMRC Facility 
 


The Nuclear AMRC is currently operating from a 300 sq m 
office suite and 1,250 sq m workshop unit on the AMP in 
Sheffield. The offices also provide meeting and exhibition 
space for use by members. Initial facilities include mill-
turn and 5-axis machining centres, deep hole drilling, 
submerged arc welding facilities and a virtual reality cave. 
Work at the Nuclear AMRC will focus on metals 
engineering and will not involve nuclear critical aspects 
such as fuels or other radioactive materials. 
 
With the help of the Dalton Nuclear Institute the 
manufacturing technology research will be underpinned by 
detailed analytical characterisation, thermo-mechanical 
testing in nuclear environments, and modeling and 
simulation, to ensure that all technologies are optimised 
and appropriate for manufacturing nuclear components. 
 
 


IIV. PROGRAMMES 
 


As previously described the aim of the Nuclear AMRC is 
to assist UK companies to become competitive in the 
nuclear new build supply chain. This will be achieved 
through the introduction of ‘step change’ manufacturing 
technologies and techniques developed within the centre 
and in close collaboration with the companies involved.  
In addition to the technology related research the Nuclear 
AMRC is also taking a leading role in supply chain 
development and assisting companies to become 
competitive suppliers to the nuclear industry. In particular 
the Nuclear AMRC will: 


- Help Manufacturers understand the complex areas of 
quality and accreditation, with an emphasis on nuclear 
codes and standards  


- Explain quality requirements and benchmark member 
companies 


- Develop links into the supply chain and provide 
companies with advices, support and information about 
customer requirements, to help them become preferred 
suppliers for the UK’s new build programme and 
compete in the global market. This includes assistance 
with prequalification and proposal development 


- Train and introduce a new work force to the skills and 
regulatory demands of the nuclear industry. 


 
 
The Nuclear AMRC has a number of programmes which 
are aimed at assessing the capability of manufacturing 
companies to supply into the Nuclear New Build.  The 
main Work Programmes are shown in Figure 4 are aimed at 
addressing the Capability Gaps identified through the “Fit 
for Nuclear” programme. 
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The output of F4N Diagnostic will be companies 
characterised as: 


- Capable of supplying now - “Go”; 
- Capable of supplying if areas of weakness in capability 


are addressed (though an Action/Improvement Plan) – 
“Go”; and 


- Unlikely to be able to supply without very significant 
investment (time & effort) as a result of severe 
weakness(es) in capability and/or inadequate Product Fit 
– “No Go”. 


 
As part of the ongoing development of the F4N 
programme, the ways in which it can be delivered are 
being assessed. It is expected that delivery will be through 
the following methods: 


- Simple web-based questionnaire. 
- Through an individual one-to-one (company) session, 


carried out by a member of the Nuclear AMRC’s 
Business development team or a MAS representative; 
and 


- Through a short workshop format, with a specific 
facilitator-led session for a number of companies 
simultaneously – this could also be linked to a 
workshop, covering Quality, Codes & Standards, 
Procurement, etc.  


 
Also being considered is the possible introduction of a 
short-form, high level, and web-based Diagnostic 
questionnaire, which would serve as a pre-filter, prior to 
delivery of the in-depth, individual company or workshop-
based Diagnostic? 
 
 


V.  MANUFACTURING PROCESS R&D 
 


Research and Development (R&D) at the Nuclear AMRC 
is dedicated to helping companies identify and overcome 
their manufacturing challenges. Core R&D topics are 
determined by the board of industrial partners. This ensures 
that work is focused on industrial commercial requirements 
and can provide lasting value to members.  The Nuclear 
AMRC will also participate in externally funded research 
projects and carry-out specific research for individual 
companies. 
 
Development will include: 


- Large-scale welding and cladding using robotics and 
adaptive control.  


- Non destructive evaluation (NDE)  
- Machine tool optimization Developing large-scale 


demonstrators to take innovative technologies and 
processes to pre-production level (Fig 5) 


- Virtual manufacturing and assembly 
- Component performance in nuclear environments 
- Materials characterization 
- Early-stage product and process development 


 
Fig. 5: Schematic image of the Nuclear AMRC’s 


robotic machining facility. 
 
 
 


VI. QUALITY & ACCREDITATION 
 
The Nuclear AMRC aims to give manufacturers clarity and 
knowledge on nuclear codes and standards, and helping 
them meet and exceed the requirements.  The programme 
will include: 


- Workshops aimed at giving an overview of what the 
nuclear quality inspector would look for in a 
manufacturing plant; and 


- Training in relevant codes & standards (RCC-M and 
ASME III). 


 
 


VII. TRAINING & SKILLS DEVELOPMENT 
 
The Nuclear AMRC aims to ensure that the nuclear 
manufacturing supply chain has the skills required to 
compete in the global market with a focus on: 
- Training and skills for nuclear new-build 
- Up-skilling the existing trained manufacturing workforce 
- Attracting more talented people into the manufacturing 


workforce and developing generic engineering and 
specific nuclear manufacturing skills. 


 
 


VIII. CONCLUSIONS 
 
The AXRC model utilises public and private funding to 
bring academia and industry together to pursue 
challenging, industrially directed projects, whilst also 
generating new areas of highly innovative research for its 
continued growth and successful application. Building on 
the AXRC Model, the Nuclear AMRC will re-energise the 
UK civil Nuclear supply chain, helping it develop world 
class, cost effective, timely solutions for the nuclear 
industry.  The Nuclear AMRc will leverage industrial 
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experiences by sharing knowledge and best practice and set 
new Quality, Cost, Deliver and Responsiveness standards 
for the design and manufacture of high integrity high 
value-added products. 
 
This paper has given an overview of the integrated support 
that the Nuclear AMRC offers to UK companies wishing to 
join the nuclear new build supply chain. Thus, in addition 
to support on the introduction of ‘step change’ 
manufacturing technologies, the new Centre offers 
diagnostic driven, ‘hand held’ support for companies, 
including SMEs. The diagnostic has already been trialed in 
two companies in Sheffield and gave sensible and thought 
provoking results and guidance. The next step is to link the 
diagnostic to a recipe of products that can help the user 
overcome any shortcomings (capability gaps) they may 
have. 
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Abstract – When core melts and deposits on the bottom of reactor vessel, ERVC is starting to 
flood the reactor cavity to remove the decay heat through the wall of the reactor vessel. In this 
system, the heat removal is restricted by thermal limit called by critical heat flux (CHF). To 
improve the safety margin for IVR-ERVC, there are some approaches; usign the coatingon on the 
vessel outer surface, increasing the reactor cavity flood level, streamlining the gap between the 
vessel and the vessel insulation. In this study, graphene-oxide nanofluid was used to make the 
coating layer naturally. To confirm whether or not CHF enhancement was occurred, we conducted 
the pool boiling test at the 0<θ<90 degree of angle of heater inclination. The heat removal 
capability is increased about 40% compared with distillated water through the graphene-oxide 
coating at 90 degree of angle. And we checked the dispersion stability of graphene-oxide 
nanofluid in the environment of flooding water which is including boric acid, lithium hydroxide 
(LiOH) and tri-sodium phosphate (TSP). As a result, graphene-oxide nanasheets are maintained 
as stable condition with the solutions which are contained above chemicals.  


 
 


I. INTRODUCTION 
 


In-vessel retention (IVR) is one of the severe accident 
management (SAM) strategies that are used in some 
nuclear power plants; AP600, AP1000, Loviisa and 
APR1400.  
. One way of IVR is the method of external reactor vessel 
cooling (ERVC). When core melts and deposits on the 
bottom of reactor vessel, ERVC is starting to flood the 
reactor cavity to remove the decay heat through the wall of 
the reactor vessel. This process can improve the plant 
economics by reducing regulatory requirements. And 
increased safety margin leads to gain public acceptance. In 
this system, the heat removal is restricted by thermal limit 
called by critical heat flux (CHF). Besides, as advanced 
light water reactors such as South Korea’s APR-1400, 
thermal safety margin is deceased. So, it is essential to get 
more safety margin. There are some approaches to enhance 
the ERVC [1]; usign the coatingon on the vessel outer 
surface, increasing the reactor cavity flood level, 
streamlining the gap between the vessel and the vessel 
insulation. Many investigations have been performed to 
evaluate the coolability of IVR.   


S. Rougé [2] used the SULTAN facility to study large-
scale structure coolability by water in boiling natural 


convection.  The tests were performed to evaluate the 
recirculation mass flow in large systems, and the limits of 
the critical heat flux (CHF) for a wide range of thermo-
hydraulic (pressure, inlet temperature, mass flow velocity), 
geometric (gap, inclination) parameters. The empirical 
correlation was derived from the test results.  


F. B. Cheung [3] studied the limiting factors for ERVC 
on the outer surface of a hemispherical vessel using the 
Subscale Boundary Layer Boiling (SBLB) test facility at 
Pennsylvania State University (PSU). Limiting factors 
include the choking limit for steam venting (CLSV) 
through the bottleneck of the vessel/insulation structure, 
the critical heat flux (CHF) for downward-facing boiling 
on the vessel outer surface, and the two-phase flow 
instabilities in the natural circulation loop within the 
flooded cavity. To enhance the thermal margin for ERVC, 
an enhanced vessel/insulation design and use of an 
appropriate vessel coating were mentioned [4].  


Theofanous et al. [5, 6, 7] and T. N. Dinh et al. [8] 
investigated to measure the heat removal capacity on the 
outer surface of a hemispherical reactor vessel in a full 
scale simulator which is the ULPU facility at the 
University of California at Santa Barbara. There are five 
configurations (I, II, III, IV, V). Configuration I, II, III 
were targeted for AP600 to allow implementation of the 
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IVR concepts to Westinghouse’s advanced light water 
reactor designs. In the configuration I, heater is situated in 
the region from 0 degree to 30 degree on the basis of 
stagnation point. Two empirical correlations were 
developed to depend on the angle (0° < θ < 5°, 5° < θ < 
30°). In the configuration II, heater is situated in the region 
from 0 degree to 90 degree. The CHF results of 
configuration I were higher than one of configuration II. 
And the thermal insulation structure was simulated in 
configuration III. The configurations IV, V were targeted 
for AP1000. In these facilities, the thermal insulation 
structure and the baffle were simulated. And then, the 
baffle was redesigned to get higher critical heat flux by 
estimating. 


In this paper, we firstly investigated the coating effects 
in the critical heat flux among the above mentioned 
approach methods. During the boiling phenomenon, a thin 
layer was formed on the heater surface in the nanofluid. 
This coating mechanism is well known theoretically [9]. 
Nanofluids are colloidal dispersions of nanoparticles in 
traditional heat transfer fluids. Since You et al.[10] 
introduced a new way to enhance the pool boiling CHF 
value using nanofluids which have nanoparticles 
suspended in water, many pool boiling experiments have 
been done using a variety of nanofluids. One of the most 
interesting characteristics of nanofluids is their capability 
to enhance the critical heat flux (CHF) significantly. 
Nanofluid is made by typical particle materials. Materials 
of nanoparticles include metals (e.g., silver, copper, gold), 
metal oxides (e.g., titania, alumina, silica, zirconia), carbon 
allotrope (e.g., carbon nanotube, graphite). We selected the 
graphene-oxide nanofluid which is a kind of carbon 
allotrope. Graphene-oxide is attractive material with the 
high thermal conductivity and stable dispersion ability in 
the distillated water [11].  


Secondly, we studied the propriety of the use of 
nanofluid when used as coating material under the several 
accidents making the use of IVR system. In AP1000, 
flooded water comes from the reactor coolant system (RCS) 
or the in-containment refueling water storage tank 
(IRWST). A good way to reduce the functional and 
economic matter is to make the separately concentrated 
nanofluid storage tanks [12]. It makes to easily maintain 
and monitor its quality. The water in RCS and IRWST 
contains the boric acid (H3BO3, 5000ppm), lithium 
hydroxide (LiOH, 3ppm) and tri-sodium phosphate (TSP, 
Na3PO412H2O, saturation). These chemicals have each 
function and concentration in solution to operate the 
nuclear power plant. Boric acid is used to control the 
fission reaction for preventing the supercritical condition. 
The pH value is controlled by adjusting the lithium 
hydroxide in the primary coolant. The tri-sodium 
phosphate adds to hold the volatile fission products. We 
checked the dispersion stability when nanofluid includes 
these chemicals.  


 


II. DESCRIPTION OF EXPERIMENT 
 


II.A. Preparation of test nanofluid 
 


Graphene oxide nanofluid is prepared from graphite as 
shown in Fig. 1. In this work, used graphite is 
manufactured by Sigma Aldrich Corporation (graphite 
powder, size < 45μm). Modified Hummers method is used 
in preparing the graphene oxide nanofluid [13]. The 
concentration of graphene-oxide nanofluid is 0.0001V%. 
Eq. (1) is used to calculate the volume concentration of 
nanoparticle in nanofluids. 


 


 
 


Fig. 1. Graphen-oxide nanofluid at 0.0001v% 
 


φ 1/
ρ


ρ
1           


(1)Where Φmis the mass concentration of nanoparticles, ρp 
is the nanoparticle density, ρf is the liquid density. 
 


II.B. Experimental procedure 
 


A schematic diagram of the experimental apparatus is 
shown in Fig. 2. The pool test facility consists of rectangle 
vessel (100mm × 50mm × 120mm), copper blocks, Teflon 
cover, reflux condenser, power supply, and data acquisition 
device, hot plate and standard resistor. The concentration 
of nanofluid is maintained by the Teflon cover and the 
reflux condenser. Data obtaining from the data acquisition 
device which is connected to the upper part of electrodes 
and standard resistor is saved and analyzed. The heating 
method on test section is joule heating through the wire. 
The material of heating wire is nickel-chrome (80/20, 
L=55mm, R=0.49mm).  


 


 
Fig. 2. Schematic diagram of the test facility 
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Tests were conducted at 0, 30, 60 and 90 degree of 
heater inclination under saturated temperature and 
atmospheric pressure. The heater was designed to be able 
to rotate the inclination. To consider the heat loss about 
every kind of an electric conductor but nickel-chrome wire, 
we calculated the system resistance. Eq. (2), (3) were used 
to calculate the average heat flux.  


 
R V/I R                                 (2) 
 
q" I R /πDL R                            (3) 
 
Where q" is the average heat flux, V is measured voltage, I 
is measured current, Rw is wire resistance, Rs is system 
resistance excluding the wire resistance. D is the diameter 
of wire. L is the length of heated wire. 
 


Graphene-oxide nanofluid mixed with boric acid, 
lithium hydroxide and tri-sodium phosphate to investigate 
the dispersion stability. The mixing of test fluids was made 
separately and together. After one week, test fluids are 
compared with pure graphene-oxide nanofluid for the 
dispersion stability. 
 


III. RESULTS AND DISCUSSION 
 
To test the credibility of the test facility, we performed 


the critical heat flux test using the distillated water at 0, 30, 
60, 90 degree of heater inclination under saturated 
temperature and atmospheric pressure. Fig. 3 shows the 
results of the CHF and well-known equations for 
comparison. It indicates that the test results matched in the 
tendency and the enhancement ratio. Eq. (4), (5) are 
Vishnev correlation, El-Genk and Guo correlation which 
are used in Fig. 3. Vishnev [14] was to firstly correlate the 
effects of orientation on pool boiling CHF based on liquid 
helium data form Lyon [15]. This correlation is still used 
most widely. El-Genk and Guo [16] was developed the 
correlations according to test fluids.  


 
q /q , ° 190 θ . /190 .            (4) 
 
q CCHF, θ ρ h σ ρ ρ g/ρ /      (5) 
 
CCHF, θ 0.034 0.0037 180 θ .  
CCHF, θ 0.033 0.0096 180 θ .  
CCHF, θ 0.002 0.0051 180 θ .  
 
Where ρg is the gas density, ρf is the liquid density, hfg is 
the latent heat from liquid state to gas state, σ is the surface 
tension and θ is the angle of heater inclination. 


 


 
 


Fig. 3. Effects of orientation on CHF for the distillated water 
 


 
 


Fig. 4. Test result on pool boiling CHF 
 
Pool boiling CHF and enhanced ratio are given in Fig. 


4. CHF enhanced ratio of using the graphene-oxide 
nanofluid is the highest at the 0 degree of heater inclination. 
Enhanced ratio is decreasing, as bigger heater inclination is 
applied at the pool boiling test. The main factors 
determined the CHF are the buoyancy force and sweep 
along the heater surface. The heat is removed from a heater 
surface by the buoyancy force during the boiling 
phenomena. Bubble sweep along the heater surface 
becomes the more dominant factor when the heater 
inclination approaches to vertical region. Observed 
photographs for inclination effects are indicated in the Fig. 
5, 6, 7. 
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Fig. 5. Pool boiling photographs in the distillated water at 0.8 times CHF of the distillated water 
 


 
 


Fig. 6. Pool boiling photographs in the graphene-oxide fluid at 0.8 times CHF of the distillated water 
 


 
 


Fig. 7. Pool boiling photographs in the graphene-oxide fluid at 0.8 times CHF of the graphene-oxide fluid 
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Abstract – New generation of nuclear devices requires research of structural materials with high 
ability to resist stresses during their operation. Reduced Activation Ferritic/martensitic steels 
(RAFM) are considered as one of candidates for this application. Our research is focused on 
investigation of binary Fe-Cr alloys and study of the chromium influence on defects production in 
these alloys. For investigation were used four groups of model Fe-Cr alloys with varied chromium 
content treated with different level of damage. In this paper, the Pulsed Low Energy Positron 
System (PLEPS) at the research reactor FRMII at TUM Munich was used to study depth profiling 
of Fe-Cr alloys. Fe-Cr model alloys have been investigated in as-received state as well as after 
helium implantation (6.24x1017 cm-2) at the energy of 250 keV and 100 keV. Measured results show 
changes in the size of defects after implantation and also in non-implanted specimens depending 
on varied Cr content.  
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I. INTRODUCTION 
 
Structural materials used in today’s nuclear power 


plants are considered as insufficient for the new generation 
of nuclear power facilities, e.g. generation IV fission 
reactors and fusion reactors. High temperatures and high 
irradiation loads on the reactor materials on the one hand, 
and the required low activation of these materials on the 
other hand, demands the substitution of the low-alloy 
ferritic steels and austenitic steels currently in use. The 
Reduced Activation Ferritic/Martensitic (RAFM) steels 
with high chromium content (up to 12 wt%) seem to be the 
most promising materials, which meet these technical 
demands. These ferritic/martensitic steels have been 
originally developed for temperatures of about 650°C and 
higher steam pressures in conventional power plants [1]. 


This paper discusses our recent positron annihilation 
lifetime experiments focused on the influence of chromium 
on the microstructural changes in iron based alloys under 
radiation treatment. Positron annihilation lifetime 
spectroscopy is a suitable technique for the observation of 
small atomic defects as they are created e.g. by cascade 
collisions. To simulate high neutron fluences, helium 
implanted specimens have been studied by conventional 
positron annihilation lifetime spectroscopy (PALS) and 
positron annihilation lifetime spectroscopy with the slow 
pulsed positron beam PLEPS (Pulsed Low Energy Positron 
System) [2] at the high intensity positron source 
NEPOMUC [3]. Applications of the PLEPS techniques on 
reactor pressure vessel steels and advanced nuclear 
materials are described mostly in [4]. 


In the early development the chromium was added 
only for corrosion resistance. However, the nuclear 
applications of the chromium ferritic/martensitic steels 
showed the importance of this alloying element on the 
radiation induced microstructural changes. In particular the 
decrease of the void swelling due to chromium addition has 
been discussed in the last decade [5, 6]. Currently, this 
phenomenon is studied using experimental techniques as 
well as by computer simulations [7-10]. 


 
 


II. HELIUM IMPLANTATION 
 
This paper discusses our recent experiments focused 


on the chromium influence on the microstructural changes 
of iron based alloys under radiation treatment. Our 
experimental method – the positron annihilation lifetime 
spectroscopy (PALS) enables an observation of size and 
density changes of the vacancy type defects in the material 
microstructure [11-14]. We have created these defects by 
implantation of charged particles (He2+). The cascade 
collisions in the crystal lattice and following Frenkel pair 
creation were considered in this work as an experimental 
simulation of the neutron irradiation. 


To study the influence of chromium concentration on 
the radiation resisistance, four Fe-Cr binary alloys with 
different Cr content have been selected. The detailed 
chemical composition of the alloys can be seen in TABLE 
I. After casting, the obtained ingots were cold worked 
under protective atmosphere to fabricate plates of 9 mm in 
thickness. Further, the alloys were treated for 3 hours at 
1050°C in high vacuum for austenisation and stabilization. 
The duration of the heat treatment was chosen to remove 
any possible precipitation or phase transformation that 
might have occured during hot rolling and also to allow a 
maximum degassing of the alloys. This treatment was then 
followed by air cooling to room temperature. The 
tempering procedure is of critical importance for this type 
of steel, and because the intention was to compare the 
chemical effect and not the microstructure alone, it was 
found that tempering at 730 °C for about 4 hours followed 
by air cooling, was the best to ensure a fully martensitic 
microstructure especially in the high Cr-content model 
alloys. All the alloys were heat-treated to ensure well 
defined martensitization. More detailed information about 
these materials and the fabrication processes can be found 
in [15].  


 
TABLE I 


Chemical composition of studied materials. 
 


Alloy Cr* O* N* C* P Ni Cu V 
L251 2.36 0.035 0.012 0.008 0.013 0.044 0.005 0.001 
L259 4.62 0.066 0.013 0.02 0.011 0.06 0.01 0.001 
L252 8.39 0.067 0.015 0.021 0.012 0.07 0.01 0.002 


L253 
11.6


2 0.031 0.024 0.028 0.05 0.09 0.01 0.002 
* measured after heat treatment 


 
The as-received materials have been cut to the desired 


dimensions (10x10x0.5mm), ground and then carefully 
polished to mirror-like surfaces before exposure to helium 
implantation.  
To obtain cascade collisions in the microstructure of the 
studied materials without neutron activation, accelerated 
helium ions have been used. Implantations of 250 keV 
helium ions at five different fluence levels have been 
performed at the linear accelerator of the Slovak University 
of Technology in Bratislava [16]. The depth profile of 
collision events can be seen in Fig.1. The DPA 
(Displacement per Atom) parameter has been calculated for 
the volume of 99% positron absorption (See TABLE II).  


 
TABLE II 


Calculations of average DPA of studied Fe-Cr alloys implanted by 
different doses of 250keV He. 


 
  Dose [cm-2] 
         [C/cm2] 


6.2x1017 
0.1 


1.3x1018 
0.2 


1.9x1018 
0.3 


2.5x1018 
0.4 


3.1x1018 
0.5 
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DPA (depth of 
99% positron 


absorption) [a.u.]
0.15 0.30 0.45 0.60 0.74


DPA (Bragg peak)                      
[a.u.] 18.55 37.10 55.64 74.19 92.74


After investigation by PALS technique additional 
implantations have been performed with the aim of more 
uniform damage distribution to be received in near surface 
region. Equal doses have been implanted on the same 
specimens with the helium energy of 100keV. Subsequently 
the XRD measurements in grazing incidence setup have 
been performed together with additional positron lifetime 
measurements. 


Fig.1. Depth profile of the helium implantation, E=250keV 
(simulation of 106 ions). 


III. APPLICATION OF POSITRON ANNIHILATION 
LIFETIME SPECTROSCOPY (PALS) 


Positrons are very sensitive probes for vacancy-type 
defects of atomic dimensions, for example vacancies, 
vacancy agglomerates, dislocations or inner surfaces. It is 
well established that positrons can be trapped at these 
defects and, because of the locally reduced electron density, 
the lifetime of the positron localized at the defect increases. 
This lifetime has characteristic values for each defect type 
and therefore it is possible to separate out various atomic 
defect configurations and their relative abundance with 
very high sensitivity (~1 ppm) and in a nondestructive way 
[17]. Depending on the positron source, this technique can
be applied in near surface region (slow positron beams) or 
material bulk (conventional + isotopes). However, our 
experiments showed that conventional 22Na positron source 
can be used for studying thin near-surface layers as well. 
This can be derived from the experimental positron 
spectrum [18] and its implantation profile. The recent 
publication of Dryzek et al [19] concluded that the positron 


implantation profile exhibits three well-separated regions. 
The well known exponential behavior of the implantation 
profile of the beta particles emitted from a radioactive 
source [20]: 


zezP zP e z)( (1) 


where P+(z) is probability of stopping in depth (z) of 
material with absorption coefficient +, is not suitable in 
the near source region (region I), because in this region the 
profile decreases very fast [21]. Moreover, this 
implantation profile is suitable only when normal direction 
of particle flow is considered. In fact there is a higher 
probability of positron annihilation in near surface, when 
there is a small angle of incidence. For our purpose, the 4
emission of positrons was considered and the experimental 
positron spectrum [18] was divided into finite discrete 
components (groups) according to energy. The mean 
implantation depth ( Z ) for individual groups is calculated 
according to the (2) [22]: 


6.140 EZ E40
(2) 


where  is density of the material and E is the energy of 
incident positron. Our calculations confirmed, that more 
than 17% of these positrons annihilates in the first 1 m of 
the specimens, which in our case, is the layer with 
implanted damage. With the measurement statistics at the 
minimal level of about 106 counts in spectrum, we can 
obtain relevant information (presence of vacancy type 
defects) also about implantation affected region (See 
Fig.1). Nevertheless, no quantitative characterization of the 
defects can be obtained. 


The measurements of the positron lifetime were 
performed on the standard PALS measuring equipment 
using two detectors setup. The FWHM (Full Width at Half 
Maximum) of the time resolution curve was 210ps. As a 
reference specimen for the measurement the low doped 
silicon was used (positron lifetime 222ps). Measurements 
of different Fe-Cr alloys were performed in the non-
implanted state as well as in all the implanted doses. 


The PALS results show, that positron lifetime in the 
defects which correspond to the size of the vacancy type 
defects (vacancy clusters) is increasing with the implanted 
dose in all specimens (Fig.2a).  For the low Cr alloys (L251 
and L259) there is a clearly defined maximum for the 
fluence about 1.87x1018 ions.  The highest positron lifetime 
(the largest clusters of vacancies) was measured for 2.36% 
Cr alloy (L251) and its value 235ps should correspond to a 
cluster of 4 – 5 empty vacancies or slightly larger clusters 
containing helium. However, the absolute value of this 
parameter may be underestimated due to fact that here are 
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included initial defects, typical for tempered 
ferritic/martensitic steels [4] and only certain number of 
positrons annihilated in the ion implantation damaged 
layer. Higher Cr content alloys (8.39 and 11.62% of Cr) are 
more resistant to creation of such large vacancy clusters 
which can be seen via lower positron lifetime 2. From this 
aspect, Fe8.39%Cr specimen has the most optimal 
chemical composition for the radiation damage resistance. 
This is consistent with the choice of perspective materials 
for current advanced nuclear power systems (e.g. 
EUROFER97 – 8.96% of Cr). The intensity of the 
annihilation in defects (Fig.2b) shows characteristic 
behavior for the Fe8.39%Cr. The significant intensity peak 
for this alloy can be interpreted as a higher density of the 
uniformly distributed small defects. This state is more 
acceptable from the structural point of view than the 
clustering of these defects into large voids, which can be 
seen from the Fig.2a for low-Cr alloys, which may lead to 
radiation embrittlement.  


Fig.2. Positron annihilation in defects. Positron lifetime τ2 (a) and 
intensity of the annihilation I2 (b). 


The MLT (positron Mean Lifetime) parameter is 
increasing with the implantation dose in all materials 
(Fig.3a). It confirms the fact that conventional PALS 
technique has been successfully applied to the near surface 
region. Different slopes of the MLT curves indicate 
unequal behavior of the materials under radiation 
treatment. The plane projection of the MLT dependency 
(Fig. 3b) show, that Fe-Cr alloys with Cr content 5 – 7 wt% 
seem to be the most resistant to the ion implantation 
induced defects.  


Fig.3. Positron MLT in the He implanted Fe-Cr alloys. 3D view 
(a) and its 2D projection (b). 


Using the Grazing Incidence (GI) setup of the X-Ray 
diffractometer, small changes in lattice parameter due to 
helium implantation has been observed. As can be seen in 
Fig.4 the lattice parameter increases with implantation dose 
up to 0.3 – 0.4C. Similar behavior can also be seen in the 
results of positron lifetimes in defects, describing the 
creation of small vacancy clusters, the size of which 
saturates at a certain level of implanted dose. However, as 


a)


b)


a)


b)
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can be seen in Fig.4, even the measured lattice parameter 
size can reflect the positron lifetime in the material, there 
are clearly more factors that play a role here (e.g. chemical 
composition, individual microstructure of as-received 
materials, etc.).  
 


 
  


Fig.4. Lattice parameter vs. positron lifetime in defects in helium 
implanted Fe-Cr alloys (Fe2.56%Cr and Fe11.62%Cr). 


 
 


IV. CONCLUSIONS 
 


Our study showed that conventional positron lifetime 
technique can be used with advantage for the study of near 
surface layers damaged by light ion implantation. 
Nevertheless, other complementary non destructive 
techniques (XRD, TEM etc.) must be applied as well to 
obtain complex information about microstructural changes 
in materials.  


Performed measurements showed that chromium plays 
an important role in point defect behavior under radiation 
treatment. In particular, chromium content in Fe-Cr alloys 
has an influence on the vacancy cluster forming. In the low 
chromium alloys the small vacancy clusters have been 
observed. However, such clusters of the vacancies have not 
been observed in high chromium materials. In this study, 
the Cr content on the level about 9 wt% was evaluated as 
most suitable having in mind the resistance to the radiation 
induced defects agglomerations, which can lead to 
radiation embrittlement. 
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Abstract – Fusion is the energy production technology, which could potentially solve problems 


with growing energy demand of population in the future. Wendelstein 7-X (W7-X) is an 


experimental stellarator facility currently being built in Greifswald, Germany, which shall 


demonstrate that in the future energy could be produced in such type of fusion reactors. This 


paper presents the model of W7-X target modules cooling circuits and plasma vessel, developed 


with RELAP5 code. The analysis of loss-of-coolant accident during no-plasma operation mode 


“baking” (rupture of the 40 mm target cooling pipe) was performed. “Baking” is the mode of 


facility operation during which the vacuum vessel structures are heated to the temperature 


required for the plasma ignition. The performed analysis allowed to investigate the processes in 


“baking” circuit and to evaluate the increase of pressure in plasma vessel. 
 
 


I. INTRODUCTION 


 


Fusion power is the power generated when two light 


atomic nuclei fuse together to form a heavier, more stable 


nucleus releasing the binding energy
1
. At present, several 


experimental fusion reactors are under construction, among 


them ITER, which is built in France, KSTAR in South 


Korea, Wendelstein 7-X (W7-X) in Germany. There are 


two main types of devices initiating fusion in the plasma 


confined by magnetic field – tokamaks and stellarators. 


Both types of magnetic confinement fusion devices have 


toroidal geometrical form. However, while the cross-


section of the tokamak device stays constant along the 


circumference of the torus, devices of the stellarator type 


have varying cross-sections. W7-X, which is currently 


being developed and built by IPP in Greifswald
2
, is 


stellarator type experimental nuclear fusion device (see Fig. 


1). The purpose of the development of the W7-X device is 


to demonstrate the feasibility of the stellarator devices for 


the creation of stable plasma conditions for as long as half 


an hour. 


European nuclear fusion research program allows 


using common European research and their development 


resources in all important research areas. Co-operation 


technological program European Fusion Development 


Agreement (EFDA) is devoted to the ITER project, and 


also encompasses promising DEMO research. This 


program, based on EURATOM contract, is being 


coordinated and carried out by the European Commission. 


Starting 2007, Lithuanian energy institute (LEI) is a 


member of this organization. LEI is cooperating with Max 


Planck Institute for Plasma Physics (IPP, Germany) in the 


frames of EFDA project by performing safety analysis of 


fusion device W7-X
3
. 


 
Fig. 1. Fragment of the 3D schematic view of the W7-X 


device4. 
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In this paper the safety analysis of pipe rupture in 


cooling circuit and discharge of steam – water mixture 


through the leak into plasma vessel during the W7-X no-


plasma “baking” operation mode is presented. This 


accident represents one of the critical failure events, since 


primary and secondary steam production leads to a rapid 


increase of the inner pressure in the plasma (vacuum) 


vessel. A rupture of the 40 mm pipe connected to target 


module could lead to the loss of vacuum condition up to 


overpressure of the plasma vessel, damage of in-vessel 


components and diagnostics as well as bellows of the 


ports
5,6


. The performed analysis of accident with water 


ingress into the plasma vessel consists of two parts: 


• simulation of the cooling and “baking” circuits and 


release of coolant to the plasma vessel; 


• simulation of the thermodynamic processes in the 


plasma vessel following water ingress. 


 


II. SIMULATION OF PROCESSES IN THE W7-X 


TARGET COOLING SYSTEM  


 


The plasma vessel of W7-X facility, which is in shape 


of torus (major radius of 5.5 m), is composed of 10 divertor 


units. These divertor units are divided into two sectors to 


allow threading of the innermost coils during assembly (see 


Fig. 1). The in-vessel components consist of the divertor 


units, baffles, panels and heat shields, control coils, cryo-


pumps, port protection and special port liners, and the 


complex system of cooling water supply lines as well 


different diagnostics. Each divertor unit is assembled from 


12 separate horizontal and vertical target modules. Fig. 2 


shows the lower divertor unit with 12 target modules and a 


total plasma facing surface of about 2 m
2
. The high-heat-


load part of the divertor unit (10 target modules) can 


withstand heat loads of up to 10 MW/m
2
, the middle part of 


the horizontal target modules has to withstand only power 


loads up to 1 MW/m
2
. These sections of the ten divertor 


units have a total area of about 5.6 m
2
 composed of 20 


target modules with a total of 240 target elements
2
.  
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parallel water-cooling through ports
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2h
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4h
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1h


2h
3h


4h
5h


6h 7h 8h
9h


1v


2v


3v


 
 


Fig. 2. W7-X divertor unit with horizontal (1h-9h) and 


vertical (1v-3v) target modules4.  


 


The W7-X facility target modules cooling system 


consists of two coolant circuits: The Main Cooling Circuit 


(MCC) and the so-called “baking” circuit. The MCC is 


used for cooling of the target modules during normal 


operation of W7-X. Before plasma operation, the target 


modules and other in-vessel components must be heated up 


in order to “clean” the surfaces by thermal desorption and 


the subsequent pumping out of the released volatile 


molecules. The “baking” circuit is mainly used for this 


purpose. Both MCC and “baking” circuits are connected 


together and supply water to the same target modules. 


During operation of W7-X in the “baking” mode, the heat, 


necessary for target modules heating is generated in 


electrical heater. There is only one pump for all target 


modules loops in the “baking” mode. For the “cooling” 


mode there are other pumps available in the MCC, but 


during “baking” mode they are not used and therefore not 


considered in the performed analysis. The pressure in 


“baking” circuit is maintained at ~1.0 MPa by the 


pressurizer
1,7


. The largest amount of water is in the MCC – 


63.1 m
3
, while the amount of water in “baking” circuit is 


small – 1.06 m
3
. The volume of water in single torus 


module (two divertor units with 12 target modules each) is 


~0.457 m
3
, thus the total volume of water in all five torus 


modules is 0.457 x 5 = 2.28 m
3
. According design 


drawings the amount of water in all pipelines, connecting 


the target modules with the both MCC and the “baking” 


circuits, is 1.66 m
3
. A simplified scheme of the circuits is 


shown in Fig. 3. In “baking” mode the maximum water 


temperature is 160 °C. The corresponding mass flow of 


water in the “baking” circuit is 177 m
3
/h (44.6 kg/s), the 


flow velocity through the cooling tubes of the target 


modules during “baking” operation mode
6,7


 is ~1 m/s. 


 
 E5


Inlet “Main Cooling” Circuit
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Fig. 3. Scheme of the “baking” circuit. 


 


 


II.A. Model of main cooling circuit and “baking” circuits 


for RELAP5 code 


 


The analysis of accident with water ingress to the 


plasma vessel was performed using thermal-hydraulic state-
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of-the-art RELAP5 Mod3.3 code. RELAP5
8
 is a “best 


estimate” system code for the analysis of all transients and 


postulated accidents in Light Water Reactor systems, 


including both large and small-break loss-of-coolant 


accidents as well as the full range of operational transients. 


The one dimensional RELAP5 code is based on a non-


homogeneous and non-equilibrium model for the two-phase 


system that is solved by a fast, partially implicit numerical 


scheme to permit economical calculation of system 


transients. In addition, RELAP5 can be used to solve many 


plant thermal-hydraulic problems. The code includes many 


generic models that allow simulation of general thermo-


hydraulic systems. The models include pumps, valves, 


pipes, heat releasing or absorbing structures, reactor point 


kinetics, electric heaters, jet pumps, turbines, separators, 


accumulators, and control system logic elements
8
. In the 


Lithuanian Energy Institute, the RELAP5 code is used 


since 1993 for Ignalina Nuclear Power Plant licensing 


purposes (for the analyses of the thermo-hydraulic response 


of the plant to various transients). Because the W7-X 


facility target modules cooling system is filled by water 


(coolant accepted in RELAP5 code) and can be described 


by mentioned RELAP5 components (pumps, valves, pipes, 


heat structures, etc.), it was decided to develop the model 


of main cooling circuit and “baking” circuits for RELAP5 


code.  


For modeling of the selected accident (40 mm target 


module pipe rupture in “baking” mode) it is sufficient to 


develop a detailed model of the “baking” circuit (see Fig. 


3). However both MCC and “baking” circuit are 


interconnected. Thus, it was decided to develop a detailed 


model of both circuits.  


The W7-X cooling system supplies 5 torus modules. 


Each torus module is composing of 18 horizontal and 6 


vertical target modules. The horizontal target modules can 


be grouped in 9 upper and 9 lower target modules. The 


simplified scheme for modeling of target modules 


(nodalization scheme) was developed (see Fig. 4). Four 


torus modules are modeled as equivalents (with the 


corresponding water volume and hydraulic resistance). One 


of torus modules is modeled in more details. In this torus 


module, the upper and lower, horizontal and vertical target 


modules were modeled separately. From horizontal target 


modules two single target modules were selected: one in 


upper and one in lower position (see Fig. 4). These 


elements of single target modules allow modeling of 


rupture of single target module. As it is seen from 


presented scheme, 4 torus modules are modeled as 


simplified single equivalent element: F5-F5’, G5-G5’, H5-


H5’, J5-J5’. The MCC inlet valves are marked as E2, F2, 


G2, H2, I2, outlet valves – E2’, F2’, G2’, H2’, I2’; 


“baking” circuit inlet automatic valves – E3, F3, G3, H3, 


I3, outlet valves – E3’, F3’, G3’, H3’, I3’. In “baking” 


mode the MCC inlet valves are closed and “baking” circuit 


inlet automatic valves – opened. All outlet valves are 


opened.  
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Fig. 4. Nodalization scheme of the target modules.  


 


The nodalization scheme of the affected torus module 


E5-E5’ in the case of 40 mm feeder pipe, connecting a 


single upper horizontal target module, break is presented in 


Fig. 5. The pipe elements “136”, “137”, “139” and “140” 


are used for the modeling of upper and bottom horizontal 


target modules. 6 vertical target modules are modeled by 


employing the “138” pipe element. Element “146” is 


identical to “130”, element “139” – to “136” and element 


“140” – to “137”. In Fig. 5 the failure of the upper 


horizontal target module is assumed. A plasma vessel is 


modeled using two RELAP5 pipe elements “196” and 


“199”. The guillotine rupture of a 40 mm target module 


pipe is initiated during valve “195”. To model the double 


ended guillotine rupture of a 40 mm pipe, the cross-section 


area of valve “195” was assumed two times the cross-


section area of pipe.  


 


II.B. Double-ended guillotine rupture of 40 mm pipe in 


upper target module  


 


In the model it was assumed that rupture occurs in the torus 


module E5-E5’ (see Fig. 4). The rupture occurs in 40 mm 


diameter feeder pipe, connecting single upper horizontal 
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target module (element “136” in Fig. 5). The following 


assumptions are used: 


• Double ended guillotine rupture occurs at time 


moment t = 0 s. Break fully opens within 0.01 s. 


• To reduce the discharge of water the automatic 


valves on targets inlet – E3, F3, G3, H3, I3 (Fig. 4) 


are closing. Signal for automatic actuation of valves 


is generated when pressure in plasma vessel reaches 


2000 Pa. The calculations (see below) show that 


pressure reaches 2000 Pa in plasma vessel 0.14s 


after the rupture occurred. Delay between parameter 


reaches the set-point and signal generation – 0.5 s. 


Delay between signal generation and start of valve 


actuation – 1 s. Time to full closure of automatic 


valve on target module inlets – 5 s. Thus, 6.64 s 


after the rupture the target module inlet automatic 


valve are fully closed.  


• Another measure to reduce the discharge of water 


from rupture to plasma vessel – automatic trip of 


pump in “baking” circuit. It was assumed, that 


signal for automatic pump trip is the same as for 


closure of automatic valve – when pressure in 


plasma vessel reaches 2000 Pa (0.14 s). Delay 


between parameter reaches the set-point and pump 


trip – 1 s. Thus, trip of pump in “baking” circuit 


begins 1.14 s after the rupture.  
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Fig. 5. Nodalization scheme of affected torus module E5-E5’ 


with failure of upper horizontal target module.  


 


The discharge of coolant through the rupture is 


presented in Fig. 6. The figure shows that the water flow in 


the “baking” circuit stops after the closure of automatic 


valves. After close of the inlet automatic valve the 


discharge of coolant through the rupture slightly decreases 


but the water from other target modules in this torus 


module is discharged until the pressure in this module 


decreases down to the pressure in plasma vessel. The pump 


trip occurs 1.14 s after the rupture, thus leads to pressure 


decease at pump outlet (see Fig. 7). After closure of target 


module inlets automatic valves, the pressure in “baking” 


circuit starts increasing. This is because inertia of pump 


impeller – after the pump trip the impeller is still rotating 


for about 1.5 minutes. The water is supplied into pipelines 


that cause the pressure increase in system upstream the 


valve. After the automatic valves in target module inlets are 


closed, the pressure in pump header is decreasing slowly. 


Because the inlet automatic valves are closed, the water is 


discharged only from the affected torus module. The 


pressure remains nominal in other modules (see Fig. 7), 


because automatic valves isolated them.  
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Fig. 6. Water flow rate through the pump and discharge of 


coolant through the rupture 
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Fig. 7. Pressure in “baking” circuit  


 
III. SIMULATION OF PROCESSES IN THE PLASMA 


VESSEL  


 


Complicated three-dimensional geometry of the 


Plasma Vessel (PV) volume in the stellarator in the 


developed model is simplified to the geometry of 


horizontal cylinder. Ends of the cylinder are open and 


joined together, simulating closed circle of torus geometry 
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(see Fig. 8). Whole volume of the plasma (vacuum) vessel, 


and surface area and mass of vessels structures in the 


model correspond to the available design data, presented in 


the accident specification
7
:  


• inner diameter – 2.016 m; 


• inner volume – 108.375 m
3
; 


• inner surface are – 215.337 m
2
; 


• wall thickness – 0.01915 m. 


Device is composed out of five parts with similar 


configurations, called modules. In the RELAP5 Mod3.3 


model
8
 total length of cylinder (PV model) is 33.951 m 


(length of each out of five module is 33.951 / 5 = 6.8 m). In 


Fig. 8 the plasma vessel is subdivided into five equal 


nodes. There were two approaches used in modelling of 


modules part in PV:  


1. each module of the plasma vessel is subdivided into 


nine virtual nodes (complex nodalization);  


2. each module is modelled using one single volume.  


Comparing results of calculation in case of 40 mm 


diameter feeder pipe rupture using both nodalizations, the 


most preferable approach was selected.  
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Fig. 8. Nodalization scheme of stellarator module with 


rupture in 40 mm diameter feeder pipe to upper target and plasma 


vessel (complex nodalization of PV).  


 


The thermal-hydraulic state-of-the-art RELAP5 


Mod3.3 code allows to simulate the processes in plasma 


vessel (water evaporation due to pressure drop between ~ 


1 MPa in “baking” circuit and vacuum in plasma vessel and 


heat transfer between steam and metal structures of vessel.  


 


III.A. Approach based on complex nodalization of PV 


module  


 


The nodalization scheme of stellarator module with 


rupture in 40 mm diameter feeder pipe to upper target and 


plasma vessel is presented in Fig. 8. As it was mentioned 


the plasma vessel is modelled as the horizontal cylinder, 


with open and joined together ends. In the model, 


developed using RELAP5 code, the ends of cylinder are 


connected by single junction “213”. Each module of the 


plasma (vacuum) vessel is subdivided into nine virtual 


control volumes (elements “891” – “899”, see Fig. 9): four 


in the central part of the scheme cross-section (elements 


“893” – “895”), four in the outer part (elements “891”, 


“892”, “897” and “898”) and one in the bottom part 


(element “899”). The control volumes in the plasma vessel 


(elements “891” – “899”) are modelled by employing 


RELAP5 elements “pipe” in horizontal place with total 


length 33.951 m. Volumes of the control volumes are 


calculated from the geometry of the cylinder assuming 


volume and length of the cylinder equal to the free volume 


and circumference of the torus, presented in the 


specification
7
. All adjacent control volumes of one module 


are connected by single junctions (in Fig. 9 they are marked 


in red colour). Areas of these junctions and their lengths 


are calculated from the cylinder geometry. The length of 


each element from “891” – “899” is subdivided into five 


equal volumes (nodes). The very similar complex 


nodalization was used in one of previous investigation of 


processes in PV in case of “baking” circuit break
6
.  
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Fig. 9. Cross-section of the developed nodalization scheme 


of the plasma vessel for one module (black – control volumes, red 


– junctions).  


 


The break of 40 mm diameter feeder pipe in the upper 


target is modelled using valve element “195”. The water – 


steam mixture is discharged into volume “891”, which is 


close to the location of affected target. When the W7-X 


device is working in the “baking” mode, pressure inside the 


vacuum vessel is only 10 Pa – 1 kPa. Due to limitation of 


RELAP5 code it was assumed that the pressure in plasma 


2000







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11109 


   


vessel is equal to 1000 Pa – lowest possible pressure in 


RELAP5 model.  


The torus hall is modelled by employing time 


dependent volume (volume wit the constant atmospheric 


pressure of air inside) element “218”. The plasma vessel is 


connected to torus hall volume through safety valve (burst 


disk)
6,7


. This burst disk with diameter 250 mm is modelled 


using valve element “217”. In RELAP5 model this valve is 


closed at the beginning and opens when pressure inside 


plasma vessel (element “894”) exceeds 1100 kPa (absolute 


pressure). Flow area of this valve (when it is open) is equal 


to the area of the burst disk.  


 


III.B. Approach based on simple nodalization of PV 


module  


 


In contradiction to previous approach, each module of 


PV is modelled using one single volume (see Fig. 10). One 


additional small volume was added to the model 


(0.026 m
3
). This small volume (element “196”) is the 


volume into which the water release from the ruptured pipe 


is simulated. It is defined for the aims of simulation – it 


helps to more realistically model the stem – water mixture 


flowing from the ruptured pipe into the volume on back 


side of target (volume formed with plasma vessel wall and 


target wall. “196” element is modelled as small pipe with 


only one node. Geometric parameters of this element were 


selected according to port data and the initial 


thermodynamic parameters are the same is in the whole 


vacuum vessel. The flow area of this “pipe element” in 


RELAP5 model was assumed equal to 0.026 m
2
, flow 


length 1.0 m, hydraulic diameter 0.16 m. It is assumed that 


the steam water flow at the entrance from this small volume 


meets some obstructions – the forward (reverse) flow loss 


coefficient was assumed equal to 1.9.    


 


III.C. Analysis of the processes in the plasma vessel  


 


The processes in plasma vessel were analysed in the 


case of 40 mm feeder pipe, connecting single upper 


horizontal target module (element “136” in Fig. 5). 


Comparing results of calculation both nodalizations 


(complex nodalization and simple nodalization) the most 


preferable approach was selected. The discharge of coolant 


from the broken 40 mm diameter pipe was presented in Fig. 


6. The results of calculation using complex PV 


nodalization show that, after pipe rupture takes place, 


pressure inside the plasma vessel starts to rise and during 


53 seconds reaches value of 110 kPa (Fig. 11). Pressure 


differences inside the different elements and nodes in 


plasma vessel are insignificant, because whole volume of 


the PV is open for mass transfer and coolant release from 


the ruptured pipe is small enough. When the pressure in 


plasma vessel reaches 110 kPa, burst disk opens. Opening 


of the burst disk is followed by the pressure decrease in the 


vessel. Pressure in plasma vessel is decreasing due to the 


steam flowing out of the plasma vessel to the torus hall. 


Pressure inside the torus hall stays constant, because the 


volume of this room is large, and flow rate of the steam is 


low and decreasing (Fig. 11).  
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Fig. 10. Nodalization scheme of stellarator module with 


rupture in 40 mm diameter feeder pipe to upper target and plasma 


vessel (simple nodalization of PV).  


 


0


20


40


60


80


100


120


-50 0 50 100 150


Time, s


P
re


ss
u


re
, 
k


P
a


torus hall


PV (complex nodalisation)


PV simple nodalisation)


COCOSYS


 
Fig. 11. Pressure (absolute pressure) inside plasma vessel 


and torus hall.  


 


In the case of simple nodalization, the pressure inside 


plasma vessel is increasing faster and the set-point for burst 


disk opening is exceeded earlier (at time moment t = 41 s). 


To understand the nature of this difference the steam flow 


rates through the junctions, connecting different virtual 
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control volumes (elements “891” – “899”, see Fig. 9) were 


analysed. As it show in Fig. 12, just after injection of steam 


– water mixture from broken pipe into plasma vessel, the 


steam flows between different nodes appears. The maximal 


value of flow rates exceeds 50 kg/s (this is higher value as 


maximum discharge through the break). Also, it is very 


strange, that these flow rates inside plasma vessel do not 


decreases, but remains stable after discharge through the 


break is terminated (Fig. 12). In contradiction to results in 


case of complex nodalization, when the non-physical 


behaviour of steam flow rate between apparent nodes are 


observed, in case of simple nodalization the flow rates of 


steam inside plasma vessel looks realistic. The flow rate 


inside PV in case of simple nodalization is few times 


smaller as the steam – water injection rate into the PV 


(discharge through the break). Also the flow rate inside PV 


is decreasing together with the decreasing of discharge.  
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Fig. 12. Steam – water flow rate inside plasma and through 


the break.  


 


Very similar complex nodalization of plasma vessel 


was used in previous analysis using COCOSYS code
9
. The 


lumped-parameter code COCOSYS V2.3v20
10


 is a German 


containment code system developed by GRS. COCOSYS 


code is based on mostly mechanistic models and intended 


for comprehensive simulation of all relevant processes and 


plant states during severe accidents in the containment of 


light water reactors. The developed complex nodalization 


was an attempt to model the 3-D vessel geometry. 


However, differently from RELAP5 code there is 


possibility to describe the separate water and steam flow 


junctions. The injected water – steam mixture was directed 


along the vessel walls, this was done using water flow 


junctions in the first module, connected with heat structure, 


modelling hot wall of vessel. Tit was assumed, that the 


water can bee only in the first small volume – there is no 


water in other modules during the accident. Such approach 


leads to faster evaporation of water in previous analysis 


using COCOSYS code
9
. At the same time this leads to 


faster increase of pressure inside plasma vessel (see Fig. 


11). As it is visible from the Fig. 11, the calculated 


behaviour of pressure increase using simplified PV 


nodalization in RELAP5 calculation is close to the 


previous calculations using COCOSYS code
9
. Thus, based 


on this analysis the complex nodalization was cast-off. 


Later the RELAP5 model with simple nodalization was 


used for further analysis.  


In the case of simple nodalization of plasma vessel the 


steam – water mixture from the broken pipe is discharged 


into plasma vessel through the small volume. This volume 


models the volume formed with plasma vessel wall and 


target wall (see section III.B). Initially the conditions in the 


small volume are the same as in PV (air at vacuum 


condition). After the rupture, due to injection of coolant, 


the pressure in small volume starts to increase. The 


behaviour of pressure depends on geometrical parameters 


of volume (flow area, length, hydraulic diameter, forward 


(reverse) flow loss coefficient at outflow). The bigger flow 


area leads to smaller pressure increase, while the longer 


flow path (length) – higher pressure peak. The behaviour of 


pressure also depends very much on the nature of coolant 


flow through this volume. In case if coolant is travelling 


along this volume, the pressure in this volume is increasing 


very fast, comparing to “T” form flow mode (see Fig. 13). 


In case of “T” form flow mode, the flow path is shorter, 


thus the hydraulic resistance smaller, comparing to 


consequent connection of this small volume. From other 


hand, the pressure behaviour in the small volume has very 


little influence on pressure behaviour in the plasma vessel, 


because very small value of volume of this additional 


volume.  
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Fig. 13. Pressure behaviour in the small volume depending 


on the selection of steam outflow scheme in RELAP5 model.  


 


The void fraction and quality of coolant at the broken 


pipe, in the small volume and in the plasma vessel are 


presented in Fig. 14 and Fig. 15. As it is shown in Fig. 14, 


the void fraction of coolant inside the broken pipe (in area 
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close to rupture) increasing rapidly just after the rupture. 


The void fraction changes from the 0 (pure water) to the 1 


(pure steam) within first 30 seconds after the break. The 


plasma vessel and small volume initially contains air at 


vacuum condition. After discharge of steam – water 


mixture, the void fraction in the small volume is 


decreasing, but later (after the termination of discharge) the 


void fraction in small volume reaches 1 again. The void 


fraction in the plasma vessel is approximately 1 during all 


investigated time interval. The similar behaviour shows 


also the equilibrium quality of coolant inside small volume. 


The behaviour of equilibrium quality in plasma vessel is 


presented in Fig. 15. The quality of media inside plasma 


vessel after start of steam – water injection is decreasing 


from the 1 (air) to 0.2 (air – steam mixture). Later the 


quality is oscillating, but the tendency of increase of 


equilibrium quality is observed. The equilibrium quality is 


calculated by RELAP5 code using phasic enthalpies with 


the mixture enthalpy calculated using the flow quality. 


Thus, the change of quality can be explained, that due to 


expansion of coolant into PV after the pipe rupture and 


later the condensation of part of steam inside plasma 


vessel. But later, due to heat transfer from the hot walls of 


PV, the water drops in the air of PV are evaporating again 


(the quality is increasing again).  
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Fig. 14. Void fraction of coolant at the broken pipe, in the 


small volume and in the plasma vessel.  


 


The mass flow rate of steam through the burst disk is 


presented in Fig. 16. Burst disk opens (at time moment t = 


42 s) while the release of coolant from the ruptured pipe is 


still taking place. Mass flow rate through the burst disk 


reaches its biggest value (almost 2 kg/s) just after it has 


opened. However this initial flow rapidly decreases to the 


zero at t = 100 s. At time interval 110 – 150 s the small 


negative flow rate through the burst disk is observed. This 


little negative flow of air from the burst disk to the torus 


hall (the suction of air into PV) is because of decrease of 


water steam quality in PV at time moment 80 – 110 s after 


the break, due to water condensation process in PV (Fig. 


15).  
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Fig. 15. Equilibrium quality of coolant in the small volume 


and in the plasma vessel.  
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Fig. 16. Mass flow rate through the burst disk.  


 


The analyses of behavior of temperatures during the 


accident is not presented, because temperature changes in 


W7-X device is not so important for safety reasons as 


pressure increase in plasma vessel. From the other hand, 


due to high inertia of massive steel constructions, the 


temperature change within short analyzed time period is 


insignificant.   


Obtained results show that the area of the burst disk is 


sufficient to prevent pressure inside the plasma vessel 


exceeding 110 kPa in the case of simulated accident. The 


behavior of pressure inside plasma vessel, calculated using 


RELAP5 code (with simplified nodalization model) is very 


similar to calculations performed using COCOSYS code
9
.   


 


IV. CONCLUSIONS 


 


The analysis of accident with water ingress into the 


plasma vessel in Wendelstein nuclear fusion device W7-X 
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was performed. The rupture of the 40 mm target module 


cooling pipe was selected as one of the critical failure 


events with loss of coolant, since primary and secondary 


steam production leads to a rapid increase of the inner 


pressure in the vacuum (plasma) vessel. To reach this goal 


the model of W7-X divertors, main cooling and “baking” 


circuits and the plasma vessel was developed using 


thermal-hydraulic state-of-the-art RELAP5 Mod3.3 code. 


The appropriate nodalization schema of plasma vessel was 


selected. The prepared models will be used for further 


analyses of other accidents to prove the safety of W7-X 


fusion facility. 


The performed analysis of rupture of 40 mm diameter 


pipe in the single upper horizontal target module 


demonstrate that the area of burst disk is sufficient to 


prevent pressure inside the plasma vessel exceeding 


110 kPa in the case of simulated accident.  


 


ACKNOWLEDGMENTS 


 


This paper was prepared on the basis of work, which 


was carried out within the framework of the European 


Fusion Development Agreement and supported by the 


European Communities. This work is also supported by the 


Agency for International Science and Technology 


Development Programmes in Lithuania.  


The authors of the paper would like to express their 


gratitude for D. Naujoks from Max Planck Institute for 


Plasma Physics, who contributed to the performed analysis 


with valuable comments and scientific support.  


 


NOMENCLATURE 


 


  EFDA European Fusion Development Agreement 


  IPP Max Planck Institute for Plasma Physics 


  LEI Lithuanian energy institute 


  MCC Main Cooling Circuit 


  PV Plasma Vessel 


 


REFERENCES 


 


1. H.S. BOSCH, A. Dinklage, T. Klinger, R. Wolf and 


the W7-X Team, Contributions to Plasma Physics 


(2010).  


 


2. V. ERCKMANN et al., “The W7-X Project: Scientific 


Basis and Technical Realization”, Proceedings of 17
th


 


IEEE/NPSS Symposium on Fusion Engineering, San 


Diego, CA, October 6-10 (1997). 
 


3. Annual Report of the Association EURATOM/LEI, 


LEI Report (2009).  
 


4. The WENDELSTEIN 7-X Project: 


http://www.ipp.mpg.de/ippcms/eng/for/projekte/w7x/ 


(2009).  


5. B. STREIBL et al., “Manufacturing of the W7-X 


divertor and wall protection”, Proceedings of 23
rd


 


Symposium of Fusion Technology, Venice, Italy 


(2004). 
 


6. L. TOPILSKI, “Consequences of the W7X in-vessel 


coolant pipe break at baking conditions”, Report 1-


NBF-T0015, Max-Plank-Institut für Plasma Physik 


(2006).  
 


7. D. NAUJOKS, “Initial and Boundary Conditions”, 


Report 1-NBF-T0008.0, Max-Plank-Institut für 


Plasma Physik (2006).  
 


8. C.D. FLETCHER et. al., “RELAP5/MOD3 code 


manual user’s guidelines”, Report NUREG/CR-5535, 


Idaho National Engineering Lab (1992). 
 


9. A. KALIATKA, M. Povilaitis, E. Urbonavičius, T. 


Kaliatka, “Analysis of the consequences of targets 


feeding pipe rupture in Wendelstein 7-X experimental 


nuclear fusion device”, Proc. of 8
th


 Int. Topical 


Meeting on Nuclear Reactor Thermal Hydraulics, 


Operation and Safety NUTHOS-8, Shanghai, China, 


p. 12, (2010).  


 


10. H.-J. ALLELEIN et al., “COCOSYS: status of 


development and validation of the German 


containment code system,” Nuclear Engineering and 


Design, Vol. 238, no. 4, pp. 872–889 (2008). 


 


2004








Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11249 


 


 


Sodium-cooled Fast Reactors : the ASTRID plant project 


 
 


Pierre LE COZ (CEA), Jean-François SAUVAGE (EDF), Jean-Pol SERPANTIE (AREVA) 
 


CEA: CADARACHE, DEN/DER/CPA, 13108 Saint Paul lez Durance, France 
EDF: SEPTEN, 12-14 Avenue Dutriévoz, 69628 Villeurbanne Cedex, France 


AREVA: 10 Rue Juliette Récamier, 69006 Lyon, France 
 


 
Abstract – In the framework of the French Act of the 28th of June 2006 about nuclear materials 
and waste management, a GENIV and actinides incineration demonstration prototype is to be 
commissioned in the 2020 decade. 
This prototype, called ASTRID (Advanced Sodium Technological Reactor for Industrial 
Demonstration) sets out to demonstrate the progress made in SFR technology on an industrial 
scale by qualifying innovative options, some of which still remain open in the areas requiring 
improvements, especially safety and operability. It will also be used as a test bench for advanced 
inspection and repair techniques. More specifically, we are aiming for a level of safety that is at 
least equivalent to that of the EPR (third generation), with progress made in SFR-specific fields. 
ASTRID will also be designed to investigate and to demonstrate the feasibility of transmutation of 
radwaste: It will be replacing the Phenix plant in terms of an irradiation reactor so as to test 
homogenous and heterogeneous minor actinide recycling modes, whose industrial interest are 
currently being assessed in the frame of the above mentioned Act.  
The first deadline set by the French Act of 28 June 2006 is for late 2012 at which time the 
authorities must be provided with an assessment of the industrial perspectives on actinides 
transmutation. To remain consistent with the general schedule fixed by the Act, the CEA decided 
to launch the phase 1 of the preliminary design of the ASTRID prototype in 2010 in order to be 
able to present at the same occasion (late 2012) preliminary budgetary evaluations (especially in 
terms of amount and investment schedule), and technical facts so that a decision on the following 
steps can be reached. An assessment of the fixed and still open-ended options will be established 
at this date, together with the planning and cost evaluation (including R&D) of next phases. 
Phase 1 of the preliminary design also aims at obtaining an initial opinion from the French 
Nuclear Safety Authority (ASN) on the safety orientations recommended for ASTRID, in order to 
check their suitability. 
Phase 2 of the preliminary design will take place between 2013 and 2014, including the drafting 
and submittal to ASN of the Safety Options Report, a deeper assessment of retained options and 
hard points, and a consolidation of cost and planning figures.,  
 
In order to benefit from the unique feedback existing in France on Sodium Fast Reactors, the CEA 
partnered, among others, with EDF, as experienced SFR operator and general architect, and with 
AREVA, as experienced SFR Nuclear Island engineer and component’s designer. 
This paper presents the current state of the project, the first design options and the main 
milestones 


 
 


I. 
 
The future of mankind is confronted with increasing 


energy demands, the gradual exhaustion of fossil fuels, and 
the pressure to reduce greenhouse gas emissions. This is 


why more and more countries are looking to nuclear 
energy. 


 
This ‘nuclear renaissance’ will put extra pressure on 


uranium stocks. A policy to preserve these resources must 
therefore be developed to sustain this renaissance. This is 
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one of the main challenges facing Generation IV reactors 
and will be the keystone on which the future of nuclear 
energy can be built. 


 
This fourth generation will focus on fast reactors 


which are capable of converting a large majority of 
uranium-238 into plutonium-239 while producing 
electricity. In this way, it will become possible to exploit 
more than 90% of natural uranium to generate electricity 
rather than only 0.5 to 1%. The large quantities of depleted 
and reprocessed uranium in France alone could be used to 
maintain the current electricity production for several 
thousand years. The worldwide availability of primary 
fissile resources can thus be multiplied by 100. The 
construction of fast reactors will also open the door to 
unlimited plutonium recycling (multi-recycling) by taking 
advantage of its energy potential. 


 
Radioactive waste management is yet another 


challenge facing Generation IV reactors which involves 
reducing the volume and the inherent long-term 
radioactivity of final waste. These reactors may in fact be 
capable of burning some of the long-lived radioactive 
elements contained in radioactive waste: minor actinides 
(americium, neptunium, curium, etc.). 


 
The Generation IV International Forum (GIF) was 


born out of the desire to create an international R&D 
framework capable of boosting research in the different 
countries so that the most efficient technologies can 
emerge as quickly as possible. 


 
Four main objectives have been defined to 


characterise the future reactor systems that must be : 
 
– Sustainable: using a minimum natural resources and 


be environmentally friendly (limiting waste production in 
terms of radiotoxicity, mass, decay heat, etc.). 


 
– Cost-effective: in terms of investment costs per 


installed kWe, the price of fuel, the cost of operating the 
facility, and consequently, the cost of electricity production 
which must be competitive in comparison with other 
energy sources.    


 
– Safe and reliable: aiming for improvement compared 


with reactors currently in operation, while eliminating the 
need to evacuate the population from the site as much as 
possible, regardless of the cause and severity of the 
accident. 


 
– Proliferation resistant and protected against any 


external hazards. 
 


Furthermore, the French Act No. 2006-739 dated 28 
June 2006 on the sustainable management programme for 
radioactive materials and waste stipulates the 
commissioning of a Generation IV reactor by 2020. It was 
therefore decided by CEA to launch – in cooperation with 
industrial partners -the conceptual design of a sodium-
cooled fast reactor (SFR) - the only GENIV reactor 
technology that is sufficiently mature and benefits from 
considerable feedback both in France and overseas, 
associated with the potential to attain GENIV criteria. 


 
This project has been called ASTRID which stands for 


‘Advanced Sodium Technological Reactor for Industrial 
Demonstration’. 


 
II. SPECIFICATIONS FOR ASTRID 


 
To meet the above-mentioned objectives, Generation 


IV sodium fast reactors (SFR) concepts must be 
significantly improved, particularly in the following 
fields : 


 
– Still reducing the probability of a core meltdown 


accident through improved preventive measures, the 
ultimate objective being its ‘practical elimination’. 


 
– Integrating the impact of a mechanical energy 


release accident from design if the demonstration of its 
'practical elimination’ is not sufficiently robust. 


 
– Improving the capacity to inspect structures in 


sodium, with efforts especially focusing on structures 
ensuring a safety function. 


 
– Reducing the risks associated with the affinity 


between sodium and oxygen: sodium fires and 
sodium/water reactions. 


 
– Achieving a better availability factor than previous 


reactors while aiming for the performance levels required 
by current commercial reactor operators. 


 
– Ensuring the transmutation of minor actinides if this 


radioactive waste management option is chosen by the 
French government. 


 
– Being competitive in relation to other energy sources 


with equivalent performances. 
 
As the prototype of this reactor technology, ASTRID 


has the main objective of demonstrating advances on an 
industrial scale by qualifying innovative options in the 
above-mentioned fields. It must be possible to extrapolate 
its characteristics to future industrial high-power SFRs, 
particularly in terms of safety and operability. 
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ASTRID will nevertheless differ from future 
commercial reactors for the following reasons : 


 
– ASTRID will be a 1500 MWth reactor, i.e. 


generating about 600 MWe, which is required to guarantee 
the representativeness of the reactor core and main 
components. This level will also compensate for the 
operational costs by generating a significant amount of 
electricity. A sensitivity study will be conducted on this 
power level. 


 
– It will be equipped for experiments. Its design must 


therefore be flexible enough to be able to eventually test 
innovative options that were not chosen for the initial 
design. Novel instrumentation technologies, new fuels and 
even new system components will be tested in ASTRID. 


 
– It will be commissioned at approximately the same 


time as Generation III power plants, which means that its 
level of safety must be at least equivalent to these reactors. 
Focus will nevertheless be placed on validating safety 
measures enabling the future reactors to ensure an even 
more robust safety. This means taking into account core 
meltdown accident conditions from the design phase. 


 
– ASTRID’s availability objective is below that of a 


commercial power plant to its experimental character. 
However, the options chosen must demonstrate that a 
higher level of availability can be reached when 
extrapolated. 


 
– Without being a material testing reactor (MTR), 


ASTRID will be available for irradiation experiments like 
those conducted in PHENIX in the past. These 
experiments will help to improve the performance of the 
core and absorbers, as well as to test new fuels and 
structural materials, such as carbide fuel and oxide 
dispersion steel (ODS) cladding. ASTRID should be 
equipped with a hot cell for examining irradiation objects, 
built either in the plant or nearby. 


 
– ASTRID will be able to transmute radioactive waste 


so as to complete the industrial demonstration of this 
technique for reducing the volume and lifespan of final 
radwaste. 


 
– Though future fast reactor plants intend to be 


breeders, ASTRID will be a self-breeder considering the 
current nuclear material situation, while being able to 
demonstrate its breeding potential. 


 
– ASTRID must also integrate feedback from past 


reactors, especially PHENIX and SUPERPHENIX, while 
being clearly improved and belonging to Generation IV, 
take into account current safety requirements, especially in 


terms of protection against both internal and external acts 
of malevolence, as well as the protection of nuclear 
materials, meet the latest requirements in terms of 
proliferation resistance, and maintain its costs by following 
a value analysis approach from design. 


 
 


III. ASTRID DESIGN 
 
ASTRID's design options must meet the requirements 


of future electricity-producing reactors as cited above, i.e.:  
– Core meltdown probability at the lowest achievable, 
– Consideration for resistance to a potential 


mechanical energy release accident, 
– Improvement of the means for inspecting structures 


in sodium,  
– Reduction of risks associated with the affinity 


between sodium and oxygen: 
– Reduction in the duration of programmed outages 


(fuel handling & maintenance) and unforeseen shutdowns. 
– Cost control. 
 
Two core options are proposed with the objective of 


reducing the probability of core meltdown and/or limiting 
energy release accidents potential (Figure 1) : 


 
• The SFRv2 concept. This core concept is based on a 


homogeneous oxide fuel and a bundle of large-diameter 
fuel pins. Interest of this core is to have a very low 
reactivity loss, and thus a low reactivity in excess, even at 
Beginning of Life. 


 
• The CFV (Cœur à Faible effet de Vide sodium) core 


concept based on a low sodium void effect [1]. This core 
concept involves a heterogeneous axial UPuO2 fuel with a 
thick fertile plate in the inner core and characterised by an 
asymmetrical, crucible-shaped core with a sodium plenum 
above the fissile area. 
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From a chronological viewpoint, the SFRv2 concept 


was studied first with the main objective to minimise core 
reactivity losses and reduce the sodium void effect in 
comparison with EFR and SUPERPHENIX core types. 
The concept is based on a bundle of tightly-packed, large-
diameter fuel pins designed to increase the fuel fraction in 
the core (reducing reactivity losses) while reducing the 
sodium fraction (reducing the sodium void effect). 


 
From a performance viewpoint, this core integrates 


various advances in relation to the EFR and SUPER-
PHENIX type cores, i.e. increased cycle times (typically 
18 months) , fuel and absorbers residence times thanks to 
the very low reactivity losses. From a safety viewpoint, the 
SFRv2 concept has the potential to safely support the 
consequences of an unprotected accidental control rod 
ejection (UTOP)  Preliminary analysis give also 
indications that the potential mechanical energy release  in 
case of core fusion, would remain limited, with behaviour 
similar or better than EFR core studies. 


 
Initially conceived with the intention of significantly 


reducing the sodium void effect in case of sodium boiling 
compared with the SFRv2 concept, the CFV core concept 
focuses now on optimising the core neutron feedback 
parameters (reactivity coefficients) so as to obtain 
improved natural core behaviour during accident 


conditions leading to the overall core heating. More 
specifically, the reactivity effect associated with sodium 
expansion achieved by design (sodium plenum and 
heterogeneous fertile plate) is negative in the event of a 
total loss of primary coolant, and can result in an overall 
negative void effect if a boiling phase is reached.  This 
new specificity in relation to standard SUPERPHENIX or 
EFR type cores can be extrapolated and remains valid for 
high-power CFV cores. The preliminary studies on 
unprotected-loss-of-flow (ULOF) transients or 
unprotected-loss-of-heat-sink (ULOHS) transients without 
rod drop, show a potential for an acceptable natural 
behaviour of the CFV core which will remain to be 
confirmed in the remainder of the studies.  


 
The CFV concept also retains a low reactivity loss – 


even if it is higher than that of the SFRv2 concept – thanks 
to the fuels pins with a larger diameter. Generally 
speaking, the CFV core retains essential advantages of the 
SFRv2 reactor in terms of longer cycles and fuel residence 
times, as well an improved behaviour during an accidental 
control rod ejection transient with respect to conventional 
core designs. 


 
The lower power density – like that of the SFRv2 – 


nevertheless generates higher plutonium inventories of 
almost 30% (with the same unit power) for these concepts, 
as well as an overall increase in the core diameter 
compared with the SUPERPHENIX and EFR cores. 


 
Prevention will be consolidated by making sure all 


components important for safety can be inspected, as well 
as components capable impacting these safety-important 
components. This first and foremost concerns the internal 
structures of the reactor block, particularly the core support 
and core cover plug for which efficient inspection methods 
must be qualified. The choice between the different reactor 
block internal structures described further shall take into 
account this inspection criterion. 


 
Malevolent hazards of both internal and external 


(aeroplane impact) origin will be taken into account from 
design. 


 
Decay heat removal means will be sufficiently 


redundant and diversified so that the practical elimination 
of their total failure can be demonstrated. 


 
A third passive-type emergency shutdown system may 


be added: the CEA has patented a system of this kind 
which is called SEPIA.  


 
Lastly, the most will be made of recent developments 


in instrumentation and measurement systems to reinforce 
core and reactor monitoring. 


SFR v2 core (homogeneous) 


CFV core (axial heterogeneous) 
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Concerning the mitigation of potential core 


fusion/mechanical energy release accident : 
 
– A core catcher should be installed in ASTRID in 


light of uncertainties on the safety demonstration 
(prevention in particular) which may be presented in due 
time. It should be designed to recover the entire core, 
maintain the corium in a sub-critical state while ensuring 
its long-term cooling, as well as being inspectable. At this 
stage, several options are being investigated as to possible 
core-catcher technologies, locations (in-vessel or outside 
the vessel) and attainable performances. 


 
– The containment will be designed to resist the 


release of mechanical energy to make sure no 
countermeasures are necessary outside the site in the event 
of an accident. 


 
In terms of capability to inspect structures in sodium : 
 
– Contrary to the PHENIX and SUPERPHENIX 


reactors, periodic inspection of the reactor block internal 
structures has been integrated into the design. 
Technologies now exist that enable this inspection either 
from outside or inside the vessel. They mainly use optical 
or ultrasound methods; the technology will be chosen in 
relation to the primary system design. 


 
– Several internal vessel architectures are currently 


being examined: 
. Pool-type reactor [2] with inner cylindrical vessel not 


containing the components for which the accessibility of 
structures at the bottom of the vessel needs to be improved, 
as well as protecting the decay heat removal systems and 
ensuring better resistance of the primary containment in 
the case of core meltdown. 


. Pool-type reactor with inner cylindrical vessel 
containing the components for which the objective is to 
simplify the reactor design and provide better access to the 
internals for in-service inspection, maintenance and repair 
purposes. 


. Pool-type reactor with stratified redan: an innovative 
concept recently developed and patented by the CEA. It is 
no longer leaktight between the hot pool and the cold pool 
as the stratification ensures the separation. Advantages are 
the compactness of the main vessel, a reduction in the steel 
mass, and improvement of the flow path for natural 
convection, which is thus favourable in terms of its 
activation under accident conditions.  


. Pool-type reactor with conical redan: a solution 
extrapolated from previous reactors and the EFR project. 
This solution has the advantage of being well-known; 
improvements are required to allow improved ISIR access. 


The choice between these different concepts [3] will 
include assessment of robustness (life expectancy, 
thermomechanical behaviour…), global In-Service 
Inspection and Repair possibilities, and take into account 
economic factors. This choice should be made by mid 
2011. 


 
In terms of reducing risks associated with the affinity 


between sodium and oxygen : 
 
– To improve the safety and acceptability of the 


reactor with the de facto elimination of the risks associated 
with sodium-water reactions, an innovative energy 
conversion system is being considered that uses gas for the 
thermodynamic transformations (Brayton cycle). This type 
of system has been studied in CEA until 2008 [5] but has 
never been built for the pressure and power ranges 
required in ASTRID so it will first be necessary to make 
sure of its feasibility, cost and compatibility with Sodium 
Fast Reactor constraints. In any case this concept would be 
coupled to the reactor through an intermediate sodium 
system, in order to exclude any risk of gas entrainment into 
the core. 


 
– If the water-steam cycle is to be retained, the 


following improvements are considered : 
 
. Modular steam generators whose size guarantee the 


integrity of the intermediate heat exchanger, and thus 
protect the primary system, the secondary system and the 
steam generator casing, even in the event of the sudden 
and simultaneous failure of all the steam generator module 
tubes. 


 
. Steam generator concepts ensuring better protection 


against wastage. 
 
. The redundancy and performance of the leak 


detection systems will also be reinforced. 
 
The steam generator will also be chosen on the basis 


of its cost and that of the intermediate system in sodium, 
which represent a significant portion of the power plant 
cost. 


 
– The efficiency and reliability of the systems 


designed to detect sodium leaks and fires will be improved. 
The possibility of installing double-envelope tubes, 
inerting the rooms or using confinement measures to stifle 
fires will also be studied. 


 
In terms of reducing outage times : 
 
– The fuel handling system will be entirely reviewed 


to improve handling rates and its reliability; fuel loading 
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and unloading will continue to be performed in sodium 
since this provides greater operating flexibility in normal 
and incident conditions [4]. 
 


– Special care will be taken to reduce the causes of 
unavailability by focusing on the following design 
aspects : 


 
. Reliability of equipment tested on proven 


technologies. 
. Simple and robust equipment designs. 
. Preventive detection of failures. 
 
– In order to reduce unavailability times, the 


removability of equipments will be improved, with in situ 
maintenance and handling studies to optimise all handling, 
cleaning, repair and requalification operations from the 
design phase. 


 
– For investment protection, the project will focus on 


making as many reactor structures as possible reparable (or 
replaceable); although designed for 60 years, the core 
cover plug – a component sensible to thermomechanical 
load and mechanical hazards – will have to be potentially 
replaceable. 


 
In terms of controlling costs : 
 
– A value analysis approach will be employed as early 


as the preliminary design phase of the main components. 
 
– The project also intends to optimise operational 


costs without compromising human and organisational 
factors. 


 
 


IV PROJECT ORGANISATION 
 


The CEA has been charged by the French Government 
of the ASTRID Project Management, which involves : 


 
• Operational management ensured by a project team 


which is also responsible for the industrial architecture, i.e. 
it defines the different engineering work packages. 


 
• Managing most of the R&D work and qualification 


of the options that will be chosen for ASTRID. 
 
• Assessment of studies carried out by industrial 


partners, in charge of technical work packages, or external 
engineering companies. 


 
• Direct responsibility of the core work package. 
 


The other work packages will be entrusted to 
industrial partners through collaboration agreements. 


 
A preliminary analysis of the possible options for 


ASTRID was submitted in mid-2010. 
 
A preparatory stage was organised in view of the 


design phase, which will finish in early 2011, in order to 
finalise the work programme and organisation. 


 
The first major project milestone has been set for late 


2012 at which time the CEA will have to provide the 
French Government with a preliminary cost estimate and 
schedule for the subsequent phases. Innovation will be 
encouraged during the first part of the preliminary design 
phase in order to achieve a project design that is consistent 
with the objectives of Generation IV reactors. Dialogue 
will be instigated with the French Nuclear Safety Authority 
(ASN) during this period, which will result in a "safety 
orientation report". 


 
Most options will have been finalised by the end of 


2012. The second part of the preliminary design phase – 
lasting until late 2014 – will consolidate the first part, 
providing more information and greater consistency. The 
documents required during the preliminary design will be 
drafted. The safety options report will be written and 
submitted to ASN during this second phase. 


 
The detailed design phase is planned from 2015 to 


2017. 
 
The CEA and AREVA set up a technical partnership 


within the scope of the preliminary design phase for the 
ASTRID prototype reactor. This led to the signing of an 
agreement on 5 November 2010 between the CEA 
Chairman and the head of AREVA.  


 
AREVA is responsible for conducting the engineering 


design studies for the ASTRID nuclear island, under the 
overall responsibility of the CEA. 


 
This includes : 
 
- Nuclear reactor studies. 
 
- Studies on the nuclear ancillary systems: fuel and 


component handling, sodium ancillary systems, etc. 
 
- Studies on the I&C systems for the nuclear island. 
 
- Related cross-disciplinary studies: safety, operation 


and layout. 
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Discussions are currently underway with other 
partners for the energy conversion system, civil 
engineering, infrastructures and pooled resources. 


 
EDF is also taking part in the preliminary design 


phase for the ASTRID prototype reactor which was 
launched in 2010 by the CEA. EDF’s nuclear engineering 
division is providing technical support to the CEA 
project’s management team in fields where it can provide 
complementary skills in addition to those of the CEA : 


 
• SFR industrial operating experience. 
 
• Safety of power reactors. 
 
• Industrial architecture and operation (control, 


maintenance, etc.). 
 
In parallel, EDF's R&D division is providing the CEA 


with the results of its work which are applicable or 
adaptable to the ASTRID reactor, particularly : 


 
• Cores with a reduced sodium void effect. 
 
• Reactor safety, including external hazards and 


probabilistic studies. 
 
• Handling, transport and the impact of transmutation. 
 
• Studies on new materials, in-service inspection and 


repairs. 
 
• Assessment of innovative solutions. 
 
• Socio-technical studies on past SFR projects. 
 
 


IV. CONCLUSIONS 
 


By pursuing R&D and launching the ASTRID programme, 
France is clearly on the path of developing a concept of 
Generation IV reactors based on sodium-cooled fast 
reactors technology, which could become operational, if 
necessary, as of 2040 to tackle the problem of uranium 
resources and contribute by transmutation to the 
management of  long life radioactive waste management. 
With the objective of developing an innovative product 
taking full advantage of the unique feedback from Phenix 
and Superphenix, France will be able to offer a competitive 
and safe reactor technology. 
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Abstract – A design strategy for simplifying the liquid-metal fast reactor and improving its 
operability and safety is described.  A number of technology advances have occurred since the 
time of the Clinch River Breeder Reactor (CRBR).  The strategy provides a path for how these 
advances should enter the design process.  It describes how in the pursuit of these goals control 
and protection system design is integrated with plant engineering design.  When taken to the 
maximum extent, the plant is significantly simplified and can operate in a near-autonomous 
manner over life. 
 
An important point in the simplification process is reached when the primary system pump is 
removed to yield a natural circulating primary system.  The core power density must be derated by 
more than a factor of four.  An economic analysis is needed to determine the degree to which the 
reduction in electric generation is offset by savings associated with a reduced equipment list, 
reduced staffing requirements, and increased availability. 


 
 


I. INTRODUCTION 
 
Significant advances have been made in fast reactor 


technology since the Clinch River Breeder Reactor 
(CRBR) of more than thirty years ago.  CRBR was the last 
commercial fast reactor to undergo formal licensing review 
by the Nuclear Regulatory Commission (NRC).  Some of 
these advances appear in the Power Reactor Innovative 
Small Module (PRISM) design that underwent a 
preliminary review by the NRC in the 1990’s.[1]  Based on 
the Safety Evaluation Report (SER) a formal and effective 
approach to incorporating technology advances and 
innovative features into the safety case had yet to be 
developed.  The PRISM Preliminary Safety Information 
Document (PSID) attempted to take credit for passive 
safety to simplify both the protection system and the 
containment structure.  But the record suggests that the 
case was not made to the extent that significant plant 
simplification was realized.  A final iteration between 
designers and the NRC led to additional devices such as 
gas expansion modules, control rod drive stops, and new 
active protection systems making their way into the design 
to reduce the risk of core damage, hardly steps in the 
direction of design simplification. 


The list of liquid-metal reactor technology advances 
has grown since the time of PRISM.  The list now includes 
the concept of a core restraint system based on the thermal 


expansion properties of core structural materials to realize 
core temperature feedbacks that significantly improve 
safety and operability.  The metallic fuel form provides 
additional capability for managing temperature feedbacks 
and improving safety and operability.  In addition, metal 
fuel offers greater flexibility that other fuel forms for 
engineering long-lived high-burnup core designs.  Other 
developments include alternate coolants to sodium as a 
means of simplifying heat transfer circuits, vented fuel for 
reducing fuel pin length and with it the size of the primary 
system, and compact heat exchangers for reducing primary 
loop pressure losses and minimizing heat exchanger 
temperature losses. 


A formal design procedure to incorporate these 
advances has applicability not only to a fast reactor such as 
a PRISM or CRBR concept whose mission is base-load 
electricity generation with efficient uranium utilization but 
also more recent reactor missions.  These seek to retain the 
fast reactor fuel cycle for the flexibility it offers.  One 
application involves power generation at a remote site not 
on the grid or in a developing country with little 
supporting nuclear infra-structure.  A small fast reactor 
deployed with a long-lived core and requiring infrequent 
refueling would have reduced staffing needs.  Near-
autonomous operation with reduced reliance on active 
control systems would further reduce staffing needs.   In 
another application a small fast reactor is used to 
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complement the production of energy by renewables such 
as solar and wind.  The reactor provides a load-following 
source of energy that can compensate for the intermittent 
availability of renewables.  In both applications the plant 
economics are very sensitive to staffing levels.  
Autonomous operation and infrequent refueling are means 
for reducing staffing costs.  Other applications include a 
role as a small modular reactor for incremental capacity 
addition to the domestic electric grid. 


This paper describes a design strategy for simplifying 
the plant layout and operation and has a goal of 
establishing the conditions under which a safety case can 
be made that is not so excessively tied to core damage that 
special mitigation devices are required 


 
II. STANDARD PLANT 


 
A standard plant is defined against which plant 


concepts that use innovative design features are compared.  
The standard plant essentially represents commercial 
liquid-metal reactor technology as it existed in the late 
1970’s as exemplified by the CRBR plant. The innovative 
plant differs from the standard plant mainly in its use of 
innovative design features and consequent design 
simplifications.  The innovative plant can be arrived at by 
starting with the standard plant and applying a sequence of 
simplifications. This permits the design for safety and 
operability in an innovative design to be viewed as a 
specialized case of a design procedure general enough to 
be applicable to the standard plant. 


The main features of the standard plant are a primary 
system and an intermediate system, both using sodium 
coolant, and a balance of plant for heat removal and 
electric power production.  The CRBR plant is 
representative in this respect.  However, unlike CRBR, the 
primary system is located inside a large pool of sodium.  
Primary system pumps take their suction from the pool and 
deliver the coolant to the reactor.  The intermediate system 
is driven by a pump and heat is delivered to the balance of 
plant through a heat exchanger.  The balance of plant can 
be a Brayton cycle or Rankine cycle, the selection of 
which is not critical to reactor safety or to reactor 
operability.  


The main features of the standard plant reactor core 
are a hexagonal array of individually orificed fuel 
subassemblies.  The standard core consists of an oxide-
based fuel pin with driver assemblies for power production 
and blanket assemblies for fuel breeding.  The primary 
means for maintaining criticality over the course of a fuel 
burnup cycle are control rods.  A reactor protection system 
with active components provides an independent means for 
safely managing reactivity should a fault develop in the 
normal control rod system.  CRBR is representative in this 
respect. 


The design goals for the standard plant differ in some 
respects from those of the innovative plant.  It is useful to 
list those of the standard design and to identify the plant 
features that they give rise to.  For the standard plant we 
have: 
• Closed fuel cycle emphasizing breeding and 


consequently frequent refueling and the need for an 
on-site re-fueling machine. 


• Aqueous-based fuel reprocessing and consequently 
the use of oxide fuel. 


• Physical isolation of primary system from reaction 
products and contamination from inadvertent 
chemical-reactions in the balance-of-plant and 
consequently the need for an intermediate heat 
transport system. 


• High coolant boiling point and low coolant toxicity 
and chemical activity and consequently the use of 
sodium as a coolant. 


• Good economy of scale and consequently the need for 
a high thermal power on the order of thousands of 
MWt’s.  


• Low bus-bar cost and consequently the need for a high 
power density on the order of  200 MWt/m3 which in 
turn implies a sodium-cooled forced-circulation 
primary system for high heat transfer. 


• Low risk of HCDA and consequently the need for 
multiple active safety systems and need for mitigation 
devices such as core-catchers and hardened 
containment and vessel head. 
 


III. DESIGN GOALS AND TECHNOLOGY 
ADVANCES 


 
A series of technology advances since the days of 


CRBR have led to innovative design features that provide 
the liquid-metal reactor with new capabilities and the 
ability to address a wider range of missions.  Technology 
advances and the resulting new capabilities are identified 
here: 
• Metallic fuel in combination with engineered core 


restraint system resulting in improved safety through 
inherent feedback mechanisms with the potential for 
relegating core damage frequency to the residual risk 
category. 


• Metal fuel reprocessing resulting in a proliferation-
resistant closed fuel cycle. 


• Internal conversion and metallic fuel resulting in 
infrequent refueling through long-life core cartridge 
and regional fuel centers. 


• Natural circulating coolant loops in combination with 
metal fuel core for near-autonomous at-power 
operation. 


• Simplified design and operation derived from above 
for reduced staffing levels. 
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• Vented fuel for reduction in size of mechanistic source 
term, for increase in fuel burnup, and for reduction in 
reactor vessel size. 
 
These advances have led to a new generation of 


innovative liquid-metal reactor plants with expanded 
mission capabilities compared to the standard plant and 
potentially improved safety and economics.  Before 
considering how these advances can be best applied and 
what the resulting innovative plants might look like, some 
regulatory implications are considered. 


III.A Regulatory Aspects 
 
The main regulatory issue concerns the safety of the 


resulting innovative plant.  This involves consideration of 
how equipment failures and operator errors enter into plant 
safety including the frequency of initiating events and what 
form the safety systems take.   


In this regard the technology advances above have 
been used to generate plant designs with inherently safe 
characteristics and a greater degree of demonstrable safety. 
These designs use intrinsic design features to improve 
safety over what is achievable using active systems alone.  
Such features have the potential to perform more reliably 
since they do not depend on electro-mechanical 
components but only on the natural laws governing heat, 
fluid flow and neutron production.  Passive safety features 
perform the same function as the active protection and 
engineered safety systems in existing reactors.  That is they 
protect against fuel and structure damage by bringing heat 
removal rate into balance with heat generation rate at 
temperatures within safe limits during upsets.   


These inherent features act to improve safety and are 
considered part of the plant protection system.  
Collectively they are referred to as the Inherent Safety 
System (ISS), an engineered safety system.   It is useful to 
consider NRC issued guidelines for advanced nuclear 
power plants and what these guidelines stipulate for 
protective systems.  There are four relevant criteria.   
These criteria must be satisfied for the ISS to be 
considered part of the reactor protection system.   


 Criterion 1. The protection system must be 
independent of the plant control system and no credit is to 
be taken for control system action in accomplishing 
protection system function.   


The Inherent Safety System operates by inherent 
means without active components.  The plant control 
system on the other hand consists entirely of active 
components.  In addition the ISS is designed so as not to 
rely on control system actions in carrying out its function.  
Thus the former is independent of the latter.   


Criterion 2. The protection system must protect the 
plant from control system failures and operator errors.   


An active system used for control during normal 
operation may continue to operate during an upset thereby 
affecting the operation of the inherent systems designed to 
protect the plant during the upset.  A very important issue 
thus arises: can an active system ever operate to confound 
proper operation of the Inherent Safety System during the 
upset?  We must ensure by design that this is not the case.  
The means for accomplishing this is described later. 


Criterion 3. The protection system must be able to 
perform its function in the presence of a single failure in a 
safety system.   


If an inherent feature provides a safety function as part 
of the protection system, then its failure must be 
considered in determining whether the protection system 
can fulfill its function. But its performance is inherent to 
the plant physics and in principle can fail only when its 
state is such that it cannot provide the requisite reactivity.  
This is the failure mode that must be considered.  The 
probability will be extremely small in light of how 
Criterion 4 is addressed below. 


Criterion 4.  It must be demonstrable at power that the 
inherent safety features are operable and will function as 
intended on demand. 


This criterion parallels the existing guideline for light 
water reactors that the Plant Protection and System 
Engineered Safety Systems be tested periodically to verify 
that they can perform as designed.  The goal is to verify 
that the safety system can perform its function.  A need 
exists to periodically test the passive safety system.  An 
approach for doing so is described in [2]. 


Note that while the Inherent Safety System maintains 
safe temperatures it does not put the core in a neutronic 
shutdown state. 


 
III.B  Paths to Control and Protection 


 
A key objective is to identify a path by which the 


technology advances, and in particular those giving rise to 
safety, lead to an appropriate protection and control 
system.   


Historically, the protection system has been physically 
separate from the control system and operated independent 
of it, tripping actuators when key process variables moved 
outside limits.   The plant control system on the other hand 
was designed to maneuver the plant during normal 
operation and in a manner that limited process variable 
overshoot to avoid having the protection system trip the 
plant and with it loose the ability to generate power. 


With safety and control now more closely intertwined 
with both relying on the same inherent processes to 
achieve their objectives, a simultaneous design treatment is 
required under Criterion 2.  One approach to avoid having 
an active system override the Inherent Safety System is to 
minimize the need for active control systems.  Additional 
safety and operational improvements accrue.  Fewer active 
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systems imply fewer failures of these systems and fewer 
operator errors in using them.  The result is fewer 
challenges to the protection system and fewer forced 
outages.   


In the past the hypothetical core disruptive accident 
(HCDA) was a factor influencing the design direction of 
the sodium fast reactor.  In the CRBR, the design approach 
was to mitigate against the consequences of an HCDA.  A 
core catcher and hardened vessel head and containment 
were introduced as elements of mitigation.  More recently 
the focus has turned from mitigation to protection against 
the HCDA. 


The potential for improved protection achievable 
through engineering of inherent processes is described in 
[3].  In a CRBR-type plant, with the use of oxide fuel and 
the exclusive reliance on active protection systems to 
maintain a balance between heat generation and heat 
removal during an accident, the failure of two safety 
systems would lead to core damage.  The accident 
mitigation devices then would act to safely contain the 
release of fission products from the fuel.  The design 
philosophy for CRBR was to reduce the probability of core 
damage to a small number and when damage does occur to 
minimize fission product release through engineered 
structures. 


The present approach to safety differs from that of 
CRBR and its reliance on active protection systems and 
mitigation by mechanical devices.  Instead inherent 
processes are engineered to regulate core power during 
upsets so that power matches the available heat removal 
rate and temperatures remain within safe limits.  The goal 
is to eliminate core damage.  Proper design of the Inherent 
Safety System has the potential to eliminate fuel damage 
for as many as three simultaneous safety system faults.  
The probability of occurrence of three faults generally falls 
in the residual risk category. 


In light of this level of safety -- three safety system 
faults and no core damage -- there may be room to simplify 
the reactor design.  In particular one should explore how 
through the process of managing inherent feedbacks, 
accident frequency and accident outcome can be held to 
target levels while cost saving simplification is realized.  
Several simplifications are possible.  One of the two 
independent scram systems might be eliminated.  The 
number of control rods might be reduced through the use 
of inherent processes to reduce the burnup swing.  One 
should aim to eliminate devices such as rod stops and gas 
expansion modules previously introduced to manage 
reactor response in the case of three safety system faults.  
A main point is that simplifications are best explored in the 
context of an integrated design strategy for achieving 
acceptable safety and operability. 


 
 
 


IV. OBJECTIVE AND APPROACH 
 


The objective is to design a fast reactor plant so that 
conventional control requirements and some new 
requirements are met. The conventional requirements 
include the ability to manage reactivity to startup and to 
shutdown, to change load, and to compensate for reactivity 
changes over the cycle. The new requirements are to (a) 
exploit the innate self regulating property of a metal-fueled 
core to inherently shut itself down without damage in 
response to unprotected upsets and to (b) minimize the 
probability of the upset. The intent is simplified control 
and protection systems, and a reactor whose safety is less 
dependent on operator action and less vulnerable to 
automatic control system fault and/or operator and 
maintenance crew errors. 


The approach described below leads to a reactor 
design that is optimal with respect to unprotected safety 
and meets requirements for normal operation. The method 
is not plagued by the need to identify the potentially 
infinite list of upset initiators and for each to determine the 
safety consequence.  Rather, as will be shown, all initiators 
fall into a small and manageable number of classes.  Each 
class has associated physical mechanisms that limit the 
severity of any accident in the class.  Initiator 
consequences are analyzed implicitly by class rather than 
explicitly by enumeration. This ensures that all challenges 
to the inherent safety system have received consideration. 


The method has its roots in the analysis of open-loop 
safety by Wade [4] and in the identification of candidate 
control strategies for plants with inherent safety 
characteristics by Planchon. [5] Wade showed that the 
open-loop plant, that is the plant operating without a power 
control system, could present to the reactor at most five 
accident classes. In turn, the response of the plant for each 
of these classes is dependent on just a few integral 
feedback parameters whose values could be adjusted to 
give favorable safety trends. Planchon suggested plant 
control strategies that reduced the safety consequence of a 
control failure and reduced the potential for the plant 
control system to override a safe inherent response to an 
upset. We extend Wade's ideas to the closed loop plant and 
show how they lead to the types of control schemes 
suggested by Planchon.  


Plant simplification originates in two ways under this 
approach.  There is the simplification of the control and 
protection systems that originate with the purposeful 
management of inherent feedbacks.  There is also the 
simplification of the plant layout that occurs when active 
components such as control rods and pumps are replaced 
by their passive counterparts such as reactivity temperature 
feedbacks and natural circulation, respectively. 
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V. PHYSICS OF SAFETY AND OPERABILITY 
 


V.A  Inherent Safety 
 
The relationship between the conditions presented to 


 the reactor core by the outside world and their effect on 
reactivity, which determines reactor power, can be 
represented through a reactivity balance.  There are only 
three physical channels through which the outside world 
can influence the reactor: inlet temperature, flow rate, and 
external reactivity. The latter is taken to include control 
rods but we neglect passage of a gas bubble and seismic-
induced core component reconfiguration. The time 
constants of the temperature feedback processes are such 
that the feedback temperatures are essentially in 
equilibrium with the instantaneous power, flow rate and 
inlet temperature.  A quasi-static reactivity balance on the 
reactor then relates reactor power and temperature to inlet 
temperature, flow rate, and external reactivity. 


A simple yet powerful safety case can be developed 
with the quasi-static reactivity balance as its basis.  By 
virtue of the fact that: (a) there are only three 
communication channels through which the core can be 
affected, and (b) the signal into each of these channels 
either increases or decreases, then all unprotected accidents 
are contained in the union of a handful of generic accident 
classes.  The classes having a safety consequence are inlet 
temperature chilling, loss of heat sink, external reactivity 
insertion (i.e. rods), and flow reduction by hydraulic 
resistance increase (i.e. coolant freezing).  In each of these 
four classes, the signal input through the channel is limited 
in its amplitude by a physical mechanism listed in Table I.  
The reactor power in the asymptote is then bounded by the 
quasi-static reactivity balance.  One then needs to find 
values of integral feedback parameters A, B, and C [6] by 
design such that after an upset, reactor power is stabilized 
at a predictable, low value, ensuring that fuel and structure 
temperatures remain at safe values.  


 
Table I  Unprotected Accident Classes 


 Accident Classes Physical Mechanism Limiting 
 Signal Amplitude 


Open-Loop 
Plant 


1. Reactor flow runup 
2. Reactor flow rundown 
 
3. Reactor inlet 
    temperature chilling 
4. Reactor inlet 
    temperature heatup 
5. External reactivity 
    insertion 


Cavitation of pump coolant. 
Establishment of natural 
       circulation conditions. 
Freezing of intermediate 
       system cold leg sodium. 
Loss of primary system 
       heat removal capability. 
BOC excess reactivity. 


Closed-Loop 
Plant 


Combined 1, 3 and 5 
Combined 2, 3 and 5 
Combined 1, 4 and 5 
Combined 2, 4 and 5 


 
 


 
 


 


V.B Control at Load 
 


The conventional approach to load schedule design 
sets out to limit the rates of temperature change in plant 
components during load changes such that allowable 
thermal stresses are not exceeded. Typically this is codified 
as a set of prescribed transients with associated 
performance requirements. 


To design for allowable stresses, it is helpful to view 
the plant response to a load change as composed of the 
asymptotic response to the new condition onto which is 
superimposed the dynamic component of the response. 
Each of these is controlled by different mechanisms and 
so, to some extent, the temperature swings for each can be 
set independently. The asymptotic response can be set in 
part by (a) adjustment of inherent feedbacks so that the 
reactor power more closely follows changes in the imposed 
heat sink load, and by (b) the coordination of control 
variables - steam, primary system and intermediate system 
flow rates and control rod position - as functions of steady-
state load. The dynamic component is controlled in part by 
plant component time constants, and by the dynamic order 
of the control equations,  


It is shown in [6] that three load coefficients can be 
arbitrarily assigned through control of rod reactivity and 
primary and intermediate flow rate.  However, the required 
changes in these control inputs to realize the load 
coefficients are a function of the plant physics.  It is 
possible to realize desired load coefficient values with 
small or even zero changes in control inputs by appropriate 
selection of inherent feedback values. 


Inherent operability refers to the use of intrinsic 
feedback mechanisms rather than active feedback control 
systems to achieve regulation of power during normal 
operation.  The object is for reactor power to naturally 
follow the electric grid demand in a way that maintains 
temperatures within limits acceptable for normal operation.  
The key to inherent operability is for the process variables 
to be driven by natural feedback processes linked to 
balance of plant heat removal rate rather than being driven 
by actuators.  This can be achieved in part if the integral 
inlet temperature coefficient, C, is negative and/or if the 
integral feedback flow coefficient, B, is positive, then a 
decrease in cold leg temperature and increase in primary 
flow in response to an original increase in balance of plant 
power adds reactivity to the core.   


 
V.C Life-Cycle Reactivity Compensation 


 
Any change in reactivity that occurs over the course of 


a cycle as a result of a change internal to the reactor can be 
compensated for through any of the three communication 
channels. In [6] it is shown how primary, intermediate, and 
steam system flow rates can be managed to compensate for 
reactivity loss while maintaining constant power. 
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VI.  DESIGN OPTIONS 


 
The reactor materials and the configuration of these 


materials provide the designer the potential opportunity to 
shape the inherent response of the plant to normal 
operational maneuvers and to upset events. A 
comprehensive description of choice appears in [7]. 
 


VII.  OPTIMIZATION 
 


This section describes a strategy for achieving the 
objectives described earlier in Section IV.  The approach is 
to identify degrees of freedom that exist in the reactor 
design process and in the way the reactor is operated.  
These degrees of freedom are exploited to maximize a 
functional that represents the degree of safety.  The 
maximization is subject to (or constrained by) operating 
requirements related to startup, shutdown, and load 
maneuvering.  The functional is defined as equal to the 
smallest margin among the four closed-loop accidents in 
Table I. The margin is the difference between a safety 
limit, for example cladding eutectic temperature, and peak 
cladding temperature.  Note that this definition treats each 
accident on an equal basis, a somewhat simplistic 
approach.  A more refined treatment would factor in the 
frequency of occurrence of each of these accidents and 
perhaps accept a smaller margin for the less likely 
accidents.  This would tend to reduce the collective risk 
associated with all four accidents. 


We defined the standard plant to have a forced 
circulation primary system and forced circulation 
intermediate system.  It turns out, conveniently, that from a 
safety and operability standpoint, the standard plant class 
actually contains the new mission reactors but as 
simplified cases.  For example a new mission reactor might 
not have an intermediate system or it might not have a 
primary system pump.  The point is that the simplified 
plant has no additional accident classes and control 
systems compared to the standard plant.  Rather there is an 
elimination of accident classes and control systems 
compared to the standard plant.  As will become apparent, 
a consequence is that the simplified plant has the potential 
for increased safety and reduced operational complexity 
compared to the standard plant. 


 
VII.A  Plant Design Parameters 


 
In practice, there is enough flexibility among the 


constraints and enough degrees of freedom in the 
parameter space that the solution to the above constrained 
optimization problem for the standard plant can be 
obtained by performing a single pass through a series of 
four unconstrained optimizations. Each successive 
optimization involves a set of parameters of which there is 


a subset that controls the value of the current functional 
with the value that went before independent of these. This 
is described in [6]. 


 
VII.B  Operation 


 
In general, if the number of search parameters in each 


of the four steps exceeds the number needed to achieve 
acceptable burnup compensation and load schedule 
behavior, then these extra degrees of freedom should, 
according to our goals, be used to implement burnup 
compensation and load schedule control schemes in a way 
that minimizes the probability of unprotected accidents. 
Consider the probabilities of failure of three systems - the 
reactor flow rate control system, the reactor inlet 
temperature control system, and the rod control system – 
as they relate to unprotected accident initiators.  Both the 
inlet temperature and flow are controlled by pumps and 
electrical circuits whose failure rate should be relatively 
independent of setpoint change frequency since this 
equipment operates continually.  Changing a setpoint does 
not cause additional circuits to energize or additional 
moving parts to be put in motion. On the other hand, for 
the rod control system, minimizing the demand for motion 
would seem to minimize the probability for rod worth 
insertion through either an equipment failure or operator 
error.  Thus, the possibility of an unprotected accident 
could be reduced by minimizing the demand frequency 
placed on the rods during either load change or when 
compensating for cycle reactivity change.  In practice, we 
can achieve this by de-energizing the rods and using 
reactor inlet temperature and flow rate, rather than rods, to 
change load and compensate for cycle reactivity changes.  
To transport the reactor heat we must have the primary and 
intermediate pumps operating assuming the standard plant. 
We see that only the control rods are available for 
elimination. 


In the simplest context, the zero burnup swing core 
required by step one implies no rod worth available for 
insertion once full power is reached.  This, however, 
neglects the presence of uncertainties and the need for 
some worth to cover these. There are two components. 
First, the worth that must be inserted into the core to take 
the reactor from cold subcritical to the low end of the load 
range is subject to the uncertainty in the calculated 
temperature defect, the calculated critical position, and the 
actual fissile loading.  Second, over the course of a cycle, 
the nonlinear component of the reactivity due to fuel axial 
growth and the calculational uncertainty in predicting the 
burnup swing need to be covered.  These various factors 
must be taken care of and thus there will always 
unavoidably be some worth present for inadvertent 
insertion at load.  


There are two ways we can operate the reactor given 
that some rod reactivity is present at full power to cover 
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these uncertainties.  These are described in [6] and have as 
their goal minimizing the probability of inadvertent rod 
reactivity insertion. 


 
VIII. EVOLUTION OF DESIGN CONCEPTS 


 
The evolution of control and protection systems from 


the time of CRBR is summarized in [3].  Three different 
categories appear:  classic, innovative, and next-
generation.  The general trend with time has been for more 
reliance on inherent processes to regulate power during 
normal operation and during upsets.  This section describes 
the application of the design strategy to arrive at two 
different simplified control and protection concepts. 


 
VIII.A  An Innovative Control and Protection System 


 
Consider the development of an innovative control 


and protection system for the SAFR 900 MWt medium-
sized advanced liquid metal reactor.   This plant was 
designed for centralized electricity production on an 
established grid.  The following considerations influenced 
its design.  A major goal was low-cost electricity 
production which requires a high power-density core, 
currently limited to approximately 200 MW/m3 for the 
active fuel region.  Forced circulation of sodium coolant 
provides for acceptable heat transfer, reasonable pumping 
power, large margin to boiling, and chemical inactivity in 
the reactor environment.  To guard against the occurrence 
of a void in the core, which could result in cladding failure 
and reactivity insertion, an intermediate sodium loop is 
needed.  The loop serves to isolate the primary system 
from gas bubbles that might form either through a 
chemical reaction in the balance of plant or from leakage 
of the balance of plant coolant into the primary system.  
This plant then is marked by forced circulation primary 
and intermediate sodium systems. 


 
VIII.A.1  Unprotected Accidents 


 
The degree to which core damage can be eliminated during 
unprotected upsets by appropriate optimization was 
investigated. The design, originally optimized with respect 
to three of the five open-loop accidents shown in Table I, 
was reoptimized with respect to the four-closed-loop 
accidents of Table I. The resulting values for A, B, C and ρ 
are respectively, -15 cents, -45 cents, -0.24 cents/oC and 0. 
In the optimization, we elected to use the concept of Rods 
A and B for control rods as described in [6]. The reactor 
response for the bounding closed-loop accidents is rather 
remarkable. The results in Table II show for runout limited 
to Rods B, the only rods ever energized after ascension to 
the low end of the power range, the peak cladding  


  


Table II Asymptotic Temperatures for Unprotected 
Closed-Loop Accidents in 900 MWt Plant 


Case Accident Peak Cladding ID Temperature, 
°C 


  Rods B 
Runout, 


32¢ 


Rods A and B 
Runout, 56¢ 


1 Chilled inlet, Primary 
pump overspeed, Rods 
runout. 


680 774 


2 Chilled inlet, Loss of 
reactor flow, Rods runout 


709 808 


3 Heating of inlet, Primary 
pump overspeed, Rods 
runout 


706 804 


4 Heating of inlet, Loss of 
reactor flow, Rods runout 


706 804 


 
temperature remains below 710 oC, a temperature that 
leads to cladding failure only after many hours.  This result 
holds for each of the four worst-case closed-loop accidents 
shown there.   Each of these four accidents involves four 
simultaneous protection system failures.  If both Rods A 
and B runout, then temperatures still remain substantially 
below the sodium boiling temperature of   950 oC.  The 
fuel axial growth component of Rods B is based on FFTF 
experimental data for 15 kw/ft IFR type pins.  


 
VIII.A.2  Inherent Operability 


 
The load schedule of Figure 1 exhibits reactor and 


balance of plant temperature swings that are acceptable. 
This load schedule was designed by using the two degrees 
of freedom associated with primary and intermediate 
system sodium flow rates to maintain superheater outlet 
temperature and steam drum pressure constant. Because 
rod position is not used as a control variable, only two load 
coefficients could be arbitrarily assigned. The steam outlet 
conditions were selected since in general one attempts to 
maintain constant conditions at the turbine.   The 
temperature response during a load change is shown in 
Figure 2. The sodium temperatures change without 
overshoot and are essentially in quasi-static equilibrium 
with the sodium and water flow rate forcing functions.  


 


  


Fig. 1  Load Schedule for 900 MWt Plant 
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VIII.B  A Next-Generation Control and Protection 
System 


 
Consider the development of a next-generation control 


and protection system for the STAR-LM small reactor.[8]  
This plant was designed for electricity production in a 
remote off-grid location.   The following considerations 
influenced its design.  A major goal was low staffing 
requirements and with this a need for autonomous 
operation and minimal refueling.  For autonomy and 
reliability the pump in the primary system is eliminated in 
favor of flow driven by natural circulation.  This implies a 
reduced active-fuel region power density of approximately 
50 MW/m3.  With the accompanying reduced heat flux, 
coolants with poorer heat transfer properties than sodium 
can be considered.  We consider Pb-Bi eutectic for its high 
boiling point and relative chemical inactivity in the reactor 
environment.   


If the primary system coolant is Pb-Bi, then the need 
for an intermediate system no longer exits.  Eliminating it 
is an aggressive design choice and justified by the absence 
of the possibility of the sodium-water reaction. This design 
is optimized below.  If the primary system coolant were 
sodium, then an intermediate system is required.  Such a 
plant is marked by a natural circulating sodium primary 
system and a sodium intermediate system.  This type of 
plant is considered in Section IX. 


 
VIII.B.1 Unprotected Accidents 


 
A study of the unprotected upsets that could 


potentially disrupt maintaining a safe balance between core 
power and heat sink heat removal rate was performed. This 
study examined the asymptotic response of the reactor for 
each of the classes in Table III for which the response is 
ultimately limited by the inherent mechanism given there.  
Of the four upset classes in Table III, the chilling of 
reactor inlet temperature required a more detailed analysis 
to properly characterize the limiting physical mechanism. 
The balance of plant couples directly to the primary system 
through a steam generator in the case of STAR-LM 
creating a potential for freezing of the primary coolant at 


the steam generator primary side outlet. The associated 
increase in primary loop hydraulic resistance would be 
undesirable, particularly since the primary system was 
designed for natural circulation operation.   


The study showed that for STAR-LM the possibility 
of primary coolant freezing can be ruled out so flow 
blockage due to freezing cannot occur. The analysis 
considered (1) equipment capacity/heat transfer paths that 
had the potential to provide the requisite energy flow rates 
needed to lower the steam generator primary outlet 
temperature to the primary solidus and (2) the role of 
primary system thermal mass and water inventory in 
limiting the worst case drop in steam generator primary 
outlet temperature.  


The resulting reactor asymptotic conditions for the 
open-loop and closed-loop classes appear in Table IV.  
One can show that the asymptotic temperatures bound 
those that occur in the near-term transient. The results 
suggest that the plant is capable of safely accommodating 
any combination of operator errors or control system 
malfunctions.  


 
 


Table III Unprotected Upset Classes and Inherent 
Mechanisms Limiting and Bounding Reactor Response 


 
 
 
Table IV Asymptotic Temperatures for Unprotected Upset 


Classes for STAR-LM 


 
 


VIII.B.2  Inherent Operability 
 
Increased autonomous operation can be achieved by 


relying less on reactivity introduced through primary 
system control elements (rods and primary pump) to 
change power, and more on manipulation of water-side 
conditions via water-side actuators.  In the limit, control 


 
 


Figure 2  Power Ramp from 100% to 50% at 3% per minute 
for 900 MWt Plant 
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rods and primary system pumps are eliminated and one 
relies solely on control of water-side conditions to obtain 
the needed reactivity from temperature feedbacks to 
control reactor power.  Such a control scheme is described 
in [7]. But operation is not entirely autonomous because of 
the active manipulation of water-side conditions needed to 
control reactor inlet temperature and primary flow rate.  
However, by careful design of water-side equipment, even 
these needed conditions can be achieved largely through 
self regulation as shown in [7]. 


The requirements for good stability are opposite those 
for good load following.  Good load following requires a 
large negative inlet temperature coefficient so that changes 
in the heat load at the turbine are communicated to the core 
without the need for large temperature changes.  It also 
requires a small water inventory such as that found in a 
once-through steam generator so the change in the heat 
load is quickly communicated to the core.  However, from 
the standpoint of stability, a smaller water inventory would 
exhibit larger changes in saturation temperature upon 
passage of a primary hot leg temperature front.  The 
temperature change would tend to preserve the temperature 
drop across the tubes of the steam generator during 
passage of the front.  As a result, the front would not be 
attenuated, and the steam generator would do a poor job of 
dampening coupled power/inlet temperature oscillations.  
A trend toward more stable operation occurs for a decrease 
in the magnitude of the inlet temperature coefficient, C, 
relative to the magnitude of the reactivity decrement, A+B.  
Simulations described in [7] quantify these phenomena for 
STAR-LM. 


 
VIII.B.3 Active Protection System 


 
The preceding results indicate that values of integral 


feedback parameters exist to maintain key process 
variables within safety limits during all upsets without the 
need to scram the reactor.  The reactor temperatures while 
safe, however, are elevated and may shorten component 
lifetimes.  To protect the plant investment an active 
protection system (i.e. safety rods) is needed to put the 
plant in a shutdown state where temperatures are no longer 
elevated and where maintenance can be performed to 
remedy the fault. 


The simpler STAR-LM plant design compared to 
older generation LMRs such as the CRBR plant results in a 
simplified protection system.[9]   For STAR-LM compared 
to CRBR there are: fewer limiting conditions (3 versus 5); 
fewer actuators tied into the protection system logic tree as 
the recipients of signals generated by the protection system 
(2 versus 4); and potentially fewer faults that lead to 
protection system action (6 versus 8 for anticipated events; 
3 versus 8 for unlikely events). The benefits are a 
reduction in frequency of trips yielding improved safety 
and availability and a reduction in equipment and design 


cost as a result of protection system simplification. The 
required protection system is simplified with respect to 
complexity and the frequency with which it must act 
compared to the standard plant. The benefits include 
reduced capital costs, higher availability, and more reliable 
electricity production. The simplifications follow from 
simplifications already achieved for the plant controllers 
and the equipment list.  Elimination of a plant controller 
removes a possible fault source. Elimination of equipment 
does the same. Further, if we eliminate an actuator, then 
we eliminate a device that is potentially tied into the 
protection system logic tree as a recipient of a trip signal. 


 
IX. A NATURAL CIRCULATING SODIUM 


REACTOR 
 
In this section an alternative to the lead-bismuth 


eutectic (LBE) fast reactor is considered.  Potential 
disadvantages of the LBE reactor are the structural 
challenges associated with containing a very dense coolant 
at high temperatures during seismic events and the health 
hazards associated with lead.  The use of sodium in place 
of LBE was investigated.   


Two important considerations for the sodium-cooled 
natural-circulating reactor are the achievable power density 
and the neutronic characteristics of the core.  The reactor 
capital costs are strongly tied to the first and the ability to 
meet long-life and inherent safety requirements are tied to 
the second.  To provide input to a future neutronic analysis 
the thermal-hydraulic performance of the core was studied 
parametrically.  The reactor temperature rise was fixed at 
180 oC which is similar to that of an LBE reactor.  Then 
the core power density was calculated as a function of core 
lattice and primary loop parameters 


The results suggest that the power density may be 
limited to a maximum of about 50 MWt/m3.  The 
dependence of power density on core lattice parameters is 
shown in Figure 3.  The maximum power density in this 
figure is 40 MWt/m3.  When the thermal separation 
distance is increased to 10 m (compared to the 6.25 m 
value used which was also value in the LBE design 
considered earlier) and a PCHE substituted for the steam 
generator sodium side, the 50 MWt/m3 power density 
value cited above is obtained.  However, this simple 
parametric study is not a true optimization where height 
and power density are traded off with respect to 
economics.  The 50 MWt/m3 figure thus is more 
representative of a particular “design selection”.  
Additionally, selection of a full power design point 
requires combining the thermal-hydraulic analysis with a 
neutronic analysis yet to be performed. 


The above result indicates that a core de-rating of 
power density by at least a factor four takes place in 
transitioning from a forced circulation to natural 
circulation sodium fast reactor.  A large forced-circulation 
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fast reactor providing base-load power to a large grid has 
an active fuel region power density of about 200 MWt/m3.  
Thus full power operation with a natural circulating 
primary system may constitute a large economic penalty 
and may effectively limit this reactor type to specialized 
applications as discussed below.  This is essentially the 
same situation for the natural-circulating LBE reactor. 


 


 
Figure 3  Power Density Dependence on Core Lattice 


Parameters for Natural Circulating Sodium Reactor 
 


X. DISCUSSION 
 


The preceding sections suggest how recent technology 
developments can be used to simplify the plant layout and 
equipment list and plant operation and, at the same time, 
improve safety.  This was illustrated by starting with a so-
called “standard plant”, a design representative of fast 
reactor technology at the time of the Clinch River Breeder 
Reactor.  Design changes that take advantage of these 
developments to simplify operation and improve safety 
were then introduced in a progression.  The developments 
included metal fuel, pyro-processing, new structural steels, 
engineered core restraint systems, internal conversion, 
vented fuel, and natural circulating heat transport loops.   


The progression from initial plant to final plant 
measured in terms of operational autonomy and plant 
simplicity was quite marked.  The initial or standard plant 
was characterized by the need for frequent re-fueling, a 
protection system designed exclusively around active 
components, multiple active feedback control loops in the 
vicinity of the reactor core, and a non-negligible frequency 
for an energetic HCDA with a non-negligible source term.  
The final plant or innovative plant is characterized by a 
long-life core requiring infrequent fuel handling, a 
protection system with a reduced number of active 
components, a single active-feedback controller located far 
from the reactor in the balance of plant. 


Improvements in plant operability and safety followed 
from plant simplification.  The elimination of the primary 


pump and the intermediate system, described earlier, in 
combination with a high conductivity fuel leads to a design 
that is essentially autonomous with respect to meeting grid 
demands.  All feedback loops needed to safely regulate 
temperature are inherent to the plant physics with the 
exception of a pump controller in the water-side balance of 
plant.  The same plant designed with a long-life core 
potentially might have to shut down for refueling once 
every ten years, simplifying routine operation.  Routine 
maintenance on the power conversion system might, 
however, require more frequent shutdowns.  The 
simplification of equipment and control systems reduces 
the chance of operator error and of equipment failure that 
could cause an accident.  The remaining number of 
initiators is small and virtually all can be accommodated 
safely through self-regulation. 


It may be that going to a natural circulating primary 
system eliminates one initiator only to introduce another.  
The probability of rod withdrawal at low flow conditions 
becoming more likely and the safety implication needs to 
be studied. 


There may be a cliff-edge effect with respect to plant 
economics as a function of degree of simplification.  It 
occurs at the point where the primary system is switched 
from forced to natural circulation.  There is at least a factor 
four reduction in power density with no commensurately 
sized reduction in plant equipment costs.  It would appear 
then from an economic standpoint that a natural circulating 
primary system might only make sense for niche markets 
where equipment servicing and/or replacement power is 
expensive and reliability is paramount.  Off-grid 
applications are an instance of this.  An economic analysis, 
however, is needed to properly characterize this. 


There are potentially positive aspects related to 
simplification not addressed.  Plant staffing might be 
reduced in three areas based on simplifications described 
above:  refueling, instrumentation and control 
maintenance, and control room staffing.  Plant availability 
is increased as a result of fewer trips associated with 
operator errors and control system equipment failures.  
Capacity factor is increased as a result of more infrequent 
refueling operations.  A complete economic analysis would 
additionally need to include how simplification affects 
costs of fuel procurement, waste disposal, and facility 
decommissioning.  


 
XI. CONCLUSIONS 


 
A design strategy for integrating control and 


protection system design with plant engineering design to 
achieve plant simplification was described.  The strategy 
makes use of recent fast reactor innovations to engineer the 
core so that inherent physical mechanisms operate to 
protect against temperatures associated with fuel damage.  
As a result operator errors and control system failures have 
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a vanishingly small probability of leading to core damage.  
This contrasts with the past where the design process 
focused on actively protecting against hypothetical core 
disruptive accidents and lead to a comparatively more 
complex design.   
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Abstract – The Japanese prototype fast breeder reactor Monju restarted its system startup test in 
May 2010 after a 14-year interruption. The accumulation of 241Am due to the 241Pu decay during 
the interruption reaches 1.5wt% in average. An impact of the reactor physics data obtained in the 
restart core is investigated by the cross section adjustment technique with JENDL-3.3 and 
JENDL-4.0. Criticality data obtained before and after the interruption are applied. 
It is confirmed that Monju reactor physics data, when the two data are used together, effectively 
adjust 241Am capture cross sections. Consistent results are obtained among JENDL-3.3 after 
adjustment and JENDL-4.0 before and after the adjustment.  


 
 


I. INTRODUCTION 
 
The Japanese prototype fast breeder reactor Monju 


restarted its system startup test in May 2010, after a 14-
year interruption. The largest change from the previous 
core, a core before the interruption, is in the contents of 
241Pu and 241Am. The content of 241Pu has halved and that 
of 241Am has more than doubled due to the 241Pu decay 
during the interruption. It is expected that the reactor 
physics data taken in the restart core together with those in 
the previous core would be useful to verify the nuclear 
data of the two nuclides. In particular, verification or 
improvement of 241Am capture cross section data is of 
strong importance since the data still have large 
uncertainty even in the recent nuclear data.  


 An impact of the reactor physics data is investigated 
by the cross section adjustment technique. 


 
 


II. MONJU RESTART CORE 
 
Monju is a prototype sodium cooled fast breeder 


reactor of a 280 MWe (714 MWt) with plutonium and 
uranium mixed oxide fuel (Fig.1). The core consists of two 
fuel regions (Inner and Outer) surrounded by blanket fuel 
and shielding. Coarse Control Rod (CCR) and Fine 
Control Rod (FCR) are used for reactivity control and 
Backup Control Rod (BCR) is for emergency shut down. 


Monju achieved initial criticality in April 1994. 
Various reactor physics parameters had been measured 
until the sodium leakage occurred in December 1995. After 


comprehensive safety reviews and plant system 
modifications, Monju restarted its system startup test in 
May 2010. 


Before the restart, 84 fuel sub-assemblies have been 
replaced to compensate the reactivity loss due to the 241Pu 
decay. The core average content of 241Am in the restart 
core is 1.5 wt%, which is three times larger than that in the 
previous core.   


The restarted system startup tests are conducted in 
three steps depending on reactor power levels. The initial 
step at zero power was completed in July. Major reactor 
physics parameters, such as Criticality, Control rod worth, 
and Isothermal temperature coefficient have been 
measured. 


Among the reactor physics data, criticality data is most 
accurately measured and an effect of 241Am appears most 
clearly. As a trial study, criticality data are applied to the 
cross section adjustment. 


 


 
 


Fig.1. Monju core layout
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III. CROSS SECTION ADJUSTMENT WITH MONJU 
DATA 


 
The theory and data used in the cross-section 


adjustment are described in this section. 
 


III.A. Theory of Cross Section Adjustment  
 


The cross-section adjustment is to adjust the cross-
sections based on the Bayesian theory and least-square 
technique1, 2. The cross section and its covariance are 
adjusted by 


 


( ) ( )( )
( )


t
e c


t
ce m


R R TT T MG
T R TGMG V V


−′ −
= ×


+ +
.       (1) 


 
The following notations are used: 
 
T: cross section set before adjustment,  
T’: cross section set after adjustment, 
M: cross section covariance before adjustment,  
G: sensitivity coefficient, 
Rc: calculated core parameter,  
Re: measured core parameter, 
Vm: calculation uncertainty,  
Ve: experimental uncertainty. 
 
 


III.B. Integral Experimental Data 
 


Criticality data taken in the previous and restart cores 
are used. The former core is called “Core1994” and the 
latter is “Core2010”, hereafter. Both data were measured at 
zero power level with coolant temperature at 200ºC. As 
mentioned already, the major difference between the cores 
are in the contents of 241Pu and 241Am. The other factors 
that affect criticality evaluation are almost the same.  The 
factors include compositions of the other nuclides, 
systematic errors associated with fuel compositions, and 
errors associated with calculation method and modeling.   


Thus, it is expected that the two data would be useful 
to verify the nuclear data of the two nuclides. 
 


The criticality of Core1994 was achieved in 
September 1994 with all control rods (CCR and FCR) 
withdrawn evenly by 54 cm.  The control rod position is 
around the core center. 


The criticality of Core2010 was achieved in May, 
2010 with the central CCR withdrawn by 41 cm. The other 
control rods are fully withdrawn. 


 
Experimental uncertainties are evaluated considering 


those associated with measurement and with data used in 
the calculation.  Measurement uncertainty mainly comes 


from control rod positions and coolant temperature. 
Calculation data uncertainty mainly comes from 
composition analysis and geometry. Among the uncertainty 
sources, systematic uncertainty of fuel composition is 
dominant. 


Table I summarize experimental uncertainty of the two 
cores for the experimental keff values (unity). Correlation 
in the uncertainties between the cores is evaluated as 0.9 
considering correlation of each uncertainty sources. 


 
Table I.  Experimental uncertainty 


 
Core Measurement (%) Calculation Data (%) Sum (%) Correlation


Core1994 0.02 0.17 0.17
Core2010 0.02 0.18 0.18


0.9  
 
 


III.C. Calculation Data 
 


III.C.A. Cross Section and Covariance Data 
 


JENDL-3.3 nuclear data file3 is used in the 
investigation for the cross section and covariance data.  
The data are processed into a 70-energy-group structure 
with NJOY code4. 


The covariance data cover most of nuclides that affect 
criticality evaluation. Figure 2 shows cross section 
uncertainties of major nuclides and reactions of interest in 
the present investigation. A large uncertainty is observed in 
241Am capture cross section.  
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Fig. 2. Cross section uncertainty (JENDL-3.3). 


 
The recently published JENDL-4.0 nuclear data5 is 


also used, which results will be described in Section V. 
 
 
 


III.C.B. Calculation Results 
 


Calculations are based on a deterministic calculation 
with the cell calculation code SLAROM-UF6 and the 
diffusion core calculation code DIF3D7 in the 70 group 
structure. A one-dimensional heterogeneous model is used 
in the cell calculation and TriZ model is used in the core 


U238 capture 


Am241 capture 


Pu239 fission
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calculation. In addition, correction factors are applied to 
remove errors due to the diffusion approximation, finite 
spatial mesh size, and finite energy groups.   


The calculation uncertainty of the above calculation 
scheme is evaluated by a comparison with a reference 
value calculated by a continuous energy Monte Carlo 
calculation code MVP8.  


Table II summarize the calculation results on the 
critical configurations of the two cores. Correlation in 
calculation uncertainties between the cores is not taken 
into account.  Since the experimental values are unity, the 
keff values correspond to the C/E values. 


 
Table II.  Calculation results for critical configurations 


 


 


Core keff Uncertainty Correlation
Core1994 0.99917 0.0003
Core2010 0.99736 0.0003


0
 


 
 
 


III.C.C. Sensitivity Coefficients 
 


Sensitivity calculations are based on a sensitivity 
analysis code SAGEP9 and DIF3D core calculation in the 
XYZ model.  The 70 group forward and adjoint flux 
calculated by DIF3D are processed in SAGEP.   


Calculated sensitivity coefficients (SNS) of major 
nuclides and reactions are compared between the cores in 
Figs. 3 and 4. Fig.3 is on 241Am capture and 241Pu fission, 
and Fig. 4 is on 239Pu fission and 238U capture. 


Large differences between the cores appear in Fig.3, 
reflecting the composition change by the 241Pu decay. 
Slight differences found in Fig.4 are mainly attributed to 
the fuel replacement. Sensitivities of the other nuclides are 
almost the same between the cores. 
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Fig. 3. Sensitivity coefficients for 241Am capture and 241Pu fission. 
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Fig. 4. Sensitivity coefficients of 239Pu fission and 238U capture. 


 
 


 
III.C.D. Cross Section Induced Uncertainty 


 
In the cross section adjustment, cross sections that 


cause larger uncertainty should be more likely adjusted. 
Figure 5 shows the cross section induced uncertainties of 
nuclides and reactions that have relatively large 
contribution to the total uncertainty. The uncertainties are 
evaluated by the square root sum of the GMG values (see 
Eq. (1) on the notation). The GMG values are calculated 
using the sensitivity coefficients and covariance data.  The 
negative uncertainty indicates that the GMG value is 
negative. 


  From the figure, we can expect that 239Pu fission and 
238U capture are likely to be adjusted. 
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Fig. 5. Cross section induced uncertainty (JENDL-3.3). 
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IV. ADJUSTMENT RESULTS 
 


To investigate an impact of the restart core data 
(Core2010), the cross section adjustment is applied in the 
following cases: 


 
Case 1: Use only Core1994 data 
Case 2: Use only Core2010 data 
Case 3: Use Core1994 and Core2010 data without 


correlation in the experimental uncertainties 
Case 4: Use Core1994 and Core2010 data with 


correlation in the experimental uncertainties 
 
More information is reflected in the adjustment as the 


case proceeds. 
 
Considering the results shown in the previous section, 


the following nuclides and reactions are focused: 239Pu 
fission, 238U capture, 241Pu fission, and 241Am capture. 


 
Tables III and IV summarize the results of the cross 


section alteration rate and resulting keff change, 
respectively. The degree of the alteration is represented by 
the maximum alterations in the negative and positive 
directions over the energy range above 100 eV. 


 
 
IV.A. Case1: Adjustment with Core1994 data only 
 
When only Core1994 data is used in the adjustment, 


the cross section alteration is less than 0.5%.  The 
maximum alteration is in 239Pu fission.  The resulting keff 
change is so small that 0.2% discrepancy remains in the 
Core2010 data after the adjustment. Good C/E value of 
Core1994 data results in the little adjustment. 


 
 
IV.B. Case2: Adjustment with Core2010 data only 
 
The C/E value of Core2010 deviates from the unity by 


more than the experimental uncertainty and a certain level 
of adjustment is expected.  


About 1% alteration of cross sections appear in 239Pu 
fission, 238U capture, and 241Am capture. The resulting keff 
change is mostly due to 239Pu fission. 


Considering cross section uncertainties in Fig. 2, 
241Am capture could be more adjusted. However, 239Pu 
fission has so large sensitivity that it is adjusted with 
priority and the error in the C/E value is almost corrected 
by its adjustment. The adjusted keff of Core1994 is not 
acceptable. A discrepancy of 0.2% appears by the 
adjustment. 


 
 


IV.C. Case3: Adjustment with Core1994 and Core2010 
without correlation 


 
The data of both cores are used.  The correlation in the 


experimental uncertainties is not yet considered. 
The discrepancy in the adjusted keff values from the 


unity is much less than the experimental uncertainties of 
about 0.2% for each core. In this aspect, the cross sections 
are properly adjusted.  


A slight difference in the keff changes by 241Am 
capture cross section alteration contributes the consistent 
adjustment between the cores. 


 
 


IV.C. Case4: Adjustment with Core1994 and Core2010 
with correlation 


 
Finally, both core data are used with the correlation 


into consideration.  Compared to Case 3, 241Am capture 
cross sections are largely adjusted by more than 10%. 241Pu 
fission cross sections are also more adjusted.  


Figure 6 compares the cross section alteration of 
241Am capture between Cases 3 and 4.  In Case 4, the cross 
section is changed nearly to the cross section uncertainties 
below several tens keV. 


This result can be explained as follows: The strong 
correlation in the experimental uncertainties puts the 
condition that the keff values of the two cores should be 
shifted in the same way even if a discrepancy from the 
unity exists.  The adjustment of 241Am capture cross 
sections, having large cross section uncertainty and the 
sensitivity difference, meets the requirement.   
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Fig. 6. Cross section alteration of 241Am capture in Cases 3 and 4. 
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Table III.  Cross section alteration rate from JENDL-3.3 original data 
(JENDL-3.3 based adjustment results) 


 


 


- + - + - + - +


(unit: %)


Core1994, Core2010
(without correlation)


Core19941


Data used in the
adjustment


Case


Core1994, Core2010
(with correlation)


3


4


2 Core2010


Pu239 fission U238 capture Pu241 fission Am241 capture


0.0 0.4 -0.3 0.0


0.0-0.71.20.0


0.0 1.0 -0.1 0.1


1.60.01.70.0


0.0 0.0


0.0 0.0


-0.2 0.0


-1.1 0.0


-0.1 0.0


-1.0 0.0


-4.6 0.0


-18.1 0.0


 
 


 
Table IV.  Change in keff values by the cross section alteration from JENDL-3.3 original data 


(JENDL-3.3 based adjustment results) 
 


 


Core1994 0.037 0.011 0.001 0.000 0.030 0.080 0.99997
Core2010 0.040 0.010 0.001 0.001 0.033 0.085 0.99821


Core1994 0.113 0.028 0.002 0.002 0.088 0.233 1.00150


Core2010 0.122 0.026 0.001 0.006 0.098 0.253 0.99989
Core1994 0.092 -0.007 -0.007 0.010 0.058 0.145 1.00062


Core2010 0.099 -0.007 -0.004 0.027 0.069 0.185 0.99921


Core1994 0.141 -0.100 -0.036 0.039 0.045 0.089 1.00006
Core2010 0.153 -0.094 -0.020 0.109 0.072 0.221 0.99956


a: keff before adjustment (Core1994: 0.99917, Core2010: 0.99736)


1 Core1994


3
Core1994, Core2010
(without correlation)


4
Core1994, Core2010


(with correlation)


keff after


adjustmenta
Data used in the


adjustment
Case


Others Total


keff change by the cross section alteration (%)
Target core for


effect evaluation
Pu239
fission


U238
capture


Pu241
fission


Am241
capture


2 Core2010
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V. Comparison of Adjusted Results with JENDL-4.0 
 
Case 4 results in Section IV are compared with 


JENDL-4.0. JENDL-4.0 was published in 2010 and a key 
feature is in the improvement of minor actinide data. 


The cross section alteration rate and resulting keff 
change from the original JENDL-3.3 results are compared 
in the following cases: 


 
Case 5: JENDL-4.0 original (without adjustment). 
Case 6: Case 4 with JENDL-4.0. 
 
In Case 6, cross sections are adjusted as in Case 4 


using JENDL-4.0 cross section and covariance data. The 
sensitivity coefficients and the other data are the same as in 
Section IV. Figure 7 shows cross section uncertainties of 
the major nuclides and reactions. Compared with JENDL-
3.3 data in Fig. 2, uncertainty of 238U capture increases and 
that of 239Pu fission decreases. 
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Fig. 7. Cross section uncertainty (JENDL-4.0). 


 
Figure 8 compares the cross section induced 


uncertainties on Core1005 between JENDL-3.3 and 
JENDL-4.0. The uncertainty due to 239Pu capture cross 
section becomes positive since 239Pu capture covariance 
data of JENDL-4.0 do not have correlation between 
capture and fission reactions. 
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Fig. 8. Cross section induced uncertainty (Core2010). 


 
Table V summarizes the keff values for Cases 4-6. The 


JENDL-4.0 original case gives the difference of 0.05% in 
the keff values between the cores, which is smaller than 


0.2% of the JENDL-3.3 original case and is as small as that 
in the JENDL-3.3 adjusted case. 


JENDL-4.0 adjusted data gives the smallest difference 
of 0.01% and would be the most reliable together with the 
fact that it is based on the most recent cross section and 
covariance data. 


 
Table V. Calculated keff values in Cases 4-6 


Core1994 1.00006 0.089
Core2010 0.99956 0.221
Core1994 1.00202 0.285
Core2010 1.00148 0.413
Core1994 1.00005 0.088
Core2010 0.99994 0.259


a: Change from keff with JENDL-3.3 original


Case Cross section data Core keff changea


(%)
keff


4 JENDL-3.3 adjusted


5 JENDL-4.0 original


6 JENDL-4.0 adjusted


 
 
Figures 9 and 10 compare the keff change due to the 


alteration of cross sections from JENDL-3.3 original. From 
the figures, we can see that the two adjusted results give 
nearly the same total values. The consistent results are 
found in 239Pu fission, 238U capture, and 241Am capture cross 
sections. Further details are discussed in the following 
sections. 
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Fig. 9. Contribution of nuclide and reaction to the keff change on 
Core1994. 
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Fig. 10. Contribution of nuclide and reaction to the keff change on 
Core2010. 
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The results in the figures can be classified into the 
three groups: 


 
Group A:  Agreement among the three cases 


The two adjusted results are consistent and JENDL-4.0 
data is little adjusted. 239Pu fission and 241Am capture are in 
this group. 
 
Group B: Agreement only between Cases 4 and 6 


The two adjusted results are consistent but JENDL-4.0 
data is adjusted. 238U capture is in this group 
 
Group C: Agreement only between Cases 5 and 6 


The two adjusted results are not consistent. 239Pu capture 
and 241Pu fission are in this group 


 
 
Figures 11-20 compare the energy breakdown of the 


keff change and the corresponding cross section change for 
each pair of nuclide and reaction. In the figures on the 
cross section change, JENDL-3.3 uncertainty is depicted.  


 
 


V.A. Group A: 241Am capture cross section 
 
The three results are consistent in the major energy 


range in terms of the sensitivity coefficients. 
Differences appear between Case 4 and the other cases 


in the energy range around 1keV and above 40 keV.   
Despite the differences, the energy total values of the 


keff change are nearly the same between Case 4 and the 
others. The cross sections of JENDL-3.3 are adjusted to 
remove the keff difference between the cores and those of 
JENDL-4.0 are little adjusted, giving the consistent results. 


 
  


V.B. Group A:  239Pu fission cross section 
 
Unlike the 241Am capture result, the energy breakdown 


of the keff change is completely different between Case 4 
and the others.  


The cross sections are adjusted in Case 4 mainly 
around 10 keV, where relatively large uncertainty and 
sensitivity coefficient appear.  


 In this case as well, the total keff changes are nearly 
the same. The cross sections of JENDL-4.0 are little 
adjusted. Those of JENDL-3.3 are adjusted to correct 
undervaluation of the keff in Core2010 and remove the 
difference between the cores.  


 
 


V.C. Group B:  238U capture cross section 
 
The adjustment in Case 4 is as in 239Pu fission cross 


section. Large uncertainty and sensitivity appear around 20 


keV result in the adjustment in the energy range. In this 
case, the adjustment is in the positive direction to cancel the 
positive keff change by 239Pu fission for Core1994. 


Between Cases 5 and 6, relatively large adjustment is 
observed mainly below 30 keV, improving the keff values. 


 
 


V.D. Group C:  241Pu fission cross section 
 
The absolute keff change is smaller in Case 4. The 


uncertainty smaller than the revision from JENDL-3.3 to 
JENDL-4.0 restricts the adjustment. 


 
 


V.E. Group C:  239Pu capture cross section 
 
This case is special in that the keff changes appear in 


the oppsite direction between Case 4 and the others. 
The cross sections should be adjusted in the negative 


direction for the keff values with JENDL-3.3 less than 
unity; however, JENDL-3.3 covariance data of 239Pu 
capture and fission cross sections have strong positive 
corrrelation around 10 keV, thus the adjustment of the 
capture cross section follows that of the fission cross 
section.  


 
 


V.F. Summary 
 
The two adjusted results with JEDNL-3.3 and JENDL-


4.0 give consistent results in the energy total value of the 
keff change on 239Pu fission, 238U capture, and 241Am 
capture. This supports the reliability of their adjustment. 
Among the three cross sections, 241Am capture shows good 
consistecy even in the energy breakdown, further 
supporting the reliability. 


On the other hand, incosistency is observed in 239Pu 
capture and 241Pu fission. The problem would be in JENDL-
3.3 covarince data. The resulting diffrence in the keff 
change between Case 4 and the others is almost cancelled 
by the contribution of “Others” in Figs. 9 and 10, thus the 
incosistency little affects the adjustment of 239Pu fission, 
238U capture, and 241Am capture cross sections.   
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Fig. 11. keff change by the cross section alteration of 241Am capture. 


(Cases 4-6, Core2010) 
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Fig. 12. Cross section alteration of 241Am capture (Cases 4-6). 
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Fig. 13. keff change by the cross section alteration of 239Pu fission. 


(Cases 4-6, Core2010) 
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Fig. 14. Cross section alteration of 239Pu fission (Cases 4-6). 
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Fig. 15. keff change by the cross section alteration of 238U capture. 


(Cases 4-6, Core2010) 
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Fig. 16. Cross section alteration of 238U capture (Cases 4-6). 
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Fig. 17. keff change by the cross section alteration of 241Pu fission. 


(Cases 4-6, Core2010) 
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Fig. 18. Cross section alteration of 241Pu fission (Cases 4-6) 
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Fig. 19. keff change by the cross section alteration of 239Pu capture. 


(Cases 4-6, Core2010) 
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Fig. 20. Cross section alteration of 239Pu capture (Cases 4-6). 


 
 
 


V. CONCLUSIONS 
 


An impact of the Monju reactor physics data is 
investigated by the cross section adjustment technique. 
Criticality data measured in the restart core is found useful 
to adjust 241Am capture cross sections. In particular, 
combination uses of two criticality data, that measured 16 
years ago and that of the restart core, give valuable 
information in the adjustment. 


Consistent results are confirmed on the contribution of  
241Am capture cross sections to the criticality evaluation, 
among those adjusted with JENDL-3.3, original JENDL-
4.0, and those adjusted with JENDL-4.0. 
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Abstract – The development of ODS materials for the cladding for sodium fast reactors is a key 
issue to achieve the objectives required for GENIV reactors. CEA, AREVA and EDF have 
launched an important program to acquire the harnessing of the fabrication and the behavior 
before and after irradiation of such cladding materials. The aim of this paper is to present major 
results obtained recently at CEA on Fe-9/14/18Cr1WTiY2O3 ferritic/martensitic ODS materials. 
The fist step of the program was to consolidate Fe-9/14/18Cr ODS materials as plates and bars to 
study the microstructure and the mechanical properties of the new alloys. 
The second step consists in producing tubes at a geometry representative of the cladding of new 
Sodium Fast Reactors. The optimization of the fabrication route at the laboratory scale is 
conducted and different tubes were produced. Their microstructure depends on the martensitic 
(Fe-9Cr) or ferritic (Fe-14Cr) structure. To join the plug to the tube, the reference process is the 
welding resistance. A specific approach is developed to model the process and support the 
development of the welds performed within the “SOPRANO” facility. 
The development at CEA of Fe-9/14/18Cr new ODS materials for the cladding for GENIV Sodium 
Fast Reactors is in progress. The first microstructural and mechanical characterizations are very 
encouraging and the full assessment and qualification of this new alloys and products will pass 
through the irradiation of tubes, fuel pins and subassemblies up to high doses. 
 


 
 
 


I. INTRODUCTION 
 
For Sodium Fast Reactors, the austenitic steels are the 


standard materials for the fuel cladding. The design of the 
Next Generation of these reactors is in progress all over 
the world, and to achieve the goals fixed by the GENIV 
forum and to reach very high burn-up it is necessary to 
develop new cladding materials. The ferritic/martensitic 
ODS materials are the reference materials for these new 
claddings and CEA, AREVA and EDF have launched an 
important program to acquire the harnessing of the 
fabrication and the behavior before and after irradiation of 
such cladding materials. 


Ferritic/martensitic ODS exhibit very low deformation 
in service and also very high creep strength. From that 
point of view, it gives them large advantages compared to 
austenitic steels but the fabrication process, the toughness, 
the behavior under irradiation and during the reprocessing 
of the fuel are key issues. 


 


Two main ODS families are considered at CEA. Fe-
9Cr martensitic ODS and Fe-14/18Cr ferritic ODS. The 
martensitic steels are usually more isotropic, easier to 
manufacture and they exhibit a phase transformation above 
800°C- 850°C. Their corrosion resistance is lower 
compared to high chromium ferritic ODS. Those alloys are 
more anisotropic, more difficult to manufacture, probably 
more susceptible to embrittlement under irradiation but 
they exhibit better corrosion properties. 


The choice between a martensitic or a ferritic ODS as 
reference material is not made at this phase of the project. 
Generic studies are conduct on both materials. The choice 
will be ended progressively with the work’s progress. 
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II. MATERIALS 
 
 
Different ODS materials are considered within the 


project. The three main alloys are:  
 


TABLE I: Chemical compositions in wt% of  
CEA alloys 


 Fe-9Cr Fe-14Cr Fe-18Cr 


C 0.1 /* /* 


Cr 9 14 18 


W 1 1 1 


Mn 0.3 0.3 0.3 


Ni 0.15 0.15 0.15 


Si 0.3 0.3 0.3 


Ti 0.2 0.3 0.4 


Y2O3 0.3 0.3 0.5 


/*: The ferritic alloys are designed without carbon but 
in practice a contamination close to 300/400 ppm of C is 


observed after the mechanical alloying. 
 


The materials were prepared from pre-alloyed 
powders atomised by Aubert et Duval. The mechanical 
alloying (MA) was performed by Plansee to add the yttria 
in an attritor under hydrogen. After the MA, powders are 
sealed into cans and hot extruded at CEA at around 
1150°C. To obtain bars, sheet bars or mother tubes 
different dies are used for the hot extruded products. 


 
II. MICROSTRUCTURE OF ODS MATERIALS 


 
During the mechanical alloying, there is dissolution of 


the yttria (Y2O3); yttrium, oxygen and titanium are put in 
solid solution in the powders and the precipitation of the 
nano-clusters (Y, Ti, O) occurs during the firing of the cans 
before the hot extrusion. [1-4]. The final microstructure 
depends on the alloy and the final metallurgical state. After 
hot extrusion, the microstructure is made of very fine 
grains or “fibres” witch are elongated along the hot 
extrusion direction. Different classes of oxides are 
observed, the size of the largest is few hundreds 
nanometers whereas a very high density (up to 1023 
particles/m3) of nano-clusters are also observed all around 
the material (see figure 1). They are spherical shape with a 
diameter smaller than 3 nm. In ferritic alloys Ribis has 
shown that the nano-precipitation is coherent with the 
matrix with a misfit strain which contributes to explain the 
great stability of the nano-phases [5].  


 


 
Fig. 1: TEM observations showing the nano-phases (small 
black dots) in the Fe-14Cr ODS alloy after hot extrusion 


[5]. 
In Fe-9Cr ODS steels or after recrystallisation in ferritic 
alloys, the coherency of the particles is lost and their size 
tends to increase (up to 10 nm for specific heat treatments). 


 
 


III. MECANICHAL BEHAVIOR 
 


Different “conventional” tests are performed on ODS 
materials and some specific tests are developed at CEA for 
the tubes. On ferritic and martensitic bars, the tensile 
results are consistent with the data mentioned in the 
literature. 
 


 
Fig. 2: Temperature dependence of the yield stress of 


the Fe-14Cr CEA ODS (J05) and other ODS ferritic steels 
of literature [6]. 


 
The CEA ferritic ODS material exhibits high strength at 
high temperature but as for other ODS, the ductility 
remains low compared to conventional materials. 


On plain products, the impact properties depend 
strongly on the yttria content, the metallurgical state and 
the sample direction. For example, the figure 3 presents the 
impact properties obtained with samples machined in the 


2379







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11359 


   


longitudinal direction. The better properties are obtained 
for products consolidated as bars. Fe-9Cr ODS alloys are 
less sensitive to sample orientation or to consolidation 
shape. Its behaviour is more isotropic compared to as-
extruded ferritic alloys. As a general, rule the toughness of 
ODS materials is probably one of the main challenge for 
their development. 


 
 


 
Fig. 3: Impact properties of Fe-9Cr and Fe-18Cr ODS 


obtained from bars and plates [7-8]. 
 


In the as extruded state, the creep properties of the 
new materials compare favorably with the other alloys 
produced in the world. The longitudinal properties are very 
favorable compared with the transverse direction. 


 


 
Fig. 4: Creep properties of the Fe-14Cr ODS alloy 


compared to literature with a Larson-Miller parameter. The 
red triangles are the CEA data [9-10]. In this graph, all the 
data are coming from samples obtained in the longitudinal 
direction. 


 
IV. TUBES FARBRICATION 


 


The knowledge acquired on plain ODS materials, allows 
producing tubes at a geometry representative of the 
cladding of new Sodium Fast Reactors. Classically the 
cladding tube is cold formed by a sequence of cold pilger 
rolling passes with intermediate heat treatments. During 
this process the inner radius and wall thickness are both 
progressively reduced. After each back and forth ovement 
(stroke) of the dies, the raw tube is advanced by a small 
distance and rotated around its axis.The optimization of the 
fabrication route at the laboratory scale is in progress and 
different tubes were produced. The fabrication route 
depends on the chromium content of the material. For 
martensitic alloys it is possible to play with the phase 
transformation above 900°C to relieve the stress induced 
by the cold working. For ferritic alloys it is necessary to 
pass through a recrystallisation step at high temperature to 
reduce the texture and the hardness of the material. 
Different fabrication routes [11] were tested to produce the 
first CEA tubes with the new alloys (Fig 5).  


 
Fig 5: Mother tubes (left) and a final tube (right) - 


Fe-14Cr ODS. 
 


V. WELDING 
 
To weld the tube and the plug it is necessary to 


consider a process which will limit as much as possible the 
change in the initial microstructure. Four solid state 
processes were considered: Uniaxial Diffusion Welding, 
Spark Plasma Sintering, Friction Stir Welding and 
Pressurized Resistance Welding [12, 13]. This last route is 
now the reference process. The development of the modus 
operandi with the “SOPRANO” facility is supported by 
numerical simulation to optimize the experimental plan. 
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Fig 6: Numerical simulation of the Pressurized 


Resistance Welding (temperatures in °C) 
 


According to the simulation, the main parameters which 
govern the quality of the welds within the scanned ranges 
are the intensity of the current, the clad stick-out and the 
time but the applied force has less influence. The 
microstructural characterization of the welds realized from 
these results show a good compacity. The optimization 
versus the post-welding nanostructure of the oxides and 
the mechanical characterization are in progress. 
 


VI. BEHAVIOUR OF THE CLADDING TUBES 
DURING THE REPROCESSING OF THE FUEL 


 
A dedicated research program has been launched to 


evaluate the impact of the corrosion of the cladding on the 
fuel reprocessing PUREX process. During the fuel 
dissolution step by nitric acid, the cladding can indeed be 
corroded and the corrosion products (mainly iron and 
chromium) can be released in the dissolution medium. 
These releases have to be limited for the well working of 
the process. Thus the corrosion behavior of the different 
ODS steels has been studied in nitric acid for a large range 
of dissolution conditions (nitric acid concentration and 
temperature) (see Fig. 7).  


With these results it is possible to quantify the 
corrosion rate of the ODS steels cladding in simplified 
conditions of the fuel dissolution. The next stages of this 
research program have the objective to work in more 
representative conditions by taking into account: 


• The presence of the dissolved fuel in nitric acid 
(actinides, fissions products), 


• The ageing of the cladding in reactor. 
Both could increase the corrosion rate of ODS steels. 
 


0,001


0,01


0,1


1


10


100


0,0025 0,0026 0,0027 0,0028 0,0029 0,003


C
or


ro
si


on
 ra


te
 (µ


m
/d


)


Inverse of temperature (1/K)


113 C (B.P.)


90 C


70 C
HNO3 9 mol/L


HNO3 3 mol/L
HNO3 6 mol/L


HNO3 9 mol/L


HNO3 9 mol/L


9Cr-1W-Ti ODS


14Cr-1W-Ti ODS


18Cr-1W-Ti ODS


 
Fig 7. Evolution of the corrosion rate as a 


function of the temperature, the nitric acid concentration 
and the ODS steel [14-15]. 
 


 
V. CONCLUSIONS 


 
The development at CEA of Fe-9/14Cr new ODS 


materials for the cladding for GENIV Sodium Fast 
Reactors is in progress. The first microstructural and 
mechanical characterizations are very encouraging. In this 
paper only few aspects were considered but many studies 
are conducted to optimize the fabrication route (milling 
and consolidation conditions, the cold work process etc…). 
With new specific tests, different studies are also 
conducted to understand and to model the mechanical 
behavior in relationship with the microstructure. The 
stability of ODS under irradiation is also studied after 
neutron irradiation or after irradiation by charged particles. 
The transfer of the knowledge to industrials is also 
considered for a future mass production. 


The full assessment and qualification of this new 
alloys and products is in progress. It will pass through the 
irradiation of tubes, fuel pins and subassemblies up to high 
doses. The new ASTRID reactor will play a major role for 
the final qualification of ODS material. Austenitic steels 
will be replaced progressively by those new materials. 
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Abstract – The LEADER (Lead-cooled European Advanced DEmonstrator Reactor) project of 


EU VII Framework Program aims at the design and construction of ALFRED, a 300 MWth lead-


cooled reactor. The main purpose is to demonstrate the performance of lead-cooled fast reactors, 


using simple but innovative design features. According to this, a bayonet tube configuration for 


the design of the steam generator has been proposed. A way to reach a high superheating 


temperature without putting strains on the steam generator size is enhancing its heat exchange 


efficiency. The main loss of steam generator efficiency is due to the low heat transfer coefficient 


of the superheated steam, which flows in the annulus of bayonet tubes. In order to increase it, a 


possible solution is forcing the superheated steam to follow a helical path. In fact the secondary 


flow that is generated by the action of the centrifugal force increases the turbulent heat exchange 


and entails the dryout point to be shifted forward in the tubes. First part of the present work is 


the estimation of heat transfer efficiency enhancement, in terms of numbers of tubes saved and 


size reduction of the reference steam generator configuration. A new configuration is proposed, 


taking account of the pressure drops constraints. The RELAP5 thermal-hydraulics code (a 


version developed at ENEA research centre, which treats lead fluid) is used as assessment tool. 


Heat transfer and pressure drops correlations are selected from literature. The second step of the 


work consists in modifying the RELAP5 heat transfer package to deal with helical tubes 


geometry. Mori-Nakayama heat transfer correlation for gases is implemented in RELAP5. In 


order to take account of the increased dryout quality in helically coiled tubes, comparing to 


straight tubes, the check on thermal crisis in the code is revised. The heat transfer package 


modifications are described. 


.  


 
 


I. INTRODUCTION 


 


The Sustainable Nuclear Energy Technology Platform 


(SNETP) promotes research, development and 


demonstration of the nuclear fission technologies necessary 


to achieve the SET-Plan goals in this field. 


For the year 2050 these goals are: 


-  completing the demonstration of a new generation 


(Gen IV) of fission reactors with increased 


sustainability;  


- enlarging nuclear fission applications beyond 


electricity production. 
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The European Sustainable Nuclear Industrial Initiative 


(ESNII), a group of industries and research partners, will 


address the need for demonstration of Gen-IV Fast Neutron 


Reactor technologies. ESNII is now preparing to move 


forward with the development of three fast nuclear reactor 


technologies: the Sodium-cooled Fast Reactor (SFR), the 


Lead-cooled Fast Reactor (LFR) and the Gas-cooled Fast 


Reactor (GFR). Of these three, SFR is considered to be the 


reference technology with both LFR and GFR being 


considered as longer-term alternative technologies, as 


proposed by SNETP. 


ASTRID is a prototype SFR, to be coupled to the 


electricity grid by 2020 in France, with an expected 600 


MWe power. Meanwhile the lead fast reactor program 


builds on MYRRHA, a technology pilot plant being 


developed in Belgium, quickly followed by a demonstrator 


reactor named ALFRED, scheduled to enter into operation 


in 2025, then by a prototype expected in 2035. The third 


development, ALLEGRO, is to be a gas-cooled fast reactor 


(GFR) with a thermal capacity in the range 50-80 MW, 


scheduled to be operational by 2025 in Central Europe.  


The initiative will gather most of the European R&D 


capabilities in fast breeder reactors and the industrial 


capability which are committed to succeed.  


The conceptual design of a low cost and fully 


representative scaled down LFR demonstrator,  ALFRED-, 


is performed in the EUFP7 LEADER project (Lead-cooled 


European Advanced DEmonstrator Reactor). Starting from 


the results achieved in the ELSY (European Lead-cooled 


SYstem) project, the focus of the first part of the activities 


is on the resolutions of the remaining issues to reach a new 


reactor configuration. With reference to this new LFR 


configuration, the design of ALFRED is performed, and 


will be available at the end of 2012. The LEADER 


activities will respond to the following objectives: 


 


1) Define the main suitable characteristic and design 


guidelines; 


2) Identify components/technologies/materials already 


available in the short term to proceed in the near future 


to a detailed design followed by the construction 


phase; 


3) Evaluate safety aspects and perform a preliminary 


safety analysis; 


4) Minimize the cost of the demonstrator; 


5) Confirm that the newly developed and adopted 


materials, both structural materials and innovative fuel, 


are able to sustain high fast neutron fluxes and high 


temperatures. 


 


II. THE ALFRED DEMONSTRATOR REACTOR 


 


ALFRED, the lead cooled fast demonstrator reactor, is 


a pool-type reactor with a nominal thermal power of 300 


MW. The sketch design is depicted in Fig. 1. 


 


 


 
  


Fig. 1. Vertical section scheme of ALFRED reactor. 
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It presents some of the main features of the industrial-


size ELSY LFR. 


The lead inside the pool is at atmospheric pressure and a 


filled gas covers three free levels in: 


 


- the hot collector enclosed in the Inner Vessel; 


- the Steam Generators (SG) shell; 


- the cold collector that is between the Main Vessel and 


the Inner Vessel (SG bypass);  


 


Lead flows in the hot collector, in which the Core is 


located; then it’s pumped by 4 main pumps from the Hot 


Collector into the 4 SG and exits in the cold collector. The 


difference in the free levels is related to head losses in the 


primary circuit. 


The core has hexagonal fuel assemblies, to optimize 


neutron economy and space. All the internals will be 


removable. 


 As ELSY, ALFRED is equipped with 2 independent, 


redundant and diverse Decay Heat Removal Systems 


(DHR, not shown in Fig.1); 4 loops, each with: 


 


- an Isolation Condenser;  


- an Oil-Lead Heat Exchanger (Water-Lead Heat 


Exchanger in ELSY); 


 


The Reactor Vessel Air Cooling System (RVACS) is part of 


the DHR system. 


The thermal power generated in ALFRED is much smaller 


than the one in ELSY, and the size of the SG is not a main 


constraint: thereby a bayonet tube configuration is worth 


for the SGs due to its simplicity, low cost, and safety.  


A sketch of the configuration is shown in Fig.2.  


The subcooled water flows in the inner tube and is heated 


to its saturation temperature by the boiling water that rises 


in the annulus, between the inner and the intermediate tube. 


The boiling water removes heat released by the lead 


through the 3-layers wall formed by the intermediate tube, 


the gap and the external tube. The lead moves downward 


through the bundle of tubes. 


H2O


He filled gap


Bayonet Tube


Lead Lead


 
 
Fig. 2. sketch of a bayonet tube 


 


A layout scheme of one of the SG is depicted in Fig. 3. 


The water is pumped from an upper plenum through the 


inner tubes. The upper part of the inner tube, that passes 


through the steam collector is isolated to preserve the 


superheating temperature at the tubes exit section. The lead 


enters the SG shell through round openings. 


 


 
Fig. 3. SG – Scheme of the tube bundle 


 


The gap filled with gas prevents interaction between 


lead and water in case of a single tube rupture. In order to 


increase the gap conductivity and then reduce the number 


of SG tubes, needed to remove the core power, the gap will 
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be filled with small size particles made of high conductivity 


materials (packed debris bed with aluminum particles). In 


this way, the gap thermal conductivity can be increased up 


to 35-55 times than the gas conductivity, depending on the 


pressure maintained inside the gap (0.2 – 5 bar) as reported 


in Reference 1. 


In a straight tubes configuration the efficiency is 


limited by the low heat exchange coefficient of the 


superheated vapor and by the rather low dryout quality,  


thereby in ALFRED SG helically coiled wires are displaced 


in the annulus of the bayonet tube, around the internal 


surface of the external tube and the external surface of the 


intermediate tube: this solution enhances the heat exchange 


coefficient of the superheated vapor and increases the 


dryout quality, because the wires force a helical flow in the 


annulus that enhances the turbulence (Fig. 4). 


 


III. RELAP5 IMPLEMENTATION 


 


In order to perform an optimization study of ALFRED 


SG with RELAP5 thermal-hydraulics code, the thermal 


package subroutines have to be modified to deal with 


convective heat exchange in presence of a helical flow. 


In particular, with respect to heat exchange in straight 


tubes,  two main features of helical flows must be taken 


into account in the code: 


 


1) enhanced heat transfer coefficient of the vapor phase 


due to increased vapor velocity; 


2) increased dryout quality. 


 


The heat transfer coefficient in two-phase flow has not 


been implemented because there are few correlations in 


literature and they are valid only for low pressure systems. 


III.A. Subroutines for Thermal Problem Solution in 


RELAP5 


 


In RELAP5 the solution of the conductive thermal 


problem at every time step is in charge of the subroutine 


HT1TDP that gets the convective boundary conditions 


from the subroutine HTRC1
2
. HTRC1 makes calls to other 


subroutines for the calculation of the heat exchange transfer 


coefficient, that depends on the type of flow regime and on 


the geometry of the heat exchanger. 


HTRC1 subroutine also checks if a thermal crisis 


occurs to eventually call a subroutine for post-DNB 


regime. 


HTRC1 can make calls to: 


 


- DITTUS subroutine, if exists a single-phase flow; 


- PREDNB subroutine, if exists a two-phase flow and no 


thermal crisis occurs; 


- PSTDNB, if a thermal crisis occurs and so post-DNB 


flow regimes establish in the duct. 


 


Inside these subroutines several correlations are 


implemented on the base of the geometry of the heat 


exchanger. 


  


III.B. Implementation of the Vapor Heat Transfer 


Coefficient   


 


A simple and not much perturbing procedure to 


implement a heat transfer correlation for a new geometry is 


using one already implemented in the code. In this case the 


geometry 102 is used, for three reasons: 


 


1) it is rarely used in standard modeling of NPP; 


2) It uses two parameters that have to be inserted in input 


by the user; 


3) the single phase heat transfer coefficient is calculated 


by PETUKV subroutine, called by DITTUS. 


 


 The correlation to be implemented is the Mori-


Nakayama correlation for vapor phase in helical flow
3
: 
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This correlation is implemented in the PETUKV 


subroutine that is renamed MORI. One of the two 


parameters, originally used in the PETUKV subroutine, 


represents the coil diameter D. 


The other parameters are stored in RELAP5 common 


variables or can be easily calculated. 


 


III.C Thermal Crisis Check Modification 


 


The modification ahead is not sufficient because the  


dryout point is still estimated from correlations valid for 


straight tubes. This means that the post-dryout and the 


single phase regimes take more space up than in reality so 


the heat exchanger is less efficient on average. 
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Fig. 4. Helical Duct in the Bayonet Tubes 


 


In uniformly heated helically coiled tubes the dryout 


first begins in the inner wall of the tube, where there is less 


liquid film: indeed the centrifugal force splits the liquid on 


the outer wall. The complete dryout on the outer wall 


happens at very high equilibrium qualities as quoted in 


Reference 4.  In ALFRED steam generator only the outer 


wall of the helical duct is heated , as can be seen in Fig. 4. 


After a sensitivity analysis on quality values, a dryout 


quality of 0.95 has been considered. This value is already 


used as a threshold in RELAP5 to start transition from 


boiling to single phase heat exchange, if thermal crisis is 


not detected. For this reason the only modification consists 


in the bypass of the thermal crisis check for the geometry 


102. This is done by adding an IF-block in the HTRC1 


flowchart, as shown in red in Fig. 5. 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Fig. 5. Detail of the Modified HTRC1 Flowchart 


 


If the void fraction is below 0.999 the code consider a 


two-phase heat transfer: if the equilibrium quality is lower 


than 0.95 the heat transfer coefficient is calculated by Chen 


correlation
5
, otherwise a fraction of the thermal power is 


transferred directly to the vapor that is superheated.  


The heat transfer coefficients heb and hg are interpolated 


in the interval of qualities from 0.95 to 0.99; hg is 


calculated by a call to DITTUS. 


The interpolation functions for heb and hg are expressed 


in Eq. (1) and Eq. (2) as follows: 
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These modifications don’t alter the time step of 


problem resolution. Instead if the threshold is a value of 


static quality the resolution time step  is reduced but results 


are the same if the slip ratio is not too much high, because 


the differences affect a very small part of the total length. 


 


IV. SENSITIVITY ANALYSIS ON ALFRED STEAM 


GENERATOR 


 


 Starting from a reference geometry of the bayonet tube 


(data are shown in Table I), derived from ELSY Decay 


Heat Removal System
7
, a comparison in terms of number 


of tubes saved is done between a SG with a normal straight 


tubes configuration and ALFRED SG.. Two values of 


helical pitch are examined. The pitch influences the flow 


area and the vapor velocity of the helical duct and thereby 


the heat transfer coefficient and the pressure drops. 


Furthermore, results from sensitivity analyses to SG tube 


length and particle-filled gap conductivity are presented.  


 
TABLE I 


Main Geometrical Data of SG Bayonet Tube 


Parameter Value 


Immerse tube length (m) 5.0 


Outer diameter of outer tube (mm) 25.4 


Outer tube thickness (mm) 1.9 


Outer diameter of intermediate tube (mm) 19.6 


Intermediate tube thickness (mm) 1.4 


Outer diameter of inner tube (mm) 13.5 


Inner tube thickness (mm) 3.8 


He gap thickness (mm) 1.0 


He thermal conductivity multiplying factor 55 


Diameter of orifice at inner tube inlet (mm) 1.0 


 


α>0.999 


DNB check 


yes 


yes 


no 


no 


call PREDNB 


call DITTUS 


geo=102 
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IV.A. RELAP5 Model 


 


 Since no detailed layout is now available for ALFRED 


reactor, a RELAP5 coarse nodalization scheme based on 


ELSY reactor configuration is used as a reference. 


Appropriate modifications have been made on the ELSY 


input deck to obtain the operating parameters of ALFRED 


SG, that are listed in Table II. 
 


TABLE II 


Operating Paramaters of ALFRED SG (1 SG) 


Parameter Value 


SG power (MW) 75 


SG lead mass flow rate (kg/s) 6310 


Lead inlet temperature (K) 753 


Lead outlet temperature (K) 673 


H2O mass flow rate (kg/s) 48 


H2O inlet temperature (K) 608 


Vapor outlet temperature (K) 723 


Vapor pressure (bar) 180 


 


 The RELAP5 nodalization scheme of ALFRED primary 


circuit is shown in Fig. 6. The ALFRED main vessel is 


assumed to be slightly lower in height and much smaller in 


radius than the ELSY vessel. The spiral tube steam 


generators of ELSY are replaced by bayonet tube steam 


generators in the ALFRED model. 


The core is represented by an average fuel assembly 


and the number of fuel assemblies of the ALFRED core is 


reduced according to the reactor thermal power ratio. The 


primary lead temperatures in normal operation (400 – 480 


°C) are the same of ELSY, so as the feedwater temperature 


at SG inlet (335 °C) and the vapor outlet pressure (180 


bar). 


Forced circulation of lead in the ALFRED primary 


system through the 4 SGs is guaranteed by 4 mechanical 


pumps placed in the hot collector. Only one equivalent 


mechanical pump-SG group is modeled with RELAP5 to 


simulate the 4 pump-SG groups of ALFRED primary 


circuit.
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Fig. 6. Layout of ELSY Reactor and RELAP5 Nodalization Scheme used for ALFRED 


 


 


The SG bayonet tube bundle is represented by only one 


bayonet tube and the number of tubes is varied, according 


with the tube heat exchange performance, to remove the 


300 MWth reactor core power under steady-state operating 


conditions. The bayonet tube is discretized in 30 axial 


meshes over its heat exchange length (5 m). The secondary 


feedwater mass flow rate at tube inlet and the vapor 


pressure at tube outlet are imposed by boundary conditions. 


An equivalent thermal conductivity material is used to 


simulate the heat exchange in the particle-filled helium gap. 


 


IV.B. Sensitivity Analysis To Bayonet Tube Helical Duct 


 


The analysis is done on three configurations of the SG: 


 


case 1. straight tube configuration without helically 


coiled wires; 
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case 2. straight tubes with helically coiled wires,        


pitch = 3 cm; 


case 3. straight tubes with helically coiled wires, 


pitch = 1.9 cm. 


 


The operating parameters on lead side are kept constant 


to perform a better comparison: the flow area and the mass 


flow rate of lead in one SG are kept to values of 0.872 m
2
 


and 6310 kg/s respectively, in order to limit the lead 


velocity at 0.7 m/s and the SG pressure loss below 0.3 bar 


on the primary side. 


The input variables for the simulations are listed in 


Table III. 


 
TABLE III 


Variables of the analysis 


N° of tubes 


P/D of the tube bundle 


Hydraulic diameter of the bundle 


Flow area of the helical duct  


Pressure drop 


 


The Ito correlation
6
 is used to estimate Fanning friction 


factor in single phase turbulent helical flow: 
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User RELAP5 pressure drop coefficients are calculated 


from the estimated pressure drops, taking account of the 


length of the helical duct. 


 


IV.C. Results of the Analysis 


 


The results for the 3 cases are shown in Table IV. 


 
TABLE IV 


Results of the analysis 


 


Parameter 


 


case 1 case 2 case 3 


N° of tubes (1 SG) 1449 1170 1152 


P/D 1.408 1.496 1.503 


Coil pitch (cm)    no coils 3.0 1.9 


Wall friction losses (bar) 0.33 2.27 6.17 


Bundle area (m2, 1 SG) 1.623 1.465 1.456 


 


 


Looking at the results in Table IV the number of tubes 


saved are almost 20%, comparing case 1 to case 2. This 


percentage reduces to 1.5% comparing case 3 to case 2. 


This is related to the weight that the resistance of the vapor 


convective boundary (R1) has on the total thermal 


resistance of the SG bayonet tube 3-layers wall, composed 


of the intermediate tube wall (R2), the gap (R3) and the 


outer tube wall (R4), plus the resistance of convective 


boundary on the lead side (R5).  


The axial temperature profiles along the bayonet tube 


for the analyzed cases are illustrated from Fig. 7 to Fig. 9. 


For each height six temperatures are plotted:  


 


- the boiling water temperature (TH2O);  


- the inner wall temperature of the intermediate 


tube (Tw1i); 


-  the outer wall temperature of the intermediate 


tube (Tw1o);  


- the inner wall temperature of the outer tube 


(Tw2i);  


- the outer wall temperature of the outer tube 


(Tw2o);  


- the lead temperature (Tlead). 


 


As can be seen from Fig. 7 there is a wide gap between 


the vapor temperature (TH2O) and the inner wall 


temperature of the intermediate tube in the superheated 


section (Tw1i). Indeed the percent weight of vapor 


convective resistance R1 is 52% as listed in Table V.  
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Fig. 7. Temperature distribution across the SG bayonet tube 3-


layers wall for case 1 


 


The dryout point is at 1.5 m from the entrance of the 


tube, so this means that the inner wall is wetted only for 


33% of its length. 
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TABLE V 


Thermal resistance distribution in the boiling, dryout and 


superheating zones of the SG bayonet tube 


 R1 


(%) 


R2 


(%) 


R3 


(%) 


R4 


(%) 


R5 


(%) 


 case 1 


boiling 6 21 25 22 26 
dryout 39 14 16 14 17 


superheating 52 11 12 12 13 
 case 2 


boiling 5 21 25 22 27 
superheating 28 16 18 17 21 


 case 3 


boiling 5 21 25 22 27 
superheating 20 18 21 18 23 


 


In case 2 this temperature gap (Fig. 8) becomes 


comparable to the others. The boiling region now extends 


up to 2.3 m from the entrance of the tube, so almost  50% 


of the wall is wetted, and this contributes to increase the 


average heat transfer coefficient. 


 The weight of the vapor thermal resistance is halved. 


The thermal resistances are uniformly distributed through 


the SG thereby a further increase of the heat transfer 


coefficient doesn’t lead to a consistent increment of the 


number of tubes saved.  


. 
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Fig. 8. Temperature distribution across the SG bayonet tube 3-


layers wall for case 2 


 


That’s why in case 3 the number of tubes decreases only 


of 1.5%, even reducing the pitch of the coils. In this case 


the vapor thermal resistance is even smaller than the lead 


one (Table V). The temperature jump across the convective 


boundary layer is still comparable to the others across the 


SG bayonet tube, as shown in Fig. 9.  
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Fig. 9. Temperature distribution across the SG bayonet tube 3-


layers wall for case 3 


The wall friction losses (Table V) increase widely with 


helically wire coils solution, due to the enhanced 


turbulence, the reduced flow area and the increased length 


of the helical duct. The pressure drops are high sensitive to 


pitch changes because as the pitch decreases the flow area 


of the duct continues to decrease and the length continues 


to increase. 


 


VI. CONCLUSIONS 


 


The RELAP5 code has been implemented with new 


correlations to treat the heat exchange inside ALFRED 


Steam Generator. The modification of the code have 


concerned the subroutines of the thermal problem solution. 


A sensitivity study has been performed to assess the 


increase in efficiency gained from the disposal of helically 


coiled wires in the superheating section of the SG.. 


The results show that the use of helically coiled wires 


gives benefit to the SG power efficiency.  


A helical pitch of 3 cm represents a good compromise 


between heat exchange efficiency and pressure drops. 


Considering the reference geometry, 20% of tubes are 


saved and the area occupied by the SG can be further 


reduced by decreasing the pitch of the tube bundle. 


Inside the LEADER project one of the purposes of 


R&D activities is the assessment of the performance of 


ALFRED SG: the experimental results will be used also to 


validate the modified version of the code. 


A further step will be the implementation of the models 


for the assessment of single and two-phase flow pressure 


drops inside the helical duct. 
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NOMENCLATURE 


 


d : Internal diameter of the helical duct 


D : Coil diameter 


f :  Fanning friction factor 


hb :  Boiling heat transfer coefficient 


hg : Superheated vapor heat transfer coefficient 


hb
*
 : Interpolated boiling heat transfer coefficient 


hg
*
:  Interpolated superheated vapor heat transfer 


coefficient 


Pr :  Prandtl number 


Re:  Reynolds number 


R1 :  Convective thermal resistance of water/steam 


R2:  Conductive thermal resistance of the inner wall 


R3:  Conductive thermal resistance of helium gap 


R4:  Conductive thermal resistance of the outer wall 


R5 :  Convective thermal resistance of lead 


TH2O : Water/steam temperature 


Tw1i :  Inner wall temperature of the intermediate tube 


Tw1o : Outer wall temperature of the intermediate tube 


Tw2i : Inner wall temperature of the outer tube 


Tw2o : Outer wall temperature of the outer tube 


Tlead : Lead temperature 
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Abstract – The current nuclear context encourages nuclear utilities to optimize their fleet operation, through better 
assistance for operation or power upgrade projects for instance. Such operating domain extension benefits from the 
implementation of an innovative core monitoring system, providing more precise knowledge on the current operation state 
point. Moreover, the lower is the impact of the system integration on the plant, the more interesting the industrial product 
is. 
 
The Core Monitoring System (CMS) MAGELAN (Margins calculation Guided by Excore and thermocouples with an 
onLine Advanced Neutronic code) has been developed to ensure better operating margins thanks to an advanced use of 
3D online neutronic code and existing instrumentation: ex-core neutronic flux chambers and thermocouples. On line 
measurements are processed and used as inputs for a 3D neutronic code. An optimized reconstruction process with 
regards to available measurements gives access to enhanced margins with respect to parameters limiting the normal 
conditions of operation (LCO). An innovative method of Xenon evolution follow up has been developed to ensure reliable 
and stable response, in particular during extensive load follow operation. 
 
A 5-year data acquisition program on a French power plant provided a large data base to validate MAGELAN design. 
Significant margins gains compared to non 3D CMS are attested: 15% average on linear power margin and 48% average 
on DNBR margin at full power. 
The system has proven to be stable on long-term operation, even in extensive load follow operation.  
Furthermore, thanks to the online updated neutronic model, predicting simulations for core control operations are made 
available to the operator, in particular for decision taking support tool for load follow optimization (operating strategy 
generator – OSG) and for optimized effluent management during subcritical phases . 


.  
 
 


I. INTRODUCTION 
 
The online core monitoring is one of the essential 


components linked to the operating of a nuclear reactor. 
Indeed, during operation, the core power distribution has 
to be monitored in order to maintain the unit in the 
operating range. Consequently, a way for optimizing the 
power plant operation is to provide more precise 
knowledge of the current operating point, then allowing 
more maneuverability and efficiency on power operation. 


The CMS MAGELAN (Margins calculation Guided 
by Excore and thermocouples with an onLine Advanced 
Neutronic code) is the latest addition to AREVA LCO 
(Limiting Conditions of Operation) CMS product range. Its 
main asset is to provide margins gains thanks to 3D 
calculation properties without requiring specific additional 
instrumentation. 


 
II. OPTIMIZATION OF POWER OPERATION  


 
The highest level of monitoring is the LCO monitoring. 
The CMS then processes parameters which limit the 
normal conditions of operation. 
The LCO monitoring functions indicate the variation of a 
process parameter such that the initial conditions of 
operation at the onset of postulated initiating events are 
maintained at their pre-supposed level in the safety 
analyses. The LCOs thus bound the operating range. 
After exceeding a LCO, on a threshold actuation, an alarm 
is displayed and an action has to be initiated by the 
operator in order to bring the unit back into normal 
operating range. Strong requirements are therefore defined 
for this monitoring level that aimed at ensuring the 
reliability and the availability of the system, and 
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consequently the use of margins gains in the safety 
demonstration. 
MAGELAN is a LCO CMS: it calculates at least every 30 
seconds parameters which limit the normal conditions of 
operation. Thanks to innovative reconstruction processes, 
MAGELAN provides online optimized margins on 
parameters limiting the normal conditions, based on a 3D 
online reconstructed power distribution, and using a 3D 
neutronic nodal code associated with measurements 
available on power plants. 
The safety demonstration takes then advantage from the 
monitoring of the initial conditions of operation at the 
onset of postulated initiating events provided by 
MAGELAN. Regarding the higher precision of the system, 
the operating domain can then be extended, considering 
margins provided by MAGELAN. 
Margin-needed projects, like power upgrade project, are 
then allowed with MAGELAN. 


  
 
 
III. MAGELAN 3D reconstructed power distribution  


 
III.A. Power reconstruction processes 


 
The main design choice for MAGELAN is to use only 
minimal existing instrumentation. It allows minimizing the 
impact of the introduction of MAGELAN on the power 
plant. Consequently, MAGELAN uses ‘external’ 
measurements of the power distribution. MAGELAN 
provides a 3D reconstructed power distribution thanks to 
an online 3D neutronic code combined with adjustment 
processes on EXCORE and thermocouples measurements.  
A 3D theoretical power distribution is determined thanks to 
core macroscopic description parameters measurements: 
inlet temperatures, thermal power, and rod control 
positions. This theoretical power distribution is determined 
thanks to the SMART code running online (part of AREVA 
computational chain SCIENCE). The obtained theoretical 
power distribution is then adjusted on measurements to 
give a 3D reconstructed power distribution consistent with 
the theoretical model on one hand, and with available 
measurements on the other hand. 
An adjustment is performed on the axial power offset 
provided by power range detectors: this geometric 
adjustment aims at giving to the 3D reconstructed power 
distribution an axial offset similar to the one measured by 
the PRD. More precisely the mathematical process intends 
to bring together axial power distributions issued from the 
calculation on one side and measurements on the other 
side, by minimizing discrepancies between them.  
An adjustment is also carried out on thermocouples 
measurements; it aims at bringing together the average 
calculated and the measured powers of instrumented 
thermocouples assemblies. Thermocouples give indeed 


information on the radial power shape: their response can 
be directly linked to the coolant temperature increase 
between core inlet and outlet, matching to the released 
power. The adjustment process leads to a reconstructed 
radial power shape that can be seen as a mix of radial 
measurements and calculation: the algorithm uses a 
method of two-dimensional polynomial regression and 
restores a corrective function to apply to the radial power 
distribution; this regression then aims at minimizing the 
discrepancies between calculation on one side and 
measurements on the other side on the power produced by 
assemblies instrumented with thermocouples. 
The LOCA (Loss Of Coolant Accident) and DNBR 
(Departure From Nucleate Boiling Ratio) margins 
calculations are then carried out based on the 3D 
reconstructed power distribution. This 3D power 
distribution can also be used to determine axial and 
azimuthal power imbalance in the core. 
Thanks to high performances of the online version of the 
SMART code, the 3D reconstructed power distribution and 
margins are updated in less than 30 seconds. 
 


III.B. Xenon distribution follow up 
The main challenge for a CMS is to follow the power 
distribution evolution even in case of intensive load follow 
operation. MAGELAN benefits from an innovative Xenon 
control mode, which can be activated at each calculation 
step.  
The objective of this process is to force the calculation to 
store a Xenon distribution consistent with the real power 
evolution. If the power distribution evolution during power 
transients was not controlled, the corresponding Xenon 
evolution would be more dependent on the initial 
conditions. In this case, the imprecision of the initial 
conditions would, increase at each computation cycle and 
the Xenon distribution would become inexact.  
The privileged dimension for Xenon oscillation 
development is the axial one; because it mainly locates 
power distribution disturbances (control rods in motion, 
density gradient modification …). Then by forcing the 
axial power distribution used for the Xenon calculation, 
the calculated Xenon profile is kept in agreement with the 
real Xenon distribution. The target parameter is once more 
the power axial offset measured by the PRD (for example 
calculated for peripheral assemblies).  
This Xenon control mode is an iterative process based on a 
modification of at least one of the macroscopic core 
description parameters: for example the thermal power of 
the core, the average input temperature of the coolant in 
the core vessel or the control rod positions.  
This adjustment of the Xenon profile is performed through 
an iterative modification of at least one of the macroscopic 
core description parameters, until the axial offset 
calculated is in agreement with the PRD measurements. 
Such iterative modification of those parameters allows 
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changing both power and Xenon profiles, this new Xenon 
distribution being in agreement with neutronic equations. 
The resulting Xenon distribution can then be used as the 
initial Xenon distribution for the next calculation step. 
However, the effective macroscopic core description 
parameters used at the next calculation step to determine 
the theoretical power distribution are not the modified 
parameters used for axial guiding, but the real processed 
parameters. Indeed, the iterative change of the parameters 
is only used for the axial guiding to keep the axial Xenon 
distribution in agreement with real power evolution. 
 


III.C .Conclusions 
At each calculation step, MAGELAN provides a 3D 
reconstructed power distribution thanks to a 3D nodal code 
running online and to PRDs and thermocouples 
measurements. Moreover an innovative process for Xenon 
follow up ensures a high quality system behavior during 
intensive load follow operation. 
The following plots (Figure 1 and 2) illustrate MAGELAN 
performances based on theoretical data. Similar margin 
gains have been confirmed on experimental data. 
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Fig I: MAGELAN performances on LOCA margins on 


a theoretical transient 
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FIG II: MAGELAN performances on DNBR margins on a 


theoretical transient 


 
 
 


  
IV. INSTRUMENTATION AND CONTROL 


ARCHITECTURE 
 


The architecture requirements attached to a LCO 
monitoring like MAGELAN are simpler to those of a core 
protection system. Indeed a monitoring system generates 
alarm signals but does not trigger any reactor trip. Its role 
is consequently limited compared to the role of a 
protection system. Requirement level is then consistent 
with functionalities attached to LCO monitoring system. 
Nonetheless a LCO monitoring system is important for the 
safety demonstration because the hypotheses assumed for 
the initial conditions of the accident studies are expressed 
as a monitored normal operation condition. The 
classification degree for this kind of equipment could be 
described as ‘Important for safety but not classified’.  
As a consequence, the application of design code for 
software development allows meeting quality requirements 
for this classification level. 


MAGELAN can ensure LCO monitoring, and 
consequently all monitoring levels, also thanks to its 
modular software characteristics. Furthermore, the material 
architecture is adaptable to customers’ and safety 
authorities’ requirements 


 
 


V. FUNCTIONALITIES PERFORMED BY 
MAGELAN 


 
Thanks to high performances provided by MAGELAN in 
terms of follow-up of the power distribution evolution, the 
system can perform several monitoring functionalities 
based on the 3D reconstructed power distribution. 
LOCA and DNBR margin gains provided by MAGELAN 
can be used by operators especially for margins-needed 
projects, such as power upgrade. Moreover MAGELAN 
can be used to provide the monitoring of the axial and 
azimuthal power imbalances, as well as the monitoring of 
the average thermal power level and rod Insertion Limits. 
The system also builds peaking factors at each calculation 
steps. 
Thanks to its LCO functionalities the system can be used 
in the safety demonstration, to increase operability 
margins. 
 


 
VI. OPERATOR STRATEGY GENERATOR 


FUNCTIONALITIES 
 


The operator can also benefit from a coupling of 
MAGELAN with an Operator Strategy Generator, which 
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offers different functionalities, from predictive power 
variations, to criticality calculations and help for periodic 
test realization. 


 
VI.A. OSG predictions for optimized power variations  


  
Power transients’ predictions can be based on the neutronic 
model evolved by MAGELAN, with the real power 
evolution of the power plant. The predictions are then 
carried out taking into account the operating specificities 
of the supplied power plant.  
Moreover the OSG linked with MAGELAN provides 
different possible operating strategies regarding the rules 
of the reactor operating mode. Predictive simulations help 
then the operator to decide whether the power plant can 
realize a specific load follow transient and which operating 
strategy can be retained. Of course the predictions take into 
account customers’ specific operating limitations and 
operating control mode. The MAGELAN OSG is then 
adjustable to customer’s requirements. 
 


VI.B. OSG optimizations for operation in subcritical 
conditions 


 
The MAGELAN OSG can also predict the antireactivity 
evolution especially during shutdown phases. Notably, 
online antireactivity and subcritical boron concentration 
calculations can be used by the operator to optimize 
boration operations, in particular to respect subcriticality. 
Reduction in boration operation results in a reduction of 
effluents productions. Instead of using simplified envelop 
Xenon antireactivity estimations as a function of time, 
MAGELAN allows a precise estimation of the boron 
concentration to respect a given negative subcriticality. 
This accurate estimation is possible thanks to the detailed 
follow up of critical core conditions (power, rod positions, 
Xenon and samarium poisoning before shutdown). For 
example, for a core initially at 50%FP, a reduction up to at 
least 10m3 of borated water and 100m3 of clear water is 
possible during shutdown / divergence procedures. The 
functionality of Xenon and Samarium concentrations 
follow up after shutdown can also help operator to choose 
the optimal operating strategy to return in operating 
conditions, taking into account the different reactivity 
control modes at disposal. 
 


VI.C. OSG optimizations for periodic tests and normal 
operation 


 
Predictive transient simulations can allow an optimization 
of time required for periodic tests. Indeed, each periodic 
test is attached to test criteria, especially the reach of the 
Xenon distribution equilibrium. Predictions can help the 
operator to optimize the operating strategy to meet as soon 
as possible the respect of test criteria. A quicker return in 


operating conditions is thus allowed. In parallel, the online 
estimation of core conditions, and in particular of Xenon 
concentration, allows MAGELAN to provide a core 
neutronic model which could be used to treat core 
reference flux measurements without waiting for the full 
Xenon stabilization.  
The MAGELAN OSG can provide automatic core flux 
map measurements treatments, possibly based on 
MAGELAN neutronic model evolved on line. Calibration 
tool processes can thus be implemented in the OSG unit: 
the calibration factors would then be determined based on 
the OSG flux map treatment. 
 
 


VI. CONCLUSION 
 


AREVA core monitoring systems solutions are designed to 
be flexible and adjustable to customers’ needs. AREVA 
CMS solutions allow higher electricity production 
availability and reliability, according to current customers’ 
requirements. 
Operators can benefit from the use of AREVA CMS at 
several levels, from simple operator assistance to the 
monitoring of limiting conditions of operation, and then 
benefit from the use of margin gains for the operability and 
safety demonstration. 
The MAGELAN core monitoring system solution is 
designed to minimize the impact of its implantation on 
power plant. Thanks to innovative processes and higher 
precision, MAGELAN provides directly valuable gains in 
operating margins.  


NOMENCLATURE 
 
DNBR : Departure From Nucleate Boiling Ration 
LOCA: Loss Of  Coolant  Accident 
PRD: Power Range Detectors 
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Abstract – Experiments were carried out to study natural convection heat transfer and crust 
formation at the boundaries of an internally heated molten pool using a non-eutectic melt (KNO3-
NaNO3) as a simulant fluid. The experiments were performed in the LIVE-2D experimental facility 
in a semi-circular slice scaled 1/4 to a prototypic PWR type reactor. 
Besides the transient molten pool behavior, for which the LIVE-2D tests provide qualified data on 
temperature evolution in the molten pool and crust growth rates, the experiments address other 
important phenomena, such as the local distribution of heat flux, and the influence of solidification 
on the thermal-hydraulics of the pool. The effect of variation of heat input and boundary cooling 
conditions during and immediately after the pouring phase were studied for internal Rayleigh 
numbers varying from 5·1013 to 2·1014. These effects are important for the assessment of the 
reactor vessel integrity in case of a core melt accident and for the feasibility of an accident 
management strategy using in-vessel melt retention by cooling the lower head from outside.  
The experimental results provide the Ra-Nu correlations for the upward/downward heat flux 
distribution and show the influence of the heating regime on the crust thickness formed at the 
molten pool/vessel wall boundary. The experimental results are being used for development of 
mechanistic models for description of in-core molten pool behavior and their implementation in 
the severe accident codes like ASTEC. The paper summarizes the objectives of the LIVE-2D 
experiments and presents the main results obtained up to now. 


 
 
 


I. INTRODUCTION 
 
A hypothetical core melt accident in a light water 


reactor (LWR) can result in an accumulation of core 
material in the lower plenum of the reactor pressure vessel 
(RPV). The internal heat generation of the core material 
leads to melt pool consisting of core material and molten 
structure material of the RPV. The thermal loads the melt 
pool puts on the RPV wall have been a subject of study for 
the last several years. The main interest has been the 
assessment of the feasibility of preventing a RPV failure by 
cooling the vessel outside wall. Such an accident 
management strategy could be an option for some of 
existing plants because it does not require drastic 
constructional changes in the plant design.  


Several experimental programs were conducted to 
study the thermal loads on the vessel walls caused by 
heated  melt pools.  


The COPO experiments at Fortune Nuclear Services 
and CEA were conducted using a H2O-ZnSO4-solution as 


melt simulant. The COPO facilities are curved slices with a 
radius of about 0.88 m and a thickness of 0.1 m. The outer 
vessel wall and the top of the melt are cooled by water 
(COPO-I) and liquid nitrogen (COPO-II) /1/, /2/. 


The BALI experiments at CEA were conducted using 
water as melt simulant. The BALI facility is a curved slice 
with a radius of 2 m and a thickness of 0.15 m. The outer 
vessel wall and the top are cooled by an organic liquid /3/. 


The SIMECO experiments at KTH were conducted 
using KNO3-NaNO3 salt mixture as melt simulant. The 
SIMECO facility is a curved slice with a radius of 0.25 m 
and a thickness of 0.09 m.  The outer vessel wall and the 
top are cooled by water. /4/ 


All these experiments were conducted in curved slices 
using different techniques to simulate the internal heating 
of the melt pool. 


Theofanous and co-workers pursued another strategy 
to study the heat transfer from a pool to the vessel walls. In 
the ACOPO facility at the university of California they 
employed a semi-sphere vessel with a radius of 1 m and 
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water as melt simulant. However, the melt pool was not 
heated during the experiment. The internal Ra number was 
determined by the cool-down rate of the water. /5/ 


The first facility which employed a 3D configuration 
of the lower plenum and a heated melt simulant, was the 
LIVE-3D facility at KIT in Karlsruhe (former FZK). The 
reactor lower head is modeled by a semi-sphere vessel and 
a KNO3-NaNO3 salt mixture is used as a melt simulant, 
like in the SIMECO tests.  


To get comparable results for the 2D geometry, we 
have set up the LIVE-2D facility. The vessel of this test 
facility has the same radius as the LIVE-3D test vessel but 
a 2D geometry, like the SIMECO facility. Conducting the 
experiments in LIVE-2D with KNO3-NaNO3 salt mixture 
as melt simulant we reach a high level of comparability of 
experimental conditions with both LIVE-3D and SIMECO 
tests. (see Fig. I) 
 


 
 
Fig. I: Relation of LIVE-2D to LIVE-3D and SIMECO 


 
 


II. EXPERIMENTAL FACILITY 
 
The experimental facility comprises a slice-type vessel 


which includes a semicircular section (see Fig. II). 
 


  
 


Fig. II:  LIVE-2D vessel  


 
The diameter and thickness of the slice are 50 cm and 


12 cm, respectively. The vessel wall, represented by a 


23 cm thick stainless steel plate, can be cooled by water. 
The water flow rate can be regulated and the maximum 
flow rate is high enough to ensure that the temperature 
difference of the water between the entrance and the exit is 
less than 2 K. The front and the back faces are made of 
1 mm thick stainless steel and are insulated. There are 
3 options for the cooling conditions at the upper boundary 
of the pool: 


− the pool is in direct contact with the atmosphere, 
− the pool is in contact with an insulated cover, 
− the pool is in contact with a water cooled cover. 


 
A volumetric heating system has to simulate the decay 


heat released from the corium melt. Consequently, the 
heating system has to produce the heat inside the simulant 
melt as homogeneously as possible. Therefore a heater grid 
with several independent heating elements was 
constructed. The heating elements are shrouded electrical 
resistance wires, which are positioned at different 
elevations in the melt. Altogether the heating system 
consists of 9 heating planes with a distance of about 50 
mm between them (Fig. III). It can provide a total power of 
about 13 kW. To realize a homogeneous heating of the 
melt, each plane can be controlled separately. The 
maximum temperature of the heating system is 1100 °C. 
A set of 13 thermocouples is installed in the melt. They 
deliver information on temperature profiles in the melt 
during different phases of the experiments. The 
configuration of the thermo-couples within the melt is also 
shown in Fig. III. 
 


 
 
Fig. III: Position of heating wires and thermo- 


couples within the melt 
 


The vessel wall is equipped with 6 thermocouple trees 
located at the inner side. Each tree consists of 
5 thermocouples with a distance of, respectively, 5, 10, 15, 
20 and 25 mm from the wall. This allows to determine a 
crust profile at the vessel wall. Three of the thermocouple 
trees are located at the same position as in the LIVE-3D 
facility. At 10 different positions thermocouples at the 
inner and outer side of the vessel wall are installed to 
determine the heat flux through the wall. Fig. IV shows the 
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positions of the thermocouple trees and the thermocouples 
at the inner and outer vessel wall. 


The water-cooled upper lid is equipped with 3 
thermocouple trees and with thermocouples at the inner 
and outer side at 3 positions. This gives the possibility to 
investigate the crust formation and cooling conditions at 
the top of the vessel as well. 


 


 
 


Fig. IV:Position of thermocouple trees and ther- 
mocouples at the inner and outer side of            
the vessel wall 


 
 


III. Simulant material 
 


For direct comparison with LIVE-3D experiments the 
same melt simulant (binary 20-80 mol% mixture of sodium 
nitrate NaNO3 and potassium nitrate KNO3) has 


 


 
Fig. V: Liquidus line of KNO3-NaNO3 measured at KIT /6/ 
 
been used. This melt can be used in a temperature range 
from 290 to 380 °C. We have determined the liquidus line 
of KNO3-NaNO3 mixture at KIT. Fig. V shows that the 
melt we used has a liquidus temperature of 284 °C. Due to 
its solubility for water the applicability of this melt is 
restricted to dry conditions inside the test vessel. 


The values we used for the material properties of the 
melt are given in Table 1. 


 


Table 1 


Material parameters of 20%-80% NaNO3-KNO3 


 Temperature in °C 
300 350 400 


cp [J/kg K] 13691 13691 13691


ρ [kg/m3] 1898 1863 1828 
η [Pas] 3.32e-03 2.51e-3 1.96e-3 


υ [m2/s] 1.75e-6 1.35e-6 1.07e-6 


λ  [W/m K] 0.439 0.422 0.422 
β [K-1] 3,81e-042 3,81e-42 3,81e-42 
a [m2/s] 1.69e-07 1.65e-07 1.69e-7 
Pr 10.39 8.14 6.35 
1 from /7/ at 316 °C 
2 from /8/ for NaNO3 at 550 K 


 
 


IV. MAIN RESULTS OF THE EXPERIMENTS 
 
We have conducted 6 tests.  
The variation of the main parameters, heating power and 
cooling conditions, can be seen from the following table. 
 


Table 2 


Performed experiments in the Test series 


Test Cooling 
conditions 


Power 
(W) 


Remarks 


 Lid Vessel    


L00A1 Water Water 4206  
6275 
7316 


L01 Water Water 7311  
3691 
7316 


L02 Water Water 3694  
7315 
3706 


L03_01 Isol. Water 2145  
1112 


L03_A Isol. Water 1927 Delayed 
cooling after 
pouring 


1118 


L04 Isol. Water 1118 At pouring 
50% debris 
already in the 
vessel 


1311







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11015 


   


Fig. VI shows the experimental results for the downward 
heat transfer. It also shows results of SIMECO tests /4/.  


 


 
Fig. VI: Nusselt numbers for downward heat transfer 


Fig. VII shows the experimental results for the upward 
heat transfer. It also shows results of SIMECO tests /4/. 
Our results in LIVE-2D are in good agreement with the 
results of SIMECO tests. The colleagues at KTH could not 
reach that high Ra’ numbers due to the smaller scale of the 
SIMECO facility. 
 


 
Fig. VII: Nusselt numbers for upward heat transfer 


 
Fig. VIII shows a comparison of temperature profiles 


in the case of a cooled and an isolated lid at the top of the 
melt. It shows a more linear increase of the temperature in 
the case of a cooled lid. This behavior is not surprising, 
because one has a much stronger convection in the case of 
a cooled lid. 


 
Fig. VIII: Temperature profiles for tests with cooled lid and 


isolated lid 


 
Using the thermocouple trees we were able to 


determine the crust thickness at these positions. To do this 
we used the result, that the liquidus temperature of the melt 
is 284 °C (see Fig. V). Therefore, it is possible to 
determine the crust thickness by linear interpolation  
(Fig. IX). 


 


 
Fig. IX: Crust temperatures at the positions of the thermocouple 


trees in test L02, 3694 W (Phase 1) 


 
Doing so for each test, one can find a profile of the 


crust for each power level as shown in Fig. X . It shows the 
crust thickness profiles for all phases of test L02. It can be 
seen that the crust profile for the high power level is more 
or less independent of the history of the test. It does not 
play any role that the melt was remolten between these two 
phases. 
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Fig. X: Profiles of crust thickness for the power levels in L02 


 
NUMERICAL CALCULATIONS 


 
The tests are accompanied by numerical calculations 


with the program CONV. The program CONV is a 2D/3D 
CFD code for the heat transfer due to conduction and 
convection in complex geometry, crust formation etc. It 
was developed by IBRAE (Nuclear Safety Institute of 
Russian Academy of Sciences, Moscow) in the framework 
of the International RASPLAV project /9/, /10/. 


The 3D-version of has been used in the past to 
accompany LIVE-3D tests /11/. We have used the 
2D-version so far to simulate LIVE-2D tests. Fig. XI 
shows an example for a calculated temperature 
distribution. The principles and theoretical foundations of 
the code are explained in more detail in /12/. 


 


 
Fig. XI: Calculated temperature distribution at the steady-state 


phase of test L01, 7316 W 


 
Fig. XII shows a comparison of the centerline 


temperatures in the test and in the CONV calculation. We 
could reach a good agreement between experimental data 
and calculation results. However, to reach a good 
agreement with experimental data, the input power was 
reduced to 6000 W. Possible explanation could be that the 
heat losses through the sidewalls were not taken into 
account in the modeling. 


 
Fig. XII: Centerline temperatures in test L01, Experimental data 
and CONV calculations 


 
IV. CONCLUSIONS 


 
We have conducted a first series of experiments in the 


LIVE-2D facility. The obtained Nu number as function of 
the Ra’ numbers are in agreement with SIMECO results. 
The calculations with the CONV code showed also an 
acceptable agreement with experimental results. As a next 
step, we are going to conduct comparable experiments in 
the LIVE-3D facility with similar boundary conditions to 
check the if the results obtained in the current work could 
be applied to the hemispheric geometry of the pressure 
vessel.  
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Abstract –  The  paper refers to the investigation of Generation III+ reactors and  present the 
experimental results of an integral containment test named T2.1 performed in the PANDA facility 
addressing the combined effect of PCCS response and DGRS activation in a postulated severe 
accident with release of large amount of hydrogen (in PANDA facility Helium is used to simulate 
hydrogen). The initial conditions (temperature, pressure, gas composition, decay heat, etc.) for test 
T2.1 represents the containment situation one hour after a Loss of Coolant Accident (LOCA). The 
test T2.1 consists of four phases. In the first phase of about 10000 seconds has been simulated the 
response of the PCCS to a LOCA. In the second phase, helium was injected for about 2 hours and 
activated the DGRS. The third phase was run up to 12 hours, with the DGRS in operation and has 
been investigated the effect on the PCCS response. In the fourth phase the DGRS way switched off 
and was observed the PCCS response. 


 
I. INTRODUCTION 


 
LWR designs from the so called Generation III+ type 


are equipped with passive safety systems. The main 
advantages of passive safety systems are to increase the 
reliability of the safety systems, to simplify the design of 
the plant reducing the number of components and 
consequently to improve performance and economics [1]. 
The SBWR (Simplified Boiling Water Reactor) and 
ESBWR (Economic Simplified Boiling Water Reactor) are 
two advanced BWR from the Generation III+ equipped 
with Passive Containment Cooling Systems (PCCS). 
Extensive experimental programs have been carried out in 
different integral facilities to evaluate the consequence of 
postulated Loss of Coolant Accident (LOCA). For the so 
called blow down period (occurring in the first ~10 minutes 
of the LOCA) and the Gravity Driven Cooling System 
(GDCS) (from ~10 min up to 1-2 hours into the LOCA) 
period, tests were performed in the GIST and GIRAFFE 
facilities. Saha et al. (2007) [2] demonstrated that the data 
obtained in GIST and GIRAFFE for the SBWR are 
representative also for the evaluation of the larger ESBWR. 
For the long term Passive Containment Cooling System 
(PCCS), large-scale tests were performed in the PANDA 
facility (PSI, Switzerland) which permit the representation 
of all PCCS elements i.e. Reactor Pressure Vessel (RPV), 


Drywell (DW), Passive Cooling Condensers (PCCs), 
Isolation Condenser (IC), Gravity Driven Cooling System 
(GDCS), Wetwell (WW). It has been demonstrated that the 
containment pressure in the long term is related to the 
amount of non-condensable gases which accumulate in the 
WW gas space [3]. The non-condensable gases can flow to 
the WW by the Main Vents (between the DW and the WW) 
and by the PCC vent lines (between the PCCs and the WW) 
[4]. Some ALWR designs integrated in the PCCS a system 
called Drywell Gas Recirculation System (DGRS). The 
DGRS works like a fan, with inlet flow lines connected to 
the PCC vent lines and the out flow line connected to the 
DW [5]. The DGRS establishes additional cooling 
capacities due to the forced gas circulation through the 
PCC’s. The activation of the DGRS has an effect on the 
overall PCCS characteristics, i.e. composition of gas 
mixture in the PCC tubes, DW-WW pressure differences, 
timing for the opening of the Vacuum Breaker, etc. The 
paper presents the experimental results of an integral 
containment test named T2.1 performed in the PANDA 
facility within the EU TEMPEST project [6]. The initial 
conditions (temperature, pressure, gas composition, decay 
heat, etc.) for test T2.1 represents the containment situation 
one hour after a Loss of Coolant Accident (LOCA).  The 
test is characterized by four phases: 
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Figure 1. ESBWR versus PANDA (basic configuration)1. 
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Fig. 2. PANDA schematic (configuration with DGRS). 


                                                           
1 It should be pointed out that the ESBWR-PANDA containment arrangement in Figure 1 correspond to an earlier design of the ESBWR (4000 MWt) 


where the GDCS gas space was connected to the WW gas space. In the present ESBWR (4500 MWt) design, the GDCS pool is open to the Drywell as in the 
original SBWR. 
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� Phase 1: Beginning of test until helium injection starts 
and DGRS is activated; 


� Phase 2: During helium injection, with DGRS 
activated; 


� Phase 3: After helium injection, with DGRS activated; 


� Phase 4: Post-test T2.1: DGRS stopped, RPV heater 
power follows decay heat curve. 
 


II. PANDA FACILITY 
 


PANDA is a large-scale thermal-hydraulics facility 
which was originally scaled to the Simplified Boiling Water 
Reactor (SBWR) design that is 1:1 in height and 1:25 for 
volume and power [7]. The total height of PANDA facility 
is 25 m and the maximum operating conditions are 10 bar 
and 200 °C. A scaling study for the SBWR design was 
derived by Yadigaroglu (1996) [8]. With respect to the 
ESBWR PANDA has scaling factor of approximately 1:1 in 
height and about 1:40 for volume and power. A schematic 
of the ESBWR design including passive safety systems and 
the corresponding PANDA facility configuration is shown 
in Fig. 1.  


PANDA has a modular structure with six cylindrical 
pressure vessels representing the relevant volumes: RPV, 
DW, WW and GDCS. The total volume of PANDA vessels 
is 460 m3. A system of lines and valves allows for 
interconnecting or isolating the vessels individually for 
specific test requirements. The two DW vessels are linked 
by one large diameter Interconnecting Pipe (IP) and allow 
studying gas distribution in multi-compartment geometries. 
The two WW vessels are also interconnected but with two 
large pipes, one in the gas space region and one in the 
suppression pool region. Four rectangular pools, open to 
the atmosphere, contain four condensers: the Isolation 
Condenser (IC) is directly connected to the RPV, while one 
PCC can be connected to DW1 and two PCCs can be 
connected to DW2. The large ESBWR Main Vent (MV) 
lines are represented in PANDA by two pipes, one from 
each DW vessel to the suppression pool of the 
corresponding WW vessel. 


Each MV line is submerged to a depth equivalent to 
the top of the uppermost ESBWR main LOCA vent. The 
MV lines allow flow from the DW to the WW when the 
corresponding pressure difference (between DW and WW) 
exceeds the hydrostatic head corresponding to the main 
LOCA vent submersion depth. 


Also each of the three PCC condensers has a vent line 
to the suppression pool. The submersion depth of the PCC 
vent lines is lower compared to the MV lines. Two Vacuum 
Breakers (VB1 and VB2) are available between the WW 
and the DW vessels. The vacuum breakers allow a gas flow 


from the WW gas space to the DW if the DW pressure 
becomes lower by a prescribed amount than the WW 
pressure (for example in case the PCC units have a 
condensation rate higher than the steam production rate in 
the RPV). A total number of 115 electrical heater elements, 
with a total power of 1.5 MW, are installed in the lower 
part of the RPV. The electrical power can be programmed 
to follow the specification of the test.  


 
II.A. Facility configuration for Test T2.1 


 
In Test T2.1 the PANDA facility was configured to 


simulate the post-LOCA configuration as shown in Fig. 2. 
The RPV supplied steam equally to each DW vessel 
through one steam line to each DW vessel, the two steam 
lines having identical hydraulic characteristics. The RPV 
heater power was controlled as a function of time in order 
to simulate the scaled decay heat and stored energy release. 
The Isolation Condenser (IC) unit was not involved and, 
therefore, isolated from the system. The three PCC units 
were lined-up to take feed flow from the DW, to vent non-
condensable gases and steam to the WW, and to drain 
condensate back to the RPV. The three PCC pools were 
filled with saturated water and isolated from each other. 
During the test the PCC pools remained isolated and no 
water was added to or drained from the pools. The only 
direct lines of communication between the DW and the 
WW were through the Vacuum Breakers (VB), (which 
open when the WW pressure exceeds the DW pressure for 
a specified value and the Main Vent Lines (MVL) which 
were submerged in the WW pool. The MVLs were closed 1 
hour after the beginning of the test (when the venting phase 
is completed). The gas space of the Gravity Driven Cooling 
System (GDCS) tank and the WW gas spaces were 
interconnected by using auxiliary steam system lines. The 
GDCS drain line was closed (as the GDCS Pool is already 
empty at one hour into the LOCA, when the test starts). 
The Equalization Lines between the RPV and WW were 
closed. The DGRS suction lines were connected to all three 
PCC vent lines and the DGRS fan output line was 
connected to the DW interconnecting line.  


 
II.B. Overview of PANDA instrumentation 


 
PANDA instrumentation included about 720 sensors 


for measuring gas and wall temperatures, flow rates, levels, 
pressures, pressure differences, phases (liquid and gas), gas 
concentrations, etc. In section II.C are provided the 
locations for the gas temperature and concentration 
measurements in the Drywell. For the other sensors (e.g. in 
the WW, MVL, VB, RPV, etc.) used for the analysis in this 
paper information on their locations is provided in the label 
of the related figures. 
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II.C. PANDA Drywell instrumentation 
 
In each DW gas temperatures are measured at 12 


levels near the central axis of the vessels (Fig. 2 radial 
position A), and at 3 of these levels 2 additional 
temperature measurements near the vessel wall are 
available (see Fig. 3 radial positions B and C). Gas 
temperatures are also measured in the DW IP at 5 different 
locations (Fig. 3). The gas concentration measurement 
system, based on a Mass Spectrometer (MS), permits air, 
helium and steam concentrations to be measured in the gas 
spaces of both DW vessels at nine different locations 
distributed on three vertical levels and three radial 
locations (A, B, and C). Gas concentrations are also 
measured at three locations in the middle of the DW IP 
(Fig. 4). 


All these gas-sampling locations for concentration 
measurements are situated close (3.5 mm) to the 
corresponding thermocouple locations. Gas is sampled 
through capillaries.  


The DW instrumentation includes also wall 
temperatures inside and outside the vessels (not shown in 
Figure 3) at three different elevations, absolute pressure, air 
partial pressure (oxygen sensor located at the same 
elevations as the MS capillaries) and water level 
measurements. 
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Fig. 3. Temperature measurements in DW and IP 
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Fig. 4. Concentration measurements in DW and IP. 


 
II.D. Initial and boundary conditions 


 
Test T2.1 addresses the containment behavior of the 


ESBWR in case of a Main Steam Line Break (MSLB) 
LOCA with release of hydrogen (Phase 2) and with the 
DGRS activated (Phase 2 and Phase 3). The initial 
conditions for Test T2.1 (temperatures, pressures, partial 
pressures, water levels) were based on the transient status 
predicted for the ESBWR at one hour after scram in the 
course of a MSLB LOCA. At this time the RPV is 
depressurized and the actual containment pressure is about 
2.5 bar. The initial conditions for the PANDA main 
components are given in Table 1. 


 
TABLE I 


Initial conditions for PANDA main compartments 


Initial 
Conditions 


RPV DW WW GDCS 


pool 


PCC 


pools 


Total Pressure 
(kPa) 


258 250 235 235 
~100 


Air Partial 
Pressure (kPa) 


0 5 200 220 
N/A 


Liquid/Vapor 
Temp. (oC) 


129 127 73 54 
~100 


Water Level 
(m) 


12.7 0 3.9 0 
4.4 
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In Fig. 5 is shown the measured RPV heater power 
during the test T2.1.  


 
III. PCCS RESPONSE DURING THE TRANSIENT 


 
In this section will be analyzed the PCCS response 


during the 12 hours transient of Test T2.1. For sake of 
brevity, the experimental results related to a limited number 
of the PANDA measurement sensors are shown in the 
paper.  


In the early phase of the test, the amount of steam 
condensed by the PCCs was lower that the steam generated 
in the RPV by the simulated decay heat. As a consequence 
of this, a portion of the steam was intermittently vented 
from DW to WW through the two Main Vent (MV) lines 
and the PCC vent lines (see Fig. 2, for the schematic 
representation of the vent lines).  


The main vent phase was completed at the time when 
the PCCs were able to remove all the heat released from 
the RPV to the DW. All the air in the DW was vented to the 
WW gas space through the MV lines and PCC vent lines 
within the first hour of test. This is confirmed by the air 
partial pressure measurements in the DW and also by the 
phase indicator signals from the PCC vent lines. In Fig. 7 is 
shown the phase indicator sensor located in the PCC1 vent 
line (PCC2 and PCC3 vent lines show similar results). 
Value 1 is representative for steam conditions (i.e. venting), 
value 0 is representative for liquid water (i.e. no venting) 
conditions. The venting process from the DW to the WW is 
also reflected by a small increase in WW pressure at the 
beginning of the test. Since the WW pressure is the base 
pressure for the whole system, also the pressure in the DW 
and in the RPV has increased accordingly during this phase 
of the test, as it can be seen in Fig. 6. Around 1 hour after 
the test start, when MV and PCC venting were completed 
the WW pressure remained nearly constant until the 
beginning of the helium injection phase. During Phase 1 
the break flows from the RPV through the two main steam 
lines (MS1 and MS2) to the two DW vessels decrease with 
time, in accordance with the decreasing RPV heater power. 


At around 10000 sec after beginning of the test, the 
Phase 2 with injection of helium was started. The helium 
was fed via the Main Steam Lines (MSL) to the DWs at a 
constant flow rate of 12.9 g/sec and for a duration of 2 
hours. Just after helium injection was established the 
DGRS was activated. During the helium injection phase 
(with rising system pressure) the DGRS flow rate was 
oscillating. Later, after the system pressure had stabilized a 
nearly constant flow rate of 30 liters/s has been maintained 
until the end of Phase 3. 


The helium release combined with operating DGRS 
changed drastically the PCC and system behavior. The 
pressure in the DW and RPV immediately start to increase 
due to the helium injection (Fig. 6). 


 


The pressure in the WW increased also, due to the 
almost continuous steam-helium venting from the DW to 
the WW, through the PCC vent lines. 


As can be seen in Fig. 6, the pressure in the system 
continues to increase for some time after the end of helium 
injection, reaching the highest level (i.e. ~5.7 bar) about 90 
minutes after the helium injection was completed (t ~23000 
sec). 


It should be mentioned that in an other PANDA 
integral test named T1.1 [9] with similar initial and 
boundary conditions as in test T2.1 but without DGRS 
activate the highest pressure of the system was 6 bar. In test 
T2.1 the highest pressure reached in DW is around 5.7 bar, 
therefore the DGRS in PANDA test T2.1 configuration had 
a mitigation effect on the pressure of about 0.3 bar.  


At the time when the helium injection was stopped, the 
helium concentration is about 32 % in the upper volume of 
DW1 and about 27% in the upper volume of DW2. At 
about 21000 sec, the helium concentration reaches a nearly 
stable value of about 19%, and of 12% in the top of DW2. 


As helium concentration inside the DW and inside the 
PCC tubes increases, the heat removed by the PCCS (by 
condensation) is lower than the heat generated in the RPV 
(decay heat). The deterioration of the PCCS performance is 
reflected also by the decreasing condensate flow rate 
returning to the RPV. 


The history plots for temperature measurements in the 
central axis of DW1 are reported on Fig. 8 (similar trends 
are observed in DW2). 


In the first phase of the test T2.1, before injecting 
helium and activating the DGRS, the temperature 
distribution is uniform in both DWs. At the beginning of 
the helium injection and DGRS activation, the temperatures 
first decrease slightly in both DWs. After a short period, 
temperatures start to increase. 


During Phase 2, stratification in the vertical 
temperature distribution appears in both DWs: the gas 
temperature in the lower volume of the DW (below the 
level of interconnecting pipe; sensors MTG.D1A.1 to 
MTG.D1A.7), increases faster than the temperature in the 
upper volume of the DW (sensors MTG.D1A.8 to 
MTG.D1.12). This situation is determined by the 
arrangement of the DGRS piping. In fact, since the exit 
flow pipe of the DGRS is connected to the DW 
interconnecting pipe, the light and colder (more helium-
rich) mixture that is recirculated flows mainly to the upper 
volume of the DW. 


At the beginning of Phase 3, the PCCs are not able to 
condense all the steam generated in the RPV. This induces 
venting of gas/steam mixture from the PCCs to the WW 
(Fig. 7). As a consequence, the system pressure has 
increased further (Fig. 6). 
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Fig. 5. Electrical power curve simulating decay heat. 


 


 
Fig. 6. System pressure (RPV: MP.RP.1; Drywell: MP:D1, Wetwell: MP.S1) 
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Fig. 7. PCC1 Vent line phase indicator 


 
 


 
Fig. 8. Gas temperature in the DW 1 
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Fig. 9. PCC Pool collapsed levels (PCC pool 1: ML.U1, PCC pool 2: ML.U2; PCC pool 3: ML.U3)  


 
 


 
Fig. 10. WW1 Gas (MTG.S1.1, MTG.S1.3), pool surface (MTG.S1.1)  


and liquid temperatures (MTL.S1.1 and MTL.S1.6)  
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Fig. 11. Gas temperature in the PCC1 


 
 


 
 


Fig. 12. Schematic representation of PCC temperature sensors (only those used in Fig. 11), flow and level 
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As the helium concentration reaches the level of 
around 19% in the upper volume of DW1 and 12% in the 
upper volume of DW2 (in the lower volume of both DWs, 
the helium has disappeared), an equilibrium is established 
between the amount of steam condensed by the PCCS and 
the steam generated in the RPV. At this moment, the PCCS 
venting stops and the DW pressure stops increasing. The 
pressure in the DW reached 5.7 bar about 90 minutes after 
helium injection was completed (Fig. 6). 


It should be pointed out that, at this stage it is not 
possible to determine the dependence between the amount 
of helium and air retained in the DW, the PCC performance 
and the DGRS flow rate. It seems that the vertical location 
of the DGRS return line in the DW affects the efficiency of 
the DGRS in retaining non-condensable gases in the DW. 


Due to the difference in gas concentration between the 
upper and the lower volume of the DWs, a corresponding 
temperature difference between these two regions persists 
until the end of the test (Fig. 8). 


The gas concentrations measured in the two DWs at 
different radial positions (A,B,C) and at 3 different levels, 
shows that there was not a significant radial difference in 
the gas concentration. The helium concentration in the DW 
interconnecting pipe is higher in its upper part, while at the 
bottom it goes to zero shortly after the end of helium 
injection phase. This variation in gas concentration is 
reflected in the temperature difference detected in the DW 
interconnecting pipe.  


Figure 6 shows that around 23000 sec, the pressure in 
the DW starts decreasing (because the PCC condensation 
rate is higher than the steam generation rate) and at around 
30000 sec, a vacuum breaker opening occurs with a small 
amount of air returning into the DW. 


Figure 9 shows the PCC pool collapsed levels. During 
Phase 1, (before helium injection), the collapsed level in 
the three PCCS pools decreased uniformly and steadily 
(indicating that the three pools removed approximately the 
same amount of heat). During Phase 2 (and in the 
beginning of Phase 3), the PCC pool levels decreased at a 
lower rate (this was due to the reduced capacity of the 
PCCS to condense steam). 


Later the slope characterizing the level variation 
increased again, as the PCC performance was improving 
(no more helium in the DW, but still some helium in the 
PCC units).  


These variations in PCC performance during the 
different phases of the test T2.1 are also reflected in the 
amount of condensate, which returns to the RPV. In Phase 
1, the amount of condensate decreased, proportionally to 
the decreasing decay heat curve. During the Phase 2 (and 
beginning of Phase 3), the condensate flow drops due to the 
reduced PCCS performance caused by the large amount of 
non-condensable gases, in the remaining part of Phase 3, 
the condensate flow recovered again as the concentration of 
helium retained in the DW had stabilized. 


Figure 10 show temperature measurements in WW1 
for the gas space (MTG.S1.1, MTG.S1.3, MTG.S1.6), the 
water pool (MTL.S1.1, MTL.S1.6) and the pool surface 
(MTS.S1.1), (in WW2 the trends are slightly different). 
During the main vent clearing phase at the beginning of the 
test, the water temperature in the upper region of the 
suppression pool increased by about 2-3 °C, whereas the 
temperature in the lower pool region remained nearly 
constant. During the Phase 2 and beginning of Phase 3, 
when a large amount of gas was vented from the DW to the 
WW, the pool has been well mixed (the differences 
between all the measured liquid temperatures are less than 
1 °C) and the temperature has increased by about 1.5 °C. 
Then, after the system peak pressure was reached until the 
end of the test, the pool temperatures remained nearly 
constant, indicating that no relevant energy transport from 
DW to WW occurred during this last phase of the test. Also 
the temperatures in the WW gas space increased during 
Phase 2 (and beginning of Phase 3). Then the gas 
temperatures started to slightly decrease, mainly in the 
lower region of the WW gas space, since some heat may be 
transferred to the vessel walls and to the colder pool 
surface. 


Figure 11 show the gas temperatures in the upper and 
lower drum and in the centerline of one condenser tube for 
PCC1 (PCC2 and PCC3 shows slightly different trends). 
Figure 12 shows schematically the locations for the 
temperature sensors in the PCC1 (those sensors plotted in 
Fig. 11).  


It should be pointed out that during Phase 1, all the 
three PCC operate in the same mode: the steam entering the 
PCCS from the top (upper drum) starts condensing at the 
saturation temperature. The pipe length, at which the 
condensation takes place is instrumented with the 
temperature sensors identified by the PROCESS_ID 
MTG_P1_3 to MTG_P1_9. The lower section of the tubes 
and the lower drum (for PCC1 these are the temperature 
sensors respectively identified by the PROCESS_ID 
MTG_P1_8, MTG_P1_9 and MTG_P1_2), are at lower 
temperature, due to the presence of air. The temperature 
difference between the upper and the lower part of PCC is 
approximately 25 °C. The PCC operation mode for phase 1 
is typical for steam/air mixtures. 


During Phase 2, the three PCCs modify their operation 
mode. The temperature sensors for the PCC1 and PCC3 
show quite a similar trend. At the beginning of this phase, 
the effect of helium and DGRS is to make the temperature 
distribution more uniform. The difference between the 
highest and the lowest temperature decreases. At around 
13000 sec for PCC3 and 11500 sec for PCC1, the 
temperature gradient along the vertical axis is inverted: the 
gas temperature inside the tube decreases from bottom to 
top, which means that inside the tube is established a light 
gas flow (mixture steam-helium) from bottom to the top of 
the tube. The mixture, while rising in the PCC tube, 
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becomes more rich in helium and decreases further its 
temperature. The established temperature gradient is 
maintained until the end of the test. The temperature profile 
in the PCC2 shows, from the beginning of helium injection 
phase until the end of the test a temperature gradient which 
decreases from the bottom to the top of the tube. 


It should be pointed out, that only one pipe for each 
PCC is instrumented to measure gas temperatures. For this 
reason the behavior of the whole PCC cannot be fully 
documented by these measurements. Additional 
information is provided by wall temperature measurements 
in four tubes for each PCC unit. 


During Phase 4 the DGRS was stopped, the PCCS 
performance decreased, PCC venting occurred (Fig. 7) and 
consequently the WW pressure increased (Fig. 6). Helium 
is being vented out of the DW as it happened in T1.1 at the 
end of the helium injection phase. 


Figure 6, shows that during Phase 4 the pressure in the 
DW increased to around 6 bar. The same peak pressure was 
reached for the test T1.1 performed without DGRS [9]. 


CONCLUSIONS 
 


In the integral system test T2.1 the performance of the 
PCCS in the presence of large amount of light gas (helium) 
was investigated. In addition the impact of the DGRS on 
PCCS performance and on long-term containment behavior 
was investigated. 
The test has provided relevant experimental data with 
respect to the overall system behavior under accident 
conditions. The PCCS started working immediately after 
test start and after a short MV clearing phase the system 
was able to remove all decay heat and no significant energy 
deposition in the WW occurred. 
The presence of helium strongly affected the PCCS 
performance. The influence of light gas (helium) on the 
PCC behavior seems to be much more complex than the 
effect of a gas that is heavier than steam (air). The DGRS 
demonstrated its ability to retain a certain amount of non-
condensable gases (air and helium) in the DW, thereby 
reducing long-term containment pressure (about 0.3 bar 
with respect to Test T1.1 [9]. 
It seems that the vertical location of the DGRS return line 
in the DW affects the efficiency in retaining non-
condensable gases in the DW, therefore it would be 
interesting to perform additional tests with the DGRS 
return lines in the lower region of DW to quantify the 
highest capability of the DGRS to mitigate the system 
pressure.  
After the DGRS was stopped the non-condensable gases 
were vented to the WW and the system pressure increase 
from 5.7 bar to 6 bar. 
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Abstract –Two phase natural circulation flow in the reactor cavity of the small integral reactor 
have been analyzed to have insight on the design requirement of the reactor vessel insulation 
under IVR-ERVC (In-Vessel corium Retention through External Reactor Vessel Cooling) condition 
by using RELAP5/MOD3 computer code. The RELAP5/MOD3 results have shown that the water 
circulation mass flow rate without the water outlet hole was approximately 0.5 kg/s at the water 
inlet, which meant pool boiling condition. However, the water circulation mass flow rate with the 
water outlet hole was approximately 55 kg/s, which led to increase in the CHF (Critical Heat Flux) 
of the outer reactor vessel wall. For this reason, installation of the water inlet hole, the steam 
outlet hole, water outlet hole at the reactor vessel insulation is necessary to increase the maximum 
heat removal rate on the outlet reactor vessel wall under the IVR-ERVC condition of the integral 
reactor. 


 
 
 


I. INTRODUCTION 
 
The IVR (In-Vessel corium Retention) through the 


ERVC (External Reactor Vessel Cooling) is known to be 
an effective means for maintaining the reactor vessel 
integrity during a severe accident in a nuclear power plant 1, 


2. This measure is adopted in low-power reactors, such as 
the AP600, the AP1000, and the Loviisa nuclear power 
plant as a design feature for severe accident mitigation3-7, 
and in the high-power reactors of the APR (Advanced 
Power Reactor) 1400 and the APR+ as an accident 
management strategy8, 9. Also, this is adopted in a small 
integral reactor of the SMART10, as a design feature for 
severe accident management. Many studies have been 
performed to evaluate the IVR-ERVC11-13, but the more 
efforts are necessary to verify this severe accident 
management strategy.  


Simulations of two phase natural circulation in the 
reactor cavity of the small integral reactor have been 
performed to investigate the natural circulation mass flow 
rate in the annulus between the outer reactor vessel and the 
insulation by using the RELAP5/MOD3 computer code14. 
The objective of this analysis is to have insight on the 
design requirement of the reactor vessel insulation for the 
IVR-ERVC in the small integral reactor. The detailed 
reactor vessel insulation design of the SMART has not 
been performed yet. For this reason, two cases of natural 


circulation analysis with and without the water circulation 
outlet hole have been performed in this study.  


 
  


II. DESIGN CHARACTERISTICS OF INTEGRAL 
REACTOR 


 
In general, the integral reactor has a large reactor 


vessel in comparison with others, because the main 
components of the steam generators, the pressurizer, and 
the reactor coolant pumps are located inside the reactor 
vessel. So, it is large in size at the lower plenum compared 
with the thermal power.  


Table I shows the comparison of design parameters of 
the small integral reactor with other plants of the OPR 
(Optimized Power reactor) 1000 and the APR1400 in 
Korea. Total mass of the core materials of the integral 
reactor is smaller than that of the OPR1000 and APR1400, 
because the thermal power is small. However, the reactor 
vessel size and thickness of the integral reactor is bigger 
than those of the OPR1000 and APR1400, because main 
components are located inside reactor vessel. The ICI (In-
Core Instrumentation) nozzles are not located in the lower 
hemispherical reactor vessel of the integral reactor. In 
general, if these nozzles were located in the lower plenum 
of the reactor vessel, they affect the IVR-ERVC.   
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Table I 
Comparison of main design parameters of the integral 


reactor with other plants 
 
 


Design Parameters Integral  
Reactor 


OPR 
1000 


APR
1400


Core Thermal Power 
(MW) 


330 2815 3983


Fuel(UO2) Mass  
(ton) 


16.8 85.6 120.0


Mass for Active Core  
Zircaloy-4 (ton) 


4.7 23.9 33.6


Bottom Head Inner  
Diameter  (m) 


5.3 4.2 4.7 


Bottom Head Thickness  
(cm) 


20.0 15.2 16.5


Number of ICI Nozzle 
in the Lower Head 


None 45 61 


 
 
 


Fig. 1 shows the schematic diagram of the IVR-
ERVC concept in the integral reactor. The reactor vessel 
insulation to reduce the heat loss during normal operation 
is installed between the outer reactor vessel and the reactor 
cavity wall.  


 
 


 


 
Fig. 1. Schematic diagram of the IVR-ERVC concept for the 
integral reactor. 


When the melted core material relocates to the lower 
plenum of the reactor vessel, the heated lower spherical 
reactor vessel wall induces a two-phase natural circulation 
flow in the annular gap between the outer reactor vessel 
wall and the insulation material.  In general, an increase in 
the mass flow rate of the coolant leads to an increase in the 
CHF (Critical Heat Flux) at the lower outer reactor vessel 
wall15. This results in an increase of the wall heat removal 
rate caused by the convective coolant circulation flow. 
This circulation mass flow rate is dependent on the 
configuration of the reactor vessel insulation material, such 
as the water inlet area and position, the coolant (water and 
steam) outlet area and position, and the gap geometry 
between the outer reactor vessel and the insulation material.  
For this reason, a detailed study of the coolant flow in the 
reactor cavity during severe accidents is necessary to 
evaluate the IVR-ERVC in the integral reactor of the 
SMART. 


Fig. 2 shows corium pool formation in the lower 
plenum of the reactor vessel. If all core material is melted 
and relocated to the lower plenum of the reactor vessel, a 
corium height is approximately 0.79 m. So, heat load 
region from the melted core material to the outer reactor 
vessel wall is approximately 45 degree from the bottom of 
the reactor vessel. 


 
 


 


 
 
 


Fig. 2. Corium pool formation in the lower plenum of the 
reactor vessel. 


 
 
 


III. RELAP5 INPUT MODEL 
 


The RELAP5/MOD3 computer code was used in this 
simulation. The light water reactor (LWR) transient 
analysis code, RELAP5, was developed at the Idaho 
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National Engineering and Environmental Laboratory 
(INEEL) for the U. S. Nuclear Regulatory Commission 
(NRC). Code uses include analyses required to support 
rulemaking, licensing audit calculations, evaluation of 
accident mitigation strategies, evaluation of operator 
guidelines, and experiment planning analysis. RELAP5 is a 
highly generic code that, in addition to calculating the 
behavior of a reactor coolant system during a transient, can 
be used for simulation of a wide variety of hydraulic and 
thermal transients in both nuclear and non nuclear systems 
involving mixtures of steam, water, noncondensable, and 
solute. 


Fig. 3 shows a RELAP5/MOD3 input model for the 
natural circulation analysis in the reactor cavity of the 
integral reactor. 


 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. RELAP5 input model for the natural circulation analysis in 
the reactor cavity of the integral reactor. 
 
 
 
 


The coolant supplied by the IRWST (In-containment 
Refueling Water Storage Tank, Time Dependent Volume 
number 106) circulates from the cavity water pool 
(Annulus number 100) through a gap between the outer 


reactor vessel and the insulation (Annulus number 30, 40, 
50, 60, 70, 80, 90, and 92). Junction number 16 is water 
inlet. The cross flow junctions of number 63 and number 
93 are the water circulation outlet and the steam outlet, 
respectively. The spherical and cylindrical reactor vessels 
are simulated using heat structures number 100 and 200, 
respectively. The reactor power is simulated as a boundary 
condition of the heat flux in the left side of the spherical 
heat structure number 100. Heat flux supplies from the 
bottom to 45 degree in the spherical reactor vessel, because 
the corium is located at this height in the lower plenum. In 
this analysis, heat flux is 0.14 MW/m2 from the MELCOR 
results. In addition, two more cases of 0.25 MW/m2 and 
0.5 MW/m2 have been performed to have insight on the 
thermal margin for the IVR-ERVC in the integral reactor.  


The generated steam is vented to the containment 
atmosphere (Time Dependent Volume number 104). In all 
simulation, the initial conditions are assumed to be ambient 
pressure and no coolant mass flow rate. The coolant level 
of the reactor cavity maintains constant value by injection 
of IRWST water. Two simulations with and without the 
water circulation outlet hole have been performed. The 
calculation parameters in this simulation are the coolant 
inlet area, the coolant out outlet area with/without the 
water outlet hole, the annulus area between the outer 
reactor vessel and the insulation, and the heat flux from the 
corium to the outer reactor vessel.    


 
 


IV. RELAP5 RESULTS AND DISCUSSION 
 


Table II shows the RELAP5/MOD3 results on the 
water circulation mass flow rate. The base case means that 
the water inlet area, the water outlet area, the steam outlet 
area, heat flux to the spherical reactor vessel are 0.5 m2, 0.5 
m2, 0.5 m2, 0.14 MW/m2, respectively. In all analysis, the 
steam outlet is available. The average natural circulation 
mass flow rate at the water inlet was approximately 55 kg/s 
in the base case with water outlet hole, but it was 0.3 kg/s 
without the water outlet hole.  


An increase in heat flux to the reactor vessel leads 
to increase in water circulation mass flow rate in the case 
with water outlet hole. However, increase in heat flux does 
not lead to increase in water circulation mass flow rate in 
the case without water outlet hole, because this is pool 
boiling condition. An increase in the coolant circulation 
mass flow rate leads to an increase in the CHF on the outer 
reactor vessel. The CHF with the water outlet hole is 
bigger than that without the water outlet hole. So, it is 
necessary to install the water outlet hole at the reactor 
vessel insulation to increase heat removal rate on the outer 
reactor vessel under the IVR-ERVC condition of the 
integral reactor. 
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Table II 


RELAP5 results on coolant mass flow rate at the water 
inlet 


 
 


 
 


 
Fig. 4 shows the RELAP5 results on the water 


circulation mass flow rate with the water outlet hole. In 
this case, the water inlet area, the water outlet area, the 
steam outlet area, heat flux to the spherical reactor vessel 
were 0.5 m2, 0.5 m2, 0.5 m2, 0.14 MW/m2, respectively. An 
oscillatory coolant flow was generated at the water inlet 
and water outlet.  


Fig. 5 shows the RELAP5 results on the pressure 
distribution as a function of the height from the bottom of 
the reactor vessel. In this case, the water inlet area, the 
water outlet area, the steam outlet area, heat flux to the 
spherical reactor vessel were 0.5 m2, 0.5 m2, 0.5 m2, 0.14 
MW/m2, respectively. The pressure difference between the 
top and bottom with the water outlet hole is higher than 
that without the water outlet hole, which results in an 
increase of the coolant circulation mass flow rate. 
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Fig. 4. RELAP5 results on the water circulation mass flow 
rate with water outlet hole 
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Fig. 5. RELAP5 results on the pressure distribution as a 
function of the height. 


 
 
 


Fig. 6 shows the RELAP5 results on the void 
fraction distribution as a function of the height. In this case, 
the water inlet area, the water outlet area, the steam outlet 
area, heat flux to the spherical reactor vessel were 0.5 m2, 
0.5 m2, 0.5 m2, 0.14 MW/m2, respectively. The void 
fraction without the water outlet hole is higher than that 
with the water outlet hole, because of pool boiling 
condition without the water outlet hole. 


 
 
 
 


 Water 
Inlet  
(kg/s)  


Water 
Outlet 
(kg/s)  


Steam 
Outlet 
(kg/s)  


Heat Flux = 0.14 
MW/m2 (Base Case,    
With Water Outlet) 


54.5  54.1  0.6  


Heat Flux = 0.14 
MW/m2 (Base Case,    


Without Water 
Outlet) 


0.4  -  0.5  


Heat Flux = 0.25 
MW/m2              


(With Water Outlet) 


115.9 115.3  0.7  


Heat Flux = 0.25 
MW/m2           


(Without Water 
Outlet) 


0.5  -  0.6  


Heat Flux = 0.5 
MW/m2                      


(With Water Outlet) 


257.7  257.2  0.8  
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Fig. 6. RELAP5 results on the void fraction distribution as 
a function of the height. 


 
 
 


Fig. 7 shows the RELAP5 results on the water 
circulation mass flow rate with change of the water inlet 
area, the water outlet area, and the steam outlet area. In 
general, an increase in the area leads to an increase in the 
water circulation mass flow rate. An increase in the area 
from 0.01 m2 to 0.5 m2 leads to a rapid increase in the 
water circulation mass flow rate.  However, an increase in 
the area from 0.5 to 1.0 m2 leads to a gradual increase in 
the water circulation mass flow rate in the 0.5 MW/m2 heat 
flux condition. For this reason, 0.5 m2 is reasonable area 
for the IVR-ERVC of the integral reactor. 


 
  
 


 


 


 


 


 


 


 


 


Fig. 7. RELAP5 results on the water mass flow rate as function of 
water inlet, water outlet and steam outlet areas. 


 


 
 
Fig. 8 shows the RELAP5 results on the water 


circulation mass flow rate with a change of annulus area 
between the outer reactor vessel and the insulation. The 
annulus area does not have an influence on the water 
circulation mass flow rate. 


 
 
 


 


 


 


 


 


 


 


 


 
Fig. 8. RELAP5 results on the water mass flow rate as function of 
annulus area. 


 
 


V. CONCLUSIONS 
 


Two phase natural circulation in the reactor cavity of 
the small integral reactor have been performed under IVR-
ERVC condition. The RELAP5/MOD3 results have shown 
that the water circulation mass flow rate without the water 
outlet hole was approximately 0.5 kg/s at the water inlet, 
which meant pool boiling condition. However, the water 
circulation mass flow rate with the water outlet hole was 
approximately 55 kg/s, which led to the increase in the 
CHF of the outer reactor vessel. For this reason, it is 
necessary to install the water outlet hole at the reactor 
vessel insulation to increase heat removal rate on the outer 
reactor vessel under the IVR-ERVC condition of the small 
integral reactor. Increase in heat flux from the corium to 
the outer reactor vessel leads to increase in the two phase 
circulation mass flow rate. More detailed analysis and 
verification experiments are necessary to suggest an 
optimal design of the reactor vessel insulation for the IVR-
ERVC of the small integral reactor.  
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Abstract – It has been widely recognized that it is indispensable to use nuclear resources efficiently for long 
-term energy supply and for solving the green house problem and that it is also important to  
develop technologies to reduce environmental load associated with the nuclear energy production 
 for keeping sustainable development of human beings.  
In this regard, the development of the fast reactor (FR) is preferable to utilize plutonium effectively 
 and also to burn minor actinides which keep very long toxicity for more than thousands years if  
they are not extinguished.  


As one of the above FR developing works the phase I of this study started in 2006 where the 
 extension of the control rod life of the Fast Reactor (FR) and the compression of the excess 
 reactivity of the FR core were studied by adopting the hafnium hydride (HfHx) for control rod  
material and by using the gadolinium hydride (GdHx) burnable poison (BP) for the reactivity 
recession, respectively, and the fabrication  technology of hydride pellets and hydrogen trap 
claddings with inner coating were developed in good manner and  hydride disks were irradiated 
in the experimental FR "Joyo" without any defects.  


Following the remarkable results of the phase I study, the phase II study has started in 2009 
to extend  the research for realization of the hydride absorber to FR. In phase II study it is  
already certified that the hydride absorber can be applicable to JSFR  (Japanese Sodium Fast  
Reactor). The input data to perform safety analyses has been gathered. The preparations of  
hydride reactivity measurement and hydride pellet burning experiment have been finished and  
the experiments will be carried out next year. The procedures for mass production of pellets and 
 claddings with inner coating and for the control rod fabrication have been assured and the 
 hafnium hydride capsules are now being irradiated in BOR-60 (Russian fast experimental rector)  
and the post irradiation experiments will be done next year. The compatibility test of hydride pellet 
 with sodium and the inner coating is also being  carried out. 


 
 
 
 
 
 
 
 


I. INTRODUCTION 
 


It has been widely understood that the nuclear 
energy will take an important roll for sustainable 
development and for coping with the green house problem. 
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But it is also recognized that it is indispensable not only to 
use resources efficiently for long-term stable energy supply 
but also to develop technologies to reduce environment 
load with the energy production. In this regard, the 
development of the fast reactor (FR) is preferable to utilize 
plutonium effectively and to burn minor actinides by 
applying the closed fuel cycle.  


For more than 40 years the hydride fuels were safely 
used in many TRIGA reactors.  Succeeding the well 
performance of the hydride fuels, in these days, hydride 
compounds are revaluated for applications to advanced 
fuels1,2,3 in LWRs and to transmutation3, control rod and 
shielding in FBRs4,5,6,7,8,9.  


As one of new programs of Japanese FR development 
works this “Hydride” program started in 2006 where the 
core control technology was improved in two ways. One 
is the extension of the control rod life and the other is the 
reduction of the excess reactivity of the sodium cooled 
oxide fuel FR.  


Following the remarkable results of the phase I 
study5, the phase II study has started in 2009 to extend 
the phase I research for realization of the hydride absorber 
to FR. In the phase II study it has been clarified that the 
hydride absorber can be applicable to JSFR (Japanese  
Sodium Fast Reactor) and the safety analyses have been 
started. The preparations of hydride control rod reactivity 
measurements were finished and the first test data were 
obtained.  


The technologies for mass production of pellets and 
claddings with inner coating and for the control rod 
fabrication have been carried out and the hafnium hydride  
capsules are now being irradiated in BOR-60 (Russian 
experimental fast rector). The compatibility tests of 
hydride pellet with sodium, the inner coating and stainless 
steel have been also carried out. 
 


II. CORE DESIGN AND SAFETY ISSUES 
 
II.A. Application of hydride absorber to FaCT Core  
 


The core design has been carried out to assure the 
applicability of the hydride control rods to the JSFR core. 
Then it is certified that the core is feasible from every view 
points of core design limits such that maximum linear heat 
rate of fuel, flow mul-distribution and etc. The assembly 
power distribution of the core is shown in Fig.1 and the 
configuration of the control rods assembly is shown in 
Fig.2. The temperature distribution of the hydride control 
rod is shown in Fig.3 


Aggressive FR core was studied by adopting  
gadolinium hydride (GdHx) burnable poison (BP) for the 
reactivity recession, and the excess reactivity of the 
beginning of the core cycle can be reduced to half and the 
number of the control rods is also reduced to half10. In 
phase II study the gadolinium deuterium burnable poison is 


selected to flatten heating distribution and to increase 
breeding characteristic. Then it was certified that the power 
peaking is lowered and the number of the control rods is 
decreased from 55 to 37. 
 


Table 1 Specifications of the core 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
  
 


 
 
 


 
 
 
 
 
 
 
 
 
 


Fig.1 Power distributions of 
FaCT 


Table 2 Specifications of HfHx control rods 


Item Unit Value 


Plant Power  Thermal/Electric  MWt/MWe 3530/1500


Core Inlet/Outlet Temperature ℃ 395/530 


Fuel - (Pu,U)O2 


Operational Cycle Length EFPD 800 


Fuel Pin Number / Fuel Assembly - 255 


Fuel Pin Outer Diameter mm 10.4 


 Core Height mm 1000 


Axial Blanket Length Upper/Lower mm 200/200 


Item Unit Value 
Pin number / Assembly - 55 
Pin Diameter mm 20.6 
Thickness of Cladding mm 0.7 
Max. Temperature of Cladding °C 600 
Diameter Of Guide Tube mm 201.6 
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II.B. Safety Issues 


 
. From the safety point of view, the hydride neutron 


absorber should have stable characteristics both during the 
steady-state operation and during design-basis events 
(DBEs). It is also required to show that the response of the 
absorber during beyond design-basis events (BDBEs) does 
not deteriorate the global safety characteristic of the 
system. The main concern of the hydride neutron absorber 
is whether pellets stability during transients with elevated 
temperatures can be kept or not.  Since a variety of 
transient events are to be considered, it is necessary to 
consider its dependency on the transient time duration. 
Considering these points, in phase I study, several typical 
transients covering both DBEs and BDBEs were selected 
to verify the safety features of the 1500MWe fast reactor 


containing the hydride neutron absorber.  Fig. 4 shows 
evaluated temperatures and timescales for these transients.   
As the selected DBEs, primary pump stick, control-rod 
withdrawal and primary coolant-flow reduction were 
included.  As shown in Fig.5 the absorber-element 
temperature at the control-rod withdrawal event below 800 
°C.  As the BDBEs events, unprotected loss of flow 
(ULOF) and unprotected transient overpower (UTOP) 
were selected and their analyses are now carried out.  
Although high temperature above 1000°C is expected for 
these highly low-probability events, the timescale is 
shorter than 1 minute.  Through these evaluations, 
important area to clarify stability of the absorber against 
the DBEs and to estimate possible impact in the BDBEs 
was identified and sample heating tests are planned in this 
area.  It is noted that good stability was confirmed with a 
sample-heating experiment conducted at 700°C for 500 
hours, and it demonstrated high stability potential during 
the steady-state operation. 
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Fig.3 Temperature distribution in the hydride 
control rod 


Fig.4 Temperature and transient timescale 
map (result of phase I study10) 


Fig.5 Control rod response to the control -
rod withdrawal event  
(Trip time: 0.45 seconds) 
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II.C. Reactivity Experiment 
 
The first experiment has been carried out by using the 


FCA facility at JAEA to measure the reactivity of 
simulated FR core with hydride control rods. The 
configuration of the hydride control assembly was 
simulated by arranging boxes each of which contains Hf, 
polyethylene, sodium or stainless steel. Fig.6 shows the 
cross cut of the FCA and Fig.7 shows the comparison of 
the reactivity worth between calculation and experiment  


 
 


 
 


 
 
 


 
 
 
 
 
 
 
 
 
 
 


 
 


III. DEVELOPMENT OF CONTROL ROD 
ELEMENTS 


 
III.A. Fabrication of Control Rod Pellet and 


Measurement of Physical Properties 
 


Hydride pellet mass fabrication and large pellet 
fabrication technologies have been developed. The 
hydrogen absorption equipment was used for mass 
production of 50 pellets by one batch. After the 
confirmation of 50 pellet fabrication in one batch the 


hydride pellets for the irradiation test and for the 
compatibility test were fabricated. Fig. 8 (a) and Fig. 8 (b) 
show the hydrogen to metal ratio for the irradiation test 
and for the compatibility test, respectively. During the 
mass fabrication the crack occurrence probability was 
affected by the raw material with the oxide impurities and 
the variance of grain size. The cause will be studied 
hereafter 


 Fabrication trials for the large size pellets of 20mm 
diameter have been performed to reduce fabrication cost, 
and have succeeded 2.5 mm and 5 mm height pellets so far. 


 


 
       (a) Pellets for irradiation test 
  


 
        H/Hf 
       (b) Pellets for compatibility test 
 
Fig.8 Hydrogen to Hf ratio of mass fabricated pellets 
 
The basic physical properties of hafnium hydride and 


hafnium hydride with a small amount of zirconium have 
been measured. 


By the XRD measurement the property of the hafnium 
hydride is certified as Table 3. The XRD pattern of Hf 
hydride is shown in Fig. 9.  We also fabricated hafnium 
hydride containing zirconium with variance of zirconium 
content and measured physical properties.  The XRD 
pattern is shown in fig. 10 and the SEM and EDX images 
are presented in Fig. 11. It can be seen from Fig.11 that the 
Hf and Zr exist as single d phase. 


Fig.12 and Fig. 13 show the lattice parameter and 
thermal conductivity of hafnium hydride with a small 
amount of zirconium. 


 
Table 3 Property of hafnium hydride analyzed by XRD 
Hydrogen 
to metal 


ratio 


Phase state Cristal 
structure 


Lattice 
parameter


(nm) 


Relative 
density 
(% TD.) 


Fig.6 Cross cut of the FCA core for the first 
experiment 


 


Fig.7 Comparison of the reactivity worth 
between calculation and experiment  


Whole core Half core Core center region 


MOX fuel 


Driver fuel 


Control rod or safety rod 


Blanket 
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1.65 dHfH fcc 0.4697 94.8 


 
 


Fig. 9 XRD pattern of hafnium hydride 
 
 


 


  
Fig.19 XRD pattern of hafnium hydride with a small 


amount of zirconium 
 
 
 


 
 
Fig.11 SEM and EDX images of hafnium hydride with 


a small amount of zirconium 
 
 
 


 
Fig.12 Lattice parameter of hafnium hydride with a 


small amount of zirconium 
 
 


 
 
Fig.13 Thermal conductivity of hafnium hydride with 


a small amount of zirconuim 
 
 


III.B. Hydride pellet burning test 
 
To certify burning behavior of hydride pellets in case 


of a fire accident, hydrogen release and burning test 
equipment have been constructed.  


Fig.14 shows the hydrogen release test equipment and 
Fig 15 shows the preliminary burning test result. 


 
 


 
 


Fig. 14 Hydrogen release test equipment 
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III.C. Mass coating on cladding inner surface 
 
As the cladding material stainless steel (ss) transfers 


hydrogen in high temperature the coating technology has 
been developed in phase I study where the techniques of 
oxidation and the calorizing treatments at inner surfaces of 
claddings have been studied and the hydrogen transfer 
reduction to 1/10 from the raw ss and its stability under 
thermal or mechanical loads. In phase II study the mass 
coating and inspection technology for long length cladding 
(1000mm) and the welding technology to restrain 
hydrogen transfer at the end plug.  Fig.16 shows the heat 
transfer coefficient of the long length cladding (1000mm). 
By adopting the mechanical polishing for the calorized 
surface the hydrogen transfer is drastically suppressed. To 
improve the hydrogen trapping the calorizing layer was 
thickened as shown in Fig.17 and after calorizing to both 
cladding and end plug, they were welded with relatively 
long insertion length. The hydrogen transfer coefficient at 
the end plug is shown in Fig.18. By adopting the new 
welding technique the hydrogen transfer can be restrained.  


 


 
 
 
 


 


 
     Phase I study          Phase II study 
 
 
 


 
 
 
 
III.D Sodium filling test between pellet and cladding 


 
Sodium filling between hydride pellet and cladding 


lowers temperature of pellet, then increase safety feature of 
hydride control rod. The gap between pellet and cladding 
was set to be 0.25mm based on the large diameter 
(20.6mm) control rod design. Sodium filling equipment 
has been designed and fabricated. 


Fig.15 Preliminary test result of hydride pellet 


Fig.16 Hydrogen transfer coefficient through 
cladding with inner coating 


Fig.17 Comparison of the calorizing layers 


Fig.18 Hydrogen transfer coefficient through 
end plug 


Phase I target: 1/10 of SUS316


Phase II target: 1/100 of SUS316


SUS316


Calorizing and Oxidation (800℃,2hrs) 
Calorizing and Oxidation (1000℃,2hrs) 
 
Calorizing , mechanical polish and Oxidation (800℃,2hrs) 
Calorizing , mechanical polish and Oxidation (600℃,20hrs) 
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IV Irradiation and compatibility test 
 


IV.A BOR-60 Irradiation Test 
 
The irradiation test in the Russian experimental FR 


"BOR-60" has started in the middle of 2010 in order to 
clarify in-core behavior of hydride control rods. The initial 
irradiation point is D-23 of BOR-60 core as shown in 
Fig.19. 


Twelve irradiation capsules (Table 4) containing 
hafnium hydride pellets were manufactured and the 
inspection for the capsules was performed in 2009.  The 
capsules were transported to RIAR in the middle of 2010. 
RIAR assembled the capsules into segments (Fig.20 Lower 
side) and the segments were assembled in the irradiation 
rig (Fig.20 Upper side） . Fig.21 shows the hydride 
capsules and segment components before assembling into 
the irradiation rig. The irradiation will be continued until 
May of 2011. The neutron dose will reach to 25 dpa. The 
post-irradiation examination (PIE) will be started from the 
middle of 2011.  


 
Table4 Fabricated Capsules for irradiation 


Filling 
material in 
capsule 


Capsule 
temperature 
during 
irradiation (℃) 


H/Hf Capsule 
number 


He 600 1.3 3 


600 1.5 3 


500 1.3 2 


Na 600 1.3 １ 
600 1.5 １ 
500 1.3 2 


 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 


 
Fig.19Core configuration of BOR-60 


 


 
          
 


 
 
Fig.20 Irradiation rig and segment 


     


 
 


Fig.21 Hydride capsules and segment components 
 


 
IV.B Compatibility Tests  


 
The hydride pellets compatibilities with cladding inner 


surface coating, sodium and stainless steel have been 
examined by out-pile tests. 


The hafnium hydride disk was stuck fast to cladding 
inner surface coating with contact pressure 0.2 atm.  
The Fig.22 shows the EPMA analyses results. Only small 
amount of Hf was detected at the surface, but no Hf was 
detected in the layer, and only small amount of Fe, Cr and 
other elements were detected but no elements from 
cladding were detected in the hydride pellets which mean 
that the hafnium hydride is compatible with the coating. 
The hafnium hydride disk was also stuck fast to SUS430 
cladding and the EPMA analyses showed the sama results 
with the inner coating.  The compatibility of hafnium 
hydride pellets with SUS430 cladding is also confirmed. 


The pin shape compatibility tests showed that the 
hafnium hydride pellets and the cladding inner coating are 
compatible with sodium. As shown in Fig.23 no sodium 
was detected in the layer which means that the coating 
layer is compatible with the sodium. It is also assured that 
the hydride pellets is also compatible with the sodium.  


 


Hafnium hydride capsule 


Irradiation rig 


Irradiation segment 


Capsules 


Segment outer tubeSegment inner tube


Irradiation rig
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Fig.22 EPMA analyses of compatibility test result 


between hydride disk and stainless steel with 
coating (contact pressure :0.2 atm) 


 
 
 


  
 
 
 
Fig.23 EPMA analyses of compatibility between 


hydride pellet and cladding inner coating with 
sodium bonding. 


 
 


V. CONCLUSIONS 
 


The starting and the results obtained up to now of our 
second stage (phase II) studies are reported.  The core 
design study to apply the hydride control rods to Japanese 
Sodium Fast Reactor (JSFR) assured its feasibility and the 
aggressive study to apply gadolinium deuterium burnable 
poison to a large FR core showed that it is capable to 
elongation of core cycle and reduction of control rods. 
Safety features are studied and safety analyses have shown 
that the core can keep safety under transient events. The 
reactivity test were designed and the first stage test and 
analyses showed that the C/E ratio (calculation to 
experiment) is scattered in an allowable range.  


Control component development works in many fields 
were carried out.  The mass fabrication trials of hydride 
pellets and cladding inner coatings have been continued 
successfully and the hydride pellets were used for BOR-60 
irradiation and for compatibility tests. It was assured that 
the hydrogen transfer is restrained by the cladding inner 
coating.  The hydride pellet burning tests are carried out, 
initial result of which showed that the fire is mitigated in a 
short time. The physical properties of hydride pellets 
including zirconium hafnium hydride were measured and 
analyzed by XRD, SEM and EDX. The lattice parameter 
and thermal conductivity of the zirconium hafnium hydride 
were obtained with varying zirconium content. 


.The hydride capsules were installed to irradiation rig 
and the irradiation test is now continued in the Russian 
experimental FR successfully. The compatibility tests of 
hydride pellets with inner coating , sodium and stainless 
steel also showed no defects and assured its compatibility 
with other materials.  
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ABSTRACT 


A battery Type Differential Pressure (DP) Indicator has been developed by Mitsubishi Heavy Industries (MHI). The DP 
Indicator displays a flow rates at fields by measuring the differential pressures on the both sides of Orifice Plate, which are 
applied for Nuclear Island (NI) such as Component Cooling Water System in Nuclear Power Plants（NPP）. 


The conventional DP indicators are mainly used Mechanical Driven type in NPP. They have merits to work without power 
supply compared with DP transmitter. Recently their supplier in Japan has scheduled to stop production of mechanical driven 
DP Indicators within a few years however there is no succession model and suppliers in Japan. Therefore we have started to 
develop a battery type DP indicator. 


Our new DP indicator features are no power cable, withstanding to environmental condition of NPP, high accuracy and long -
term stability. 
Qualification tests result demonstrate that our new DP indicator is satisfied with NI requirements of Accuracy (repeatability and 
linearity), Pressure Proof Irradiation and temperature characteristic at normal condition. 
DP indicator is expected to be widely used in future NPP. 


 
 


I. INTRODUCTION 
 


The DP Indicator displays a flow rates at fields by 
measuring the differential pressures on the both sides of 
Orifice Plate, which are applied for NI such as Component 
Cooling Water System in NPP. Conventional mechanical 
type has some deviation of flow rate indication from true 
value because of its mechanical contact resistance.  
 
 


 
 
Our new DP indicator has solved these problems by micro-
processor instead of mechanical devices. Furthermore 
equipped Battery can drive the micro-processor without 
external power. 
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II. DEVELOPMENT TARGET 


 
Development target for new DP transmitter is as followings. 


- It can be applied under the condition of nuclear 
power plants. General requirements for DP 
Indicators of PWR are shown in table-1. 


- No power cable and long run. 
- It has excellent long-term stability to apply digital 


circuitry. 


 
 


Table-1 General requirements for DP indicators of PWR 
 


Accuracy ± 1.5% 


Environmental effects ± 0.5% 


Pressure-proof 17.16MPa 


Radiation Tolerance 
Total dose 


(Normal condition) 


10Gy(at Auxiliary Building) 


100Gy(in Containment Vessel) 


 
 


III. CONFIGURATION 
 


Our new DP indicator consists of a capsule (sensor unit), 
amp circuit, display, and battery box as shown in Figure-1. 
The detection principle of this DP indicator is using a semi 
conductor strain gauge. Strain gauges are attached on a 
diaphragm in the capsule. The strain gauges convert 
displacement of diaphragm, which varies in proportion to 
differential pressure between high and low tap of a orifice 
plate, to electrical signal. The DP indicator displays the 
measurement value as flow rate on the LCD (Liquid Crystal 
Display). And the power of the DP indicator is supplied from 
batteries (1.5V 2pc[type D Alkaline(U.S), type LR20(IEC)]) 
mounted on the bottom of the unit. 
 


 
 Figure-1   Figure of new DP indicator 


IV. TEST RESULTS AND DISCUSSION 
 


The Seismic tests for the DP indicator were performed to 
evaluate for Japanese NPP. General requirements of 
PWRs in Japan are accuracy (repeatability and linearity) of 
within +/-1.5%, temperature range of 10-50 degrees 
centigrade, pressure-proof of maximum 17.16MPa, and 
irradiation of 100Gy at normal condition. 


 
1) Accuracy 
Input/output performance of the DP indicator is shown in 
Figure-5. From this result, accuracy of repeatability and  
linearity is within 0.20% that satisfies the requirements of 
within +/-1.5%. 


 
   Figure-2 Accuracy 
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2) Temperature test 
Temperature sensor (resistance) in the capsule and a 
compensation circuit in the amp compensate temperature 
effects of the DP indicator. 
Temperature performance of the DP indicator after 
compensation is shown in Figure-3. The tests were carried 
out at the range 0 - 60 degrees centigrade in Thermostatic 
oven. The test results show that temperature effect at the 
range of 10-50 degrees centigrade is within +/- 0.5%.  
 


 


 
Figure-3 Temperature Characteristic 


 
 
3) Pressure test 
Pressure test is conducted at 30MPa. No leaks and no 
damage are observed after the test. 
 
4) Radiation test 
The DP indicator was installed in the hot cell and irradiated 
by cobalt 60. The result is shown in Figure-4. The DP 
indicator has a stable performance within 130Gy (total 
dose).  
 


 


 
Figure-4 Irradiation Characteristic 


 
5) Battery life test 
 We tested to ensure that batteries (1.5V 2pc) of the DP 
indicator work for two years or more. We selected 
commercially available alkaline batteries. 
The DP indicator displays the reading when operators need 
to read the flow rate, and automatically turn off. We aimed 
that DP indicator work 2190 times (3 times/1 day by 365 
day by 2 years) until batteries’  voltage dropped to 
1.2V(working limit voltage). The result is shown in Figure-5. 
The DP indicator can work 6300 times. 


 


 
Figure-5 Battery life test 
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Ⅴ .CONCLUSION 
 


A Battery-Type new DP indicator developed by MHI shows 
at above tests that its performance is enough to be installed 
in NPP. It has accuracy within +/-1.5% at repeatability and  
linearity, within +/-0.5% at temperature effect, 17.16MPa 
pressure resistance, radiation tolerance of 130Gy, and 
works for almost two years or more without battery 
exchange. 
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Abstract – This paper presents a study of TRISO lattice homogenization to DB-MHR system. Two 
geometries were simulated. The first model simulates the heterogeneity of TRISO layers and 
lattice. In the second model, a cylinder with fuel and five graphite layers configure the total 
volume of TRISO in each fuel pin. The goal is to verify if the homogenization of the TRISOs lattice 
reduces the runtime without produces significant changes in the neutronic parameters. The results 
showed good agreement between the neutronic parameters for both models where the runtime to 
simplified model is reduced by 2.7 times. Therefore, for a qualitative evaluation, the 
homogenization of TRISO particles can be applied. In the simulation, the MCNPX2.6.0 code was 
used. 


 
 


I. INTRODUCTION 
 


The gas-cooled and graphite-moderated reactors may be 
the next generation of nuclear systems because of its 
capability to operate with several different types of fuel 
(Light Water Reactors (LWR) wastes, military plutonium or 
thorium). The Deep Burn Modular Helium Reactor (DB-
MHR) proposed by the General Atomics Company utilizes 
reprocessed spent nuclear fuel from LWR where the 
recovered isotopes (Pu, Np, Am and Cm) are used to 
fabricate two fuel types: Driver Fuel (DF) and 
Transmutation Fuel (TF). DF supplies the maintenance of 
the fission chain reaction whereas TF is responsible for 
neutron capture inducing burn transmutation and providing 
reactivity control through a negative feedback1-4. These fuels 
are manufactured into ceramic-coated particles [tristructural-
isotropic (TRISO)], which are used to achieve both a high 
burnup and a high degree of passive safety.  


Many studies have simulated the TRISO particles with 
its square lattice and its coating layers2-10. Such detailed 
geometry increases the runtime simulations. However, for a 
qualitative evaluation, some alterations in the geometry 


could be made without produce significant changes in the 
reactor parameters.  


In the present work, a DB-MHR core was simulated 
using two TRISO models considering the real dimensions 
of this reactor. The first model simulates the heterogeneity 
of TRISO layers and lattice. The second model 
homogenizes the TRISO layers and lattice. The goal is to 
verify if the homogenization of the TRISOs lattice reduces 
the runtime without to produce significant changes in the 
neutronic parameters. The Monte Carlo N-Particle 
transport extended code version 2.6.0 (MCNPX 2.6.0) was 
applied in the simulations where the effective 
multiplication factor (keff), fast to total neutron flux ratio 
(F/T) and fuel isotopic composition were evaluated. 


The second topic of this paper presents the general 
characteristics of the used codes, describes the main 
features of DB-MHR core, and explains the simulated 
geometry and the initial fuel composition. The results topic 
compares the neutronic parameters behavior and final fuel 
composition between two models evaluated. Finally, the 
last topic presents the conclusions about this study. 
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II. METHODOLOGY 
 


II.A. General Description of MCNPX 
 


MCNPX 2.6.0 is a general-purpose Monte Carlo 
radiation transport code for modeling of the interaction of 
radiation with everything 11. MCNPX 2.6.0 stands for Monte 
Carlo N-Particle eXtended. It extends the capabilities of 
MCNP4C3 to nearly all particles, nearly all energies, and to 
nearly all applications without an additional computational 
time penalty. MCNPX 2.6.0 is three-dimensional and time 
dependent. It utilizes the latest nuclear cross section libraries 
and uses physics models for particle types and energies 
where tabular data are not available. MCNPX 2.6.0 
depletion is a linked process involving steady-state flux 
calculations in MCNPX and nuclide depletion calculations 
in CINDER90. MCNPX runs a steady-state calculation to 
determine the system eigenvalue, 63-group fluxes, energy-
integrated reaction rates, fission multiplicity (ν), and 
recoverable energy per fission (Q values). CINDER90 then 
takes those MCNPX-generated values and performs the 
depletion calculation to generate new values of density for 
the next time step. MCNPX takes these new number 
densities and generates another set of fluxes and reaction 
rates. The process repeats itself until after the final time step 
specified by the user. 
 


II.B. Description of the Simulated Reactor 
 


The main characteristic of DB-MHR is the possibility of 
using reprocessed fuels and a special refueled based on 
shuffling scheme, which displaces the fuel pins after each 
cycle of 330 days. The core is filled with Driver Fuel (DF) 
and Transmutation Fuel (TF). These fuels are manufactured 
from reprocessing of spent fuel by uranium and fission 
product extraction (UREX method) 1, 12. The DF is (Pu-Np)-
O2 recovered from LWR spent fuel and TF is a mixed of 
Am-Cm recovered from LWR spent fuel and Pu-MAs 
recovered from spent DF. The Fig. 1 shows the scheme to 
obtain the DF and TF fuels1, 2, 4. 


The DB-MHR geometry is similar to a typical MHR 
design.  The core has a cylindrical geometry with 4 m radius 
and 10 m high, filled by 13 x 13 matrixes of hexagons 
blocks containing fuel and graphite. The active core consists 
of three concentric rings with 36 hexagons where each fuel 
block has 20.8 cm side and 7.93m height. These fuel blocks 
are filled with 108 coolant channels and 216 fuel channels 
with radius of 0.797cm and 0.635 cm respectively. The fuel 
channels contain fuel pins with radius of 0.662 cm where 
each fuel block has 144 DF pins and 72 TF pins. Reflectors 
with 1.035 m high cover the top and bottom of the core. The 
DB-MHR fuel form is TRISO (Tristructural-isotropic). 
TRISOs are particles formed by 5 layers being: fuel (or 
kernel), porous carbon, silicon carbide and pyrocarbon, 


particles with Driver Fuel (diameter of 410µm) and 
particles with Transmutation Fuel (diameter of 360µm)2-10.  


 
 


 
 


Fig. 1.  Scheme to obtain DF and TF. 
 


The TRISO particles are compacted with powder 
graphite for to manufacture the fuel pins. Fig. 2 illustrates 
the design of core, fuel blocks and TRISO particles. In 
addition, Table I presents the main core design parameters 
of the simulated reactor and Table II presents information 
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about the dimensions and the material order to TRISO 
particle. 


 
 


 


Fig. 2. Core reactor model. 
 
 


TABLE I 


Major Design Parameters of the Simulated Reactor 


Parameter Value 
Thermal power (MWt) 600 
Coolant inlet/outlet temperature (ºC) 490/850 
Power density (W/cm3) 6.21 
Number of fuel columns 108 
Active core height (cm) 793 
Total core height (cm) 1000 
Core radius (cm) 400 
Graphite block density (g/cm3) 1.74 
Fuel block side (cm) 20.78 
Number of coolant channels in each fuel block 108 
Number of fuel channels in each fuel block 216 
Number of DF pins in each fuel block 144 
Number of TF pins in each fuel block 72 
Fuel pin radius (cm) 0.622 
Fuel pin height (cm) 793 
Fuel pitch distance (cm) 1.88 
Fuel channel radius (cm) 0.635 
Coolant channel radius (cm) 0.797 
Fuel pin radius (cm) 0.0522 
TRISO external radius DF (µm) 410 
TRISO external radius TF (µm) 360 
TRISO Packing fraction DF (%)  32 
TRISO Packing fraction TF (%) 14 
TRISO square lattice DF (cm) 0.1588276 
TRISO square lattice TF (cm) 0.1058850 
 


TABLE II 


TRISO particle structure of the simulations 


Material DF – TF External 
Radius (μm) Density 


kernel radius 150 – 100 10.2 – 10.5 
porous carbon 300 – 250 1.00 


Pyrocarbon 335 – 285 1.85 
silicon carbide 370 – 320 3.20 


Pyrocarbon 410 – 360 1.85 
 
 


II.C. Simulated Models Geometry 
 


With the aim of evaluating differences between 
neutronic parameters due the homogenization of TRISO 
lattice geometry, two models were configured:  


1)  Heterogeneous (HT) and  
2)  Lumped Homogenization (LH). 


The first model (HT) considers the heterogeneity of 
TRISOs lattice while the second model (LH) homogenizes 
the particles distribution geometry. The HT model 
distributes the TRISOs particle by a square lattice where 
the fuel kernel and the four graphite layers were simulated. 
In the LH model, inside each fuel pin, the total volume of 
fuel (TRISOs kernel) was modeled by one fuel cylinder 
coated with four graphite layers. The simulated models 
present different geometries but they have the same 
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material order and compositions that were previously 
presented in Table II. Therefore, the LH model presents new 
heterogeneity geometry with less TRISOs granularity where 
the different isotopic composition, density and volume were 
considered. 


Both models applied the same methodology to depletion 
calculation where the total TRISOs fuel volume of MHR 
was listed in code input. There are no different regions or 
groups in the burnup process, only the total volume of 
TRISOs particles was considered. Therefore, HT model 
considers the TRISOs granularity geometry in the steady-
state flux calculations in MCNPX but no simulate it in the 
depletion process in CINDER90. 


Fig. 3 shows the two fuel pin configurations for the 
simulated cases. 


   
 


 
 


Fig. 3. Fuel pin design to HT and LH model. 
    


For the simulated models, the actual dimensions of DB-
MHR were considered for the configured cores. The number 


and dimensions of fuel blocks, fuel pins, coolant channels 
and TRISOs particles are in agreement with the DB-MHR 
feature. In both models, a cylinder that was filled with 
hexagonal blocks containing graphite or fuel configures the 
core. In the axial view, the core has 7.93 m of fuel block 
and 1.035 m of superior and inferior graphite reflector. In 
the radial view, the core has three zones: central reflector, 
active core and outer reflector.  


The active core consists of three concentric rings that 
contain 108 fuel blocks. Each ring has 36 fuel blocks and, 
therefore, the fuel volume is the same in the three rings. 
Inside each fuel block, a hexagonal lattice has 108 coolant 
channels and 216 fuel channels being 144 to DF and 72 to 
TF. Thus, each cell of this lattice contains graphite and a 
channel with fuel or coolant (helium). Fig. 4 illustrates the 
fuel block geometry used to perform the simulations with 
the hexagonal lattice and the positions of DF, TF and 
coolant channels. 
 
 


 
 


Fig. 4. Design of simulated fuel block. 
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II.D. Fuel Composition of Simulated Models 
 


The isotopic composition and density to fuel and 
coating layers is the same to both models as it is shown in 
the Table II.  The fuel composition was based in previous 
works, which evaluated the variations in the isotopic fuel 
concentration and neutronic parameters during DB-MHR 
fuel cycle13, 14. In such studies, a special recharge scheme 
and fuel pins permutations were applied after each burnup: 
fresh fuels (DF and TF) were inserted in inner ring of active 
core. After each burnup, spent fuels were displaced to 
central and outer rings.  


In these previous works, it was verified that the 
variations in the fuel composition and the value of neutronic 
parameters present a tendency towards stabilization after the 
12th cycle. Therefore, the present work uses the fuel 
composition of 12th cycle at beginning of cycle (BOC) as the 
input to initial fuel composition in the simulations. The fuel 
was irradiated during one cycle (330 days) of full power. 
Table III shows the DF-TF initial fuel composition to inner 
ring considered in this work. 
 


TABLE III 


Initial DF and TF composition in weight percentage to inner ring. 


Isotope DF TF 
237Np 4.587 5.122 
238Pu 1.323 3.974 
239Pu 50.283 2.119 
240Pu 20.290 18.456 
241Pu 7.322 13.952 
242Pu 4.411 17.573 


241Am – 18.544 
243Am – 6.800 
244Cm – 1.501 


16O 11.784 11.784 
 
 


III. RESULTS 
 


Table IV presents the effective multiplication factor 
values (keff) with its respective standard deviation (SD) to LH 
and HT simulated models. Also this table shows the keff 
difference (Diff) between the LH and HT models which was 
calculated as: 


 
Diff = keff (HT) – keff (LH).   (1) 
 
In addition, Fig. 5 illustrates the keff behavior during the 
burnup to both simulated models. The white line represents 
the LH model and the black line represents the HT model. 
Observing Table IV and Fig. 5 it is possible to conclude that 
keff assumes values larger in the HT than in the LH model. 
This behavior is due to the heterogeneity of the particles 
distribution in the HT model that contributes to increase the 
probability of resonance escape. The keff differences between 


the simulated models decrease during the first 30 days but 
increase during the 300 remaining days. The biggest keff 
difference is at end of cycle (EOC) where during the 
burnup the keff difference is smaller than 1.48 %. 


Table V presents the fast to total neutron flux ratio 
(F/T) to driver (DF) and transmutation fuel (TF). Such 
table shows the difference between LH and HT models 
which was calculated as: 
 
Diff = F/T (LH) – F/T (HT).   (2) 
 


TABLE IV 


Effective multiplication factor values (keff) and its 
respective standard deviation (SD) 


Day 
LH HT 


Diff 
keff SD keff SD 


0 1.14225 0.00253 1.15185 0.00242 0.00960 
30 1.12981 0.00204 1.13307 0.00223 0.00326 
60 1.12083 0.00219 1.12498 0.00227 0.00415 
90 1.11183 0.00220 1.12132 0.00203 0.00949 


120 1.10657 0.00225 1.11273 0.00206 0.00616 
150 1.10093 0.00228 1.10915 0.00217 0.00822 
180 1.09231 0.00208 1.10177 0.00216 0.00946 
210 1.08821 0.00210 1.09532 0.00198 0.00711 
240 1.08326 0.00201 1.09203 0.00224 0.00877 
270 1.07573 0.00221 1.08873 0.00205 0.01300 
300 1.06682 0.00220 1.08504 0.00206 0.01822 
330 1.06328 0.00204 1.07928 0.00232 0.01600 


 
 


 
 


Fig. 5. Effective multiplication factor during the burnup 
 
 
Fig. 6 illustrates the F/T behavior during the cycle to both 
simulated models. The white lines represent the LH model 
and the black lines represent the HT model. The continuous 
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lines correspond to DF and the dashed lines correspond to 
TF. Observing Table V and Fig. 6 it is possible to see that 
the HT model presents F/T smaller than LH model. In 
other words, the HT model has higher thermal flux than LH 
model. In the HT model, the graphite is distributed between 
the TRISO particles that cause more moderation rate than in 
the LH model. Consequently, keff in the HT model presents 
values bigger than in the LH model (see Fig. 5). The F/T 
differences between the simulated models also decrease 
during the first 30 days but increase during the 300 
remaining days. Both fuels (DF and TF) have the biggest 
difference at 300th day where during the cycle the F/T 
difference is smaller than 6.78 %. In spite of these 
differences, HT and LH models have the same behavior. For 
both models, there is softening of neutron spectrum during 
the cycle where TF has ratio F/T slightly smaller than DF. 
 


TABLE V 


Fast to total flux ratio to driver and transmutation fuel 


Day 
DF TF 


HT LH Diff HT LH Diff 
0 0.7541 0.7953 0.0412 0.7528 0.7931 0.0403 


30 0.7548 0.7946 0.0398 0.7532 0.7921 0.0389 
60 0.7534 0.7934 0.0401 0.7516 0.7922 0.0405 
90 0.7497 0.7930 0.0433 0.7475 0.7908 0.0433 


120 0.7478 0.7911 0.0433 0.7454 0.7894 0.0440 
150 0.7445 0.7891 0.0447 0.7432 0.7876 0.0444 
180 0.7439 0.7889 0.0450 0.7423 0.7867 0.0444 
210 0.7412 0.7871 0.0459 0.7392 0.7856 0.0464 
240 0.7367 0.7839 0.0472 0.7356 0.7822 0.0467 
270 0.7340 0.7835 0.0495 0.7328 0.7812 0.0484 
300 0.7298 0.7818 0.0520 0.7277 0.7805 0.0529 
330 0.7287 0.7800 0.0514 0.7266 0.7784 0.0518 


 


 
 


Fig. 6. Fast to total flux ratio during the burnup 


 
With intent to compare the isotopic fuel depletion 


between the two simulated models, Table VI and VII 
present the mass (in kg) of the main isotopes to DF and TF, 
respectively, both tables at BOC and EOC. Of course, the 
isotopic fuel composition at BOC is the same to LH and 
HT because the initial material and density is the same to 
both simulated models. Moreover, Table VI and VII show 
also the mass variations (m) between BOC and EOC 
calculated as: 


 
m = m (BOC) – m (EOC).   (3) 


   
TABLE VI 


DF mass (kg) for LH and HT models 


Isotope 
BOC EOC m 


LH HT LH HT LH HT 
237Np 46.720 40.930 42.420 5.790 4.300 
238Pu 20.790 24.152 22.853 3.362 2.063 
239Pu 415.150 281.320 279.900 133.83 135.25 
240Pu 253.560 253.700 249.590 0.140 3.970 
241Pu 93.490 93.740 98.820 0.250 5.330 
242Pu 60.850 67.260 67.480 6.410 6.630 


241Am 3.630 6.101 6.394 2.471 2.764 
242Am 0.023 0.039 0.033 0.016 0.010 
243Am 3.785 6.477 6.802 2.692 3.017 
242Cm 0.360 0.786 0.723 0.426 0.363 
243Cm 0.005 0.011 0.008 0.006 0.003 
244Cm 0.993 2.114 1.747 1.121 0.753 
245Cm 0.040 0.094 0.061 0.054 0.021 


 
TABLE VII 


TF mass (kg) for LH and HT models 


Isotope 
BOC EOC m 


LH HT LH HT LH HT 
237Np 13.182 11.503 11.884 1.679 1.298 
238Pu 48.199 63.470 62.880 15.271 14.681 
239Pu 76.580 53.450 53.820 23.130 22.760 
240Pu 130.470 117.620 111.050 12.850 19.420 
241Pu 50.870 47.460 53.070 3.410 2.200 
242Pu 50.610 56.180 55.730 5.570 5.120 


241Am 39.202 28.536 29.378 10.666 9.824 
242Am 0.222 0.193 0.168 0.029 0.054 
243Am 13.111 12.638 13.992 0.473 0.881 
242Cm 23.916 10.782 10.611 13.134 13.305 
243Cm 0.456 0.539 0.493 0.083 0.037 
244Cm 6.634 9.093 8.569 2.459 1.935 
245Cm 0.404 0.552 0.447 0.148 0.043 
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Verifying the Tables VI and VII it is possible to note 
that the DF mass variation (m) between the LH and HT 
models presents similar behavior in both cases of TF and 
DF. The nuclide that presents a decrease in LH (e.g. 237Np) 
also presents a decrease in HT. In the same way, the nuclide 
that presents an increase in LH (e.g. 238Pu) also presents an 
increase in HT. Nevertheless the nuclide 240Pu (in DF) and 
the nuclides 241Pu and 243Am (in TF) has a divergent 
behavior in the mass variation. The good characteristic is 
that TF presents a reduction of 237Np and 239Pu in both 
models. Moreover, there is a reduction of 237Np, 239Pu, 240Pu, 
241Am, 242Am and 242Cm to DF. 


In addition, Table VIII shows the final mass difference 
(md) between LH and HT model to DF and TF. This mass 
difference was calculated as: 


 
md = m (HD) – m (LH).   (4) 


 
TABLE VIII 


Mass difference between LH and HT models at EOC 


Isotope 
DF TF 


md (kg) md (%) md (kg) md (%) 
237Np 1.490 3.51 0.381 3.21 
238Pu 1.299 5.68 0.590 0.94 
239Pu 1.420 0.50 0.370 0.69 
240Pu 4.110 1.62 6.570 5.58 
241Pu 5.080 5.14 5.610 9.57 
242Pu 0.220 0.33 0.450 0.80 


241Am 0.293 4.58 0.842 2.87 
242Am 0.006 15.38 0.025 12.95 
243Am 0.325 4.78 1.354 9.68 
242Cm 0.063 8.01 0.171 1.59 
243Cm 0.003 27.27 0.046 8.53 
244Cm 0.367 17.36 0.524 5.76 
245Cm 0.033 35.12 0.105 20.11 


 
Observing the md (%) values in Table VIII, there are 
significant differences between the two simulated models 
mainly for isotopes 242Am, 243Cm, 244Cm and 245Cm which 
have mass difference higher than 10%. In this way, to a 
quantitative mass evaluation, the detailed geometry must be 
considered.  
 
 


IV. CONCLUSIONS 
 


The analyzed neutronic parameters presented similar 
behavior in the simulated models. The effective 
multiplication factor (keff) and the fast to total neutron flux 
ratio (F/T) present small differences during the cycle (< 7.0 
%). The isotopic mass variation (m) between BOC and 
EOC is similar in both models, but there is some discrepancy 
in m behavior of 240Pu, 241Pu and 243Am. Moreover, the 
mass difference between LH and HT models at EOC is 
higher than 10 % for 242Am, 243Cm, 244Cm and 245Cm. In 


spite of these divergences, for qualitative studies, the 
results showed good agreement to neutronic parameters to 
both models respect to the expected behavior. 


In addition, the run time in the simulations is about 
3.75 h to LH model and 10.12 h to HT model. Considering 
all results, it is acceptable to apply the LH before HT 
model to a qualitative core analysis. However, for a 
quantitative evaluation mainly for fuel depletion, the 
detailed geometry of TRISO particles should be used.  


Future works will model the MHR using MCNPX 
2.6.0 to simulate different core regions in depletion 
calculation process where the radial and axial core 
heterogeneity will be configure. In addition, other nuclear 
code (e.g. SCALE – Standardized Computer Analyses for 
Licensing Evaluation code system) could be applied in 
these studies to compare the neutronic results and the 
isotopic composition. 
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NOMENCLATURE 
 


BOC – Beginning Of Cycle  
DB-MHR – Deep Burn-Modular Helium Reactor 
DF – Driver Fuel 
EOC – End Of Cycle 
LH – Lumped Homogeneous Model 
HT – HeTerogeneous Model 
LWR – Light Water Reactor 
MAs – Minor Actinides 
MCNPX – Monte Carlo N-Particle transport eXtend 
MHR – Modular Helium Reactor 
SCALE – Standardized Computer Analyses for Licensing 


Evaluation code system 
SD – Standard Deviation 
TF – Transmutation Fuel 
TRISO – TRIstructural-ISOtropic 
UREX – URanium EXtration 
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Abstract – A method for generating few-group homogenized cross sections using three-
dimensional Monte Carlo assembly calculations is described and compared to a traditional two-
dimensional assembly homogenization method. It is demonstrated that the traditional two-
dimensional method of few-group homogenized cross section generation for full core analyses may 
not be sufficient for high conversion LWR designs.  In these types of reactors, such as the Hitachi 
RBWR, separate fissile and blanket zones are required for breeding and for managing void 
reactivity feedback, resulting in highly axially-heterogeneous assemblies. In the two-dimensional 
calculation, each zone was decoupled from other zones by assuming zero net current boundary 
conditions. In the three-dimensional calculation, the presence of other axial zones that influence 
the generation of homogenized cross sections is explicitly captured.  Differences in flux energy 
spectra were seen, leading to differences in 2-group homogenized cross sections of up to 50%.  
The differences in the homogenized parameters were highest in interface zones and near the top of 
the assembly due to the presence of an axial reflector and a high coolant void fraction.  It was 
determined that these errors may be significant and propagate to the full core analysis of these 
types of advanced LWRs. 
 
  


I. INTRODUCTION 
 
New advanced light water reactors (LWRs) have been 


proposed with the potential to breed and consume 
transuranic actinides to achieve a high conversion ratio.  To 
accomplish this, reactors have been designed with different 
axial layers of fissile and blanket zones.  The Hitachi 
Resource-Renewable Boiling Water Reactor (RBWR) and 
the Japan Atomic Energy Agency (JAEA) reduced-
moderation water reactor (RMWR) are examples of such 
reactors.  The RBWR model AC (RBWR-AC) is a core 
that operates with mixed oxide fuel (MOX) and has a 
breeding ratio of 1.01.  The core is comprised of two fissile 
zones sandwiched between axial internal blankets of 
depleted uranium.  Unlike conventional BWRs, these 
advanced reactor designs are very axially heterogeneous 
with the fissile zones producing neutrons and the blanket 
zones consuming them.  This paper addresses how this 
heterogeneity can be modeled using three-dimensional 
continuous-energy Monte Carlo codes to generate 
homogenized macroscopic neutron cross sections for full 
core calculations.  


Currently, to simulate full core transients, core 
simulators such as SIMULATE and PARCS are used.  


These codes need burnup dependent few-group 
homogenized macroscopic cross sections of each type of 
material in various operating conditions (control rod, fuel 
temperature, moderator density, etc.).  These cross sections 
are traditionally generated using two-dimensional lattice 
physics codes such as CASMO or HELIOS on assembly 
level geometry with either reflective or periodic boundary 
conditions.  Some deterministic codes allow for an axial 
buckling to try to approximate the shape of the axial flux.  
Although useful for some applications, this is not feasible 
for the RBWR since the axial flux shape cannot be 
characterized with a buckling.  The RBWR has significant 
axial streaming of neutrons from the fissile zones to the 
blanket zones especially in highly voided regions toward 
the top of the core.  Two-dimensional cross sections may 
not be sufficient because the RBWR does not have zones 
with a distinct flux energy spectrum.  Rather, the spectrum 
is continuously changing along the axial direction because 
of the changing void fraction and material zones, thus 
making it difficult to decouple zones from each other.  
Two-dimensional codes are therefore limited in capturing 
the effects of such heterogeneity. 
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A comparison can be made between cross sections 
generated from two-dimensional geometry and those from 
three-dimensional geometry. The Serpent code is employed 
in this research. Serpent is a continuous-energy Monte 
Carlo lattice physics code1 developed to generate few 
group homogenized macroscopic cross sections and other 
parameters for use in core simulators.  Serpent allows for 
arbitrary geometry and homogenization over any given 
region of an assembly.    This paper describes a procedure 
for generating few-group, homogenized cross sections 
from a three-dimensional assembly geometry and 
compares the results with a traditional two-dimensional 
assembly homogenization method for a typical high 
conversion (LWR) such as the RBWR. 


 
 


II. CROSS SECTION GENERATION METHODS 
 


The main core analysis methods in the industry are 
nodal diffusion theory methods.  Full core simulators that 
use these methods require a database of few-group 
homogenized cross sections because it takes a prohibitive 
amount of computing power to solve the core with 
thousands of energy groups and spatial detail for all 
depletion and core conditions.  Therefore, the generation of 
few-group, spatially homogenized cross sections is a very 
important step in the core analysis procedure.  The 
computational scheme for reactor analysis is shown in Fig. 
1.  The overall calculation scheme for generating cross 
sections is globally the same, regardless of the approach.   
It begins with the preparation of neutron reaction cross 
sections for each nuclide processed into evaluated nuclear 
data files.  The next major step is to perform lattice 


calculations, where the few-group homogenized cross 
sections are generated as a function of various state 
variables (e.g. burnup, fuel temperature, moderator density 
etc.), representing all possible operating conditions.  The 
full reactor core simulator then interpolates these cross 
section datasets produced from the lattice calculation to 
obtain a local condition-specific set of cross sections for 
each spatial node.  The analyses of transients coupled to 
thermal-hydraulic feedback and fuel management can then 
be performed.   


 
 


Fig. 1. Overall Reactor Analysis Calculation Scheme2 


Neutron‐nuclide
cross‐section
calculation


Lattice
calculation


Depletion
calculation


Reactor
calculation


Spatial
kinetics


calculation


Fuel management
Design and operation


simulation


Depletion 
calculation


The main work in the preparation of few-group cross 
section datasets lies in the lattice calculation.  The 
traditional approach of generating the cross sections is 
outlined in Section II.A, where a deterministic approach is 
utilized. In Section II.B, an alternative approach is 
described, where Monte Carlo is used in the generation of 
homogenized cross sections using a three-dimensional 
assembly calculation.       


 
II.A. Traditional Two-Dimensional Method 


 
The traditional approach of generating cross sections 


involves the use of deterministic lattice codes.  The overall 
goal in this procedure is to calculate the energy-dependent 
scalar neutron flux, ( ),r Eφ , commonly referred to as flux 
spectrum.  Once the flux spectrum is known, few-group 
homogenized cross sections are computed from 


( ) ( )


( )
 


3


3


, ,
.


,
V g


g


V g


d r dE r E r E


d r dE r E


α


α


φ


φ


Σ


Σ =
∫ ∫


∫ ∫
 (1)    


   


1567







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11393 


In Eq. (1), gαΣ  represents the spatially-group averaged 


homogenized macroscopic cross section for group g of 
arbitrary type α  and ( ),r EαΣ  is the continuous 
macroscopic cross section as a function of position and 
energy2.  This relation represents conservation of reaction 
rates, where the flux spectrum is used as the weighting 
function. If the flux spectrum is known, then the 
homogenization can take place. 


Deterministic lattice codes usually solve the integral 
form of the neutron transport equation either by a collision 
probability method or method of characteristics.  In each of 
these approaches, it would be very time consuming to 
calculate the detailed flux spectrum in thousands of groups. 
Therefore, approximations to the flux spectrum are made 
before the lattice calculation.  The first step in this 
procedure is to perform group-wise condensation of cross 
sections assuming a flux spectrum, which may not 
represent the actual flux spectrum of the system.  This step 
is carried out in codes such as NJOY in the module 
GROUPR.  Therefore, information about the detailed cross 
section dependence on energy is partially lost.  These 
calculations are performed for each isotope at different 
temperatures and dilutions, since the actual configuration 
of the geometry and operating conditions are not taken into 
account at this point.  The next step typically involves 
further condensation of groups in a simplified one-
dimensional pin cell geometry. One-dimensional 
calculations are performed to get further detail about the 
flux spectrum including resonance self-shielding effects in 
different zones of the pin cell.  After all of these 
approximations, a typical neutron library of about 100 
groups is produced for the lattice calculation.  It is 
important to note that there are multiple approximations 
made to the flux spectrum to condense cross sections to a 
manageable number of energy groups to perform lattice 
calculations on the assembly level.   


At the lattice calculation stage, it is common to only 
consider two-dimensional geometry.  Each two-
dimensional slice of a unique configuration is considered.  
At this step, there is an implicit assumption that the 
assembly being considered can be decoupled from the rest 
of the core.  The lattice calculation is then performed at 
various operating conditions as a function of burnup with 
reflective or periodic boundary conditions in the radial 
plane.  The final product of this procedure is a macroscopic 
cross section database that is available for use in full core 
calculations.   


 
II.B. Proposed Three-Dimensional Approach 


 
The proposed methodology makes use of a three-


dimensional Monte Carlo assembly calculation rather than 
a two-dimensional deterministic approach.  Monte Carlo 
methods are attractive because the actual geometry of the 


system can be represented and many of the approximations 
described in Section II.A do not need to be made.  Much 
work is being done to use both deterministic and Monte 
Carlo techniques to solve full core geometry.  Although not 
a new idea, there have been several recent studies using 
Monte Carlo methods to generate few-group homogenized 
parameters for full core deterministic calculations3.   


A continuous-energy Monte Carlo neutron transport 
code such as Serpent can be used to generate few-group 
homogenized cross sections for a full core simulator.  
Although Monte Carlo codes typically take a long time to 
run due to the simulation of individual neutrons and the 
inherent statistical nature of these calculations, they do not 
make all of the approximations of the traditional approach.  
Because Monte Carlo is being used at this stage, the point-
wise continuous cross section data in the evaluated nuclear 
data files can be used directly.  Compared with the 
traditional approach, no approximations need to be made 
for the shape of the flux spectrum to collapse cross sections 
in a few hundred groups for lattice calculations.  In 
Serpent, the homogenized cross sections are calculated 
using a collision estimator of the flux where  


( )
( )


 


( )


,


,


,


j j j


j t j j


g
j


j t j j


w r E


r E
w
r E


α


α


Σ


Σ
Σ =


Σ


∑


∑
.  (2) 


( ),jr E jαΣIn Eq. (2),  j represents a collision,  is the 


macroscopic cross section for arbitrary reaction α  at 


energy  and position ( ),jr Et jΣjE rj  at the collision,  is 


the total macroscopic total cross section, and  is the 
statistical weight of the neutron experiencing the collision.  
In this representation of the homogenized cross section, the 
flux is the weighting function represented by the number of 
collisions.  This summation is only performed over the 
region and energy group of interest for the homogenization 
and therefore takes into account the integral of the reaction 
rate over space and energy.   


jw


This approach is used in Serpent and has been shown 
to produce accurate homogenized cross sections for two-
dimensional geometries4.    In Serpent, the geometry can be 
extended to three-dimensions and homogenized cross 
sections can be generated for an arbitrary number of 
homogenization regions.  A detailed three-dimensional 
lattice can be modeled and few-group homogenized cross 
sections can be extracted for each homogenization region 
in the core.  This will allow for the axial heterogeneity 
effects present in advanced LWRs to be captured 
accurately.   
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III. SCOPE OF WORK 
 


This research is part of a larger effort to develop an 
accurate procedure for modeling axially heterogeneous 
LWRs with a high conversion ratio.  Modeling the core 
using two-dimensional cross sections should eventually 
work as the number of energy groups increases, but this 
might be avoided by capturing the spectral effects through 
the generation of cross sections using three-dimensional 
geometry.  This paper investigates and reports the errors 
that can potentially be introduced when two-dimensional 
cross sections decoupled from the three-dimensional 
reactor environment are generated instead of accounting 
for the three-dimensional heterogeneity.  Serpent will be 
used in both the two-dimensional and three-dimensional 
assembly calculations so that a consistent comparison is 
made.   


 
 


IV. METHOD OF CALCULATION 
 


This section describes the overall method used to 
compare parameters generated with the influence of 
neighboring zones from a three-dimensional calculation  
with traditionally-generated parameters from a two-
dimensional calculation. 


 
IV.A. Serpent Cross Section Generation 


 
The Serpent code was developed at VTT Technical 


Research Centre of Finland.  The effort was primarily 
focused on the use of continuous-energy Monte Carlo for 
lattice physics applications.  Its main feature, used in this 
analysis, is the ability to generate few-group homogenized 
parameters for coupled deterministic full core reactor 
analysis.  Because Serpent was intended as a lattice physics 
code, it includes the generation of homogenized 
multigroup cross sections, group transfer scattering 
matrices, diffusion coefficients, assembly pin powers and 
discontinuity factors, etc. Significant work has been put 
into calculating diffusion coefficients which can be either 
based on the P1 transport cross section or direct tallying of 
the diffusion length. This process of automatically 
generating homogenized multigroup parameters is 
extremely useful in that manual tallies do not have to be 
added. This makes the data collection easier for input into a 
core simulator, which is the eventual goal of this work.  


Serpent has been primarily validated through code 
comparisons with other neutronic codes4. It has the 
capability of modeling arbitrary geometry and also has 
built-in types of lattices, which make it convenient to 
model the RBWR.  Significant effort has been put into 
improving the computational efficiency of Serpent. Two 
main features of Serpent include the Woodcock delta-
tracking method and a unionized energy grid format for its 
neutron libraries.  Serpent has an excellent built-in 


depletion module so the group constants can be generated 
as a function of burnup. It reads the continuous-energy 
cross sections from ACE formatted library files and 
therefore, the same fundamental interaction data can be 
used for different geometries and operating conditions.  For 
all of the calculations present in this paper, the ENDF/B-
VII neutron library was used.   


 
IV.B. Assembly Geometry 


 
The RBWR is used to investigate the difference 


between two-dimensionally and three-dimensionally 
influenced cross sections.  A diagram of the RBWR core is 
shown in Fig. 2.  The RBWR core, similar to the RMWR, 
has five axial fuel zones.  The fissile zones, made up of 
MOX fuel, are sandwiched between internal blanket zones 
for breeding. The axial zones shown in the full core layout 
are surrounded at the bottom and top of the core by 
multiple reflector zones.  For the purpose of these analyses, 
only a single assembly was modeled to isolate the effects 
of axial and radial heterogeneity.  The RBWR assembly 
has a hexagonal lattice with 271 fuel rods of 5 different 
fissile Pu enrichments radially5.  In addition, Y-shaped 


control rods are inserted between adjacent assemblies. 


 


 
 


 
Fig. 2. RBWR full core layout6. 


The RBWR-AC single assembly is modeled in 
Serpent, and each axial zone is further split into three 
additional zones to account for the variable moderator void 
distribution.  Top and side views of the modeled geometry 
are shown in Fig. 3 and Fig. 4, respectively.  Each 
enrichment zone is represented by an unique color in Fig. 
3.  For this analysis, it is assumed that the Y-shaped control 
rods are not present and therefore just a bypass flow gap is 
modeled between assembles.  Because hexagonal geometry 
is used, the model is constrained with periodic boundary 
conditions.  Fig. 4 shows an axial view of the geometry, in 
which all fuel zones were modeled in detail, while the top 
and bottom reflector zones are  homogenized.  This view 
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represents a cut across the center of the assembly shown in 
Fig. 3.  Although the detailed geometry of the reflector 
could be modeled, it was determined that the effect of 
modeling the detailed reflectors was small, and thus they 
are homogenized for simplicity.     


 


IV.C. Generation of Cross Sections 
 


The generation of two-dimensionally and three-
dimensionally influenced cross sections can be calculated 
for each axial zone shown in Fig. 4.  The process involves 
one calculation for the three-dimensional assembly.  Here, 
neutrons are transported around the full detailed geometry 
and homogenized few-group parameters are generated in 
each axial zone separately. Therefore, the resulting 


homogenized cross sections are generated with the 
influence from axial neighbors.  


For the two-dimensional transport calculations, a 
separate input file was constructed for each axial blanket 
and fissile zone represented in Fig. 4.  These 2-D lattice 
calculations are run separately with periodic boundary 
conditions in all three dimensions with no influence from 
the neighboring assembly zones.  The use of color sets is 
an option to account for the effects of radial neighbors.  
The radial effects were not considered here since the 
primary concern is the treatment of the axial heterogeneity 
in the RBWR. For each two-dimensional lattice 
calculation, the few-group parameters are homogenized 
over the entire geometry. 


 


 
 


Fig. 3. Top view of fissile zone of the assembly. 
 


 
 


V. RESULTS 
 


This section presents the results from the Serpent 
calculations.  For all calculations, 200 million neutrons 
were run and parameters were calculated and compared for 
two groups with the thermal cutoff placed at 0.625 eV.  The 
calculations were performed with 35 Intel Xeon 5620 Quad 
Core Processors (2.4 GHz) on a Beowulf cluster. The 
average calculation time for the three-dimensional 
geometry was 7 hrs, while each two-dimensional 
calculation took about 2 hrs.  The axial zones have been 
given ID names (from bottom to top) and are listed  in 
Table I.   


 
 


 
 


Fig. 4.  Axial view of  center of assembly. 
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TABLE I 


Axial Zone ID Names 
 


ID Zone 
LB1 Lower Blanket Zone 1 
LB2 Lower Blanket Zone 2 
LB3 
LF1 
LF2 
LF3 
IB1 
IB2 
IB3 
UF1 
UF2 
UF3 
UB1 
UB2 
UB3 


Lower Blanket Zone 3 
Lower Fissile Zone 1 
Lower Fissile Zone 2 
Lower Fissile Zone 3 


Internal Blanket Zone 1 
Internal Blanket Zone 2 
Internal Blanket Zone 3 


Upper Fissile Zone 1 
Upper Fissile Zone 2 
Upper Fissile Zone 3 


Upper Blanket Zone 1 
Upper Blanket Zone 2 
Upper Blanket Zone 3 


 
 


V.A. Axial Power Distribution 
 
To demonstrate the importance of coupling different 


axial zones, a plot of the axial power distribution at 
beginning of life is shown in Fig. 5.  Fig. 6 presents the 
power distribution in the fissile regions and the thermal 
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flux in the non-fissile regions.  It is clear from these power 
distribution figures that there is a strong neutron source 
zone, where neutrons are produced from fission, and zones 
where neutrons are captured. In Fig. 6, the bright yellow-
white color zones along the fuel rods represent the fissile 
zones producing most of the power.  These zones are 
surrounded by low power regions shown in dark red.  In 
the non-fueled zones (coolant around fuel rods and 
reflectors) the white-blue color represents a high thermal 
flux and the dark blue represents a low thermal flux. At the 
top of the core, there is a hard spectrum from the low-


voided regions and upper fissile zones. This leads to a high 
thermal flux peak at the lower part of the upper reflector.  
In addition, higher thermal fluxes surround the blanket 


zones because of the absence of plutonium.  Modeling the 
3-D geometry in the homogenization process to account for 
the high degree of axial heterogeneity in these advanced 
reactors may be essential in full core calculations. 
 


V.B. Flux Energy Spectrum 
 


As explained in Section II, the flux energy spectrum is 
an integral part of the homogenization of group constants.  
Therefore, errors in the final homogenization are 
influenced by differences in the energy spectra.  For each 
homogenization region in the 2-D and 3-D geometries, the 
flux was tallied in 1000 equally spaced lethargy bins, 
spanning the entire energy range.  The energy spectra for 
the 2-D geometry were then compared to the energy 
spectra from the corresponding 3-D geometry method. The 
differences between the 2-D to 3-D geometry in the 
thermal energy range and the fast energy range are shown 
in Fig. 7 and Fig. 8, respectively.   


 


 
 


Fig. 5.  Relative axial power distribution of 3D assembly. 


LB1 LB2 LB3 LF1 LF2 LF3 IB1 IB2 IB3 UF1 UF2 UF3 UB1 UB2 UB3


Axial ZoneBOTTOM TOP


Fig. 7 presents differences for each zone in the thermal 
energy range.  At very low energies, the noise in the fissile 
zone results is mainly due to the statistical uncertainty in 
the flux.  The fissile zones contain MOX fuel and therefore 
have a harder spectrum. The uncertainty is due to the 
relative lack of neutrons at these thermal energies.   Even 
though there may be uncertainty on the flux, it is clear that 
there is a significant difference in many of the zones.   Fig. 
8 presents the differences in the fast energy range.  Here, 
the Monte Carlo uncertainty in the flux edits is lower 
because there are many more neutrons at higher energies.  
It is clear in this plot that there are errors in many of the 
zones especially at interface regions between the blanket 
and fissile zones. 


 
 


(see text for description of colors) 
 


Fig. 6.  Axial power distribution from Serpent. 
 


Two representative flux energy spectra were chosen to 
illustrate the differences between a fissile zone and a 
blanket zone.  Fig. 9 shows the energy spectrum of the 
upper-most zone of the upper blanket (UB3).  The two-
dimensional calculation predicts a harder spectrum than the 
three-dimensional calculation.  This is expected because 
the three-dimensional calculation homogenizes cross 
sections in the presence of the upper reflector, which is a 
source of thermal neutrons, as shown in the axial power 
distribution in Fig. 6.  Decoupling the upper blanket zone 
from its axial neighbors (i.e. the upper reflector) may not 
be appropriate for computing homogenized parameters. In 
Fig. 10, the flux energy spectrum is shown for the middle 
region of the lower fissile zone (LF2).  Here, the flux 
spectra from the two- and three-dimensional calculations 
compare well and there is a smaller difference between 
them, which is consistent with the results in Fig. 8.  There 
is not much difference in this zone because this zone is 
surrounded by similar zones.  Therefore, the approximation 
to decouple this zone from neighboring axial zones might 
be appropriate and there should not be major differences 
between the homogenized cross sections.   
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Fig. 7.  Thermal energy spectra differences 
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V.C. Homogenized Parameters 
 


Since the ultimate goal is to perform full core 
calculations, the errors seen in the detailed flux spectra will 
propagate into the few-group homogenized cross sections 
that are used for the full core nodal calculation.  To 
estimate the magnitude of the error that can propagate to 


the full core calculation, two-group macroscopic cross 
sections are compared.  The most important cross sections 
to examine are the macroscopic absorption cross section, 


 
 


Fig. 8.  Fast energy spectra differences. 
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aΣ , macroscopic fission production cross section, ν fΣ , 


macroscopic transport cross section, , and the group trΣ
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Fig. 9. Flux Energy Spectrum in Upper Blanket Zone 3 
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transfer scattering cross sections represented by , 's g g→Σ .  
Tables II and III present the magnitude of the differences 
for the neutron fission production cross section and the 
absorption cross section when produced by 2D and 3D 
methods.   


Because Monte Carlo methods are stochastic, it is also 
important to look at the uncertainty in the mean values 
obtained from the calculations.  Although not included in 


the tables, the statistical uncertainties in all of the values 
reported were less than 1% relative to the mean value.  In 
each table, results are reported for each axial zone when it 
is considered in the full three-dimensional assembly and by 
itself in two-dimensions.  The percent differences between 
the two-dimensional and three-dimensional quantities are 
also reported, where the 3D calculation is treated as the 
reference solution.  Negative values mean that the two-
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2D Geometry


 
 


Fig. 10. Flux Energy Spectrum in Lower Fissile Zone 2 
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dimensional value under-predicts the three-dimensional 
value.  


From Tables II and III, many interesting trends can be 
observed.  First, as expected, there are larger discrepancies 
between the homogenized cross sections at the top of the 
assembly.  This is mainly due to the harder spectrum of 
neutrons and the presence of the reflector on the top of the 
core and the upper fissile zone below the blankets.  The 
spectrum differences for these upper blankets zones are 
similar to those shown in Fig. 9.   


Another interesting result is in the lower fissile zones.  


Even though this zone is a strong source of neutrons, there 
are still significant differences in the thermal homogenized 
cross sections at the interfaces between the lower blanket 
zone and the internal blanket zone.  In particular, we focus 
on the neutron fission production and absorption cross 
sections because they are important to the fission reaction 
rate.  As expected, the middle of the lower fissile zone 
(LF2) does not show large differences.  The neutron 
spectra comparison shown in Fig. 10 shows a good 
agreement between these data and therefore, no significant 
difference is seen after the homogenization process.  Thus, 


 
TABLE II 


Differences in Neutron Fission Production Cross Section 
 


3D Geometry  2D Geometry
Region  νΣf1  νΣf2  νΣf1 νΣf2 Diff νΣf1 [%] Diff νΣf2 [%] 
LB1  0.0030  0.0202  0.0032 0.0202 7.3 0.1 
LB2  0.0029  0.0201  0.0032 0.0202 10.6 0.6 
LB3  0.0030  0.0195  0.0032 0.0202 5.9 3.6 
LF1  0.0302  1.6047  0.0294 1.1169 ‐2.9 ‐30.4 
LF2  0.0271  1.1206  0.0273 1.0869 0.8 ‐3.0 
LF3  0.0274  1.5400  0.0258 1.0654 ‐5.7 ‐30.8 
IB1  0.0023  0.0178  0.0024 0.0183 3.4 2.8 
IB2  0.0019  0.0180  0.0023 0.0180 21.2 0.4 
IB3  0.0019  0.0171  0.0022 0.0174 11.4 1.7 
UF1  0.0185  1.3960  0.0176 0.8937 ‐5.1 ‐36.0 
UF2  0.0170  1.8108  0.0166 0.8820 ‐2.0 ‐51.3 
UF3  0.0173  1.4744  0.0161 0.8923 ‐6.8 ‐39.5 
UB1  0.0023  0.0176  0.0017 0.0153 ‐27.0 ‐12.8 
UB2  0.0022  0.0181  0.0017 0.0153 ‐20.9 ‐15.5 
UB3  0.0021  0.0186  0.0017 0.0152 ‐20.1 ‐18.0 


 


TABLE III 
Differences in Absorption Cross Section 


 
3D Geometry  2D Geometry


Region  Σa1  Σa2  Σa1 Σa2 Diff Σa1 [%] Diff Σa2 [%] 
LB1  0.010  0.030  0.009 0.030 ‐7.3 0.1 
LB2  0.010  0.030  0.009 0.030 ‐8.9 0.5 
LB3  0.009  0.029  0.009 0.030 4.0 3.2 
LF1  0.021  1.041  0.020 0.774 ‐3.7 ‐25.6 
LF2  0.017  0.782  0.018 0.758 4.7 ‐3.0 
LF3  0.018  1.015  0.017 0.746 ‐6.5 ‐26.5 
IB1  0.008  0.025  0.008 0.026 3.3 2.5 
IB2  0.009  0.025  0.008 0.026 ‐13.4 0.4 
IB3  0.007  0.024  0.007 0.025 5.3 1.5 
UF1  0.012  0.923  0.012 0.634 ‐4.3 ‐31.3 
UF2  0.011  1.267  0.011 0.627 4.5 ‐50.5 
UF3  0.011  0.947  0.011 0.635 ‐4.1 ‐32.9 
UB1  0.005  0.024  0.006 0.022 26.8 ‐11.7 
UB2  0.006  0.025  0.011 0.627 12.2 14.1 
UB3  0.007  0.026  0.006 0.021 ‐14.2 ‐16.4 
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for the lower fissile zone, the middle zone (LF2) can be 
decoupled from the rest of the assembly without much 
error.  It is evident that for this type of reactor design, it 
may be important to generate cross sections with the full 
three-dimensional geometry to capture the axial streaming 
effects in all core regions.   


 
 


IV. CONCLUSIONS AND FUTURE WORK 
 


A model of the Hitachi RBWR was constructed using 
the Serpent Monte Carlo code to estimate the error 
introduced when performing traditional two-dimensional 
geometry lattice calculations versus three-dimensional 
geometry in the homogenization process.  Two-group 
homogenized cross sections were generated for each zone 
with the influence of other zones in the assembly (3-D 
homogenization) and for the zone by itself (2-D 
homogenization).  Significant differences in flux-energy 
spectra were observed in zones that were surrounded by 
different neighboring axial zones and zones located toward 
the top of the core where there is the presence of an upper 
reflector and where the coolant void fraction is high.  
Differences seen in the flux-energy spectra can be observed 
in the resulting homogenized cross sections.  Comparing 
homogenized cross sections resulted in discrepancies up to 
50%.  These differences in homogenized cross sections can 
lead to differences in the full core calculations predicting 
core power distribution and void coefficient of reactivity.  
This analysis provides motivation to examine how these 
differences propagate to the full core analysis. 


The results of the research presented here provide 
motivation to use the Monte Carlo code Serpent to 
generate homogenized cross section datasets for a full core 
calculation. An efficient way of calculating these 


homogenized cross sections for a range of different 
operating conditions has not yet been built into Serpent.  
Currently, Serpent only allows for one state calculation at a 
time and does not perform branch cases automatically. A 
preliminary  automation tool has been developed to run 
Serpent for the purpose of generating cross section data 
sets with branch cases.  This tool, developed in Python 
programming language, allows a user to run Serpent with 
various operating conditions and organizes the data in a 
structure that can be used to output cross section data sets 
in various formats.  A cross section data set for use in the 
U.S. NRC core simulator, PARCS7 was recently generated 
for a two-dimensional PWR assembly as part of this 
research.  Preliminary results are shown in Fig. 11, where 
k-effective vs. burnup calculations for fuel temperature 
branches of a typical PWR with Gadolinium pins are 
plotted.  A standard two-group solution, with thermal cut-
off boundary at 0.625 eV, is solved in PARCS using the 
HYBRID nodal diffusion solver based on polynomial 
expansion method. The reference (900 K), high fuel 
temperature (1500 K) and low fuel temperature (582 K) 
cases show good agreement between Serpent and PARCS.  
The differences between them are statistically around zero 
and are below +/- 40 pcm.  This tool will be extended to 
three dimensional geometries to automatically perform the 
methodology described in this paper for a range of 
different operating conditions.  Further development of this 
tool will allow for investigation of these differences to 
draw conclusions if the traditional methods are sufficient in 
generating cross sections for this new type of light water 
reactor.   


 


             
 
(a) k-effective vs. burnup comparing Serpent and PARCS        (b)  difference of k-effective between PARCS and Serpent 


 
Fig. 11.  Fuel temperature branch (TF) comparison of k-effective between Serpent and PARCS using cross sections generated 


from Serpent for a typical PWR with Gadolinium pins. 
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NOMENCLATURE 
 


gαΣ


)r E


  homogenized macroscopic group cross 


section 
( ,αΣ  continuous macroscopic cross section 


as a function of position and energy 
( ),r Eφ  flux energy spectrum as a function of 


position and energy 


jw  statistical weight of neutron in Monte 
Carlo 


fνΣ  fission neutron production cross section 


aΣ  macroscopic absorption cross section 


REFERENCES 
 


1. J. Leppӓnen, PSG2/Serpent – a Continuous-energy 
Monte Carlo Reactor Physics Burnup Code: User’s 
Manual, VTT, Espoo (2010). 
 


2. A. Hébert, Applied Reactor Physics. Presses 
Internationales Polytechnique, Montréal (2009). 


 
3. J. Leppӓnen, Development of a New Monte Carlo 


Reactor Physics Code, VTT Publications 640, Espoo 
(2007). 


 
4. J. Leppӓnen, “On the Use of the Continuous-energy 


Monte Carlo Method for Lattice Physics 
Applications,” Proc. INAC 2009. Rio de Janeiro, 
Brazil, (2009). 


 
5. Takeda, R. et al, “BWRs for Long-Term Energy 


Supply and for Fissioning Almost All Transuraniums,” 
Proc. of Global 2007, Boise, Idaho (2007). 


 
6. Iwamura, T. et al, “Concept of Innovative Water 


Reactor for Flexible Fuel Cycle (FLWR),” Nuclear 
Engineering and Design, 236, 1599-1605 (2006).  


 
7. Downar, T., Lee, D., Xu Y., Seker, V., 2009. PARCS 


v3.0: U.S. NRC Core Neutronics Simulator. USER 
MANUAL, DRAFT (2009). 


1576








Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11058 


 


 


Role of chemistry in the phenomena occurring 


in nuclear power plants circuits 


 
 


Gabriel PLANCQUE, Dominique YOU, Edmond BLANCHARD, 
Vincent MERTENS, Christine LAMOUROUX 


Atomic Energy Commission 
CEA, DEN, F-91191 Gif-sur-Yvette, FRANCE. 


Tel: +33 1 69 08 58 49, Fax: +33 1 69 08 58 49, Email: gabriel.plancque@cea.fr 
 


 
Abstract – Reactor physics, thermal hydraulics or material sciences are mainly studied to 
understand phenomena occurring in nuclear power plants or to improve the performance of 
existing or future reactors: improvement of core performances, research of new materials (fuels, 
core, reactor pressure vessels, internal structures, …) and so on. Nevertheless, in the same way as 
these physical sciences, chemical sciences (solution chemistry, thermodynamics, kinetics, ...) can 
also contribute to these objectives. Firstly, to improve availability, safety and lifetime of existing 
reactors, the best chemical conditioning has to be used in the different nuclear reactor circuits 
(primary, secondary, tertiary and auxiliary circuits). In that way, solution pH (B-Li coordinated 
chemistry), redox (value and chemical choice), water treatment, on-line chemical automates have, 
for example, to be optimized. Secondly, chemistry allows understanding phenomena occurring in 
the different reactors circuits. In the primary circuit, the understanding of the contamination by 
corrosion products (Fe, Ni, Cr, …), activation products (58Co, 60Co, …), fission products and 
actinides is a crucial issue for reactor operation and design. The main processes involved in the 
contamination transfer are dissolution/precipitation, erosion/deposition, convection, purification, 
neutron activation, radioactive decrease. Consequently, the chemistry knowledge has a role to 
play in the same way as other sciences (nuclear physics, material science, thermohydraulics, …). 
In the secondary circuit, formation of concentrated media, which can lead to the tube fouling and 
sometimes to the tube support plates blockage of steam generators, is of major concern. These 
phenomena have for consequences a loss of thermal performance and efficiency of SGs. 
Chemistry, in addition to thermal hydraulics, can help to explain them and consequently to their 
mitigation by, for example, optimization of the secondary side chemical conditioning (pH level, 
amine choice, …). In the tertiary circuit, scale, corrosion, deposits and microbial growth affect the 
plant performance and can be partially controlled by a “good” chemistry. To understand the 
chemistry role or impact, an important R&D work is necessary. Indeed, only few data exist in the 
literature for the physico-chemical conditions met in a nuclear reactor. So these data have to be 
obtained either experimentally (solubility measurements, liquid-steam equilibrium study, solid 
solution interfacial flux measurements and so on) or by extrapolation (which implies the 
development or the use of theoretical models (for example, for temperature or ionic strength 
effects)). Then, chemical database have to be build and simulation codes (for example, to describe 
cold shutdowns or SGs tube fouling) have to be developed. These R&D studies are either home-
made or realized in collaboration with many companies such as EDF, AREVA-NP or SUEZ. The 
goal of this paper is to present the methodology used for these R&D studies and few applications 
of chemistry to the understanding of some phenomena occurring in water-cooled nuclear reactors. 
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I. INTRODUCTION 
 
Reactor physics, thermal hydraulics or material 


sciences are mainly studied to understand phenomena 
occurring in nuclear power plants or to improve the 
performance of existing or future reactors: improvement of 
core performances, research of new materials (fuels, core, 
reactor pressure vessels, internal structures, …) and so on. 
Nevertheless, in the same way as these physical sciences, 
chemical sciences (solution chemistry, thermodynamics, 
kinetics, ...) can also contribute to these objectives. 


Firstly, to improve availability, safety and lifetime of 
existing reactors, the best chemical conditioning has to be 
used in the different nuclear reactor circuits (primary, 
secondary, tertiary and auxiliary circuits). In that way, 
solution pH (B-Li coordinated chemistry), redox (value and 
chemical choice), water treatment, on-line chemical 
automates have, for example, to be optimized. 


Secondly, chemistry allows understanding phenomena 
occurring in the different reactors circuits. In the primary 
circuit, the understanding of the contamination by 
corrosion products (Fe, Ni, Cr, …), activation products 
(58Co, 60Co, …), fission products and actinides is a crucial 
issue for reactor operation and design. The main processes 
involved in the contamination transfer are 
dissolution/precipitation, erosion/deposition, convection, 
purification, neutron activation, radioactive decrease. 
Consequently, the chemistry knowledge has a role to play 
in the same way as other sciences (nuclear physics, material 
science, thermohydraulics, …). In the secondary circuit, 
formation of concentrated media, which can lead to the 
tube fouling and sometimes to the tube support plates 
blockage of steam generators, is of major concern. These 
phenomena have for consequences a loss of thermal 
performance and efficiency of SGs. Chemistry, in addition 
to thermal hydraulics, can help to explain them and 
consequently to their mitigation by, for example, 
optimization of the secondary side chemical conditioning 
(pH level, amine choice, …). In the tertiary circuit, scale, 
corrosion, deposits and microbial growth affect the plant 
performance and can be partially controlled by a “good” 
chemistry. 


To understand the chemistry role or impact, an 
important R&D work is necessary. Consequently, the goal 
of this paper is to present the methodology used for these 
research studies in two parts. 


First of all, it must be noted that only few data exist in 
the literature for the physico-chemical conditions met in a 
nuclear reactor. So these data have to be obtained either 
experimentally (solubility measurements, liquid-steam 
equilibrium study, solid solution interfacial flux 
measurements and so on) or by extrapolation (which 
implies the development or the use of theoretical models 
(for example, for temperature or ionic strength effects)). 
This allows us to build thermodynamical databases which 


can be used with chemistry codes (public or home-made). 
This will be presented in a first part called “physico-
chemical fundamentals”. 


Secondly, modeling and simulation codes have to be 
developed for macroscopic systems in order to understand 
some phenomena occurring in water-cooled nuclear 
reactors. This will be developed in a second part for two 
operations or phenomena: the cold shutdowns operations 
and the steam generators tube support plate blockage. 


 
II. PHYSICO-CHEMICAL FUNDAMENTALS 


 
II.A. Introduction 


 
Different kinds of data have to be obtained: 


equilibrium constant, solubility, liquid-steam distribution 
coefficient, solid solution interfacial flux and so on. These 
data must concern interest elements which are, in the case 
of nuclear systems: metallic elements (Fe, Ni, Cr, Co, Mn, 
Ag, …)a, minerals (compounds formed from Na, Cl, Ca, Si, 
Al, SO4, …) and gases (H2O, H2, O2, NH3, morpholine, 
hydrazine, HCl, …). 


Basic data may come from the literature or can be 
obtained experimentally or by extrapolation. Among the 
public data, different sources are very important for us, for 
example, IAPWS for water properties,1 CODATA for 
thermodynamic data2 and Handbook of Chemistry and 
Physics for solid phase densities.3 Concerning experimental 
and extrapolated data, the following sections II.B and II.C 
will present the methodology used to determine solubility 
data (the most studied kind of data). 


 
II.B. Experimental data 


 
Concerning the acquisition of experimental data, it is 


important to note that no setup is on the market. 
Consequently, the experimental setups have to be designed 
and manufactured on a case by case. 


For example, in the case of solubility measurements, 
SOZIE device has been developed as shown in Fig. 1. This 
device is fully made with titanium. The material (metallic 
element, simple oxide, mixed oxide or alloy) is used as a 
powder and is maintained in the reaction cell (25 mL) 
between two titanium frits. The pressure is maintained 
constant above the boiling pressure by a pressure control 
device. The tanks (5 liters each) allow having two 
“independent” conditioned primary feed waters, with 
different lithium or boron concentrations (pH conditions) 
or with hydrogen in one tank and oxygen in the other one 
(redox conditions). With a flow rate of 1 mL/h, the transit 
time between the feed tanks and SOZIE is about 2 hours 


                                                           
a Note that metallic elements (for example, nickel) can be present under 
various forms such as pure metal Ni(s), oxide NiO(s), hydroxide 
Ni(OH)2(s) or mixed oxide NixFe3-xO4(s). 
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and between the cell and the sampling point, it takes about 
30 minutes. The temperature control device allows us the 
programming of the temperature evolution. A mass flow 
controller is added to maintain a constant liquid flow rate in 
the sample line. 


 


 
 
Fig. 1. SOZIE device. 
 
In our laboratory, solubility experiments have been 


made since the seventies for many phases such as Fe3O4(s), 
Fe2O3(s), NixFe3-xO4(s), …4 At this time, around 2000 
measures are available in different physico-chemical 
conditions (25 °C < T < 350 °C, 2 < pH25 °C < 11, 0.1 MPa 
(1 bar) < P < 20 MPa (200 bars), 100 Pa (1 mbar) < PH2 < 
10 MPa (100 bars) or PO2 = 0.021 MPa (0.21 bar)). For 
example, Fig. 2 presents some magnetite solubility 
measurements in function of temperature and pH.5 Data 
from literature are also presented on this figure, mainly 
data from Tremaine and Leblanc6 and from Sweeton and 
Baes.7 


 


 
 
Fig. 2. Iron solubility measurements: experimental, literature 


and extrapolated data. 
 


Note that Fe – H2O system is relatively well known but 
it is not always the case. In the last years, new solubility 
measurements have been made in our labs for nickel,8 
silver, manganese9 and so on. 


II.C. Extrapolated data 
 


When no literature or experimental data are available, 
extrapolation can be necessary and/or useful. 


To take into account temperature and pressure in the 
interaction constants calculations (or molar Gibbs energy 
∆Gr calculations), chemical potentials µ°(T, P) are used: 
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in which: µ°j(T,P) is the chemical potential of the “j” 


species at T and P, µ°j(T°,P°) is the chemical potential at 
T° = 298,15 K and P° = 0.1 MPa, ∆Cp°(T, P°) is the molar 
isobaric heat capacity (T and P° = 0.1 MPa) and ∆V(T, P) 
is the molar volume at T and P. 


For low temperature and low pressure, hypothesis can 
be easily made for Cp(T) and V(T, P) but it is not the case 
at high temperature and high pressure. Different models 
exist in the literature and in our case, the HKF model has 
been used. This model, developed in the 70’s by Helgeson, 
Kirkham and Flowers, is a semi-empirical model which 
gives analytic expressions for Cp(T) and V(T, P) from 
thermodynamical data at T° and P° and water properties 
ε(T, P) and ρ(T, P).10 


Fig. 3 shows the evolution of water ion product in 
function of the temperature. As observed, the HKF model 
allows fitting the experimental points on the total 
temperature range (up to the critical point) whereas more 
simple models (for example Van’t Hoff model) allow fitting 
data only for lower temperature range (up to 100 °C for the 
Van’t Hoff model (corresponding to the ∆Cp = 0 
hypothesis)). 


 


 
 


Fig. 3. Water ion product Kw evolution with temperature: 
experimental and theoretical data. 
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In our studies, HKF model is used to determine data 
when no literature or experimental values are available. In 
general, data can be found for few temperature, pH or 
redox values and it is just necessary to extrapolate these 
data but in some cases, no data exist. An example of 
extrapolation is given in Fig. 2 for iron solubility. As 
mentioned above, dots represented experimental or 
literature data and the shape represents theoretical values 
for large pH and T ranges (results are also available for 
large redox range but are not shown). 


 
II.D. Database development 


 
These data (experimental, extrapolated and literature) 


are gathered in thermodynamical databases. Note that 
before usage for thermodynamical calculations, it is very 
important to judge the applicability and quality of the 
values used. In particular, one important aspect that should 
be controlled is the intra compatibility of data (it is the case 
when many literature sources are used). 


In our laboratory, different databases have been 
developed for different projects: 


1. “BD-CEA-OSC” dedicated to the 
contamination transfer in PWR primary 
circuits,11 


2. “BD-CEA-GV” dedicated to the 
understanding of the fouling and TSP 
blockage phenomena in PWR secondary 
circuits,12 


3. “BD-CEA-ITER” for fusion process, 
4. “BD-CEA-BASSIST” for environmental 


studies. 
To use these different databases, a thermodynamic 


program code is necessary. This code has to be developed 
since public codes are in general limited to the low 
temperature range. 


 
II.E. Chemistry code 


 
For our studies, the chemistry code PHREEQCEA13 is 


used to do chemical calculations. This code is based on the 
well-known computer program PHREEQC developed by 
the US Geological Survey.14 PHREEQC has been modified 
to extend the temperature range until 370 °C. The main 
modification is in the dependency of the equilibrium 
constant with the temperature: 
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where a1, a2, …, a9 are parameters to fit with the HKF 
interaction constants log10,HKF(T, P) at P = Psat and ρw is the 
water density at T. 


At the end, databases and chemistry code can be used 
to model phenomena and simulate macroscopic systems. 
Two examples will be presented in the next part: the cold 
shutdown operation which deals with the primary circuit 
and the steam generators tube support plates blockage 
phenomena which deals with the secondary circuit. 


 
 


III. MODELING AND SIMULATION OF 
MACROSCOPIC SYSTEMS 


 
III.A. Cold shutdowns simulation 


 
The OSCAR code is developed in collaboration 


between CEA, EDF and AREVA to predict the corrosion 
product behavior in PWRs primary circuits during nominal 
operating operations, hot shutdowns and cold shutdowns.15 
The chemistry module of OSCAR is the computer code 
PHREEQCEA. 


The validation of the capability of PHREEQCEA (and 
so of OSCAR) to simulate cold shutdowns is very 
important because an important radioactive peak (mainly 
due to 58Co and 60Co which comes from the activation of 
58Ni and 59Co respectively) is observed during this period 
(mainly during the cool down and the oxygenation step). 


For this purpose, many cold shutdowns have been 
simulated in the laboratory with different materials: simple 
oxides, mixed oxides or nickel base alloys (Inconel 600 
and 690) by using the SOZIE device (cf. II.B and Fig. 1). 


The PWR cold shutdown procedure can be divided 
into several steps including: power reduction, decrease of 
the partial pressure of hydrogen, lithium removal and boric 
acid addition in the primary circuit water (acid-reducing 
phase), cool down, oxygenation of the primary water (acid-
oxidizing phase), purification of the primary water and 
primary circuit draining. The main physicochemical 
parameters of these shutdown steps are temperature, pH, 
partial pressure of hydrogen or oxygen and their duration. 


In our experiment, similar procedure is used (Fig. 4 
shows the temporal evolution of T, [H3BO3], PH2 and PO2 
for one example of experimental cold shutdown (using 
Inconel 690)16). Note that few differences exist: there is no 
lithium removal, total pressure is constant during the 
experiment and hydrogen peroxide is replaced by oxygen 
(or air). 
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Fig. 4. Cold shutdown reproduction: imposed physico-


chemical conditions (T, pH, redox) in function of time. 
 
In this experiment (total duration = 2528 hours with 


386 hours for the cold shutdown), the main steps are: 
• in a first phase, steady state conditions are 


obtained by maintaining the temperature of 
the SOZIE cell at 320 °C and the flow rate at 
20 g/h. The steady state conditions are 
reached when Ni, Fe and Cr concentrations at 
the outlet of the device are stable. During this 
first phase, the primary water is conditioned 
with boron (10 mg/kg), lithium (0.7 mg/kg), 
and hydrogen (35 cm3/kg). 


• then, the temperature is maintained constant 
(320 °C), the boron concentration is increased 
up to 500 mg/kg then up to 2000 mg/kg while 
the hydrogen is decreased to 5 cm3/kg (note 
the fugitive increase of hydrogen to simulate 
an abnormal situation) and the cell 
temperature is decreased step by step from 
320 °C to 90 °C. This second phase is 
supposed to correspond to the acid-reducing 
phase, 


• when the temperature of the cell reaches 90 
°C, oxygenated primary water is introduced 
(air, 0.2 MPa). The cell temperature decreases 
to 25 °C and these conditions are maintained 
constant to the end of the test. This third 
phase is supposed to reproduce the acid-
oxidizing phase. 


 
During the experiment, regular samplings have been 


made at the outlet of the SOZIE device and solution 
concentrations of Ni, Fe and Cr have been measured by 
AAS or ICP-AES (see black dots on Fig. 5). 


 


 
 


Fig. 5. Cold shutdown reproduction: experimental and 
calculated nickel concentrations in solution in function of time. 


 
Then, theoretical concentrations (see lines on Fig. 5) 


have been determined by using the PHREEQCEA 
chemistry code, associated to the thermodynamical 
database “BD-CEA-OSC” and coupled to the Mathematica 
software, and by using an adequate physico-chemistry 
modeling.17 


The system (or SOZIE device) is modeled as 
represented on Fig. 6: 


• solid phase and solution (in which a gas can 
be dissolved) are separated, 


• oxide can be formed at the surface of the 
metal and presence of soluble or insoluble 
oxides is taken into account, 


• flow rates are introduced at the entrance and 
at the output of the system, so dissolution of 
aqueous species and gases have to be taken 
into account, 


• only a small amount of oxide is available at 
each time step and represents the maximal 
quantity which can be dissolved, knowing that 
superficial oxide can be totally insoluble. 


 


 
 


Fig. 6. Physico-chemical modeling used for the system. 
 


943







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11058 


   


Finally, comparison between experimental and 
predicted concentrations allows us to validate and/or to 
improve the modeling and the database. During the acid-
oxidizing phase, two extreme cases have been considered: 


• precipitation and deposition (dashed line on 
Fig. 5): in this case, matter is always available 
for further dissolution at next time step 


• or particles formation (black line on Fig. 5): 
material is driven by the fluid and so, is no 
longer available for further dissolution at next 
time step. 


The real situation is obviously between both cases but 
it is not possible to have an idea of the balance between 
them. Nevertheless, Fig. 5 shows a good agreement 
between experimental and predicted concentrations. 


 
 


III.B. Tube support plate blockage phenomenon 
simulation 


 
The second example deals with the secondary circuit. 


Formation and deposition of corrosion products in this 
circuit can lead to the fouling or to the tube support plates 
(TSP) blockage of steam generators (SGs). These 
phenomena are very penalizing for the operators for 
efficiency, availability, economic and safety reasons. 
Hence, many research studies have begun to understand the 
role of thermal-hydraulics, mechanics and chemistry in 
these phenomena. 


Concerning the role of chemistry, a study began two 
years ago in our laboratory. This study comprises two parts: 
the first one consists in the experimental reproduction of 
the deposits formation on TSP18 and the second one in the 
chemical modeling of the deposition by taking into account 
geometrical, physico-chemical, hydrodynamic and 
chemical data.19 


For the experimental part, a set-up has been developed 
for this study. This set-up is shown schematically in Fig. 7. 
It comprises secondary and primary circuits, one tube-
support plate and one SG tube. Temperature and pressure 
are measured continuously, liquid and steam samples are 
analyzed by ICP-AES, AAS or IC and, at the end of the 
experiment, tube is analyzed by EDS, MEB and DRX. 


 
 
 


 
 


Fig. 7. Set-up developed for the understanding of the tube 
support plate blockage phenomenon. 


 
For the modeling part, the system is divided in three 


zones: a liquid single-phase zone, a liquid-vapor phases 
zone and a steam single-phase zone. Moreover, different 
input data are chosen (cf. figure 8): geometrical data (for 
example, the height and diameter of the system, the TSP 
position and so on), physico-chemical data (for example, 
system pressure and feed water temperature), 
hydrodynamic data (steam flow rate) and chemical data 
(feed water composition). 


 


 
 


Fig. 8. Input data for the modeling of the tube support plate 
blockage phenomenon. 


 
Calculations are then programmed and automated with 


the Mathematica software, the PHREEQCEA chemistry 
code and the “BD-CEA-GV” database. Output data are for 
each block:b 


• water masses and volumes (and balance 
between liquid and steam), 


                                                           
b Note that the choice of input data implies a unique description of the 
system. 
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• liquid and steam flow rates, 
• temperature, 
• pH and pe (conventional negative logarithm 


of the activity of the electron), 
• total concentrations for each element, 
• concentrations for each aqueous species, 
• total amount of pure phases, 
• amount and composition of the gas phase, 
• amount and composition of the solid solution. 


 
With this modeling, it is possible to determine nature, 


spatial localization and amount temporal evolution of solid 
phases in the system. For example, Fig. 9 shows some 
results in the case of a feed water containing iron. The 
precipitated species are magnetite Fe3O4 and hematite 
Fe2O3. The graphs show the evolution of the ratio between 
the volume of the solid phases and the volume of the block, 
from bottom to top in the system and its temporal evolution 
over a period of 360 days every 60 days. 


 


 
 


Fig. 9. Simulation example: spatial localization of 
precipitated species in the system. 


 
In this basic example, it is observed that iron 


precipitation occurs mainly in the interstice between the 
tube and the tube support plate. This result is in total 
agreement with the nuclear power plant operational 
experience. 


Different simulation calculations can be made for 
different set of input data. It allows us to determine the 
main driving forces of the deposition, namely the 
temperature and the void fraction. These calculations can 
also be compared to the experimental results to validate 
and/or to improve the modeling and the thermodynamical 
database. 


 
 


IV. CONCLUSIONS 
 
New nuclear power plants are built all over the world 


and improvement in terms of safety, performance and 
flexibility is always expected. In parallel, the lifetime of 
existing reactors will be certainly extended. For example, 
the 40 years lifetime of French reactors built in the 70’s 
would be surely extended to 60 years to face to the 
electricity consumption increase. 


To answer to these objectives, a better understanding 
of the physico-chemical phenomenal occurring in nuclear 
reactors and an optimization of the chemical conditioning 
are necessary. 


This paper has presented the methodology used for 
some chemical R&D studies done in our laboratory. These 
studies deal with mainly Pressurized Water Reactors but it 
must be noted that these studies could be also applied to all 
type of water-cooled reactors (BWR, VVER, CANDU, …). 
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Abstract – Eight units of Optimized Power Reactor 1000 MWe (OPR1000) are operating and 
four units are under construction in Korea. And four units of Advanced Power Reactor 1400 MWe 
(APR1400) are under construction and additional construction of two units has started from the 
end of 2010. They have been constructed continuously and repeatedly based on standardized 
concepts for designs and operating procedures. Consequently, they have been operating safely 
and economically while recording the lowest rate of emergency shutdown and the highest capacity 
factor well above 90 %. Coping with a upcoming nuclear renaissance, Advanced Power Reactor 
Plus (APR+) is under development based on the APR1400 technology to have various reactor 
types for nuclear reactor exports. APR+ is an evolutionary type of two loop pressurized water 
reactor with a number of advanced design features to comply with regulatory and design 
requirements due to diverse demand from many importing countries. The core power of APR+ has 
increased up to 4,290 MWth for economic enhancement, which is corresponding to 1,500 MWe 
class nuclear power plant. Also, new construction technologies are adopted to shorten the 
construction period and several advanced design features are proposed for safety enhancement. 
The feasibility study for developing APR+ has been done to determine the top-tier requirements 
and identify the design concepts in viewpoints of safety, economics and performance. And, the 
preliminary evaluation has been completed for core designs, system designs and BOP designs. In 
this paper, the results of the preliminary evaluation for core designs and relevant safety analyses 
are introduced. Core designs for APR+ development have been carried out in the fields of physics, 
thermal-hydraulics, fuel rod and fuel assembly designs. The results confirm that the top-tier 
requirements and design concepts for APR+ development are appropriate in viewpoints of the core 
safety and integrity because they can satisfy the current design requirements and bases 
established by the proven technologies. Relevant safety analyses have been performed to check 
whether the safety injection system with the DVI+ concept is adequate. The results show that DVI+ 
can provide the core cooling with enough safety injection capability, and new modeling approach 
is suggested based on experiment results to appropriately simulate the DVI+ concept using the 
current LOCA methodology. The standard designs of APR+ are in progress to finalize APR+ 
development by incorporating all design concepts depending on the results of the feasibility study 
and preliminary evaluation. The results of them will be implemented into Standard Safety Analysis 
Report and it will be submitted to Korean nuclear regulatory body to get the standard design 
approval by the end of 2012.  


 
 
 


I. INTRODUCTION 
 
Eight units of Optimized Power Reactor 1000 MWe 


(OPR1000) are operating as Yonggwang 3, 4, 5, and 6 and 
Ulchin 3, 4, 5, and 6 and four units are under construction 
as Shin-Kori 1 and 2 and Shin-Wolsong 1 and 2 in Korea. 
Four units of Advanced Power Reactor 1400 MWe 
(APR1400) are under construction as Shin-Kori 3 and 4 


and Shin-Ulchin 1 and 2 and additional construction of 
two units has started as Shin-Kori 5 and 6 from the end of 
2010. Also, two more APR1400 will be constructed as 
Shin-Wolsong 3 and 4 from the end of 2012. These nuclear 
plants have been designed and engineered to meet 
international regulatory requirements using standardized 
concepts for designs and operating procedures. And they 
have been constructed continuously and repeatedly based 
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on the long-term nuclear plant construction plans by 
Korean government. Consequently, they have been 
operating safely and economically while recording the 
lowest rate of emergency shutdown and the highest 
capacity factor well above 90 % in the world. 


Since the year 2000, a nuclear renaissance has been 
expected owing to the increased energy demand and 
concerns about global warming. In order to join the global 
market of nuclear power plants due to the nuclear 
renaissance, various types of nuclear power plants are 
necessary to satisfy the demand of importing countries due 
to diverse domestic energy conditions. Thus, Advanced 
Power Reactor Plus (APR+) is under development by 
Korean nuclear industries to possess additional type of 
nuclear power reactors with different capacity from 
OPR1000 and APR1400. The development of APR+ is in 
progress based on the APR1400 technology by adding 
several advanced design features to compete against major 
vendors such as AREVA, WEC and GE, etc. and comply 
with diverse regulatory requirements from many importing 
countries1.  


The feasibility study for the APR+ development has 
started on August 2007 and completed on July 2009. The 
purpose of this study was to determine top-tier 
requirements and identify design concepts in terms of 
safety, reliability, economics and performance 
characteristics. Based on the results of the feasibility study, 
the preliminary evaluation has been accomplished for core 
designs, system designs and BOP designs. In this paper, 
the results of the preliminary evaluation for core designs 
and relevant safety analyses are introduced. Core designs 
for APR+ development have been carried out in the fields 
of physics, thermal-hydraulics, fuel rod and fuel assembly 
designs. Relevant safety analyses have been performed to 
check whether core cooling can be achieved by the safety 
injection systems. 


The standard designs of APR+ are in progress to 
finalize APR+ development by incorporating all design 
concepts depending on the results of the feasibility study 
and preliminary evaluation. The results of them will be 
implemented into Standard Safety Analysis Report (SSAR) 
and SSAR will be submitted to Korean nuclear regulatory 
body to get the standard design approval by the end of 
2012.  


 
II. CHARACTERISTICS OF APR+ DESIGNS 


 
Based on the results of the feasibility study, APR+ is 


characterized as an evolutionary type of two loop 
pressurized water reactor with a number of advanced 
design features to enhance the safety and economics2. The 
core power of APR+ has increased to 4,290 MWth for 
economic enhancement, which is corresponding to 1,500 
MWe class nuclear power plant. Also, new construction 
technologies are adopted to shorten the construction period, 


and several advanced design features are proposed for 
safety enhancement such as an improved direct vessel 
injection (DVI+), an advanced fluidic device (FD+), a 
passive auxiliary feedwater system (PAFS), and a four(4) 
train safety injection system (SIS) with N+2 design 
concept. In this section, the reactor coolant system (RCS) 
designs for APR+ development are briefly summarized to 
understand the overall design characteristics of APR+ and 
differences from APR1400. 


The reactor core consists of 257 fuel assemblies, 117 
control elements assemblies (CEAs) and 65 in-core 
instrument (ICI) assemblies. Comparing with APR1400 
core design, 16 fuel assemblies, 16 CEAs and 4 ICIs are 
added. The refueling cycle length is 18 months with a 
maximum discharge burnup of 60,000 MWD/MTU. The 
advanced fuel assembly, HIPER, is applied to APR+. 
HIPER has been developed to enhance the performance 
and to maintain mechanical integrity during a high burnup 
range. HIPER is designed as a 16x16 array with 236 fuel 
rods containing UO2 pellets, the burnable absorber and 5 
guide tubes.   


The reactor vessel is a vertically mounted cylindrical 
vessel with a hemispherical lower head welded to the 
vessel and a removable hemispherical upper closure head. 
The reactor vessel diameter of APR+ is bigger than that of 
APR1400 to accommodate the added 16 fuel assemblies. 
APR+ adopts an integrated head assembly (IHA) to 
simplify the structural configuration of the upper closure 
head region and to improve the maintenance convenience. 
By adopting the IHA the occupational exposure dose, 
component storage area and overhaul duration are 
expected to be shortened significantly. 


The pressurizer (PZR) is equipped with nozzles for 
sprays, surges, pilot-operated safety relief valve (POSRVs) 
and pressure and level instruments. The volume of PZR is 
designed larger than that of APR1400 to accommodate the 
increased RCS volume. The PZR will reduce the potential 
causes of plant unavailability by effectively absorbing 
pressure transients due to reactor coolant volume shrinkage 
or swelling according to temperature or loading changes. 
The POSRVs ensure the reliable valve operation without 
chattering and leakage, and with lower susceptibility of 
valve stuck-open. The RCS overpressure protection and 
rapid depressurization functions are achieved by 4 POSRV 
assemblies. 


The four (4) reactor coolant pumps (RCPs) are 
implemented into the APR+ design. The RCP is the same 
model as the Shin-Ulchin 1 and 2 (SUN 1&2)3, which are 
the first construction plants utilizing the newly developed 
RCP and MMIS technologies to possess the intellectual 
property right. The head and capacity of the RCP are 
enlarged to accommodate the increased thermal power 
compared with APR1400.  


The design feature of APR+ steam generator (SG) is 
the same as that of APR1400.  The heat transfer area of the 
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SG increases by the increase of U-tube height to 
accommodate the increased thermal power. The moisture 
separators and steam dryers in the shell side of the SG limit 
the moisture content of the exit steam to less than 0.25 w/o 
during the normal operation. The main steam isolation 
valves (MSIVs) are designed as fail-close to preclude 
uncontrolled steam releases and resultant uncontrolled 
cooldown of the RCS. Redundant MSIVs are provided to 
meet single failure criteria in each main steam lines. The 
capacity of the main steam spring-loaded safety valves 
(MSSVs) is sufficient to limit the maximum steam 
generator secondary side pressure in accordance with the 
requirements. The MSSVs shall discharge steam to the 
atmosphere outside the containment. 


The major design parameters of APR+ are summarized 
together with OPR1000 and APR1400 in Table I. 


 
Table I 


Comparison of Major Design Parameters of OPR1000, 
APR1400 and APR+ 


Parameters OPR1000 APR1400 APR+ 


No. of loop/SG/RCP, ea 2/2/4 2/2/4 2/2/4 
RCS flow, 106 lbm/hr 121.5 166.6 171.9 
Operat. Temp(HL/CL), oF 564.5/621 615/555 619/557 
Core power, MWt 2,815 3,983 4,290 
Electricity power, MWe 1,000 1,400 1,500 
Type of fuel assembly PLUS7 PLUS7 HIPER 
No. of fuel assembly, ea 177 241 257 
Array of fuel assembly 16x16 16x16 16x16 
Active core length, ft 12.5 12.5 12.5 
Cycle length, month 18 18 18 
Burnable absorber Gd Gd Gd 
Max. rod burnup, 
MWD/MTU 


60,000 60,000 60,000 


Note)  SG : Steam Generator,   RCP : Reactor Coolant Pump 
           HL : Hot Leg,   CL : Cold Leg,   ICI : In-Core Instrument 


 
III. CORE DESIGNS 


 
The preliminary evaluation has been accomplished for 


core designs in the fields of physics, thermal-hydraulics, 
fuel rod and fuel assembly designs4. Thus, the results of 
core designs are described first for each design areas in 
this section. And then the results of relevant safety 
analyses are introduced in the later section.  


 
III.A. Physics Design 


 
The characteristics of the APR+ core are the core 


power of 4,290 MWt, the number of fuel assemblies of 
257, the burnable poison rods of Gd2O3 with 2 w/o 
uranium, the fuel rod arrays of 16x16 and the refueling 
cycle length of 18 months. The fuel assemblies of 257 in 
the APR+ core increased from those of 241 in the 
APR1400 core. They are made by adding 16 fuel 


assemblies to the APR1400 core as shown in Fig. 1. One of 
the goals of physics design in the preliminary evaluation 
phase is to set up the loading pattern under these core 
conditions. And the loading pattern is set up based on the 
design requirements such as moderator temperature 
coefficient, radial power peaking factor and fuel discharge 
burnup. The guidelines of these design requirements for 
APR+ are; moderator temperature coefficient is maintained 
as a minus value, radial power peaking factor is less than 
1.55 and fuel discharge burnup is less than 60,000 
MWD/MTU. Also, the loading pattern is determined to 
minimize neutron leakage at the core boundary while 
satisfying these conditions and requirements. After setting 
up the loading pattern, the appropriateness of the APR+ 


core is evaluated and the safety related physics design data 
are produced for other design areas using physics 
parameters generated based on the characteristics of the 
loading pattern. 


As an example, the loading pattern for the equilibrium 
cycle is shown in Fig. 2 and the characteristics of the first 
and equilibrium cycles are summarized in Tables II and III.  


 


 
 
Fig. 1. Comparison of the APR+ and APR1400 cores 
 


Table II 
Core Characteristics of the First Cycle 


Type 
No. of 


FA 
No. of Rod 
(Hi/Lo/Gd) 


Enrichment 
(Hi/Lo/Blanket or 


Cutback) 
A0 85 236/000/00 1.70 
B0 20 236/000/00 3.15/3.15/2.00 
B1 4 172/052/12 3.15/2.65/2.00 
B3 60 168/052/16 3.15/2.65/2.00 
C0 32 184/052/00 3.65/3.15/2.00 
C1 16 172/052/12 3.65/3.15/2.00 
C2 4 168/052/16 3.65/3.15/2.00 
C3 36 120/100/16 3.65/3.15/2.00 


APR
+ 


APR1400
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H2 K0 J2   K0   4 H1   5
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13 14 15 16 17 18 19 20


H0 H1 K1 J0 K2 J2 K2 H0


21 22 23 24 25 26 27 28


J1 K1 J2 K2 H1 K2 J1 K2


29 30 31 32 33 34 35 36 37


H2 K1 J0 K2 H0 K2 J1 J2 J2


38 39 40 41 42 43 44 45 46


K0 J2 K2 H1 K2 J2 J2 K2 J2


47 48 49 50 51 52 53 54 55


J2 K1 J2 K2 J1 J2 K2 J2 K2


56 57 58 59 60 61 62 63 64


K0 J0 K2 J1 J2 K2 J2 K2 J2


65 66 67 68 69 70 71 72 73


H1 K2 H0 K2 J2 J2 K2 J2 KC  
 


 Fig. 2. Loading Pattern of the Equilibrium Cycle 
 


Table III 
Core Characteristics of Equilibrium Cycles 


Type 
No. of 


FA 
No. of Rod 
(Hi/Lo/Gd) 


Enrichment 
(Hi/Lo/Blanket or 


Cutback) 
K0 16 184/052/00 4.60/4.10/2.00 
K1 24 172/052/12 4.60/4.10/2.00 
K2 68 168/052/16 4.60/4.10/2.00 
KC 1 236/000/00 2.0 


 
The major physics parameters based on the loading 


pattern are calculated assuming the linearity between core 
average enrichment and cycle length. The average 
enrichment of the first cycle is determined as about 
2.657% for a cycle length of 18 months.  Considering 
economical efficiency of fuel and maximum enrichment 
limit, and the cycle length of 18 months, it is determined 
that the number of new fuel assemblies is 109 and the 
average enrichment of new fuel assemblies is 4.171% for 
equilibrium cycles.  


It is also examined whether the design requirements 
are satisfied with the guidelines for the APR+ core. The 
cycle lengths of the first and equilibrium cycles are 
calculated as 450 (17,000 MWD/T) and 480 effective full-
power days (EFPD) (18,000 MWD/T) respectively. 
Moderator temperature coefficient (MTC) at hot full-
power (HFP) condition considering No Xe  0.010-4 
/F is maintained as a minus value. It is verified that 
LOCA FQ is less than 2.21 and radial power peaking factor 
(Fr) is less than 1.55 while axial power peaking factor (Fz) 
is less than 1.30. And fuel discharge burnup is less than 
60,000 MWD/MTU. Thus, it is confirmed that design 
requirements are satisfied with the guidelines for the APR+ 
core. Accordingly the loading pattern is appropriate and 
applicable to the APR+ development.  


This loading pattern will be finalized by rearranging 
design data between other design groups in the standard 
design phase and used to evaluate the final core 


characteristics and to generate safety related physics 
parameters for the downstream of design groups. 


 
III.B. Thermal Hydraulic Design 


 
The purpose of thermal hydraulic design is to verify 


thermal hydraulic stability of the core through thermal and 
hydraulic performance analyses. Verification is made by 
checking whether the design requirements can be met. The 
design requirements are established to avoid fuel failure 
due to thermal or hydraulic causes in normal operation or 
anticipated operational occurrence (AOO) conditions. To 
satisfy the design requirements, design limits are set up for 
Departure from Nucleate Boiling Ratio (DNBR), fuel 
integrity and hydraulic stability, etc. In general, reactor is 
tripped automatically via reactor protection system to 
prevent fuel failure before the design limits are violated.  


The thermal hydraulic design using the APR+ core 
conditions and specifications of HIPER fuel is carried out 
by thermal analysis for DNBR and thermal margin 
determination, and hydraulic analysis for fuel assembly lift 
force and CEA scram pressure drop, etc. In the preliminary 
evaluation for APR+ development, the design data are not 
finalized so that the thermal hydraulic stability of the core 
is confirmed mainly by qualitative evaluation. Quantitative 
evaluation will be performed in the standard design phase 
using the finalized design data.  


 
III.C. Fuel Rod Design 


 
The target of fuel rod design is to keep fuel rod 


performance and integrity from the fuel failures during its 
life time. To reach the target, design criteria are established, 
and it is confirmed whether the thermal and mechanical 
performance and integrity of the fuel rods can meet the 
design criteria. The design criteria related to the thermal 
performance are rod internal pressure (RIP) due to fission 
gas release and fuel rod centerline melting temperature, etc. 
And those related to the mechanical integrity are clad 
stress, clad strain, clad fatigue and clad collapse, etc.  


The design criteria for the fuel rod design are 
investigated for APR+ development. The behaviors of RIP 
and fuel melting are shown in Figs. 3 and 4 respectively, 
and their compliances with the criteria are described in 
Table IV. The internal pressure of a lead rod is constrained 
not to increase the gap size between clad and pellet by 
outward creep during normal operation. The results as 
depicted in Fig. 3 show that RIP does not exceed the 
system pressure of 2,250 psia up to the licensing burnup of 
60,000 MWD/MTU. Peak temperature of the pellet shall 
not exceed the pellet melting temperature at the normal and 
transient operating conditions. To prevent the pellet from 
melting, peak local power density of the fuel is restricted 
below the power density that centerline melting occurs. Fig. 
4 shows normalized peak local power density maintaining 
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it lower than melting value up to 60,000 MWD/MTU. And, 
power-to-melt local density is 22.6 kW/ft and it is greater 
than the design criteria of 21 kW/ft as described in Table 
IV.  


 


 
Fig. 3. RIP as a Function of Burnup 
 
 


 
Fig. 4. Comparison of Normalized Minimum Power-
to-Melt of UO2 Hot Rod with Bounding Radial Fall-
Off Factor 
 


Table IV 
Evaluation Results for Design Parameters related to 


Thermal Performance 


Design Parameter 
Calculation 


Result 
Design 
Criteria 


RIP, psia 2,144 
2,250 or   


Non lift-off 
Fuel melting 
(power to melt), kW/ft 


22.6  21 


 
The evaluation results of clad stress, clad strain, clad 


fatigue and clad collapse related to the mechanical 
integrity are summarized together with their design criteria 
in Table V. Clad volume average effective stress at normal 
and transient operations shall be less than clad yield stress 
considering temperature and irradiation effect. Clad stress 
is calculated using the theory based on thin-wall tube 
formula and the maximum value is calculated as 16,919 psi 


which is lower than the design criteria of 54,919 psi. Clad 
plastic strain is mainly affected by local power and burnup 
because strain increases due to RIP and pellet expansion. 
Total tensile strain shall be less than 1% during the 
transients when compared with that before the transients, 
and the evaluation results satisfy the criterion. Clad fatigue 
occurs due to repeated loads based on the difference of 
power and pressure between inside and outside of the clad 
during operation. Clad fatigue is calculated by fatigue 
damage factor (FDF) which is decided as the ratio of 
defined number of operating cycles to allowable number of 
cycles at a specific stress or strain level. FDF is calculated 
as 0.609 up to 60,000 MWD/MTU, and satisfies the design 
criteria of 0.8. Clad collapse occurs by clad creep due to 
coolant pressure which is greater than rod internal pressure. 
Clad collapse is an old-fashioned issue which has been 
resolved by using higher fill gas pressure and non-
densifying pellet.  


 
Table V 


Calculation Results for Design Parameters related to 
Mechanical Integrity 


Design Parameter 
Calculation 


Result 
Design  
Criteria 


Clad stress, psi 16,919  54,919 
Clad stain, % 0.631  1.0 
Clad fatigue 0.609  0.8
Clad Collapse No collapse No collapse 


 
III.D. Fuel Assembly Design 


 
The fuel assembly to be loaded in the APR+ core is 


HIPER. HIPER consists of 236 fuel rods containing UO2 
pellets, 4 guide tubes and 1 ICI tube, 9 spacer grids, 2 
intermediate grids with flow mixing vanes (IFMs), 1 
protective grid with debris filters, and upper and lower end 
fittings. HIPER has been developed to enhance the thermal 
performance and mechanical integrity by adding IFMs, 
adopting advanced alloy cladding, applying the protective 
grid to increase debris filtering capability, and designing 
canoe-type spring to enhance the resistance against rod-to-
grid fretting wear. 


The fuel assembly under pressure of holddown spring 
grows axially during the plant operation due to neutron 
fluence. Growing lengths of HIPER are calculated for the 
trip (cold condition) and operation (hot condition) 
conditions at the end of lifetime as 0.78 and 0.81 inches, 
respectively. The gap between fuel rod and a fuel assembly 
flow plate is to accommodate the length variation due to 
irradiation growth and thermal expansion of fuel rod. This 
gap is expected to be a minimum at the end of life because 
irradiation growth is maximum there. A minimum gap is 
calculated as 0.86 inch so that the design criterion is 
satisfied as maintaining a plus value.  
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Lift-off margin of the fuel assembly is defined by 
difference between holddown spring force plus wet weight 
of fuel assembly and uplift force plus buoyancy force. And 
it should be maintained greater than zero. This design 
criteria is considered for ANS Condition I and II events. 
Calculated minimum lift-off margin is still greater than 
zero so that fuel assembly is not lifted up in the APR+ core 
condition. 


Coolable geometry shall be maintained in the HIPER 
fuel assembly which is designed for 0.3 g seismic 
condition. Also control rods shall be inserted for the most 
limiting seismic and LOCA loads in ANS Condition III 
and IV accidents. Maximum impact load and displacement 
are evaluated by implementing the leak before break 
(LBB) concept. And it is predicted that HIPER can meet 
the design criteria related to mechanical integrity. 


 
IV. SAFETY ANALYSES 


 
The Non-LOCA and LOCA safety analyses have been 


carried out for APR+ development in the preliminary 
evaluation phase. The results of them are described in this 
section. 


 
IV.A. Non-LOCA Analysis 


 
Non-LOCA analysis is accomplished for various 


accidents classified based on diverse transient conditions, 
and their results are described in chapter 15 of SSAR. The 
accidents describing in chapter 15 of SSAR are divided 
into 6 categories such as, increase in heat removal by the 
secondary system, decrease in heat removal by the 
secondary system, decrease in reactor coolant system flow 
rate, reactivity and power distribution anomalies, increase 
in reactor coolant inventory, and decrease in reactor 
coolant inventory. And each category includes several 
accidents. Out of these categories, the sixth, ‘decrease in 
reactor coolant inventory’, is treated as LOCA and others 
are dealt with Non-LOCA. Major results of more than 20 
Non-LOCA accidents analyzed for APR+ are described in 
this section. 


A complete loss of reactor coolant flow occurs by 
simultaneous loss of electrical supplies to all reactor 
coolant pumps (RCPs). This accident causes rapid increase 
in the coolant temperature and it results in lower DNB with 
subsequent fuel damage if the reactor is not tripped by the 
core protection system. And, this event is classified as 
ANS Condition III incident. Minimum DNBR is calculated 
as 1.2775 by the increased coolant temperature as 
summarized in Table VI. However, it is still greater than 
design criteria of 1.27. Maximum RCS and secondary 
pressures are calculated as 2,686.5 and 1,279.1 psia, 
respectively. And, these values are less than acceptance 
criteria of 2,750 and 1,320 psia, respectively. 


RCP locked rotor accident which is classified as ANS 
Condition IV accident is postulated to occur by 
instantaneous seizure of RCP rotor. Flow through the 
affected loop is rapidly reduced and it results in reactor trip 
on a low flow signal. Stored energy in the fuel rods is 
transferred to the coolant continuously and heat removal 
by the steam generator is decreased due to reduced steam 
flow to the turbine on the turbine trip. Thus, they make the 
coolant expand, and cause insurge into the pressurizer so 
that RCS pressure and temperature are increased. In the 
preliminary evaluation, RCS and secondary peak pressures 
during the transient go up to 2,672.7 and 1294.0 psia, 
respectively, however they are less than acceptance criteria 
of 3,000 and 2,700 psia. Also fuel failure is calculated as 
less than 7 %.  


CEA ejection accident is assumed to occur by ejection 
of the CEA cluster and drive shaft due to mechanical 
failure of the control rod drive mechanism pressure 
housing. This accident results in rapid positive reactivity 
insertion together with adverse core power distribution, 
and may cause fuel rod damage. The fuel pellet enthalpy is 
calculated as 154.1 cal/g and the percent of fuel failure is 
evaluated to be less than 15%. Also, the RCS and 
secondary peak pressure are calculated to be within the 
acceptance criteria. 


The evaluation results for other Non-LOCA accidents 
show compliance with acceptance criteria in the APR+ core 
conditions.   


 
TABLE VI 


Calculation Results of Major Non-LOCA Analyses 


Accident and Parameter 
Acceptance 


Criteria 
Calculation 


Result 


Loss of reactor coolant flow   
Minimum DNBR > 1.27 1.2775 
RCS peak pressure, psia < 2,750 2,686.5 
Second. peak pressure, psia < 1,320 1,279.1 


RCP locked rotor   
RCS peak pressure, psia < 3,000  2672.1 
Peak clad surface temp., oF < 2,700 1294.0 
Fuel failure, % < 7 < 7 


CEA ejection   
Fuel pellet enthalpy, cal/g < 230 154.1 
Fuel failure, % < 15 < 15 
RCS peak pressure, psia < 3,000 2,731.5 
Second.peak pressure, psia < 2,700 1,295.8 
 
 


IV.B. LOCA Analysis 
 
The goal of LOCA analyses is to confirm whether 


safety injection system (SIS) can provide enough 
emergency core cooling (ECC) water for ensuring plant 
safety in the case of the LOCA occurrence. 
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APR+ proposes the improved SIS with N+2 design 
concept which is 4 trains of direct vessel injection (DVI+).  
DVI+ is an improved version of previous DVI and it 
incorporates ‘ducts’ on the core barrel. 


 
 
 


 
Fig. 5. Experiment for ECC Water Bypass Rate of 
DVI+ 
 
 
From the experiment5 which was performed by 


KAERI, the ECC water bypass rate goes up to 70% when 
ECC water is injected through two previous DVI nozzles 
adjacent to a break cold leg as shown in Fig. 5. Thus, 
design improvement shall be considered to reduce the ECC 
water bypass rate or to increase ECC water. In order to 
decrease the ECC water bypass rate, DVI+ introduces 
installation of the duct outside of the core barrel in the 
downcomer reflecting the experiment results of Fig. 5. The 
duct makes ECC water flow down to the core without 
bypass even in case of high speed steam from the cold leg. 
In Fig. 5, we can observe that the ECC water bypass rate 
decrease to 1/3 level of the case without the duct when the 
duct is installed. Thus, the final experiment is performing 
to confirm the exact bypass rate to use for the LOCA 
analysis.  


For the LBLOCA analysis, it is investigated how to 
model the DVI+ with the duct. KREM is used to find 
appropriate modeling of DVI+, which is the best estimate 
methodology developed based on RELAP5/MOD3.3. 
KREM adopts non-parametric statistics in which the 
confidence level that the maximum sampled value exceeds 
a specified percentile of population grows higher as the 
number of random sampling increases.  


Adequate nodalization for modeling the DVI+ with the 
duct is investigated, and the nodalization shown in Fig. 
6(a) is temporarily determined. In the nodalization, ECC 
water from the safety injection pump (SIPs) is modeled by 
assuming to inject 80% into the duct and 20% to the 
downcomer by the bypass, respectively. It results in the 
reasonable flow rate in the duct as shown in Fig. 6(b) 


‘Noding A’. The final LBLOCA analysis will be 
performed for preparing SSAR after the experiment is 
completed to confirm the exact ECC water bypass rate.  


 


   
(a) Nodalization for DVI+         (b) Flow Rate in the Duct 
 


Fig. 6. Nodalization for DVI+ with the Duct and Flow 
Rate in the Duct 
 
 
The SBLOCA analysis has been performed for the 


APR+ development. In the SBLOCA phenomena, the ECC 
water bypass is not dominant so that ECC water is 
modeled to inject from DVI+ without considering the 
unique duct effect.  
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Fig. 7. Peak Cladding Temperature in the DVI line 
breaks varying from 0.087 to 0.12 ft2 


 
The major initial conditions used in the SBLOCA 


analysis is a core power of 102%, a peaking power factor 
of 2.71, a steam generator plugging margin of 10%, etc. 
Core heatup does not occur in the clod leg breaks. And, it 
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occurs in the DVI line breaks for the ranges of 0.01~ 0.12 
ft2. That is, the breaks in the DVI line are more limiting 
than those in the cold leg. Peak cladding temperature is 
747.5K in the 0.1 ft2 DVI line break as shown in Fig. 7. 
This results show this trend is similar to the results of the 
ATLAS experiment6. 


 
V. CONCLUSIONS 


 
The preliminary evaluation has been completed for 


APR+ development in the fields of core designs such as 
physics, thermal-hydraulics, fuel rod and fuel assembly 
designs, and safety analyses of Non-LOCA and LOCA. 
The results confirm that the design concepts for APR+ 
development are appropriate in viewpoints of the core 
safety and integrity. The standard designs of APR+ are in 
progress. The results will be implemented into SSAR and it 
will be submitted to Korean nuclear regulatory body to get 
the standard design approval by the end of 2012.  
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Abstract 


 


The purpose of this paper is the use data assimilation techniques, inspired from 
meteorological applications, to perform an optimal reconstruction of the neutronic field in a 
nuclear core. Both measurements, and information coming from a numerical model, are used in 
this purpose. We study here the robustness of the method when the amount of measured 
information varies.   


I. INTRODUCTION  


Data assimilation methods are commonly used in 
meteorology and oceanography domains. The purpose of 
those methods is to merge measurements and information 
coming from a numerical model, in order to obtain an 
optimal estimation of the field of physical quantities of 
interest.   


We apply data assimilation techniques to perform an 
optimal reconstruction of the neutronic activity field in a 
nuclear core. The procedure proposed here is the same as 
the one meteorologists use to obtain high accuracy 
meteorological reconstructed fields in time and space. This 
is the case, for example, of the commonly used 
meteorological re-analysis data set ERA-40 (Uppala 2005, 
Kalnay 1996, Parrish 1992).   


One of the main advantages of data assimilation is that 
it takes into account every kind of heterogeneous 
information within the same framework. Moreover, this 
method has a formalism that allows adapting itself to 
instrument configuration changes. We exploit this last 
property here, to study the quality of the reconstructed 
activity field as a function of the number of available 
measurements. A major point in this study is to estimate 
the instrument system robustness in the framework of a 
data assimilation reconstruction procedure.  


Moreover, such a study also informs about the effect 
of instrumentation design within a nuclear core and the 
resilience to instrument removal. A side product of this 


study is a method to figure out the most sensitive 
instrument in the core from a data assimilation procedure.   


The first section briefly describes the general data 
assimilation techniques that are used all along this article. 
Then, in a second section, the parameterization of data 
assimilation components is presented for the present 
application. After that, the results of the robustness of data 
assimilation are presented. The sensitivity of data 
assimilation to the instruments is shown at last. This study 
will allow giving several conclusions on neutronic field 
reconstruction through data assimilation, as well as on its 
robustness to instrumentation.   


II. DATA ASSIMILATION THEORY  


In this section, the data assimilation theory is briefly 
introduced. More details on this method can be found 
within the references (Bouttier 1999, Talagrand 1997, Ide 
1997, Kalnay 2003). Data assimilation is a large domain, 
and for example these techniques are used daily of the 
nowadays meteorological operational forecast (Rabier 
2000). This is through advanced data assimilation methods 
that the weather forecast has been drastically improved 
during the last 30 years (Rabier 2005, Bouttier 1999). It 
was also recently applied with success in nuclear reactor 
core neutronic simulation (Argaud 2010, Massart 2007).  


The aim of data assimilation methods is to estimate the 
inaccessible true value of the system state x


t, where the t 
index stands for "true state" in the so called "control 
space". The idea of data assimilation methods is to 
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combine information from an a priori knowledge on the 
state of the system (usually called xb, with b for 
"background"), and from measurements (referenced as yo). 
The background is, in the present case, the output of 
nuclear core neutronic simulations, but can also be derived 
from other sources.  


The result of the data assimilation procedure is called 
the analysis, denoted by x a, and it is an estimator of the 
researched true state xt.   


The background space and the observation space are 
not necessarily the same, so a link between them needs to 
be established. This is the observation operator H, that 
transforms values from the space of the background to the 
space of observations. For data assimilation purpose, it is 
required to use its linearization H, around some reference 
state. So the inverse operation, to go from the observations 
space to the background's space, is given by the transpose 
HT of H.   


Two other information are necessary. The first one is 
the covariance matrix of observation errors, defined as 
R = E[(yo H(xt)).(yo H(xt))T] where the symbol E[.] is the 
mathematical expectation. It can be obtained from the 
known errors on unbiased measurements, which means 
E[(yo H(xt))] = 0. The second one is the covariance matrix 
of background errors, defined as B = E[(xb xt).(xb xt)T]. It 
represents the error on the background state, assuming it to 
be unbiased following the E[(xb xt)] = 0 no bias property. 
There are many ways to define this a priori state and 
background error matrices. However, those matrixes are 
commonly the output of a model and an evaluation of 
accuracy, or the result of expert knowledge.  


It can be proved, as it is done in (Bouttier 1999), that, 
within this formalism, the Best Linear Unbiased Estimator 
(BLUE) xa, under the linear and static assumptions, is 
given by the following equation:  


boba xyKxx H  , (1)  


where K is the gain matrix which reads:  


1TT RHBHBHK  . (2)  


Moreover, as a data assimilation by product, we can get the 
analysis error covariance matrix A, characterizing the 
analysis errors xa xt. This matrix is expressed from K as:  


KKHIA , (3)  


where I is the identity matrix.  


III. DATA ASSIMILATION SET UP  


This study on based the standard configuration of a 
900 MWe nuclear Pressurized Water Reactor (PWR900), 
with a distribution of the MFC (Mobile Fission Chambers) 
instruments shown in Fig. 1. To perform data assimilation, 
both simulation code and data are needed. For the 
simulation code, the EDF experimental calculation code 
for nuclear core COCAGNE in a standard configuration is 
used. The description of this calculation code is done in 
(Courau 2008, Hoareau 2008).  


 


Fig. 1. The positions of MFC instruments in a standard 
PWR900 nuclear core are localized in assemblies in black 


within a horizontal slice of the core. The assemblies 
without instrument are marked in white and the reflector, 


out of the reactive core, is in gray.  


To have a good understanding of the instrumentation 
effect, we study various kind of configurations, even some 
that do not exist operationally, and, consequently, cannot 
be tested experimentally. For that purpose, synthetic data 
are used to have a homogeneous approach along the 
document. Synthetic data are generated from a model 
simulation, filtered through an instrument model, and 
noised according to a predefined measurement error 
density function, usually of Gaussian type.  


The H observation operator is the composition of a 
selection and of a normalization procedure. The selection 
procedure extracts the values corresponding to effective 
measurement among values of the model space. The 
location on the instruments in PWR900 can be found on 
Fig. 1. The normalization procedure is a scaling of the 
value with respect to the geometry and power of the core. 
The overall operation is non linear. However, for a range 
of value compatible with assimilation procedure, we can 
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calculate the linear associated operator H. Finally, the 
associated observation matrix is a 4553 x 1450 matrix.  


The B matrix contains the covariance between the 
spatial errors for the background xb. In order to get those, 
we estimate them as the product of a correlation matrix C 
by a normalization factor.   


The correlation C matrix is built using a positive 
function that defines the correlations between instruments 
with respect to a pseudo-distance in model space. Using 
the Bochner s theorem, when they are used as matrix 
generator, positive functions have the property to build 
symmetric defined positive matrix. Such a technique is 
described in details in (Matheron 1970, Marcotte 2008). In 
the present case, Second Order Auto-Regressive (SOAR) 
function is used to prescribe the C matrix. In such 
function, the amount of correlation depends from the 
Euclidean distance between spatial points. The radial and 
vertical correlation lengths Lr and Lz, respectively, 
associated to the radial r coordinate and the vertical z 
coordinate, have different values. It means we are dealing 
with a global pseudo Euclidean distance. The used 
function can be expressed as follow:    


(5)    


The matrix built through the above equation, using 
positions of instruments by their (r,z) coordinates, is a 
correlation matrix. It is then multiplied by a suitable 
variance coefficient to get a covariance matrix. The 
variance coefficient is obtained by statistical study of 
differences between model and measurements in real case. 
In our case, the size of the B matrix is related to the size of 
model space, so it is 4553 x 4553.   


The observation error covariance matrix R is 
approximated by a diagonal matrix. This means it is 
assumed that no significant correlation exists between the 
measurement errors of the MFC, which is a physically 
reasonable assumption. The usual modeling is to take the 
R diagonal values as a percentage of the observation y


o. 
This can be expressed as:   


and 0 elsewhere (6)   


The parameter  is fixed according to the accuracy of the 
measurement and the representative error associated to the 
instruments. The size of the R matrix is related to the size 
of observation space, so it is a 1450 x 1450 matrix.   


As many calculations are mandatory to achieve our 
goal, we used an optimized calculation method considering 
each new matrix to calculate as a perturbation of an 
original one. Such a method exploits the Schur 
complement of the matrix (Zhang 2005). The details of the 
method and calculation can be found in (Bouriquet 2011b).  


IV. EFFECT OF INSTRUMENT REMOVAL  


To test the robustness, many BLUE calculations need 
to be done to evaluate the results quality with instruments 
configuration modifications. We want to have an 
evaluation of the quality of reconstruction as a function of 
the number of instruments, with a significant statistical 
confidence. To make this study in a reasonable computing 
time, we make a statistic over 200 scenarios of instrument 
removal randomly picked up.   


We are making those statistics on several hypotheses, 
starting from a standard completely instrumented 
configuration as in Fig.1, and then removing instruments 
randomly two by two until none remains. The calculations 
are done on the basis of the algorithm and hypothesis on 
data assimilation described previously in section III.   


The key point is now to qualify the impact of 
instrument removal on data assimilation. The chosen 
quality measure is defined as:     


(8)    


In the above equation, xaref is a chosen reference analysis. 
This corresponds to the case where no instruments have 
been removed. Such a value is the best estimation possible 
with respect to the available information on the system. 
yo


ref and H are respectively the reference observations, and 
the observation operator, used to build the analysis xa


ref. 
Then H corresponds to the standard observation operator 
when no instruments are removed.   


Such definition of the quality factor has many 
advantages. The limits of this function are very convenient. 
On the upper one, limit when no instruments are removed, 
the v value is 100. On the lower one, the limit when all 
instruments are removed, the v value is 0. With such a 
formula, we can compare the variation of information on a 
unique scale. The interest of using this formula is that it 
can be applied directly as well to experimental data as to 
synthetic experiments, without any change.   


jyR o
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Here is presented the study on sensitivity of data 
assimilation done as described previously on the basis of a 
PW900 reactor . The results are presented on Fig. 2.  


 


Fig. 2. The blue plain+dots curve represents the value v 
given by Eq. (8) as a function of the number of instruments 


removed. These results come on a typical PWR900 
instrument location. The two other red and green lines are 
linear regression corresponding to both decreasing regime.  


As expected, the relative quality of reconstruction 
decreases as a function of the number of instruments 
removed. However within this decrease, three phases can 
be seen:  


A first phase of slow decreasing until we removed 
roughly 20 instruments. This phase is rather clear 
and can be fitted by a linear regression with a slope 
of -1.64 (arbitrary unit (a.u.) per instrument). The 
fit is shown in red line on Fig. 2. 
After 20 instruments removed, the decreasing 
speed of the slope increases. The second linear fit 
has a slope of -2.28 (a.u. per instrument). This fit is 
shown in green line in Fig. 2. 
Beyond 40 instruments removed, we reach a third 
phase of stagnation then a brutal decrease to 0, 
which is the limit value imposed by Eq. (8).  


The most puzzling part of Fig. 2 is the behavior when 
only a few instruments remain. The first step is to explain 
why the third phase is marked by a stagnation of the mean 
value of ||yo Hxa|| over the set of removal scenarios taken 
into account. To understand that effect, we work on both 
the cases where two instruments are removed (i.e. 48 are 
remaining), and the ones where two instruments are 
remaining. On those two cases, at most 1225 scenarios are 
possible. This number corresponds to C50


2 combinations. 
The distribution of the value of ||yo Hxa|| over all the 
scenarios is represented in Fig. 3.  


 


Fig. 3. Distribution of the norms values of ||yo Hxa||, on the 
C 50


2 combinations when only two instruments are removed 
(in red), or when two instruments remain (in blue) in the 


instrumental network of a PWR900 reactor.  


On Fig. 3, we notice a big difference between the two 
distributions plotted, that correspond to the cases where 
two instruments are removed (i.e. 48 remain) or two are 
remaining.   


The shifting of the mean value between those two 
extreme cases is logical, as available information is 
dramatically changing. However, the shape of the 
distribution is also changing. We move from a very sharp 
distribution, when 48 instruments are remaining, to a rather 
broad one, when only two instruments are remaining.   


The first interesting point of this shape change is that 
all the instruments do not have the same influence on the 
activity field reconstruction. To understand better this 
effect, let's assume that all the instruments are equivalent. 
In this case, as the numbers of scenarios present in the two 
distributions of Fig. 3 are the same, only a shifting of the 
mean value should have be seen. However, we have not 
only a translation of the distribution but also a broadening. 
Thus, there is a non equivalence of instruments within the 
data assimilation procedure, in terms of marginal 
information assigned to each instrument, depending on its 
location in the core. So, transformation between the two 
distributions proves that the instruments are not all 
equivalent.   


The second point of interest is that the broadening of 
the distribution is asymmetric. The distribution extends 
towards the higher values of norm. This effect explains the 
stagnation of the v quantity when few instruments remain. 
The source of stagnation is the discrepancy between the 
most probable value of the distribution and the mean value 
of the distribution which is higher. The most probable 
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value leads to a decrease without stagnation. However, 
looking at the mean value (that has more physical 
meaning), we see that this one stagnates due to the 
asymmetric broadening that compensates the overall 
decrease in mean value.   


This broadening effect can be used track the influence 
of each instrument within the data assimilation procedure 
as done in (Bouriquet 2011a).   


Now, the origin of the two slopes, in decreasing of the 
information represented by the Fig. 2, will be investigated. 
The repartition of the instruments in a standard PWR900 is 
very complex as shown in Fig. 1. This complexity of the 
repartition does not make the situation easy to understand. 
Thus, we want to study the case on a simpler repartition of 
the instrumentation to see if the effect of two phases 
decreasing persists. Then, an artificial set of instrument 
positions is chosen as presented in Fig. 4.   


 


Fig. 4. The positions of MFC  instruments within the 
nuclear core are localized in assemblies in black within the 


horizontal slice of the core. The assemblies without 
instrument are marked in white and the reflector is in gray.  


The core geometry and assemblies configuration is the 
same as a PWR900 one; however the instruments are 
located regularly on a Cartesian map. Within this regular 
configuration, only 40 MFC are used, which is a bit less 
than the 50 of the standard PWR configuration presented 
on Fig. 1. With this repartition, we do the same analysis as 
on the previous one. The evolution on v as a function of 
the number of removed instruments is plotted in Fig. 5.   


 


Fig. 5. The plain curve represents the value v given by 
Eq. (8) as a function of the number of instruments removed. 
These results come from a regular instruments location in a 


PWR900. The dashed line represents the linear fit of the 
steady part of the curve  


In this figure, the quality v of the activity 
reconstruction decreases quasi-linearly as a function of the 
number of removed instruments. This goes on until we 
reach the stagnation phase. Comparing Fig. 2 to Fig. 5, it 
appears that the variation of the slope is related to the 
geometrical repartition of the instruments. Such uniform 
linear decreasing can be observed also in several other 
rather geometrically regular repartitions, as one with 
repartition on diagonal line for example. Some of the 
repartitions have densities of instruments close to the one 
of the standard PWR900, which does not change the 
overall behavior.   


Looking at the slope factor of the linear fit, we notice 
that the one with regular MFC repartition (Fig. 4) is in the 
range of the slopes obtained with standard MFC repartition 
(Fig. 1).   


Thus the removal, or fault resilience, of the instrument 
set seems to depend on the transition point between the 
two decreasing steps. In the lower range of instrumental 
density, it is better to have a regular repartition, and in the 
higher one, it is better to have a complex ad-hoc 
repartition. In real PWR900 nuclear cores, because the set 
of instruments is fixed at a high density level, these results 
indicate that it is more robust to have an ad-hoc repartition 
of the instruments, as for now than a too regular one.  


V. CONCLUSIONS  


We proposed and studied here an original method to 
test how the neutronic activity field reconstruction by data 
assimilation is tolerant to information removal. The core of 
the reconstruction method is based on data assimilation, 
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that is widely use in earth sciences, and allows a very good 
reconstruction of the activity all over the nuclear core. An 
hybrid method for fast matrix inversion partially based on 
Schur complement allows the execution on numerous 
analysis, from which statistical results can be derived. For 
all these analyses, synthetic data are used to try non-
experimental instruments repartitions, but similar results 
were established using real configurations. This 
application on real data proves both the reliability and the 
quality of the calculation code, and of the data assimilation 
methodology.   


Using those advanced calculation methods, it was 
shown that the slope of the reconstruction quality is mainly 
governed by repartition for the instruments. Depending on 
the chosen repartition, the decrease consists in two or three 
distinct phases. The ultimate stagnation phase in this 
decreasing is governed by both statistical effect and 
heterogeneity of instrument influence.   
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Abstract – In 2011 the EUR organization will reach 20 and is still quite active. During the last few years, 
the EUR works have been focused on the volume 3 (evaluation of the level of compliance of the available 
Gen 3 LWR designs). The corresponding subsets of the EUR volume 3 (AP1000, AES92 and EPR rev B) 
are now available and other LWR projects of potential interest for the EUR utilities are being reviewed. 
Meanwhile, coordinated action with the other industry groups and the other stakeholders has been a 
centerpiece of the EUR strategy. In particular, the EUR organization, Foratom/ENISS and WNA/Cordel 
have joined their efforts to produce common positions and actions in nuclear safety and nuclear 
deployment. Meanwhile the EUR organization has kept enlarging: MVM and Gen-Energija now are 
associated members. Today, most of the European electricity producers considering nuclear build are 
involved in EUR and the remaining utilities considering nuclear generation have been approached. 
Education and training has been dealt with actively. For instance in September 2010, the EUR 
organization organized a well-attended technical course about the EUR requirements in Czech Republic. 
 
Considering the EUR document has to give its users a good picture of the European regulatory situation 
and has to include feedback from the last decade, the EUR organization members agreed it was the right 
time to undertake a general update of the volumes 1, 2 and 4 of the EUR document  and early 2011 gave 
the starting signal. A lot of preparatory material had been gathered and preserved since the publication 
of the revision C in 2001: (1) findings from detailed reviews of volume 2 by the EUR organization, (2) 
comments about the relevance of some requirements, from the analyses of compliance of the Gen III 
projects, (3) update of the transmission grid requirements, (4) update of the decommissioning 
requirements, (5) consideration of ageing and lifetime extension in the new plant design, (6) update of the 
comparison between EUR and EPRI-URD, (7) review of the WENRA works, (7) feedback from the recent 
licensing of Gen 3 units in Europe. It will be checked and integrated into a draft revision. It has also been 
decided to rework on the few technical policies of the EUR document that, after 15 years, deserve 
rebuilding to fit the 2010’s European environment. A substantial task force gathering representatives from 
most of the EUR utilities has been set up. The common tools have been renovated, the methods of work 
modernized and a short schedule of works implemented. The peak of activity should be reached mid 2011. 
The organization is today very busy with specific topical working groups meetings, project engineer and 
assistant works and coordination activities. This “Fast Track” should allow a revision D be available in 
2012. The updates that require more time or the biggest specific conceptual development will be dealt 
with in a second step of the schedule. They are expected to lead to a revision E that may be published one 
year and half to two years later. 
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I. INTRODUCTION
For reasons such as diversity of supply, evolution of 


the costs of alternative energies, new uses of electricity, the 
major European electricity producers have decided to keep 
the nuclear option open, to keep able to build new nuclear 
plants when their interest or necessity requests it. Several
of them are today engaged in tendering or building. Most 
of the utilities have been inclined to pre-select Gen 3
LWRs technology that builds upon the successful feedback 
of experience of the operating fleets in Europe. Producing 
a common technical specification for safety and 
performance1, the European Utility Requirement (EUR) 
document that sets out harmonized design targets has been 
one of the joint achievements of the European utilities. On 
this base the main vendors have developed -and are still 
developing- standard Gen 3 LWR designs adapted to the 
European market that could be licensed for construction in 
all the countries without major design changes.


II. BACKGROUND
The early drafts of the EUR document were produced 


in 1992 in a coordinated manner with the EPRI URD in 
USA. At that time, the EUR utilities were also contributing 
to the US ALWR program. Since the early drafts, the scope 
of the EUR document has been progressively broadened -
more topics and more designs addressed- while its bases 
have been strengthened. Twenty years after the beginning 
of its development, the EUR document is now complete. 
All the parts of the EUR document that were foreseen in 
the initial action plan have been produced and a large part 
of the document has been updated one or two times.


In its current stage the EUR document is fully 
operational. It has been used for writing the technical 
specifications of recent nuclear tenders in Europe as well
as outside Europe. It has also been used by the NPP 
vendors willing to be present in Europe, as a guide for 
designing their new Gen 3 products. It will, of course, be 
further improved to follow up progress of technology and 
evolution of the European environment as this is explained 
below.


III. THE EUR ORGANIZATION
Since a usable specification was there, strategy had to 


be redefined about where to go next. For a couple of years, 
discussions have been going on within the EUR
organization about the evolution of the EUR document, the
objectives of the EUR organization and the interaction with 
the outer organizations. The main strategic lines are now 
clearly defined.


The EUR organization today includes 18 member-
utilities. One of the most important decisions was to keep 
the EUR organization enlarging. CEZ2


1 Including plant maneuverability requested by the transmission grid


, MVM and Gen-


2 Now full member of the EUR Organization


Energija3


The current member-utilities of the EUR organization


are now active participants. Other European 
utilities have been approached to participate. All the 
European nuclear electricity producers that consider 
nuclear generation as a possible option for the coming 
decades have the vocation to join, sooner or later, the EUR 
organization.


IV. THE EUR DOCUMENT
As this has already been presented in various nuclear 


conferences, the EUR document is structured in four 
volumes:


• Volume 1 (Main policies and objectives) defines the 
major design objectives and presents the main policies that 
are implemented throughout the EUR document.


• Volume 2 (Generic nuclear island requirements) 
contains all the generic requirements and preferences of the 
EUR utilities for the nuclear island. 


• Volume 3 (Application of EUR to specific designs) is 
divided into a number of subsets. Each subset is dedicated 
to a specific design that is of interest to the participating 
utilities. A subset includes a description of the design and 
an analysis of compliance vs. the generic requirements of 
Volume 2. It may also include design dependent 
requirements.


• Volume 4 (Power generation plant requirements) 
contains the generic requirements related to the power 
generation plant.


The EUR document


The EUR document currently includes forty chapters 
and about 4300 individual requirements that cover most of 


3 Both of them currently Associated Members of the EUR 
Organization
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the topics a utility has to address to have a large Gen 3 
LWR nuclear power plant developed and built. It has been 
made available to all the nuclear community with limited 
restrictions. Beside the paper and CDROM versions that 
have been widely distributed, a Web site4


 


 allows access to 
its main components since the early 2000's. Today, nearly 
1000 registered users have privileged access to this site and 
form a community that produce comments and ask for 
questions. 


V. WORKS ON THE EUR VOLUME 3 
Eight subsets of the EUR volume 3 have already been 


worked out. Each one includes the description of a 
standard design and an analysis of compliance vs. the 
generic requirements of EUR Volumes 1 and 2. It may also 
include design-dependent requirements. Each subset of 
volume 3 is produced with contribution of the 
corresponding vendor that provides detailed information 
about its design and answers hundreds of questions raised 
by the utility engineers in charge of the assessment of 
compliance. In average the making of a detailed analysis 
requires 2-3 years and takes 3-5 man-years of a committed 
team of engineers from both the EUR utilities and the 
vendor. 


 
Five subsets dedicated to the BWR905, EPR6, EPP7, 


ABWR8, and SWR10009 projects had been published 
between 1997 and 2002. The reference text was the 
revision B of the EUR volumes 1 and 2. Three new subsets 
dedicated to the Toshiba-Westinghouse's AP100010 to the 
AEP Moscow's AES9211


                                                           
4 http://www.europeanutilityrequirements.org 


 and to a revision of Areva’s EPR 
have been worked out between 2005 and 2009. For all 
three designs the reference text is the revision C of the 
volumes 1 and 2. The organization set up to manage the 
making of those subsets has been quite similar to the ones 
already used for the previous subsets of volume 3: a 
network of vendor experts to collect and supply the 
necessary information on the one side, a network of EUR 
utility engineers to write the assessment of compliance on 
the other side, plus a common coordination group. Each 
new assessment has been checked vs. the previously 
released subsets before publication to eliminate any unfair 
statement or interpretation. Finally, certificates have been 


5 1300 MWe BWR project initially developed by ABB Atom, today 
promoted by Toshiba-Westinghouse 


6 1500 MWe PWR project developed by NPI, now promoted and 
built by Areva 


7 European Passive Plant program for a 1000MWe 3-loop version of 
the AP600. This project is no longer supported. 


8 The version of GE's ABWR certified in USA 
9 1000 MWe BWR project with passive safety features initially 


developed by Siemens, today promoted by Areva. 
10 The version of Toshiba-Westinghouse's AP1000 certified in USA 
11 1000 MWe VVER design with passive safety features developed 


by Atomenergoproekt Moscow. An evolution of this project, the AES2006 
has been licensed for Novovoronezh.  


granted to the vendors that recognize the quality and the 
completeness of the assessments as well as the good level 
of compliance of their projects vs. the EUR document. The 
texts of these subsets of the EUR volume 3 are available to 
the utilities that need it. Since the published texts contain 
information that is property of the developers, access is 
restricted and can be vetoed by the interested vendor. 


Beside the existing subsets presented above, new LWR 
projects of potential interest for the EUR utilities are being 
contemplated for new subsets of the EUR volume 3. The 
EUR utilities are willing to have a panel of several projects 
assessed in the EUR volume 3, from which they could 
select the most adapted projects for their own needs. Thus 
the EUR volume 3 shall be considered as a living set where 
the no-longer supported projects are identified and new 
projects may appear. Following this strategy, a request by 
MHI to undertake a new subset of the EUR volume 3 
dedicated to their APWR project was taken in 
consideration. Since limited interaction had occurred 
between MHI and the EUR utilities before, a step-by-step 
approach was adopted that would allow MHI and the 
European utilities interested by the project to familiarize 
with each other. A preliminary assessment of compliance 
of APWR project was worked out in the first months of 
2008 on a list of 50 key EUR requirements proposed by the 
EUR organization. Following this, the EUR organization 
recognized the pretty good level of compliance of the 
project vs. the EUR requirements from this first analysis 
but identified a few design features in which it would be 
advisable MHI develop alternative design options. Design 
works have been carried out at MHI in 2009 and 2010 to 
reduce these differences and propose a comprehensive set 
of design options for the EU-APWR. If the decision to go 
on is confirmed by the EUR organization, a joint MHI-
EUR organization for the detailed analysis of compliance 
may be set up in the first half of 2011. 


Other projects, like KHNP's APR1400 and GE-
Hitachi’s ESBWR have been the subjects of preliminary 
contacts between the vendors and the EUR organization. A 
few limited-scope self-assessments have been undertaken 
that may pave the way to complete assessments but the 
decisions to go will probably be made in a staggered 
manner considering the available resource amongst the 
EUR utilities. Considering this, Volume 3 will probably 
remain an active line of development of the EUR 
document for a while. 


 


VI. EDUCATION AND TRAINING 
Education and training of the young European 


professionals in nuclear has been one of the important 
tasks the EUR organization has carried out for several 
years. In June 2005, the EUR utilities organized a one-
week course on Gen 3 LWR technology for young 
professionals and students in Helsinki. The course attracted 
around 50 participants and was assessed very positively, so 
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that the EUR organization received numerous requests to 
organize new sessions. After a long discussion period, 
agreements were settled in 2009 with ENEN12, and WNU13


- A one-week course organized by WNU 


 
to organize new courses. Two rather complementary 
proposals were put on the table and it was proposed to split 
the former EUR course into two parts: 


14


- A one-week course organized by ENEN 


that would 
focus on the regulatory and political backgrounds, the 
actors' parts and the main standardized Gen 3 products 
available. A first session of this WNU Forum on 
Harmonization of Reactor Design Requirements has been 
organized by WNU in September 2009 in Manchester. It 
has proved very successful. 


15


 


that would 
be more technical and describe more in detail the EUR 
requirements, the regulatory requirements as well as the 
standardized Gen 3 products proposed in Europe. This 
EUR course would be the natural complement to the WNU 
Forum. This course has been organized in September 2010 
in Řež close to Prague and was attended by around 100 
participants, mostly from the young generation. The 
feedback has also been very positive. 


 
The 2010 EUR course in Řež 


 


VII. COORDINATED ACTIONS WITH OTHER 
INDUSTRY AND STAKEHOLDER GROUPS 
Another outcome of the EUR strategic plan is the rein-
forced search for collaboration with the other industry and 
utility organization, both at global and European levels. In 
2008 the EUR and ENISS organizations have decided to 
join their efforts in a collaboration scheme in which they 
will coordinate their positions and actions in nuclear safety 


                                                           
12 The European Nuclear Education Network, a non-profit 


association gathering the main European organizations in charge of 
nuclear education and training 


13 The World Nuclear University, the education and training branch 
of WNA 


14 URL: http://www.world-nuclear-university.org/ 
15 URL: http://www.enen-assoc.org/ 


with respect to the LWR Gen3 designs. The two organiza-
tions will cooperate in their relations with the other stake-
holders, in particular with the IAEA and WENRA organi-
zations. In 2010 and 2011, the interaction with WENRA 
has been of specific importance, following the publication 
by WENRA of their “safety objectives for new reactors” 
[2]. The EUR organization also contributed actively to the 
review of two key IAEA documents: the revision of the 
Safety Standard N-S-R1 Safety of Nuclear Power Plants: 
Design [3] and the draft Safety Guide DS367 Safety Clas-
sification of Structures, Systems and Components in Nuc-
lear Power Plants [4] 


Along the same strategic line, EUR and CORDEL16, 
which is a WNA17 working group decided also to 
coordinate their efforts for the industry benefit, in relation 
with the MDEP18


 


 initiative of the safety nuclear regulators 
as well as with the IAEA Nuclear Power division. 


VIII. A LOT OF AVAILABLE INPUTS TO A 
REVISION OF THE VOLUMES 1, 2 AND 4 


A lot of preparatory material for a possible revision D 
of the EUR volumes 1, 2 and 4 has been produced since 
2002. This has been the outcome of several review 
processes carried out during this period. The list is quite 
long and specifically includes the following inputs: 
1. The conclusions of the detailed review of the key 


chapters of the volume 2 rev C by the EUR 
organization: The points that still appeared unclear, 
showed discrepancies with the overall technical 
policies of the EUR document, were felt either too 
design-specific or too solution-oriented or would 
deserve more detailed rationales, etc. have been listed 
in specific EUR reports that have been written soon 
after the revision C of volume 2 was published, with 
contribution of its authors of the revision. 


2. The recent analyses of compliance of the AP1000, the 
AES92 and the EPR that have brought a lot of 
comments about the relevance of some EUR 
requirements and their right interpretation. This 
material has been collected in specific EUR 
background reports, written by the EUR engineers in 
charge of the analysis. 


3. A proposed update of the EUR transmission grid 
requirements by a specific EUR topical working group 
in 2003-2004. A draft revision D of the EUR chapter 
2.3 is available for integration in a next revision D of 
the volume 2. 


4. A proposal for simplification of the EUR criteria for 
limiting impact (CLI, appendix B to chapter 2.1) 


5. More specific consideration of decommissioning in 
the initial design of the new LWR plants. An update of 
the EUR decommissioning requirements has been 


                                                           
16 Cooperation in Reactor Design Evaluation and Licensing 
17 World Nuclear Association 
18 Multinational Design Evaluation Program 
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carried out in 2003-2004 and a draft revision D of the 
chapter 2.16 is available for integration in a next 
revision D. 


6. Consideration of ageing and lifetime extension in the 
new plant design. A specific EUR topical working 
group has been set up in 2008 to identify the sections 
of the EUR volume 2 that should be modified to 
explicitly take into consideration plant ageing and 
plant life extension in the initial design. A set of 
revised sections is now available. 


7. Update of the comparison between EUR and EPRI-
URD. A collaboration frame has been re-established 
with EPRI to update the EUR comparison report 
established in the mid 90's. This is developed below in 
this paper. 


8. Outcome of the review and follow up of the WENRA 
works on harmonization of nuclear safety in Europe. 
The WENRA Reference Levels and the WENRA 
Safety Objectives for New Power Reactors have been 
analyzed and the inconsistencies with EUR identified. 


9. Addenda about the consideration of environmental 
impact in the EUR design objectives 


10. Review of the updated IAEA Safety Standards and 
analysis of the remaining inconsistencies with EUR 


 


IX.  “FAST TRACK” AND “BIG TOPICS” 
The above material has been gathered, checked, sorted 


and assigned to the adequate sections of the EUR 
document. For that the project tools have been renewed 
and remote-access databases developed that allow 
permanent access of all the actors of the project to the 
inputs as well as to the texts under revision. They also 
identify the links between the different requirements and 
the external references. A specific task force gathering 
representatives from most of the EUR utilities has been set 
up and a short schedule of works implemented. A 
systematic requirement-by-requirement review and update 
is being carried out. This is quite tedious but it is expected 
to greatly improve the internal consistency of the document 
and to allow its management in the long term.  


Beside this analytical approach, it has been decided to 
rework on the technical policies of the EUR document that, 
after 15 years, deserved rebuilding to fit the 2010’s 
European environment. The few topics that need in-depth 
redefinition may require significant development works. 
Thus it has been decided to focus first on the safety 
policies that have been impacted by the recent texts 
released by the European regulators through WENRA. The 
bulk of the analytical update plus the update of the EUR 
policies impacted by WENRA have been gathered in a 
specific line of the project known as the “Fast Track” This 
“Fast Track” will be concluded by a series of topical 
reviews that will ensure technical consistency between the 
different chapters and sections where the topic is 
addressed. This quite dense program has been designed and 


will be managed to allow a revision D be available around 
mid 2012. The organization is today very busy with 
specific topical groups meetings, engineer and assistant 
analytical works and coordination activities. The peak of 
activity should be reached mid 2011. The works intensity is 
not expected to dim before mid 2012. 


The updates that cannot be dealt with during the Fast 
Track or the biggest specific conceptual development will 
be dealt with in a second step of the schedule, known as 
the ‘Big Topics” phase. This second phase will lead to a 
revision E that is expected to be published one year and 
half to two year after the Revision D. 


 


X. PERSPECTIVES 
The ultimate objective of the investors/operators is 


still to pave the way to developing and building 
standardized Gen 3 units in an as-large-as-possible area. 
Common specifications for development and bids are keys 
to this objective. The EUR initiative has pioneered this 
harmonization process in Europe and is today well-
recognized as a success. Yet the EUR document has been 
developed for Europe by the European Utilities but the 
nuclear market is actually not regional but global: (i) the 
development costs are too high to allow developing 
specific designs for a small area, (ii) there is a small 
number of designers/vendors, (iii) the rules of the game are 
getting harmonized world-wide.  


To go on and make an initiative like EUR be the seed 
of larger-scope ones, collaboration with the other actors of 
the nuclear business is essential. The Revision D is 
expected to bring a significant improvement to the EUR 
document that can be used with more confidence as a base 
for these harmonization works. Meanwhile one shall not 
ignore the major internal objective of the Rev D: to get a 
fully checked document that can be used by the EUR 
member-utilities to prepare the technical specifications of 
their future tenders. 


 


XI. NOMENCLATURE 
 
ABB Atom the Swedish branch of ABB in charge of 


nuclear 
ABWR BWR design by General Electric 


AES2006 PWR design by AEP Moscow 
AES92 PWR design by AEP Moscow 
ALWR  Advanced Light Water Reactor program: a US 


LWR development program in the 80's - 90's 
AP1000 PWR design by Toshiba-Westinghouse 
APWR PWR design by MHI 
Areva one of the main LWR plant designers/vendors 


AEP Moscow Atomenergoproekt Moscow: one of the main 
LWR plant architect-engineers 


BWR90  BWR design by Westinghouse Atom 
CEZ the Czech nuclear power plant operator 


CORDEL  Cooperation in Reactor Design Evaluation and 
Licensing. A working group of WNA. 


Endesa one of the Spanish nuclear power plant 
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operators 
ENEL the Italian nuclear power plant operator 
ENEN the European Nuclear Education Network 


Energoatom the Ukrainian nuclear power plant operator 
ENISS European Nuclear Initiative for Safety 


Standards, a branch of Foratom. 
EPP European Passive Plant: development program 


by Westinghouse, Ansaldo and a group of 
European utilities 


EPR PWR design by Areva 
EPRI Electric Power Research Institute 


EPRI URD EPRI Utility Requirement Document 
EUR European Utility  Requirements 


GE General Electric, one of the main BWR plant 
designers/vendors 


KHNP Korea Hydro & Nuclear Power Co 
MDEP Multinational Design Evaluation Program 


MHI Mitsubishi Heavy Industries 
MVM the Hungarian nuclear power plant operator 


Siemens one of the main power plant designers/vendors 
SWR1000 BWR design by Areva 


Toshiba-
Westinghouse 


one of the main LWR plant designers/vendors 


WENRA Western Europe Nuclear Regulator Association 
WNA  the World Nuclear Association 
WNU the World Nuclear University, a branch of 


WNA 
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Abstract – USA past nuclear waste management policy provided little flexibility in its strategy, which accounts 
for its lack of progress and current uncertainties.  Under the Nuclear Waste Policy Act (NWPA) of 1982, USA 
Department of Energy (DOE) was given responsibility for the disposal of commercial nuclear spent fuel (NSF) 
from Light Water Reactors (LWR) and of DOE managed weapons and other DOE high level waste (HLW). The 
existing NWPA has led to a highly debated geological repository (GR) at Yucca Mountain (YM), over 50 lawsuits 
for Government NSF delay removal damages, and no plans for NSF interim centralized storage (ICS).Several 
significant changes to NWPA are proposed to correct that situation: 
 
(1) The disposal of weapons waste should be separated from that of NSF because of their differing sources, 
volumes, and possible changes in their future characteristics.  For security reasons, DOE should handle the 
much smaller volume of weapons waste.  A separate (FedCorp) along the lines of a private waste management 
company, not politically influenced, and as proposed in (S. Levy, 2010, Congress S.3322 and H.R.5979, 2010) 
should be responsible for the storage and disposal of NSF waste. DOE will remain responsible for fabrication, 
shipment, and transportation of NSF waste packages and continued development of advanced fuel cycles.  It will 
have two Directors on FedCorp Board to assure compatibility with its research and to safeguard against 
proliferation.  The design of YM NSF waste packages will be retained to reduce costs and schedule. 
 
(2) NWPA should permit the licensing, construction, and operation of interim centralized storage (ICS) facilities 
as previously proposed by [Bunn et al., 2001, Nat. Comm. On Energy Policy, 2004, S. Levy, 2009] and cost 
estimated by [GAO 10-48, 2009] for 153,000 metric tons (MT) for 100 years in order to reduce government 
liabilities, to decrease NSF decay heat, and to provide the necessary time to evaluate and select advanced fuel 
cycles. Until NWPA is modified, a private NSFGroup should be formed to be responsible for pursuing that work 
as soon as possible. 
 
(3) NWPA should allow the search for an alternate geological repository (AGR) (S. Levy, 2010) to avoid or back 
up the long anticipated legal debate and challenges about YM and its lack of support by top DOE management. 
FedCorp will be responsible for AGR and it will absorb NSFGroup. A different methodology and siting credo 
will be used to involve key local and state participants and to assure the support of their independent experts.  
NRC will be asked to first approve the sites and follow with subsequent construction approval.  A new “as safe as 
practical” strategy will be utilized. For example, YM waste packages will be employed for ICS storage to 
increase ICS robustness and to have the government take over NSF possession and transport it to ICS. Similarly, 
an AGR site with no seismic and volcanic history will be chosen to reduce its risks (doses) by a factor of 1000 
(DOE/OCRWM, 2008 b) in order to overcome any debate about the uncertainties of probabilistic methods.  
 
(4) It is anticipated that the blue ribbon “Commission” appointed by DOE to explore alternatives for storage, 
processing, and disposal” of NSF waste will recommend evaluation of advanced fuel cycles to obtain similar 
results to those developed by [NEA 5990, 2006] which are discussed in the full text for four different fuel cycle 
schemes.  It is important to realize that those results are equilibrium values and some could take a very long 
time, more than 100 years, and require fast reactors not yet near commercialization.  Also, during that transition 
period they involve increased fuel cycle costs, construction of new major and costly fuel handling facilities, and 
overcoming more restrictive domestic financial and regulatory conditions, e.g.,   no USA release of Iodine 139 to 
the environment. 
 
Based upon the above considerations and the large accumulated and growing USA inventory of once-through 
NSF, the only sensible way for USA to proceed is to rapidly create NSFGroup and FedCorp with the best 


2141







Proceedings of ICAPP 2011 
Nice, France, May 2-5, 2011 


Paper 11005 


 


available talent and to have them pursue ICS and AGR for once-through NSF storage as soon and as safe as 
practical. NSFGroup and FedCorp   will prepare a 5year business plan and adjust it every year. It will have a 
strong independent advisory committee which will issue periodic reports to all interested parties and respond to 
valid comments especially from the President’s office and Congress.  DOE will carry out focused and thorough 
advanced fuel cycle studies and pursue their preferred choice(s) through demonstration tests. Until that time 
arrives, reprocessing of NSF and its application of Plutonium (Pu) for recycle in LWRS is not justifiable due to 
its limited benefits and increased costs which, due to its contractual obligations, USA government cannot afford 
to absorb.     
 
The author recommends that USA should rely upon ICS and extended AGR storage of NSF, until a commercial 
and reliable fast reactor can be introduced to significantly reduce LWR waste volume and radiotoxicity and to 
significantly increase nuclear energy resources. The possibility of withdrawing AGR waste packages from AGR 
to use their NSF increasing value and resources with time should be preserved. 
 
Still, USA faces a very long and difficult overall waste management program which will require changes, 
cooperation, and agreement among many involved parties.  Minimum politics, regular information meetings, 
compromises, realistic schedules and cost projections will be necessary to assure the success of future USA 
nuclear waste management program.   


  
 


I.  INTRODUCTION 
 
USA nuclear waste management strategy is currently in full 
disarray.  Its past history shows that the [National 
Academy, 1957] concluded that geological repositories 
(GR) would provide the best protection to humans and the 
environment against the long-lived and hazardous 
radioactivity of nuclear waste. In 1982 NWPA gave DOE 
the responsibility to find permanent storage for LWR NSF 
and DOE HLW.  The original Act was flexible because it 
allowed the consideration of 3 GR sites.  However, in 1987, 
President Reagan, in order to reduce costs, decided to only 
pursue Yucca Mountain (YM) for GR.  Some flexibility 
was retained in 1987 by forming the Office of Nuclear 
Waste Negotiation to try to find a community willing to 
allow an interim storage facility.  That flexibility expired in 
1995 because no community could be found.  Prior to that 
time, DOE started to operate on the basis that it could get 
early approval of Yucca Mountain as GR.  For example, 
DOE committed to take custody of once-through NSF from 
LWRs by January 31, 1998 and to collect $1/Mega Watt 
hour (Mwh) of generated electricity for its disposal at YM 
before DOE had enough assurance that those obligations 
could be met.  Also, NWPA provided for the construction 
of a very limited 10,000 metric ton (MT) storage facility 
but only after NRC approved construction of YM and it 
permitted the shipment of NSF to that storage site only 
when YM could accept NSF.  DOE chose to interpret that 
position as lacking authority to provide further ICS 
facilities. 


In 2001, DOE submitted a Yucca Mountain Preliminary 
Site Stability Evaluation [DOE/RW-0532, May 2001] and 
it was followed by a Yucca Mountain Science and 
Engineering Report [DOE/RW-0540, July 2001].  These 
two voluminous documents offered adequate justification 


for proceeding with a GR at YM following the NRC 
generic support in 1990 and 1999[55FR38474, 1990 and 
64FR68005, 1999] that HLW could be safely managed in a 
GR. Following the NWPA prescription, DOE held public 
hearings in the state of Nevada, and after responding to 
State comments it recommended approval of YM for HLW 
disposal by the President and Congress.  That 
recommendation was approved in 2002 even though the 
required Environmental Protection Agency (EPA) 
Standard, due to legal challenges, was not issued until 
October 2008 when it extended annual radiation dose limits 
to the public from 10,000 years to 1 million years.  Also, 
due to quality assurance problems, the NRC which has 
regulatory authority over commercial NSF waste safety had 
not yet been asked to review and license YM as a 
repository.  That submittal happened in June 2008 and it 
was accepted in September 2008.  In July 2008, DOE 
moved the date for taking custody of NSF to 2020 which 
increased the required storage for NSF at reactor sites and 
increased the claims against the government for NSF delay 
damages. [Similar commitments were made to remove 
DOE HLW from certain states at specified dates with 
penalties provided if they were not met.] 


In March 2009, the Secretary of Energy decided to 
terminate the pursuit of GR at YM and to form a panel of 
experts to develop alternatives.  That decision is being 
contested by some states, members of Congress, and the 
Nuclear Energy Institute (NEI).  One key issue is whether 
DOE had the authority to stop the NRC review prescribed 
by NWPA.  In the meantime, NSF and DOE HLW continue 
to accumulate beyond the statutory limit of 70,000 MT 
originally prescribed for YM.  Very little future progress is 
anticipated because NWPA is still controlling. 
Modifications to NWPA require Congress and President 
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approval and none will be forthcoming until well beyond 
the elections of 2012. 
 
This write-up details the principal changes needed to 
increase the flexibility of NWPA and to restart the USA 
nuclear waste management program.  They include:  
 


 A change in NSF waste management 
responsibility covered in Section II. 


 The need to pursue interim centralized storage 
(ICS) discussed in Section III. 


 The search and licensing of an alternate GR 
(AGR) proposed in Section IV. 


 The adoption of different methodologies and 
strategies to obtain local, state, and national 
support covered in Section V. 


 Consideration of advanced fuel cycles and their 
potential role discussed in Section VI. 


 Author’s conclusions in Section VII. 
 
II. Change in Management of HLW 
 
It is proposed to change the management of HLW by 
separating disposal of DOE HLW from that of NSF for 
several reasons: 
     a)  They come from different sources.  DOE HLW 
source is primarily from weapons waste and it was 
produced for national security reasons while commercial 
NSF waste comes from the generation of electricity at 
nuclear power plants which have to compete against other 
energy forms. 
     b)  NRC has regulatory authority about NSF waste 
disposal while weapons waste may not be subject to NRC 
review even though it could benefit from it. 
     c)  Their volumes are different.  DOE HLW amounts to 
only about 10 percent of NSF volume.  Its reduced size 
could help DOE find a separate GR for security reasons. 
     d)  NSF volume and radiotoxicity can be reduced by 
using advanced fuel cycles while those of weapons waste 
cannot.  If the NSF volume is subjected to advanced fuel 
cycles, the resulting benefits will not be as large if it is 
disposed with DOE HLW as discussed in [DOE/RW-0519, 
1999]. 
 
“The nuclear industry has long supported the concept of 
moving the government storage program for used nuclear 
fuel out of DOE and establishing an improved management 
structure” [NEI, Jul. 30-Aug. 3, 2010].  The most recent 
suggestions have come from [S. Levy 2010, Congress 
SS3322 and H.R. 5979, 2010].  DOE will be responsible 
for the disposal of DOE HLW while a new corporation 
along the lines of a private company (Fed Corp.) will be 
responsible for interim storage and geological disposal of 
NSF, using sound business practices.  DOE will remain 
responsible for advanced fuel cycles with Electric Power 
Research Institute (EPRI) representing the industry.  Until 


NWPA is changed, a private NSF Group should be formed 
and concentrate upon the search, licensing, and approval of 
an NSF interim centralized storage (ICS) facility which can 
be carried out without NWPA changes.  DOE will remain 
responsible for removal of NSF from plants and its 
transportation to ICS.  When the YM situation is resolved 
and NWPA modified accordingly, NSF Group will become 
part of Fed Corp to pursue both the storage of NSF at ICS 
and AGR.  Both NSF Group and Fed Corp will remain non-
political and have access to the nuclear waste fund or 
changes to it without requiring congressional budget 
approval.  Both will not participate in legal debates about 
NSF delay damages against the government or in changes 
to the nuclear waste fund.  Fed Corp will have a Board of 
Directors dominated by utility representatives and public 
utilities regulators because they provide all the funds for 
NSF disposal.  The Board will have one to two outside 
waste management experts and two high level DOE 
managers to assure policy consistency with DOE research 
and government proliferation provisions.  Fed Corp will 
add representatives from the President Office and Congress 
if required.  NSF Group and Fed Corp will be staffed with 
the best available personnel from nuclear utilities and the 
government. 
 
Both NSF Group and Fed Corp will hire top project 
managers, licensing engineers, expert HLW and GR site 
evaluators, construction specialists, good communicators, 
schedulers, and quality assurance personnel.  They will 
prepare a 5 year plan and submit it for comments by the 
President and Congress.  They will issue periodic progress 
reports as well as updates of the 5 year plan for comments.  
Both Corps will have an independent advisory committee 
which will issue periodic reports available to all interested 
parties and they will respond to received valid comments. 
 
III. Interim Centralized Storage (ICS) of NSF 
 
The pursuit of ICS for NSF is not new.  It was suggested in 
1972 by the Atomic Energy Commission (AEC).  Also, as 
noted in the Introduction, it was pursued by the Office of 
Nuclear Waste Negotiation from 1987 to 1995 without 
success.  In the very good review by Harvard and Tokyo 
University (Bunn et al., 2001), it was pointed out that those 
failures were due not for technical but for practical, legal, 
and institutional reasons.  The most successful of those 
attempts was carried out by the private fuel storage (PFS) 
group trying to go ahead with the storage of 40,000 MT 
NSF on land leased from the Skull Valley Goshute in Utah.  
The NRC approved the safety of PFS but the state of Utah 
opposed it and it is still under review by the courts. 
 
The most recent evaluation of interim NSF storage was 
carried out by the GAO (GAO-10-48, 2009) at the request 
of Congress. It was asked “to identify alternative nuclear 
waste management approaches…. The two likely 
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alternative approaches identified by consulting experts 
were centralized storage and on-site storage options”. 
Centralized storage of 153,000 MT of NSF at the end of 
100 years was estimated to cost from $15 billion to $29 
billion while that of on-site storage would range from $13 
billion to $ 37 billion. They amount to a minimal $0.1 to 
$0.2/MWh. Site storage will lead to increased and renewed 
lawsuits against the USA government for NSF delay 
removal damages. (DOE, 2008) estimated that the damages 
would exceed $11 billion by 2020 and could cost $500 
million/year after 2020 or about an additional $45 billion 
for the 90 years period proposed by GAO beyond 2020. 
There may be additional charges for on-site storage if it 
lasts beyond decommissioning of some power plants. 
Clearly, government cost-wise, ICS is clearly superior to 
on-site storage. 
 
An important benefit of ICS is the decrease in decay heat 
by about a factor of 100 at the end of 100 years storage. 
Another important incentive is that DOE could transport 
and take custody of NSF at the time of shipment of NSF to 
ICS while DOE could not do so if NSF remains at power 
plants. While considering the application of the “as safe as 
practical” strategy, the possibility of using YM waste 
packages to store NSF at plant sites and at ICS was found 
to offer many benefits. First, all NSF waste storage 
packages will have a standardized design. Its use at reactor 
sites will give NRC a chance to review the proposed 
approach and to confirm its safety. When the ICS packages 
arrive at ICS, they will be ready for shipment to AGR and 
they will avoid transfer of NSF to another AGR waste 
package at ICS. Furthermore, YM waste packages are 
much more robust than all the current forms of NSF storage 
at power plants. Also, because they will be employed at 
AGR, their cost can come from the Nuclear Waste Fund. 
 
With respect to improving the chances of local, state, and 
national acceptance, the most compelling reason besides 
increased safety is that ICS involves from $15 billion to 
$29 billion in 2009 dollars for the local community/state 
and from $23 billion and $81 billion with simultaneous GR 
disposal. Those estimates translate into considerable work 
opportunity for the local community/state accepting the 
ICS and AGR. NRC will approve the safety of the program. 
Monitoring will insure no release of radiation and its 
correction if necessary. With respect to transportation of 
the waste packages, it will be carried out using overpacks 
certified by NRC and the Transportation Department.    
 
IV. Alternate Geological Repository 
 
It is likely that the future of YM will be debated until the 
“blue ribbon” Commissions report on alternatives is issued.  
In the meantime valuable time is being wasted unless the 
search for an Alternate Geological Repository (AGR) is 


initiated.  When NWPA is modified, it should allow the 
search for AGR to be carried out for several reasons: 


 If the licensing process of YM is restarted it will 
be useful in establishing NRC position, but it will 
face many continued challenges and, in particular, 
the reluctance of the Secretary of Energy to 
support and fund it. 


 The NRC will need time to complete its review 
and may require changes to the models and 
design. 


 As stated in [GAO-10-48], the state of Nevada and 
others [McFarlane, A.M. and Ewing, R. C., 2006] 
have raised potential obstacles to YM approval 
and especially to its ability to sustain seismic and 
volcanic events.  It is interesting to note that [NEA 
6424, 2009] favors GR sites that are stable and 
that in order to meet that requirement, perturbing 
geological or climate events and processes 
specially earthquakes and volcanism should be 
excluded or shown to be sufficiently rare, slow or 
small to not compromise repository safety over the 
required time frame. 


 If the NRC approves YM, there will be lengthy 
costly public legal hearings which have led in the 
past to the abandonment of some power plant 
projects and which could hurt public perception of 
nuclear waste management. 


 The issue of alternate sites and advanced fuel 
cycles to reduce risks are certain to come up. 


 The license for Yucca Mountain is for only 72,000 
MT and while the site can accommodate more 
NSF, increased capacity is far from assured. 
 


Until NWPA allows the pursuit of AGR, NSF Group could 
start the search for new sites including specifying desired 
characteristics reviewing past U. S. studies, and 
international GR progress which would save much time 
after NWPA is modified.  As noted earlier, the “as safe as 
reasonable” strategy will encourage the selection of AGR 
sites without seismic, volcanic, or harmful climate events to 
reduce risks (doses) significantly and to have DOE take 
custody of the waste packages to ICS and AGR.  Also, a 
different method and approach will be used as discussed 
next, to achieve agreement and support by the local 
community and state. 
 
V.  Methodology for Site/State Approval of ICS and AGR 
 
Following [Bunn M. et al, 2001] prescription, it is 
important to recognize that the local community/state 
involved personnel must believe in the process safety rather 
than only the proponents.  It is important to have 
simplified, easy to read descriptions of ICS and AGR.  It is 
important to use a volunteer process and to explain all the 
benefits to invited potential sites.  It is important to set 
realistic schedules and to “go slowly” to meet them.  It is 
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important to emphasize that the NRC will determine safety 
and that ICS/AGR are being pursued worldwide.  It is 
important to allow interested parties to attend design and 
NRC meetings and to ask questions.  In other words, it is 
important to develop trust, encourage involvement and 
participation, and to listen to suggestions.  It is important to 
pay for experts to advise local community/state personnel if 
they need them.  It is important to explain the EPA 
standards and how they impose radiation levels below those 
sustained in normal life.  It is important to explain the use 
of probabilistic methods because we are dealing with very 
long periods of time and we need to account for all the 
possible events during that time.  It is important to make 
available the independent review of that methodology and 
its quality assurance reports.  It is important to explain the 
“as safe as possible” strategy and the possibility of using 
AGR as an extended ICS and removing the oldest waste 
packages for recycling in fast reactors and returning their 
much reduced waste volume and much lowered 
radioactivity to AGR. 
 
VI  Advanced Fuel Cycles 
 
While USA was first to develop Pu recycle in LWR, during 
the Presidential election of 1976, the candidates decided to 
abandon it because reprocessing of NSF separated Pu and 
raised proliferation concerns.  Other nations did not follow 
USA lead, implemented Pu recycle, and carried out many 
studies of other advanced fuel cycles, e. g. [Nuclear Energy 
Agency (NEA) 2002 and 2006].  A comparison of 
representative indicators for four of those evaluated fuel 
cycle schemes is reproduced in Figure 1 [NEA No. 5990, 
2006].  
 


 
 


The four considered cycles were: once-through NSF PWR 
(1a); once reprocessed NSF PWR and Pu reused once (1c); 
multiple NSF PWR reprocessed and multiple reuse of Pu 
(2a); and fully closed cycle for fast reactor (FR) (3cV1).  
All those cycles assume equilibrium conditions and they 
take longer and longer times to reach them, starting from 
15 to 20 years for case (1a) and exceeding 100 years for 
case (3cV1) because fast reactors are not available or ready 
for commercialization.  The indicators in Figure 1 are 
valuable in assessing nuclear waste management needs and 
the preferred direction for future nuclear power 
development. 
 
With respect to local community/state acceptance, decay 
heat, waste radiation activity after 1000 years, waste 
volume, and doses from repositories are important.  Figure 
1 shows that fast reactors are clearly superior in all four 
indicators except for maximum doses from a granite 
repository where FR is only slightly above Pu multi 
recycle.  With respect to uranium consumption, FR is again 
by far the best.  Another important indicator is the total 
generation cost which dominates the selection of power 
type especially in the USA which relies upon market 
oriented decisions.  Figure 1 shows little difference 
between schemes about total generation cost.  However, 
[NEA No. 5990, 2006] points out that “the economic 
indicator deployed in Figure 1 is indicative only”. It was 
based on the premise that if a generation type is adopted, it 
will be because it is competitive. 
 
In fact, during the transition period to equilibrium, FRs 
could have higher capital costs and higher total generation 
costs.  This does not detract from the fact that USA 
development should focus on fast reactors, their capital 
costs reduction and their ability to burn the TRUs because 
of their other benefits.  Also, it is time for USA to have its 
own FR fuel test bed and associated recycling facility to 
validate the recycle of NSF using pyroprocessing as 
developed at EBR-2, and to pursue several recycles in FRs. 
 
With respect to Pu recycle which the European Community 
and Japan have adopted, Figure 1 shows that the gain in 
uranium consumption is at most 10-15 percent and that the 
activity decrease after 1000 years is impacted slightly 
downwards even with multiple Pu recycle.  “The doses 
with reprocessing are at most a factor of eight lower than 
those from the reference PWR once-through scheme.  
However, the lower dose mainly results from the removal 
of iodine 129 from the liquid HLW during reprocessing; 
should it be captured (as anticipated for USA), the doses 
resulting from all scenarios would be about equal”, 
according to [NEA No. 5990, 2006}.  Based upon those 
limited gains, USA pursuit of Pu recycle is questionable 
and is not recommended by the author.  The principal 
reason is that single Pu cycle fuel cycle costs will exceed 
those of the once-through fuel cycle.  The Congressional 
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Budget Office [Orszag, P. R., 2007] has compared the fuel 
cycle costs of scheme (1a) and scheme (1b) and has 
concluded that the cost of reprocessing would exceed the 
cost of directly disposing NFS.  It will be likely that for 
the roughly 2,200 metric tons of spent fuel produced 
each year in the USA, the reprocessing alternative 
would be likely to cost at least $5 billion more in present 
value terms than the direct disposal alternative over the 
life of a reprocessing plant.  The cost of reprocessing for 
single Pu recycle would be at least 25 percent greater 
than the cost of direct disposal.  If that forecast is applied, 
to the proposed ICS of 153,000 MT of NSF proposed by 
GAO, it means that USA government will have to come up 
with $348 billion above its contracted commitments and it 
is doubtful that it will be supported and approved.  For 
multirecycle of Pu, the increased cost will be even higher. 
 
There are many other fuel cycle schemes besides the four 
used in Figure 1.  Five more are identified in [NEA No. 
5990, 2006] and many more have been proposed.  It is 
hoped that the Commission appointed by the Secretary of 
Energy will be more selective and identify a reduced 
number.  The use of the Integral Fast Reactor [Progress in 
Nuclear Energy, 1997] is a definite possibility because it 
burns the TRUs produced in NSF.  Another interesting, 
very slow but sure, possibility would be to store NSF for 
300 years at AGR beyond the 100 year storage it will 
receive at ICS.  Over that period of time, of 400 years the 
fission products radioactivity will decrease and become 
negligible.  Also, during that same period the value of NSF 
in waste packages will rise to consider the use of their 
energy contents in LWRs, and FRs, to return their waste to 
AGR, and to reduce AGR risks significantly.  This is 
possible only if AGR is designed to allow removal of waste 
packages which the “as safe as practical” strategy would 
recommend. 
 
VI  Conclusions 
 
      1. NSF storage and disposal should be assigned to a Fed 
Corp along the lines of a private waste management 
company not politically influenced. 
      2.  Until NWPA is modified to allow formation of Fed 
Corp, a private NSF group should  be formed to pursue an 
ICS for 153,000 MT of NSF for 100 years to reduce decay 
heat and government liabilities and to provide the time to 
evaluate and select advanced fuel cycles. 
      3.  An AGR should be pursued with no seismic and 
volcanic history and it should use YM waste packages and 
allow their removal for their long term future use in FRs. 
     4.  An “as safe practical” philosophy and a methodology 
to gain the trust and participation of volunteer local/state 
communities is urged. 
     5.  USA Pu recycle is not recommended because USA 
contractual commitments cannot afford its extra costs. 


     6.  Cooperation, minimum politics, compromises and 
good schedules and cost estimates are necessary to assure 
the future success of USA NSF storage and disposal. 
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Development of the Thermohydraulic Module for SOCRAT-BN 


complex for Reactor with Sodium Coolant 
 


S.I. Lezhnin, N.A. Pribaturin, V.N. Semenov, E.V. Usov 
Nuclear Safety Institute, Moskow, Novosibirsk 


 
Abstract-The study [project] was undertaken to develop a thermal hydraulic module for 
SOCRAT-BN code to enable calculation of flow and heat transfer in a two-phase sodium 
coolant. The simulation of thermal hydraulic processes occurring in design basis and beyond-
design-basis accidents in BN-type fast reactors with sodium coolant is an important element of 
the safety analysis of power facilities equipped with reactors of this type. 
 
The thermal hydraulic module is capable of analyzing the two-phase flows; it takes into account 
temperature and velocity non-equilibrium of phases, has user-friendly input file organization 
which allows specifying complicated geometries of power facilities without code retranslation, 
and can handle a broad variety of hydraulic components (such as valves, flaps, pipes, channels, 
pumps, turbine, steam generators, etc.). 
 
The thermal hydraulic module implements a two-phase, multi-component model of coolant flow. 
Coolant may have two states – liquid and gaseous. For multi-phase flow, the module makes 
allowance for temperature and velocity non-uniformity of phases as well as flow heterogeneity, 
assuming the same phase pressure. One of the fundamental components of a mathematical model 
of a two-phase flow responsible for model adequacy is closing the constitutive relations. The 
thermal hydraulic module of the SOCRAT-BN code solves mass, momentum and energy 
conservation equations for liquid and gaseous phases. 
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Abstract – A Very High Temperature Reactor (VHTR) is designed to generate high temperature 


which is typically around 950°C at the outlet. The high temperature results in thermal stress with 


dimensional changes in addition to the mechanical stress caused by the external loads. It is 


necessary to assess the structural integrity of the graphite blocks and fuel compacts for thermal 


stress; however, precise assessment has not been conducted because of the complexity of the fuel 


assembly geometry and absence of accurate temperature distribution. In a previous study, a 


thermo-mechanical analysis of the standard fuel blocks of the VHTR was carried out; however, the 


control fuel blocks have not been investigated for the structural integrity in detail. In the present 


study, a finite element analysis (FEA) of the control fuel element in a 6-story fuel assembly was 


carried out by using the temperature distribution which was calculated from a computational fluid 


dynamics (CFD) analysis. The thermal stress level was investigated precisely. The results showed 


that the maximum stress level in the fuel elements is not significant and the structural integrity was 


confirmed. 


 
 
 


I. INTRODUCTION 


 


A Very High Temperature Reactor (VHTR) is a 


nuclear reactor that uses helium as a coolant with the outlet 


temperature at around 950°C. A VHTR is safe and highly 


efficient especially for hydrogen production. The prismatic 


block type VHTR is considered as a design candidate for 


the Nuclear Hydrogen Development and Demonstration 


(NHDD) project.
1,2


 


The maximum temperature in the fuel compacts is 


much higher than the core outlet temperature. The highest 


and the lowest temperature in the stacked fuel assemblies 


is estimated to be about 1200°C and 490°C respectively 


which may cause severe thermal stress by the thermal 


expansion. Therefore, the precise thermal stress should be 


assessed to assure the structural integrity of the core 


structures, especially for the fuel assembly. The literature 


survey showed that a detailed stress analysis for the whole 


fuel assembly has been done recently. A precise thermal 


stress analysis of fuel blocks in the fuel assembly was 


carried out by Kang et al. using a finite element method.
3
 A 


thermal stress analysis for the structural integrity of a 


coated fuel particle was also conducted by Kim et al. using 


a finite element method.
4
 However, detailed thermal stress 


analysis of control blocks has not been carried out yet. In 


the present study, a 3-D thermal stress analysis of a control 


block was carried out by using a commercial finite element 


analysis (FEA) code with the temperature distribution 


which was calculated by computational fluid dynamics 


(CFD) analysis which was conducted by Kim et al.
4
 


 


 


I. CORE STRUCTURES OF PMR200 


 


The considered reactor is PMR200 (Prismatic Modular 


Reactor with 200 MWth) which is one of the candidates for 


the VHTR in Korea. Fig. 1 shows the vertical cut view of 


the reactor. The inner core section consists of columns of 


prismatic fuel assemblies. The fuel assembly consists of 


fuel blocks and control blocks which are hexagonal 


prismatic graphite blocks containing nuclear fuel compacts 


and coolant channels. There are 42 fuel blocks, 12 control 


fuel blocks and 12 reserved shutdown control fuel blocks. 


Fig. 2 shows the fuel and control blocks. The standard fuel 


element which has 210 holes for fuel compacts and 108 


coolant holes. There are 6 burnable poison locations on the 


corners. The height of the fuel element is 793 mm and the 


flat-to-flat distance of the fuel element is 360 mm. In each 


hole for the fuel compacts, 15 fuel compacts are stacked 


inside. There is a very small gap of 0.125 mm between the 


fuel compact and the graphite block. Graphite plugs are 
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placed to enclose the stacked fuel compacts at the top of 


the graphite block. 


 


 
Fig. 1. Core structures of PMR200 


 


 
Fig. 2. Fuel and control fuel blocks of PMR200 


 


III. THERMAL STRESS ANALYSIS 


 


The analysis model is 1/2 section of the control block 


as shown in Fig. 3 considering symmetry. Parts of the 


upper and the lower reflector blocks are included to 


consider the axial heat transfer and the flow development 


in a coolant channel in the preceding CFD study using a 


commercial code, CFX v12.1.
5
 All the thermo-fluid and 


power generation conditions are as explained in the 


preceding study. The CFD model of 6 stacked control 


blocks and 2 reflectors is shown in the Fig. 4. The 


maximum temperatures was 1206°C which was found in 


the first control block from the bottom. A commercial finite 


element code, Abaqus v6.9
6
, was chosen as a thermal stress 


analysis tool. A conversion program was written using the 


Python programming language
7
, and the program 


converted CFD mesh and temperature data to Abaqus input 


data. The severe thermal stress was supposed to be 


developed in the control block with the maximum 


temperature. Therefore, only the control block which had 


the maximum temperature was considered in the thermal 


stress analysis. A linear perturbation method was chosen 


for the calculation method because of the complexity and 


the large number of degree of freedom. Fig. 5 shows the 


finite element mesh of the considered control block. The 


shapes of mesh is identical to CFD mesh because the mesh 


data was converted from CFD model directly to the FEA 


model. The same material properties were used from the 


previous study
3
 on thermal stresses of the fuel blocks. 


 


 
Fig. 3. Configuration of half model of control fuel block 


 


 
Fig. 4. A CFD model for the half control fuel assembly 


(a) Fuel block


(b) Control block
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Fig. 5. Mesh configuration of half control fuel block 


 


 


IV. RESULTS 


 


The thermal stress analysis was performed on graphite 


blocks and fuel compacts independently. Fig. 6 and Fig. 7 


show the temperature distribution and von Mises stress 


distribution on the deformed shape of the graphite block. 


The peak von Mises stress was 4.15 MPa which is around 


16% of the tensile strength of the graphite. Fig. 8 shows 


the maximum principal stress distribution in the graphite 


block. The graphite material is weak in tension. Therefore, 


the maximum principal stress failure theory will be used in 


the analysis. The peak maximum principal stress in the 


graphite block was 4.41 MPa which is 17% of the tensile 


strength of the material. Fig. 9 shows the temperature 


distribution and the deformation of the graphite block 


where the maximum stress is developed. It shows that the 


larger thermal expansion of the inner area than that of the 


side of the block due to the temperature difference makes 


the oval deformed shape of the coolant channel and the 


stress concentration is found on one of the quadrant. 


The fuel compacts should be investigated separately 


from the block because the difference of material and the 


separate analysis domain due to separate mesh from the 


block. Fig. 10 and Fig. 11 show the temperature 


distribution and the von Mises stress distribution on the 


deformed shape of the fuel compacts. The peak von Mises 


stress was 0.99 MPa which is around 17% of the tensile 


strength of the material. Fig. 12 shows the maximum 


principal stress distribution in the fuel compacts. The peak 


maximum principal stress was 0.95 MPa which is 16% of 


the tensile strength of the material. 


 


 
Fig. 6. Temperature on the graphite block 


 


 
Fig. 7. Von Mises stress on the graphite block. 


 


350







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11366 


   


 
Fig. 8. Maximum principal stress on the graphite block. 


 


 


 
 


Fig. 9. Temperature distribution and deformation of the 


graphite block around the location where the maximum 


stress is developed. 


 


 
Fig. 10. Temperature on the fuel compacts. 


 


 


 
Fig. 11. Von Mises stress on the fuel compacts. 


 


 


Temperature (ºC)


Temperature (ºC)
Deform. scale: x100
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Fig. 12. Maximum principal stress on the fuel compacts. 


 


 


V. SUMMARY 


 


Thermal stress on the stacked control blocks which 


consists of a VHTR reactor core structure was investigated. 


A commercial FEM code was used to perform thermals 


stress analysis and CFD temperature results were used as 


an input from a preceding study. Thermal stress analysis 


was performed using a linear perturbation. 


Thermal stress of a control block which had the 


maximum temperature among all stacked blocks was 


investigated and the peak stresses were calculated. The 


most severe peak stress level was around 17% of material 


strength. However, the analysis result showed the necessity 


of nonlinear contact analysis. For the future work, a 


nonlinear thermal analysis considering interactions 


between graphite blocks and fuel compacts will be 


performed. 


 


ACKNOWLEDGMENTS 


 


This work was supported by Nuclear Research & 


Development Program of the National Research 


Foundation of Korea (NRF) grant funded by the Korean 


government (MEST). 


 


REFERENCES 


 


1. J. CHANG, Y. KIM, K. LEE, Y. LEE, J. LEE, J. NOH, 


M. KIM, H. LIM, Y. SHIN, K. BAE and K. JUNG, "A 


Study of a Nuclear Hydrogen Production 


Demonstration Plant," Nuclear Engineering and 


Technology, 39, 2, 111-122 (2007). 


 


2. W. LEE, Y. KIM and J. CHANG, "Perspectives of 


Nuclear Heat and Hydrogen," Nuclear Engineering 


Technology, 41, 4, 413-426 (2009). 


 


3. J. KANG, N. TAK and M. KIM, "Thermo-Mechanical 


Analysis of Fuel Blocks in a VHTR Core," 


Transactions of American Nuclear Society 2010 Winter 


Meeting, Las Vegas, USA (2010). 


 


4. Y. KIM and M. CHO, "A Stress Analysis for a Coated 


Fuel Particle of a HTGR Using a Finite Element 


Method," Nuclear Engineering and Technology, 41, 8, 


1087-1100 (2009). 


 


5. M. KIM, N. TAK and J. NOH, "CFD Analysis of Hot 


Spot Fuel Temperature in the Control Fuel Block 


Assembly of a VHTR Core," Transactions of the 


Korean Nuclear Society Autumn Meeting, Jeju, 


Republic of Korea, (2010). 


 


6. Abaqus 6.9, User's Manual, Dassault Systèmes Simulia 


Corp., Providence (2009). 


 


7. Python Programming Language, 


<http://www.python.org> (2010). 


 


352








Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11022 


 


COBRA4i-MIT: an Updated Sub-Channel Analysis Code for Sodium Fast 
Reactor Design 


 
 
 
 


Joseph Fricano*, Jacopo Buongiorno 
Massachusetts Institute of Technology, Department of Nuclear Science and Engineering 


77 Massachusetts Avenue, Cambridge, MA 02139, USA  
*Corresponding author: jfricano@mit.edu, Tel:716-597-5826 


 
 


Abstract – Proper modeling of the coolant behavior in Sodium Fast Reactors (SFR) is necessary 
for design and safety reasons.  Fuel performance, for example, can only be accurately understood 
by knowing the full history of local coolant conditions.  Computational Fluid Dynamics (CFD) is 
a powerful tool for fluid modeling; however it is still too computationally expensive for parametric 
studies and/or transient analysis of whole assemblies. 


The sub-channel analysis approach is better suited for the task, trading in a luxurious level of 
detail for a necessary boost in speed.  Most existing sub-channel analysis codes for sodium, 
including SABRE, SLTHEN, COBRA, and MATRA, are capable of producing reasonably accurate 
results, however are limited in availability or lack the most current empirical correlations.  
COBRA4i, which provides robust implicit and explicit solutions schemes, suffers only from the 
latter malady. COBRA4i produced good results when previously tested with experimental data and 
with its multiple solution schemes is viable for a large spectrum of operating conditions and 
transients.  The main shortcoming of the code is its archaic nature, in its programming language 
(FORTRAN66) and its correlations, both of which can be remedied as described. 


COBRA4i was brought up to date so it could be interpreted by modern compilers.  A through 
literature search determined the most accurate and up to date correlations for pressure drop, 
mixing, and heat transfer.  These correlations were added to the code, which was then run 
parametrically to determine how different combinations of old and new correlations affected code 
performance.  All flow (laminar, transition and turbulent) and convection (natural, mixed and 
forced) regimes were included in the update.  A recommended set of correlations was determined.  
Experimental benchmarks were preformed on data from the ORNL 19-rod test assembly, Toshiba 
37-rod bundle and WARD 61-rod bundle, along with a code-to-code benchmark on results from 
the KALIMER design (containing 271-rod assemblies).  These data sets encompass a broad range 
of assembly sizes and flow and buoyancy combinations.  The benchmarks showed good 
performance of both the old and new correlations.  The recommended set of correlations proved to 
be the most successful over the widest region of operating conditions.  


 
 


I. INTRODUCTION 
 
Accurate modeling of fuel behavior is a key step in the 


design of reliable and economically competitive Sodium 
Fast Reactors (SFRs).  Prediction of fuel performance 
requires accurate knowledge of the clad and fuel 
temperature distributions throughout the hot fuel assembly, 
as these parameters ultimately determine several design 
limits for the reactor. 


Sub-channel analysis is an effective and efficient 
method for obtaining information about the coolant.  While 
Computational Fluid Dynamics (CFD) gives a more 


detailed description of coolant behavior than sub-channel 
methods, it is computationally expensive, especially when 
parametric studies and/or transient calculations are 
performed. 


Recently at MIT a new code was developed to model 
fuel behavior, the Fuel Engineering and Structural Analysis 
Tool (FEAST). FEAST has versions for both metallic and 
oxide fuel, which benchmark well against experimental 
data currently available, mostly from EBR-II and 
PHENIX1,2.  


The objective of this research work is to couple an 
accurate and computationally efficient sub-channel code to 
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FEAST, in order to get an accurate description of fuel 
performance in SFRs.  This paper describes the selection, 
improvement and limited validation of a suitable sub-
channel code.  


 
II. APPROACH 


 
II.i. Sub-Channel Code Selection 
 


Many sub-channel codes exist for sodium, 
SuperEnergy3, SABRE4, SLTHEN5, COBRA6, and 
MATRA7 to name a few.  These codes are either out of date 
or not generally available.   


Selection of the sub-channel code was determined 
according to the following required capabilities/features: 
hexagonal geometry without size limitation, transient 
analysis, transverse momentum equation and availability of 
the source code.  Table I shows the sub-channel codes for 
sodium versus the features desired.  COBRA4i was chosen 
because it satisfied all necessary requirements. 


 
II.ii. COBRA4i Update 


 
COBRA4i is a descendent from the line of COBRA 


codes, most recently COBRA3c, which was developed at 
Pacific Northwest Laboratories (PNL) 40 years ago.  As 
such many parts of the code are out of date, not the least of 
which being the platform (CDC Cyber mainframe) and 
language (FORTRAN 66).  After modifications and 
updates allowed the code to run on modern computers with 
current compilers, the empirical correlations used in the 
code to describe the heat transfer coefficient, the pressure 
drop and mixing were critically examined and updated 
with the most recent correlations available.   


As new correlations were implemented they were 
benchmarked individually using results from the Oak 
Ridge National Laboratory (ORNL) 19 Pin test bundle8.  
The ORNL bundle was chosen for this task because it is a 
common benchmark for other codes, allowing for code-to-
code comparison.  Also, data for both low flow (0.04087 
kg/s inlet mass flow and 263 W average rod power) and 
high flow (3.0378 kg/s, 16795 W) cases are available for 
the ORNL bundle.  A description of the inputs used for this 
case can be found in Table IV. 


II.ii.i Pressure Drop 
 
In COBRA pressure drop is calculated from friction 


facto usual way: r in the 
 


 (1) 
 
The existing correlation in COBRA4i for friction 


factor is the in the form of equation 2.  This equation 
includes 3 constants the user is to specify.  The manual 
recommends values of 0.316, -0.25 and 0 for these 
constants, corresponding to the Blasius approximation for 
friction factor9.  This is for a smooth case however, not 
takin n ssure drop from the wire wrap. g into accou t pre


 
 (2) 


  
Novendstern10 proposed a correction factor to account 


for the additional pressure loss. 
 


.
/ .


.
. .


/ .


.


 (3) 


 
Novendstern’s factor was added to the code as an 


option for the user to choose.  Both the original COBRA 
model and the Novendstern model share a flaw: they do 
not account for difference in pressure drop that result from 
channel type: center, edge, or corner.  Cheng and Todreas 
developed a set of correlations, fitted with experimental 
data which provide a friction factor correlation for each 
channel type11.  These were also implemented into the code 
as an option.  When using the Cheng and Todreas model 
for pressure drop, it is necessary to also use their model for 
forced mixing, which will be described below, to obtain 
accurate results. 


Figure 1 shows the ORNL 19 pin test plotted for each 
of these three correlations.  The extra effect of the 
Novendstern factor is negligible; however, both this 
correlation and Blasius’ match the data well.  The Cheng 
and Todreas correlation predicts slightly higher peaking. 


Table I- Comparison of Sodium Sub-Channel Analysis Codes 


Code Hexagonal Geometry 
Transient 
Analysis 


Transverse 
Momentum 
Equation Available 


Current 
Correlations 


SuperEnergy2 Limited to 8 rings No No Yes No 
SABRE Yes Yes Yes No No 
MATRA LMR Yes Yes Yes No Yes 
SLTHEN Limited to 8 rings No No No Yes 
COBRA4i Yes Yes Yes Yes No 
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The X-axis the on the plots is the sub-channel number, 
shown in Figure 2.  The Y-axis displays relative 
temp e.  Relative temperature is calculated as follows: 


Figure 1- A comparison of different pressure drop correlations implemented in the code using the high flow case of 
the ORNL-19 pin test assembly.  All other correlations are the defaults suggested by COBRA. 


eratur
 


,
 


 (4) 
 


II.ii.ii Mixing 
 
Mixing refers to mass and energy transfer across sub-


channels.  There are three sources that contribute in 
COBRA: flow redistribution, radial conduction, and forced 
mixing.  The latter two are handled by correlations while 
the first effect is described by the transverse momentum 
equation. 


COBRA has equation 5 built in as an option for radial 
fluid n i i co duct on m xing. 


 
 (5) 


 
This equation has the same form as suggested by Ro 


and Todreas12.  The two sources differ in their 
recommendation for the factor κ, the conduction shape 
factor (referred to as Gk in the COBRA literature).  
COBRA suggests a constant value of 0.5 for the factor 
while Ro and Todreas propose the following equation for 
it. 


 


0.66
.


 (6) 
 
For the geometry of the ORNL 19 pin test assembly 


the value of κ is 1.24, significantly higher than the value 
recommended by COBRA.  Furthermore Ro and Todreas 
propose an additional factor to account for conduction that 
takes place through the fuel rods. 


 
Figure 2-- Sub-channel numbering for 19 pin assembly. 


 


0.45
. . .


 (7) 
 
This value for the ORNL geometry is 1.28.  The 


combined effect of the two factors from the Ro and 
Todreas correlations yields five times more mixing than 
COBRA recommends.  The effect of this increase is shown 
in Figure 3.  The high flow ORNL case is barely affected 
by the increased conduction mixing, as would be expected.  
The low flow case however is significantly smoothed out.  
Note that the experimental data values for the low flow 
case are all below 1.00, this is counter intuitive because the 
channels listed represent a cross section of the assembly, 
some values should be above 1.00 (the flow-weighted 
average of relative temperature of all channels should be 
identically 1).  The reason explaining this is the 
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experimental error of the measurements taken8; hence all 
those values should be treated as 1.00.  This means that the 
conduction increase from the Ro and Todreas correlations 
accurately describes the low flow behavior without over-
predicting the mixing or distorting the high flow 
predictions. 


Forced mixing is further divided into two types: wire-
wrap sweeping and turbulent mixing.  Wire-wrap sweeping 
describes mixing due to transverse velocity of the fluid 
resulting from wires in the sub-channel that make an angle 
with the axial direction.  Two similar descriptions of this 
effect exist, one in COBRA and another by Cheng and 
Todreas11.  Although similar, each must be used only with 
its corresponding description of pressure drop to obtain a 
correct result. 


Turbulent mixing is the result of turbulent motion of 
the fluid causing it to transverse sub-channel boundaries.  
COBRA offers several options for turbulent mixing 
corr ti mplest one is: ela ons; the si


 
·   (8) 


 


COBRA  recommends a constant value of 0.01 for the 
turbulent mixing factor β.  Many correlations exist to 
calculate β.  One such correlation was developed by 
Rehme13: 


 
0.00525 .  (9) 


 
The advantage of using a correlation for β in place of a 


constant is to account for the local conditions of the sub-
channel of interest.  A representative value of β calculated 
for the ORNL 19 pin test assembly is 0.008.  The impact of 
such a small difference is negligible, as shown in figure 4.  
In fact the general effect of turbulent mixing is so small 
(less than 10% of total mixing) that in many cases it can be 
ignored11. 


 
II.ii.iii Heat Transfer Coefficient 


 
The heat transfer coefficient is not needed for the 


actual sub-channel calculations for the coolant; it is used 
only when calculating clad and fuel temperatures.  The 


Figure 3- A comparison of conduction mixing models for the ORNL 19 pin test assembly.  The high flow case is
shown on the top while the low flow case is displayed on the bottom. All other correlations are the defaults
suggested by COBRA. 
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heat r co  in OB   transfe rrelation  C RA is:
 


1 · 4  (10) 
 
The recommended values for the constants in this 


equation are 0.023, 0.8, 0.4 and 0.0.  This gives the Dittus-
Boelter equation14.  This equation is for nonmetallic fluids 
however.  To obtain the general form of the equation for 
metallic fluids A2 and A3 can be set equal.  Alternatively, 
the c io ityuk15, so a  an option. orrelat n of Mik was al dded as


 


1 . . 250  (11) 
 


III. RESULTS 
 


After the review and update of the code was complete, 
it was benchmarked against the data from several test 
bundles.  Figure 4 shows a comparison of the results of the 
original code versus the updated code for the ORNL test 
bundle.  The equations used for this and all further analysis 
in the updated code, COBRA4i-MIT, are listed in Table II. 


COBRA4i-MIT, while performing slightly poorer for 
the high flow case, increases the accuracy of the low flow 
case significantly.  Furthermore error in both cases is on 
the conservative side, predicting slightly higher 


temperatures.  The ORNL cases however represent a very 
small portion of possible conditions.  Ro and Todreas12 
produced informative maps showing the relative 
importance of different mixing phenomena based on flow 
(Reynolds Number) and buoyancy conditions (Grashof 
Number).  One such map is shown in Figure 6, with the 
conditions of different benchmarks run plotted on it.  The 
Grashof number used is defined off the temperature change 
across the length of the bundle16, shown in equation 12. 


  


 (12) 
 
Figure 6 shows a map for pitch-to-diameter ratio 


traditionally associated with fuel regions.  A slightly 
different map exists for blanket regions.  To test the code 
under as many possible operating conditions, benchmarks 
were carried out on, in addition to the ORNL 19 pin 
bundle, the Westinghouse Advanced Reactor Division 
(WARD) Bundle17 and the Toshiba Bundle18, as well as a 
code-to-code comparison for the Korea Advanced Liquid 
Metal Reactor (KALIMER) assembly design7.  This set of 
benchmarks allows the code to be used confidently in the 
full range of conditions desired (flow, convection, pitch-to-
diameter ratio, size, and power skews.)  The input 
description for all these cases can be found in Table IV. 


 
Table II- Empirical Correlations Recommended in COBRA4i and COBRA4i-MIT 
Phenomena COBRA4i recommendation COBRA4i-MIT recommendation 
Pressure Drop Blasius Cheng and Todreas 
Wire-Wrap Sweeping COBRA model Cheng and Todreas 
Turbulent Mixing Constant β Constant β 
Fluid Radial Conduction Mixing Constant κ Ro and Todreas 
Rod Radial Conduction Mixing None Ro and Todreas 
Heat Transfer Coefficient Dittus-Boelter Mikityuk 


Figure 4- A comparison of turbulent mixing models using the ORNL 19 pin test assembly high flow case.  All other
correlations are the defaults suggested by COBRA. 
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bundle, the Westinghouse Advanced Reactors Division  


Figure 5- Results of the original and updated COBRA4i codes compared to the ORNL-19 pin test assembly. 


Figure 6-- Map of relative importance of various mixing phenomena based on flow and buoyancy conditions, with
the conditions of various assemblies plotted. 
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III.i. WARD Bundle 
 
The Westinghouse Advanced Reactors Division 


(WARD) bundle is a 61-rod electrically heated bundle17.  It 
tests conditions and power skews representative of blanket 
conditions.  The runs used for benchmarking COBRA4i-
MIT cover all flow and convection regimes.  Flat power 
skews, in addition to skews of 1.5:1:1.5 and 2.8:1 were 
examined. 


Figure 7 shows a sample benchmark for this bundle.  
This case is a 1.5:1:1.5 skew.  The reported assembly 
power is 44 kW and Reynolds Number is 1100.  The flow 
conditions are laminar flow and mixed convection.  The 
lower part of the figure shows the relative power of each 
pin.  Three axial locations are plotted; the code results 
match well with the data in each case.  Downstream of the 
heated length the same effect of measurement error as in 
the ORNL low flow case is seen as all the data points 
appear to be below 1.00. 
 


III.ii. Toshiba Bundle 
 
The Toshiba bundle is a 37-pin test assembly to 


simulate Liquid Metal Fast Breeder Reactors (LMFBRs) 
fuel assemblies18.  Once again, the data covered all flow 


and convection regimes.  Flat, 1.4:1, and 2:1 power skews 
were examined.  Figure 7 shows a sample benchmark; all 
the runs with a 1.4:1 power skew (E37P17, F37P20, 
F37P20). 


 
III.ii. KALIMER Code to Code 


 
The Korea Advanced Liquid Metal Reactor 


(KALIMER) is a 150 MWe pool reactor design7.  Kim et al 
published the results of MATRA-LMR, SABRE4, and 
SLTHEN for the analysis of this reactor.  With these data a 
code-to-code comparison was done for one of the 271 pin 
inner fuel assemblies.  This comparison is shown in Figure 
8.  Note that this plot is of actual temperature rather than 
relative temperature.  The plot shows almost perfect 
agreement between COBRA4i, COBRA4i-MIT, and 
SLTHEN.  MATRA appears to predict a slightly higher 
temperature uniformly, but matches the shape of the other 
three codes.  SABRE4 has a notably higher peak, likely 
caused by shifting more coolant flow to the periphery of 
the assembly, an actual disagreement with the other 4 
codes. 
  


Figure 7- Sample benchmark against the WARD bundle.  The lines represent the results of the code, while the data points
shows the results of the experiment 
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IV. DISCUSSION 


 
The various benchmarks showed that the modified 


COBRA code matches with the data well.  Table III shows 
average deviation from the data for each benchmark.  The 
deviation is below 5% except for the two most extreme 
skews (2.8:1, 2:1).  The extreme skews are expected to 
have higher error because the power is concentrated at the 
edge of the assembly; however the energy loss through the 
duct of the assemblies was not modeled with COBRA.  For 
the other cases the magnitude of the error is reasonable and 


almost always on the conservative side.  The experimental 
error is likely comparable in magnitude. 


The temperature rise for each of the cases used in the 
benchmarks above is of the order of 100°C or less in some 
cases.  This means the actual error between the code and 
the measurement is generally less than 5°C. 


A word of caution about sub-channel code validation: 
there is a relatively small set of experimental data for 
benchmarking a sub-channel code such as this for sodium.   
Unfortunately these data sets are also the only data 
available to those who develop the correlations for the 
codes.  Therefore, it is not entirely surprising that 


Figure 8- Sample benchmark for Toshiba bundle.  The power was skewed into three regions, the bottom of the sub-
channel layout had a relative power of 0.84, the middle 1.00, and the top 1.18. 


Figure 9-- Code to code comparisons of various sub-channel analysis codes for a KALIMER fuel assembly. 
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COBRA4i-MIT and the other codes adopting similar 
correlations predict all the data sets well; after all they use 
correlations that are based off those same data sets. 
 
Table III- Average Error in Relative Temperature 
Benchmark Case Average Error of Relative 


Temperature  
ORNL 4.5% 
WARD Flat 3.9% 
WARD 1.5:1:1.5 4.5% 
WARD 2.8:1 8.2% 
Toshiba Flat 1.9% 
Toshiba 1.4:1 3.9% 
Toshiba 2:1 6.3% 
 


V. CONCLUSIONS 
 
The COBRA4i constitutive relations for heat transfer 


coefficient, pressure drop and mixing were updated. The 
modified code version, COBRA4i-MIT, accurately 
reproduces the sub-channel experimental data sets within 
reasonable error and agrees very well with other existing 
sub-channel analysis codes.  COBRA4i-MIT retains all 
previous correlations, however several new correlations 
were added for pressure drop, mixing and heat transfer 
coefficient.  The list of recommended correlations to use is 
in Table II.  Next, COBRA4i-MIT will be coupled to the 
code FEAST to predict SFR fuel performance accurately.  
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NOMENCLATURE 
 


β Turbulent mixing factor 
β* Volumetric expansion coefficient 
c Gap spacing between rods 
D Rod diameter 
De Equivalent diameter 
Dh Hydraulic diameter 
Dhb Bundle averaged hydraulic diameter 
δ Wire pitch fraction 
f Friction factor 
g acceleration due to gravity 
G Mass flux 
GrΔT Grashof Number 
h Heat transfer coefficient 
H Wire wrap lead (pitch) 
k Thermal conductivity 
κ Conduction shape factor 
l Sub-channel centroid to centroid distance 
L Length 


 
Table IV- Input Data 
 Input Parameter ORNL WARD Toshiba KALIMER 
      
Geometry Number of Pins 19 61 37 271 
 Rod Diameter (mm) 2.84 13.2 6.5 7.67 
 Rod Pitch (mm) 7.26 14.216 7.865 8.95 
 Wire Wrap Diameter (mm) 1.42 0.94 1.32 1.2 
 Wire Wrap Pitch (m) 0.3048 0.1016 0.307 0.2085 
 Duct inside flat to flat distance (m) 0.0341 0.114 0.0773 0.1498 
 Total Length (m) 1.016 2.65 3.043 3.163 
 Heated Length (m) 0.5334 1.143 0.930 1.0 
 Heated Length Start (m) 0.4064 0.2413 0.3986 0 
      
System Pressure (atm) 1 1 1 1 
Conditions Inlet Temperature (°C) 315 318 Varied* 386.2 
 Inlet Mass Flow (kg/s) Varied Varied Varied 21.6 
 Average Rod Power (W) Varied Varied Varied 14800 
 Axial Power Distribution (max/avg) Uniform Cosine 1.4 Cosine 1.21 Uniform 
 Radial Power Distribution Uniform Varied Varied Uniform 
      
Calculation Wire Pitch Fraction (δ) 0.0417 0.1249 0.0417 0.0607 
Parameters Turbulent Mixing Factor (β) 0.01 0.01 0.01 0.01 
 Number of Axial Nodes 80 209 240 250 
      
*parameters listed as “varied” can be found preceding the result presented or in general in the corresponding source
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P Pitch 
ΔP Pressure drop 
Pe Peclet Number 
Pr Prandtl Number 
ρ Density 
R Ratio of rod to fluid conduction mixing 
Re Reynolds Number 
T Temperature 
ΔTb Change in bulk Temperature 
Ti Temperature of specific channel 
Tin Inlet temperature 
Tout Outlet temperature 
v velocity 
v* kinematic viscosity 
Wk Turbulent mixing rate 
Wp Conduction mixing rate 
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Abstract – HEMERA is the result of a collaborative process started in 1998 between CEA and IRSN. The main goal is 
the development of a consistent tool dedicated to PWR analysis in stationary and transient configurations in the context of 
best-estimate and conservative modeling, sensitivity and safety analysis. HEMERA is particularly adapted to handle core 
configurations in a multiphysics approach. Initially Applied to MSLB (Mean Steam Line Break) transient analysis, HEMERA 
functionalities have been extended to the REA (Rod Ejection Accident) scenario analysis. A complete scenario is composed 
by a sequence of calculations from cycle modeling to the transient calculation passing through the determination of the initial 
reactor state (core for REA scenario, core + system for MSLB transient). To simulate such a transient, coupling calculation 
schemes have been developed based on the CEA codes APOLLO2, CRONOS2, FLICA4 for core modeling and CATHARE2 
for system modeling. A large set of functionalities are available associated with possibilities offered by each code. They allow 
leading extended analysis from design assessment to methodologies development, including sensitivity analysis in a large 
range of physical and numerical parameters. Gathered in a first version of HEMERA (V1) these functionalities were reported 
in the version 2 (V2) and the present paper is focused on them. The mains evolutions between the two versions are the switch 
from ISAS supervisor to SALOME platform for the coupling management and the development of new modeling approaches 
presented here through selected illustrations. 


 
 


I. INTRODUCTION 
 


Safety accident analyses must demonstrate the respect 
of the safety criteria. The demonstration is performed 
on the most penalizing initiator. To do this, one has to 
set up neutronics, thermal and thermal-hydraulics 
modelling to simulate normal and accidental transients. 
In principle, one should make the analysis for the three 
fields at the same time because: 
� The cross-sections are dependent on the fuel 
temperature and the moderator density, 
� The fuel temperature depends on the neutronics 
power and the thermal exchange with the moderator 
fluid, 
� The thermal-hydraulic depends on the source term 
corresponding to the power released by convection and 
by γ radiation. 
 


Up to now, in the methods used in safety reports, the three 
fields have been more or less decoupled. For core power 
distribution, only power peaking factors are used. Whereas 
they are evaluated in steady-state conditions, they are used 
for transient adding some penalties to ensure conservatism. 
Incorporating full three-dimensional (3D) models of the 
reactor core into system transient codes enables a “best-


estimate” calculation of the interactions between the core 
behaviour and the plant dynamics.  
The HEMERA1 (Highly Evolutionary Methods for 
Extensive Reactor Analyses) system developed by CEA in 
collaboration with IRSN is based on this approach. Based 
on SAPHYR code system, including APOLLO2, 
CRONOS2 and FLICA4 codes, as well as the system code 
CATHARE, the objectives of the HEMERA system are to 
perform best-estimate modelling in the framework of 
design assessment and safety analysis by developing 
multiphysics calculation schemes, including the access to a 
large set of parameters for uncertainty and sensitivity 
studies. 
Up to now, the scope of HEMERA is restricted to PWR 
design submitted to class 4 accidental scenarios (presently 
MSLB and REA). However, there are no limitations for 
capability extensions toward a variety of core and operating 
conditions. 
The last two years were firstly dedicated to the 
consolidation of the existing tool. The main one is the 
switch of ISAS supervisor to SALOME platform for the 
coupling management. The consolidation has been 
followed by the development of new physical 
functionalities. Corresponding improvement have been 
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gathered in a specific version of HEMERA, HEMERA V2, 
one presented here. 
The first part of this paper is dedicated to the description of 
HEMERA V2 in the context of SALOME platform. 
The second part of the paper presents an illustration of 
HEMERA modelling capabilities in the framework of a 
PWR reactor submitted to a REA transient.  
Finally, a conclusion presents the main perspectives of this 
work. 


 
II. DESCRIPTION OF HEMERA V2 SYSTEM 


 
II.A. HEMERA V2 overview 


 
Figure 1 gives an overview of HEMERA V2 system.  
 


 
Fig. 1: General overview of HEMERA V2 system 


 
HEMERA V2 is first of all a tool for specific applications 
which cover PWR configurations from normal operating 
conditions to accidental situations, in the present version 
MSLB accident and REA.  
To achieve corresponding modelling, HEMERA offer a set 
of dedicated functionalities. Each of them can be activated 
in the framework of more or less complex calculation 
schemes depending on the user intention, best-estimate 
approach typically.  
An application is first of all characterized by a database 
common to the whole system and organized by item: 


• reactor design 
• management 
• operating conditions 


It is furthermore characterized by a set of input data decks 
that define all modelling to be realized in the framework of 
multiphysics approach: 


• neutronic core modelling (CRONOS2 code); 
• Core thermal-hydraulics modelling (FLICA4 


code); 
• thermal-hydraulics system modelling 


(CATHARE2 code). 
 


II.B. Codes 
 


The CRONOS2 code 2 is used with the neutron diffusion 
approximation, on homogenized (locally heterogenized) 
assembly-type geometry, a limited number of energy 
groups (typically two) is chosen, 4 meshes per assembly are 
classically defined and the cross sections are read from the 
multi-parameters libraries computed by lattice calculations 
with the APOLLO2 code 3. 
 
The FLICA4 code 4 solves the fuel thermal equation on 
one-dimensional geometry and the two-phase flow in 3 
dimensions. The two-phase mixture is modelled by a set of 
four balance equations: mass, momentum and energy of 
mixture, and mass of steam. The velocity disequilibrium is 
taken into account by a drift flux correlation. The user can 
choose the closure laws for wall friction, drift flux and heat 
transfer and the correlations for critical heat flux, 
depending on the fluid, the geometry and operating 
conditions (e.g. Pressure). The numerical method is finite 
volume, based on an extension of Roe's approximate 
Riemann solver to define convective fluxes and on the VF9 
scheme to estimate the diffusive fluxes. To go forward in 
time, a linearized conservative implicit integrating step is 
used, with a Newton iterative method. 
 
CRONOS2, FLICA4 and APOLLO2 are gathered in the 
SAPHYR code system.   
 
The CATHARE2 code 5 is a best-estimate system code 
developed by CEA, EDF, AREVA-NP and IRSN for PWR 
safety analysis, accident management, definition of plant 
operating procedure and for research and development. 
Two-phase flows are modelled using a two-fluid six-
equation model. 
 


II.C. SALOME Platform 
 


In HEMERA V2, CRONOS2, FLICA4 and CATHARE2 
modelling are performed in the context of SALOME 
platform6. This platform has mainly been developed by 
CEA and EDF with collaborative development in mind, 
and is available under the LGPL license. It provides tools 
for building complex and integrated applications. It is 
dedicated to the code environment: integration with CAD 
modules, meshing of CAD models, definition of input 
decks, codes coupling and visualization (see Fig. 2). 
SALOME provides modules and services that can be 
combined to create integrated applications that make the 
scientific codes easier to use and well interfaced with their 
environment.  
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Fig. 2: General overview of SALOME platform 


 
II.D. Components 


 


Each code is represented by a SALOME component that 
contains the library code and a sum of C++ functions used 
for code supervisor. In addition to code components, two 
specific components dedicated to coupling applications 
have been developed: INTERP2_5D and MELANGE (see 
Fig. 3). 
 
INTERP2_5D is an interpolator tool used between 
CRONOS2 and FLICA4: 


• CRONOS2�FLICA4 exchange: adaptation of the 
power distribution to the fuel thermal/fluid 
thermal-hydraulics meshing for source term 
updating; 


• FLICA4�CRONOS2 exchange: adaptation of 
fuel temperatures and moderator densities 
(REA+MSLB), moderator temperatures and boron 
concentrations (MSLB) to the neutronics meshing 
for cross section updating. 
 


 
Fig. 3: Position of INTERP2_5D and MELANGE components in 


the coupling calculation process 
 
MELANGE is a SALOME component used in the coupling 
between FLICA4 and CATHARE2 (thermal hydraulics 
updating) for MSLB modelling. CATHARE2 provides 
mass flow, temperature and boron concentration at core 
inlet and pressure at core outlet for FLICA4, while FLICA4 
sends back the pressure at the core inlet and the mass flow, 
temperature and boron concentration at the core outlet. The 
flow mixing between loops in the Reactor Pressure Vessel 
(before the core inlet and after the core outlet) is modelled 
by user-defined mixing coefficients and performed by the 
MELANGE component.  


 
Data through MELANGE and INTERP2_5D components 
are exchanged at MED format. MED is a standard for 
storing and recovering computer data associated to 
numerical meshes and fields, and facilitate the exchange 
between codes. 
 
CRONOS2, FLICA4, CATHARE2, INTERP2_5D and 
MELANGE components are gathered in a new reactor tool 
in development as an extension of SAPHYR code system 
to multiphysics modelling. Based on SALOME platform, 
this tool aims to furnish specific applications like 
HEMERA components and interfaces as prerequisite for 
user oriented calculation schemes. 
 
Finally, a component named PYHEMERA is dedicated to 
Input/Output file management. It contains a library of post-
processing functions for extraction and condensation 
operations on MED field data which can be viewed with 
the SALOME post-processing module (VISU).  
 
All components of the system can be called for standalone 
code applications or coupling calculations in the 
framework of python scripts (text interface) or YACS 
graphical interface (the coupling module of SALOME 
platform – see Fig. 4).  
 


 
Fig. 4: Illustration of YACS graphical interface in the 


SALOME platform 
 


III. ILLUSTRATIONS OF HEMERA V2 
CALCULATION CAPABILITIES 


 
One describes in this part some functionalities available in 
HEMERA V2 tool. Behind them, it is the occasion to 
outline large possibilities of HEMERA to analyse a full 
accidental scenario, from the initial reactor state calculation 
to the transient modelling. Each step of the scenario 
requires a multiphysics approach (neutronics, thermal-
hydraulics and fuel description) that implies more or less 
complex modelling greatly depending to the discipline. 
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Functionalities presented here are gathered in three items as 
followed: 


• Functionalities concerning the fuel thermal and the 
fluid thermal-hydraulics descriptions 


• Functionalities concerning the access to the local 
behaviour (pin/sub-channel) 


• Functionalities concerning the neutronic core 
stabilization at transient initial state 


Each of them is applied in the framework of a accidental 
scenario covered by the application HEMERA, a PWR 
core during a REA. The REA accident is generated by the 
ejection of a control rod, which introduces a large amount 
of reactivity in the core as to render it prompt-critical and 
triggers a sudden and important energy release in a 
localised area of the core (the area surrounding the location 
of the ejected rod). The main parameters that control the 
issue of the transient are: 


• The control rod worth (ρ) 
• The fraction of delayed neutrons (β) 
• The generation time (Λ) 
• The feedback coefficients, Doppler firstly and 


moderator secondly. 
 


III.A. Description of the accidental scenario 
 


The reactor submitted to the REA is a 1300MWth PWR. 
The main characteristics of the core are gathered in table 1. 
 


TABLE I 


Main characteristics of the PWR core submitted to a REA 


Nominal core power (Pnom) 3800 MWth 
Number of fuel assemblies (design) 193 (AFA) 
Types/number of fuel assemblies UOX (120)/UOG+Gd (73) 
Core flow rate - number of loops 96923 m3.h-1 - 4 
Outlet core pressure 157 bar 
 
Figure 5 gives the disposition of the 2 types of assemblies 
and the burn-up fuel management. 
 


 
 


Fig. 5: Fuel management of the core - localisation of the control 
rod to be ejected – localisation of the hot assembly (REA 


scenario) 


The REA scenario achievement covers the following 
calculations: 


1. Cycle length calculation to obtain the burn-up 
distribution at the beginning of the transient and 
the associated fraction of delayed neutrons 


2. Specification of the control rod to be ejected: 
localization in the core and core neutronics worth 


3. Transient calculation to obtain the evolution of the 
core power and form factors 


 
At the step 2, the control rod worth calculation takes into 
account a penalized condition which is represented by an 
axial xenon distribution in the core that tend to maximize 
the worth value and the consequence of the transient. 
Highly localized in the low part of the cores, xenon tends to 
push the neutronic flux into the upper part where control 
rods are located. 
 
The rod ejection (100ms of duration) occurs in the 
assembly B8. The core is at hot zero power 
(


nom
-9


0 P1.EP = ). Calculations are performed by applying a 


penalisation to the control rod to obtain a rod worth equal 
to 700pcm. Finally, the rod ejection induces a prompt sub-
critical transient ( 1.23$ρ/β568pcm,β700pcm,ρ rod === ). 


During the transient, the hot spot is located to the assembly 
A8. 
 


III.B. Functionalities concerning the fuel thermal and 
the fluid thermal-hydraulics descriptions 


 


In HEMERA V2 system, three kinds of fuel thermal/fluid 
thermal-hydraulics models are available: 


• A simplified approach implemented in a specific 
module in CRONOS2 (THERMO) 


• A intermediated approach implemented in a 
specific module in CRONOS2 (THERMOC) 


• a complete description with the FLICA4 code 
The THERMO model restricted to stationary 
configurations is characterized by an integrated fuel 
thermal description. This description enables to access only 
to the external and internal fuel temperatures by supposing 
that the radial power distribution in the fuel pin is uniform. 
Concerning the fluid, just one energy balance equation is 
used to describe the flow. The connexion between the fuel 
and the fluid is ensured by a heat transfer coefficient. 
 
Compared to the first approach, the THERMOC model 
describes finely the fuel by applying a radial meshing. This 
model takes into account the capacity term in the heat 
equation as the kinetic contribution and so can calculate the 
fuel thermal response during a transient. 
The fluid is represented by two phase mixture and with 2 
balance equations (mass and energy).  The core pressure is 
assumed to be constant. The connexion between the fuel 
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and the fluid is insured by a heat transfer coefficient 
depending on the nature of the flow (monophasic or 
diphasic). 
 
Finally, the FLICA4 model is dedicated to a fine fuel and 
fluid description. Toward the fuel thermal modelling, 
THERMOC and FLICA4 are similar contrary to the 
thermal-hydraulics description. The main difference is the 
capability of the second model to calculate a 3D flow (mass 
transfer between channels) contrary to the first one 
restricted to a 1D (axial) description. Furthermore, there is 
no modelling restriction concerning the core pressure.  
 
Table 2 summarize properties associated to the three 
models. 


TABLE II 


Main properties associated to THERMO, THERMOC and 
FLICA4 models 


 THERMO THERMOC FLICA4 
fuel thermal description 


Radial meshing 
no  yes 


Kinetic modeling  
fluid thermal-hydraulics description 


Balance equations 1 2 4 


Flow dimensions 1D 1D 3D 
Drift model no yes yes 


 


 
Models are used to achieve the three steps of the REA 
scenario, excepted for the THERMO one which is not 
available for transient calculations.  
The core is described with 4 neutronics meshes per 
assembly. Each quarter of assembly is represented by one 
thermal-hydraulics channel and one mean fuel pin. The 
neutronics, thermal-hydraulics and thermal axial meshing 
are the same (30 equal meshes). 
Mains results toward the steps 1 and 2 are gathered in table 
3. 


TABLE III 
Core cycle length calculation and specification of the control rod 
to be ejected – comparison between THERMOC and FLICA4 
models 


 THERMO THERMOC FLICA4 


Step 1: Cycle length calculation 
Cycle length [MWd/tU] 13916 13961 13882 


EoC* core burn-up 
[MWd/tU]  28523 28625 28546 


central assembly (A1) – 
EoC* burn-up [MWd/tU] 49457 49583 49518 


Step 2: specification of the control rod to be ejected 
Control rod worth [pcm] 509 508 509 


 BE/AE **  
Radial form factor (Fxy) 1.57/5.07 1.50/4.73 1.57/4.73 


Axial form factor Fz 2.49/3.02 2.49/3.02 2.49/3.02 
Axial Offset (AO) 0.79/0.88 0.79/0.87 0.79/0.88 


*   End of Cycle      **  Before Ejection/After Ejection
 


A good agreement is observed between the three models. If 
one consider the FLICA4 model as the reference one, this 
agreement demonstrate that the THERMO model is 
available to calculate with a good precision the initial state 
of a PWR core submitted to a REA transient. 
Figures 6, 7 and 8 give respectively the core power, the 
core reactivity and the 3D form factor evolutions during the 
REA transient resulting from the use of THERMOC and 
FLICA4 models.  
 


 
Fig. 6: evolution of the core power during the REA transient – 


comparison between THERMOC and FLICA4 models 
 


 
Fig. 7: evolution of the core reactivity during the REA transient – 


comparison between THERMOC and FLICA4 models 
 


∆ρρρρ=115pcm 
(ρρρρrod-ββββ=132pcm) 
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Fig. 8: evolution of the Fxyz form factor during the REA transient 


– comparison between THERMOC and FLICA4 models 
 
Transient responses are comparable. The energy produced 
at the end of the power pulse (t ≈ 0.5s), is respectively 320 
MJ and 375 MJ (+17%). Finally, in spite of some 
simplifications toward the flow modelling, results show that 
the THERMOC model is available to well describe 
phenomena occurred during this type of REA transient. It 
could be used to perform a quick transient analyse as 
introduction to a best-estimate approach supported by the 
FLICA4 model. 
 


III.B. Access to local responses (pin/sub-channel) 
 


A specificity of the HEMERA system is the possibility to 
perform a pin by pin (neutronics)/sub-channel (thermal-
hydraulics) description in a specific assembly of the core 
This functionality allows to access to the main parameters 
of interest for REA and MSLB accidental situations which 
are local parameters, respectively the power peak  and the 
DNBR. This functionality is based on a hybrid description 
for neutronics (CRONOS2) and non-conform description 
for the thermal-hydraulics (FLICA4). 
 
In CRONOS2, the hybrid (HYB) modelling consists in 
using homogeneous cross-sections everywhere except in 
the refined assembly where heterogeneous cross-sections 
can be applied (cf. Fig. 9). 
 
In FLICA4, contrary to the HEMERA V1 modelling, the 
access to the sub-channel behaviour in HEMERA V2 is 
based on single calculation: the core is described with a 
non-conform (NC) meshing that consist on applying a 
coarse meshing in the whole core excepted in one assembly 
in which a sub-channel description is carried out (cf. Fig. 
10). 
In the process, feedbacks and neutronic power are 
exchanged between the two codes, with a consistent level 
of discretization: coarse mesh on the core and fine mesh on 
a specific fuel assembly (the hot one). 


 
Fig. 9: Hybrid description in CRONOS2 code 


 


Thermal-hydraulics


sub-channel


Fuel pin


Guide tube


Coarse mesh in the whole core excepted in one assembly


Fine mesh in one assemby


 
Fig. 10: non-conform description in FLICA4 code 


 


 
Fig. 11: Core power evolution during the REA transient – 


comparison between HYB+NC and HOM+HOM modeling 
 


1611







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11092 


   


Figure 11 gathers the core power evolution during the 
REA transient resulting from a homogenous description 
(HOM+HOM denomination – see the black curve) and a 
hybrid/non-conform modeling (HYB+NC denomination – 
see the blue curve). Compo_het denomination means that 
cell/cell cross sections have been applied in the 
heterogeneous assembly (A8) in the framework of a local 
burn-up distribution. This distribution comes from a cell by 
cell isotopic evolution on one cycle (the A8 assembly is at 
end of first cycle when the REA occurs).  Cell Burn-ups 
obtained by this mean are between 7511MWd/tU (reflector 
face) and 16854 MWd/tU (core face). Burn-up 
normalization is realized to respect the assembly burn-up 
value of the homogeneous calculation. 
As one can observe, discrepancies are greatly due to the 
non-conform FLICA4 approach (local feedbacks effect in 
the hot assembly). Started from a homogeneous modeling, 
the addition of a hybrid meshing (hyb-compo_hom 
denomination – see the red curve) with the application of 
cell/cell cross sections (hyb-compo_het denomination – see 
the green curve) in the heterogeneous assembly are not 
significant. The discrepancy on the maximum of core 
power issue from homogeneous and hybrid/non-conform 
modeling is equivalent to a difference of 11pcm on the 
control rod worth (point kinetic approach). This result 
shows the high sensitivity of the pulse to the reactivity 
injected in the core. 
 
The modeling has also an impact on the Fxyz form factor 
evolution during the transient (cf. Fig. 12). Two types of 
effect appear, the first one due to the hybrid meshing (black 
to red curve), the second one associated to the application 
of cell/cell cross sections (red to green curve). One note 
that the non-conform modeling has no significant effect on 
the Fxyz evolution (green to blue curve). 


 
Fig. 12: Fxyz evolution during the REA transient – comparison 


between HYB+NC and HOM+HOM modeling 
 


The HYB+NC approach participates to the best-
estimate goal of the HEMERA V2 tool. However, the 
corresponding modeling is time consuming and requests a 
large memory of calculation. It implies to generate 
heterogeneous cross-sections to be used for obtaining a 
hybrid burn-up distribution (cell by cell burn-up in the 
heterogeneous assembly) then a fine power distribution. 


 
In this context, a new functionality has been 


implemented in HEMERA V2 to quickly access to the pin 
power in an assembly. Quickly means that a homogeneous 
core calculation is sufficient (meshing and cross sections).  
Used as post-processing, this functionality allows building 
a power distribution in one assembly as a result of a 
reconstruction process based on two flux distributions. 


A first flux distribution Φcronos comes from a core 
calculation (CRONOS2) and allows taking into account the 
assembly environment (reflector for example). This flux 
results from an interpolation of the homogeneous core flux 
on a hybrid meshing. This process aims to recover the 
intranodal flux distribution (4 flux nodes per physical 
mesh) in each physical mesh (cf. Fig. 13). 
 


 
Fig. 13: localization of flux nodes in an assembly (CRONOS2 


modeling) 
 


A second flux distribution Φapollo complementary to the 
first one gives the cell (guide tubes, fuel pins with and 
without gadolinium) flux distribution in the assembly. Cell 
fluxes are calculated by APOLLO2 in an infinite medium 
(one assume that the environment effect is fully present in 
Φcronos) and stored with cross sections in dedicated 
libraries. Cross sections and specifically production ones 
are stored also.  Cross sections and fluxes depend on the 
following parameters: burn-up assembly, fuel temperature, 
moderator density and boron concentration. For size 
optimization, because only production cross sections are 
interesting for the power reconstruction, a reduction of 
parameters values is achieved. The purpose is to obtain 
“light” cross sections libraries dedicated to the power 
reconstruction process which can be easily loaded and 
manipulated (cf. Tab. 4). 
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TABLE IIII 


Parameters values associated to cross sections libraries used 
for the power reconstruction process 


 UOX UOX+Gd 
 Burn-up [MWd/tU]  [0,22,72] [0,6.25,14.75,17.5,44.5,72] 


 Fuel temperature [°C] [200, 2072] 


 Moderator density 
[g.cm-3] 


[0.35, 0.9] 


 Boron concentration 
[ppm/ppmH20] 


[0, 1600] 


 


As illustrations, figures 14 and 15 gather the pin by pin 
radial core power distribution at the end of the ejection 
coming from the power reconstruction process. 
 


 
Fig. 14: Radial power shape in the whole core at the end of the 
ejection issue from the power reconstruction process – 3D point 


of view 
 


 
Fig. 15: Radial power shape in the whole core at the end of the 


ejection (power reconstruction process) – 2D point of view 


Figure 16 shows power discrepancies between power 
reconstruction and hybrid approaches (hybrid modeling as 
reference) in the hot assembly (A8). One notes that they 
don’t exceed 5% with a large area in the range [-2%, 2%]. 
In particular, the discrepancy associated to the hot spot is 
equal to +1.5%. Cells with +5% of discrepancies are 
situated in the frontier between two physical meshes (see 
Fig. 13) following the power gradient (east to west 
direction). This level of discrepancies is the result of a 
power reconstruction process that occurred in each physical 
mesh characterized by their own burn-up. Thus, a power 
discontinuity occurs when one pass from a physical mesh to 
another.  
 


 
Fig. 16: zoom on the hot assembly - discrepancies between radial 


power shapes obtained with power reconstruction and hybrid 
approaches (end of the ejection) 


 
III.C. Functionalities relatively to the neutronic core 


stabilization at transient initial state 
 


Consequently to a modification of the neutronics 
balance and assuming no neutron leakage, the evolution of 
the core power (P) is described by the following equation:  


∑∑
==


+−=⇒+−=
6


1i
i


6


1i
iiafp λ


ν
β)P(ρ


dt


dP
Λ CλφΣφΣν


dt


dn
iC


ω       (1) 


In eq. (1), Ci=1,6 are concentrations per group of precursors i 
whose evolutions are given as followed: 


1,6)(i     P
ν


βCλ
dt


dC
iii


i =+−=
ω


       (2) 


λi et βi are respectively the decay time and the fraction of 
delayed neutron per group of precursors i. ϖ  is the fission 
energy and ν the number of neutrons (prompt and delayed) 
produced per fission. 
 


Hot assembly 


Hot assembly 


 


Hot spot 


Power gradient 


BU=15809 MWd/t←←←← →→→→BU=11272 MWd/tt 
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Before starting a transient modeling, one has to ensure that 
the core is stable at the beginning of the transient that 


means 0
dt


d
,0


dt


dP


00


==
== t


i


t


C . 


In HEMERA V2, core stabilization can be obtained by two 
methods: 


• Modification of the production rate (through a 
modification of ν) to force the criticality of 
the core (Σp method) 


• Addition of a external neutron source (S 
method) 


In the first approach, the reactivity is imposed to 0 
( 00 == =tρρ ) by modifying the production rate (division by 


the initial keff). By this mean, the initial precursor 
concentrations Ci,0 are equal to: 


0
i


i
0,


λ


β
PCi ω


ν=  (i=1,6)      (3) 


where P0 is the initial core power.  
In the second approach, the initial reactivity is not 
modified.  In the case of a non-critical core ( 00 ≠= ρρ ), an 


external neutron source (S) is introduced in eq. (1):  


SCi +=⇒= ∑
=


6


1i
0,i00 λ)P-(0


dt


dP


ν
ωβρ                          (4) 


The expression of S is obtained by replacing Ci,0 in eq. (4) 
by its expression (see eq. (3)): 


00PS ρ−=      (5) 


This expression shows that the source S is not connected to 
the current neutron flux. Thus, in the case of a flux increase 
(typically induced by a reactivity insertion as initiator in a 
REA) the source tends to progressively disappear. This 
functionality has been initially developed for the MSLB 
modeling, characterized by a transient departure from a 
sub-critical core state 1. 
 
An application of these two methods in the framework of 
the REA scenario is carried out. At the end of the ejection, 
the core reactivity is imposed to 700 pcm.  Figure 17 shows 
the evolution of the core reactivity during the transient. 
Figures 18 and 19 give the corresponding core power and 
Fxyz form factor evolutions. As one can observe, results are 
closed. After recovering the core reactivity (t=0.2s), core 
behaviors associated to the two methods are quite similar.  
A small time difference (10 ms on Pmax) appears 
consequently to the external neutron source application: 
The main S effect is to act on the power derivative at the 


critical core time ( 0
dt


dP


0


>
=


S


ρ


) which tends to force the 


core power evolution contrary to a modification of the 


production rate ( 0
dt


dP


0


=
Σ


=


p


ρ


) (see Fig. 20). 


 
Fig. 17: Effect of the initial neutronics core stabilization methods 


on the reactivity evolution during a REA transient 
 


 
Fig. 18: Effect of the initial neutronics core stabilization methods 


on the core power evolution during a REA transient 
 


 
Fig. 19: Effect of the initial neutronics core stabilization methods 


on the Fxyz form factor evolution during a REA transient 
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Fig. 20: Effect of the initial neutronics core stabilization methods 


on the core power evolution during a REA transient (zoom at 
earlier times) 


 
IV. CONCLUSIONS 


 
The current scope of neutronics and thermal-hydraulics 
coupling enables to perform best-estimate calculations for 
PWR safety analysis, in association with uncertainty and 
sensitivity studies. 
For this purpose CEA and IRSN have been developing the 
HEMERA coupled neutronics and thermal-hydraulics 
computational system, based on CATHARE, CRONOS2, 
FLICA4 and APOLLO2. HEMERA is now used by IRSN 
for PWR safety assessment with application to two 
accidental transients: Main Steam Line Break (MSLB), 
involving the coupling between core and system, and Rod 
Ejection Accident (REA). The present version of HEMERA 
(V2) takes advantages of the SALOME platform instead of 
ISAS used as supervisor in HEMERA V1. 
 
Taking advantage from the current experience, several main 
axis of improvement have already been identified, such as: 


• Safety analysis methodology: development of a 
set of calculation schemes dedicated to safety 
analysis in the framework of conservative and 
best-estimate approaches, 


• Best-estimate modelling: integration of a new 
component for fuel thermal-mechanics modelling 
to be used in normal and accidental configurations 
and based on tools available in the PLEIADES7  
platform, 


• Calculation time performance: calculation 
schemes optimization and integration of numerical 
coupling methods, 


• supervision: Full operation of SALOME platform 
capabilities in terms of calculation distribution and 
supervision, 


• Application scope: extension to new types of 
reactor (typically hexagonal lattice) and accidental 
scenarios,  


• Configuration management: definition and 
management of a multiphysics tool box based on 
SALOME platform and aimed at furnishing to 
specific applications like HEMERA, components 
and interfaces as prerequisite for user oriented 
calculation schemes 
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Abstract – Fuel material properties and mechanistic fission gas models in FRAPCON-EP have 
been updated to model steady-state behavior of low density nitride fuel operating at temperatures 
below half of the melting point. The fuel thermal conductivity and fuel thermal expansion models 
were updated with correlations for UN and (U,Pu)N fuels. Hot pressing of the as-fabricated 
porosity was modeled as a function of the hydrostatic pressure and creep rate. The solid fission 
product swelling was taken as increasing linearly with burnup. Fission gas swelling constitutive 
models have been updated to appropriately capture the intragranular gas bubble evolution in 
nitride fuel. Intergranular gas swelling was neglected due to the assumed high porosity of the fuel. 
The fission gas release behavior was modeled by fitting the fission gas diffusion coefficient in UN 
to FRAPCON’s default fission gas release model. The fitted gas diffusion coefficient reflects the 
effects of porosity, burnup, operating temperature, fission rate, and bubble sink strength. Fission 
gas release and fuel swelling benchmarks against irradiation data were performed. The resulting 
code was then applied to UN fuel in typical PWR geometry and operating conditions with an 
extended cycle length of 24 months. The results show that increased initial fill gas pressure of the 
UN fuel pin is needed in order to reduce the chances of failure due to cladding collapse and grid-
to-rod fretting. It was also observed that the swelling of the nitride fuel up to 60 MWd/kg peak 
burnup did not lead to excessive straining of the cladding.   


 
 


I. INTRODUCTION 
 
Nitride fuel has been considered for use with sodium-


[1] and lead bismuth-cooled [2] fast reactors and space 
power reactors because of its compatibility with liquid 
metal coolant, higher thermal conductivity, and higher 
heavy metal density compared to oxide fuel (see Table I). 
Its application to water cooled reactors appears limited due 
to its reaction with superheated steam at elevated 
temperatures [3], which brings concerns during severe 
accident scenarios initiated typically by a Loss of Coolant 
Accident (LOCA). On the other hand, nitride fuels may 
find attraction in passively-safe, LOCA free, small modular 
integral reactor designs such as IRIS, SMART, and 
NuScale [4].  


As can be seen in Table I, nitride fuel has a much 
lower creep rate, a higher fracture stress, and a higher 
elastic modulus compared to oxide fuel. As a result of 
these properties, the fuel is more susceptible to 
fragmentation, and fuel cladding mechanical interaction-
induced failure during power changes could become a 
much more serious issue. Fig. 1 shows an example of such 
a failure with nitride fuel. In order to improve this 
behavior, a reduction in fuel density to 80-85% of 


theoretical density was proposed by many studies 
[6,10,11]. Advanced fabrication techniques have been 
developed in order to ensure the irradiation stability of the 
as-fabricated porosity at temperatures below half of the 
melting point and to produce nitride fuel pellets with low 
impurity levels [6,12]. 


  
TABLE I 


Uranium oxide and nitride fuel properties [5,6,7,8,9] 


 UO2 UN 
Theor. Dens. [g/cm3] 10.96 14.32 
HM Density [g/cm3] 9.67 13.52 


Specific Heat [J/kgK] 330 (1000ºC) 230 (1000ºC) 
Melting Point [ºC] ~2800 ~2700 


Dissociation 
Temperature [ºC] N/A ~1700 
Elastic Modulus 


[GPa] 200 (800ºC) ~260 (800ºC) 
Fracture Stress [MPa] ~130 (800ºC) ~370 (800ºC) 
Relative Irradiation 
Creep Rate (800ºC) 1 ~0.1 


7.19 (200ºC) 12 (200ºC) Thermal Conductivity 
[W/mK] 3.35 (1000ºC) 20 (1000ºC) 
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Fig. 1. Cross section of high burnup (U,Pu)N fuel at 123 MWd/kg 
with 1090ºC max centerline temperature [29]. 


 
In addition to the potential mechanical limitations, the 


low dissociation temperature of nitride fuel and very high 
fission gas swelling at higher temperatures may pose 
limitations on the operating domain for steady-state and 
transient scenarios. Nevertheless, the high thermal 
conductivity of this material may still allow for operation 
with reasonably high linear heat rates and power densities 
while satisfying imposed temperature limits. 


A literature review has been performed in order to 
assess available nitride fuel material properties and fission 
gas and chemical behavior. Mignanelli et al. [13] 
developed a steady-state nitride fuel performance tool, 
NITRAF, starting from the oxide fuel performance code, 
TRAFIC [14]. The code includes a mechanistic model to 
simulate nitride fuel dissociation reactions and mass 
transfer via evaporation/condensation. The code may be of 
particular interest for modeling fuel behavior under rapid 
heating transient scenarios. In order to predict fission gas 
release behavior, the code adopted existing models in 
TRAFIC and attempted to fit relevant constitutive models 
in order to predict experimental observations. The main 
difference between TRAFIC and NITRAF is perhaps the 
swelling model. NITRAF assumes a burnup-dependent 
linear relation in order to model swelling behavior of the 
fuel whereas TRAFIC has a mature mechanistic model 
developed for the oxide fuel. Carmack et al. [15] have 
recently provided a review of nitride fuel material 
properties. It appears that for many relevant phenomena 
such as fission gas release and gas swelling, only weak 
empirical relations are available from literature. 
Mechanistic approaches for fission gas swelling and as-
fabricated porosity behavior, such as those used in 
FRAPCON-EP, could potentially improve predictability of 
the nitride fuel behavior. 


In this study, the steady-state LWR fuel performance 
code FRAPCON-EP [16,17] was updated in order to 
model nitride fuel behavior at temperatures below half of 
the melting point and for low fuel density (80-85%TD) 
conditions. UN and (U,Pu)N fuel physical properties, such 
as fuel thermal conductivity and thermal expansion, and 


fuel behavior models, such as fission gas swelling and 
release, solid fission product swelling, and hot pressing, 
were updated in the code. Furthermore, irradiation-induced 
densification of as-fabricated porosity was neglected and 
intergranular porosity of low theoretical density nitride 
fuel was assumed to remain interconnected during 
operation, which is consistent with experimental 
observations [11]. The results have been validated within 
the existing fission gas release and swelling database. 
Finally, the code was applied to predict the performance of 
nitride fuel in a PWR environment in order to increase the 
plant cycle length from 18 to 24 months while maintaining 
the same  power of the oxide-fueled core and the fuel 
enrichment below 5%.  


 
 


II. NITRIDE FUEL MATERIAL PROPERTIES 
 
The main physical properties, fission gas release, gas 


swelling, solid fission product swelling, and as-fabricated 
porosity hot pressing models used to simulate the nitride 
fuel behavior are given as follows:  


 
 


II.A. Fuel Thermal Conductivity 
 


Thermal conductivity [W/mK] was represented by the 
Ross and El-Genk correlation [18] that is applicable for 
both UN and (U,Pu)N fuel: 


 


) ( )
( )(


P
PTCCk


+
−


⋅+⋅−=
1
1142.16.137.1 41.02                     (1) 


 
where C is the Pu mass fraction and P is the porosity 
fraction. The correlation is applicable for fuel temperatures 
< 1620ºC and Pu mass fractions < 0.2. The temperature 
dependence of Eq. (1) is shown in Fig. 2. 
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Fig. 2. Thermal conductivity of various nitride and oxide fuels as 


calculated by FRAPCON-EP. 
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II.B. Thermal Expansion 
 
The linear thermal expansion coefficient α in Eq. (2) 


was represented separately for UN [19] and (U,Pu)N [20] 
fuels, shown in Eqs. (3) and (4), respectively: 


  


( ) ( )o
o


TTT
L
L


−⋅=
Δ α    (2)


  
where To = 298 K and α is in units of [K-1]. For UN fuel, 
 
( ) TT ⋅×+×= −− 96 10409.110096.7α    (3)


  
For (U0.8,Pu0.2)N 
 
( ) ( ) 610800215.0 −×+⋅= TTα                                         (4) 


 
 


II.C. Solid Fission Product Swelling 
 


Consistent with the literature review, swelling due to 
solid fission (FP) products has been modeled linearly with 
burnup. Experimental results in Ref. [21] suggest a solid 
FP swelling rate of 0.5%/%BU. However, the authors state 
that a significant amount of volatile fission products were 
lost due to high temperature heat treatment. Hence, one 
would expect a higher solid fission product swelling at 
below half of the melting point. Ref. [22] suggests that it is 
expected to be between 0.6 – 0.7%/%BU. Therefore, the 
current study assumes conservatively that it is 0.7%/%BU. 


 
 


II.D. Fission Gas Swelling 
 


Irrespective of the fuel type, fission gas swelling could 
be classified as (1) intragranular gas, representing the 
fission gas within the matrix and fission gas bubbles within 
defects such as dislocations, dislocation loops and phase 
boundaries, and (2) intergranular gas, representing the 
fission gas bubbles at grain boundaries. The current study 
assumes that interconnected porosity forms at the grain 
boundaries due to the high applied porosity (above 15 %), 
and this may allow the gas reaching the grain boundaries to 
be released from the fuel. Hence, there is no further 
swelling due to gas reaching the grain boundaries. 
Furthermore, the model assumes that the intragranular gas 
atoms in the nitride fuel solution lead to the same degree of 
fuel swelling as in oxide fuel due to the similarity of lattice 
parameters of these fuels. 


Intragranular gas behavior is modeled in FRAPCON-
EP via the OGRES approach (also included in the TRAFIC 
code), which is a rate theory treatment [23]. The model 
was recently updated in order to capture intragranular gas 
bubble morphological evolution in a more accurate manner 


[17]. Gas release to the grain boundary calculated via 
FRAPCON-3’s default model [24] appears as the boundary 
condition in the intragranular gas model. Then, the model 
tracks several phenomena such as nucleation of gas 
bubbles, absorption of gas in the solution by existing gas 
bubbles, and annihilation of the gas bubbles via fission. To 
simulate intragranular swelling in nitride fuel, the fission 
gas diffusion coefficient and bubble nucleation constant 
were updated.  


The fission gas diffusion coefficient, D [cm2/s] used 
for UN fuel [25] is shown in Eq. (5) with an additional 
burnup factor FB.  


 


T
B efFD


18800
1031 1037.21022.8 −− ×+×⋅=


−


 


          Te
TK
f 18400


22
1810


−
−+


BUFB


  (5) 


 
where f is the fission rate density [fissions/cm3-s], K is the 
thermal conductivity [W/cm-K], and T is the temperature 
[K]. This diffusion coefficient (without the burnup factor) 
was derived based on measurements of Kr88 from 
irradiated UN fuel pins. However, the temperature-
independent term was multiplied by a burnup factor, FB 
shown in Eq. (6), to account for the burnup-dependency of 
D in the OGRES model. Specifically, fission product 
accumulation and stoichiometry changes with burnup have 
higher effects on the low temperature components of the 
diffusion coefficient. 


 
 (6) 30= +


 
where BU is the burnup in [MWd/kg]. The factor was 
derived through a fitting procedure in order to match the 
experimental fission gas release database (see Section IV).  


The high fission gas retention capability of nitride 
fuel, together with its lower creep rate and high fracture 
strength, can be attributed to the high dislocation density 
acting as trap locations for fission gases in the fuel matrix. 
In this study, it was assumed that the gas bubble nucleation 
rate and equilibrium intragranular gas bubble concentration 
should be an order of magnitude higher than the nominal 
value given for the oxide fuel. This proportion was 
ascertained from the ratio between the low temperature 
creep rates (Table I). As can be seen in Fig. 3, an order of 
magnitude increase of the intragranular gas bubble density 
was achieved at high burnup by multiplying the gas 
nucleation constant by 10. Note that this modification did 
not lead to a significant change in total intragranular 
fission gas swelling as-shown in Fig. 5.  
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Fig. 3. Bubble concentration as a function of the nucleation 


constant Kn, and burnup. 
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Fig. 4. Intragranular swelling components as a function of the 


nucleation constant Kn, and burnup. 
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Fig. 5. Total intragranular swelling as a function of Kn and burnup 


 
 


 
Under normal operating conditions, the as-fabricated 


pores may ostatic 
ress. Hot pressing is a strong function of the creep rate, 


whi


II.E. Hot Pressing (Pressure Sintering) 


be sintered due to the external hydr
st


ch is dominated by thermal creep at high temperatures 
and irradiation creep at lower temperatures. These two 
temperature regimes are separated by the effective 
temperature Teff, or the intersection between the thermal 
and irradiation creep lines shown in Fig. 6. 
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Fig. 6. Creep rates for nitride fuels under PWR conditions (0.15 


porosity, 20 MPa gap pressure, and 1013 fissions/cm3s). 
 


he UN thermal creep rate [s-1] in Fig. 6 was calculated via 
E
 


T
q. 7 [26]. 
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where σ is the gap pressure [MPa], T is the temperature 
[K], and P is the fractional porosity. The irradiation creep 
rate in [s-1] for UN was calculated via Eq. 8 [27]: 


 


 
( ) FPI


&& σε 226 125011081.1 +×= −    (8) 
 


here w F& is the fission density [fissions/cm3-s].  
Creep-induced hot pressing is simulated based on 
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where ρ is the fraction of theoretical density, Pe is the 
effective pressure (external pressure on the fuel), A
material- and temperature-dependent coefficient based on 
ower-law creep (dislocation creep), and n is the creep 


PWR conditions, the UN fuel temperatures are 
always below T  (~1200 K), therefore irradiation creep 
dominat


om Eq. (8) as 


 


 is the 


p
exponent generally in the thermal creep equation of the 
form: 


 
nAσε =&  (10) 


 
Under 


eff
es for UN fuel. Thus, the coefficient A was taken 


( )FP &226 125011081.1 +× −  in units of [MPa-n fr
s-1] and n is equal to 1.  
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II.F. Relocation Due to 


es a percentage of the gap closure 
ue to cracks is unrecoverable. The current study keeps the 
efault empirical correlation developed for the oxide fuel 
s a function of 


of the 
melting point [11]. Furtherm e, if the pores are not 
intercon is 
employed, inter
and 


Cracks 
 
FRAPCON-3 assum


d
d
a burnup and linear heat rate [24]. 


 
 


III. FUEL SWELLING MODEL VALIDATION 
 


Nitride fuel has a highly temperature-dependent 
swelling behavior at temperatures above half 


or
nected or a high fabricated fuel density 


granular swelling could become significant 
contribute to the total fuel swelling. Therefore, it is not 


surprising that a wide range of total volumetric fuel 
swelling rates between 0.53% to 1.8% per % burnup have 
been reported for nitride fuels from various experiments 
and calculations [9,11,22,29,30], the most common being 
around 1%/%BU [13]. The (U,Pu)N swelling data set from 
Bauer et al. [29] was used to validate FRAPCON-EP’s 
nitride fuel swelling model. The data set spans the region 
of interest: low densities and temperatures below half of 
the melting point. Furthermore, sufficient information 
about the geometry, composition and operating conditions 
of individual irradiated fuel specimens were available for 
simulation in FRAPCON-EP. 


For low temperatures (Tcenterline < 1400ºC), the 
experimental measurements made via neutron radiographs 
showed that the maximum swelling rate was about 
1.3%/%BU. However, it was recommended that a more 
realistic average value for this temperature range was 
about 0.8%/%BU, which was estimated based on 
dimensional analysis of the fuel cross sections [29]. The 
radiograph measurements may have over-predicted the 
swelling by including crack contributions to external 
dimensional changes. The lower estimates were about one-
third less than those from radiograph measurements and 
agreed with fuel volume change data calculated from 
previous immersion density measurements [29]. Based on 
this recommendation, the swelling rate measurements from 
this study were reduced by a third for comparison with 
reproduced results from FRAPCON-EP that take into 
account the fuel temperature, linear heat rate, as-fabricated 
porosity, and burnup of each data point. These “adjusted” 
total swelling rates are plotted in Fig. 7 against low 
temperature and low density (ρ < 84% TD) total swelling 
rates from FRAPCON-EP which include the intragranular 
swelling, solid fission product swelling, and hot pressing 
components. Since the modeled specimens had similar 
densities and heat rates, the predicted swelling rates were 
0.90% to 0.94%/%BU for temperatures below 1300ºC, 
slightly higher than the recommended average value of 


0.8%/%BU. Note that the swelling rate increases 
substantially for max centerline temperatures > 1400ºC.  
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Fig. 7. Adjusted measured swelling rates of nitride fuel [29] and 


total swelling rates predicted by FRAPCON-EP. 
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Fig. 8. Adjusted measured total swelling of nitride fuel [29] and 


total swelling predicted by FRAPCON-EP for T < 1400ºC. 
 


Fig. 8 shows the total swelling versus burnup for low-
d
An its 


mponents as functions of burnup are plotted in Fig. 9.   
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Fig. 9. Swelling components for 82.7% TD nitride fuel pin with 


average Tfuel of 1279 K and average q’ of 120 kW/m. 
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IV. FISSION GAS RELEASE 
 


FRAPCON-EP adopts FRAPCON-3’s default fission 
gas release model by Forsberg and Massih [31]. In order to 
simulate low theoretical density nitride fuel, first, it is 
assumed that the threshold gas concentration at the grain 
boundaries is zero. Hence, gas reaching the grain boundary 
can escape from the fuel. Furthermore, Weinstein’s 
diffusion coefficient [25] was subjected to a fitting 
procedure in order to capture the fission gas release 
behavior of the nitride fuel. Specifically, the effects of the 
as-fabricated porosity, burnup, and intragranular gas 
bubble sink strength on fission gas diffusivity were 
included.  


Bauer et al. [29] noted from their experiments that the 
f  
higher) when the as-fabricated porosity increased from 
10% to 20%, as shown in Fig. 10. This surface-connected 


 effect -dependent 
xpo
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where the fitting factor A is 0.0021. These modifications 
result in a lower diffusion coefficient and a decreased 
temperature dependency, as shown in Fig. 11. Note that 
this trend is rather consistent, reflecting the effect of the 
increased intragranular bubble sink strength. The reduced 
creep rate and increased dislocation density increases the 
equilibrium intragranular gas bubble density compared that 
of oxide fuel. In the fission gas release model, this effect 
appears as a reducing factor in the gas diffusion 
coefficient. 
 


ission gas release rate increased dramatically (~20 times


porosity
e


was represented by a porosity
nential factor, FP shown Eq. (11). 
 


⎟
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⎜
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⎛ −
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= 4.3
80ρ
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where ρ is the density [%TD] between 80 and 90. 
 


 
Fig. 10. Fission gas release rate as a function of as-fabricated 


porosity of (U,Pu)N fuel [29], figure from [11]. 
 


A fitting factor, A was added to the modified coefficient 
that minimized the difference between calculated and 
experimental fission gas release for 20 data points from 4 
separate studies [11,29,32,33]. So the fission gas diffusion 
coefficient for nitride fuel modified for FRAPCON-EP’s 
Forsberg-Massih FGR model is shown in Eq. (12): 
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Fig. 11. Fission gas diffusion coefficients at 0 MWd/kg with 


fission dens


TABLE II 


ity of 1013 fiss/cm3. 
 


Experimental fission gas release data used for benchmarking 


dataset %TD BU at% Tavg [K] %FGR 
84.6 2.76 1588 4.3 
81.4 3.6 1365 13.4 
88.4 2.78 1365 7 
89.8 8.06 1798 12.9 
84.2 7.65 1162 1.55 
80.2 13.09 914 13.5 
82.5 11.76 1110 9.2 
83.5 18.32 1208 10.1 


Bauer [29] 


82.7 6.74 1433 6 
82.7 7.07 1485 7.4 
87 0.74 1900 5.35 *Matthews [32] 87 0.81 1900 7.5 


84.8 4.3 1400 3.3 *Tanaka [11] 86 4.3 1400 5.2 
85.8 5.3 1160 2.8 
86.1 5.5 1190 1.7 
83.1 4.1 1220 2.9 *Iwai[33] 


83 3.4 920 1.8 
* Tavg was estimated based on available information 
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Fig. 12 shows the experimental versus predicted FGR 
values from FRAPCON-EP and from an empirically-based 
correlation for FGR in nitride fuel developed by Storms 
[34]. The Bauer et al. [29] dataset was also used in the 
development of Storms’ correlation. Over the same low-
density nitride fuel irradiation dataset shown in Table II, 
FRAPCON-EP predicts the FGR with a smaller average 
difference: 2.24% compared to 3.42% with Storms’ 
correlation. Over the Bauer et al. dataset, the average 
difference is 3.07% versus 4.48% via Storms’ correlation. 
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Fig. 12. Predicted fis as  valu pare


experimental values. 
 
 


TR  FUE UL N 
 


pin s s ated e updated 
FRAPCON-EP code u PW eratin ditio ith 
increased cy o  and rs re ce 
time. calculation wa o pe
fuel in order to assess the feasibility of a 2-year cycle with 


 


at d erent times. The average q’ was varied to ensure that 
the peak pin burnup was less than 60 MWd/kg at 2190 
days (6 years), which resulted in an initial q’ of 21.3 
kW/m. 


Figures 15 to 17 show the predicted peak power 
node’s centerline temperature, cladding hoop strain, and 
fission gas release, respectively. Notice that the high 


negative cladding hoop strain seen at the beginning of life 
may lead to cladding collapse-induced failure. Although 
the predicted fission gas release appeared comparable to 
that of oxide fuel, the end-of-life (EOL) plenum pressure 
shown in Table IV was low. This is because the high as-
fabricated porosity was considered to be a large 
contribution to the total plenum volume. Figure 18 shows 
the axial distribution of the cladding hoop strain at EOL 
(rod average burnup of 58.15 MWd/kg). It appeared that 
the fuel swelling was reasonably low so that excess 
positive straining of the cladding was not been observed.  
Corrosion and hydriding predictions given in Table IV 
appear acceptable and typical of PWR fuel.  
 


TABLE III 


Prop Value 


RAPCON-EP


sion g release es com d to 


V. NI IDE L SIM ATIO


A UN fuel  wa imul in th
nder R op g con ns w


cle length to 24 m
A burnup 


nths  6 yea siden
s als rformed with UN 


an enrichment limit of 5%. 


 
V.A. UN in PWR 


 
Table III shows the pin geometry and simulation 


parameters for the FRAPCON-EP simulation. M5 cladding 
was used to reduce corrosion. A typical PWR power 
history was used as the reference. Fig. 13 shows the 
axially-averaged heat rate q’ that was used in the 
calculations. Fig 14 shows the axial power shape assumed 


iff


Simulated nitride fuel pin parameters in FRAPCON-EP 


erty 
Fuel Composition UN 
Fuel theoretical density 85% 
Fuel pell al et type Solid cylindric
Cladding  M5 
Fuel pin diameter (mm) 9.5 
Fuel pellet diameter (mm) 8.192 
Cladding thickness (mm) 0.572 
Fuel height (cm) 365.76 
Initial fill gas pressure (MPa) 2.41 
Plenum height (cm) 17.526 
Coolant Pressure (MPa) 15.5 
Peak Burnup (MWd/kg) 59.82 
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Fig. 13. Axially-averaged linear heat rate of UN pin in PWR. 
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Fig. 14. Axial power shape of UN pin at various residence times 
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Fig. 17. Rod-averaged fission gas release of UN fuel pin. 
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TABLE IV 


UN pin properties at end of life under PWR conditions 


Cladding 
Strain  
[%] 


Fission Gas 
Release 


 [%] 


Gap 
Pressure 
[MPa] 


ZrO2 
Thickness 


[μm] 


Hydrogen 
Pickup 
[ppm] 


0.22 3.5 6.05 39 167 
 


The low gap plenum pressure at EOL (6.05 MPa) and 
resulting cladding collapse of peripheral low power fuel 
pins may lead to a looser fitting of the spacer grids to the 
r  


 
si) to above 4.14 MPa (600 psi), resulting in an EOL gap 


pressure of 10.18 MPa. This would also allow greater 
control over the cladding collapse rate, reducing the 
negative strain to about -0.50%, as shown in Fig. 19. 
Operating with a large amount of porosity and increased 
plenum volume will significantly reduce the impact of 
fission gas release on the plenum pressure. Increased fill 
gas pressure, together with low fuel thermal expansion 
may lead to nearly zero grid-to-rod fretting failures, which 
is the main failure mechanism in PWRs today. Note that 
the plenum pressure should not be above the coolant 
pressure in order to avoid cladding lift-off situations. 
Furthermore, excessive plenum pressure may increase 


ilure probability during LOCA scenarios. 


ods. To prevent potential grid-to-rod fretting failure, the
itial fill gas pressure was increased from 2.41 MPa (350in


p


fa
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V.B. Fuel Cycle Calculations 
 
Simple burnup calculations were performed using an 


MCNP-ORIGEN coupled depletion code, MCODE [35]. 
Two typical Westinghouse 4-loop PWR assemblies were 
modeled in MCODE, one with 95% TD UO2 fuel and the 
other with 85% TD UN fuel. Both fuels had 5% 
enrichment. The nitrogen isotope in the nitride fuel was 
modeled as N15 to avoid the high parasitic absorption of 
N14 (99.6% of natural N). 


. 19. Peak node cladding strain as a function of initial fill g
pressure in UN pin under PWR conditions. 


s 
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Fig. 20. Predicted fission gas release values compared to 


experimental values. 
 


As seen from Fig. 20, the reactivity versus burnup 
curves for the two fuels are nearly identical. This implies 
that for the same number of batches, the nitride fuel will 
maintain the same discharge burnup. If the reactor power is 
maintained, then the cycle length will be increased by the 
heavy metal ratio between the UN and UO2 fuels, in this 
case, by about 25%, since for the same burnup, more 
energy is produced by the higher density UN fuel. 
Therefore, a PWR with an 18-month cycle length (at 
effective full power) can increase it to 22.5 months without 
increasing the enrichment or changing the fuel shuffling 
scheme. If a month of outage is assumed in between 
cycles, then this would increase the capacity factor by 1%. 
If as-fabricated densities higher than 85% TD are used or if 
cycle lengths with oxide fuel are greater than 18 months, 
then even 2-year cycles with nitride fuel would be feasible. 


  
 


VI. CONCLUSIONS 
 


Material properties and mechanistic models in 
FRAPCON-EP have been updated to model low theoretical 
density nitride fuel behavior for operation at below half of 
the melting point. Fuel thermal conductivity, fuel thermal 
expansion, hot pressing of the as-fabricated porosity were 
the basic material properties that were modified. A fission 


fusion coefficient developed by Weinstein was 


i
capt e in volution, 
it is proposed that the gas bubble nucleation constant be 
increased by a  addition, 
FRAPCON’s ori l was used 
with


ed the total plenum volume and 
reduced the contribution of fission gases to the plenum 
pressure. It is suggested that the initial fill gas pressure of 
the reference PWR fuel pin be increased above 4 MPa in 
order to control the cladding collapse and also to improve 
the margin to failure due to grid-to-rod fretting. Finally, 
note that the resulting code can also be extended for fast 
reactor applications. 
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Abstract – Flow accelerated corrosion (FAC) is a combined form of erosion, corrosion and Cavitation. 
This is prominent in steam condensate lines which results in fast reduction of thickness in piping, piping 
components and valves. It is estimated that this problem is faced by majority of plants. There has been an 
increased emphasis on correcting these problems due to fatal accidents that occurred in 1986, 1995, 1996 
and 2004 at various locations around the world. [3]  


After commissioning of the plant, Steam condensate system erosion/corrosion problem started appearing 
within one year of operation. To ensure uninterrupted plant running on line sealing was done and 
monitoring was done by proper thickness checking. These on line sealing points were replaced during 
available opportunity. In some cases plant shutdown was taken to replace leaking piping components & 
these incidents resulted into revenue loss to company. Aggressive inspection programs were taken up for 
thickness measurement on condensate lines and as a proactive measure, elbows were encapsulated with 
higher size elbows, reducers by on line welding/furmaniting with special clamps. Similarly gate and globe 
valves in condensate service also started failing as a result of erosion of body seat rings. Globe valves 
installed on bypass lines of control valves were found passing. Once these valves were operated for 
maintenance of control valves they could not be closed. In some cases valve body developed leak due to 
high velocity erosion.  


Various studies conducted for replacing these components by higher schedule fittings & pipes but it did not 
improve the situation except for slight increase in life of these components. Velocities were calculated at 
various locations and higher velocity and condensate impingement/cavitation was found as root cause of 
problems. This problem was solved by various methods like using higher metallurgy P11, P22 material, 
line size increase with increase in control valve sizing, lay out changes etc. This helped in improving 
reliability of condensate system and reducing risk associated with failure of piping.  


This paper presents a variety of cases where single-phase and two-phase steam flows, caused erosion 
corrosion damage mainly at turn points of elbows and valves. It was observed that the presence, even of a 
small amount of the vapor phase can significantly increase the velocity of the condensate. This paper 
describes the mechanism of failures by study of the failed components, operating conditions & piping lay 
out. In this study velocity of steam /condensate at reducing section was found to be as high as 300m/s. 
Other various contributing factors like control valve / piping sizing, metallurgical requirements, 
effectiveness of steam traps, flow velocity and valve design (globe & gate) were also studied. The main 
causes of the failures are discussed and recommendations are provided to rectify the root cause of the 
problems & avoid similar problems in the future. 
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I. INTRODUCTION TO FLOW ACCELERATED 


CORROSION & EROSION IN STEAM CONDENSATE 
PIPING & SYSTEMS. 


 
Flow accelerated corrosion (FAC) also called erosion 
corrosion (E-C) is a significant & common damage 
mechanism for most of the failures in steam and 
condensate systems in industries [3]. FAC results in 
thinning of carbon and low-alloy steel pipe & piping 
components, mostly of carbon steel piping and tubing. It is 
a mass transfer process in which the protective oxide 
(mostly magnetite) is removed from the steel surface into 
the flowing water / condensate. The material wear rate 
depends on the steel composition, temperature, flow 
velocity and turbulence—and on water and water droplet 
pH and oxygen and oxygen scavenger concentration. [3] 
 
FAC occurs when the normally protective iron-oxides 
dissolve into the owing stream. Two things are necessary 
to create erosion with steam and condensate: 


•  High velocity.  


• Two-phase flow conditions with primarily steam 
and additional few small particles of condensate.  


When steam condenses, liquid formation results and 
the system becomes actually a two-phase (vapor-liquid) 
system. Normally, the wetter the steam (i.e., the greater the 
amount of condensation), the more corrosive it becomes. It 
is well known that the steam is acidic because of the 
decomposition of bicarbonates resulting in carbonic acid 
formation. At elevated temperatures and pressures pH of 
water also falls to 6.0. Acidic conditions make the steel 
surface extremely susceptible to local attack at such high 
temperatures. Oxygen, even at very small concentration as 
low as 50 ppb will significantly increase the corrosion rate 
at elevated temperatures. [3].  


 


 
Fig. 1 – Photos of FAC 


The mode of damage is generally characterized by patterns 
such as grooves, waves, rounded holes, valleys and 
horseshoe-shaped depressions. All these forms of damage 
exhibit strong directional pattern consistent with liquid 
flow. Pitting corrosion occurs in pure water at 100-150°C 
in the presence of even 1 ppm of oxygen. Steam generally 
passes through piping system at very high velocities. The 


flow velocity is another major accelerating factor in a 
steam condensate system. 
 
Actual operating experience shows that erosion in 
steam condensate piping is due to combined effect of 
FAC and cavitation. 
 
Cavitation Erosion is the name given to the repeated 
growth and collapse of bubbles (or cavities) in a liquid 
because of local static pressure fluctuations, usually caused 
by changes in flow velocity. If the pressure in a flowing 
liquid decreases to below its vapor pressure because of, for 
example, significant increases to the local flow velocity, 
then vapor bubbles are nucleated. These bubbles are 
transported downstream from this flow disturbance. When 
they reach a region of higher pressure, they collapse 
suddenly and may erode any solid material in their vicinity. 
Any liquid water handling system that can operate near the 
saturation conditions is susceptible to cavitation damage. 
This proximity to saturation can be locally increased by 
increased flow velocity around obstacles and in regions of 
turbulence where the static pressure of the water is reduced 
or by an increase in water temperature. Cavitation is most 
often caused by the collapse of steam bubbles, but it can 
also be caused by gases (nitrogen and oxygen) and volatile 
chemicals coming out of the solution in water and 
subsequently redissolving. Unlike FAC, all materials used 
in steam cycle water systems are susceptible to cavitation 
damage. The material property that correlates best with the 
susceptibility to cavitation is the fatigue limit. However, it 
is not clear whether, for various aqueous environments, the 
cavitation correlates with air fatigue or corrosion fatigue 
properties. [3] 
 


   
Fig. 2 – Photos of Impingement Corrosion 


 
Liquid Droplet Impingement corrosion is caused by the 
impact of the liquid droplets on the wall material. This 
paper treats these similar type of failure mechanisms 
caused by effects of fluid flow in the same field as Flow 
Accelerated Corrosion [1]. The slow FAC damage can lead 
to a catastrophic “break-before-leak” situation with steam 
expanding and hot water flashing into steam. Carbon steel 
pipe thinning typically occurs in the return condensate 
piping 
 


II. ESSENTIAL REQUIREMENTS OF FAC. 
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The major factors that affect the erosion-corrosion rate on 
FAC include the following: 


(a) Temperature 
(b) Flow Velocity 
(c) pH 
(d) Oxygen Concentration 
(e) MOC / Metallurgy (Cr, Mo Content) 
(f) Geometry / Shape 
(g) Flow Condition ( Single Phase / 2 Phase (Dryness 


or Wetness of Steam)) 
 
These can be formulated mathematically as: 
 
TL = F(X). F(G).F(T).F(C).F(R)….. [3] 
 
Where,  
F(R)=> Steel composition factor 
F(C)=> Water treatment factor 
F(T)=> Temperature dependence factor 
F(G)=> Geometry factor 
F(X)=> Mass transfer dependence function 
TL  => Thickness loss rate 
 
Most of the above factors have a very strong, exponential 
effect on the material wear rate.  
 
Temperature has a pronounced effect on the FAC wear 
rate. When a system is inspected, components in the 
250˚F-400˚F (i.e Approx. 100 0C – 220 0C ) range should 
be of the highest priority as it has been experimentally 
found out that  FAC is greatest in the mentioned 
temperature range [1].The figure 3 below indicates that the 
erosion-corrosion rate becomes maximum at 121 0C to 204 
0C temperature range. [1].  


 
Fig. 3 - E-C Rate Vs. Temperature [1] 


 
Temperature, velocity and oxygen content are the factors 
that will most aggravate the corrosion reactions. It has 
been established that an increase of temperature up to 
180°C results in more than fourfold increase of the 
corrosion rate of carbon steel in neutral solutions. The 


figure also indicates that the erosion- corrosion value 
decreases for alloy steels containing Cr & Mo as compared 
to carbon steels. As the Cr & Mo content increases the E-C 
rate decreases. This will be discussed again in reference to 
MOC & Metallurgy effects on E-C rate. [1]  
 
Flow velocity has a strong effect, which makes wet steam 
systems very susceptible to FAC because the velocity of 
the steam flow is usually much higher than the water flow.  
It has been derived that the Erosion – Corrosion rate 
increases exponentially with the velocity. Experiments of 
various studies have indicated that erosion starts above 35 
meter/second flow velocity. [3] 


 
Fig. 4 - E-C Rate Vs. Fluid Velocity [1] 


 
The pH & Dissolved O2 Concentration also effect the E-
C rate to a large extent. The Erosion – Corrosion rate 
decreases gradually over a pH range of 8 to 9. The pH of 
feed water and steam droplets needs to be kept above the 
9.5 threshold, which depends on the pH agent used and on 
temperature [1]. Similar to the effect on E-C because of 
temperature, presence of Cr & Mo decreases the effect of 
pH on the E-C rate. [1]. Oxygen is good at preventing 
FAC. It has been shown that 5 ppb of oxygen in feed water 
can practically stop FAC, while excessive concentration of 
oxygen scavengers accelerates it. It has been shown that in 
most cycles that do not have copper alloy tubing, oxygen 
concentrations can be as high as 20 ppb without causing 
any problems.  
 
Flow Condition (Single phase or dual phase) has a bearing 
on the locations where the erosion – corrosion takes place. 
In case of single phase the FAC progresses due to the 
turbulent flow that occurs near the connection of the bend 
area and the straight pipe on the anterior side of the bend 
referred to as intrados portion of the bend as indicated in 
the figure 5. On the other hand, in case of 2 phase flow 
(condensate & steam), FAC advances when the flow 
impinges on the pipe wall surface and causes the erosion 
particularly on the exterior part of the bent portion referred 
as the extrados portion of the Elbow. Wall thinning action 
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in particular is governed by erosion mainly in the 2 phase 
flow. [1].  


 
Fig. 5 – Effect of flow phase on FAC 


 
In 2 phase flows the FAC also is governed by the 
mechanisms of droplet impingement erosion and also the 
cavitation erosion. The rate of erosion in a 2 phase flow 
depends on the dryness fraction (dry ration or wet ratio of 
the flowing fluid). The rate of wall thinning depends 
increases with increase in wet ratio in case of 2 phase 
flow.[1]  
 
Metallurgy of the pipes and the piping material also 
increases the resistance to FAC. The FAC problem is most 
pronounced in carbon steels. In these steels, even small 
concentrations of chromium, molybdenum and copper can 
improve the FAC resistance. A survey of 38 heats of 
carbon steel found that depending on the scrap 
composition, there could be up to 0.3% Cr, which can 
improve the FAC resistance up to 100 times. Where FAC 
problems cannot be resolved by changing water chemistry, 
carbon steels are often replaced by low-alloy steels, such 
as P11 and P22, or a weld deposited overlay is used. [3]. 
The FAC value decreases for alloy steels containing Cr & 
Mo as compared to carbon steels. As the Cr & Mo content 
increases the E-C rate decreases. Also, Similar to the effect 
on FAC because of temperature, presence of Cr & Mo also 
decreases the effect of pH on the E-C rate. [1]  
 
Geometry is an important factor affecting the FAC. 
Generally turbulent flows are generated at orifices, valves, 
bends, Tees & Elbows. Further erosion is advances by 
impingement by droplets or due to cavitation at these 
areas. For bends /elbows for example as shown in the 
figure 6.  
 
Maximum FAC / erosion and thereby thickness reduction 
occurs at the intrados portion of the elbow for single phase 
flows and the extrados portion of the elbow for 2 phase 
flows. The fig. 7 given indicates the mechanisms and 
thickness reduction locations for single & 2 phase flows 
for bends & elbows. 
 


 
Fig. 6 – Flow phase Vs. failure location. 


 


 
Fig. 7 – Mechanism of FAC in piping. 


 
 


III. FAC EXPERIENCE 
 
Following problems were observed on condensate system 
with in very short time after commissioning: 
  


1. Erosion of HP/MP/LP condensate line elbows on 
outer longer radius. 


2. Erosion of reducers, weld neck flange inner 
diameter, bypass valve joining point at 
downstream of control valve on inlet line to 
condensate drums. 


3. Erosion on gate/globe valve body. Some of the 
valves developed leaks from body. 


4. Erosion of threads on valve body for renewable 
valve seats. Some of the bypass valves started 
passing once the valve operated due to 
detachment of valve seats. 


5. Erosion of condensate pumps casings (Carbon 
steel material of construction). 


6. Leaks form orifice plate root valve weld joints on 
the orifice plate flanges. 


7. Erosion of steam turbine chest valve seats & 
seating area, LP gland area, condenser 
reinforcement pipes. 
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The most vulnerable parts in low pressure condensate 
systems were found to be the locations where flow 
direction changes suddenly and there is increase in flow 
velocities as indicated in the fig. 8 below.  


 
Fig. 8 – Locations susceptible to FAC 


 
The areas which were found susceptible to FAC – 


• Reducing area of reducers/inlet area of expander. 
• Mid partition of equal tees. 
• Gate valve body seats which are threaded. 
• Globe valve body seats. 
• Downstream side of undersized control valve 


body. 
• Thermowells, sampling nozzles and injection 


quills.  
• Steam piping in heating systems. Return 


condensate piping & Downstream of flow meters. 
 


The vulnerability of particular components to erosion was 
higher on components where velocity increase is 
significant. Rate of erosion rate was comparatively higher 
on reducers & elbows as in fig. 9. The liquid erosion-
corrosion usually occurs when the corrodent or solid 
particles bombard (impinge) the metallic surface at an 
angle (worst case at approximately 90°). In particular, 
high-velocity wet steam can cause some specific forms of 
impingement corrosion depicted as steam erosion with 
rounded surface and showing a large number of small 
cones as in fig. 10. 


 
Fig. 9 – Leaks in Elbows. 


 
Fig. 8 -  forms of impingement corrosion 


 
III.A. Erosion on reducers: 


Concentric reducers: Various field observations indicate 
that most of the failures in reducers take place at higher 
velocity zones specially at neck area where diameter 
reduction takes place. 


 
Fig. 10 – FAC in Reducers 


 
Eccentric reducers: Maximum erosion takes place on top 
side of reducer from where shape reduction starts. On 
straight portion of reducers no erosion takes place as 
evident from the picture attached below- 
 


III. B. FAC Problem in Gate valves 
Normally correct specifications of valves on condensate 
service are generally overlooked. Valves with threaded 
body seats find place in condensate service. Due to 
differential expansion of body and seat in actual operating 
condition, small leakages start to develop initially. Since 
velocities across the valves are higher threads of body 
seats, these threads and seats gets eroded in no time due to 
wire drawing effect. Now the valve starts passing fully due 
to damaged seats. It is also experienced that seat of valve 
cracked opened in condensate service gets eroded fast due 
to higher velocities. Wire-drawing will eventually cut 
enough of the metal in a valve seat that it prevents 
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adequate closure, producing leakage in the system. The 
operating personnel normally complained that gate valves 
in condensate services are not holding. But when we 
examined the problematic valves, it explains the reason of 
passing of these valves. 


 
Fig. 11 – Disc erosion in Flashing condensate service 


 
III.C. FAC Problem in Globe valves 


This problem is similar to gate valves where erosion of 
threads takes place in body and seats. After prolong use in 
service body seat becomes fully detached after erosion of 
tack welding and passing further increases. 


  
Fig. 12 – Damage to threads in Body seats. 


 


 
Fig. 13 – Erosion of Globe valve seats 


 
Sometimes, high velocity through the narrow space results 
in erosion of valve body itself and it results in hole 
formation on valve body itself.  In this condition if valves 
are operated, the loose body seat gets lifted up and gets 
struck between valve stem and body. These valves cannot 
be operated further and starts passing fully and in this 
condition it may result in further high velocity erosion of 
other piping components. 


III.D. Steam condensate related erosion in steam turbine:  
 
In steam turbine erosion problems are normally observed 
in LP section where condensation takes place. Normal 
areas susceptible for this problem are turbine gland area 
and internal component of condensers which faces high 
velocity. The photographs shown in Fig. 14 clearly indicate 
the type of failures observed at site. 


   
Fig. 14 – Erosion in steam turbine internals 


If steam quality is not properly maintained, it may lead to 
erosion of critical components like steam chest valve seat 
and seating area as shown in Fig. 15. 


  
Fig. 15 – Erosion of steam chest & valve seat. 


Steam quality should be monitored for steam turbine on 
regular basis. Steam condensate can cause failure of 
blades, erosion of steam chest valves and specially LP 
section connected with condenser. Inspection/overhaul 
plan should be made at desired intervals so that steam 
condensate erosion problem can be detected in advance 
before failure of components. 
 


IV. FAC EXPERIENCE: CASE STUDY OF 
PLATFORMER – REFORMATE SPLITTER WITH 


CALCULATIONS. 
 


IV.A. Introduction 
The case study which we will be discussing in this paper 
pertains to frequent failure in the piping downstream of the 
Condensate return control valve Z231-FV-504 in 
Aromatics plant  commissioned in Dec’ 2008. The plant 
consists of a Refinery complex, Petrochemical complex, 
Power generation facility and associated auxiliary units.  
 
Feed to the Reformate splitter is pre-heated in Debutanizer 
FBE (Z231-S05 A/B). Heat to the Reformate splitter 
(Z231-C12) is provided by MP steam Re-boilers (Z231-
S26 & S27). The reboilers utilize the MP steam to reheat 
the process fluid. The condensate outlet from these two 
reboilers is routed to the atmospheric condensate tank via 
the condensate return control loops Z231-FV-504 & Z231-
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FV-505 respectively. A snap shot of the process is given in 
the Fig. 16 and the control valve and its piping in 
discussion is highlighted for reference.  


 
Fig. 16 – Process Schematic – P&ID Snap Shot 


 
The operating conditions for the CV and hence the down 
stream piping were as follows: 
 
Design Pressure: 21.11 Kg / cm2 
Design Temperature: 217 0C 
Flow Rate: 19.10 mT / Hour 
Pressure at Inlet: 15.98 Kg / cm2 


Pressure at Outlet: 1.10 Kg / cm2 


Temperature at Inlet: 200 0C 
Temperature at Outlet: 175 0C 
Density: 864.176  Kg / m3 
∆P: 14.88 Kg / cm2 


 
A sketch of the piping spool is given in the Fig. 17 for ease 
of reference during the calculations. 


 
Fig.17 – Sketch of the spool d/s of Control valve 


 
The Bill of Material for the same as per the sketch is as 
follows: 
 


01. 6” 300 LB, WN FLG, A105 N, STD WT. RF, 
B16.5, IBR. 


02. 6” BW, 90 Deg LR Elbow, A234-WPB, STD. 
WT. B16.9, IBR. 
 


03. 6” X 3”, BW, ECC RED., A234-WPB, STD. WT. 
B16.9, IBR. 


04. 3” SMLS PIPE, A106-B, STD WT. , BBE, IBR. 
05. 3” X 1.5”, BW, ECC RED., A234-WPB, STD. 


WT. B16.9, IBR. 
06. 1.5” 300 LB, WN FLG, A105 N, SC 80, RF, 


B16.5, IBR. 
There were frequent failures (Pin hole leaks) in the 
extrados portion of the elbow (2) with no significant 
thinning that could be measured. The failure was localized. 
Kindly refer to the attached photographs in Fig. 18 
depicting the failures observed at site. 


  
Fig. 18 – Erosion pattern caused by condensate droplets 


 
IV.B. Analysis & Calculations: 


The failure was either due to high erosional velocities in 
the 2 phase flow or due the condensate chemistry. The 
visual inspection of the failed elbow indicated that the 
failure was due to erosion possibly due to high velocities. 
However to zero down on the root cause of the problem, 
the condensate samples were routinely monitored. The 
results of the sample were as follows: 


TABLE 1 
Lab Monitoring of Condensate Samples 


pH Conductivity TDS Iron 
(Fe) 


O2 
(Dissolved)


* 
8.4 2.4 1.6 0.035 7.0 
8.3 2.4 1.6 0.037 5.0 
8.5 2.3 1.5 0.040 7.0 
8.4 2.4 1.6 0.035 5.0 
8.2 2.3 1.4 0.029 3.0 
7.4 2.4 1.4 0.035 7.0 
8.4 2.2 1.7 0.037 5.0 
8.3 2.4 1.6 0.037 7.0 


(* Centrally at CPP) 
 
Usually, pure steam is not aggressive from a corrosion 
point of view. However, if its condensates are 
contaminated by CO2 and dissolved oxygen it becomes 
rather corrosive. When steam condenses, liquid formation 
results and the system becomes actually a two-phase 
(vapor-liquid) system. Normally, the wetter the steam (i.e., 
the greater the amount of condensation), the more 
corrosive it becomes. It is well known that the steam is 
acidic because of the decomposition of bicarbonates 
resulting in carbonic acid formation. At elevated 
temperatures and pressures pH of water also falls to 6.0. 
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Naturally, temperature and oxygen content are the factors 
that will most aggravate the corrosion reactions. [5]  
It has been established that an increase of temperature up 
to 180°C results in more than four fold increase of the 
corrosion rate of carbon steel in neutral solutions. Acidic 
conditions make the steel surface extremely susceptible to 
local attack at such high temperatures. Oxygen even at 
very small concentration as low as 50 ppb will 
significantly increase the corrosion rate at elevated 
temperatures.[5] Hence, The laboratory analysis of the 
samples indicates that all the measured parameters are as 
per predefined norms. There is hardly any deviation except 
in stray cases highlighted in Red. Hence, it was decided to 
redo the velocity calculations for the defined CV and its 
piping configuration. 
 
Vi  =  { (2.4) x Q x Vs } / { A }------- [5] 
 
Where, 
Vi: Velocity of the Fluid in (Ft/min) [Where i =  2 for 
velocity at 6” elbow & 5 for velocity at the  1.5” Flange] 
 
Q: Condensate Flow in (Lbs / Hr) = 19.10 T/hr = { (19.10 
x 1000) x 2.2046 } Lbs / Hr  = 42107.86 Lbs / hr. 
 
Vs: Specific Volume at Flow Pressure (ft3 / Lbs) 
 
Ai: Cross Sectional Area in (in2) [Where i =  2 for c/s area 
at 6” elbow, 3 c/s area at outlet of 6” x 3” reducer & 5 for 
c/s area at the  1.5” Flange] 
 
V2= [ { (2.4) x 42107.86 } / { A2} ] x Vs 
A2 = (22/28)x (D)2 = (22/28) x (154.81/25.4) 2  
= 29.1874 in2 
 
V2= [ { (2.4) x 42107.86 } / { 29.1874} ] x Vs 
 = (3462.414) x Vs 
 
 Vs  = 0.124 (m3 / Kg) =  0.124 ((3.33)3 ft/ 2.2046 Lbs)  = 
2.077 ft3 / Lbs 
 
Considering flow of saturated steam at the inlet to the 
piping spool, the calculated velocities are : 


 
V2 = 7191.24 ft/min  =  35.99 m/s 
V3 = 28384.25  ft/min  =  142.06 m/s 
V5 = 102820.49 ft/min =  514.61 m/s 
 
Considering 2 phase flow of wet steam (steam & 
condensate) at 80% dryness fraction at inlet to the piping 
spool, the calculated velocities are: 
 
V2 = 3621.74 ft/min  =  18.10 m/s 
V3 = 14265.72  ft/min =  71.45 m/s 
V5 = 51710.22 ft/min  =  258.81 m/s 


However at the downstream of the Z231-FV-504 control 
valve as the piping is floating with the atmospheric 
condensate tank, the fluid is almost equivalent to 
saturated condensate (and not steam) due to the drop in 
pressure and temperature in the control valve. Hence, the 
calculated velocities of the liquid condensate downstream 
of the control valve are (Parameter Vs changes to 0.0011 
m3 / Kg): 
 
V21 = 0.320 m/s 
V31 = 1.265 m/s 
V51 = 4.580 m/s 
 
As per API RP 14E, the recommended simple design 
criterion for erosional velocity (Ve) for avoiding fluid 
erosive wear is : 
 
Ve=C / [ ρm ] (1/2) --------- [6] 
 
Where, 
 
C= 100 for Continuous service 
C= 125 for non continuous service 
ρm= Mixture Density. 
 
API RP 14E, states that the fluid velocity should be kept at 
least below this fluid erosional velocity. Hence in our case 
the value of  Ve is: 
 
Ve = C / [ ρm ] (1/2) 
  
Ve= 100 / [864.176] (1/2) 
 
Ve= 3.40 m/s 
 
Hence, our fluid velocity V51  (4.580m/s) is much 
greater than the erosional velocity Ve (3.40m/s) specified 
in API RP 14E. 
 
IV.C. Conclusions: 
 
Even as this study was in progress, to counter the problem 
of failure until a solution for the same was found, a 
standby spool was fabricated and made ready for ease of 
maintenance by reducing the downtime of the control 
valve. Also, the internal stelliting coating to increase the 
hardness of the material to resist the erosion was also 
envisaged along with conversion of the metallurgy from 
carbon steel to Cr / Mo steels (P9 / P11). However, after 
these detailed study it was recommended that the piping 
size needs to be enhanced to reduce the fluid velocities to 
acceptable limits. The control valve sizing was increases 
from the earlier 1.5” to 3.0” NB thereby decreasing the 
critical outlet velocity V51 from 4.580 m/s to an acceptable 
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1.26 m/s, which is well below the erosional velocity limit 
Ve as per API RP 14E. 
 


IV. CONTROL OF FAC 
 


IV.A.Periodic Assessment of condensate system: 
 
An effective FAC control program should include the 
assessment of piping and components at high velocity area. 
The assessment should include: 
 
• Component geometry 
• Flow velocity 
• Water and steam parameters 
• Material composition 
• Water chemistry (pH, oxygen, oxygen scavenger, CO2, 
organics); and 
• Operating experience, previous failures 
 
Every plant should have a formal program for prevention 
of FAC and Cavitation, starting with an early design 
review. The design review should include all the 
parameters influencing FAC. In cases where organic water 
treatment chemicals such as amines, dispersants and 
oxygen scavengers are used, their effects and the effects of 
their decomposition products should be considered. 
 
 


IV.B. Inspection and NDT: 
 
Based on assessment the most susceptible 
components/critical location should be selected for 
inspection so that failures can be detected in advance.  
 
Piping should be inspected after all orifices, thermowells, 
sampling nozzles and chemical injection quills and passing 
valves. In addition, boiler blow downs, downcomers, 
headers, drum liners, saturated steam pipes, steam 
separation systems, turbine extraction pipes and extraction 
valves, feed water heater drain valves and shells, feed 
water piping, condensate return piping, condensers and 
boiler feed water pump recirculation lines should be 
inspected. The inspection methods for wall thickness 
monitoring include ultrasonic wall thickness 
measurements, X-ray of piping and other components, 
pulsed Eddy Current technique where thickness can be 
measured without removal of insulation. 
 
Periodic inspection should be also be made as 
valves/component may wear over a time. As a minimum, 
annual inspection of valve body and bonnet should be 
performed with calibrated ultrasonic gauge. Severe 
application may require additional inspection type and or 
frequency. 
 


IV.C. Valve orientation and guided disc: 
 
It is observed that the globe valve having stem orientation 
in horizontal direction have tendency to vibrate due to 
cantilever weight of valve disc. To prevent this globe valve 
should be selected with inbuilt guide so that chattering of 
disc can be avoided. All globe valves should be operated 
with stem vertical and pipe line horizontal. It is also 
important globe valve should be designed w.r.to desired 
operating data, it should not be considered as common 
piping item which can be installed anywhere. 
 
Improvements done: Welded body seats with stellited hard 
facing was specified for valve seats. Valve stem Guide was 
specified for guiding the stem of globe valves. One 
additional gate valve specified at downstream of globe 
valve in a control valve station for condensate service as 
shown in the schematic Fig. 18 given below. This gate 
valve is to be used in case bypass valve found passing. 


 
Fig. 18 – Schematic showing additional valves 


 


IV.D. Control valves for steam condensate service: 


The design and material of the control valve must be 
suitable for the pressure of the system in which it will be 
fitted. Control valve selection requires several other factors 
to be taken into account. The body material must be 
selected to suit the application like stainless steel in place 
of carbon steel and exotic materials for very special 
applications, It should be noted that the type of material 
used in manufacturing the control valve plays an important 
part in the pressure / temperature chart.  


Factors to be considered while selecting a control valve: 


1. Maximum, normal or minimum mass flow or 
volumetric flow to be considered  
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2. Flow medium (this may affect the type of material 
used for the valve body and internals). 


3. Upstream pressure at maximum, normal and 
minimum loads. Downstream pressure for 
maximum, normal and minimum loads.  


4. Kv value required.  


5. Pressure drop across the valve at maximum, 
normal and minimum loads.  


6. Body size of valve. Body material and nominal 
pressure rating.  


7. Maximum differential pressure for shut-off.  


8. Maximum temperature of the medium flowing 
through the valve.  


9. Any special requirements, for example, special 
gland packing variations; hardened valve seat and 
plug, soft seats for absolutely tight shut-off; and 
others. 


10. An application needing on / off control (either 
fully-open or fully-closed) may require a valve 
characteristic suited to that purpose, whereas an 
application calling for continuous control (any 
degree of opening or closing), might perform 
better with a different type of valve characteristic.  


11. Method of actuation and type of control to be 
used;  


12. Pressure drops, sizes of valve body and noise 
level are related and should be considered.  


13. Leakage and isolation. Control valves are meant 
to control flow rate rather than isolate the supply, 
and are likely to leak slightly when fully shut. 
Control valves will be manufactured to a standard 
relating to shut-off tightness. Generally, the better 
the shut-off, the higher the cost of the valve. For 
steam control valves, a leakage rate of 0.01% is 
perfectly adequate for most applications.  


14. Turndown. Usually expressed as a ratio of the 
application maximum expected flow to the 
minimum controllable flow through a control 
valve.  


15. Rangeability. Usually expressed as a ratio of the 
valve maximum controllable flow to the minimum 
controllable flow, between which the 
characteristics of the control valve are maintained. 


Typically, a rangeability of 50:1 is acceptable for 
steam applications.  


It is good practice to keep the downstream steam 
velocity in the valve body typically below 150 m / s 
for saturated steam and 250 m / s for superheated 
steam. This can be achieved by increasing the valve 
body size, which will also reduce the velocity in the 
valve outlet and the likelihood of excess noise. It is 
possible to consider a saturated steam exit velocity of 
150 m / s to 200 m / s if the steam is always 
guaranteed to be dry saturated at the valve inlet. This 
is because, under these circumstances, the steam 
leaving the control valve will be superheated due to 
the superheating effect of reducing the pressure of dry 
saturated steam. The improvement done include: 


• Control valve size increased ( after taking into 
consideration the flashing) 


• Control valve downstream piping size increased 
and 90 degree elbows minimized. 


 
 


IV.E. Cavitation Behavior of Materials: 
 
Unlike FAC, all materials used in steam cycle water 
systems are susceptible to Cavitation damage. The material 
property that correlates best with the susceptibility to 
Cavitation is the fatigue limit. However, it is not clear 
whether, for various aqueous environments, the Cavitation 
correlates with air fatigue or corrosion fatigue properties. 
The FAC problem occurs mostly in carbon steels. In these 
steels, even small concentrations of chromium, 
molybdenum and copper can improve the FAC resistance. 
From survey of failure data of carbon steel piping it is 
observed that use of higher alloys Like P11, P22, weld 
overlay can improve the situation by reducing failure time 
but it is not a permanent solution unless velocity problem 
is resolved. Following improvement measures were taken 
to eliminate the condensate system problems: 
 


1. In some of the cases control valve metallurgy was 
changed to CF8M from WCB. 


2. Metallurgy of control valve downstream piping 
and by pass valve piping changed to P11 material 
from A106. 


3. Condensate Pumps replaced with new pumps 
having 13%Cr metallurgy for casing. 


4. Welded body seats with stellite hard facing was 
specified for valve seats in condensate service. 


 


IV.F. Design Issues: 


The design and operating errors result in erosion in piping 
& it’s components, equipment damage, erratic pressure 


1022







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11438 


   


control, safety hazards and higher economical losses due to 
outage of plant. Following are the issues which occurs in 
normal operation: 


• Undersized condensate piping downstream of traps,  


• Ignoring the presence of two-phase flow. 


• Improperly sized condensate return lines,  


Downstream piping cross-sectional area must be larger by 
the same ratio as the change in volume. Consult steam 
tables for the specific volume of saturated steam for the 
two pressures, then calculate the ratio of the downstream 
pressure to the upstream pressure (always greater than 1). 
Flow rate no more than 1.82 m/s to 2.43 m/s should be 
used for proper sizing, while flow velocity should usually 
limited to about 35m/s to prevent condensate erosion 
problems. 


IV.G. Sizing errors and effects: 


Undersized piping introduces following problems: 


• Higher pressure drop/ insufficient flow to point of 
use of high risk of water hammer and erosion 
problem. 


Oversized distribution piping lead to following problems: 


• Un necessary expensive large diameter piping, 
bigger support for piping,  higher installation cost, 
higher heat losses from expensive condensate 
formation due to greater surface area of steam pie, 
poor quality of steam quality caused by formation 
of additional condensate. 


• Velocity through pressure reduction station must 
be considered when sizing fittings and 
components. Designer sizing these lines often fail 
to properly consider the significant increase in 
specific volume of steam with reduced pressure. 
If designer have checked specific volume at the 
two pressures, he would have seen that the steam 
at reduced pressure occupies more volume and 
out let piping has to be minimum of 10.60 meter 
to maintain reasonable velocity. 


If the condensate lines are under sized by neglecting the 
presence of flash steam, then this results in an increased 
back pressure and velocity. The liquid phase could lead to 
water hammer. Severe water hammer can cause damage to 
steam piping system, equipment and personnel. Increased 
back pressure can create problem with process equipment.  
A portion of the pipe will be occupied by flash steam and 
the balance with condensate. Further Improvement done: 


• Critical piping loop design reviewed and increase 
in piping size, proper configuration of piping lay 
out to streamline the flow& reduction in number 
of elbows helped in reducing problem. 
 


• Orifice flange root valve joining connection 
changed to socket welded type construction in 
place of threaded connection. Plain nipples were 
used for valve connection with orifice plate 
tapping points. 


 
 


IV. H. Functioning of steam traps: 
 
During start up “water hammer" occurs when slugs of 
water are picked up at high speeds in a poorly designed 
steam main where there is a lift after steam trap. As the 
slug of condensate is carried along the steam line it reaches 
an obstruction, such as a bend or a valve, where it is 
suddenly stopped. This creates pressure waves and 
produces a safety hazard as piping components can be 
blown out by the force of water hammer or critical flange 
starts leaking after loosening of bolts.  
 
 Considering above a properly designed steam systems 
(both saturated and superheated) should include 
condensate traps and separators.Steam traps causes a back-
up of condensate in a steam main header, the condensate is 
carried along with the steam. It lowers steam quality and 
increases the potential for water hammer. At other plant 
improper condensate removal led to cracking of main LP 
header. This header was found moving up and down due to 
condensate accumulation and release by inefficient 
condensate removal. Following should be done to improve 
condensate removal from steam headers: 
 


• Selection of steam traps w.r.to numbers of steam 
traps & Capacity. 
 


•  Functioning of stem trap should be monitored. A 
maintenance program should be established to 
repair faulty traps in time. Special attention 
should be given to HP/MP steam traps. 
 


• In case of repetitive failure of steam trap consult 
with trap supplier for hardness improvement of 
steam trap disc. 


 
IV.I. On line sealing clamps: 


A steam leak can become bigger and bigger due to the high 
velocity of steam flow incorporating a small spray of 
condensate that gets released from the opening. Today’s 
plants have higher capacities and their down time is very 
costly. 
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An area showing major reduction should be isolated and 
offered for replacement of components at the earliest. If 
plant cannot be shutdown due to various reasons, on line 
sealing clamps can be installed with proper risk 
assessment. On line sealing clamp may not sustain on 
longer duration hence sealing clamp should be welded to 
prevent failure of clams as no clamping arrangement may 
be available due to faster erosion of components. 
 
On line sealing on these locations is highly risky due to 
lower thickness of piping components. Area for on line 
sealing should be selected wherever higher thickness is 
available. Most suitable location is flange OD/Boss area, 
straight portion of pipe etc. Crew and welders for this job 
should be highly skilled and trained. Correct thickness 
measurement is very important in this case. It is also 
necessary to monitor clamps for any leak in future and 
should be removed and normalized at the earliest 
opportunity. 
 


V. CONCLUSIONS: 
 


FAC in steam condensate piping causes failures which are 
often sudden and catastrophic.  In view of this, a 
systematic approach for reduction of FAC rates can be 
adopted so that reliability and safety can be improved. 
Following options are available to reduce FAC rates. 


• By using the proper tools, a steam system can be 
sized to optimum conditions, with minimum heat 
loss and maintenance attention.  
 


• Correct steam pipe sizing is critical not only for 
energy efficiency, but also for safety. 


 
• Material changes can be used to replace an entire 


system or to repair an especially troublesome 
area. However, material replacement may reduce 
the wear rate but it will not help much if the 
damage is caused by a mechanism other than 
FAC.  


 
• Provide good quality steam at the required 


demand and pressure of the user. 
 


• Monitor steam traps for proper functioning 
specially HP, MP steam traps as these may also 
contribute to higher increased condensate load. 
 


• Taking flash steam into consideration at  d/s of 
trap, condensate piping has to be sized based on 
two-phase flow (the presence of steam and 
condensate. 
 


• Steam quality should be monitored for steam 
turbine on regular basis. Steam condensate can 
cause failure of blades, erosion of steam chest 
valves and specially LP section connected with 
condenser. Inspection/overhaul plan should be 
made at desired intervals so that steam condensate 
erosion problem can be detected in advance 
before failure of components. 


Software packages have been developed for assessment of 
wall thinning caused by FAC by EPRI, EdF and Siemens. 
These softwares can be used with correct input of water 
chemistry- temperature, pH, concentration of oxygen 
scavenger, concentration of oxygen and chemistry of water 
droplets.  
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Abstract – Fuel stability concerns related to reactors with long metallic fuel column are that the 
increased height and weight of the column would cause fuel compaction or impede fission-gas 
release.  Fuel compaction can lead to enhanced localized fuel cladding mechanical interaction 
(FCMI).  Impeded fission gas release can also lead to enhanced FCMI from increased fuel 
swelling.  This paper discusses those concerns and provides both qualitative and quantitative 
arguments that deal with its impact on metallic fuels proposed for fast reactor applications.  
Previous U.S. experiments that were aimed at investigation of length effects in metallic fuels are 
discussed in addition to related experience with metallic fuels irradiated at EBR-II.   Recent 
metallic fuel irradiation creep experimental results are combined with available thermal creep 
relations to evaluate the impact of length increase on fuel creep especially for reactor designs 
with long fuel residence time.  The evaluation suggests that no major impact is expected on fuel 
deformation due to the use of such long metallic fuel elements with extended in-reactor residence 
time. 


 
 
 


I. INTRODUCTION 
 
Global renewed interest in nuclear energy as a reliable 


and carbon free source of energy generation has spurred 
interest in small modular reactors.  Some of the advantages 
of this type of reactors are related to specific designs that 
operate for long periods of time without refueling, and 
propose the use of metallic fuel pins that are much longer 
than existing database for metallic fuel experience in 
reactor.  For example, the Super-Safe Small and Simple 
(4S) reactor [1] proposes the use of U-10Zr metallic fuel 
that is 2.5 m long in one design, and proposes the use of 
longer fuel up to 4 m for another design.  This is quite an 
increase in fuel length from our knowledge of similar 
metallic fuel behavior in the Experimental Breeder Reactor 
–II (EBR-II) and the Fast Flux Test Facility (FFTF).  Fuel 
length in EBR-II was about 0.34 m compared to FFTF fuel 
length of about 0.91 m.  Associated with such a large 
increase in fuel length is an increase in fuel column 
weight, especially if fuel slug diameters are also increased 
from EBR-II and FFTF fuel pin diameters.   Stresses due to 
large fuel column weights combined with fuel 
temperatures that can exceed half of the fuel melting 
temperature, combined with irradiation effects, can lead to 
fuel creep.  Fuel stability concerns are associated with this 
fuel creep phenomenon where fuel compaction and/or 


impedance of fission-gas release are possible outcomes.  
Fuel compaction and associated mass transfer can lead to 
enhanced localized fuel cladding mechanical interaction 
(FCMI).  Also, reduction in fission gas release can enhance 
FCMI due to increased fuel swelling.  This paper discusses 
those concerns and provides both qualitative and 
quantitative arguments that deal with its impact on long 
metallic metallic fuels proposed for fast reactor 
applications.  The following sections discuss previous U.S. 
experiments that were aimed at investigation of length 
effects in metallic fuels in addition to related experience 
with blanket fuel that was irradiated at EBR-II.  Recent 
experimental results regarding irradiation creep in metallic 
fuel are utilized to evaluate the length effects on fuel 
irradiation creep in this type of fuel.  Thermal creep 
contribution to total creep strain is also taken into account. 
The evaluation shows that a small impact is expected on 
fuel deformation due to the use of long metallic fuel 
elements (e.g., 1-4 meters long), such as U-Zr based fuel 
elements, in fast reactor applications. 


 
 
 
 


II. IFR-1 EXPERIMENT IN FFTF 
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Several metallic fuel experiments were irradiated at 
the FFTF including experiment IFR-1 [2,3] that was 
intended as a test of prototypic metallic fuel behavior 
compared to shorter EBR-II fuel pins where pins irradiated 
in EBR-II represent most of the metallic fuel database 
generated during the U.S. fast reactors program.  Post-
irradiation data from this test addressed the issue of 
extrapolation of short pins performance database to long 
fuel pins performance.  The test consisted of 169 fuel pins: 
18 with U-19wt.%Pu-10wt.%Zr fuel, 19 with U-8wt.%Pu-
10wt.%Zr fuel, and the remainder pins contained U-10Zr.  
Cladding for all pins was 20% cold-worked D9 cladding, 
fuel smeared density was 75%, and the plenum/fuel 
volume ratio of the pins was about 1.0.  Fuel diameter was 
4.98 mm.  The pins were irradiated to a peak burnup of 10 
at. % (fast fluence was 15.6x1022 n/cm2).  Peak beginning-
of-life linear-heat-rate ranged from 44 to 48 kW/m.  The 
power shape over the pin active length is a chopped cosine 
with the powers at the bottom and top of the pins being 
50% lower than that at the middle.  The above IFR-1 pin 
parameters show similarity to the EBR-II pins except for 
the fuel length, i.e., about 0.91 m long IFR-1 pins 
compared to 0.34 m long EBR-II fuel pins, and the power 
shape (higher gradient in FFTF).   


As mentioned earlier, stability concerns related to 
having a core with long metallic fuel column is that the 
increased height and weight of the column can cause fuel 
compaction or impede fission-gas release.  Fuel 
compaction can lead to enhanced localized fuel cladding 
mechanical interaction (FCMI) and localized increase in 
fuel density and power.  Impeded fission gas release can 
also lead to enhanced FCMI from increased fuel swelling.  
Post-irradiation examinations (PIE) of a fraction of test 
pins from the IFR-1 experiments did not show signs of fuel 
instability.  The PIE of IFR-1 included post-irradiation 
neutron radiography, axial gamma scanning, clad strain 
measurements, and fission-gas release measurements.  The 
radiographic examination of 18 of the pins with different 
Pu contents (0, 8 and 19 wt.% Pu) showed axial fuel 
elongation that is consistent with that of the pins irradiated 
in EBR-II.  This is shown in Figure 1 (the solid data points 
in the figure), where the average axial elongation is just 
slightly lower than the corresponding EBR-II data.  Both 
radiographic and gamma scan data of irradiated pins have 
shown that axial fissile distribution within the fuel is 
uniform (except at the top where the fuel has lower density 
as it has more freedom to expand).  None of the pins 
examined showed signs of local fuel compaction. 


 
Fig. 1. EBR-II Fuel Length Increase in Various 
Metallic Fuels as a Function of Burnup (closed 
symbols correspond to FFTF data [2]) 
 
Another sign of the absence of local compaction was 


apparent from the cladding deformation examinations.  
None of the pins examined has shown anomalous strain 
peaks that would suggest enhanced localized FCMI from 
fuel relocation.   Finally, the fission-gas release fraction 
measured for one of the irradiated pins, 72%, was 
consistent with the EBR-II data base (63% - 78%) for 
comparable fuel at 10 at.% burnup.  This measurement 
indicated that the longer fuel column did not impede the 
release of fission gas from the fuel.  Based on this 
discussion, irradiation behavior of the full length IFR-1 
fuel pins was comparable to that of shorter EBR-II pins, 
that is, as much as about 3 folds increase in fuel length has 
no effect on fuel performance.  Another, point that 
supported the performance of the full length commercial 
pins (1 m pins), is that no failures were observed in any of 
the other six full length metallic fuel experiments that were 
completed in FFTF (MFF series).  The metallic pins in 
those experiments consisted of binary U-10 at. % Zr fuel 
clad in HT9 and many of those pins were exposed to more 
aggressive conditions than those of the IFR-1 pins.  All 
have attained peak burnups exceeding 16 at.%.  The 
absence of a trend that shows even the slightest reduction 
in the IFR-1 fuel performance compared to the EBR-II fuel 
performance suggests that extrapolation of the EBR-II fuel 
behavior to even longer pins (longer than FFTF pins) is 
likely to be achieved without hampering performance 


   
III. EBR-II BLANKET PERFORMANCE 


 
EBR-II blanket fuel performance provides an 


indication of how the long fuel elements will perform over 
extended periods of time that exceed typical experience in 
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experimental and prototypic fast reactors.  Blanket fuel 
length is about 1.5 m and some of the blanket 
subassemblies remained in EBR-II core for the full life of 
about 29 years [4].  Although depleted uranium blanket 
rods have very low power up to about 4.3 kW/m, blanket 
fuel temperature are comparable to the expected fuel 
temperature in proposed reactors with long fuel length and 
extended fuel life.  Therefore, the experience with those 
blanket pins can provide a tenable criterion to assess 
whether the thermal creep behavior of metallic fuels can 
lead to fuel compaction. Although blanket fuel has 
restrictive higher fuel smeared density 85-90% than 75% 
for a typical metallic fuel, there was no indication of 
enhanced fuel deformation [5] or lack of fuel stability as a 
result of creep.   


 
IV. THERMAL AND IRRADIATION CREEP IN 


METALLIC FUEL 
 


Mass transfer of fuel material during reactor 
operations that can lead to fuel compaction is associated 
with fuel thermal and irradiation creep.   A creep 
correlation for IFR fuel, that is U-Zr and U-Pu-Zr metallic 
alloys, is provided in reference 4 and it is given as the sum 
of linear and non-linear thermal creep rates, and an 
irradiation creep rate as follows: 
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where the first term is a thermal creep component that 
includes both linear and nonlinear stress dependence.  
σ is the effective stress in MPa, 1C  and 2C  are material 
property parameters, Q is activation energy, R is the gas 
constant (1.987 cal/mole-K), and T is the fuel temperature 
in K.  Irradiation effects on creep are included through the 
fission gas porosity terms 1f and 2f , and the fission 


enhanced creep term Iε& which are given by 
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P  is porosity fraction and 
•


F is fission rate in 
fissions/cm3s.  Below the α  to γ  phase change 
temperature of uranium based alloys, the linear creep term 
corresponds to a diffusional creep component and the 
nonlinear stress term corresponds to a dislocation creep 
component.  The corresponding nonlinear stress exponent 
n and material parameters 1C  and 2C  are 4.5, 5.0x103 and 
6.0, respectively, and the activation energy Q is given by 


52,000 cal/mole.  The γ phase parameters n, 1C , 2C , and 
Q are 3, 0, 8.0x10-2 , and 28500, respectively, where creep 
is governed by dislocation glide in the γ phase.   


Notice that the irradiation creep term in equation 1 
corresponds to pure α -uranium, rather than U-Zr based 
uranium alloys, as a result of lack of experimental data, 
where the value of the coefficient A in equation 2 reported 
in reference 4 is 7.7x10-23 fission-cm3/MPa.  This value is 
quite high compared to other uranium fuel, as shown in 
Table 1.  Using such a high value of the coefficient 
overestimates creep rate for those uranium fuels.  As 
shown in Table 1, irradiation creep in uranium fuels appear 
to fall into three groups. Pure uranium stands out with a 
much higher rate owing to its anisotropic crystal structure 
which results in high internal stress, during fissioning. The 
other cubic fuels, UC, UN, and U-10Mo have very similar 
creep rates whereas the rate for UO2 is about a factor of 10 
higher. The former three fuels are relatively high electron 
conductors in contrast to UO2.  The U-10wt%Mo 
parameter values have been recently derived from U-10Mo 
fuel plates in-reactor irradiation at the ATR [7] and 
represent the latest data available for metallic fuels similar 
to U-Zr based fuels.  This suggests that the appropriate 
values of the parameter A for U-Zr based fuels are within 
the range of values corresponding to high conductance fuel 
in table 1 (values of 1-3) such as U-Zr based fuels  


 
Table 1  Fission enhanced low temperature creep rate 
constants in various uranium fuels [ref. 7]. 


Fuel A (10-25) 
α-U 
UO2 
UC 
UN 


U-10wt%Mo 


700 
6-10 
1-2 
2-3 
2-3 


 
V. EVALUATION OF LONG METALLIC FUEL 


 
As aforementioned, the 4S reactor is an example of 


reactor designs that uses long metallic fuel where the fuel 
length ranges between 2 to 4 meters and is expected to 
remain in the reactor for periods of time up to 30 years.  
This fuel length is characteristically longer than any driver 
pins irradiated in EBR-II/FFTF or any other fast reactor, 
including reactors in France and Russia.  Thus, there is no 
experimental data that correspond to this fuel length.  
However, as mentioned in previous section, qualitative 
evaluation of long fuel elements based on experience in 
FFTF compared to EBR-II and experience with EBR-II 
blanket fuel suggests that the length effect is not 
significant.  In addition to this qualitative evaluation, a 
quantitative evaluation of fuel similar to the 4S fuel can be 
performed given available fuel creep information provided 
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in the previous section.  Figure 2 shows a typical fission 
rate axial distribution in 4S fuel and corresponding stress 
due to weight of the fuel slug in a 4 meter design.  Also 
shown in the figure is the stress associated with 1 meter 
designs that are proposed for typical commercial metallic 
fuel fast reactors.   
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Fig. 2. 4S Fission Rate Distribution and Comparison 
between Axial Dependence of Stress due to Weight of 
4 meters 4S Fuel Slug and Corresponding Stress for 
Typical 1 m Metallic Fuel Slug  
 
For this particular design, fuel temperature remains 


below the α  to γ  phase change temperature where the 
peak fuel temperature is limited to 636 oC.  In this case 
equation 1 represents the thermal creep component of total 
creep while irradiation creep is assumed to be within the 
range of the high thermal conductivity fuels in Table 1. 
Irradiation creep coefficient is assumed to be 3 so that the 
high end of irradiation creep rate is considered.  It is also 
assumed that fuel contact with the cladding does not 
prevent fuel from deformation (typically fuel contact with 
cladding can inhibit or reduce creep deformation).  Figure 
3 compares between strains from irradiation creep for pure 
uranium fuel and U-10Mo, where pure uranium creep 
strain has the highest deformation rate, even compared to 
U-Zr thermal creep shown in the figure.  Comparison 
between thermal and irradiation creep for U-Zr fuel 
(assumed to be the same as U-10Mo) is shown where 
thermal creep is orders of magnitude higher than 
irradiation creep.  Thus, total strain for 4 meter U-Zr based 
alloys after 30 years of irradiation, given a conservative 
assumption of unrestrained fuel motion, is small less than 
3%.  This resolves the concern regarding fuel slumping or 
compaction during irradiation of long metallic fuel 
elements, even for very long periods of irradiation. 
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Fig. 3. Irradiation and Thermal Creep Strain Calculations 
for 4 m Long Metallic Fuel for Pure U and U-10Mo Fuel 
and Thermal Creep Strain for U-10Zr Fuel. 


 
VI. SUMMARY 


 
Concerns regarding increased fuel weight of long 


metallic fuel that can lead to fuel compaction are discussed 
in this paper.  Related experimental information from past 
FFTF and EBR-II experience has been discussed.  In 
addition, quantitative evaluation of long metallic fuels 
similar to fuel proposed for use in the 4S reactor was 
performed based on irradiation and thermal creep behavior 
of the fuel.  The evaluation suggests a limited impact of 
increased metallic fuel length on fuel deformation and fuel 
compaction. 
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Abstract – The Loviisa nuclear power plant in Finland has two 488 MWe VVER-440 pressurized 
water reactors. The target has been to optimize the waste management from waste collection to 
final disposal. Selective nuclide removal was found to be the most efficient way to minimize the 
costs and volumes of liquid wastes. Cementation has been selected for a treatment method for all 
remaining liquids. Dry wastes are categorized, partly released, and packed into steel drums. All 
low and intermediate level wastes are disposed of at the power plant site. Final repository has 
been constructed into the site's bedrock at the depth of -110 meters. Full decommissioning plan 
has been drawn up for the Loviisa NPP. Also wastes from decommissioning are disposed of into 
the existing repository.  


 
 


I. INTRODUCTION 
 
The Loviisa NPP, located in southern Finland, has two 


488 MWe VVER-440 pressurized water reactors. Unit 1 
was taken into operation in 1977 and unit 2 in 1980. 
Originally both units had a planned operation life of 30 
years. Now the operation life has been extended to 50 
years. Thus, at the moment the operation of the Unit 1 will 
stop in 2027 and Unit 2 in 2030. 


Originally the power plant was constructed without a 
treatment system for liquid wastes. This gave a good 
possibility to look for different options in their treatment.1 
Since the whole responsibility for waste management lay 
on the power plant operator, the operator has keen interest 
in optimization of the waste management, and soon it 
showed potential savings. As anticipated in early years of 
the operation, selective nuclide removal has proved its 
efficiency in minimizing the waste volumes and in gaining 
best economical results. 


Dry wastes and all remaining liquids are treated with 
rather conventional ways. Decommissioning of the Loviisa 
NPP has been fully designed. This rather labor intensive 
work will create remarkable amount of wastes. All low and 
intermediate level waste from the Loviisa NPP's operation 
will be disposed of into the repository at the power plant 
site.  


 


II. RESPONSIBILITY FOR WASTE 
MANAGEMENT 


 
In Finland the waste producer is totally responsible for 


management of all its radioactive wastes, including their 
disposal. As a result from this rule and from intensive  
R&D work Finnish power companies take care of their low 
and intermediate level wastes at the power plant sites.  


Power companies Fortum Power and Heat Oy and 
Teollisuuden Voima Oy (TVO) have founded a joint 
company, Posiva Oy, to take care of spent nuclear fuel. 
This waste is not handled in this paper. 


All low and intermediate level wastes are treated at the  
power plant site. After a storage period they are 
transported into the repository, which has been constructed 
into the bedrock of the power plant site. 


Since the waste producer is responsible for 
management of all its radioactive wastes, it is also 
responsible to make economical reservations for future 
activities. According to the Finnish legislation the waste 
producer has to put money into a separate waste 
management fund to cover all future activities. 


Existing legislation and regulations have created a 
situation, which encourages the power companies to carry 
out all activities on a safe way, and to optimize the 
management chain for most economical result.   
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III. LIQUID WASTE ACCUMULATION 
 
At the Loviisa NPP main part of all liquid wastes have 


been evaporated and stored in a large tank storage facility. 
The storage includes totally four tanks for evaporator 
concentrates, 300 m3 each, and three similar tanks for 
spent resins. Very low active liquids, mainly from laundry, 
have been released from radiological control into the sea. 


As an average about 78 m3 of evaporator concentrates 
have been collected annually into the tank storage facility. 
Correspondingly, about 20 m3 of spent resins have been 
collected annually into this tank storage facility. 
Illustration of this accumulation is shown in Fig. 1 
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Fig. 1. Accumulation of liquid waste at the Loviisa 
 NPP before treatment 
 
Between the years 1984 and 1988 there is a decrease 


in the accumulation curve. The reason for this is a very low 
activity concentration in the liquids, which were collected 
in the early years of the operation. Within the licensed 
release limits most part of these liquids was released into 
the sea. 


 
 IV. NUCLIDE REMOVAL MAKES RELEASE OF 


LIQUIDS POSSIBLE 
 
Activity content in the waste storage tanks has been 


always reported in the annual reports of the power plant. 
When activities in some tanks were identified to be so low 
that the liquid can be released into the sea, also the activity 
profiles of each tank were measured as a function of 
distance from the tank bottom. Main radionuclides were 
Cs-137, Cs-134 and Co-60. Cesium was in ionic form 
uniformly distributed, but cobalt was mainly below the 
lowest 10 cm. In the evaporator concentrates there are also 
some measurable amounts of Mn-54, Ag-110m and Sb-
124. These nuclides with half-lives of 312, 260, and 60 
days, respectively, considerably decay during the storing 
period of some years. The rest of these nuclides are mainly 
also on the bottom of the tanks.2 Fig. 2 shows the profile 
from one tank. 


 


 
Fig. 2. Activity profile on one tank (MBq/m3 as a  
function of distance from the bottom in cm) 
 
Based on these results it was decided to develop a 


nuclide removal system, by which cesium can be removed 
and vey low active liquid can be released. 


Highly selective fully inorganic cesium removal 
material, CsTreat®, was developed. This material can 
operate on large pH area, from 1 to 13, and its selectivity 
over its most competing ions Na and K is extremely high, 
kCs/Na=1,500,000 and kCs/K=50,000.3 These properties made 
it possible that the ion exchange material operates still in 
the concentrates where there is the concentration of salts 
from 200 to 300 g/liter. 


A nuclide removal system (NURES) was taken into 
operation in 1991 at the Loviisa NPP. Between 1991 and 
2003 totally about 1,100 m3 of evaporator concentrates 
were treated with only 160 liters of CsTreat®., and this 
volume of waste liquid could be released with minor 
activity content into the sea.3 In 2009 additionally over 210 
m3 were treated with 72 liters with CsTreat®.4  


This practice is possible, since relatively large tank 
storage facility makes it possible to store liquid until short 
lived nuclides have decayed to lower levels and cobalt and 
other corrosion products have settled to the bottom of the 
tank. One tank is always filled in about three years. During 
that time over 200 m3 is collected into a tank. After that 
period the second tank is used for collection of the 
concentrates. During two years of using the second tank 
the first tank is being isolated. After the two years the 
concentrate from the first tank is treated in a purification 
campaign with the nuclide removal system (NURES). 
Purified liquid is taken first into a measuring tank and after 
that released through a control tank. 


In Loviisa the processing rate of the concentrates is 
small. The liquid passes an 8 liter column with the rate of 
80 liters per hour. With this rate needed decontamination 
factor of over 1 000 is achieved for the liquid. One tank is 
purified in the Loviisa NPP in about four months. The 
system can be modified for needed flow rates and for 
different purification levels.  
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Fig. 3 shows the effect of NURES operation on the 
releases from the power plant. Even if the releases were 
well below the release limits already before 1991, NURES 
reduced them dramatically. Afterwards very tight practice 
has kept releases on a very low level.  


 


 
Fig. 3. Radioactive releases into the sea from the 
 Loviisa NPP. 
 
The use of NURES has had very dramatic effect on 


the waste volume in the liquid waste storage facility. Fig. 4 
shows the accumulation of evaporator concentrates with 
and without the use of NURES, as well as the 
accumulation of spent resins. From this data savings of 
over 1300 m3 can be seen clearly. Even in the remaining 
volume of about 670 m3 of evaporator concentrates there is 
over 200 m3, which will be further treated with NURES in 
the coming campaign in 2010-2011. Total accumulation of 
spent resins is 597 m3. 
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 Fig. 4. Accumulation of liquid wastes at the Loviisa  
NPP 
 
Reduction of the volume of evaporator concentrates 


by over 1300 m3 means good savings in the solidification 
costs, in storage costs, and in final disposal costs. 


After application of NURES at the Loviisa NPP the 
system has been developed further. Also strontium, cobalt 
and other corrosion products can be removed selectively 


from various liquids. The system has been applied for 
many very different liquids in many countries.  


Antimony causes about half of the radiation doses 
during the outage period at the Loviisa NPP, as well as on 
many other power plants. Because of that selective 
removal of antimony has been the target of selective 
removal. At the moment the removal of antimony is 
coming to the pilot plant phase and full scale applications 
will follow after that.  


 
V. TREATMENT OF OTHER LIQUID WASTES 


 
In addition to the evaporator concentrates there are 


several types of liquid wastes at the Loviisa NPP. After 
treatment of evaporator concentrates there is sludge 
accumulating onto the bottoms of the storage tanks. It has 
been estimated that maximally about 5 m3 of sludge is 
accumulated annually.  


While collecting liquids for evaporation a settling tank 
is used. From start of operation in 1977 to 2010 about 70 
m3 of sludge has been collected into one tank. 


Conventional organic resins are used in different 
purification systems. Until the end of 2010 there were 597 
m3 of spent resins stored in the tank storage facility. For 
the future the annual accumulation has been estimated to 
be about 12 m3, which is a bit lower than in the past. 


Cementation of all existing liquid wastes has been the 
favored treatment method from the beginning of the 
operation of the power plant. However, several studies has 
been made to estimate, if some other method could bring 
more favorable result for the whole waste management 
chain. Also recipe for the cementation system has been 
studied during decades. After all these efforts cementation 
has remained the most effective method, when the costs of 
operation, storage, and final disposal are taken into 
account and the safety of the whole chain is also estimated. 


Cementation plant has been constructed and it is in 
2011 in the commissioning phase. Only one type of 
concrete container is used for cementation of all liquid 
wastes. This container has an outer diameter of 1,3 m and 
height of 1,3 m. Its net volume for cemented product is 1 
m3. Close to 0,5 m3 of original waste will be cemented into 
each container. Fig. 5 shows some containers before 
cementation and Fig. 6 shows some of them as stored in a 
drying storage of the cementation plant. 
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Fig. 5. Concrete containers coming for cementation 
 
 


 
Fig. 5. Disposal containers in the drying storage of the 
cementation plant. 
 


VI. TREATMENT OF DRY WASTES 
 
All dry wastes are pre-monitored before packing. The 


goal of this action is to separate non-active or very low 
active waste from real radioactive waste. There are 
exemption rules available according to which these very 
low active or non-active wastes can be released from 
radiological control. This part of dry wastes is transported 
to a conventional waste dumping site. 


At collection points all dry wastes are categorized 
according to combustibility and compressibility. In the 
early years of operation also incineration and 
supercompaction were studied. These studies showed that 
conventional pressing of these waste into standard 200 liter 
steel drums with moderate compression strength gave the 
best cost benefit result.  


Accumulation of dry wastes, which will be disposed 
of as radioactive waste, has been annually about 80 m3. 
Additional reduction of this volume does not bring 


remarkable savings, since treatment and disposal costs are 
relatively low. This treatment practice has the best cost 
ben t ratio. 


 
VII. FINAL DISPOSAL OF L/ILW 


use in 1997. Fig. 6 shows the general layout of the 
site. 


 the power plant site for the NPP and 
nal repository 


mponents 
with


 m3, i.e. a room for 24 500 
piec


, when the repository will be closed, totally about 
0,7 TBq. 


 


efi


 
Final repository for all low and intermediate level 


radioactive waste from the Loviisa NPP has been 
constructed into the bedrock of the power plant site at the 
depth of -110 meters, and the first parts of it was taken into 
active 


 


 
Fig. 6. Layout of
fi
 
The repository was optimized for treatment and 


disposal of maintenance and decommissioning waste. As 
an example the access tunnel was constructed to allow 
transport of pressure vessel and other big co


out cutting from the site into the repository. 
Fig. 7 gives the layout of the rooms for maintenance 


waste. There are three smaller tunnels for dry maintenance 
waste, which is packed into standard steel drums. Fig. 8 
shows one of those smaller tunnels with some drums 
already installed. Two of the tunnels are 106 meters long 
with a volume of 3120 m3, each. 1 250 m3 of dry wastes 
can be located into both of these tunnels. The third tunnel 
is about 60 meters long with a volume of 5 950 m3, and 
totally 2 400 m3 of dry waste can be disposed of into this 
tunnel. Thus, total capacity of the tunnels for dry 
maintenance waste is about 4900


es of 200 liters steel drums. 
The activity of all maintenance waste will be in the 


year 2055
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Fig. 7. Layout of the rooms for all maintenance waste 
from the Loviisa NPP 
 


 
Fig. 8. Tunnel for dry maintenance waste. 
 
The repository includes one bigger cavern for disposal 


of cemented waste. This cavern is 84 m long, 17,7 m wide 
and about 17,5 m high. It has capacity for 5 040 concrete 
containers. 


The cavern for solidified waste includes a concrete 
vault into which the containers are located. When the vault 
is full, the vault will be filled with a buffer concrete. 


As a result of successful use of the nuclide removal 
system the number of concrete containers has been 
dramatically decreased. Because of this the needed volume 
of this cavern was much smaller than originally planned. 
About half of the estimated volume could be left out from 
the realization of the cavern. 


When the repository will be closed in 2055 the activity 
in the cavern for solidified waste will be about 20 TBq. 


A closure plan is also available for the final repository. 
According to this plan the repository will be sealed and 
closed in a way that it will remain in the hydrogeological 


conditions, which are as closely as possible the same as 
before the construction of the repository.  


 
VIII. DECOMMISSIONING OF THE LOVIISA NPP 
 
The first full decommissioning plan for the Loviisa 


NPP was compiled in 1988. After that it has been updated 
every five years, and each new plan has been always more 
detailed than the previous one. 


At the end of 2008 the newest plan was published, and 
it is very close to the final plan. It includes full plan for 
dismantling work, description of handling and disposal of 
waste, activity inventory of the waste, radiation safety 
evaluation at decommissioning, long-term safety 
evaluation for waste disposal, manpower demand 
estimates, full cost estimates, as well as evaluation of 
future activities needed before real decommissioning, 
which will start earliest in 2031. 


The decommissioning of the Loviisa NPP will be 
carried out in two phases. If the operation ends, as planned, 
in 2027 for unit 1 and in 2030 for unit 2, the first phase of 
decommissioning starts in 2027 and ends in 2035.  The 
second phase of the decommissioning starts in 2057 and 
ends in 2059. Between the first and the second phase the 
storage of spent nuclear fuel continues at the site, and all 
supporting systems of the storage activities are continuing 
independently at the site. 


In the first phase all radioactive parts of the power 
plant, which are not needed in the independent operation 
of the spent fuel storage, are dismantled and corresponding 
wastes are disposed of. In the second phase independent 
system, which were needed in the storage of spent fuel, are 
dismantled.  


Detailed decommissioning plan included design of 
dismantling of all radioactive parts of the power plant. 
Treatment of all waste types, including their packaging 
into specified packages, was designed. As a final step a 
detailed disposal of all wastes was designed. Fig.9 shows 
the way, how wastes will be positioned in the repository. 
There are two silos, into which reactor pressure vessels 
will be put as whole components. Above those silos there 
is a hall into which all big components will be put without 
cutting. Smaller components and packages will be put into 
a separate hall. 


 The activity content of the decommissioning waste 
will be about 193 000 TBq. Thus, the activity content of 
the decommissioning waste clearly dominates the total 
activity of the repository. 
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Fig. 9. Final disposal of the decommissioning waste  
from the Loviisa NPP 
 
Decommissioning of the Loviisa NPP will require 


close to 3 000 man-years, and the collective dose will be 
about 10,4 manSv. 


The power plant site of the Loviisa NPP will not be 
brought to the state of green filed. Because the site is 
planned for continuous use of power production, inactive 
parts do not belong to the decommissioning activities. 


The decommissioning planning has targeted to create 
a cost effective project, which will carry out all activities in 
a most efficient way. In the same way final disposal has 
been optimized to cause the best cost benefit ratio. After all 
this planning work the cost of decommissioning on the 
price level of 2008 was about 312 million Euros 
(excluding VAT).  


 
IX. CONCLUSIONS 


 
The waste management of the Loviisa NPP has been 


optimized from collection of waste to final disposal. The 
whole waste management for all low and intermediate 
level and decommissioning waste happens at the power 
plant site, including final disposal. This practice has led to 
the waste treatment and handling practice where maximum 
volume reduction is not the only criteria. Treatment of dry 
waste happens in a rather conventional way. For treatment 
of evaporator concentrates the nuclide removal system has 
proven its efficiency, and most part of concentrates has 
been released after nuclide removal. The remaining part of 
liquid wastes is solidified with cementation. The 
decommissioning plan includes also an optimized waste 
treatment and handling procedure, by which the best cost 
benefit ratio is achieved. Optimization of the waste 
management has given very good savings, since only the 
nuclide removal has given savings of several tens of 
millions of Euros.  
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Abstract – The purpose of this work is to test the capability of the TRACE5 code in the simulation 
of a Cold Leg Intermediate Break LOCA (IBLOCA) providing an overview of the results obtained 
in the simulation of the Test 2, in the frame of the OECD/NEA ROSA-2 Project. In this proposal, 
IBLOCA is chosen as a design basis event for the assessment of the Emergency Core Cooling 
System (ECCS) effectiveness. Many test facilities have produced experimental data on Small 
Break LOCA (SBLOCA) for code assessment. The experimental data for IBLOCA, however, is 
quite limited. For the evaluation of safety margin in the case of IBLOCA in a realistic manner, 
detailed thermal-hydraulic data prepared by tests simulating IBLOCA are desirable to understand 
thermal-hydraulic responses and to validate the latest best estimate computer codes. Test 2 was 
conducted with the Large Scale Test Facility (LSTF), which simulated thermal-hydraulic 
responses during a PWR 17% cold leg IBLOCA using an upward break nozzle mounted with the 
cold leg inner surface. Single-failure of both High Pressure Injection (HPI) and Low Pressure 
Injection (LPI) systems and total failure of Auxiliary Feedwater were assumed. A detailed 
TRACE5 model has been developed following these assumptions. In summary, this transient 
allows to test special TRACE5 models such as OFFTAKE and Choked flow conditions. 
Furthermore, the comparison with experimental data permits to determine the relative importance 
of the uncertainty associated to the friction in the accumulator injection system. It will be shown 
in the paper that this uncertainty is very important to best simulate this transient. The behavior of 
the pressurized vessel is analyzed, measuring active core, upper plenum, upper head and 
downcomer liquid levels. Results of the simulation with TRACE5 are compared with the 
experimental measurements in several graphs, including primary and secondary pressures, 
discharged inventory, primary mass flow rates, and collapsed liquid levels (in pressurized vessel, 
hot leg, steam generators U-tubes, etc).  


 
 
 


I. INTRODUCTION 
 
Many test facilities have produced experimental data 


on Small Break LOCA (SBLOCA) for code assessment. 
The experimental data for Intermediate Break LOCA 
(IBLOCA), however, is quite limited. Some experimental 
examples of research on this range break size can be found 
in literature, for example the work developed in 1986 at 
ROSA III [1] for BWR simulation. For evaluation of safety 
margin in the case of IBLOCA in a realistic manner, 
detailed thermal-hydraulic data prepared by tests 
simulating IBLOCA are desirable to understand thermal-
hydraulic responses and to validate the latest best estimate 
computer codes, for instance TRACE [2]. Regarding to the 
simulation of these complicated transients, some works 


have been developed in different codes, such as ATHLET, 
for example the post test calculation to 11% break LOCA 
in 1997 [3]. In the present work, the thermal-hydraulic 
code TRACE5 has been used in order to simulate the 
IBLOCA transient defined in the Test 2 of the OECD/NEA 
ROSA-2 Project [4] developed by the Thermohydraulic 
Safety Research Group of the Nuclear Safety Research 
Center (Japanese Atomic Energy Agency, JAEA) in 2010 
[5]. OECD/NEA ROSA-2 Project Test 2 (IB-CL-03 in 
JAEA) was conducted with the Large Scale Test Facility 
(LSTF), which simulated thermal-hydraulic responses 
during a PWR 17% cold leg IBLOCA using a long break 
nozzle upwardly mounted with cold leg inner surface. In 
this transient a single-failure of both High Pressure 
Injection (HPI) and Low Pressure Injection (LPI) systems 
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and total failure of Auxiliary Feedwater (AFW) were 
assumed. 


II. TRACE5 MODEL 
 
TRACE (TRAC/RELAP Advanced Computational 


Engine), developed by the United States Nuclear 
Regulatory Commission (USNRC), is an advanced best-
estimate reactor systems code for analyzing thermal-
hydraulic behavior in light water reactors. TRACE 
consolidates the capabilities of the four codes, TRAC-P, 
TRAC-B, RELAP 5 and RAMONA, into one modernized 
code. TRACE5 uses two-fluid, two-phase field equations 
which are based on mass, energy, and momentum 
conservation for liquid and gas. Heat transfer is considered 
from the interface to gas and interface to liquid, and 
surfaces of structures to the fluid.  


The LSTF has been modeled with 82 hydraulic 
components (7 BREAKs, 11 FILLs, 24 PIPEs, 2 PUMPs, 1 
PRIZER, 22 TEEs, 14 VALVEs and 1 VESSEL). In order 
to characterize the heat transfer processes, 48 HTSTR 
(Heat Structure) components (Steam Generator U-tubes, 
core power, pressurizer heaters and heat losses) have been 
considered. Fig. 1 shows the nodalization of the model 
using SNAP (Symbolic Nuclear Analysis Package) [6]. 
 
 


 
 


Fig. 1. Model nodalization. 
 


In order to model the pressure vessel, a 3D–VESSEL 
component has been considered. A nodalization consisting 
of 19 axial levels, 4 radial rings and 10 azimuthal sectors 
has been selected. Active core is located between levels 3 


and 11. Level 12 simulates the upper core plate. Levels 13 
to 15 characterize the vessel upper plenum. In level 16, the 
upper core support plate is located. Finally, upper head is 
defined between levels 17 to 19. 3D-VESSEL is connected 
to different 1D components: 8 Control Rod Guide Tubes 
(CRGT), hot leg A and B (level 15), cold leg A and B 
(level 14) and a bypass channel (level 15). Control rod 
guide tubes have been simulated by PIPEs components, 
connecting levels 13 and 19 and allowing the flow between 
upper head and upper plenum. 


30 heat structure components (HTSTRs) simulate the 
heater assemblies in the active core. A POWER component 
manages the power supplied by each HTSTR to the 3D-
VESSEL. Heater elements were distributed into 3 rings: 
154 elements in ring 1, 356 in ring 2 and 498 in ring 3 and 
also characterized by HTSTR components. In both axial 
and radial direction, peaking factors were considered. The 
power ratio in the axial direction presents a peaking factor 
of 1.495. On the other hand, depending on the radial ring, 
different peaking factors were considered (0.66 in ring 1, 
1.51 in ring 2 and 1.0 in ring 3).  


A detailed model of Steam Generators (SG), geometry 
and thermal features, has been developed. Both boiler and 
downcomer components of the secondary-side, have been 
modeled by TEEs components. U-tubes have been 
classified into three groups according to each average 
length and heat transfer features. Heat transfer between 
primary and secondary sides has been performed by using 
HTSTR components. Cylindrical-shape geometry has been 
used to best fit heat transmission.  


Break-size analyses are simulated with a nozzle break 
in the cold leg of loop without pressurizer. Nozzle break 
has been simulated using a VALVE component connected 
to a BREAK component in order to establish the boundary 
conditions. This BREAK has been modeled following the 
recommendations of the TRACE5 user’s manual [7]. In 
this case, since the break is simulated to discharge in a big 
volume space (the storage tank), a dxin=1.0*10-6 (cell 
length) and a volin=1.0*106 (cell volume) has been 
selected with the purpose of providing a large area. The 
VALVE is connected to the side-junction of a TEE that 
belongs to the PWR hot leg without pressurizer. 
OFFTAKE model has been activated in the horizontal TEE 
component simulating the cold leg where the break occurs.  


Respect to the break simulation, it is important to take 
into account the necessity of activating the Choke flow 
model in the break when it is expected to appear critical 
flow conditions. Choke model predicts for a given cell the 
conditions for which choked flow is expected to occur, 
providing three different flow regimes models in one: 
subcooled-liquid, two-phase and single-phase vapor 
model. In this calculation subcooled multiplier Choke 
factor (CHM12) and two-phase multiplier factor5 
(CHM22) have been set to 1.0 (default values). On the 
other hand, in order to take into account the stratification 
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produced in the cold leg during the transient, the offtake 
model has been activated with the upwards configuration 
(connection angle 90º and gravity direction +1). 


Regarding to the Accumulator Injection System (AIS), 
two models have been developed following different 
assumptions. In both cases the accumulator tank has been 
modeled using a PIPE component with ACC option, which 
does not allow the non-condensable gas inflow to each 
cold leg. The main difference between both models is the 
energy losses considered due to friction. In Case 1, the 
NFF parameter has been set to -1, which take into account 
loss of energy due to abrupt changes in flow area. In Case 
2, NFFs have been set to 0.0. In any case, lengths and 
diameters of actual pipes and valves have been modeled.  


Table I shows the Steady-State a comparison of the 
main system variables at the beginning of the transient, 
between the experimental results and TRACE5 simulation. 
TRACE results show good agreement with those of the 
experimental data, being the difference below 5% for all 
measurements. 
 


TABLE I 


Steady State Results 


Item Exp TRACE 
Core Power (MW) 10.0±0.07 10.0  
Hot leg fluid temperature (K) 598.1±2.75 597.6  
Cold leg fluid temperature (K) 562.4±2.75 564.5  
Primary-loop flow rate (kg/s) 24.3±1.25 26.6  
Initial downcomer-to-hot leg 
bypass (kg/s) 0.049±0.01 0.051  


Pressurizer pressure (MPa) 15.5±0.108 15.6  
Pressurizer liquid level (m) 7.2±0.25 7.4  
Secondary-side pressure (MPa) 7.3±0.054 7.3  
Secondary-side liquid level (m) 10.3±0.38 10.8  
Secondary-side steam flow rate 2.74±0.1 2.7  
Main feedwater flow rate (kg/s) 2.74±0.05 2.7  
Main feedwater temperature (K) 495.2±2.63 494.3 
 


The global uncertainty associated to experimental data 
is also summarized in Table I.  
 


III. TRANSIENT DESCRIPTION 
 


Test 2 in LSTF began with the opening of the break 
valve in the cold leg of loop without pressurizer. Primary 
pressure began then to fall because of the coolant escape. 
When the primary pressure fell below the scram signal set 
point, primary pumps coastdown, turbine trip and reactor 
scram were initiated. Reactor scram was simulated by a 
power decay curve. This curve simulates the decay power 
of the fission products and actinides, the delayed neutron 
fission power and the stored heat release from the nuclear 
fuel rod. Simultaneously, in the secondary side, Main 
Steam Isolation Valves (MSIV) were closed along with the 
Main Feedwater (MFW) termination. 


Transient continued with the Safety Injection (SI) 
signal activation when primary pressure fell below the SI 
set point. High Pressure Injection (HPI) system is activated 
(with a given Pressure-Mass flow rate curve) few seconds 
after the SI signal generation. HPI is only activated in the 
loop with pressurizer. Accumulators were actuated when 
primary pressure fell to a predetermined pressure. Core 
power is decreased by LSTF Core Protection System when 
maximum fuel rod surface temperature reached 958 K 
(Table II). Finally, at a predetermined pressure, Low 
Pressure Injection (LPI) system actuates following a 
determined Pressure-Mass flow rate curve. LPI is only 
activated in the loop with pressurizer.  


Test 2 is finished with the closure of the break valve 
when the primary and secondary pressures were stabilized. 
 


TABLE II 


Core Power Control 


Control of power to Maximum fuel rod 
surface temperature 


70% 
35% 
13% 
5% 


0% (core trip) 


958 K 
961 K 
966 K 
977 K 


1003 K 
 
 


IV. RESULTS AND DISCUSSION 
 


One of the goals of the paper is to test the behavior of 
some special models of TRACE5 for simulating an 
intermediate LOCA transient. The OFFTAKE model for 
taking into account the break location in a horizontal pipe 
and the CHOKED flow model for simulating the flowing 
conditions to the atmosphere have been checked in this 
work. Uncertainties associated to the simulation have not 
deeply studied in this paper, focusing the attention to 
analyze the effect of the accumulator water entrance in the 
behavior of the whole system. Results show that the 
uncertainty associated to friction in the accumulator water 
system is very important and could change the general 
trend of some parameters of the transient such as the core 
collapsed liquid level and consequently the maximum peak 
cladding temperature.  


Main parameters studied for a full understanding of 
the transient are analyzed in this section: Pressures in both 
primary and secondary loops, discharged break mass flow 
rate, collapsed-liquid levels in hot legs, U-tubes collapsed 
liquid level, etc. Results are all normalized to the Steady 
State value (See Table I). The total time of the transient is 
500 s. In Table III it is listed the main the chronology 
events in the transient and the time corresponding to the 
experimental measurement and the simulation with 
TRACE5 (case 1).  
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TABLE III 


Chronology Events 


Event Experimental 
Time 


TRACE5 
Time 


1 0 0 
2 5 4.5 
3 7 6.5 
4 10 6.5 
5 10 7.5 
6 11 6.5 
7 13 6.5 
8 27 10 
9 29 10 


10 35 25 
11 55 57.5 
12 110 100 
13 140 141 
14 150 150 
15 180 180 
16 260 250 
17 280 262 
18 500 500 


1. Break valve open. 
2. Scram signal. 
3. SI signal. 
4. Turbine trip and Closure of SG MSIVs. 
5. Initiation of decrease in liquid level in SG U-tube. 
6. Initiation of coastdown of primary coolant pumps. 
7. Termination of SG main feedwater. 
8. Open of SG relief valves. 
9. Initiation of core power decay. 
10. Initiation of HPI system in loop with PZR only. 
11. Primary pressure became lower than SG 


secondary-side pressure. 
12. Initiation of ACC system in loop with PZR only. 
13. Core power decrease by LSTF core protection 


system when maximum fuel rod surface 
temperature reached 958 K. 


14. Maximum fuel rod surface temperature was about 
978 K whole core was quenched. 


15. Primary coolant pumps stopped. 
16. Termination of ACC system in loop with PZR 


only. 
17. Initiation of LPI system in loop with PZR only. 
18. Break valve closure. 


 
IV.A. System pressures 


 
Figures 2 to 4 present primary and secondary 


pressures against experimental results. Rather large size of 
break caused a fast primary depressurization. After the 
closure of the MSIVs secondary pressure of Steam 
Generators (SGs) increases, reaching its maximum value at 


25 s. Simultaneously, primary pressure is smoothed 
temporarily due to MSIVs closure and then starts again to 
decrease.  


The primary pressure soon became lower than SG 
secondary-side pressure (at 60 s). From this moment on, 
the SGs no longer served as the heat sink. Due to the 
secondary pressure increasing, SG Relief Valves (RV) are 
opened till the pressure drops a given value.  


The accumulator system is initiated at about 100 s 
when the primary pressure decreases to a pre-determined 
value. At this moment depressurization becomes effective 
due to steam condensation caused by the coolant injection 
in the cold legs. 
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Fig. 2. Primary pressure. 


 
The main discrepancies between the experimental 


measurements and the simulation are observed between 70 
and 200 s, where TRACE underestimates the primary 
pressure. These discrepancies in pressure can be attributed 
to the different distribution of coolant inventory in the 
primary system. In fact, it can be seen during this period 
(70-170 s) that active core (Figure 6) has a higher liquid 
level than the experiment while hot legs are empty in 
comparison to the experiment (Figure 9). This different 
coolant distribution produces a higher coolant rate of the 
core and a decrease of pressure. 
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Fig. 3. Secondary pressure. 


 


1899







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11383 


   


0


0.2


0.4


0.6


0.8


1


0 50 100 150 200 250 300 350 400 450 500


N
or


m
al


iz
ed


 to
 s


te
ad


y 
st


at
e 


va
lu


e


Time (s)


LSTF primary
V5.0p1 case1 primary
V5.0p1 case2 primary
LSTF secondary
V5.0p1 case 1 secondary
V5.0p1 case 2 secondary


 
Fig. 4. System pressures. 


 
Figure 3 shows the analytical results of SG-A 


secondary pressure compared with those of the LSTF 
experiment. In the first part of the transient the secondary 
pressure rapidly increases after the closure of the MSIVs. 
Both cases adequately reproduce the pressure increasing 
during the interval 0.0 – 25 s. During this period, SG relief 
valves are fully opened. At 25 s RVs are closed and the 
loss of pressure is due to heat losses in the SG secondary 
side. The overall pressure transient in the analysis agreed 
well with the experiment results as a result of good energy 
transfer simulation between the primary and secondary. 
 


IV.B. Break mass flow rate 
 


In Figure 5 it is shown the experimental and the 
simulated break mass flow rate. Break flow turned from 
single-phase liquid to two-phase flow in a very short time 
after the break.  


TRACE accurately predicts the maximum break mass 
flow rate at the beginning of the transient. During the 
interval defined between 50 and 75 s break mass flow 
obtained with TRACE overpredicts the experimental 
values. This overprediction has a direct relation with the 
primary pressure underprediction.  


Anyway the change of phase from liquid to two-phase 
and from two-phase to one phase vapour, is well 
reproduced by TRACE. Choke model has been activated in 
the simulation considering the discharge coefficients for 
one phase liquid and two phase equal to 1.0. The break 
unit has been simulated with TRACE using a nozzle 
configuration by means of a PIPE, a VALVE and a 
BREAK component. Regarding to the break position, 
OFFTAKE model of TRACE5 has been check in order to 
investigate the effect of considering the UPWARD or 
DOWNWARD configuration in the model. Results 
obtained are very similar for both configurations. These 
results ‘a priori’ points out that the OFFTAKE model is not 
simulating properly the change of the break position. This 
no realistic treatment of the mass flow rate through the 
break valve can explain the discrepancies with the 
experimental data.  
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Fig. 5. Break mass flow rate. 


 
 


IV.C. Collapsed liquid levels 
 


Active core and upper plenum liquid levels sharply 
decrease after the break due to flashing of fluid because of 
a fast primary depressurization, but increase temporarily at 
about 12.5 s when the break mass flow rate started to 
decrease, registering a relative maximum at 25 s 
approximately. In Figure 6 it is shown that the flashing 
predicted by TRACE produces a stronger core liquid level 
reduction than that observed in the experiment. At 100 s 
pressure measured in the pressurized vessel (PV) drops 
below a given value and Accumulator Injection System 
(AIS) in loop without pressurizer is activated. From this 
moment on, the refill of the active core is produced.  
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Fig. 6. Active core collapsed liquid level. 


 
The entrance of cold water injected in one of the cold 


legs produce the vapour condensation in the active core 
and in the upper plenum rapidly increasing the collapsed 
liquid level. In Figure 6 it is clearly seen that case 2 model 
better fits the actual refill of the core in comparison to the 
case 1 model.  


In the last part of the transient, the power control 
system is activated due to the high Peak Cladding 
Temperature (PCT). Experimentally, core power is 
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drastically decreased almost to 0.0 MW. In case 1, the high 
maximum PCT also produces the activation of the core 
protection system. However, in the case 2 model, the 
maximum PCT is underestimated avoiding the activation 
of the core protection system. This fact has an important 
effect on the active core liquid level as it can be seen in 
Figure 6 and 7 for normalized time greater than 400 s.  


In the interval 0 and 50 s upper plenum liquid level is 
perfectly reproduced by both models (Figure 7). 
Discrepancies are also observed during the upper plenum 
refill.  


From 100 s on, it can be seen the effect of water 
coming from the Accumulator Injection System. In the 
experiment the refill is produced almost at the same time, 
but higher condensation produces a faster liquid level 
increasing than the level increasing in case 2. In case 1, the 
refill is even more smoothed.  
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Fig. 7. Upper plenum collapsed liquid level. 


 
Regarding to the downcomer liquid level (Figure 8), in 


case 2 (NFF=0), V5.0p1 perfectly agrees the refill 
observed between 100 and 250 s. In case 1, downcomer 
liquid level refill is delayed and smoothed due to the lower 
accumulator injection flow rate. The agreement is 
satisfactory in the simulation of downcomer liquid level in 
case 2 model.  
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Fig. 8. Downcomer collapsed liquid level. 


 


Because of the flashing of fluid produced by the fast 
primary depressurization just after the break, liquid levels 
appeared in hot legs, as it can be seen between 0.0 and 25 s 
in Figure 9. Again, the effect of friction in the AIS is 
evident comparing case 1 and case 2 results when time is 
greater than 150 s. 


The uncertainty in the friction in the AIS is important 
and should require a further investigation in future works. 
 
 


0


0.2


0.4


0.6


0.8


1


0 50 100 150 200 250 300 350 400 450 500
N


or
m


al
iz


ed
 to


 s
te


ad
y 


st
at


e 
va


lu
e


Time (s)


LSTF
V5.0p1 case 1
V5.0p1 case 2


 
Fig. 9. Hot leg A collapsed liquid level. 


 
 


IV.D. Maximum peak cladding temperature and core 
power 


 
The peak cladding temperature (PCT) started to 


increase at about 50 s when the upper plenum became 
almost empty of liquid (see Figures 7 and 10). 


The effect of accumulator water entrance in the peak 
cladding temperature is evident. In case 1 the core reflood 
is too much slow and temperature starts to decrease time 
after the experiment. In case 2, the accumulator water 
entrance produces a rapid decreasing of temperature, 
which agrees with the experiment. However, the maximum 
temperature reached is 50 K below the experiment. 
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Fig. 10. Maximum peak cladding temperature. 


 
In Figure 11 it is shown the core power curves and the 


effect of the core protection system activation. Due to the 
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underprediction of the PCT in case 2, predetermined core 
power curve is not modified. The effect of this remaining 
power in liquid levels is explained in section IVC. 
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Fig. 11. Core power. 


 
 


IV.E. Accumulator and HPI mass flow rates 
 


The HPI system is started almost simultaneously with 
the core dryout (25 s) as it can be seen in Figures 6 and 12, 
but it was ineffective on the core cooling. A large 
temperature excursion in the core induced actuation of the 
automatic core power decreasing system to protect the 
LSTF core. In general a good reproduction has been 
achieved with both models.  
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Fig. 12. HPI mass flow rate.  


 
Regarding to the accumulator mass flow rate, in 


Figure 13 it can be seen the drastic effect of friction in the 
injection system. It is important to remark that reducing 
friction and energy losses due to abrupt area changes (case 
2) a quite good estimation of the mass flow rate injection is 
achieved.  
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Fig. 13. Accumulator mass flow rate. 


 
 


IV.F. U-tubes collapsed liquid level 
 


In Figures 14 and 15 it is shown the collapsed liquid 
level of one group of U-tubes in each SG. It can be seen 
that very early in the transient, U-tubes start to empty. At 
100 s approximately, U-tubes of both SG and both sides 
(upflow and downflow) are completely empty, avoiding 
the heat transfer between the primary and secondary sides. 
In the experiment, U-tubes have been grouped according to 
similar lengths. In the TRACE5 simulation and due to the 
computing time together with the obtained results, a 3-
group classification has been adopted. Collapsed liquid 
levels obtained with TRACE5 are satisfactory, properly 
reproducing the clearance of the tubes. 
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Fig. 14. Liquid level in U-tube upflow-side of SG A. 
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Fig. 15. Liquid level in U-tube downflow-side of SG B. 


 
 


V. CONCLUSIONS 
 


Simulation of the OECD/NEA ROSA-2 Project Test 2 
was performed with TRACE5 thermal-hydraulic code. The 
results of this paper allow stating that IBLOCA transients 
are successfully reproduced by TRACE5. The appropriate 
simulation of the mass flow rate through the break is 
essential to reproduce the evolution of the system 
variables. The maximum flow rate through the rate is well 
reproduced by TRACE. This high flow rate (produced by a 
17% IBLOCA) produces a flashing effect in the core, 
which rapidly decreases its liquid level. Quite early in the 
transient HPI is activated and later, AIS starts to inject cold 
water in the system. It has been proved that an adequate 
modelization of the pipe system of AIS is very important 
for this transient. Two TRACE models were developed 
modifying friction conditions in AIS. Results show that it 
is necessary to reduce friction in the model in order to 
reproduce the actual accumulator injection mass flow rate. 
The proper estimation of this parameter is important to best 
estimate the maximum peak cladding temperature and its 
evolution.  
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NOMENCLATURE 
 
AFW Auxiliary Feed Water 
AIS Accumulator Injection System  
AM Accident Management 
ECCS Emergency Core Cooling System 


HPI High Pressure Injection 
IBLOCA Intermediate Break Loss-Of-Coolant Accident 
JAEA Japan Atomic Energy Agency 
LPI Low Pressure Injection  
LSTF Large Scale Test Facility 
MFW Main Feed Water 
MSIV Main Steam Isolation Valve 
PCT Peak Cladding Temperature 
PV Pressure Vessel 
PWR Pressurized Water Reactor 
PZR Pressurizer 
ROSA Rig Of Safety Analysis  
RV Relief Valve 
SG Steam Generator 
SNAP Symbolic Nuclear Analysis Package 
TRACE TRAC/RELAP Advanced Computational Engine 
USNRC United States Nuclear Regulatory Commission  
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Abstract – In this paper, the use of thorium in pressurized water reactor fuel assemblies is 


investigated. The novelty of the reported work is that the fuel design in this study is primarily 


intended to control the excess reactivity at beginning of life, and flatten the intra-assembly power 


distribution rather than converting fertile Th-232 into fissile U-233.The fuel assembly corresponds 


to the layout of a classical 17x17 pressurized water reactor assembly. Most of the fuel pins contain 


a mixture of uranium and thorium oxides, while a few additional fuel pins contain a mixture 


between uranium and gadolinium oxides. Two-dimensional transport calculations were performed 


with the Studsvik Scandpower CASMO-4E code in order to determine the main neutronic 


properties of the new fuel design, with a traditional uranium-based fuel assembly containing 


gadolinium used as a reference. The calculations demonstrated that most of the neutronic 


properties of the thorium-based fuel assembly were comparable to the properties of classical 


uranium-based fuel assemblies. The isothermal temperature coefficient of reactivity and the 


moderator temperature coefficient of reactivity were found to be appreciably more negative in the 


thorium-based design, while still remaining within acceptable limits. The main advantage of the 


thorium-based design is a significant reduction of the pin peak power at beginning of life. This 


special feature is of particular importance from an operational and safety viewpoint, since the 


margin to departure from nucleate boiling becomes larger. Consequently, this new type of fuel 


assembly could also be used in power-uprated cores. 


 
 


I. INTRODUCTION 


 


Nowadays, light water reactors (LWRs) tend to use a 


higher enrichment in U-235 in order to achieve higher 


discharge burnups. The use of burnable absorbers such as 


gadolinium in PWRs allows compensating for some of the 


excess of reactivity at beginning of life (BOL). This, in 


turn, permits a lowering of the required soluble boron, 


which allows maintaining a negative isothermal 


temperature coefficient of reactivity (ITC) and a negative 


moderator temperature coefficient of reactivity (MTC). 


One of the main concerns in PWR is departure from 


nucleate boiling (DNB). DNB appears locally in the reactor 


at positions where the power is too high. By the use of 


gadolinium in the fresh fuel loaded in the central part of the 


core the local power could be suppressed. The core is 


usually optimized to have sufficient margin to DNB during 


normal operation and transient events.  


The current use of gadolinium heterogeneously 


distributed in the fuel assembly for reactivity control leads 


to heterogeneous power distribution in the fuel assemblies. 


The fuel pins having the highest power become a limiting 


factor when designing a new core. In this paper, the use of 


thorium for decreasing the required amount of gadolinium 


is investigated. 


Thorium is a fertile material. Via neutron capture and 


beta decay, Th-232 leads to the fissile isotope U-233. If 


thorium is loaded in a fuel assembly to partly replace U-


238, thorium decreases the excess of reactivity at BOL, and 


also results in a more even intra-assembly power 


distribution. Replacing some of the U-238 by thorium will 


decrease the amount of gadolinium needed in the fuel 


assembly, for two main reasons. First, Th-232 has a slightly 


higher capture cross-section at thermal energies than U-


238. Second, Th-232 has a lower fission cross-section at 


fast energies than U-238, and thus substituting U-238 with 
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Th-232 gives fewer neutrons produced by fast fissions. 


Both effects contribute to a lower reactivity of the fuel at 


BOL. Another advantage of a thorium-based fuel assembly 


design as highlighted above is that such a fuel assembly has 


a higher reactivity at the end of life (EOL). This is 


explained by the more efficient use of the excess of 


neutrons to breed U-233 from Th-232 than to breed Pu-239 


from U-238. Thorium-based fuel assemblies thus have a 


lower reactivity at BOL and a higher reactivity at EOL 


compared to traditional uranium fuel assemblies with 


gadolinium. 


In the fuel assembly design retained in this work, 


thorium is evenly distributed in the fuel assembly in all the 


pins without gadolinium, while gadolinium is 


homogeneously distributed in only a few pins. The 


implementation of thorium in fuel assemblies combined 


with the use of gadolinium leads to a more even power 


distribution, since less gadolinium is used in the fuel 


assembly. In order to compensate for the lower reactivity at 


BOL, which would result in lower discharge burnups, a 


slightly higher enrichment of U-235 is required. This also 


means that more natural uranium is needed for 


manufacturing such a fuel assembly. 


This paper reports the results of a pre-study made to 


calculate the designs parameters of a thorium-based fuel 


assembly, using a traditional uranium fuel assembly with 


gadolinium as a reference. The design parameters were 


chosen in order to maximize the safety margins in a core. 


The calculated safety parameters were the isothermal 


temperature coefficient of reactivity, the effective fraction 


of delayed neutrons, the moderator temperature coefficient 


of reactivity, the Doppler coefficient of reactivity and the 


control rod worth for one assembly in an infinite lattice 


calculation. All calculations were performed with the 


deterministic transport code CASMO-4E from Studsvik 


Scandpower
2
. 


The structure of the paper is as follows. First, the fuel 


design and operational conditions at which the calculations 


were performed are presented. Thereafter, the methodology 


used for carrying the calculations is briefly discussed, 


followed by the presentation of some of the main results. It 


has to be emphasized that this study does not focus on the 


use of thorium for increasing the discharge burnup by a 


maximization of the breeding. Instead, this work 


investigates how thorium could be used to achieve a more 


even intra-assembly power distribution in order to 


maximize the margin to DNB, while keeping the key 


neutronic parameters in their allowable limits. 


 


 


II. FUEL DESIGNS 


 


This section presents the fuel designs used in this 


work: the newly developed thorium-based fuel assembly 


(later referred to as Thorium7), as well as a traditional 


uranium-gadolinium-based fuel assembly used as a 


reference. Emphasis is also put on the design parameters 


and operational conditions used throughout this study. 


 


II.A. Fuel composition 


 


The design of the thorium fuel assembly is based on a 


few restrictions. The thorium fuel should have the same 


discharge burnup as the reference fuel. The enrichment of 


uranium in U-235 (i.e. when thorium is not included) 


should not be higher than 4.95 weight percentage (w/o). 


Since the thorium-based fuel contains a mixture of uranium 


and thorium, the weight percentage of U-235 in the fuel, 


denoted as U235,tot, is given by the following relationship:  


 


U235,tot=(1-Th232,tot)U235 (1) 


 


where Th232,tot is the thorium weight percentage in the fuel, 


and U235 is the weight percentage of U-235 in the 


uranium. 


The reference fuel design is a traditional PWR 17x17 


fuel assembly. There are two different kinds of fuel pellets 


used in the reference fuel assembly. The first pellet has 4.4 


w/o enrichment of U-235. The second pellet has 2.8 w/o of 


U-235 with 6 w/o of gadolinium. The second type of pellet 


is used in 12 pins out of the total 264 fuel pins. The fuel 


pellet without gadolinium is named FUE 1 and the 


corresponding composition is given in Table I. The fuel 


pellet with gadolinium is named FUE 2 and the 


corresponding composition is given in Table II. 


The densities of FUE 1 and FUE 2 at operational 


conditions are 10.165 g/cm3 and 9.940 g/cm3, respectively.  


The innovative thorium fuel design, Thorium7, has the 


same structural design as the reference fuel assembly. The 


difference lies in the composition of the pellets and number 


of rods containing gadolinium. The thorium fuel has two 


different kinds of fuel pellets. The first pellet has 4.95 w/o 


in U-235 (for the uranium oxide) and 7 w/o in Th-232 (for 


the actinides). The fuel pellet is named FUE 3 and the 


composition is given in Table III.  The second type of 


pellets used in the Thorium7 fuel design is FUE 2, i.e. the 


same gadolinium-based fuel pins as for the reference fuel 


assembly. Nevertheless, the Thorium7 fuel type only uses 8 


gadolinium-based (FUE 2) fuel pins.  


The density of FUE 3 is 10.126 g/cm3 at operational 


conditions. The thorium density in FUE 3 is 9.79 g/cm3 at 


room temperature assuming that the density of the thorium 


oxide is 96 % of the theoretical density1. 


There are three different kinds of oxide used in the 


Thorium7 fuel assembly: uranium oxide, thorium oxide, 


and gadolinium oxide. There are two different kinds of 


pellets: thorium oxide mixed with uranium oxide, uranium 


oxide mixed with gadolinium oxide. There is no pellet 


containing all three oxides. The incentive for this was to 


minimize the complexity in pellet fabrication when more 
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than two oxides are mixed. Furthermore, the material 


properties (such as density and thermal conductivity) of 


fuel pellets using more than two different kinds of oxides 


are difficult to estimate. 


The direct consequence of using thorium is to reduce 


the reactivity of the fuel assembly at BOL. As a result, the 


fuel assembly requires a higher amount of fissile material, 


such as U-235, in order to achieve the same discharge 


burnup. This leads to a 5 % higher fissile content of U-235 


in the thorium-based fuel assembly. The maximum thorium 


weight percentage in the fuel assembly is approximately 7 


w/o, due to the maximum enrichment restriction of 5 w/o. 


The discharge burnup would be reduced if higher weight 


percentage of thorium was inserted in the fuel assembly.  


The 5 w/o enrichment restriction for U-235 is far 


below the weapon uranium restriction of 20 w/o. The 5 w/o 


restriction is mainly due to the fact that the nuclear fuel 


fabrication factory can not handle uranium with enrichment 


above 5 w/o without modifications to the factory. 


The reference and Thorium7 fuel pellet configurations 


in a fuel assembly are shown in Figs. 1 and 2, respectively.  


 
TABLE I 


Composition of the fuel pellet in FUE 1 


Nuclide Weight percentage 


U-234 0.04 


U-235 


U-238 


4.40 


95.56 


 
TABLE II 


Composition of the fuel pellet in FUE 2 


Nuclide Weight percentage 


U-234 0.02 


U-235 


U-238 


Gd 


2.63 


91.43 


5.91 


 


 
TABLE III 


Composition of the fuel pellet in FUE 3 


Nuclide Weight percentage 


Th-232 


U-234 


7.00 


0.04 


U-235 


U-238 


4.60 


88.36 
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Fig. 1. The lower right quarter of the 17x17 reference fuel 


assembly. The dark blue color represents the guide tubes. The light 


blue color represents the pellets with FUE 1 and the orange color 


represents the pellets with FUE 2. 
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Fig. 2. The lower right quarter of the 17x17 Thorium7 fuel 


assembly. The dark blue color represents the guide tubes. The 


wine red color represents the pellets with FUE 3 and the orange 


color represents the pellets with FUE 2. 
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II.B. Fuel Assembly Geometry and Spacer 


Composition 


 


Both fuel assemblies use the same geometry and 


structural design. The fuel assembly design is a 17x17 fuel 


assembly, the pin pitch is 1.26 cm, and the pellet radius is 


0.4096 cm. The zircaloy spacer is modeled in the two-


dimensional transport code by spreading it over the length 


of the fuel assembly.  


The position to the instrument thimble is in the middle 


of the fuel assembly (position (1,1) in Figs. 1 and 2).  


 


 


 


II.C. Operational Conditions 


 


The calculations were performed based on operational 


conditions representative of the Swedish Ringhals 3 PWR 


unit. The fuel temperature was set to 928 K and the 


moderator temperature to 575 K. The boron concentration 


in the moderator was set to middle of cycle conditions, i.e. 


600 ppm. The nominal power density was set to 105.50 


kW/liter. 


 


III. METHODOLOGY 


 


III.A. Tools 


 


The multigroup two-dimensional transport code 


CASMO-4E from Studsvik Scandpower
2
 was used to 


determine the transport solution to an axial slice of an 


infinite lattice of the fuel assemblies presented above. The 


calculations were performed using 40 energy groups and 


the ENDF/B-VI neutron data library. Only one octant of the 


fuel assemblies was actually modeled, and mirror boundary 


conditions were applied. The main results of the 


calculations used in this study are the infinite multiplication 


factor (k∞) and the power distribution throughout the fuel 


assemblies. 


 


III.B. Estimation of the discharge burnup 


 


The estimation of the discharge burnup is based on 


infinite multiplication factor k∞ calculated from CASMO-


4E. The linear reactivity model is used to estimate 


discharge burnup
3
 following Eq. (2).  In this equation, ∆k 


represents the neutron leakage in the reactor, which is 


assumed to be 2000 pcm and n represents the number of 


fuel batches. km(b) is the infinite multiplication factor as 


function of the burnup b of the core for the fuel batch m, bm 


is the burnup of the fuel batch m without burnable absorber. 


,0
k


∞
 and α  are the parameters of the linear reactivity 


model. 


( ) ( )
1


1


,0


1


1


n


eff m


m


n


m


m


k k b k
n


k
n


b


k bα


=


=


∞


= − ∆


− ∆ = − × 


∑


∑  (2) 


 


If bin represents the burnup increment during one fuel 


cycle, each batch m has remained m cycles in the reactor at 


EOL. The burnup of each batch m at EOL is thus: 


 


,m EOL in
b m b= ×


 (3) 


 


At the end of a cycle, the effective multiplication factor keff 


is unity. Combining Eqs. (2) and (3), the discharge burnup 


of each batch (i.e. after n cycles) is given by: 


 


( ),0


,


12


1
n EOL in


k kn
n b


n
b


α


∞
− + ∆


= × = ×
+  (4) 


 


This discharge burnup is reaching its maximum value when 


the number of batches n is infinite, giving: 


 


( ),0


,


1
2


EOL


k k
b


α


∞


∞


− + ∆
= ×


 (5) 


 


This equation demonstrates that, for a single fuel assembly, 


the infinite multiplication factor is equal to 1 k+ ∆  at half 


the maximum of the discharge burnup, i.e. 
,


2
EOL


b
∞


. This 


criterion was used in the design of the fuel assemblies. 


 


III.C. Estimation of the Temperature Coefficients of 


Reactivity 


 


The temperature coefficient of reactivity αT is defined 


as the change of the reactivity ρ of the infinite system 


divided by the corresponding change of the temperature T. 


In terms of a change in the infinite multiplication factor k∞ 


of the system, the following expression is obtained: 


 


2 1 1 2


2 1 2 1


1 1


T


k k


T T T T


ρ ρ
α


−
−


= =
− −


 (6) 


 


 


By increasing and decreasing, respectively, the temperature 


at given burnup values of the fuel assembly compared to 


the nominal temperature, different infinite multiplication 


factors are calculated as k1 and k2, respectively. The 


corresponding temperatures are T1 (higher temperature than 


nominal) and T2 (lower temperature than nominal).   
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The three temperature coefficients of reactivity of 


interest are the ITC, Doppler temperature coefficient of 


reactivity, and the MTC.  


The calculation of the ITC requires isothermal 


conditions, for which the fuel temperature is identical to the 


moderator temperature. The temperature in both media is 


then shifted by +1.4 K and by -1.4 K compared to the 


reference moderator temperature. The power density is set 


to 1 kW/liter (hot zero power conditions).   


The calculation of the MTC requires a change of the 


temperature in the moderator alone, while keeping the fuel 


temperature to its nominal value. The moderator 


temperature is changed by +1.4 K and -1.4 K compared to 


the nominal moderator temperature.  


The calculation of the Doppler temperature coefficient 


of reactivity is carried out by changing the temperature in 


the fuel by +50 K and -50 K compared to the nominal fuel 


temperature, while preserving the nominal moderator 


temperature.  


 


III.D. Estimation of the Control Rod Worth 


 


The determination of the control rod worth (CRW) is 


carried out according to Eq. (7). 


 


ref CR
CRW k k= −  (7) 


 


In this equation, kref represents the infinite multiplication 


factor without control rod, whereas kCR represents the 


infinite multiplication factor with the control rod inserted. 


The control rod uses a composition of silver, indium and 


cadmium. The control rod is inserted in all water rods in 


the fuel assembly, except the central water rod. The 


temperature of the control rods is taken to be identical to 


the moderator temperature. The estimations of kref and kCR 


were performed at nominal operating conditions.  


 


 


III.E. Estimation of the Intra-Assembly Power 


Distribution 


 


The power distribution within the different fuel pins is 


determined from the transport code. The pin peak power, 


i.e. the highest pin power divided by the average pin power 


in the fuel assembly, is then determined, as well as the 


location of where this maximum occurs in the fuel 


assembly.  


 


IV. RESULTS 


 


IV.A. Variation of the Infinite Multiplication Factor 


with Burnup  


 


The Thorium7 fuel assembly has a higher infinite 


multiplication factor at BOL than the reference fuel 


assembly, as shown in Fig. 3. The Thorium7 fuel assembly 


has more reactivity due to the lower quantity of gadolinium 


(about two third of the uranium-based fuel assembly). The 


k∞ of the Thorium7 fuel assembly decreases more rapidly 


than for the reference fuel assembly at low burnup, due to 


the thorium present in the Thorium7 design. Neglecting the 


gadolinium in both fuel assemblies, the Thorium7 fuel 


assembly would have a lower infinite multiplication factor 


than the reference fuel assembly. 


At 15 GWd/tHM, the burnable poison is depleted and 


is converted into low cross-section neutron absorbing 


isotopes. Thereafter, the infinite multiplication factor of the 


fuel assembly decreases proportionally as a function of 


burnup. The Thorium7 fuel assembly has a lower infinite 


multiplication factor when gadolinium has vanished 


compared to the reference design. The fact that the infinite 


multiplication factor of the Thorium7 fuel assembly 


decreases more slowly than for the reference design is due 


to the buildup of the fissile isotope U-233.  


The infinite multiplication factor is equal to 1.02 at 29 


GWd/tHM for both of the fuel assemblies, which implies 


that the fuel assemblies can reach the same discharge 


burnup, which in this comparison would correspond to 58 


GWd/tHM.  
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Fig. 3. Infinite multiplication factor as function of burnup. 


 


IV.B. Fraction of Delayed Neutrons 


 


The fraction of delayed neutrons is identical for both 


fuel assemblies, as shown in Fig. 4. The fraction of delayed 


neutrons at BOL is 717 pcm for both designs and decreases 


as function of burnup. The fraction of delayed neutrons at 


EOL is 455 pcm in the Thorium7 design and 454 pcm in 


the reference design. The fraction of delayed neutrons 


decreases due to increased fission on Pu-239 and U-233 in 


the fuel. The small difference between the fuel assemblies 
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is related to the small fraction of thorium present in the 


Thorium7 design and the small difference in the fraction of 


delayed neutrons between Pu-239 and U-233 (the fraction 


of delayed neutrons in U-233 is 260 pcm and in Pu-239 


210 pcm for thermal fission4).  
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Fig. 4. Fraction of delayed neutron as function of burnup. 


 


IV.C. Doppler Temperature Coefficient of Reactivity 


 


The Doppler temperature coefficients of reactivity at 


BOL are -2.1 pcm/K and -2.3 pcm/K for the reference and 


Thorium7 designs, respectively. The Doppler temperature 


coefficient of reactivity starts to decrease after 5 GWd/tHM 


for both fuel assemblies. The Doppler temperature 


coefficient of reactivity decreases to 


-3.3 pcm/K at 60 GWd/tHM for reference and to -3.6 at 60 


GWd/tHM for Thorium7. 


The Doppler temperature coefficient of reactivity of 


Thorium7 is 0.2-0.3 pcm/K lower compared with the 


reference design at the same burnup, as shown in Fig. 5. A 


lower Doppler temperature coefficient of reactivity gives a 


stronger negative prompt feedback in case of accidental 


situations.  
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Fig. 5. Doppler temperature coefficient of reactivity as function of 


burnup. 


 


IV.D. Moderator Temperature Coefficient of Reactivity 


 


The MTC in the reference design has a peak value of -


18 pcm/K at 3 GWd/tHM and then decreases to -37 pcm/K 


at 60 GWd/tHM. The MTC in the Thorium7 design has a 


peak value of -22 pcm/K at 2 GWd/tHM and then 


decreases to -43 pcm/K at 60 GWd/tHM. The Thorium7 


fuel assembly has a lower MTC than the reference fuel 


assembly at the same burnup, as shown in Fig. 6. The MTC 


difference between the two fuel assembly designs is 3-6 


pcm/K. This gives the Thorium7 fuel assembly a stronger 


negative feedback.  
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Fig. 6. Moderator temperature coefficient of reactivity as function 


of burnup. 


 


IV.E. Isothermal Temperature Coefficient of Reactivity 


 


The isothermal temperature coefficient of reactivity in 


the reference fuel design has a peak value of -19 pcm/K at 
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4 GWd/tHM and then decreases to -39 pcm/K at 60 


GWd/tHM. The isothermal temperature coefficient of 


reactivity in the Thorium7 fuel assembly has a peak value 


of -23 pcm/K at 1 GWd/tHM and then decreases to -45 


pcm/K at 60 GWd/tHM. The Thorium7 design has a lower 


isothermal temperature coefficient of reactivity than the 


reference design at the same burnup, as shown in Fig. 7. 


The lower ITC in the Thorium7 design gives a stronger 


negative feedback.   
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Fig. 7. Isothermal temperature coefficient of reactivity as function 


of burnup. 


 


IV.F. Control Rod Worth 


 


The lowest control rod worth for both fuel assemblies is at 


BOL, as shown in Fig. 8. The control rod worth at BOL is 


28000 pcm and 29000 pcm for the Thorium7 fuel assembly 


and reference fuel assembly, respectively. The reference 


fuel assembly has a slightly higher control rod worth at 


BOL and EOL. However, the Thorium7 fuel assembly has a 


slightly higher control rod worth between 3 GWd/tHM and 


29 GWd/tHM than the reference fuel assembly. On 


average, the control rod worth of each fuel assembly shows 


no significant difference.  
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Fig. 8. Control rod worth as function of burnup. 


 


IV.G. Pin Peak Power 


 


The pin peak power is significantly lower in the 


Thorium7 design compared with the reference design at 


low burnup, as shown in Fig. 9. The reason is the lower 


amount of gadolinium in the Thorium7 design, which 


results in a more homogeneous power distribution. At 16 


GWd/tHM, both fuel assemblies have the same pin peak 


power.  
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Fig. 9. Pin peak power as function of burnup. 


 


IV.H. Power Distribution 


 


The highest power in the fuel assemblies at BOL is 


mostly concentrated to the middle of the fuel assemblies, as 


shown in Figs. 10 and 11. The highest relative power in the 


reference fuel assembly is 1.115, to be compared with the 


highest relative power in the Thorium7 fuel assembly 


which is 1.074. The zero values in the fuel assemblies 
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correspond to the locations of the empty guide tubes, 


whereas the relative power values between 0.29 and 0.30 


correspond to the pins with gadolinium. 


The power distribution will change as the burnup 


increases. The peak of the power distribution at 15 


GWd/tHM has shifted from the central part of the fuel 


assembly to the vicinity of empty guide tubes, as shown in 


Figs. 12 and 13. Three fuel pins in the direct neighborhood 


of the guide tubes have the highest power. The majority of 


the burnable absorber has vanished at that burnup. The 


relative low power in the fuel pins with burnable absorber 


is explained by the lower fissile content in those pins. 
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Fig. 10. Power distribution at BOL for the reference design in the 


lower right quarter of the fuel assembly. 
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Fig. 11. Power distribution at BOL for the Thorium7 design in the 


lower right quarter of the fuel assembly. 
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Fig. 12. Power distribution at 15 GWd/tHM for the reference 


design in the lower right quarter of the fuel assembly. 
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Fig. 13. Power distribution at 15 GWd/tHM for the Thorium7 


design in the lower right quarter of the fuel assembly. 


 


 


IV. CONCLUSIONS 


 


Because of the abundant resources in thorium 


compared with uranium, most of the research carried out so 


far has focused on the development of thorium-based fuel 


as a substitute for uranium-based fuel. However, thorium-


based fuel has not proven to be economically competitive 


compared with uranium-based fuel, even though thorium 


has a higher conversion ratio than uranium in a PWR
5
.  


In the reported work, the use of thorium for flattening 


the intra-assembly power distribution was investigated. The 


novelty of the reported work is in demonstrating that 


thorium, if properly mixed with uranium, allows reducing 


the gadolinium content, and enabling a more even power 


distribution in fuel assemblies, especially at BOL when the 


pin peak power is at its highest value. 


A fuel based on uranium oxide mixed with thorium 


oxide, complemented by a few pins containing a mixture of 


gadolinium and uranium oxides, was then developed. This 


fuel design is based on an existing and traditional fuel 


assembly design, where no thorium is used, used as a 


reference. The behavior of the infinite multiplication factor 


in both fuel assemblies is similar. Both fuel assemblies 


have furthermore the same discharge burnup. However, the 


fissile content in the Thorium7 fuel assembly is 5 % higher 


than in the reference fuel assembly. The amount of thorium 


used in the fuel assembly is kept to a minimum in order to 


reduce the amount of fissile material required to reach the 


same discharge burnup.  


The Thorium7 has a higher infinite multiplication 


factor at EOL, which is advantageous for increasing the 


power level of the high burnup fuel assemblies.  


Both fuel assemblies have the same fraction of delayed 


neutrons. The use of the Thorium7 fuel assembly would 


thus not lead to any difficulty compared to the reference 


fuel assembly from this viewpoint. 


Concerning the MTC and ITC, the thorium design 


leads to more negative coefficients compared with the 


uranium design. The stronger negative feedback is 


beneficial in case of transients involving loss of heat sink. 


Although the more negative ITC and MTC could be a 


disadvantage in case of cooling accidents, the minima 


reached by these coefficients at EOL do not seem to lead to 


any safety concern.  


The calculations of MTC and ITC are based on a 


constant boron concentration of 600 ppm (cycle average) in 


both designs. However, the MTC is more limiting (less 


negative) at BOL, which would correspond to a boron 


concentration of typically 1200 ppm. 


The Thorium7 fuel assembly has a lower Doppler 


temperature coefficient of reactivity. The lower Doppler 


temperature coefficient of reactivity in Thorium7 is 


beneficial during rapid reactivity insertions, due to the 


prompt character of the Doppler feedback.  


The pin peak power in the Thorium7 fuel assembly is 


reduced at low burnups due to the reduction of the 


gadolinium content. A lower pin peak power leads to larger 


thermal hydraulic safety margins, since the margin to DNB 


is larger. Low pin peak power is most valuable at low 


burnups due to the high power in the fuel assembly 


associated with the high infinite multiplication factor. The 


slightly higher pin peak power in the Thorium7 fuel 


assembly at EOL does not pose any problem due to the low 


infinite multiplication factor at EOL.  


This study demonstrates the viability of the thorium-


based fuel assembly from a neutronic point of view. The 


calculations performed at the fuel assembly level need to be 


complemented by 3D-calculations at core level. An 


optimization of the fuel design would probably be required 


as well. If the advantages pointed out by this pre-study are 


confirmed at the core level, the margins to DNB could be 


significantly improved, which in turn would allow for 


improved optimization of reactor operation. Such a feature 


is particularly interesting for power uprates. 
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NOMENCLATURE 


BOC   Beginning of cycle 


BOL    Beginning of life 


2230







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11349 


   


DNB   Departure from nucleate boiling 


EOL    End of life 


GWd   Giga Watt days 


HM     Heavy metal 


ITC     Isothermal temperature coefficient of reactivity 


LWR   Light water reactor 


MTC   Moderator temperature coefficient of reactivity 


PWR   Pressurized light water reactor 
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Abstract –  
In order to answer to the worldwide nuclear renaissance expected now, AREVA is developing a program aimed 
at creating the environment which could allow the start of manufacturing of main primary components before a 
contract is signed, while maintaining the level of quality and safety that will be required by the final customer 
and the related safety authority. 
 
This program is based on three main aspects, which will all concur to the development of this program. 
- a standardized design : AREVA’s Generation III+ reactors, based on evolutionary designs, benefit from 


maximum standardization to simplify licensing in any country. The overall performance achieved thanks to 
AREVA’s uninterrupted engineering, manufacturing and supply chain, allows a maximized plant availability, 
a high plant efficiency and low operation and maintenance costs, while displaying an outstanding safety 
level. This standardization allows utilities to order AREVA reactors without major design adaptation needed 
to comply with specific regulations. This in turn allows to fully leverage fleet and series effect and to lower 
operational costs. Additionally, effective and large owner’s groups would provide inter alia opportunities for 
sharing operational and maintenance feedback, staff training of implementation of a spool of spare parts. 


- A multinational effort to harmonize regulations: Several initiatives were born in the past years, to foster the 
harmonization of regulatory frameworks from different countries. The Fundamental Safety Principles [NS-F-
1], published by the IAEA in 2006, the Multinational Design Evaluation Process (MDEP), a multinational 
initiative aiming at developing innovative approaches to leverage resources and knowledge of the national 
regulatory authorities, the International Standardization of Nuclear Reactor Designs [WNA Report, January 
2010], proposed by the World Nuclear Association’s CORDEL working group, can be cited as examples of 
this international effort. To the same extent as design and safety requirements are being studied by safety 
authorities, surveillance performed during manufacturing of pressurized equipment could be harmonized so 
as to allow recognition of surveillance performed by a safety authorities from a country other than that of the 
future implementation of the component. Similarly, a common set of rules could be proposed, and the 
surveillance actually performed by an independent third party, during the manufacturing phase, until 
allocation of the component to a client.  


- Our client’s and AREVA’s need for flexibility : AREVA’s proposal for production of components before 
allocation to a contract will also provide new power plants projects stakeholders with more flexibility, by 
allowing anticipation of long-lead standardized components. Modification of client’s project schedule would 
be easier to accommodate with the possible re-allocation of standard components to other projects. Within 
AREVA, procurement and forging of large ingots and manufacturing of standardized components could be 
started without a dedicated client being identified, in anticipation of coming projects, to homogenize 
factories’ activities over time and to avoid “bottlenecks” in the production process. This would allow 
smoothing component manufacturing for optimized production costs and preventing disruption of a nuclear 
project critical path due to a manufacturing facility being overloaded. At the time of the allocation of a 
component to a client, AREVA would establish the demonstration of the adequacy of the set of measures and 
process control implemented during the manufacturing process, to the requirements of the client and of its 
safety authority. 


 
The implementation of this program could start with pouring and forging of main primary components parts 
submitted to pressure. The design of these parts has seen few, if any, modifications across the ongoing EPR 
projects, they already follow standardized processes, due to the very high level of technical requirements applied 
to them on ongoing projects and they are manufactured at a very early stage in a new power plant project. 
This presentation will discuss possible schemes to meet this objective.  
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Abstract – Multiscale nested modeling is a powerful tool for simulating physical processes in 
complex objects, which have nested structure. This kind of modeling allows saving computational 
time and resources due to coarsening models and nodal grids with enlarging of object scale. 
Solution of the task for larger scale object gives boundary conditions for nested smaller scale 
objects. In their turn, the latter give back information about number of necessary characteristics, 
like coefficients of friction, momentum and heat exchange etc. The authors applied such a 
methodology for simulating thermal hydraulics of prospective high temperature gas reactors with 
prismatic and pebble-bed cores. 
To reproduce thermal hydraulics in prismatic HTGRs, like GT-MHR and NGNP, CFD modeling of 
free gas coolant flow in reactor upper plenum was combined with porous-body representation of 
parallel channels of Fuel Assemblies and gaps, where helium flows practically not contributing in 
heat removal from the reactor core (e.g. inter-assembly gaps, the gap between outer replaceable 
graphite reflector and permanent side reflector). Nested model of Fuel Assemblies thermal 
hydraulics was based on Reynolds-averaged Navier-Stokes equations added with k-ε turbulent 
model. Heat transfer from the fuel compacts through the block graphite to the gas channels was 
simulated by precise nested model of elementary Fuel Assembly cell. Some calculation results 
presented below demonstrate an influence of the power non-uniformity and bypassing “cold” 
flows upon the maximum fuel temperatures developing in the reactor core. 
As well nested simulation methodology was employed for simulating behavior of ASTRA critical 
facility in substantiation of safety of conducting the electrically-heated experiments at it. The 
model of thermal physics and gas dynamics of whole ASTRA rig was based on the porous-body 
methodology. With the use of nested model of the pebble-bed core cell an effective coefficient of 
the pebble-bed thermal conductivity was estimated. For studying dynamic behavior of the ASTRA 
core the nested model of thermal physics of stand-alone Coated Particle was added to the higher 
level model of fuel element and the top-level model of whole rig. Calculation results presented in 
the paper reveal the part of free convection of the gas inside ASTRA rig in the total heat transfer 
while conducting electrically heated experiments. Dynamic behavior of the ASTRA critical 
assembly in the postulated incidents of unauthorized withdrawal of Control Rods is demonstrated 
as well. 


 
 


I. INTRODUCTION 
 
Multiscale nested modeling is a powerful tool for 


simulating physical processes in complex objects, which 
have nested structure. The essence of this technique is to 
perform successive interrelated calculations of gas 
dynamics and heat transfer in objects of different scale. In 
the model of large-scale complex object coarser nodal grid 
is used, also some simplifications are allowed (coefficients 
of friction, momentum and heat exchange etc. are used). 


Simulation of smaller scale objects, which are part of 
large-scale complex object, is used to test the admissibility 
of these simplifications, as well as to refine estimates of 
the temperature, velocity and other physical quantities, 
made with a coarser model. Such an approach allows 
saving computational time and resources. This paper 
provides two examples of applying such a methodology 
for simulating thermal hydraulics of prospective high 
temperature gas reactors (HTGR) with prismatic and 
pebble-bed cores. 
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In the HTGR core temperatures are directly related to 
the safety of the entire installation, so as increase of the 
fuel temperatures causes increase of radionuclide release 
from fuel to the coolant in a non-linear way with further 
transport and deposition in the first circuit of installation. 
Thus fuel temperature monitoring in both nominal and 
accident operation is an extremely important task. 


Power non-uniformity and coolant leakage through the 
reactor technological gaps (gaps between elements in 
replaceable reflectors and gap between outer replaceable 
and permanent side reflector) are main systematic factors 
of fuel overheating in the prismatic modular reactor. 
Coolant, which flows in technological gaps, virtually 
doesn’t take part in the core cooling. At the same time, the 
gas flow through the coolant channels of fuel elements, 
which have the most power, is minimal, so that elements of 
the reactor core are heated to significant temperatures. 


To determine the influence of these factors in 
prismatic modular HTGR simulation of gas dynamics and 
heat transfer in the reactor as whole, in its core and the 
maximally loaded Fuel Assembly was carried out. 


The second example of multiscale nested modeling is 
the study of a possible accident at ASTRA pebble bed 
critical assembly. Reactivity feedbacks on fuel 
temperature, moderator in the core and moderator in the 
graphite reflector plays significant role in the safety of 
HTGR. The accuracy of determining these characteristics 
affects the accuracy of core temperatures assessment in the 
simulation of transient process and, more importantly, the 
reactivity accidents (RIA). This implies the importance of 
the task of calculation and experimental determination of 
the temperature feedbacks coefficients. There are already 
powerful tools for coefficients calculation, but the problem 
of experimental determination of these quantities is 
associated with a number of technical difficulties, 
primarily with the necessity of non-nuclear heating large 
critical assemblies to a sufficiently high temperatures. 


Currently critical assembly of ASTRA facility is being 
prepared for experimental measurements of temperature 
feedbacks at different levels of core temperature. The 
safety of these experiments required the consideration of 
accidents associated with unauthorized introduction of 
positive reactivity in the critical assembly ASTRA. The 
calculated data for the modeling of an accident involving 
unauthorized withdrawal of control rod from the facility 
are presented. 


 
II. DISTRIBUTION OF COOLANT FLOW 


THROUGH THE PRISMATIC MODULAR REACTOR 
ELEMENTS 


 
II.A. Reactor description 


 
Prismatic HTGR, like NGNP1, was chosen for the 


investigation. Reactor has thermal power of 600 MW. 


Helium is used as coolant. In prismatic modular reactor 
inner replaceable reflector is surrounded by core that in 
turn is surrounded by outer replaceable reflector. 


The core consists of 1020 graphite fuel elements 
stacked 10 element high columns (Fuel Assemblies, FA) 
arranged in an annular core. Replaceable reflectors consist 
of graphite element columns with the same dimensions as 
fuel elements. The layout of these regions in the prismatic 
modular reactor is shown in Fig. 1. 


 


 
  
Fig. 1. Prismatic modular reactor layout. 
1 – coolant channels, 2 – permanent side reflector, 3 – outer 


replaceable reflector, 4 – control rod channels and reserve 
shutdown system channels, 5 – fuel elements, 6 – inner 
replaceable reflector 


 
The fuel element is a hexagonal graphite block (793 


mm in length and 360 mm wide across the flat surface) 
containing 102 coolant channels (diameter 16 mm) and 
210 fuel holes which are filled with fuel compacts and 
sealed. The fuel compacts (diameter 12.5 mm) are a 
mixture of TRISO coated fissile particles (CP) and 
graphite shim particles bonded by a carbonaceous matrix. 
The TRISO fissile particle consists of a fuel kernel 
(diameter 425 μm) containing 14 % enriched uranium 
oxycarbide which is surrounded by four protective layers, 
including silicon carbide layer. 


The core inter-assembly gaps, gaps between graphite 
elements in replaceable reflectors and gap between outer 
replaceable and permanent steel side reflector were set 
equal to 2.5 mm. Some elements in core and replaceable 
reflectors have control rod channels (diameter 95 mm) and 
reserve shutdown system channels (diameter 102 mm). 


The circulation of coolant through the reactor is 
described further: helium with temperature of 490 °C 
enters into the coolant channels in permanent side 
reflector, rises through them to the upper plenum, and then 
drops down through the fuel blocks (part of the helium 
goes through the coolant channels in fuel blocks and part - 
through gaps between blocks), inner and outer replaceable 
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reflector, control rod channels and reserve shutdown 
system channels, the gap between outer replaceable and 
permanent side reflector. Mass-averaged helium 
temperature at reactor outlet is 950 °C and helium pressure 
is 7.12 MPa. Coolant mass flow rate through reactor is 250 
kg/s. 


Prismatic modular reactor power distribution was 
taken from 1. Calculations have been done for beginning of 
cycle core power distribution in two-batch fuel 
management scheme. This fuel loading scheme implies 
that at the beginning of each cycle, a half of the core is 
replaced and loaded with fresh fuel elements and the most 
peak power is realized. Fuel cycle length is 526 effective 
full power days, a core-averaged discharge burnup is 99.9 
GWd/t and maximal burnup is 188.1 GWd/t. Fast neutrons 
fluence (E > 0.18 MeV) doesn’t exceed 4·1021 n/cm2. 


 
II.B. Fluid dynamics code description 


 
FM-3D code2,3, developed in Russian Research Centre 


(RRC) “Kurchatov Institute”, was used to calculate three-
dimensional velocity, temperature and pressure fields in 
prismatic modular reactor. 


FM-3D code was developed for the three-dimensional 
calculations of fluid dynamics and heat transfer in complex 
objects, combining the presence of solid-state structures 
with volumetric energy sources and single-phase coolants. 
The code allows to combine in different parts of a complex 
object two approaches of fluid dynamics modeling - 
equations of motion for free flows (in the Navier-Stokes or 
Reynolds approach) or equations of motion of fluids in 
anisotropic porous body. The code has being verified for a 
number of problems, namely: 
• hydrodynamics and heat transfer in channels with 


unchanging geometry (pipes, ring channels, fuel 
bundles in the Fuel Assemblies of BN- and VVER-
type reactors)4; 


• hydrodynamics and heat transfer in molten salt 
reactors3; 


• gas dynamics and heat transfer in Fuel Assemblies of 
gas fast reactor BGR-1000 with coated particle fuel, 
washed by helium coolant5; 


• heat transfer in electrically heated ASTRA critical 
facility6. 
To solve the problems of gas dynamics and heat 


transfer in HTGRs of two types (prismatic modular and 
pebble bed) the following FM-3D code validation has been 
carried out: 
• comparison of the calculated data with the benchmark 


experiments on the spatial temperature distribution in 
the model of the pebble bed HTGR core, obtained on 
electrically heated rig SANA-I7; 


• calculations of velocity, pressure and temperature 
fields in the nominal-power GT-MHR core on the base 
of INEEL GT-MHR Benchmarking initial data8; 


• calculations of velocity, pressure and temperature 
fields in the nominal-power GT-MHR core with the 
use of IAEA CRP-3 Benchmark Problem for GT-MHR 
PU Burner initial data9. 
 


II.C. Multiscale nested modeling description 
 


In the current study of prismatic HTGR reactor a 
multiscale nested modeling approach was used. The 
essence of this technique is to perform successive 
interrelated calculations of gas dynamics and heat transfer 
in the reactor, using following models: model of reactor, 
model of Fuel Assembly, model of elementary Fuel 
Assembly cell. Below there are brief descriptions of these 
models. 


1) Models of Fuel Assembly and graphite block 
column. Calculations of Fuel Assembly model and model 
of graphite block column from replaceable reflectors 
allowed estimating the value of hydraulic resistance of 
these assemblies, as well as the value of helium mass flow 
rate, that flows through the gaps between blocks. This 
information was used for creating the reactor model. 


Helium leakage into the gap between blocks was 
refined iteratively, until equality of Fuel Assembly pressure 
drop and pressure drop in this gap was obtained. 


To describe the fluid velocity field in the models of 
Fuel Assembly and elementary Fuel Assembly cell a 
system of Reynolds differential equations in Cartesian 
coordinates10 was used. For the closure of this system the 
standard k-ε model11, referring to models of the turbulent 
moments of the first and second order, based on transport 
equations for turbulent kinetic energy k and its dissipation 
rate ε, was chosen. In the prismatic modular reactor Fuel 
Assembly coolant channels are characterized by the 
Reynolds numbers Re > 5·104, so the k-ε model is quite 
applicable for the calculation of gas dynamics and 
turbulent characteristics of the coolant in the Fuel 
Assembly. 


In models of Fuel Assembly and elementary Fuel 
Assembly cell convective heat transfer and heat transfer by 
thermal conductivity of FA graphite structure and fuel 
compacts were took into account. In facilitating the FA 
modeling the fuel compact was mixed with the compact-
graphite gap into united body with an effective thermal 
conductivity. 


2) Model of reactor. This model included coolant 
channels in permanent side reflector, upper plenum, reactor 
core and replaceable inner and outer reflectors. The 
calculation on this model allowed obtaining the 
distribution of helium flow and temperature in reactor 
components. 


The porous body model12 was used in reactor thermal 
hydraulics simulation. 


In this model the following governing equations were 
solved. 
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• The equation of fluid mass conservation: 
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where γ - volumetric porosity, ρ - gas density,  
t - time variable, [ωi] - diagonal tensor of side 
transparencies, vi , xi - the components of velocity vector 
and coordinates in i-th directions. 
• The equation of i-th momentum conservation: 
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where p is static pressure, gi is the i-th component of 
gravity vector, [τij] is shear-stress tensor, μ is molecular 
viscosity, Ki=1/αi, [ki] - diagonal tensor of hydraulic 
resistance coefficients, αi - permeabilities. 


For turbulent flow axial (z-th) component of diagonal 
tensor of hydraulic resistance coefficients was calculated 
as 
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where Δz is body height, ΔP is pressure drop on body, 
calculated using respective precise model of reactor 
element. 


The others components of diagonal tensor of hydraulic 
resistance were set equal to 0 in the reactor model. 
• The energy equation: 
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where h - gas enthalpy, λg - effective thermal conductivity 
of gas, T - gas temperature, qv - volumetric heat source. 


Each Fuel Assembly was modeled as individual 
porous body. Porosity γ of Fuel Assembly was calculated 
as the ratio of the sum of coolant channels area and 
surrounding inter-assembly gap area to the sum of total 
Assembly cross-sectional area together with the area of its 
surrounded gap. Inner and outer replaceable reflectors 
were modeled as united porous bodies. Their porosity was 
calculated as the ratio of area of gaps between graphite 
elements to the total sum of graphite elements area and 


area of these gaps. Permanent side reflector was modeled 
as united porous body. Its porosity was calculated as the 
ratio of area of the gaps between outer replaceable and 
permanent side reflector to the sum of total permanent side 
reflector area and area of this gap. For porous bodies of the 
reactor model only one component of the diagonal 
transparency tensor ωz was used and set equaled to γ,  
zero was assigned to the others (ωx and ωy). Coefficients of 
hydraulic resistance of these porous bodies tuned up until 
respective precise model and porous-body model gave the 
same pressure drop at the height of full stack. 


Each control rod channel and reserve shutdown 
system channel was modeled as individual porous body. In 
designing prismatic gas reactors they used to set the value 
of the coolant flow through the control rod channels basing 
on the need for the control rod cooling, and this flow is 
tuned by throttling devices located at the outlet of 
channels. Throttling device ensures the coolant flow 
through the channel will not exceed a certain preset value 
even the control rod being extracted. Coefficients of 
hydraulic resistance of control rod channels and reserve 
shutdown system channels were set such that the coolant 
flow through these channels does not exceed 1.5 % of the 
total reactor flow. 


Upper plenum was modeled as porous body with 
porosity equaled to 1. 


3) Model of stand-alone maximally loaded Fuel 
Assembly. This model is similar to the first one, but the 
coolant flow through the Fuel Assembly was set 
correspondingly to the value got for the maximally loaded 
Fuel Assembly in calculation of whole reactor 
gasodynamics. The calculation of gasodynamics coupled 
with thermophysics in stand-alone maximally loaded Fuel 
Assembly gave the coolant flow distribution in FA coolant 
channels and the temperature fields in structures and fuel 
compacts of this Assembly. 


4) Model of maximally loaded elementary Fuel 
Assembly cell. Coolant flow through this cell was set 
correspondingly to the value of flowrate in the maximally 
loaded cell, evaluated in the model of the stand-alone 
maximally loaded Fuel Assembly. The calculation of this 
model gave the maximum temperature of fuel compact in 
the maximally loaded Fuel Assembly. In the model of 
elementary FA cell the fuel compacts and graphite-compact 
gap were considered as separated bodies with their own 
effective thermal conductivities. 


 
II.D. Results of calculations 


 
According to the results of Fuel Assembly model 


calculation more than 3 % of helium, going to the core, 
flow through the inter-assembly gaps. Distribution of 
coolant flow through the reactor elements is shown in 
Table I. 


 


356







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11154 


   


TABLE I 


Distribution of coolant flow through the prismatic modular 
reactor elements 


Reactor element Flow fraction ,% 
coolant channels in Fuel Assemblies 87.59 
gap between Fuel Assemblies 3.18 
inner replaceable reflector 2.04 
outer replaceable reflector 3.43 
control rod channels and reserve shutdown 
system channels 


1.5 


gap between outer replaceable and 
permanent side reflector 


2.26 


 
In the Argonne National Laboratory (ANL, USA) the 


distribution of coolant flow through the elements of reactor 
for the project of gas reactor GT-MHR was studied13. 
Simulated reactor and GT-MHR have similar design as 
considered above, except the flow-averaged helium 
temperature at GT-MHR outlet (850 °C). 


Pressure drop on the Fuel Assembly and inter-
assembly gap, calculated in the current work for the 
simulated prismatic-core reactor, occurred equal to 55.8 
kPa. According to ANL calculations pressure drop at 
height of GT-MHR Fuel Assembly is 50 kPa. Comparison 
of flow distribution in reactor got in the current study and 
in the ANL assessment for GT-MHR reactor is presented in 
Table II. 


 
TABLE II 


Distribution of coolant flow through the simulated prismatic 
modular reactor elements and GT-MHR elements 


Reactor element Simulated reactor 
Flow fraction ,% 


GT-MHR 
Flow fraction ,% 


coolant channels in fuel 
elements 


87.59 90 


inter-assembly gaps 
and gaps in reflectors 


10.91 8.5 


control rod channels 
and reserve shutdown 
system channels 


1.5 1.5 


 
The calculated temperature field of helium at the 


prismatic modular reactor core outlet is shown in Fig. 2. 
Temperature distribution in cross section of maximally 
loaded Fuel Assembly at altitude, where the maximum 
temperatures of fuel compacts are reached, is shown in 
Fig. 3, and temperature distribution in cross section of 
maximally loaded elementary Fuel Assembly cell is shown 
in Fig. 4. 


As seen in Fig. 4, the maximum temperature of the 
fuel compact, refined in the calculation of maximally 
loaded elementary Fuel Assembly cell model, reaches 1500 
°C. For up-to-date TRISO CP technology such a value 
exceeds much an acceptable maximum temperature, which, 


taking into account the statistical factors of overheating, is 
believed to be limited by 1250 °C. 


 
 


 
  
Fig. 2. Temperature field of helium at the core outlet, °C. 


 


 
  
Fig. 3. Temperature distribution in cross section of 


maximally loaded Fuel Assembly, °C. 
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Fig. 4. Temperature distribution (°C) in cross section of 


maximally loaded elementary Fuel Assembly cell. 
 
Calculations showed that in the simulated reactor 


approximately 10% of the coolant passes through the 
technological gaps of side reflectors, control rod channels 
and reserve shutdown system channels, where gas coolant 
flows practically not contributes the heat removal from the 
reactor core. In the output reactor plenum the “cold” 
coolant, passing through the reflectors, is mixed with the 
coolant, coming from the core, thereby reducing mass-
averaged temperature of helium at the reactor outlet. 


To maintain flow-weighted outlet reactor temperature 
for a given level it is necessary to increase the output core 
temperature, and it consequently results in growth of 
temperature of the reactor fuel. 


Calculations were carried out using assumption that 
the dimensions of technological gaps correspond to their 
design values. In a real reactor layout, taking into account 
the statistical uncertainty of technological gaps, the 
tolerances on their size, the uncertainty of fuel enrichment 
and other factors, even larger fuel temperatures could be 
expected. 


For the chosen Fuel Assembly design it is not possible 
to get rid of technological coolant leakage. In addition, the 
presence of gaps between two contacted fuel elements of 
one column will always cause helium to flow into inter-
assembly gaps. It is possible to lower the fuel temperature 
by the following measures: 1 - increasing the flow of 
coolant through the reactor (this reduces outlet temperature 
and significantly increases the pumping costs), 2 - 
lowering coolant temperature at the reactor inlet (this step 
will improve the working conditions of reactor vessel and 
primary circuit “cold-leg” materials), 3 - reduction of the 
power density in the core (this will also reduce the neutron 
fluence in the graphite fuel blocks), 4 - optimization of 


power distribution in the reactor core (which has already 
been done) or/and 5 - developing new structural materials 
and fuel for HTGR (requires a large-scale R&D). 


 
III. TRANSIENT BEHAVIOR OF THE PEBBLE 


BED FACILITY IN THE POSTULATED ACCIDENT 
 
Together with studies concerning prismatic HTGRs 


RRC “Kurchatov Institute” is traditionally involved in the 
problems of pebble-bed reactors with micro – fuel coated 
particles. Currently RRC “Kurchatov Institute” conducts 
the works on upgrade of big-scale experimental critical 
facility ASTRA which is to simulate the neutron physics of 
pebble-bed HTGR. This upgrade directs to get a possibility 
to simulate the reactivity effects in the hot state of the rig. 


 
III.A. Description of ASTRA critical assembly 


 
The ASTRA critical facility14 is located in the RRC 


“Kurchatov Institute”. For its geometric and material 
parameters critical assembly is a representative model of 
pebble bed HTGR. 


The layout of upgraded ASTRA facility is shown in 
Fig. 5. 


 


 
  
Fig. 5. Layout of upgraded ASTRA facility. 
1 – pebble-bed core, 2 – bottom reflector, 3 – thermal 


insulation, 4 – ionization chamber channels, 5 – outer reflector, 6 
– heater, 7 – top reflector, 8 – inner reflector, 9 – channels for 
neutron-absorbing rods, 10 – top thermal insulation, 11 – neutron 
source channel 


 
A load-bearing structure of the critical assembly is a 


cylindrical steel vessel with a bottom resting on a rigid 
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foundation. The vessel inner diameter is 3 800 mm, the 
steel vessel wall thickness is 10 mm, and the bottom 
thickness is 20 mm. 


The active core of upgraded ASTRA rig consists of 
29 617 spherical fuel elements (diameter 60 mm) 
containing 21 % enriched uranium TRISO coated fissile 
particles and graphite shim particles bonded by a 
carbonaceous matrix. Inner reflector is surrounded by 
active core that in turn is surrounded by outer reflector. 
Inner and outer reflectors consist of graphite square blocks 
(cross section 250 × 250 mm, height 600 mm). 


An electric heater is placed in the central channel of 
inner reflector to provide heating of the rig. Thermal 
insulation layers are located between the core and the 
outer, bottom and top reflectors. 


 
III.B. Multiscale nested modeling description 


 
Multiscale nested modeling was used in the study of 


the steady-state and dynamic ASTRA thermophysics. 
Below, there is a description of two nested models. 


1) Model of whole ASTRA facility. This two 
dimensional r-z model was created using FM-3D code. The 
model of thermal physics and gasodynamics of whole 
ASTRA rig was based on the porous-body methodology12: 
it was assumed, that core is a porous body. 


Permeability of the pebble-bed core was found based 
on diameter of spherical fuel element Dfe and porosity γ as 
follows: 


 
  2


2150 (1 )
feD γα


γ
=


− , (5) 
 
Permeability of gaps between graphite square blocks 


of reflectors and gaps between bricks of thermal insulation 
 


  ( )2


8
gapδ
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where δgap is width of gap. 


In the calculations there was assumed that the porosity 
due to gaps in the thermal insulation and graphite stack is 
defined, respectively, by the width of gaps between the 
bricks and gaps between the graphite blocks 


 
  1 1


gap a b
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where a and b are width and height of brick of thermal 
insulation or graphite block. 


Effective coefficient of the pebble-bed thermal 
conductivity was estimated in the following manner. 


Firstly the effective thermal conductivity of the elementary 
cells with cubic and tetragonal geometries was found out. 
Then these values were weighted with their volumetric 
shares in the random pebble-bed pile.  


For transient evolutions the core power was set, using 
results of calculation of the coupled model of ASTRA 
point-kinetic and thermophysics (this model is described 
below). Heat transfer from the core through reflectors and 
thermal insulator to outer surface of vessel was simulated. 
On the surface of vessel free air convection and heat 
radiation were simulated. The calculation of this model 
gave a picture of transient behavior of maximal and 
volume-averaged core temperatures and let to estimate an 
effective coefficient of heat transfer from the core to air 
surrounded vessel. 


2) Coupled model of neutron kinetics and dynamic 
thermophysics. This model used the point kinetics with six 
delayed neutron precursor groups and thermal feedbacks 
on the fuel and moderator temperatures. Thermal physics 
model considered the ball fuel element and coated particle 
temperature dynamics with exchanging of their boundary 
conditions: the ball model gave a boundary temperature to 
the CP model, and CP, in its turn, gave back the value of 
volumetric power density for the ball, deduced from CP 
boundary heat flux. Temperature distributions in the ball 
and CP iteratively refined at each time step following the 
power excursion, which was determined from the 
equations of neutron kinetics. Heat flux at the boundary of 
the ball fuel element was estimated using the effective 
coefficient of heat transfer obtained as a result of the whole 
ASTRA rig model calculation described above. The 
coupled model was realized with the use of Simulink/ 
Matlab 7.7.0 system. The coupled model iteratively 
cooperated with whole-rig ASTRA model let us to get 
finally the transient behavior of volume-averaged core 
temperature, core power and spatially-distributed 
temperature dynamics of the ASTRA rig. 


Power dynamics of a pebble bed HTGR AVR15 
evolved in several experiments related with the change of 
control rod position in the reactor and the change of 
coolant flow through reactor has been simulated to validate 
the coupled model. Coupled model qualitatively correct 
described the transient behavior of AVR reactor power. 
Deviation of reactor power, estimated using the coupled 
model, from the AVR experimental data did not exceed 5% 
of the nominal reactor power. 


 
III.C. Results of calculations 


 
It was assumed, that before the accident beginning 


critical assembly stayed at room temperature, its power 
was 10 W. Calculations have been done for accident 
involving the unauthorized withdrawal of one control rod 
(in this case a positive reactivity in 2.5 dollars is 
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introduced in the ASTRA core during 75.4 s). Transient 
behavior of the ASTRA power is shown in Fig. 6. 


Temperature distribution in cross section of ASTRA 
facility at time 300 s, when the maximum temperatures of 
pebble-bed core are reached, is shown in Fig. 7 
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Fig. 6. Transient behavior of the ASTRA power: 
(a) in the range of 0 - 300 s, 
(b) in the range of 300 – 400 000 s 


 


 
  
Fig. 7. Temperature distribution (°C) in cross section of 


ASTRA facility at time 300 s in the process of one control rod 
ejection. 


Transient behavior of the volume-averaged core 
temperature, calculated using FM-3D model of whole 
ASTRA facility and coupled model, is shown in Fig. 8. 
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Fig. 8. Transient behavior of the volume-averaged core 


temperature: 
(a) in the range of 0 - 300 s, 
(b) in the range of 300 – 400 000 s 
 
As one can see from Fig. 8 the maximum volume-


averaged core temperature during the accident evolution 
doesn’t exceed 230 °C. The first 300 s after the beginning 
of the control rod ejection heat almost doesn’t leave core, 
and core temperature reaches its maximum this time. Over 
the next 70 000 s heat sink in the graphite reflectors plays 
a main role in core cooling, which extends to attainment of 
thermal equilibrium between these elements of the 
assembly. Further stage of heat removal is determined by 
free air convection and thermal radiation at the surface of 
vessel. 


Similar calculations were performed for accidents 
beginning at other temperature levels and accidents 
involving the unauthorized withdrawal of three control 
rods simultaneously. Results of these calculations also 
show: the core in the accident will not be heated to 
temperatures that lead to increase of radionuclide release 
from its fuel. 


 
IV. CONCLUSIONS 


 
This paper provides two examples of applying of 


multiscale nested modeling for simulating thermal 
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hydraulics of prospective high temperature gas reactors 
(HTGR) with prismatic and pebble-bed cores. 


Calculation study of the impact of major systematic 
overheating factors - non-uniformity of energy release in 
the core and leakage of coolant through the technological 
gaps, on fuel temperatures in prismatic modular HTGR has 
been done. The results of the calculations show that in the 
simulated reactor approximately 10% of the coolant pass 
through the technological gaps of side reflectors, control 
rod channels and reserve shutdown system channels, 
where gas coolant flows practically not contributing the 
heat removal from the reactor core. This leads to that even 
without considering the statistical overheating factors fuel 
temperatures in prismatic modular HTGR can reach 1500 
°C, which exceeds the acceptable temperature level of 
normal fuel operation (1250 °C). Computation results 
demonstrate high sensitivity of fuel temperatures to the 
systematic overheating factors. This fact causes a need of 
precise 3D modeling of gas dynamics and heat transfer in 
the core while designing prismatic modular reactor. 


As well nested simulation methodology was employed 
for simulating behavior of ASTRA pebble bed critical 
facility in substantiation of safety of conducting the 
electrically-heated experiments at it. Dynamic behavior of 
the ASTRA power and temperatures of fuel elements in the 
postulated incidents of unauthorized withdrawal of Control 
Rods was calculated. Results of these calculations show: in 
the postulated accident the core does not believe to be 
heated up to temperatures dangerous from a view point of 
radionuclide release from fuel. 
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Abstract – SFR core studies are guided by the goals of the Gen IV forum, in particular the safety 
improvement. New core design has mainly focused on two points: a small burn-up reactivity 
excess and a low sodium void effect. 
Studies at the level of fuel pins, fuel subassembly and whole core led to converge on a first 
optimized core design, called SFR V2b, with the following specifications : a very low burn-up 
reactivity swing (due to a small cycle reactivity loss) and a reduced sodium void effect with regard 
to past designs such as the EFR. Its performances are an average burn-up of 100 GWd/t, a fuel 
residence time of 2000 EFPD and an internal conversion ratio equal to one (this last point being 
a strong design goal).  


 
Recently, studies have been carried out on an evolutionary core design named CFV (low void 
effect core) with a large gain on the sodium void effect and with similar performances of the SFR 
V2b core. Based on the SFR V2b pin bundle design (with reduced sodium volume ratio), the CFV 
core combines various types of geometrical options individually favorable to the sodium void 
effect reduction like internal breeder zone, upper Na plenum, upper absorbing zone, small core 
height, …). Proper optimisation of these geometrical options allows to reach negative sodium void 
effects while maintaining outstanding core performances.  
For example, application of the CFV concept has been performed for a 2400 MWth reactor. In 
this case, the total sodium void effect of the CFV core is reduced by 6.5 $ in comparison to the 
SFR V2b and actually becomes negative. The performances of these two core designs are very 
similar throughout the cycle. 


 
The paper presents the principles and benefits of the CFV concept and its application to a 2400 
MWth reactor case.  


 
 
 


I. INTRODUCTION 
 
French design of SFR core is guided by two main 


goals: an economical and a safety one. In particular in the 
aim of an elimination of core accidents, efforts were 


focused on the research of small burn-up reactivity excess 
and low sodium void effect  


Studies result in a rather detailed SFR core design 
called SFR V2b1, with the following specifications: a very 
low reactivity level (due to a small cycle reactivity loss : -
1.10-5Δk/k/efpd) and a reduced sodium void effect (~5$) 
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compared to past designs like the EFR core. These 
improvements result from an innovative fuel sub-assembly 
based on a “fat pin and small wire” concept. Performances 
of the V2b core are also improved as compared to any of 
the past core designs : an average Burn up of 100GWd/t, a 
fuel residence time of 2000efpd and an internal conversion 
ratio close to 1. 


 
Recently, more efforts have been focused on the 


reduction of the sodium void effect. Studies carried out on 
an evolutionary core design named CFV (French acronym 
for Low Void effect Core). Presenting a large gain on the 
total sodium void effect, it permits similar performances to 
the SFR V2b core. 


The CFV core results from an optimization of various 
types of geometrical options combined in a favorable way.  


 
Different core configurations have been proposed in 


the past to reduce the sodium void effect. However, no 
core design did present a large gain without penalizing the 
global performances. Some of these solutions have been 
studied apart in a first step. Each advantages and 
modifications in the core behavior have been noted. 


This preliminary study results in an optimized core 
geometry with an increased leakage component (in voiding 
conditions): the CFV design. Performances of a core of 
2400MW thermal power are given as an example. 


 
The analysis is then focused on the geometry 


characteristics and on the physical comprehension of this 
design. Some validation calculations have been made with 
a probabilistic code. 


 
 


II. THE SODIUM VOID EFFECT 
 


To reduce the sodium void worth, different methods 
can be applied: by decreasing the absorption component, 
or by increasing the leakage one.  


 
 


II.A. The absorption component 
 


Studies on the absorption component revealed some 
solutions known in the nuclear scientist community: 


• To reduce the volume fraction of sodium in the 
sub-assembly: this stage has been completed with 
the SFR V2b core. Its sub-assembly was 
dimensioned with large annular pellets, a small 
spacer wire and so a reduced sodium volume 
fraction. This point is limited by thermo-
hydraulics requirements. 


• To use some thorium fuel, needing new fuel cycle 
development. 


• To add some moderator materials, like zirconium 
hydride, which generally lead to reduce 
performances. 


• … 
 
However, considering the target of starting building 


the prototype in France in 2020, only the first solution was 
retained for the current design. 
 
 


II.B. The leakage component 
 


First, two studies have to be mentioned here. The 
evaluation of the sodium void reactivity on the BN-800 
fast reactor design2,3 and the studies presented by Dr. T. 
Takeda4,5 on some axial heterogeneous cores. The single 
solutions presented below have been studied, and partially 
used in these papers. 


 
Then work was focused on the leakage component in 


studying every single solution apart. 
 
 
i) The use of a sodium plenum on the top of the fissile 


zone of the core 
 


In nominal condition, the plenum zone is filled with 
hot sodium. In case of sodium heating, sodium density will 
decrease in the upper zone of the fissile zone and enhance 
the neutrons leakage. In an incidental case, the upper 
reflector effect of the core, initially in sodium, is gradually 
vanished while sodium is heating. In a conventional core, 
the maximum effect is known to be about ~-1 $ on the total 
sodium void worth. 


 
 
ii) The use of absorbing protection near the upper 


border of the fissile zone 
 


The disappearance of the sodium in the core and in the 
upper zone of the core involves an increase of the diffusion 
length of the neutrons. Neutrons capture rate in the 
absorbing material increases in case of incident including 
sodium heating. 
 
 


iii) An axial heterogeneous core, with the insertion of 
an internal blanket 


 
If the volume of the whole core stays constant, the 


fissile content has to be increased to maintain the 
criticality. The inner blanket zone allows reducing the axial 
power peaking factor if its thickness is adapted to the 
height of the core. A too small layer will have no effect on 
the flux, and a too large blanket will separate definitely 
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both zones of the core (upper and lower): the obtained 
axial flux presents two small humps like a camelback. If 
the fertile layer is shifted up or down around the core mid-
plane, the axial geometry can be made dissymmetrical with 
a larger bump up or down. In these conditions, neutrons 
leakage is enhanced on axial directions. 


 
 
iv) A core geometry using different heights depending 


on the radius 
 


With an outer core higher than inner core, a larger 
leakage surface is created above the core. 
 


 
III. THE CFV DESIGN 


 
To reduce the sodium void worth by enlarging the 


leakages, different configurations can be considered. Based 
on the sodium temperature distribution, the most effective 
leakages will be at the top of the core, where the margin to 
boiling is minimum. The use of a sodium plenum zone 
seems essential. Unfortunately, it is not sufficient in spite 
of a large thickness of this zone. It’s necessary to maximize 
the leakages in case of voided sodium case. It means: 
increase the flux out the upper border of the core between 
nominal and voided conditions and decrease the flux in the 
upper border, in order to improve the utility of the plenum 
zone. 


 
The use of an internal blanket in specific core 


geometry allows an increase of the flux level at the upper 
surface. Of course, thickness, position and radius of the 
blanket have to be adjusted. The same is needed for the 
core height. 


 
The use of an absorbing zone in upper shielding 


prevents neutrons to return to the core during voiding. 
Necessarily the thickness of the sodium plenum zone is a 
compromise between this shielding on the nominal and 
void effect reduction. 


 
The CFV concept elaborated by CEA consists of the 


optimized combination of these characteristics: this will be 
described thereafter. One example on a 2400 MW thermal 
power is presented in the Table below. The core is 
illustrated on the Fig. 1. The sub-assemblies used 
correspond to the SFR V2b one1, Pu composition 
corresponds to Pu20351.  


The calculation tool used for this core physics study is 
ERANOS6, based on the nuclear library JEFF3.1. 
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Fig. 1. Core geometry of the CFV design. 


 
 


TABLE I 
 
Core performances of the V2b and CFV concept 


 “V2b” core “CFV” core 
Thermal power 2400MWth 2400MWth 
Electric power 1000 MWe 1000MWe 


Core radius 206 cm 215 cm 
Enrichment ratio : E1/E2


* 0.75 1.00 
Enrichment : E1 / E2


* 14.8 / 19.8% 24.3 % 
Average Pu mass content 16.8 % 24.3 % 


Pu Mass (HN) 8.8 t 9.6 t 
Core conversion ratio ~ 1 ~ 1 
Fuel residence time 2000 efpd 2000 efpd 


Maximum linear power 437 W/cm 420 W/cm 
Average burn-up: fiss/fert 93 / - GWd/t 108/38GWd/t 
Reactivity loss per cycle -500 pcm** -950 pcm**


Maximum neutron dose 134 dpa 141 dpa 
Doppler constant: fiss/fert -790 / - pcm** -550/-430 pcm**


Total sodium void effect + 4.8 $ -1.8 $ 
*E1: inner core Pu content ; E2: outer core Pu content 
**pcm: 10-5Δk/k 


 
Based on the same sub-assembly design, limits in 


terms of damage rate are the same. Main performances are 
equivalent concerning the fuel life time, the burn-up and 
the core radius. Concerning the Pu mass, the inventory of 
the CFV core is 10% higher than the one of V2b. 


Due to the fertile inner zone, the fissile zone is 
reduced and its enrichment enlarged (up to 24%). 
Consequently Doppler constant is changed: the fissile one 
is reduced by about 30%. However an important fertile 
Doppler constant appeared at about -430.10-5Δk/k . In 
terms of void effect, this one is reduced by about 6.5$. 
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IV. THE CFV GEOMETRY 
 


The impact on the sodium void effect obtained on the 
CFV core only results of an optimized geometry. Its 
characteristics based on physical phenomena will be 
presented here. 


Illustrations given in this part do not necessarily 
concerned the core presented in TABLE I. 
 


 
IV.A. The upper part of the core 


 
To ensure that neutron leakage level is significant in 


voided conditions, the plenum size must be large enough. 
Furthermore the addition of a layer of absorber material in 
the upper part of the plenum avoids the reflection at the 
plenum interface: in nominal conditions, the plenum 
exhibits a very good role of reflector; in voided situations, 
the absorber layer prevents a maximum of leaking neutrons 
to return to the core. Thus, a thickness of the sodium 
plenum of 30 cm leads to very good reflector effect and a 
low penalty due to absorbing layer on the core (in nominal 
conditions). This height is a compromise between the 
minimum value imposed by the mean of neutron free path 
in this region (~10 cm), and the scattering length (~60 cm). 
Over this value, the efficiency of the reflector is 
stabilizing. 
 
 


IV.B. The heterogeneous geometry 
 


To amplify the effect of the sodium plenum, it was 
decided to increase the importance of the flux at the Core / 
Plenum interface. This importance may therefore fall 
sharply during the voiding. The addition of an inner fertile 
zone at core mid-plane will thus increase the flux level in 
the upper part of the core. For a given core height, the 
larger the fertile thickness is, the higher the flux level near 
the plenum and the better the void effect will be. It is 
however important to keep a core without any zone 
decoupled from a neutronic point of view. So what is the 
limiting fertile blanket thickness to use? 


 
The thickness of the inner blanket should be sufficient 


to distort the initial axial cosine flux profile. But it should 
not separate the upper and lower part of the core. A first 
estimation of this thickness is the scattering length of 


neutrons in the fertile area: 15DL
a
≈


Σ
= cm.  


The thickness of the fertile zone could evolve towards 
values slightly above 15 cm. Otherwise the zone could 
have sifficient effect on the distribution of axial flux. 


To fix the upper limit permitting the correlation of 
lower and upper zones of the core, it is interesting to 


calculate the term of eigenvalues separation (SEV). This 
was done using two models: the first is one-dimensional 
and can represent the core in its axial component. The 
second one is a RZ modeling. The SEV obtained values 
with these both models are presented on the Fig. 2. 
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Fig. 2. Separation of eigenvalues depending on the 


thickness of the fertile zone. 
 
The Fig. 2. above shows that the larger the fertile zone 


thickness is, the more the term of SEV increases. This is 
consistent with a gradual decorrelation of the different 
areas of the core. Coupling occurs significantly for a 
thickness of about 30cm with the 1D model (axial 
coupling), and around 35-40 cm in RZ modeling. 


This value is in fact intrinsic to the breeding zone and 
represents the maximum thickness that neutrons can cross 
through without being significantly captured: it is 2-3 
times the scattering length. In conclusion, the thickness of 
the fertile zone should be between 15 and 35 cm. 
 
 


IV.C. The core height 
 


About the choice of a core height: it was chosen to 
approximately 80 cm to maximize the sodium void effect, 
to optimize the shape factor and thus limit the central 
component. By limiting the height, the leakage component 
in the plenum is further amplified by increasing the level 
and flux importance in the upper part of the core. 
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Fig. 3. Sodium void effect depending on the blanket 
thickness for three different core heights. 
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The three curves in the Fig. 3. above correspond to the 


evolution of the sodium void effect depending on the 
thickness of the fertile blanket for three core heights: 80 
cm, 90 cm and 100 cm (volumic power is constant). The 
smaller the core height is, the larger the leakage 
component becomes… 


 
In addition, to further strengthen the sodium plenum 


effect, a slight asymmetry in the distribution pattern of 
axial flux was created by shifting down slightly (5 cm) the 
level of the fertile inner zone. This arrangement increases 
the flux in the upper part of the core and thereby improves 
the component of leakage in the upper plenum. Moreover 
an acceptable axial shape factor is introduced due to the 
presence of the fertile zone. 


 
Finally, two different core heights between the inner 


and outer zone (crucible effect) increase the core interface 
with the plenum and therefore further improve the void 
effect in terms of leakage. This geometrical arrangement 
increase the volume of the fissile zone without increasing 
the outer radius of the core, allowing a gain in terms of 
reactivity, and therefore inventory of fissile material. 


 
The CFV design and geometry corresponds to the 


addition and optimization of all these effects. 
 
 


V. PHYSICAL ANALYSIS OF THE CORE 
 


Analyses related here are often illustrated with the 
core presented in the part III of this paper. 
 
 


V.A. The core flux 
 
Spectra in the fissile zone for the nominal and voided 


conditions are presented on the Fig. 4. below. 
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Fig. 4. Spectrum of the core in both conditions (nominal 
and voided ones). 


 
 
Axial profiles at the middle plane of the core in 


nominal and voided conditions are presented on next Fig. 
5. 
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Fig. 5. Axial distribution pattern of the flux in both 


situations (nominal and voided). 
 
 
Voiding of the core directly impacts the flux. The 


disappearance of sodium in the fissile zones involves a 
spectrum hardening and particularly an increase of U238 
fissions (Fig. 4.). The particularity of the concept CFV is 
visible on the graph of axial distribution of flux (Fig. 5.). 
Its profile is modified and the flux is redistributed on the 
fissile zone (symmetry around the fertile blanket) in case 
of voided condition.  


 
A significant drop in the level of flux at the interface 


with the plenum is observed: -50%. This is directly 
correlated to the disappearance of the sodium reflector, and 
the appearance of an absorbing area (the enriched boron at 
the top of the plenum). 
 
 


V.B. The sodium void worth 
 


The sodium void effect is calculated on the ‘hot’ zones 
of the core, namely the fissile zone, the internal fertile zone 
and the plenum. Radial neutron protections are not voided. 
Axially, the lower parts of the core (fertile zone, gas 
plenum, and reflector) are not voided as they are related to 
cold regions (it means depending only on the inlet 
temperature sodium: 395 ° C).  


The part above the plenum, namely upper shielding 
zone, is not voided. 


 
The local sodium void effect depends on the medium 


and on the zone of the core (fissile, fertile, plenum), as it is 
shown in the both tables below. 
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TABLE II 
 
Sodium void reactivity distribution on a homogeneous core 


(10-5Δk/k) 
Absorptio


n 
component 


Leakage 
componen


t 


Sodium void 
reactivity 


Inner fissile 1808 -380 1428 
Outer fissile 551 -241 310 


Total 2359 -621 1738 
 


TABLE III 
 


Sodium void reactivity distribution on a CFV core 


(10-5Δk/k) Absorption 
component 


Leakage 
component 


Sodium void 
effect 


Inner fissile 1134 -333 801 
Inner fertile 590 -9 581 
Outer fissile 445 -220 225 


Sodium 
plenum 500 -2877 -2337 


Total 2709 -3439 -730 
 


The decomposition of the sodium void effect on the 
different media shows that the total effect restricted to 
areas of the core (fissile + fertile) is almost constant over 
the both cores (~ 1600 - 1700 10-5Δk/k). The gain on the 
total void effect is directly related to the strong component 
associated with the sodium plenum. 


 
The decomposition of the sodium void effect into 


central component and leakage term shows that the gain is 
only visible on the leakage one. The central component, 
mainly present in the middle of the core remains almost the 
same (~ ±10%). The void effect in the middle of the core is 
unchanged and the gain on the global void effect is mainly 
due to the gain on the term of leakage in the plenum 
medium. 


 
The spatial distribution of the voiding effect of the 


CFV core is presented in the following Fig. 6. A 
homogeneous 2400MWth core (V2b type) is given in 
comparison. The scale corresponds to a voiding effect per 
volume (10-5Δk/k /cm3). 


 
Just as its similarity to 3600 MWth, the SFR V2b 


(2400 MWth) presents a  flattened spatial distribution of 
the sodium void effect. The CFV core has a slightly 
pronounced radial distribution around the interface 
between the inner and outer zone. However, this 
distribution could probably be improved by optimizing the 
spatial distribution of the power pattern. The impact of the 
plenum zone (in dark blue) on the upper area of the core is 
highly visible. All areas with locally negative voiding 
effect are easily seen. 


 


 
 


Fig. 6. Spatial distribution of the sodium void effect for 
both cores of 2400 MWth. 


 
 
This distribution is a direct result of the flux, adjoint 


flux and leakage currents at the interface Core / Plenum. 
The values of flux and currents were calculated on the 
interface: homogeneous V2b core and CFV concept. The 
indicator values calculated over the entire interface Core / 
Plenum (inner and outer zone) are also presented in the 
table IV below. 
 


 
TABLE IV 


 
Flux Φ, adjoint flux Φ* and leakage currents J at the Core / 


Plenum interface for the both cores 


  “V2b” 
core “CFV” core 


Nominal 5,11E14 6,72E14
Φ (n.cm-2.s-1) Voided 5,51E14 4,81E14


Nominal 2,19E14 2,93E14
Φ* (n.cm-2.s-1) Voided 2,17E14 2,953E14


Nominal 1,06E19 1,53E19
J (n.s-1) Voided 1,14E19 1,81E19


Φ*.ΔJ (n2.cm-2.s-


2) - 4,63E28 9,87E30


 
The core CFV presents higher values of nominal flux 


Φ at the interface (about 35%). This impacts the leakage 
current J at the interface: in nominal situation, as in a 
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voided one, they are higher by about 50%. The effect is 
visible on the physical term Φ*.ΔJ, which is an image of 
leakage importance and pilots the sodium void effect of the 
CFV core. 


 
 


V.C. The sodium density effect 
 


The reactivity effect due to density variation of 
sodium is not linear. Indeed, it is divided into two main 
effects: 


• A central component whose effect is nearly linear 
with increasing void fraction. It’s particularly the 
case of sub-assemblies with low sodium volume 
fraction and thus in the case of SFR V2b and 
CFV. 


• A component of leakage mainly driven by the 
upper sodium plenum in the case of the CFV 
concept. The plenum is a reflector whose 
effectiveness depends on the sodium 
concentration: 


o With a low volume concentration (high 
void fraction), the reactivity effect of the 
plenum is linear (reflector economy). In this 
case, it evolves first linearly with the volume 
fraction of sodium in the plenum. 
o When the sodium volume fraction 
reaches a sufficient value (= the scattering 
length similar to the plenum thickness), the 
gain in reactivity due to the reflector 
stabilizes: the plenum effectiveness 
decreases, even if it remains very efficient 
compared to the central component. 
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Fig. 7. Sodium density and void effect in the plenum. 
 
 


Fig. 7. shows that in the CFV concept, the 
contribution of the plenum to the sodium void effect is 
more important when the void volume fraction is high. 
 
 


V.D. Impact on the rods efficiency 
 


The rods efficiency of the CFV core presents no 
specificity. This consolidates the fact that both upper and 
lower zones of the core are coupled. It is presented on the 
Fig. 8. below, calculated at the end of Cycle. 
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Fig. 8. ‘S’ curve of the CFV core. 
 
 


The axial flux distribution in the fertile zone does not 
present any important decrease. The flux is nearly constant 
over the fissile and fertile zones. This is obtained thanks to 
the optimized thickness of the inner fertile zone. A larger 
thickness would imply a decoupling of upper and lower 
parts of the inner core and thus a modified ‘S’ curve. The 
choice of the thickness based on an optimization of the 
sodium void effect does not come in conflict with the 
achievement of a monotonous efficiency of the rods. 


 
The first twenty centimeters of the ‘S’ curve of the 


core are calculated with rods in the plenum zone to the 
level of the top of the outer core. The fact that the flux at 
the interface inner core / Plenum is high involves a good 
efficiency of the rods in the bottom of the plenum. This 
could partially enable to pilot the reactor with control rods 
inserted in the sodium plenum. 
 
 


VI. COMPARISON WITH MONTE-CARLO 
 


In ERANOS6, self-shielded cross-sections are 
prepared with the cell code ECCO7. The reference ECCO 
calculation route consists in 2D heterogeneous fuel sub-
assembly calculations (with a fine slowing-down treatment 
in 1968 groups for resonance self-shielding) and 1-D 
homogenized cell calculations for non-fuel regions based 
on the standard broad energy mesh cross-sections (33 
groups). Core calculations are performed either with the 
three-dimensional Pn transport code VARIANT8 or the two 
-and three- dimensional Sn transport codes BISTRO9 - and 
SNATCH10. ERANOS is the reference CEA deterministic 
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code system for fast reactor analyses: it has been 
extensively validated for classical sodium cooled fast 
reactor (in particular against PHENIX and SUPER-
PHENIX experimental database).  


 
Considering its non-conventional geometry which 


enhances neutron leakage effects, the CFV core design 
lacks a dedicated experimental and computational 
database. The physical phenomena underlying this 
innovative concept may not be accurately modeled by the 
standard ERANOS calculation routes, so that Monte-Carlo 
calculations are very useful for the identification of 
possible bias in the deterministic predictions. Several 
numerical simulations are thus performed with the 
reference CEA Monte-Carlo code TRIPOLI411 using 
different cross-section libraries (based on JEFF3.1, 
JENDL3.3 and ENDFB-VII evaluated data files). The 
results are compared to those obtained with ERANOS at 
room temperature (300 K) and Beginning Of Life 
conditions (these assumptions do not affect the validity of 
the comparisons). In addition to multiplication factors and 
control rod worth, the main parameter under investigation 
is the sodium void worth. 


 
The reactivity and the total control rod worth are well 


predicted: VARIANT gives respectively +150 pcm and 
+2% compared to TRIPOLI4. The ERANOS and 
TRIPOLI4 results obtained for the total sodium void worth 
are summarized in the following table. 


 
 


TABLE V 
Comparisons between deterministic and stochastic sodium 


void effects predictions 
Total Na Void 
Effect (pcm) 


Bias 
(pcm) 


Bias 
($) Comments 


-1565 (-4.2$) - - ERANOS 2D Sn Transport, 
Homogenized non-fuel regions 


-2009 -444 -1,2 2D Sn → 3D Sn 
-1670 +339 0,9 3D Sn → 3D Monte-Carlo 


-1827 -157 -0,4 Homogeneous → Heterogeneous 
non-fuel regions 


- -262 -0,7 Total bias 


-1411 +416 1,1 account for steel plugs (in the fuel 
pins and the shielding blankets) 


- +154 0,4 Total bias (accounting for steel 
plugs) 


-1411 (-3.8$) - - TRIPOLI4 3D heteogeneous 
Monte-Carlo 


 
Since the even-parity form of the transport equation 


used in VARIANT contains the total cross-section in the 
denominator, all sodium voided configurations are being 
calculated preferentially with the Sn transport codes. 
According to Table V, the overall bias between ERANOS 
and TRIPOLI4 on the total void effect is about 0.4$. This 


bias can be decomposed into several components: the 
2D/3D effect (-1.2$), the homogeneous/heterogeneous 
description of the regions above the fuel zone (-0.4$), the 
account for a realistic description of any potential steel 
reflector zone (+1.1$), etc…  


In particular, in the CFV core, the total void effect 
results from the compensation of a large positive spectral 
effect and a large negative leakage effect. The positive 
spectral effect occurring in the inner fuel zone seems to be 
quite well predicted since the infinite multiplication factors 
obtained with the cell code ECCO on the flooded and 
voided fuel sub-assemblies are in very good agreement 
with the corresponding Monte-Carlo results.  


However, an accurate prediction of the neutron 
leakage appears more difficult since the multi-group cross-
sections of upper gas plenum, upper sodium plenum and 
upper shielding blankets are obtained through 
condensation and homogenization procedures which 
cannot fully account for the real spectral and spatial flux 
variations occurring in a whole core model. The effects of 
large spectral gradients in the core-reflector interface and 
the effects of heterogeneous description of the regions 
above the fissile zone are investigated by the Monte-Carlo 
neutron transport code because it uses a continuous energy 
representation of cross-sections and it can handle very 
complicated three-dimensional geometries. For instance, 
the description of the steel plugs located at the end of the 
fuel pins but also in the lower part of the neutron shielding 
rods (above the sodium plenum) is playing an important 
role in the sodium void effect (+1.1$) because they 
potentially reflect the neutron leakage from the fissile 
zone.  


 
The impact of the nuclear data libraries on the sodium 


void effect is also investigated with Monte-Carlo 
simulations, but it is found not significant: +0.23 $ ± 0.08 
(2σ) from JEFF3.1 to JENDL3.3, and +0.28 $ ± 0.08 (2σ) 
from JEFF3.1 to ENDF-B-VII. Recent updates in JEFF3.1 
Na23 scattering cross-sections are one the major reasons 
explaining this discrepancy12. A preliminary sensitivity 
study has also been conducted with ERANOS using the 
generalized perturbation theory: the impact of neutron 
cross-section uncertainties on the sodium void effect is 
about 0.5$ (1σ) according to the most up-to-date 
BOLNA13 variance-covariance matrix available. 


 
Finally, Monte-Carlo simulations have clearly 


confirmed the interest of a “CFV” core design for reducing 
the sodium void effect. Though a systematic bias is 
observed between deterministic and stochastic sodium void 
worth predictions, way of improvements are identified and 
efforts are on-going to adapt the actual calculation scheme 
to the specificities of this innovative core design.   
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VII. CONCLUSIONS 
 
The result of the studies performed on the low sodium 


void effect concept of advanced oxide fuel core for 
Sodium-cooled Fast Reactor lead to the CFV design. The 
CFV is an optimization of the core geometry, resulting in a 
great increase of the neutron leakages in voided conditions. 
 


The CFV geometry is based on: 
• a sodium plenum zone in the upper part of the 


core 
• an absorbing zone upper the plenum 
• a heterogeneous axial core with an inner fertile 


zone 
• a heterogeneous radial core with different heights 


for the inner and outer zone of the core. 
 
The CFV design applied to a 2400MW of thermal 


power reactor has performances which does not differ 
significantly from those of a homogeneous core (type 
V2b). Its characteristics were obtained with the determinist 
ERANOS code. A first evaluation shows that the sodium 
void effect is reduced by about 6.5$, down to a value of -
1.8$. However, the Pu mass is 10% higher, and the 
reactivity loss per cycle is more important. 


An optimization work has to be planned to have a 
good compromise between performance and void effect 
efficiency. 


 
A physical analysis was performed to clearly explain 


the different key contributions. It’s important to take note 
of the correlation of the upper and lower fissile zones 
around the fissile blanket. 


A comparison with a probabilistic code was realized: 
the sodium void effect and the correlation of the core 
fissile zones are confirmed. 


 
Performances of the CFV design should now be 


analyzed on a fuel, incidental and accidental point of view. 
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Abstract – Motivated by the basic understanding of single-droplet steam explosion, the present 
study is performed to simulate the preconditioning (deformation/pre-fragmentation) of the droplet 
by using the commercial CFD code ANSYS FLUENT through the Volume of Fluid (VOF) method. 
Due to the complexity of the problem, only the hydrodynamics of the multiphase system without 
heat transfer is considered. The testing calculations for various configurations (melt-coolant two-
phase system, and melt-coolant-vapor three-phase system) show that the approach is capable of 
capturing the interfaces between the phases (melt, water and vapor) and predicting the droplet 
behavior with a reasonable mass conservation (the mass loss is less than 5% within the time span 
of interest). The preliminary results of the separate-effect calculation quantitatively demonstrate 
the importance of droplet velocity and melt properties to the pre-conditioning of the droplet. 


 
 


I. INTRODUCTION 
 
A steam (or vapor) explosion is one of the key 


phenomena in the postulated severe accidents of a light 
water reactor (LWR). When the molten corium (2500-
3000K) is injected into a coolant (water) pool, droplets are 
formed because of the breakup of the melt jet. Due to the 
contact of the molten droplets with the volatile coolant, a 
rapid heat transfer causes the vaporization of the coolant, 
forming a vapor film at the melt-coolant interface of each 
droplet. In case the collapse of the vapor film occurs, the 
coolant gets in direct contact with the melt, resulting in the 
fine fragmentation of melt which further increases the   
exposure of the melt surfaces to the coolant. All these 
phenomena contribute to a rapid conversion of thermal 
energy to mechanical energy, causing so-called steam 
explosion which is a thermal detonation pe se.  The 
common understanding is that the steam explosion is 
initiated by a local instability (the cause of vapor film 
collapse), which enables the contact of melt with coolant 
and a potential for coolant to penetrate into the melt.  


Motivated by risk quantification of steam explosion in a 
LWR, extensive experiments1~6 have been carried out by 
using different type of melts (corium or its simulants) with 
the intention to understand the phenomena involved in 
steam explosion. Most of the experiments were performed 
on large-scale facilities to obtain integral data on steam 
explosion. The recent work by Hansson et al7 at Royal 
Institute of Technology (KTH) was focused on the micro 
interactions of a single droplet with coolant by using a 


delicate test rig and a novel visualization system (so called 
SHARP: simultaneous high-speed acquisition using x-ray 
radiography and photography8), with the objective to 
pursue the physical mechanism of a steam explosion. The 
significant finding in this work pointed out that the 
preconditioning (deformation or pre-fragmentation) of a 
droplet is instrumental to the resulting steam explosion. 


Many factors may influence the preconditioning of a 
droplet prior to steam explosion. For intendance, it has 
been well known the material properties play an important 
role in initiation of steam explosion and its energetics, and 
the fragmentation of a droplet in the coolant is strongly 
affected by the velocity of the droplet. Yet, it is not 
straightforward to quantify such influential parameters in 
experiments, since the droplet is experiencing a complex 
and rapid thermal-dynamic process when falling in the 
water pool, which makes any substantial variation of 
experimentation and measurement (in order to count the 
separate effect) a challenge.   


The present study is concerned with analytical support 
to the ongoing study on steam explosion at KTH. The focus 
is placed on the numerical simulation of the pre-
conditioning of a single droplet in a water pool. The 
commercial CFD code ANSYS FLUENT is employed as 
the computational platform and the Volume of Fluid (VOF) 
method is used to capture the interfaces between the phases 
(melt, water and vapor).   


Notably, it is a formidable task to simulate the drop 
deformation, due to the existence of the intense heat and 
mass transfer, phase change, and step changes in properties 


1367







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11233 


   


of the multiphase system. Assumptions or simplifications 
are unavoidable for numerical simulations of the problems 
related to phase-change. The current simulation work is 
limited to hydrodynamics of the droplet and its vapor film 
in a water pool, without consideration of further phase 
change and heat transfer after film boiling. Since the focus 
of the present study is placed on the preconditioning of the 
droplet prior to steam explosion, the time scale is so short 
(in milliseconds) that the evaporation due to film boiling is 
negligible. Thus, such an isothermal simplification does not 
lose the key physics of the process. Moreover, it is assumed 
that the fluids (melt, water and vapor) are immiscible. 


The study started with examining the capabilities of 
the VOF method for simulation of the hydrodynamics of 
two or three immiscible fluids (melt, water and vapor) with 
steep gradients of properties (e.g., density and viscosity) 
across their interfaces. The emphasis is to make sure the 
methodology can track the interfaces and their evolution 
with good mass conservation. After the basic qualification 
of the code, more calculations are performed to investigate 
the impacts of various factors (e.g., material properties and 
droplet velocity) on the pre-conditioning of a droplet prior 
to steam explosion.  


 
 


II. DESCRIPTION OF METHODOLOGY 
 


There are several techniques available for interface 
capture or tracking, such as the simplified line interface 
calculation (SLIC) method9, the Volume of Fluid (VOF) 
method10. There are some other methods for calculating the 
fluid interfaces and a good explanation can be found in 
Gopala and Wachem11. An interface tracking scheme of 
Unverdi & Tryggvason12 where the interface is represented 
by a set of connected line segments is less straight forward 
than volume tracking as per the discussion of Rudman13. 
The level set approach14 was used to simulate the behavior 
of a heavy liquid droplet15 in a water pool, with some 
extent of success. However, it does not guarantee mass 
conservation in significantly distorted flows16. 


In the current study, the VOF method is considered 
since it is relatively simple and accurate, with a good 
availability in the ANSYS FLUENT code package which is 
finding more and more applications in nuclear engineering. 
The VOF method is a numerical formulation for tracking 
fluid-fluid interfaces which are not inter-penetrating. In 
each control volume, the volume fractions of all phases 
sum to unity. In particular, a unit value of volume fraction 
would correspond to a cell full of fluid, while a zero value 
would indicate that the cell contained no fluid. The cells 
with volume fraction between zero and one must contain an 
interface. The tracking of the interfaces between the phases 
is done by solving the continuity equation for the volume 
fraction of one (or more) of the phases.  


The present numerical simulation has been carried out 
by using the ANSYS FLUENT code. The VOF method is 
available under the multiphase modeling capabilities of the 
code; the details can be found in its manual17. 


A two dimensional domain is preferred due to less 
computational time. The rectangular domain of 20 mm 
(horizontal) × 50 mm (vertical) is assumed with a 
quadrilateral meshing done by the ICEM CFD meshing 
software. The mesh is having quadrilateral elements and 
made finer near the melt droplet region (particularly in the 
region of interfaces), using mesh adaption method in the 
FLUENT code. Wall (no slip) conditions are specified to 
two vertical and the bottom boundaries. Atmospheric 
pressure is specified at the top boundary. 


The melt droplet is initialized inside the domain using 
the User Defined Functions (UDF in FLUENT).The UDF 
is a routine which can be dynamically linked with the 
FLUENT code and programmed by the user, which makes 
it possible to define boundary conditions, source terms, 
initialization, etc. Here the UDF is used for initializing the 
second (and third) phase inside the domain. The diameter 
of the droplet (circular shape in 2D analysis) is taken as 3 
mm initially. 


Non-Iterative Time Advancement (NITA) technique is 
used in the simulations to save the computational efforts 
required in the Iterative Time Advancement technique due 
to large number of outer iterations. For convergence, the 
explicit time marching scheme is used for two-phase 
calculations and the implicit scheme for three-phase 
calculations. The fractional step method is applied under 
pressure-velocity coupling. The geometric reconstruction 
technique is employed for identification of interfaces 
through the volume fraction of a two-phase system. For 
three-phase system, a High Resolution Interface Capturing 
(HRIC) scheme is employed for interface reconstruction. 
The surface tension in the FLUENT code is modeled as the 
continuum surface force (CSF) proposed by Brackbill et 
al18. The time step used in the calculation is not fixed but 
controlled by the Courant number which is equal to 
(∆t*Vfluid)/∆x. Where ∆x is the grid element size, ∆t is the 
time step and Vfluid is the fluid velocity. The Courant 
number Co=0.25 is used for all the two phase calculations 
in the paper. The convergence criteria are kept at 0.001 for 
continuity and momentum equation. The simulations are 
organized as follows. 


First of all, in order to examine the performance of the 
VOF formulation for interface tracking, a basic Rayleigh-
Taylor instability phenomenon is analyzed. This is because 
the interface instability is of significant importance to 
understand steam explosion phenomenon. In this analysis 
the behavior of the interface between two liquid layers of 
water and diesel is simulated, with the initial arrangement 
of the heavier layer (water) on the top of the lighter one 
(diesel).  
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The study is then extended to the three-phase system (a 
droplet surrounded by a thin vapor film in a water pool) as 
well as the two-phase system (a droplet in a water pool), 
with the objective to examine the capability of the VOF 
method for simulating such multiphase systems of steam 
explosion interest. We are particularly looking into the 
convergence of the numerical schemes of various mesh 
sizes, and the mass conservation of the different schemes 
for the two distinct fluid systems (two-phase and three-
phase). Based on these comparisons, an optimal mesh was 
chosen for the following calculations. A two-phase system 
with two droplets at different velocities in a water pool was 
also simulated to demonstrate the droplets’ mergence. 


Being satisfied with the qualification of the modeling 
and numerical formulation, the separate-effect study is 
carried out by changing velocity of the droplet and also 
using the different materials of the droplet.  Table I shows 
the physical properties of the three melts chosen. The 
symbols σMV, σML and σLV designates the surface tension 
values related to melt-vapor, melt-water and water-vapor 
interfaces respectively. The properties of the corium and its 
simulant are taken from Meyer et al (2003)19. 


 
TABLE I: 


Properties of Melts. 


Melt 
 


Property 


Tin 
(@1073K) 


Corium simulant 
(@2400K) 


Corium 
(@2800K) 


σ MV (N/m). 0.5 0.932 0.973 
σ ML (N/m) 0.468 0.86 0.9 
σ LV (N/m) 0.072 0.072 0.072 


μ (Pa.s) 0.0032 0.0073 0.0151 
ρ (kg/m3) 6600 3878 8045 


III. RESULTS AND DISCUSSIONS 
 


III.A. Simulation of Rayleigh-Taylor Instability 
 


The capability to simulate Rayleigh-Taylor instability 
is considered as a benchmark for validation of interface 
capturing codes. In the current case, the instability between 
the fluids of water and diesel (with initiated sinusoidal 
disturbance at the interface), where water on the top starts 
penetrating through diesel due to the gravitational force is 
simulated. The Fig. 1 shows that the contour plots of the 
volume fraction at different times where it shows the 
growth of instability with time. The force applied by the 
heavier fluid makes its way to go downwards from side. It 
is found that in the earliest stage the instability grows 
linearly and finally the non-linear effects become dominant, 
as discussed by Hirt and Nichols (1981)10. Concerning the 
global behavior of the interfaces, the present results are 


similar to the observations in literatures (e.g., Guermond et 
al20; Rudman13) in which the initial growth form a spike 
going downwards near the side wall and starts rolling up 
which finally becomes more distorted (non-linear growth of 
interfaces). Similar studies have also been carried out using 
Lattice Boltzmann scheme to simulate Rayleigh-Taylor 
instability (He et al21; Mehravaran and Hannani22). Thus, it 
can be concluded that the current model is capable of 
simulating the behavior of interface between immiscible 
fluids. 
 


          
0s         0.42s       0.55s        0.7s 


          
0.8s        0.9s          1s          1.19s 


Fig. 1. Volume fraction of the water and diesel (diesel colored red 
and the water colored blue). 


III.B. Behavior of a Droplet in a Water Pool 
 


This is to simulate a circular molten droplet falling in a 
water pool. Only two-phase system of droplet and water is 
considered by neglecting the vapor phase resulting from 
film boiling. In particular, the droplet is initialized in the 
calculation at some location inside the pool, and falls down 
subsequently. The initial circular shape of the droplet is 
assumed for simplification. 


Fig. 2 shows the deformation of a molten tin droplet 
with an initial velocity of 2.5 m/s in a stagnant water pool.  
Initiated as a circular shape, at the very beginning the 
droplet takes an approximately elliptical shape which is 
then evolving into a semicircle. Thereafter, the continued 
deformation leads to a crescent shape. A similar kind of 
deformation pattern is found by Ma et al (2002)15. 


 


 
0 ms 


 
1.34 ms 


 
2.0 ms 


Fig. 2. Behavior of a molten tin droplet in water pool (initial 
velocity of the droplet=2.5 m/s). 
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To see the effect of the mesh quality on the simulation 
accuracy, the calculations are carried out with different grid 
sizes. The quadrilateral cells used here have a uniform 
dimension throughout the domain. The coarsest grid is 
having 67×167 cells whose edges are 0.2989 mm long, 
while the finest grid has the 0.00933-mm-long edges. The 
volume fraction of the droplet is taken into consideration to 
check the effect of mesh size on the results. Fig. 3 shows 
the non-dimensional volume fraction versus the grid size. 
The volume fraction is made non-dimensional by dividing 
it with the initial volume fraction of the droplet calculated 
analytically. As illustrated in Fig. 3, with the decrease in the 
grid size, the volume fraction of the droplet gets closer to 
unity which means the interface is well tracked. In other 
words, the interface reconstruction is found most sensitive 
to the mesh quality. After the grid size is less than 0.0093, 
the mass of the droplet is well conserved, which is a 
prerequisite to maintain the accuracy of interface tracking. 
Moreover, there is no mass loss during the process of the 
droplet’s deformation. It can be concluded that the VOF 
method is considerably accurate for simulation of two-
phase dynamics, given a sufficiently fine meshing scheme. 
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Fig. 3. Non-dimensional volume fraction versus grid size. 


 
III.C. Behavior of a Droplet with a Vapor Film 


 
In this case, the vapor film around the droplet falling in 


a water pool is also considered, as well as the droplet and 
water simulated above. This is a more representative case 
since a vapor film is formed due to film boiling when a 
high-temperature droplet moves in water. The stability of 
the vapor film plays an important role in the evolution of 
the droplet. 


As shown in Fig. 4, a vapor film with the thickness of 
0.15 mm is initialized surrounding the molten tin droplet 
inside a water pool. The initial velocity 2.5m/s is given to 
both the vapor film and the droplet. The results of the 
simulation show that the droplet arrives first at the bottom 


of the vapor film (i.e., the droplet touches the water first at 
the bottom) because of acceleration of the droplet but 
deceleration of the vapor phase due to buoyancy. As a 
result, the vapor pocket forms on the upper half of the 
droplet. A crescent shape of the droplet will appear during 
the droplet evolution, which is similar to the deformation of 
the droplet without a vapor film (see above), but has a 
smaller deformation rate (see the insets at time 2.0 ms in 
Fig. 3 and Fig. 4) due to the existence of the vapor blanket. 
The vapor finally starts detaching from the droplet and 
breaks up due to the lower pressure induced in the wake of 
droplet. The general behavior is similar to the pattern found 
by Ma et al (2002)15. 
 


 
0 ms 


 
0.4 ms 


 
2.0 ms 


 
3.8 ms 


Fig. 4. Volume fraction of the droplet surrounded initially by a 
vapor film (droplet colored green, vapor colored red and water 


colored blue). 
 


While mass conservation of the droplet is maintained 
for the simulation of the two-phase system, mass loss is 
observed for the three-phase configuration. Fig. 5 shows 
the percentage of the mass loss profiles of the droplets 
surrounded by vapor films at different initial velocities. 
One can see that the mass loss is higher for higher velocity 
of the droplets (~5 % mass loss has been found at the time 
of 2 ms for the case of 2.5 m/s initial velocity). The reason 
may be due to the accuracy of the interface reconstruction 
for three-phase flow. More scrutiny and a good care have to 
be taken for the utilization of VOF method in three-phase 
flow. 
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Fig. 5. Percentage of mass loss of droplets at different initial 


velocities. 
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III.D. Simulation of Two Droplets in a Water Pool 
 


In order to check the performance of this methodology 
in joining of two interfaces, the analysis of two melt 
droplets falling simultaneously has been carried out. In this 
case, two molten tin droplets are initialized as shown in 
Fig. 6, the upper one is with higher velocity (2.5 m/s) than 
the lower droplet (with velocity 1.0 m/s). It is observed that 
prior to their coalescence the interfaces of these two 
droplets become flat and captures very thin coolant packet 
inside the combined melt. It may show the limitation of 
VOF method in joining of the interfaces. 


 


 
t=0 ms 


 
t=2 ms 


 
t=3 ms 


 
t=4 ms 


 
t=5 ms 


Fig. 6. Two droplets falling simultaneously with different 
velocities. 


 
III.E. Effect of Velocity on Droplet’s Behavior 


 
For a droplet falling down in a water pool as described 


in Section III.B, three different initial velocities (0, 1.0 and 
2.5 m/s) of the tin droplet are chosen to investigate the 
effect of velocity on droplet deformation. The zero initial 
velocity indicates the droplet is stagnant at the beginning as 
the water pool, and falls only due to gravity. 


Fig. 7 illustrates the variation of the aspect ratio of the 
droplet versus time. The aspect ratio Ls/D0 is defined as the 
spreading length (LS) divided by the initial diameter (D0) of 
the droplet). The spreading length implies the dimension of 
the droplet in the direction perpendicular to its movement. 
It can be seen that in a given time period the aspect ratio 
increases with the velocity significantly. In particular, the 
rate of deformation of the droplet appears proportional to 
the velocity. This indicates the hydrodynamic 
fragmentation is getting pronounced at high speed of the 
droplets. 


 
III.F. Effect of Material on Droplet’s Behavior 


 
In order to examine the effect of material properties on the 
deformation, the analysis is carried out for droplets made of 
three types of material: Tin, simulant and Corium. The 
initial velocity of the droplets is assumed to be 2.5 m/s in 
all the three cases. Fig. 8 shows the comparison of the 
aspect ratios of the three different droplets with respect to 
the time. Notably, in all the three cases, the deformation 
rate is initially higher, but decreases afterwards. It is clear 
that the deformation rate of the tin droplet is higher than 
the others. It can be found from Table I among the three 
melts, Tin has the lowest surface tension and viscosity 


while its density is almost double than the simulant melt. 
This is why the tin melt has a higher deformation rate. The 
deformation rate of the simulant melt is lowest since it has 
the lowest density and higher surface tension. In other 
words, the preconditioning of the tin droplet will be better 
than a corium droplet for triggering steam explosion. This 
may partially explain why metallic melt is more explosive 
than oxidic melt. 
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Fig. 7. Aspect ratio of the droplet with time for various initial 


velocities. 
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Fig. 8. Aspect ratio of droplet diameter with time for different 


materials. 
 


 
IV. CONCLUDING REMARKS 


 
The paper presents the preliminary results of an effort 


employing the VOF method in the ANSYS FLUENT code 
to simulate the preconditioning (deformation and pre-
fragmentation) of a molten droplet in a water pool prior to 
its steam explosion. The present focus is on formulation 
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and testing of the methodology. It is found that the VOF 
method is capable of predicting Rayleigh-Taylor instability 
problem of two-phase flow, with a plausible agreement 
with the previous works in literature. The quality of the 
interface tracking is sensitive to meshing schemes, and the 
accuracy increases with the mesh refinement. After the grid 
size is less than 0.0093, the mass of the droplet is 
conserved in the two-phase case (droplet in a water pool), 
and there is no mass loss found during the evolution of the 
droplet with time.  However, for the three-phase case with a 
thin vapor film surrounding the droplet in a water pool, 
mass loss of the droplet is found, and increasing with 
velocity, although it is less than 5% within the time span of 
preconditioning interest (2 ms) for the case at maximum 
velocity of 2.5 m/s chosen in the calculations.  More 
scrutiny of the reason for improvement is needed.  


For the two-phase case, the deformation of the droplet 
is significantly affected by the relative velocity between the 
two phases (water and droplet), and the deformation rate 
increases with increasing velocity. The effect of the 
material properties on the deformation rate is also studied 
and it reveals that the droplet with higher viscosity and 
surface tension is resilient to deformation.  


The next step of the study is to extend the numerical 
simulations to more realistic cases, such as the inclusion of 
a pressure pulse to simulate triggering of steam explosion 
by a shock wave. The current results may stand useful for 
comparisons. The experimental data of the single-droplet 
steam explosion7 after the pressure pulse from an external 
trigger may be considered as a benchmark for validation of 
the simulations. 
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NOMENCLATURE 
 


α0 Initial volume fraction 
α Volume fraction 
D0 Initial diameter of droplet (m) 
Ls Lateral length of droplet (m) 
t Time (s) 
V0 Initial velocity (m/s) 


 
Greek symbols 
σMV Melt-vapor interface tension (N/m) 
σ ML Melt-liquid interface tension (N/m) 


σLV Liquid-vapor interface tension (N/m) 
μ Viscosity (Pa.s) 


ρ Density (kg/m3) 
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Abstract - A modern  APCS (automated process control system) of a  nuclear power plants 
(NPP), is implemented as networked control system. In the paper,  model based on the “Network 
calculus” for an NPP APCS segment is presented. The tree models differencing by its complexity 
and accuracy are investigated. A method of calculation of time characteristics of the system 
under worst combination of input conditions is verified.  


`
I. INTRODUCTION 


An advanced APCS (automated process control 
system) nuclear power plants (NPP) is implemented 
as a distributed in functions and tools system with 
components interacting with each other and with the 
plant by use of a local area network (LAN). The 
assessment of the time of passage of a signal from a 
source to a receiver is an important task during the 
validation of APCS. The signal source may be both 
an operator initiating an action (control signal) – 
then the receiver is a controller (gateway) 
transferring the command directly to the lower level 
to an actuator, and a digitized sensor signal– then the 
receiver is a workstation at which the sensor signal 
is displayed. 


Measuring this parameter within the process of 
performance and adjustment of an NPP APCS is, as 
a rule, a diagnostic function of the APCS. However, 
direct measurements do not provide a required 
quality of implementing the function, what is 
determined by influence of the following factors: 
• Some modes of LAN performance may not be 


achievable under normal operation (being 
emergence ones), 


• Stochastic nature of interaction of components 
of APCS software with each other, presence of 
network equipment leads to the fact that the 
measured parameter is a random value having a 
complex distribution1. 
For high risk operation plants, in addition to 


direct measurements of the signal passage time with 
subsequent statistical processing, one should use a 
method which enables one to estimate the parameter 
theoretically under worst combination of all possible 
conditions influencing the measured parameter. We 
investigate an applicability of a method known as 


“network calculus”2 to calculating LAN parameters. 
The calculation and verification have been 
implemented for software of the top level (SCADA) 
of prospective Russian NPP APCSs3 developed at 
the V.A. Trapeznikov Institute of Control Sciences 
of the Russian Academy of Sciences. All main data 
presented in the paper have been received by the 
authors in course of implementation of the 
“Kudankulam” (India) NPP APCS. 


II. PROBLEM STATEMENT 


The NPP APCS LAN is partitioned on several 
segments in accordance to technological 
compartments (reactor compartment, turbine 
compartment, etc.). The main data array circulates 
inside a separate APCS LAN, amount of data 
transferred between the segments of the APCS LAN 
and NPP is small. 


In Figure 1, a typical make-up of one segment 
of NPP APCS is presented. Each segment is a set of 
servers, gateways, and workstations united by the 
network through a switchboard. For communication 
between system components via the LAN, the 
TCP/IP protocol of the class A is used, as a channel 
level, the Ethernet network has been selected. Such a 
solution, as practice shows, provides under steady 
state acceptable stability and small time of 
propagation a signal over the network between 
components for given conditions (Profinet V1, 
ModBus/IDA, Ethernet/IP)4. 


To analyze information flows circulating 
within one segment of the NPP APCS, the segment 
LAN has been presented as a block-scheme (Figure 
1). In the scheme nodes, there are indicated 
gateways (G1-G5), server processing data (DB), and 
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switchboard. Also, in the segment scheme, there 
were introduced nodes reflecting logical structure of 
the used SCADA, functioning within a workstation, 
indicated as IZ and AB. Internally IZ and AB are 
separate processes which serve a data within a single 
workstation and share same computing resources. 


 
Figure 1. Model of APCS segment as a block-scheme. G1-
G5 – gateways, WS1-3 – workstations. 


 
A characteristic of the system, being of 


undisputable interest, is the time of passage of a 
signal from a source to a receiver. It is assumed that 
in the computer system there are provided absence 
of loss of information and operability. 


To calculate the system parameter, the method 
of analysis pf deterministic systems “network 
calculus” has been selected. The method is 
successively applied to calculating parameters of 
both large (Internet), and small (Intranet) computer 
networks based on the TCP/IP protocol5,6. In the 
paper, the time of passage of a signal from the 
gateway to image in the display is investigated. 
Sources of information are gateways connected to 
the segment, servers (in a general sense of the word 
as devices processing information) are the 
switchboard and components DB, AB, IZ. The 
terminal device is a workstation display. 


III. NETWORK CALCULUS: BASIC 
CONCEPTS 


The “network calculus” is a relatively new 
method applied to analyze deterministic systems 
with a queue, using the notion of plus-mini algebra. 
Basic principles of the method have been installed in 
papers7,8, which, in turn, have been being based on 


paper9, a description of the method may be found in 
work2. 


Let us present basic notions of the applied 
method by use of a networked system (Figure 2) 
consisting of two components. 


Let us define a flow function as a non-negative 
non-decreasing function in time: 


}{:;0,0)( +∞ℜ→ℜ<= + UAttA . The flow 
function may be considered as a counter counting 
data inputted into the component and outputted from 
it. Then one says on input/output flow function 
correspondingly. 


Before defining the next important notion, the 
service function, let us define an operation of 
“convolution” and an operation of “deconvolution”. 
Let there are given two functions of a flow, A  and 
S , the convolution of A  и S , is a function 


}{: +∞ℜ→ℜ + UA , such that : 


)}()({inf:)(*)( τττ StAtStA +−= ℜ∈ . 


It is easily to see that the function 1A  is also a 
function of the flow and it is non decreasing and 
right continuous. A binary operation of the 
“deconvolution”: 


)}()({sup:))(( τττ StAtSA −+=∅ ℜ∈ . 
Let us define functions )(, tbrγ  (an affine 


function) and )(, tTRβ  (a rate-latency function) of 
the following form:  


⎩
⎨
⎧


≤
>+


=
0,0


0,
:)(, t


tbrt
tbrγ , 


⎩
⎨
⎧


≤
>−


=
Tt


TtTtR
tTR ,0


),(
:)(,β , 


where, under modeling, RTbr ,,,  are frequently 
interpreted as flow rate, flow burstiness, flow delay, 
and flow capacity correspondingly. 


Let us assume that an input of a network 
element is a flow described by a flow function A , 
output flow is described by a flow function 1A . The 
network element has a minimal and maximal service 
function, S  and S  correspondingly, of these meet 
the conditions: 


SAASAA *,* 11 ≤≥ . 
Let us define a notion of “envelope” for a flow. 


A function E  is an “envelope” of the flow A , if 
EAA *≤ . 


The integral minimal (maximal) service 
function ( )SS  for subsequently N  connected 
components of a networked system without losses 
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with minimal (maximal) service function ( )ii SS  of 
an i-th, Ni ...1= , component is equal to: 


NSSSS *...** 21=  


NSSSS *...** 21=  


For the a system (Figure 2) SAA ** ≥ . 
 


 


S1, S1 S2, S2 
A(t) A*(t) A1(t) 


 
 
Figure 2. A networked system with two subsequently 
connected network components. 


 
Let us define a delay of passage of data 


through a network component as: 
)}()(:{inf:)( 10 τττ +≤= > tAtAtd , 


then the maximal delay is: 
}*{


0
inf: S


d
E


d
D ≤


≥
= δ , where dδ  is burst 


delay function: 


⎩
⎨
⎧


≥∞
<


=
0,
0,0


:
t
t


dδ . 


The minimal delay is: 
}0)(:{sup: 0 == ≥ tStD t . 


IV. CALCULATING DELAY UNDER PASSGE 
OF A SIGNAL FROM GATEWAY TO 


WORKSTATION 


In the block-scheme (Figure 1), there is 
emphasized a way of signal passage from signal 
source (gateway) to appear in the workstation 
display (edges 1-5). 


In order to preserve “transparency” of the 
calculation (where it does not contradict to 
authenticity of obtained results), to set 
characteristics of components of the block-scheme 
and input flows “simple” functions were used, 
enabling one to receive analytical expressions of 
desired parameters. As a function of “envelope” of 
the input flow from gateways G1-G5, the function 


)(, tbrγ  is used, as a service function for all servers 
(DB, AB,IZ, switchboard), the )(, tTRβ  is used. 


Application for the “envelope” function of the 
input flow with the dependence )(, tbrγ  is justified 
by an algorithm of the interaction between the 


gateway and DB server. In accordance to the 
algorithm, the gateway sends packets of a fixed size, 
equal to k unit of data to DB server, with a 
period γT . As a result of heterogeneity of time 
characteristics of the server and time of passage of 
the request over the network, the sampling period is 
kept with accuracy γττ T<<, . It is known2, that the 
flow “envelope” received from the gateway is 
described, in that case, by the function )(, tbrγ  with 


parameters γγγ τ TTkbTkr /)(,/ +== . 
The algorithm of performance of the servers is 


related to a type of algorithms with guaranteed rate 
server, i.e. Tfh nn +≤ , where: 


⎪⎩


⎪
⎨
⎧


+=


=


− Rlfaf


f


nnn /),max(


0


1


0
, 


where nn ahl ,,  is the size of the data package, 
time of completion of processing, and time of 
appearance of information for the input n  
correspondingly. For the server of this type, it is 
known applicability of the function )(, tTRβ  for 
setting its service function2. The servers have two 
function modes differing by parameters R  and T . 
The modes are selected automatically in dependence 
on make-up of received information and operator’s 
actions. The minimal and maximal service functions 
correspond to these two modes. 


To determine the parameters ii TR ,  service 
function of the components DB, AB, IZ and input 
flow br, , their direct measurements at the plant are 
used, influence of the switchboard may be neglected. 


Let us consider two separate types of the 
system behavior. The first type is preserving the 
uniform flow from the source to the receiver, i.e. 
each server at the path of passage of the signal 
process data in the flow only and do not change the 
total information amount. The second type a 
generalization of the first, is a variable bit rate 
(VBR), when a server changes amount of transferred 
information. The first type is rare in practice of 
computer systems, at least within complex system, 
however due to its computational simplicity it may 
be used under preliminary analysis of a total system 
and to calculate parameters of a system with uniform 
flow. The second type is computationally more hard, 
however it reflects a practical status more precisely. 


 
IV.I  Model with uniform flow 
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One can easily bee seen (see Section 3) that the 
end-to-end minimal and maximal service functions 
for a flow of interest propagated alone the  
emphasized path (Figure 1) are: 


)(, tS
sTsRβ=  (1) 


and  
)(, tS


MTMRβ= , (2) 
where10: 


);()


(


4,3,2,14,3,2,1
∑∑


==


−∧∧−


−=


GGGGi
iIZAB


GGGGi
i


DBs


rRRr


RR
 (3) 


s


GGGGi
IZABDBi


GGGGi
i


IZABDBs


R


TTTrb


TTTT


∑∑
==


+++


+


+++=


4,3,2,14,3,2,1
)( , (4) 


iMM TTRR ∑== ;min . (5) 


Equations (3), (4) are written for assumption of 
blind multiplexing  flows in the channel, indexes 
G1-G5,AB,DB,IZ define parameters for a 
corresponding component of the system (Figure 1). 
In the given case, the flows intersecting with the 
main flow from the gateway G5 are flows from the 
gateways G1-G4.  


Finding the minimum and summation in 
equation (5) is implemented over corresponding 
parameters of the maxima service function iS  for 
each component (node) at the path of passage of the 
data flow correspondingly. 


The minimal delay of signal passage in the 
system is sTD = , the maximal delay is 


sGs RbTD /5+= . (6) 
 


IV.II  Model with the VBR 
 


This model type assumes that after passing a 
server, at the path from source to receiver the flow 
may change its amount. We will consider a case 
when the output flow '


1A  depends linearly on the 
output flow with complete data set 1A : 


+ℜ∈⋅= αα :1
'
1 AA  


with the “envelope”: 


+ℜ∈⋅= αα :1
'
1 EE , 


where the “envelope” of the output flow may be 
represented via “envelope” of the input flow E  and 
maximal and minimal service functions of the 
component: 


SSEE ∅= )*(:1 . (7) 
In the modeled APCS segment, a significant 


change of the flow amount takes place after passing 
the server DB. In accordance to that, the block-
scheme is partitioned on two parts: from the gateway 
to the server DB and from the DB to the operator’s 
display; the maximal delay of the signal passage has 
been being calculated separately in each part, the 
total delay is equal to sum of delays in each part. 


For practical calculations of equation (7) when 
)(, tЕ brγ= , and the first and the second part may be 


described in the form of service functions )(
11, tTRβ  


and )(
22 , tTRβ  correspondingly, then 1E  may be 


substituted by the approximation: 
)( 11 rTbrtE ++≈ . (8) 


It is known that the maximal delay calculated 
separately over path parts after summation becomes 
more than the maximal delay calculated over the 
total path (the “pay burst only once” principle)2. For 
the system partitioned on two components, the 
difference is: 


212 // RrTRbD +=δ , 
where 2121 ,,, RRTT  are determined for each of parts 
by formulae being analog to formulae (3)-(5). 


V. VERIFICATION OF THE LAN MODEL OF 
THE APCS SEGMENT 


The NPP APCS segment model has been 
verified by comparison of real and calculated by use 
of the VBR model results. Measurement of the real 
data has been being implemented at a NPP APCS 
test site at the V.A. Trapeznikov Institute of Control 
Sciences where a prototype of the “Kudankulam” 
NPP APCS segment (Figure 1) has been assembled, 
by use of a set of hardware and software tools being 
identical to the real plant [3]. To assign input flows 
from the gateway G1-G5, simulators of information 
flows validated for the “Kudankulam” NPP APCS 
were used. At the prototype, measuring the 
corresponding parameters involving into the flow 
functions (equations 1-5) has been implemented. 


Let for the components of the block-scheme 
(Figure 1) the following input parameters are 
defined: the flow from the gateways G1-G5 is 
equivalent and aggregate flow bounded by the 
function )()( ,, ttbr 1e585e3γγ = ; for the component 
DB, the minimal service function 


)()( 2.0,, ttTR 1e5ββ =  and the maximal service 
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function )()( 2.0,5e5, ttTR ββ = , 6.0=α ; for the 


server AB, )()( 3.0,1e6, ttTR ββ = , 


)()( 3.0,, ttTR 1e7ββ = ; for the server IZ 


)()( 2.0,1e6, ttTR ββ = , )()( 2.0,, ttTR 1e7ββ = , these 
values has dimension of bits, bits per second, and 
seconds for b , ),( rR  and T  correspondingly. 
These input parameters will be considered as 
“normal”, which are assumed to be set for all 
calculations and measurements in the paper, if 
another is not specified. To assign the flow 
parameters, the flow rate (r) as well as the size of the 
output gateway buffer to assign heterogeneity of the 
flow (b) were varied. 


In general, the difference between measured at 
the prototype and calculated (VBR model) data is 
not large, and does not exceed 30-50% at the work 
range of the input data; at marginal values, 
considerable mismatch (up to 100% of the measured 
value) are possible, what perhaps reflects a non-
linearity of the investigated system. 


In Figure 3 (a), there are presented character 
results of the modeling and real data on the maximal 
signal passage time from the gateway to an image at 
the workstation display. In the plot, the axis Х 
represents capacity of the server element DB in 
percents of the parameter 51eR =  bit/sec accepted 
as 100%. Decreasing the capacity of the DB node 
has been being achieved by parallel performance on 
the computer of a background extra task of a 
required capacity. The axis Y represents the 
maximal delay in seconds.  Each point of the real 
dependence in the plot has been being selected, as a 
maximum, at the interval 1 hour during measuring 
the parameter. 


Figure 3 (b) presents a dependence of the 
maximal delay of passage on the parameter а 5Gb  
representing heterogeneity of the input flow from the 
gateway. As can be seen from equation (6), one 
should expect linear dependency of the maximal 
delay on flow heterogeneity, what is perfectly 
corresponded to the measured data. 


 


 
Figure 3 (a, b). To the upper (a), dependence of the value 
of the maximal delay (sec) of server capacity (% of 
maximally possible). CD1,2 –model data (1-simple, 2 
using CyNC), RD – measured data. To the lower (b), 
dependence of the maximal delay (sec) of the parameter 


5Gb (Kbit). 
 


VI. REFINING THE MODEL 
 


The VBR model (Section 4.2) may be 
improved by some complication of the model by 
giving up the approximation of the output rate 
envelop in the form of equation (8). However, this 
will lead to necessity of applying more complicated 
computational procedure to obtain the result. We 
have been using the application CyNC11. The 
application enables one to account joint distribution 
of the system (AB and IZ) at a one computational 
source. In that case, the common< for the 
components IZ and AB, service function under the 
nominal mode has been used: 


)()( 5.0,, ttTR 1e6ββ = , )()( 5.0,, ttTR 2e7ββ = . 
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Modeling results are presented in figure 3. 
Applying more accurate model did not lead to a 
considerable change of the results, what enables one 
to make an inference on validity of the 
simplifications made. 


VII. CONCLUSIONS 


Within works on creating a prospective NPP 
APCS of the new generation, based on the method 
“network calculus” it was developed and verified a 
method of calculating time characteristics of the 
system under worst combination of input conditions. 
Such a solution will enable one to decrease NPP 
APCS creation time, to decrease expenses and time 
of validation of time characteristics of the system. 


By use of the “network calculus” apparatus, a 
model of a NPP APCS segment has been developed, 
a delay of signal passage from a source to a receiver 
within the segment has been calculated, formulae for 
the maximal ad minimal service functions for the 
NPP APCS segment have been derived. Parameters 
of the computer system for control signals may be 
symmetrically derived by analogous judgments. 
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Abstract – The formation and control method of coolant free surface is one of the key technology for the design 
of windowless target in Accelerator Driven System (ADS). In recent study, experimental and CFD investigations 
on free surface behavior are performed in a scaled windowless target model by using water as test fluid. The 
method of laser light sheet is applied for visualization of the flow field. Experiments are carried out at various 
Reynolds numbers. The structure and features of the flow vortex are investigated. In addition, CFD simulation is 
performed by using both Fluent and OpenFOAM platform. The effect of different turbulence models, such as k-ω 
model, Reynolds stress model and LES model, on the velocity profile and free surface behavior are tested. The 
numerical results of LES model agree qualitatively well with the experimental data related to both flow field and 
free surface behavior. 
 
 


I. INTRODUCTION 
 


High level nuclear waste receives great concern 
by public in nowadays. Transmutation is the 
fundamental method to reduce minor actinides and 
long life fission products1. Accelerator Driven 
System(ADS) is one of the most promising 
transmutation system being researched worldwide2. 
As the heart of ADS, spallation target plays a very 
important role in the system, which produces primary 
neutron source for subcritical core. In early design, 
spallation target and accelerator is separated by a 
solid window which would ensure the vacuum safety, 
see fig.1(a). But until recently, no material can 
withstand such high energy proton bombardment and 
heavy metal corrosion in a reasonable time. Due to 
the limit of material, a new type of windowless target 
arouses more and more interests3, see fig.1(b). In 
windowless target, a free surface formed by the flow 
of liquid metal performs as the separation between 
target and accelerator. Stability and flow pattern of 
the free surface become the most important issues 


under the research of ADS4. 
 


   
    (a)                 (b) 
 
Fig. 1 (a) Comparison of the window target5 and  


(b) windowless target2 


 
In real ADS, the flow in windowless target 


consists of LBE. However the operation and 
measurement of a LBE loop are very difficult to 
realize. Considering the similarity of characteristic 
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dimensionless numbers such as Re=ρLU/μ, Fr=U2/gL, 
We=ρLU2/σ, and the isothermal flow in real ADS, 
water can be chosen as the modeling fluid for 
hydraulics research and optimization design of 
windowless target4. In order to establish reliable 
design and performance criteria for windowless target, 
information about flow field and free surface 
behavior is needed. K. V. Tichelen et. al4. conducted 
water experiments using laser doppler anemometry 
(LDA). Although, some velocity data was gathered, 
the data points were few and whole flow field 
information was not available due to the limitation of 
the LDA. A.Batta and A. Class6 performed numerical 
investigations on different geometries of windowless 
target. Some proposals of decreasing the recirculation 
zone and enhancement of free surface stability were 
reported. Recently, there is no report about detailed 
investigation into flow structure of free surface flow 
in windowless target. But the information of flow 
structure is critical in the research of free surface 
flow and establishing design and performance criteria 
for windowless target. 


 
In present article, experimental investigations on 


flow structure are conducted in a 1:1 scaled 
windowless target. Water is used as model fluid. The 
method of planar laser induced fluorescence is 
applied for the flow field visualization. In addition, 
CFD simulation is performed for analysis of the free 
surface behavior and flow structure. Different 
turbulence models are also tested for the suitability of 
reproducing the free surface flow. 
 


II. EXPERIMENTAL STUDY 
 


II.A. Experimental Approach 
 


The experimental loop is shown in Fig. 2, The 
fluid is supplied by a centrifugal pump. And the flow 
rate is measured by electromagnetic flowmeter. A 
0.3m³ damper tank is located at the exit of pump, in 
order to absorb pressure vibration. Before the 
entrance of the scaled target, a heat exchanger is used 
to keep water isothermal. 
 


The scaled target is shown in Fig. 3. Main 
parameters of scaled target refer to Chinese ADS 
draft in the ratio 1:1. In the demand of flow 
visualization, the conical channel is built to be 
transparent. But its parameters are redesigned with 
inlet diameter 138mm, outlet diameter 68mm and 
conical angle 10 degree. In scaled target, the flow is 
mainly driven by gravity. And the free surface would 
be formed at the conical channel near the exit of the 
model beam tube. 
 


  
 


Fig. 2 Experimental loop design      
 


 
 


Fig. 3 Scaled target design 


 
The flow field is visualized by means of planar 


laser induced fluorescence7. An Ar ion laser source 
with 2W and 514.5 nm single line continuous output 
provides light beam. A cylindrical lens is used to 
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expand the laser beam into a light sheet(Fig. 2) which 
would then induce fluorescence of spherical particles 
with 51.7μm mean diameter in an axial section of the 
scaled target8. The velocity difference between 
particle and water is presumed to be less than 0.1% of 
the inlet velocity9. With good quality of water 
following, the tracks indicated by the fluorescence 
released by exited particles can be considered as the 
streamline of the flow field. The image of free 
surface flow is recorded by a CCD camera. 
 


 
 


Fig. 4 Visualization set up 


 
II.B.Experimental Results 


 
Under large, medium, small flow rate 


(Re=30000~50000) and surface length less than 2 cm, 
flow field visualization is conducted by means of 
laser induced fluorescence method. Re is defined on 
dH=58mm which is the hydraulic diameter of the inlet 
annular channel. During experiments, several typical 
flow structure is observed in illuminated axial cross 
section.  
 


 


t=1.4s                            


 


t=2s 


 
t=3.1s 


 


Fig.5 Transient flow field inside free surface 


(Re=4.48×104) 


 


(1) High flow rate 
 


Under this flow rate, Re= 4.48×104. As vectors 
mark in Fig 5 t=1.4s, the flow structure inside free 
surface can be divided into 3 typical zones: A. phase 
interface , B. vortex stagnation , C. main stream. 
During experiment, a smooth and complete drum 
shape free surface would be formed at the exit of the 
model beam tube. The bottom of the free surface is a 
convex dome. Free surface would fluctuate mildly 
versus time, with slight water-air mixing at the 
bottom edge. 
 


The process of mainstream flowing into vortex 
stagnation zone is described as follow. Main stream 
enters vortex stagnation zone at the middle . And then 
main stream distributes into 3 branches. One branch 
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flows down and rejoins the main stream. One branch 
flows upward into vortex pair. The other one would 
form a low speed area due to opposite direction flow 
at the middle of the vortex stagnation zone. In this 
area, mainstream would be decelerated or even 
stagnated. And a circumferential flow is observed. It 
is noticed by the point flashing which denotes the 
flow into and out of illuminated plane.  
 


Under large Re, a large scale vortex is formed at 
upper area of the vortex stagnation zone. As red 
vectors denoted in Fig. 5 t=1.4s, a vortex pair rotating 
in opposite direction can be observed clearly. It is 
caused by the shear stress between the mainstream 
and free surface. But the large scale vortex structure 
is unsteady, which would transform versus time. Fig. 
5 t=2s shows the peculiar structure inside vortex. As 
vectors denoted, there are 2 clear small eddies inside 
right vortex. And inside left vortex it also reveals 
some phenomenon of turbulence flow. Because of 
rotation intensity difference , vortex pair would 
interact with each other. As observed in Fig. 5 t=3.1s, 
the right vortex intensity is higher, which pushes the 
left one to one side. Then the left vortex breaks into 
several secondary small vortexes. Secondary flow 
can also be observed at wake area of lower stagnation 
zone. 


 
(2)Medium flow rate 
 


Under this flow rate, Re=3.76×104. Fig. 6 t=1s 
and Fig.5 t=1.4s show similar 3 zones structure. And 
large scale vortex can still be observed clearly. But as 
shown in Fig.6, the vortex stagnation zone is 
stretched comparing with Fig. 5. Fig. 6 t=1.8s and Fig. 
5t=2s show similar peculiar structure inside vortex. 
But due to different rotation intensity caused by 
different inlet Re, the secondary eddies is larger in 
Fig. 6. The vortex interaction is still similar in Fig. 6 
t=2.7s and Fig. 5 t=3.1s. 
 
 


 
t=1s 


 
t=1.8s 


 


t=2.7s 


 


Fig.6 Transient flow field inside free surface 


(Re=3.76×104) 


 
(3)Small flow rate 


Under this flow rate, Re=3.04×104. In this test 
condition, 3 typical phenomenon shown before can 
also be observed. But with the decreasing of inlet Re, 
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the rotation intensity of large scale vortex is lower, 
which leads to a more turbulent flow structure inside 
free surface. As shown in Fig. 7, low speed area of 
the vortex stagnation zone is larger , and lower wake 
area is longer. 


 


 
 


Fig.7 Transient flow field inside free surface 


(Re=3.04×104)  


 
II.C. Discussion 


 


According to our experiments presented above, 
the structure of free surface flow is quite similar to 
flow around cylinders. In both conditions, flow area 
will experience a rapid change which arouses flow 
departure. Large scale vortex and wake flow can both 
be observed at the downstream of free surface and 
cylinder, which are caused by shear stress. But 
because of different flow circumstances, there are 
also some remarkable discrepancies between free 
surface flow and flow around cylinders.  
 


The first discrepancy is that we can observe 
large scale vortexes under Reynolds number as high 
as 4.75×104 in our experiments, if we redefine 
Reynolds number using the model beam tube 
diameter. But according to classic literature10, only 
under small Reynolds number could large scale 
vortexes exist at the downstream of cylinder. The 
second one is that during our present experiments, we 
didn’t observe any kind of vortex detachment at the 
downstream of free surface, which often occurs in 
flow around cylinders when large scale vortexes exist 
and Reynolds number is comparatively high. Besides, 


the wake flow is limited at a small area in conical 
channel. But for flow around cylinders, wake flow 
can develop and influence in a stretched downstream 
area.  
 


The discrepancies between free surface flow and 
flow around cylinders are caused by different 
circumstances at downstream and existence of free 
surface. In classic literatures, the discussions and 
experiments about flow around cylinders are 
conducted in a infinite circumstance in which fluid 
barely experiences forces by other flow boundaries, 
but only the solid wall of cylinder. So the solid wall 
of cylinder imposes an additional binding force on 
fluid in the direction of downstream. With the 
increase of Reynolds number, larger kinetic energy 
caused by shear stress begins to dissipate toward 
downstream, by means of vortex detachment or wake 
flow.  
 


The flow circumstance is different in scaled 
windowless target comparing with flow around 
cylinder. There is a conical channel at the 
downstream of free surface, the wall of which will 
restrict the flow and impose strong binding forces on 
fluid. The direction of resultant force imposed by 
conical channel is upward. So in vortex stagnation 
zone, fluid will be strongly hindered in the 
downstream direction, because of which dissipating 
kinetic energy to downstream is more difficult or 
even not possible. It is supported by our experiment 
that we didn’t observe any vortex detachment and the 
wake flow is limited in a small area. Instead, part of 
the kinetic energy will dissipate inside vortex 
stagnation zone, which will lead to complex flow 
structure and transient vortex behaviors. Moreover, 
free surface exists as boundary at the exit of model 
beam tube, which can not impose a strong binding 
force as the solid wall of cylinder. Then free surface 
will fluctuate with the existence, transformation and 
disappearance of vortex, which partially attributes to 
the dissipation of kinetic energy. The complex flow 
structure, transient vortex behaviors and free surface 
fluctuation can be observed in our experiments. But it 
still needs more experiments to prove the relations. 
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III. NUMERICAL SIMULATION 
 


Due to the limits of measurement, numerical 
simulation is required to get more detailed insight 
into free surface flow in windowless target, which 
can also be compared qualitatively with the 
experimental results. In present article, 2D and 3D 
numerical simulations are performed under various 
turbulence models using both the commercial code 
Fluent 6.3[11] and open CFD package OpenFOAM. 


 
III.A Simulation by Open FOAM 


 
The 2D transient simulations of free surface 


flow are carried out using OpenFOAM which is 
based on finite-volume-method. Different RANS 
turbulence models are tested. One of the best estimate 
RANS models in 2D simulation will be chosen and 
then compares with LES model in 3D simulation by 
using Fluent. 
 


III.A.A Simulation model 
 


The parameters of scaled target used at 
experiment are considered. The geometry model is 
shown in Fig.8(a) . The y+ is limited to around 30 in 
the simulation for the use of wall function. 
Non-uniform structured grids are used in present 
work. The sensitive analysis has been studied and 
shows that there is no signification effect on the 
shape of interface when the mesh number increases to 
50,000. The mesh used in the simulation is show in 
Fig.8(b) .  


           
 (a)                      (b) 


Fig.8 (a) Geometry model, (b) Mesh 


Axis-symmetry is assumed for 2D treatment in 
tangential direction. Gravity is taken into account. 
The channel wall is defined as non-slip wall 
condition. The water inflow condition is a fixed 
velocity which is imposed with a fully developed 
velocity profile. The upper air outflow boundary is 
imposed with atmosphere pressure, while the lower 
water exit is imposed with a gauge pressure referring 
to experiment. 
 


Four different RANS turbulence models which 
include standard k-ε model, RNG k-ε model, 
realizable k-ε model11, k-ω SST modelp12 and 
Reynolds stress model13 are being applied. The VOF 
method14 is used to simulate sharp fluid-fluid 
interfaces. The velocity-pressure linkage is handled 
by PISO algorithm15. 
 


III.A.B Simulation results 
 


In order to understand the effects of different 
turbulence models, the results with four turbulence 
models have been compared. fig.9 shows the 
simulated volume fraction and vectorgraph 
comparing with the experimental result under inlet 
Re=4.48×104. It is clear that different turbulence 
models diverge a lot in reproducing free surface flow. 


             


 
(a) Standard k-ε model 
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(b) RNG k-ε model 


         


 


(c) Realizable k-ε model 


         


 
(d) Reynolds stress model 


       


 
(e) k-ω SST model 


 
Fig.9 Results of different turbulence models 


 
As fig.9(a), (b) shows, standard k-ε model, RNG 


k-ε model and Realizable k-ε model all reproduce 
similar flat surface. But in our experiments, the center 
of the surface is upward convex. Realizable k-ε 
model is slightly different from the other two k-ε 
models, the result of which shows a curvature at the 
edge of the surface not just a sharp turning as the 
other two. All three k-ε models reproduce a rather 
stable surface which diverges from experimental 
result. The Reynolds stress model has similar result 
as standard k-ε model does, while it takes more 
computing time but doesn’t improve the result 
effectively.  
 


The k-ω SST model gets the closest surface 
behavior comparing to experimental result. As fig.9 
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(e) shows, the center of the surface is slightly upward 
convex, and the edge of the surface is curvature 
which is a physical phenomenon of high speed free 
jet impinging into low speed vortex stagnation zone. 
The k-ω SST model reproduces surface fluctuation 
which agrees with experimental results. 
 


According to the comparison above, k-ω SST 
model is chosen as the best RANS turbulence model 
for simulating free surface flow. But it has to be 
noted that as shown in fig.9, all RANS turbulence 
models reproduce an averaged flow field, in which 
there is only one stable large vortex in stagnation 
zone losing the vortex transient movements. 
 


III.B. Simulation by Fluent 
 


The 3D transient simulations of free surface 
flow are carried out using Fluent. The LES model is 
applied in comparison with the k-ω SST model which 
is the best estimate RANS turbulence model 
proposed by the results of OpenFOAM. 
 


III.B.A. Simulation model 
 


The geometric parameters of numerical domain 
refer to the scaled target. Considering the periodic 
flow and the grid economy, the numerical domain 
represents 45 degree slicing of the visible channel, 
see fig.10(a). Structured Hex grid is used to mesh the 
numerical domain.  
 


According to the research by H. R. Barsamian 
and Y. A. Hassan [16], the major dissipation of 
turbulent energy occurs at a scale between the 
integral scale L and the Kolmogorov scale which is 
known as the Taylor microscale λ.  
 


                                                                                    (1) 


 
For our cases, the largest Re is 4.48×104 and the 


integral length scale L is 58mm. So the Taylor 
microscale λ is 1.06mm using equation (1). By the 


estimated Taylor microscale, mesh applied in the 
conical channel and the boundary layer is refined. 
The grid size in the conical channel is 1.5mm which 
is about 1.5 times larger than the Taylor microscale 
length. In this simulation, the mesh applied is fine 
enough. The total Hex mesh contains 307020 cells, 
see fig.10(b). 
 


The boundary conditions are defined as follows. 
The slicing faces are defined as periodic boundary. 
The channel wall is defined as no slip wall condition. 
The water inflow condition is a uniform velocity U0 
normal to inlet boundary. The upper air outflow 
boundary is imposed with atmosphere pressure, while 
the lower water exit is imposed with a gauge pressure 
referring to experiment. 
 


Both LES(Dynamic Smagorinsky-Lilly)17 and 
k-ω SST model are used to resolve the turbulence. 
The free surface is reproduced by means of VOF 
method. Because the focus is mainly on hydraulic 
behavior, the energy equation is disselected. The 
equations are solved using the PISO algorithm. 


 


        
 


(a)                      (b) 


 


Fig.10 (a) Numerical domain, (b)Refined mesh 


 
III.B.B. Numerical Results 


 
In the following, numerical simulation results 


are presented. Each case reaches a dynamic balance, 
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judging by the equality between inlet and outlet mass 
flux, which is expressed as  
 


(min-mout)/min<0.1%.            (2) 
 


Fig.11 shows the simulated streamline 
comparing with the experimental results under inlet 
Re=4.48×104. It is clear that the structure and 
position of the vortex simulated by LES model is far 
more close to the experimental result comparing with 
k-ω SST model. Moreover, LES model can catch the 
detailed transient flow such as the vortex 
transformation and secondary flow, see Fig.12 and 
Fig.13, while the k-ω SST can not. As vectors denote 
in Fig.12 left, there are 2 small eddies in the vortex, 
which matches qualitatively well with the 
experimental results. And secondary flow can also be 
observed in LES result as shown in Fig.13(a). There 
are two clear vortexes in radial cross section 


 


                                                               
(a) 


 


(b) 


 


Fig.11 Comparing between numerical and experimental 


result for flow pattern under inlet Re=4.48×104: a.LES and 


experiment, b. kω-SST and experiment 


 


 
 


Fig.12 Comparing between numerical and experimental 


result for vortex transformation under inlet Re=4.48×104 


 
                   (a)   


 


                   (b) 


 


Fig.13 Comparing between a.LES and b. kw-SST result for 


secondary flow under inlet Re=4.48×104 


 


Simulation is also performed under inlet 
Re=3.76×104, see Fig.13. Comparing with 
experimental results, LES model again performs 
better than kw-SST model with similar flow structure 
and characteristics as presented under Re=4.48×104. 
But the bottom of free surface is less convex 
comparing with Re=4.48×104. 
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(a) 


 


(b) 


 


Fig.13 Comparing between numerical and experimental 


result for flow pattern under inlet Re=3.76×104: a.LES and 


experiment, b.kw-SST and experiment 


 
IV. CONCLUTION 


 
In present study, a visualization experiment is 


conducted to give more insight into the behavior and 
flow pattern of free surface flow in a scaled 
windowless target. Water is used as the modeling 
fluid. Laser induced fluorescence method is used for 
flow visualization. The flow pattern inside free 
surface can be divided into 3 sections. The flow 
structure inside vortex stagnation section is very 
complex. Under large Reynolds number, unsteady 
large scale vortex can be observed in the flow field. 
With the decreasing of Reynolds number, the 
structure of the vortex becomes more turbulent. 
Secondary flow can also be observed at vortex 
stagnation section. According to the discussion, 
kinetic energy which is brought in by shear stress at 


vortex stagnation zone, will be dissipated by the 
transformation of vortex and fluctuation of free 
surface. 
 


In addition, a numerical simulation is performed 
using Fluent and OpenFOAM. Different turbulence 
models are tested in 2D and 3D simulations. By 2D 
results of OpenFOAM, kω-SST model is the best 
estimate RANS model. And 3D results of FLuent are 
compared with experiment. The LES model can 
simulate the surface behavior and the flow transient 
qualitatively well comparing with experiment, while 
kw-SST model is not as good. LES model is 
considered to be more promising in simulating the 
free surface flow. 
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Abstract –We present an experimental investigation of coolant mixing in downcomer and lower 
plenum of VVER-1000 here. The arrangement of the problem, the methodology and results are 
discussed. Three groups of experiments simulating coolant mixing were executed: in conditions of 
RCP start-up, during natural circulation recovery in the course of SB LOCA and in conditions of 
stable operation of different amount of RCPs. Results of experiments are used for validation of 
numerical codes. 


 
 


I. INTRODUCTION 
 
The issue of coolant mixing in downcomer and lower 


plenum of PWR- and VVER-type reactors is very 
important for the basis of reactor unit safety. Currently, 1-
D thermal hydraulic codes are widely applied for the 
performance of DBA analyses. In Russia those are 
KORSAR, TRAP, RELAP, CATHARE, ATHLET etc.  


The spectrum of the analyzed accidents and transients 
includes the initiating events resulting in asymmetric 
spatial perturbation of either the coolant temperature or 
boron concentration at the core inlet. This leads 
accordingly to a local reactor power change and affects the 
reactor safety. However, it is impossible to simulate 
asymmetric 3-D transient processes in the reactor hydraulic 
system with 1-D codes. The response of the core to the 
transients with non-homogeneous conditions at core inlet 
strongly depends on degree of mixing in downcomer and 
lower plenum before coolant reaches the core itself. It is 
necessary to highlight that one of most complicated 3-D 
hydrodynamic processes is the process of boron transport 
and dilution.  


The assumptions of “ideal mixing” and “absence of 
mixing” could give а wide variety of predicted 
consequences in the core during a computational 
assessment. The first assumption leads to highly optimistic 
results, while the second one leads to excessively top-
heavy penalizing results. A precise method is required for 
simulation of the mixing process enabling to allow a sound 
reduction in the conservatism of calculations for DBA 
analysis. 


At present, a series of simplified 3-D thermo-
hydraulic codes, such as TRAP-KS, DKM, KORSAR/GP, 
etc, are used in OKB “GIDROPRESS” for performing the 
design calculations. Commercial CFD codes, such as CFX 
and STAR-CD are used to support the thermo-hydraulic 
codes. However, nowadays the mentioned codes are 
validated insufficiently and creditability of calculations 
performed could be subjected to a doubt. 


The investigation of coolant mixing, as well as 
obtaining the data for validation of computer codes was the 
main objective of the international project TACIS 
R2.02/02 “Development of safety analysis capabilities for 
VVER-1000 transients involving spatial variations of 
coolant properties (temperature or boron concentration) at 
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core inlet”. The collaborators from AREVA (France), 
Forschungszentrum Dresden (Germany) and University of 
Pisa (Italy) took part in the project together with the 
specialists of OKB “GIDROPRESS”. Actually, a series of 
standard problems was implemented and alongside with 
the experiments the pre-test and post-test calculations were 
performed. 


 
II. INVESTIGATED PROCESSES 


 
In the framework of the project, 10 experiments were 


performed. The experiments have been classified into 3 
groups. 


The first group of the experiments replicated the 
mixing process of flows with different boron concentration 
during RCP start-up. In these experiments the insertion of 
a condensate slug into the core model was simulated, 
where the formation of such a slug is possible in the loop 
seal. Two experiments were performed with different slug 
volumes. 


The second group of the experiments reproduced the 
mixing processes of flows with different boron 
concentration undergoing natural circulation recovery 
during the course of SB LOCA. In these experiments 
condensate slugs with different densities were inserted into 
the core model. Three experiments were performed. 


The third group covered experiments that replicated 
the effect of a steam line break or an asymmetric boron 
(or condensate) injection into one of the loops. Five 
experiments within the third group were examined with 
different combinations of operating RCPs. 


It should be noted that for the three groups of 
experiments described above, the distribution of the 
coolant is ruled by three different forces: 


• for the RCP start-up conditions, it is the inertia, 
characterized by the Strouhal number of Eq. (1): 


L
WSr τ⋅=   (1); 


• during natural circulation it is gravitational force, 
characterized by the Froude number of Eq. (2): 


ρ
ρ∆⋅⋅


=
Lg


WFr
2


  (2); 


• for the conditions with stable reactor coolant 
flowrate it is the friction force, characterized by the 
Reynolds number of Eq. (3): 


ν
dW ⋅=Re   (3). 


 
III. EXPERIMENTAL FACILITY AND 


METHODOLOGY OF INVESTIGATION 
 


The experiments were run at OKB “GIDROPRESS” 
4-loop test facility representing the 1:5 scale model of 
VVER-1000 reactor. Schematic diagram of the test facility 
is presented in Figure 1. An overhead view of the test 
facility and the model is provided in Figure 2. 


The test facility includes the main coolant pipeline 
(MCP) with four loops, pressurizer and auxiliary systems 
for the make-up and blow-down of the MCP. The diameter 
of MCP pipes was chosen in accordance with reactor 
model scale. The length of coolant pipelines was chosen in 
such a way as to ensure that coolant transport time in the 
loop was consistent with the full-scale reactor.  


The investigation of the mixing processes was 
achieved through the use of conductivity measurements, 
where a sodium chloride solution used as a tracer. Thus, 
the facility is equipped with the systems for the preparation 
and injection of salt solutions.  


The pressurizer is connected to loop 2. Other loops 
are similar to loop 2 except for loop 4, which is equipped 
with two additional valves for the simulation of the loop 
seal, where the accumulated condensate can be replicated 
by means of the tracer slug injection. The core is not 
simulated completely. The core imitator is installed in 
reactor model instead of fuel assemblies and the protective 
tube unit. The core imitator presents a bundle of 91 tubes, 
held by three spacer grids used for simulation of pressure 
loss of the core and the protective tube unit. Conductivity 
probes are located at core inlet and they are installed into 
tubes through the reactor model cover. 


 
 


Fig. 1. Scheme of the 4-loop test facility. 
 


 
 
Fig. 2. Overhead view of the test facility and reactor model. 
 
The main technological and experimental parameters 


to be registered at the facility are listed below: 
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• coolant flowrate in loops and flowrate of the salt 
solution in injection lines; 


• pressure drop across the reactor model; 
• pressurizer pressure; 
• liquid levels in salt solution tank and pressurizer; 
• temperatures of coolant and salt solution. 
For measurement of salt concentration during the 


experiments conductivity probes were used. They sensors 
were installed at: 


• the core imitator inlet – 91 sensors; 
• the inlet and outlet nozzles of the reactor model. 
 


 
 


Fig. 3. Arrangement of the conductivity probes at the core 
inlet (model viewed from the top). 


 
Figure 3 shows the layout of the conductivity probes 


at the core inlet. The probes measure the conductivity of 
coolant at the point of sensors location. The conversion of 
conductivities into solution concentrations is based on pre-
test calibrations performed with a standard conductometer. 
As a result, the actual values of the concentrations were 
determined at each point, where conductivity sensors had 
been installed. 


Experimental data presentation and their analysis were 


performed using a dimensionless (relative) concentration, 
defined from Eq. (4): 


( )
01


0),,,(,,,
CC


СzyxCzyx i


−
−


=
ττθ   (4); 


where, Ci(x,y,z,τ) – is local value of concentration at 
the point of measurement, g/kg; 


C0 – is initial concentration in the circulation circuit, 
g/kg; 


C1 – is the concentration of tracer injected into the 
circulation circuit, g/kg. 


Each experiment was performed five times for 
statistical reliability. 


 
IV. RESULTS OF INVESTIGATION 


 
In the first group of experiments the volume of 


condensate slug, supplied to the reactor as a result of RCP 
start-up in the loop 4, was varied. In experiment E1, 
volume of slug was 0,072 m3, that corresponds to 9 m3 at 
the full-scale reactor. In experiment E2, the volume of slug 
was 0,12 m3. Before the experiment, the section of pipeline 
in loop 4 between the quick-operation valves was filled 
with salt solution. Both quick-operation valves were 
opened at the same time with the RCP startup. As a result, 
the forced circulation was formed in loop 4 with the 
flowrate of about 220 m3/h, and reverse flow was set up in 
other loops. Figures 4 and 5 provide the contour plots of 
the variation of relative concentration at the core inlet in 
experiments E1 and E2. 


The character of the flow at the core inlet is defined 
by the operation of the RCP in the loop containing the 
slug. In the beginning, the concentration of tracer started to 
increase in the peripheral part of the core located opposite 
to loop 4, then the concentration of tracer began increasing 
in the area of loop 4 and only after that the relatively 
uniform filling up of the core inlet section with the tracer 
took place. The flow of “pure” coolant through the cross-


Fig. 4. Variation of relative concentration at the core inlet. E1. 


Fig. 5. Variation of relative concentration at the core inlet. E2. 
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section at the core inlet occurred in a similar way later in 
the experiment. The maximum value of local tracer 
concentration in the core did not reach 100 % in the 
experiments of the first group. 


In general and when applying the results of the first 
group of experiments to the full-scale reactor, one might 
conclude that during the RCP start-up, coolant flow moves 
in the annulus downcomer surrounding the core barrel. At 
the same time, the increase in volume of condensate slug 
formed in the loop seal has no influence on the character of 
coolant flow, but it does lead to higher perturbation at the 
core inlet. Accordingly, it is possible to conclude that the 
increase in the volume of the condensate slug transported 
to the reactor during the RCP start-up leads to an increase 
in the degree of boron dilution in the core. Thus, there is 
an increasing potential danger of fuel rods damage. 
However, there are no flow regions occupied by pure 
condensate in the core due to good coolant mixing in the 
downcomer and lower plenum. 


Results of ANSYS CFX-10.0 calculations [Ref. 1] 
(see Figure 6) are in agreement with the conclusions on the 
character of flow in the downcomer annulus made on the 
basis of the results of experiments E1 and E2. 


 


 
 


Fig. 6. Variation of parameters in the downcomer of the 
reactor model. E1. 


 
Figure 7 presents the evolution of relative 


concentration at the core inlet for the separate sensors in 
experiment E2. It is clear that results of the calculation and 
experiment have a good coincidence in time as well as in 
the amplitude of the perturbation. 


In the second group of experiments the density ratio 
between coolant in the slug and coolant in the circulation 
circuit was varied. Conditions of natural circulation 
recovery in the course of SB LOCA caused the transport of 
the condensate slug to the reactor. In 


 
Fig. 7. Variation of relative concentration at the core inlet. 


Comparison of the results of from the calculation and 
measurements of experiment E2. 


experiment E3 a “heavy” slug was simulated (the density 
ratio was 1,05), in experiment E4 a neutrally buoyant slug 
in the circulation circuit was simulated, and in experiment 
E5 a “light” slug was simulated (the density ratio was 
0,98). Supply of the reactor with the slug was performed in 
the same way as in the first group of experiments. 
However, a coolant flowrate of 20 m3/h was formed in 
loop 4, while in the other loops the coolant flowrate was 
absent. 


In experiment E3 (see Figure 8), the concentration of 
tracer began to increase in the core periphery, to the left of 
and to the right of loop 4. Subsequently, the concentration 
of tracer increased in the central part of the core. And the 
cross-section at the core inlet became relatively uniformly 
filled up with the tracer. The central part of the slug slowly 
passed through the core, and its flowing finished by 
280-300 s approximately. It testifies to the effect that the 
“heavy” slug had accumulated in the centre of the lower 
part of the reactor vessel bottom, and due to the small 
lifting velocity of coolant it was slowly lifted up into the 
core.  


In experiment E4 (see Figure 9), the concentration of 
tracer started to increase in the peripheral part of the core 
located opposite to loop 4. Then the concentration of tracer 
began to increase in the area of loop 4, and only after that a 
relatively uniform filling up of the section at the core inlet 
with the tracer took place. The slug passed through the 
core significantly faster in experiment E4 than in 
experiment E3. The maximum value of local tracer


Fig. 8. Variation of relative concentration at the core inlet. E3. 
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Fig. 9. Variation of relative concentration at the core inlet. E4. 


Fig. 10. Variation of relative concentration at the core inlet. E5. 


concentration in the core in experiment E4 was essentially 
greater, than in experiment E3, however in both cases it 
did not reach 100 %. 


In experiment E5 (see Figure 10), the concentration 
of tracer started to increase in the peripheral part of the 
core and then in the central part of the given section. The 
time required for slug to pass through the core was 
significantly greater in experiment E5 than in experiments 
E3 and E4. The maximum value of local tracer 
concentration in the core in experiment E5 was two times 
less than in experiment E3 and three times less than in 
experiment E4. 


The following conclusions can be drawn by the 
results of the second group of experiments and applied to 
full-scale reactors. In the conditions of natural circulation, 
the transport of the condensate slug strongly depends on 
density difference between the condensate slug and the 
main coolant. For the neutrally buoyant case, the slug 
moves together with the coolant, and maximum 
concentration changes are observed at the core inlet. In the 
case of a “heavy” slug transportation the condensate slug 
lingers at the bottom of the reactor lower plenum and 
gradually washes away during a long time starting from 
the periphery. The value of the concentration perturbation 
at the core inlet is less than the neutrally buoyant case. A 
similar result takes place during “light” slug transportation. 
However, in this case, the condensate slug accumulates in 
the upper part of the downcomer under the separating 
shoulder and also gradually washes away from there. The 
analogous result was obtained by ANSYS CFX-10.0 
calculations [Ref. 2]. Figures 11 and 12 present the tracer 
distribution in the downcomer of the reactor model in 
experiments E3 and E5. 


Figure 13 presents evolution of relative concentration 
at the core inlet for separate sensors in experiment E4. It is 
clear that the results of calculation and experiment have a 


good coincidence in time as well as in the amplitude of the 
perturbation. 


In the third group of experiments the number of 
initially operating RCPs was varied. In experiment E6, the 


 
 


Fig. 11. Tracer distribution in the reactor model in different 
moments of time. Results of the calculation of experiment E3. 


 


 
 


Fig. 12. Tracer distribution in the reactor model in different 
moments of time. Results of the calculation of experiment E5. 


 


 
 


Fig. 13. Variation of relative concentration at the core inlet. 
Comparison of the results of the calculation and measurement of 


experiment E4. 
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Fig. 14. Variation of relative concentration at the core inlet. E6. 


Fig. 15. Variation of relative concentration at the core inlet. E7. 


 operation of all RCPs was simulated, natural circulation 
was simulated in experiment E7, the operation of three 
RCPs was simulated in experiment E8, the operation of 
two RCPs was simulated in experiment E9, operation of 
one RCP was simulated in experiment E10. In the loops 
with operating RCPs the forced circulation was applied 
with a flowrate of about 172 m3/h, and reverse flow was 
set up in the idle loops. Tracer injection was realized in 
one of the loops with operating RCP. The flowrate of the 
of the tracer injection was equal to 14 m3/h, the duration of 
the injection was 60 seconds. Figures 14-18 provide the 
contour plots of variation of relative concentration at the 
core inlet in experiments E6-E10. 


The following conclusion can be made by the results 
of the third group of the experiments as applied to the full-
scale reactor. During condensate injection into the 
circulation loop of primary side under the conditions of 


four, three and two RCPs operation, and also under the 
conditions of natural circulation, a sector with reduced 
concentration of boron forms at the core inlet. 


From the viewpoint of the sector formation, 
experiment E10 simulating operation of one RCP (see 
Figure 18) differs from other experiments of the third 
group. In experiment E10 was no formation of the sector 
with increased concentration of the tracer (Figures 14 to 
17). Nevertheless, sufficient uniform filling of the whole 
cross-section at the core inlet with the tracer took place. 


In Figure 19, the examples of tracer distribution at the 
core inlet observed in experiments E7 and E8 and obtained 
from calculations using ANSYS CFX-10.0 [Ref. 3] are 
presented at different time moments of investigated 
processes. It is clear that results of calculation and 
experiment are in good agreement. 


Fig. 16. Variation of relative concentration at the core inlet. E8. 


Fig. 17. Variation of relative concentration at the core inlet. E9. 
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Fig. 18. Variation of relative concentration at the core inlet. E10. 


To summarize, one could say that results of the 
experiments have highlighted spatial nature of tracer 
distribution in the reactor model. The creditability of 
experiments is proved by multiple repetitions of the same 
phenomena. 


 


 
 


Fig. 19. Comparison of results of experiments E7 and E8 and 
ANSYS CFX calculations. 


 
V. COMPARISON OF INVESTIGATION RESULTS 


WITH FOREIGN ANALOGUES 
 
In this section we try to compare the results of the 


experiments performed by OKB “GIDROPRESS” with the 
results of the investigations executed at ROCOM facility 
(Germany) and at Vattenfall (Sweden) [Ref. 4]. 
Quantitative comparison is limited due to differences in the 
geometry of the considered facilities and an inaccessibility 
of the full scope of experimental data set. Therefore, only a 
qualitative comparison has been performed. 


The contour plots of relative concentration at the core 
inlet for different test facilities, simulating both VVER, 
and PWR reactors, are presented in Figure 20. The contour 


plots illustrate the beginning of the process of tracer slug 
passing through the section at the reactor core inlet. For 
reasons of convenience, some of plots are rotated so that to 
provide the same orientation of the loop, containing a slug, 
in all of the cases considered. Distribution of relative 
concentration is rather similar in all cases and makes the 
evidence that in all the experiments coolant flow moves 
surrounding the core barrel in the annulus downcomer as a 
result of the RCP start-up. 


In spite of the conformity of the results, there are 
some differences in the distributions. The differences arise 
due to the location that the tracer penetrates the core 
periphery. For VVER, the tracer penetrates the periphery 
of the side being opposite and adjacent to the loop with the 
RCP started, while for PWR, the tracer penetrates the core 
only on the periphery of the side being opposite to the loop 
with the RCP started. Nevertheless, it could be said that the 
coolant mixing processes in the downcomer and lower 
plenum of PWR- and VVER-type reactors are of similar 
nature. 


A more detailed description of the experiments 
performed by OKB “GIDROPRESS” and 
Forschungszentrum Dresden (Germany) was reported in 
[Ref. 5]. Besides the experiments with RCP start-up, the 
experiments with tracer injection into the circulation loop 
under the conditions of constant reactor coolant flowrate 
had also been considered. In spite of some differences in 
experimental results, formation of the sector with the 
increased tracer concentration at the core inlet was similar 
in both cases. This fact also provides further evidence of 
the similarity of the coolant mixing processes in PWR- and 
VVER-type reactors. 


 


   


Fig. 20. Variation of relative concentration at the core inlet of different facilities. 
Beginning of the process 


1365







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11026 


VI. CONCLUSIONS 
 


1. Experimental investigations of coolant mixing in 
the downcomer and lower plenum of VVER-1000 reactor 
have been performed. Ten experiments were implemented 
and the obtained experimental results are used for 
validation of thermohydraulic codes. 


2. It is determined that mixing of the flows with 
different boron concentration at the reactor core inlet 
reduces the risk of a reactivity-initiated accident under the 
conditions with first RCP start-up. The degree of boron 
dilution at the core inlet for the investigated conditions 
with RCP start-up does not exceed 37 % on the average, 
and 63 % at local minimum with reference to the full-scale 
reactor. 


3. In the case of the condensate slug penetration into 
reactor under the conditions of natural circulation recovery 
during the course of SB LOCA, the density difference in 
the slug and main coolant has a strong influence on the 
nature of the coolant mixing in the downcomer and lower 
plenum. “Light” or “heavy” slugs linger in either the 
downcomer, or the lower plenum, and the process of 
condensate penetration into the core is stretched in time. 
This effect also significantly reduces the risk of a 
reactivity-initiated accident. The degree of boron dilution 
at the core inlet for the investigated conditions with natural 
circulation recovery during SB LOCA does not exceed 
37 % on the average, and 49 % at local minimum with 
reference to the full-scale reactor. 


4. The experimental investigations, presented here 
indicate a direct improvement in the knowledge of mass 
transfer and hydrodynamics in LWRs. Such investigations 
provide for essential improvement of Russian and Western 
users of thermohydraulic and CFD codes that is supported, 
in particular, by good agreement of the results of 
calculation and experimental results. The given fact creates 
the pre-conditions for the computational simulation of the 
processes with the mixing of flows for either different 
boron concentrations, or coolant temperatures. 
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ABBREVIATIONS 
 
CFD – computational fluid dynamics; 
DBA – design basis accident; 
MCP – main coolant pipeline; 
RCP – reactor coolant pump; 
SB LOCA – small break loss of coolant accident. 
 


NOMENCLATURE 
 
d = hydraulic diameter (m) 
g = gravity acceleration (m/s2) 
Fr = Froude number 
L = linear dimension (m) 
Re = Reynolds number 
Sr = Strouhal number 
W = velocity (m/s) 
∆ρ = density difference (kg/m3) 
ν = viscosity coefficient (m2/s) 
θ = relative concentration 
ρ = density (kg/m3) 
τ = time (s) 
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Nuclear energy and its future contribution for electricity demand satisfaction is considered as one 
of the most reliable solutions for the increased requirement of electric power in mid-term 
perspective with maximum environmental concern. The evolution of nuclear technologies provides 
a greater variety of technological choices including diversity in terms of the size of the nuclear 
reactors. Nowadays a significant interest towards Small-to-Medium size, Modular Reactors 
(SMRs) is growing in several countries, including those economically and infrastructurally 
developed. Such reactors are also called “Deliberately Small Reactors”, since the reduced size is 
exploited from the design phase to reach valuable benefits in safety, operational flexibility and 
economics. A rough evaluation based only on the “Economies of Scale” could label these reactors 
as economically “not attractive”. This approach is incomplete and misleading. An economic 
model (INCAS - Integrated model for the Competitiveness Assessment of SMRs) is currently 
developed by Politecnico di Milano University within an international effort fostered by IAEA on 
SMRs competitiveness, suitable to compare the economic performance of SMRs with respect to 
Large Reactors (LRs). INCAS performs an investment project simulation and assessment of SMRs 
and LRs deployment scenarios, providing monetary indicators (e.g. IRR, LCOE, total equity 
employed) with not-monetary indicators (e.g. design robustness, required spinning reserve). The 
paper aims at testing INCAS model evaluating the different scenarios of an undergoing project of 
next nuclear reactors in the Republic of Bulgaria. In Bulgaria the nuclear power is already 
present in the energy sector and the paper analyses the possible increase of energy production for 
2,5 GWe of nuclear capacity by the application of INCAS framework. The country is represented 
through analysis of two main perspectives: characterization of Bulgarian energy sector with 
particular emphases on the nuclear power and analysis of the financial factors relevant to a new 
nuclear power plant construction.  As a conclusion, financial analyses are carried out in order to 
estimate different configurations of SMR and Large Reactors. Throughout the application of 
INCAS model comparative financial analysis are carried out for six alternative scenarios 
involving LR or SMR respectively. Together with the external factors examinations, the paper 
allows the individuation of the” best” scenario for new nuclear power plant in Bulgaria in terms 
of feasibility, profitability, safety, social and political issues.  


 
 


I. INTRODUCTION : ENERGY SECTOR OF 
BULGARIA 


 
The Republic of Bulgaria is situated in South Eastern 
Europe on a territory of 110994 km and in 2008 its 
population was 7.61 million citizens. The corporate income 
tax of is 10% and Value Added Tax – 20%. It has a 
strategic location on the Balkans on the crossroads between 


the East and the West, which undeniably is a tactical asset 
for the country and has important influence on its 
economic development.  
Looking at the main macroeconomic and energy indicators 
represented in Table I and Table I, few key characteristics 
of Bulgarian energy industry should be highlighted in order 
to understand better the energy context and trends of 
development: 
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• High energy dependence: the country imports near 
70% of the gross energy consumption. Bulgaria is 
totally dependent mainly on the Russian Federation for 
the supply of natural gas, oil and nuclear fuel; 


• Increased greenhouses  gases emissions and the 
challenges of the world climate changes introduce the  
necessity of program for sustainable environmental 
development; 


• Relatively high energy intensity of the gross domestic 
product (GDP): despite the positive trend for 
improvement, the energy intensity of the GDP remains 
with 89% higher than the average of the European 
Union (EU). 


The priorities of the Energy Strategy of the country include 
five main directions: 
• Ensuring security of the energy supply; 
• Achieving the goals for renewable energy generation; 
• Energy efficiency improvement; 
• Development of competitive energy market; 
• Protection of vulnerable consumers 


and design the vision of the government for energy sector 
development in the short-medium term perspective.  
 


TABLE I 
Macroeconomic Indicators of Bulgaria - 1998-2008(1) 


 
 


TABLE II 
Macro-energy Indicators of Bulgaria - 1998-2008(1) 


 
 


II. GENERATION MIX AND THE ROLE OF 
NUCLEAR POWER 


 
 
The scope of the following part is to introduce a 


general overview of the energy balance of Republic of 
Bulgaria and track down the “involvement” of nuclear 
power in the national electricity generation industry.  


 
II.A. Electricity generation mix 


 
The generation mix of the country is well diversified 


and the supply of electricity is ensured by the generation of 
coal-fired plants, nuclear power plants, gas turbines, 
hydroelectricity and renewable sources plants. Right after 
the coal-fired plants, the nuclear energy is the second most 
important sources of electric power. It could be noticed the 
strategic role of nuclear power for the energy security of 
Bulgaria - in the period 1997-2008 the production of 


Kozloduy Nuclear Power Plant (Kozloduy NPP) – the first 
nuclear station in the country – provided 41% on average 
of the gross electricity consumed in the country. The slight 
drop after 2007 is caused by the closure of two of the total 
four operational units of the nuclear plant. The nuclear 
energy is defined as a strategic asset in the national energy 
structure by the Energy Strategy of Bulgaria and is an 
essential part of the environmental and security of energy 
supply policies’ objectives.  


 
II.B. “Nuclear history” of Bulgaria 


 
The development of nuclear energy in Bulgaria 


initiated after the Geneva conference "Atoms for peace" in 
1956 and was the favoured strategy of the political 
leadership ever since. 


The “nuclear history” begins with the construction of 
the unique for Bulgaria research nuclear reactor of the 
Bulgarian Academy of Science (BAS) – IRT-2000. 


Macroeconomic indicators
Year 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
Population mln 8,23 8,19 8,15 7,89 7,85 7,80 7,76 7,72 7,68 7,64 7,61
GDP, growth rate % per year 4,00 2,30 5,40 4,10 4,50 5,00 6,60 6,20 6,30 6,20 6,00
GDP per person EU=100 26,90 26,90 27,80 29,30 31,00 32,50 33,70 34,50 36,50 37,70 41,30
Export € mln 3747,00 3734,00 5253,00 5714,00 6063,00 6668,00 7985,00 9466,00 12012,00 13512,00 15278,00
Import € mln 4416,00 5140,00 7085,00 8128,00 8411,00 9611,00 11620,00 14668,00 18479,00 31861,00 25334,00
Inflation, yearly average % 18,70 2,60 10,30 7,40 5,80 2,30 6,10 5,00 7,30 8,40 12,30
Unemployment % 12,20 16,00 18,00 17,90 16,30 13,50 12,20 10,70 9,20 6,90 6,30
Conversion rate lv/€ 1,9558 1,9558 1,9558 1,9558 1,9558 1,9558 1,9558 1,9558 1,9558 1,9558 1,9558


Macroenergy indicators
Year 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
Gross inland energy 
consumption 1000 toe 20616 18755 19218 19470 19205 19605 19017 20137 20637 20163 19889
Primary energy 
production 1000 toe 10641 9411 10282 10507 10761 10210 10271 10539 11011 9738 9953
Energy dependency % 48,5 49,8 46,5 46,0 44,0 47,9 48,3 47,3 46,0 51,8 52,5
End enery consumption 1000 toe 9678 8744 8435 8413 8520 9185 8907 9276 9722 9528 9419
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Construction works started in 1956 and the first physical 
start-up was performed in September 1961.  IRT-2000 is a 
heterogeneous water-water pool/type reactor with a 
maximum thermal capacity of 2000kW, operating on 
thermal neutrons. The core is made of pressed uranium 
dioxide enriched with 10% Uranium-235(2). The 
engineering facility, first of its kind in Bulgaria at that 
time, and the related laboratories constituted a national 
center for scientific and applied research, as well as for 
education and training of specialists in the field of nuclear 
science and technology. In 2001 with resolution of the 
Council of Ministers of the Republic of Bulgaria the 
research reactor was transformed into 200kW low power 
reactor.  


In 1966 an agreement with the Soviet Union was 
signed for delivery of commercial reactors for electricity 
production. This agreement laid down the foundations of 
the Bulgarian nuclear power programme. The main articles 
of this agreement described the role of the reactor 
manufacturer and designer as well as the participation of 
the Bulgarian organisations and industry. 


Kozloduy Nuclear Power Plant (Kozloduy NPP) is the 
first power generation facility on the territory of Bulgaria 
and south-eastern Europe. It is located on the bank of 
Danube River, 200 km north from Sofia, the capital of 
Bulgaria, and 5 km east from town of Kozloduy. The 
Soviet nuclear industry was designing and supplying the 
nuclear island as well as the conventional part of the 
plants, while the conventional plant and the auxiliary 


systems were designed by the Bulgarian Company 
"Energoproekt". The Soviet safety rules and norms were 
supposed to be used as long as there was no special 
Bulgarian legislation available. During the construction 
and start-up period, the Russian representatives at the site 
adopted the role of supervisors, but later they have only 
taken the position of manufacturer and supplier 
representatives. Also the important assembly operations 
were implemented by Russian organizations. 


Thus for a period of 5 year the first two units, typical 
WWER 440/230 model, were put in operation. Six years 
later the second pair of reactors, which incorporates great 
part of the safety characteristics of the successor reactor 
model 213, was connected to the grid. The further increase 
of electricity demand resulted in construction of additional 
two units with capacity of 1000 MW each, WWER-
1000/320 type. 


 A second site was chosen in the early eighties near the 
town of Belene. The site was prepared with the entire 
necessary infrastructure to host six 1000 MW units but due 
to lack of financial resources and some opposition from the 
nearby communities the construction was frozen with 
official decision of the state in 1990.  


Considering the brief analysis of nuclear energy sector 
in Bulgaria, Table III summarizes the current status of the 
nuclear fleet of Bulgaria, taking in consideration the plans 
for investment in new generation capacities. 


 


 


TABLE III  


Nuclear power generation capacity of Bulgaria - installed and under construction(3-7) 


 Type Net Capacity, 
MWe Status Grid connection Commercial 


operation Shutdown 


Belene 1 PWR 953 under construction   
Belene 2 PWR 953 under construction   


Kozloduy 6 PWR 953 operational 29/11/1987 23/12/1988  
Kozloduy 5 PWR 953 operational 02/08/1991 30/12/1993  
Kozloduy 4 PWR 408 shutdown 17/12/1980 20/01/1981 31/12/2006 
Kozloduy 3 PWR 408 shutdown 17/05/1982 20/06/1982 31/12/2006 
Kozloduy 2 PWR 408 shutdown 24/08/1975 10/11/1975 31/12/2002 
Kozloduy 1 PWR 408 shutdown 24/07/1974 28/10/1974 31/12/2002 


 
III. BELENE NUCLEAR POWER PLANT (BELENE 
NPP) – THE NEW “OLD” PROJECT OF BULGARIA 


 
Considering the scope of the paper, we will bring the 


attention to Belene NPP project, review of some of the 
important events of its past and its organization. 


  
III.A. Structure of the new project  


As it was mentioned in the previous point, the 
intentions for a second NPP on the territory of the country 
are dating since the beginning of the eighties of 20th 


century, but the project was abandoned due to financing 
difficulties in the beginning of the nineties. 


Twelve years later a new nuclear generation capacity 
was imbedded as a priority in the Energy Strategy of the 
country(8) and activities related to construction of two new 
units on Belene site were initiated. Since then there are few 
dates that are determinant for the course of the project: 
• In 2005 with decision of the Council of Ministers the 


work on construction of Belene NPP was resumed and 
Nazionalna elektricheska kompania EAD (NEK EAD) 
annaounced a public procurement procedure for 
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awarding a contract for completion of the design and 
construction, commissioning and putting in operation 
of Unit 1 and Unit 2 of Belene NPP; 


• In October 2006 NEK EAD announced the Rosatom’s 
sunsidiary company Atomstroyexport JSC (ASE) as 
main candidate and in January 2008 they entered into 
Contract Agreement for the purpose of project’s 
implementation 


• After a short period of uncertainty for Belene NPP’s 
future, in November 2010 a Memorandum of 
Understanding (9) between NEK EAD and the Russian 
Rosatom SC was signed, which confirmed the 
intentions of the Government to continua the project.   
In the following Fig.1. the main characteristics of 


Belene NPP are represented. 
 


 
Fig. 1. Belene Nuclear Power Plant characteristics(10)  


 
As it is evident from Fig. 1 and 2, the state through the 


Ministry of Economy, Energy and Tourism (MEET) 
together with Bulgarian Energy Holding (BEH EAD) is the 
initiator of the project. The decision for revival of Belene 
NPP was followed by a series of changes of the financial 
mix: at first the state intended to participate with 51% in 
the project, while the rest 49% were dedicated to private 
investors. 


 


 
Fig. 2. Belene NPP project organization (7) 


Ownership of the project 
The official owner of the plant is the NEK EAD and 


together with the private shareholder they are under the 
control and the monitoring of BEH EAD, which is 
responsible for the strategic development of the sector. On 
the other hand the energy holding is state-owned utility 
subordinated to the Ministry of Economy, Energy and 
Tourism (MEET) – the state body which ensures progress 
of the project consistent with country’s energy strategy, and 
all the institutional support required. The project 
implementation, operating management and the licensing 
activities are carried out by NEK EAD supported by 
project’s advisors and consultants. As weak point of the 
organisation could be pointed out the missing clear 
distribution of responsibilities between the parties 
involved. 


The strategic investors 
After the withdrawal of RWE AG in October 2009, 


which was supposed to purchase up to 49% of the project 
company, after the Memorandum of Understanding (MoU) 
signed in November 2010, three private investors were 
individuated: 
• The French Altran with 1% 
• The Finnish  Fortum with a share expected to be in the 


range 1% - 25% 
• The Russian Rosatom SC which should finance the 


rest of the stocks of the power company 


Belene NPP
Project's characteristics
Design AES-92
Reactor type PWR WWER1000/V466
Plant Supplier Atomstroyexport JSC, Areva, Siemens
Reactor thermal power 2x3012 MW
Electrical output 2x1011 MWe
Net efficiency 35%
Availability (average capacity factor) 90%
Operational lifetime 60 years per unit
Active sfety systems 4 train safety channels, each with 100% capacity
Passive safety systems 4 train safety channels, with 50%, 33% or 25% capacity 


respectively
Construction period 59 months
Scheduled commencement of construction work 2010
Commence commercial operation
unit 1 2015
unit 2 2016
Intended use of energy output supply of base load energy for the national and regional 


energy market
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According to the MoU the power company should be 
established and registered within 9 months from the 
execution of the memorandum. 


The contractors 
Atomstroyexport JSC is the Russian Federation's 


nuclear power equipment and service export monopoly. It 
belongs to Atomenergoprom holding with 49.8% of shares 
owned by Gazprombank. Joint Stock Company 
Atomstroyexport was established in 1998 by the Decision 
of the Ministry of Atomic Power with a view to expanding 
the export activity of Russian manufacturing companies. 
The practical experience of more than 25 years amassed by 
two large Russian organizations implementing NPP 
construction abroad, namely JSC Atomenergoproekt and 
VPO Zarubezhatomenergostroy, afforded the basis for 
Atomstroyexport foundation. The implementation of 
intergovernmental agreements on rendering assistance to 
Eastern European and other countries in nuclear power 
engineering development was the focal point in the activity 
of the companies mentioned above resulting in the 
construction of nearly thirty nuclear power units and ten 
research centers. Moreover, a close partnership with more 
than 50 leading organizations was established on a global 
basis. After being assigned all the respective agreements 
and contracts, Atomstroyexport arranges its work under 
market conditions and sound competition. JSC 
Atomstroyexport is the only company in the world 
concurrently constructing 5 power generating units abroad. 
Each of the implemented projects is unique while every 
nuclear power plant being constructed has its own intrinsic 
features. However, the highest quality standards along with 
safety requirements make up the common ground for the 
projects. 


The joint consortium of the French Areva NP and 
German Siemens AG, called CARSIB was selected by 
NEK EAD as main subcontractor whose scope of work 
compiles the design and the procurement of the control and 
automation systems. 


The consultants 
The multinational Deloitte service company was the 


initial preferred choice for financial and legal advisor. The 
position of architect engineer of the two new was awarded 
to Worley Parsons, which overall responsibilities included 
developing the EPC vendor solicitation and evaluation 
criteria; assisting in obtaining project financing; evaluating 
vendor tender documents; developing the draft contract for 
the EPC services; providing document management and 
planning/scheduling hardware, software, services, and 
training for NEK; and ongoing technical support, 
evaluation, studies, and review of vendor designs and 
technical documentation. 


After a tender procedure for selection of new financial 
consultant for Belene NPP initiated by the Bulgarian 
Energy Holding in December 2009(7), the English HSBC 


bank was selected. It is expected that the advisor will take 
part in eight main groups of activities: elaboration of the 
concept for project development, update of the economic 
model, organization of the tender procedure for strategic 
investor(s), assistance to the state of Bulgaria with project 
restructuring, support with communication strategy 
development and implementation and measures to 
guarantee transparency of the Belene NPP project(11). 


Though the building operations were started in 
September 2008, the project was suspended due to lack of 
financial resources to support the construction, after the 
agreement between the Government of Bulgaria and the 
Russian parties (Roastom, ASE), the construction of the 
first unit is planned to be completed in 2016, and the 
second in 2017(9). 


 
III.B. Generation Costs  


 
Belene NPP is evaluated as the biggest Bulgarian 


investment of the government for the period of 2006 - 
2020. 


The total investments were initially estimated in range 
of a 6 to 7 billion € (12) major part of which (near 4 billion 
€) are the cost of the EPC contract. Later estimates show 
different figures – they claim costs in the range of 8 – 10 
billion € (13). 


The state-owned NEK EAD has 51% stake in the 
project, intended to be financed by debt. Bulgaria indicated 
its intentions to apply for up to 600 million € of Euroatom 
and European Investment Bank loans, while the remainder 
was to be raised from commercial banks. BNP Paribas was 
appointed as lead bank for the financing (12). 


The remaining 49% of the project is to be equity 
financed. 


However, in the mid 2009 it became clear that 
obtaining loans in the context of world financial crisis was 
proving difficult. On the other hand, the government 
restated the project before signing a contract with the 
chosen strategic investor (RWE). When it withdrawal from 
the project and cancelled the potential acquisition of 49% 
of Belene NPP the government the government decided to 
orient itself to restructuring NEK EAD’s stake.  


New price of the project according to the press 
releases related to the most recent events regarding the 
progress of Belene NPP, equals to the minimum value 
required by the Russian ASE – 6.4  € bln, a significant 
increase compared to the initial cost committed (around 4 € 
bln) due to the inflation rate during the delay period. 


 
IV. INCAS SIMULATIONS 


 
The current study has for a purpose to analyze the 


attractiveness of two technological solutions for electricity 
generation by nuclear energy sources: 
• Large nuclear reactors (LRs) - units with generation 


capacity higher than 700 MWe; 
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• Small-to-medium sized nuclear reactors (SMRs) – 
generation capacity inferior to 700 MWe.  


Despite the disadvantages associated to small-scaled 
generation units because of their minor capacity, the 
interests towards their application for power generation 
increases significantly. The main characteristics and the 
“behavior” of both groups are evaluated under different 
scenarios, conditioned mainly by the financial indicators of 
the project.  


IRIS is an improved SMR model of PWR type with 
enhanced security systems, operational availability and 
construction flexibility and size of 335 MW. The 
development of the design is guided by the American 
Westinghouse Electric Company with the participation of 
number of multinational research laboratories, universities 
and nuclear industry representatives. In the case under 
consideration the two groups of reactors are represented by 
the Russian design WWER III+ generation of size of 1000 
MW, and the 350 MW IRIS reactor. Comparative 
representation of the technical characteristics of both 
designs is reported in the following Table IV. 


TABLE IV 


Nuclear reactors' characteristics 


 
The data regarding WWER-1000 is based on the analysis 
and assumptions made in the previous chapters of the 
paper, while IRIS’s parameters are extracted from INCAS 
database (14). 
The application of so called Integrated Model for 
Competitiveness Analysis of Small-medium Sized 
Reactors (INCAS) and its Investment module will be 
utilised when conducting the numerical experiments. The 
main principles of functioning of the model are described 
in user’s manual(14). 


 
IV.B. Scenarios Definition  


 
Three main scenarios were defined, for which the 


hypothesis for the main drivers are reported in Error! 
Reference source not found.. 


The design of the three scenarios is aimed at modeling 
the project in progress at its initial state on first place 
(Scenario 1), and then two future alternative are 
hypothesized (Scenarios 2&3).  As discussed in the 
previously in the paper, the existing delay of the realization 
of Belene NPP is caused mainly by the lack of monetary 
support and significant level of uncertainty, and only in the 
end of November 2010 there were communicated some 
indications for the future development of the project. As 
it’s notable by the Figures reported in the table above, the 
three scenarios differ mainly in their financial structure and 
the overnight cost of capital.  


All three cases consider building of two large sized 
nuclear reactors, Russian design of type WWER-1000 
each. Electricity generation costs, including fuel costs, 
operation and maintenance, decommissioning are kept 
invariant through the three scenarios, as well as the 
assumptions regarding the growth of the electricity prices 
Scenario 1 takes into account the original parameters of the 
project. This set of data is characterized by 49% private 
equity participation as defined initially by NEK EAD (7). In 
this scenario relatively low cost of equity and cost of debt 
are assumed, while for  the overnight cost of capital is 
maintained the sum of the original agreement between 
NEK EAD and ASE JSC (7), signed in January 2008 and 
amounted near 4.0 billion €. It should be highlighted that 
this configuration is considered as unrealistic due to 
discussed already problems with investment structuring 
and it represents the reference departing point for the 
analysis of Belene NPP.  


Scenario 2 considers potential restructuring of the 
investment model of Belene NPP (15) reducing significantly 
the state share in the project and searching for a potential 
financer interested in 20%-30% stake of the new power 
plant. New assumptions, regarding the cost of debt and the 
cost of construction of the power plant are made. The 
hypothesis made relay mainly on information defused by 
different press releases and publications, due to the lack of 
official communications of information related to 
investment details of the new plant. According to Nuclear 
Monitor (2009), Belene NPP represents high financial risk 
for the country and an interest of near 9.6% is considered 
as the minimum cost of debt that the state energy company 
would be able to negotiate for a potential bank loan in 
order to ensure the monetary funds for its share in Belene 
NPP project. 


The third case (Scenario 3) is built on the bases of the 
latest news related to the progress of the project – in the 
end of November 2010 the Government, together with the 
strategic participation of the Russian party have concluded 
an agreement with which defined the direction in which the 
project will be developed in the next 5-6 years. Eventually, 
was kept the primary definition of the financial structure, 
with expectations for considerably increased cost of equity 
(estimated to 10% according to a statement in press (17-21. 
New price for the construction contract with ASE shall be 


Reactors' specific characteristics


Reactor type WWER-1000 IRIS


Power output Mwe 1011 335


Capacity factor % 90 95


Operating Life years 60 60


O&M unit cost €/MWh 8,11 11,4


Fuel cycle unit costs €/MWh 4,57 4,57


D&D unit cost €/MWh 1,5 2,8


Expected construction duration quarters 20 12
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negotiated, and by preliminary information the Russian 
company would not agree to erect the plant for an amount 
less than 6.4 billion €. The new scheduling foresees the 


commissioning of the first unit to happen in 2016. The 
electricity price in 2016 is assumed to be 0.05455€/kWh 
(11). 


TABLE V 


Scenarios definition  


Specific data set Scenario 1 Scenario 2 Scenario 3 


Reactor type  
AES-92 (WWER-


1000)/IRIS 
AES-92 (WWER-


1000)/IRIS 
AES-92 (WWER-


1000)/IRIS 
Power output of reference LRs MWe 1011 1011 1011 


O&M unit costs €/MWh 8,11/11,4 8,11/11,4 8,11/11,4 
Fuel cycle unit costs €/MWh 4,57 4,57 4,57 


Decommissioning costs of reference €/MWh 1,5 1,5 1,5 
Number of reactors 2/6 2/6 2/6 


Cost of equity % 4,26 4,26 10 
Financing mix ratio, E/(E+D) % 49 80 49 


Debt amortization period years 20 20 20 
Cost of debt % 4,8 9,6 9,6 


Overnight construction cost of reference €/kWe 1978 2967 3165 
Annual escalation rate for construction 


cost % 2,5 2,5 2,5 


Electricity price €/kWh 0,0537 0,0537 0,05455 
Electricity price annual increasing rate % 1,6 1,6 1,6 


Risk-free rate real, % 2,5 2,5 2,5 
Annual inflation rate % 2,5 2,5 2,5 


Corporate tax rate % 10 10 10 
 


After the implementation of the first set of three 
scenarios, second step undertaken consisted in redefinition 
of the three scenarios, substituting the large reactors with 
the innovative SMR design. This second set of three 
scenarios considers construction of six units of SMRs, 335 
MW each, all of them on one site. Stand-alone option is not 
explored. 


 
IV.B. Results  


 
The INCAS model has the potential to calculate the 


full set of accounting values for each nuclear power plant 
option, namely – generating the Profit & Loss statement, 
the Cash Flow statement and the Balance Sheet. Once the 
set of financial statement for each unit is generated, the 
code of the model is able to consolidate them and provide 
the key financial indicators, representative for the entire 
investment case, which means indicators are referred to the 
total NPP fleet under evaluation. The outputs of interest are 
the Net Present Value (NPV), the Internal Rate of Return 
(IRR), the Levelised cost of Electricity (LCOE) and the 
Pay-Back Time. Some of the principal outputs of the six 
scenarios simulated are summarized in Table VI. 


The underlying definition of Net Present Value (NPV) 
in INCAS considers all cash out-flows and in-flows, 
discounted by an appropriate rate that represents the cost-


opportunity of the capital employed(14). Generally, it 
represents the surplus earning over the remuneration of the 
capital represented by the discounted rate itself. 


TABLE IV shows the variation of NPV and overnight 
capital expenditures relevant to the free different scenarios, 
of both options of two LR and six deliberately SMR. As it 
is evident, the three scenarios provide different results and 
the NPV decreases from approximately 35,5 € bln in 
Scenario 1 to 1,024 € bln in Scenario 3. Particularly 
interesting is Scenario 3, which I the modeled according 
the latest updates, the SMRs variant demonstrates the same 
NPV as the LRs option, but in general terms SMRs 
perform better looking at the expenditures and interests. 


Other interesting result of the analysis is the outlay of 
the overnight capital expenditures of the LR and SMR. On 
Error! Reference source not found. the values of the 
overnight capital expenditures are reported together with 
the interests accrued during construction. As it concerns 
the comparative analysis of the “behaviour” of the two 
type of reactors explored, despite the seeming 
inconvenience of the small size of deliberately SMR, the 
overnight capital expenditures are near 5,67 % lower  
compared to those of the LRs in all three scenarios. On one 
hand such result confirms that the learning accumulation 
and modularisation saving factor contribute to significantly 
reduction of the construction costs. 
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TABLE VI 


Simulation results - elaboration of INCAS outputs  


Scenario 1 Scenario 2 Scenario 3 


LR SMR LR SMR LR SMR 


Net present value M€ 30553,66 26128,29 26624,99 22789,04 1024,18 1024,24 
Pay Back Time years 9,50 10,00 14,00 14,50 16,75 16,75 


Internal Rate of Return % 19,39 19,99 12,50 12,68 11,69 11,92 
Levelized Cost of Electricity €/MWh 25,41 30,32 30,72 37,66 49,55 49,77 


Maximum Cash Outlay M€ -1954,68 -1388,61 -4254,75 -3560,69 -3236,46 -2988,93 
Total Financial Interests M€ 1066,91 756,61 2134,04 1562,77 3919,22 3065,24 


Financial Interests during construction M€ 243,91 123,51 465,39 240,46 847,05 453,33 
Overnight capital expenditures M€ 3882,65 3662,54 5823,97 5493,81 6212,63 5860,43 


Average Debt/Equity % 46,85 39,54 27,94 24,68 85,04 78,52 
Total self-financing M€ 137,69 723,19 123,00 662,64 24,36 219,37 


Maximum Debt/Equity % 115,29 109,85 53,80 48,15 139,62 129,79 
Total equity investment M€ 1835,03 1440,28 3990,68 3381,82 3032,25 2764,12 
Total debt investment M€ 2153,84 1622,58 2175,68 1689,81 4003,06 3330,27 
Debt coverage ratio - 6,26 5,29 6,35 5,53 11,51 10,63 


 
On the other hand, such result recalls considerations to 
explore in future, regarding the specific characteristics of 
WWER-1000 nuclear reactor and the deployment of 
INCAS model for investment projects evaluation 
This case pose the question of how far a nuclear reactor 
with 1000MW capacity is belonging to the group of large-
sized reactors, and how near such unit is to the segment of 
deliberately small-to-medium sized reactors. The 
performance of the two large WWER-1000 in comparison 
to configuration of six IRIS units, directs the attention to a 
particular fragment of nuclear generators’ size (700 MW< 
reactor’s capacity < 1300 MW), which seems to belong the 
boundary area which distinct the LR and SMR. The 
outputs of INCAS hint at the particularity of the case and it 
seems such reactors are not large enough to benefit from 
the economies of scale, but they are too big to reduce their 
cost due to standardisation and modularization of the 
equipment. The topic remains open for further exploration. 


The Interests During Construction vary between 124 
M€ and 847 M€, and assume higher values at Scenario 3, 
both for WWER-1000 and IRIS due to the increased 
overnight cost of capital and cost of debt and cost of 
equity.  
The Internal Rate of Return (IRR) is another key 
indicator and is defined as the discount rate that brings the 
NPV equal to zero. It is the specific rate of return of the 
investment and balances all the cash out-flows and in-
flows of the project(14). On Fig. 4. the calculated values of 
IRR for the free scenarios of are represented. The IRR 
varies considerably through the three scenarios and marks 
its higher values under the conditions of Scenario 1 (in the 
range 19-20%), while the lowest the lowest values are 
characteristic for Scenario 3, approximately 12% for both 
LRs and SMRs. 


 


 
 


Fig. 3. NPV, overnight capital expenditures (CapEx) and interests 
during construction (IDC) of each set of NP defined under the 
free basic scenarios, M€ (Output of INCAS model) 


The Pay-Back Time for the undergoing analysis is 
defined as the “break-even” time period in which the 
cumulated cash inflow covers all the investment costs(14). 


Usually as pay-back time is referred a period in which 
the investors manage to recover their investments, 
compensated by the cumulated value of cash inflow. The 
current study remark significant variation also of the pay-
back time for the three scenarios: it increases from 
approximately 10 years in Scenario 1 to almost 17 years in 
Scenario 3 Table VI. 
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Fig. 4. Internal Rate of Return (Elaboration on INCAS model 
output) 


Considering the financial exposure of the project, Fig. 
5 illustrates the cumulated free cash flows over period of 
fifty quarters after the commissioning of the plant for each 
scenario. The snapshot of the cash flows defines the 
financial exposure of the different configuration and 
evidence for the advantages of the SMRs in terms of 
liquidity availability.  


 
Fig. 5. Distribution of the cumulated free cash flows during the 
first 50 quarters 


The small nuclear reactors are always with the 
advantage of lower outflow during construction and it is 
confirmed by the reported results. The explanation is 
simple and is related to SMR flexibility. Due to their 
smaller size, higher factor of standardization and shorter 
construction time, they are able to reduce the time-to-
market of the first unit on the site and support the 
realization of the successive ones (self-financing). The 
total equity required for the realization of NPPs, 
considering the same debt-to-equity ratio, in the case of 
SMR construction is lower again because of the revenues 
obtained from the earliest introduction to the market of the 
first unit of the SMR fleet. 


The effect described above clearly demonstrated by 
the Fig. 6 and Fig. 7, where the different capital investment 
sources are visualized. The chart clearly evidences the 


main advantages of utilizing smaller generating units. The 
minor size permits greater opportunity for self-financing 
which relieve significantly the burden of equity and debt 
need for the investment. As it could be noticed from the 
figures, in the case of the SMRs the percentage of the auto-
generated monetary funds, reinvested in the process of 
construction increases with the number of units built. 
Comparing figure and numbers, the main points of 
disparity could be generalized:  
• The choice of large reactors is normally related to 


shorter time to operational availability of the total 
capacity desired. Large reactors benefit from 
economies of scale, but require considerably bigger 
capital investments; 


• The small reactors launch the operational capacity 
more gradually in time, but flexibility and 
modularization permits them to strong involvement of 
auto-financing. 


 
Fig. 6. Investment sources for Scenario 1, LR – total equity, debt 
and sel-financing 


 
Fig. 7. Investment sources for Scenario 1, LR – total equity, debt 
and self-financing 
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V. CONCLUSIONS 
 


The results of the numerical experiments allowed 
estimation of the main financial indicators relevant to the 
decision-making process for investment in new NPP under 
two main perspectives: 
• Individuation of the most viable option for investment 


in the context of Bulgaria, in terms of financial 
structure and indicators represented by three 
configurations – Scenario1, Scenario 2 and Scenario 3 


• Comparative investigation of the alternative 
deliberately small-to-medium sized nuclear reactor 
and its performance under the three scenarios. On first 
place the output numbers confirmed the hypothesis for 
Scenario 3 as the “best” option among the investment 
alternatives considered. Exploring the results 
permitted some generalizations: 


• Despite their small size, the SMRs succeed to 
overcome the disadvantages of the economies of scale 
they cannot profit from, and demonstrated better 
performance in most of the quantitative indicators; 


• Learning accumulation in construction and assembling 
of the NPP, modularization saving factor and multiple-
units-on-a-single-site economies are the main drivers 
for the self-financing effect during the construction 
period, which in the current case study managed to 
ensure up to 15% of the capital investment required in 
some of the scenarios, and thus reducing significantly 
the overnight cost of capital. The favourable effect of 
self-financing increases its magnitude with increasing 
the number of nuclear units completed; 


• Greater flexibility in combination with auto-financing 
of the SMRs are able to offer better adjustment of the 
new generation capacity to electricity demand growth 
at lower costs.  
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Abstract – Based on GO-FLOW methodology, the reliability of pressurized water reactor (PWR) 
auxiliary feedwater system (AFWS) of Daya Bay nuclear power plant was analyzed. GO-FLOW 
chart was drawn according to the principle chart of AFWS, and the success probabilities of AFWS 
at different time points were calculated. The results show that GO-FLOW could be well applicable 
to the analysis of PWR-AFWS, GO-FLOW has proved to be an effective and useful methodology in 
system reliability analysis, and it can provide technology support to the living risk monitoring 
system. 


 
 


I. INTRODUCTION 
 
Fault Tree (FT) and/or Event Tree (ET) analysis has 


been widely applied in the tasks of Reliability Analysis 
(RA) and Probabilistic Safety Assessment (PSA) in large 
and complex modern industrial systems for evaluating and 
improving their operation safety, reliability and usability. 
However, FT and/or ET technologies are also criticized for 
their limitations in dealing with dynamic characteristics.   


GO-FLOW1 originally invented by Prof. Matsuoka in 
1980s is a success-oriented system reliability analysis 
methodology that can deal with time-related issues. 
GO-FLOW can not only describe the complex operation 
time sequences and the system with multiple operating 
states, but also can calculate the probabilities of system at 
each time point through a graphical analysis software. 
However, the applications of GO-FLOW for large and 
complex industry systems, such as nuclear power plant, are 
rarely reported. 


This paper takes Auxiliary Feedwater System (AFWS), 
one of the engineered safeguard systems which play an 
important role in nuclear safety for restricting the 
development of post-accident and reducing the accident 
consequence, as the target system, and applies GO-FLOW 
methodology for analyzing the reliability of AFWS in 
different operational stages. The purpose of this paper is to 
prove the usability of GO-FLOW in analyzing the dynamic 
operational characters of nuclear power plant which will 
build a solid basis for developing a Living PSA system for 
the nuclear power plant in the future.  


 
The rest part of this paper will be organized as follows: 


firstly introduce the fundamental of GO-FLOW 
Methodology, and then introduce how to model AFWS by 
GO-FLOW according to the system diagram. Next, the 
calculation of the probabilities at different time points by 
making use of the GO-FLOW computing program will be 
introduced. And finally the analysis results will be given 
and discussed. 


 
II. THE FUNDAMENTAL OF GO-FLOW 


METHODOLOGY 
 


The GO method (Gately and Williams, 1978) is an 
effective method of system reliability analysis. 2 It is mainly 
suitable for dealing with systems with complex time 
sequence or status varying with time. At present, the GO 
methodology has some applications to a nuclear power 
plant. Although the GO method has some special features, it 
also has disadvantages. In the GO methodology, the signal 
is “ON” to “OFF” or “OFF” to “ON”. The GO method 
finds out the time when a system changes state but cannot 
treat a system that has multiple state changes, such as “ON” 
to “OFF” and to “ON” again. Also, the GO method cannot 
easily perform a time-dependent system analysis because it 
requires several computer runs with different input data. 


Based on GO method, the Ship Research Institute has 
been developed a new reliability analysis methodology 
GO-FLOW (Matsuoka and Kobayashi, 1988), which also is 
a success-oriented system analysis technique, and is capable 
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of evaluating a large system with complex operational 
sequences.  


The first step of GO-FLOW modeling is constructing a 
GO-FLOW chart. The GO-FLOW chart is constructed 
using a set of operators listed in Table I. The chart 
corresponds to the physical layout of the system and in 
many cases can be directly constructed from the 
engineering drawing. The GO-FLOW chart contains all 


possible system operational states. The chart consists of the 
operators connected together by signal lines, which identify 
the input and outputs to the operators. A signal can 
represent any physical variable, such as material flow, 
engineering flow, or control flow etc. While constructing 
the GO-FLOW chart, these signals can be manipulated to 
specify times of transitions, demand signals, physical 
variable conditions etc. 3               
 


TABLE I 


Operators in the GO-FLOW methodology 


 
Two-State Component 


 


 
OR Gate 


 


 
Signal Generator 


 


 
Normally Closed 


Valve 


 
Normally Open Gate 


 
 


And Gate 
 


 
Failure of Light Bulb 


 
Failure of Valve in 


Open State 


 
Failure of Valve in 


Closed State 


 
Opening and Closing 


Action 


 


Generally, three types of signals are connected to an 
operator: the main input signal(s) S, subinput signal(s) P, 
and an output signal R. Each operator has a logic relation 
for combining the inputs properly and producing the output. 
The function of operators is governed by the following 
fundamentals rules: 


1. A main input signal S(t) affects only the output 
signal R(t). 


2. All the subinput signals P ( t′ ) ( t t′ ≤ ) affect the 
output signal R(t). 


3. A subinput signal P( t′′ ) ( t t′′ > ) does not influence 
the output signal R(t). 


The functions of the GO-FLOW operators are different 
from those of GO operators because the meaning of the 
signal in the GO-FLOW methodology is completely 
different from that in the GO methodology. Table I shows 
the symbols of operators in the GO-FLOW chart.   


Type-21 Operator 
The operator models a “good/bad” component, such as 


a light bulb, resistor, or connector pin. This operator has one 


input and one output signal line and requires a probability 
for the good state of a component (Pg). 


Type-22 Operator 
This operator models an OR gate. The operator has 


more than one input signal line and does not require any 
data. The operator obtains the union of all the events 
represented by the input signals and makes it the output 
signal. The intensity of the output signal is the probability 
that at least one input signal Si exists.  


Type-25 Operator 
This operator is a signal generator, having only one 


output signal line. The most common use of a type-25 
operator is to generate a signal at only one time point, but it 
can also successively generate signals at many time points. 
This operator is used to control the timing of component 
action and can also be used as a clock. In this case, the 
intensity of the output signal represents a period, and the 
signal line is connected to a type-35, -37, or -38 operator 
through a sub input signal P. The signals generated by 
type-25 operators and by different operators are mutually 
independent. 
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Type-26 Operator 
This operator models a normally closed valve. The 


operator has one main input, one subinput, and one output 
signal line. This operator typically models a normally 
closed valve, which is opened by subinput signals. The 
valve will successfully open with probability Pg; with 
probability Pp, it has been opened without any subinput 
signal. A normally open contact can be also modeled by this 
operator. 


Type-27 Operator 
This operator models a normally open valve. The 


operator has one main input, one sub input, and one output 
signal line. It requires probabilities for successful operation 
(Pg) and premature operation (Pp). 


Type-30 Operator 
This operator models an AND gate. The operator has 


more than one main input signal line but only one output 
signal line, and it does not require any data. The operator 
obtains the intersection of the events represented by the 
input signals and makes it the output signal. The output 
signal intensity is the probability that all the inputs Si exist. 


Type-35 Operator 
This operator models a light bulb failure while the bulb 


lights. The operator has one main input, more than one sub 
input, and one output signal line. A component failure 
probability per unit time duration (λ ) is required. The 
failure rate λ  is assumed to be time independent. 


Type-37 Operator 
This operator models a time-dependent valve failure in 


an open state. The operator has one main input, more than 
one subinput, and one output signal line. A component 
failure probability per unit time duration (λ ) is required. 
The failure rate is also assumed to be a constant. 


Type-38 Operator 
    This operator models a time-dependent valve failure in 
a closed state. The operator has one main input, more than 
one subinput, and one output signal line. A component 
failure probability per unit time duration (λ ) is required. 
    Type-39 Operator  
    This operator models the opening and closing action of 
a valve. The operator has one main input, two subinputs, 
and one output signal line. It requires probabilities for the 
valve being successfully opened (Po) and successfully 
closed (Pc) upon demand.  


To understand the GO-FLOW analysis procedure, 
consider a simple water supply system, as shown in Fig. 1. 
The system is a simple parallel system which provides 
water from a tank A to the users through two pumps C and 
D. The system will be at successful state when the tank 
works and at least one of the pumps does work. Initially, the 
water tank supplies water to pump C, pump C is actuated. 
One hour later pump D starts up. The mean lifetime of both 
pump C and D is assumed to be 1000 hours. 


 
Fig.1. Principle chart for water supply system 


 
The GO-FLOW chart of this example is shown in Fig. 


2. Each operator is represented by a compound number: the 
number above the horizontal line represents the operator 
type, and the number below the line designates each 
operator. The numbers on the connecting lines identify the 
signals. The final signal is signal No.12, which corresponds 
to the possibility of the system outputting water. 


 


Fig.2. GO-FLOW chart for power switch system 


As shown in Fig.3, four time points are set in this 
example. At time point 1(the initial time), tank A is put into 
operation, and valve B is opened. At time point 2 (1 minute 
after time point 1), pump C and valve E are put into 
operation. At time point 3 (1h after time point 2), pump D 
and valve F are actuated. At time point 4 (1h after time 
point 3), all physical operators are at working state. 


 


 
 
Fig.3. Changes of component actions with time  
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The input of the system is tank which is represented by 
type 25 operator. The water supply transmits its signal to 
two pumps, respectively. The pump is represented by type 
26 and 35 operators. The valves are represented by type 21 
operators. The interest is the probability that at least one 
way’s signal comes on, so the “OR” gate is used (type 22 
operator) in the end of the flow chart. 


 
TABLE II  


Operator Data of Water Supply System 
 


Type Number Data 


25 1 R(1)=0, R(t)=1.0(t≠ 1) 


25 2 R(3)=1.0, R(t)= 0(t≠ 3) 


25 3 R(4)=1.0, R(t)= 0(t≠ 1) 


25 4 R(3)=1h, R(4)=1h 


21 5 Pg =0.9 


21 8 Pg=0.9 


21 11 Pg=0.9 


26 6 Pp=0, Pg=0.9 


26 9 Pp=0, Pg=0.9 


35 7 λ =0.001/h 


35 10 λ =0.001/h 


 
As shown in Fig.2, totally there are 12 operators in this 


example. The explanations and the required data for these 
operators are shown in Table II. Once a chart is completed 
and operators’ data are set in the GO-FLOW, the analysis 
result can be obtained by GO-FLOW software in one 
computer run. The intensity of final signal No. 12 at 
different time points are given in Fig. 4.  


 


 
 


Fig.4. The result for No.12 final intensity 


The result can be explained as follows. Firstly, the 
system supplies water to the users in series, whose   
successful probability is 0.7290. One hour later pump D is 
put into operation, the system becomes a parallel system, 
which has a high redundancy, so the system’s successful 
probability increases to 0.8673. Finally, 1h later the 
probability decreases (0.8673- 0.8670= 0.0003) a little 
because of pump lifetime effect during operating. 


According to the simple example, it can be concluded 
that the GO-FLOW methodology possesses the following 
significant features: 1. The GO-FLOW chart corresponds to 
the physical layout of a system and is easy to construct. 2. 
Alterations and updates to a GO-FLOW chart are readily 
accomplished. 3. The GO-FLOW chart contains all possible 
system operational states. 4. The analysis is performed by 
one GO-FLOW chart and one computer run.  


 
III. AFWS AND ITS GO-FLOW MODEL 


 
III. A. AFWS 


 
As one of the engineered safety features, AFWS 


includes many types of equipment and serves as an 
important part in nuclear safety.  


The system mainly acts as the backup system when the 
main feed water supply of steam generator fails under 
abnormal operating conditions, such as on-site power 
failure, main feed water line break or main steam line break 
etc. Meanwhile, as a substitute of main feedwater system, it 
discharges reactors’ heat generation under the following 
circumstances: 


-- AFWS start-up and reactor coolant system warming; 
-- Cooling reactor coolant system down to the residual 


heat removal system’s working state; 
-- Hot shutdown. 
AFWS system chart is shown in Fig. 5. The system 


mainly consists of an auxiliary water tank, two 
motor-driven auxiliary feedwater pumps with 50% of rated 
flow, one turbine driven auxiliary feedwater pump with 
100% of rated flow as well as corresponding pipes and 
valves and other components. 


The occurrence of feedwater supply’s accidents, 
caused by the tripping operation of secondary circuit main 
feedwater pump or the loss of condensate pump etc.，will 
reduce the thermal conductivity of steam generator. Under 
such conditions, AFWS runs automatically. 


After receiving the feedwater supply’s accidental 
signal, AFWS will start the actions as follows, 


-- Start two Motor-driven Auxiliary Feedwater pumps
（01/02PO）; 


-- Open two steam isolation valves （01/02VV）of 
Steam-driven Auxiliary Feedwater Pump; 


-- Confirm control valves related to two Motor-driven 
Auxiliary Feedwater pumps and Steam-driven Auxiliary 
Feedwater Pump are 100% open; 
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-- Isolate the steam generator. 
After starting, AFWS deliveries water to steam 


generator at maximum discharge, which makes it great 
necessity to adjust auxiliary feed water flow in order to 
maintain the level of steam generator.  


The system uses existing water in auxiliary water 
supply storage tank at the initial stage of start-up. After a 


period of time, Condensate Water System (CWS) sends 
water to the water tank, during which time 9AFWS 
deaerator starts to deoxygenize water from Oxygen 
Scavenger System (OSS). Half an hour later, CWS will be 
replaced by deaerator to supplement water. 
 


 
Fig.5. Principle chart of AFWS 


 
III. B. AFWS’ GO-FLOW Model 


 
Based on AFWS operating conditions, a GO-FLOW 


chart for AFWS is shown in Fig.6, in which the important 
and representative operators as well as their reliability data 
are shown as in Table III. The component reliability data are 
collected from the IAEA’s recommendation4. Due to the 
limitation of the size of the paper, only the main modeling 
processes are briefly introduced in this paper. The important 
components marked with the names of their physical 
components are shown in Fig. 6. 


In the GO-FLOW model, there is a general one-to-one 
correspondence between each operator and element in 
system chart. Generally, one operator represents a 
component of the system. While analyzing the same 
component from different aspects, several GO-FLOW 
operators could represent one component. For example, 
type 26 and 35 operators indicate failures in startup and 
running of all pumps in the system and likewise type 21 and 
35 operators indicate such failure conditions of turbine 
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drive. Type 39 operator represents valves with switches, 
type 21 operator for check valves and electric isolation 
valves without switches. Besides, type 21 operator 
represents certain high-reliability elements such as storage 
tanks, steam-water separators, deaerator closure plate and 
heat exchanger. About type 26 operator, there is an auxiliary 
input signal connecting signal generators to regulate ON or 
OFF state of elements normally closed or open. Type 25 
operator shows the output of signal generator and type 39 
operator needs two auxiliary inputs to control ON or OFF 
state, that is, with two type 25 operators showing the output 
of signal generator. The signal generator connecting number 
35 operator signifies the amount of time that signals have 
been captured. In the whole model diagram, type 21 and 25 
operators respectively indicate failure and signal of water, 
gas and electricity supply. 


In this GO-FLOW chart, the final output intensity 
represents the reliability of AFWS at least can successfully 
supply water to one steam generator, this is the reason of 
why an “OR” gate is used before the final intensity in the 


GO-FLOW chart. While the GO-FLOW methodology is 
applied to carry out quantitative analysis of system 
reliability with timing series and multi-states, the time 
points that system reliability changes with timing series 
should be ascertained according to the accident process, 
system responses and the operator’s intervention on system. 


According to the AFWS’ responses under the condition 
of losing normal feedwater, seven time points are set in this 
paper. The first time point is the initial time, namely, the 
system without any action, and the actual time recorded as 
0. The second is the system’s start working time, and that is, 
0.01h after time point 1. At this time, two motor-driven 
auxiliary feedwater pumps and steam-driven auxiliary 
feedwater pumps start to work. The third is 0.02h after time 
point 2 when the deaerator begins to run. The fourth shares 
the same moment with time point 3. The fifth is 0.5h after 
time point 2 and 4 and at this time, the deaerator starts 
delivering water to the storage tank. The sixth also shares 
the same moment with time point 5. The last one is 6.72h 
after time point 5 and 6. 


 


TABLE III 
Components and Parameters for PWR-AFWS 


 


System Component Corresponding Unit Operator Parameter 


Motor-driven Isolation Valve 012VD~ 017VD 
021VD~ 024VD Pg=0.99955 


Pneumatic Control Valve 01VV~ 04VV Pg =0.99975 


Common Valve 01VD ~ 08VD  
V1~V4 Pg =0.99989 


Check Valve CV1~ CV6 Pg  
=0.99998 


Orifice Plate OP1~ OP6 Pg =0.99970 


Motor-driven Auxiliary Feedwater 
Pump 01PO~ 04PO 


Pg =0.99954  λ =0.000059 
μ =0.18 


Steam-driven Auxiliary Feedwater 
Pump 05PO Pg =0.99939  λ =0.0000076 


Turbine Drive 01TC Pg =0.99936 λ =0.00021  μ =0.012345 


Heat Exchanger 01EX Pg =0.99989 


Steam-water Separator 01ZE Pg =0.99989 


Deaerator 01DZ Pg =0.99987 


Water Tank 01BA Pg =0.99999 
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Fig.6. GO-FLOW chart for AFWS 


 


III. C. Reliability Analysis 
Probabilities at different time points calculated by 


GO-FLOW software are listed in Table IV. 
 


TABLE IV 
Time- dependent failure Probability for PWR -AFWS 


 


Time Point Failure Probability 


1 1.00000E+00 


2 1.23096E-05 


3 1.19787E-05 


4 1.19786E-05 


5 1.21194E-05 


6 1.21194E-05 


7 1.39281E-05 


 
 
In the form of line graph, figure 7 depicts feedwater 


failure possibility and variation tendency of AFWS at 
different time points. It can be seen from figure 7, the 
reliability of AFWS changes at different time points and 
declines in the whole. 


 


 
 


Fig.7. Variation tendency for the result 
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The AFWS overall remains high reliability at different 
time points, especially at time point 3 and after that, the 
reliability declines a little bit. These results are mainly 
caused by following reasons: 


(1) As one of engineered safety features of the station, 
the system itself owns high equipment reliability. 


(2) At time point 1, the AFWS doesn’t start to work, 
the probability of water supply is 0 which is not shown in 
the figure. 


(3) At time point 2 three pumps are put into the action, 
the AFWS’ reliability is 1.23096E-05. As to time point 3, 
CWS is put into operation, the deaerator (01DZ) is 
warming, and AFWS has a high redundancy. So time point 
2 to 3’s reliability is increasing.  


(4) Time point 3 and 4 are the same real time. 
(5) Time point 4 to 5 is due to the deaerator’s put in. 


As to time point 5, CWS is cut down, and the deaerator 
(01DZ) will be started to supply water. Its reliability is 
influenced by the deaerator’s character.  


(6) The augment of system failure probability from 
time point 6 to 7 results from the augment of system 
running time and equipment failure probability. The overall 
system failure probability increases with time in the whole.  


 
IV. CONCLUSIONS 


 
In this present paper, Auxiliary Feedwater System in 


nuclear power plant is analyzed by the GO-FLOW, and the 
reliability results with time are obtained. Through this study 
analysis, the GO-FLOW demonstrated that the following 
merits could be usable in reliability analysis. (1) Changes of 
system state according to time and time relay can be 
analyzed in one computer run. (2) Relations between the 
shape of the GO-FLOW chart and a system function are 
easily to understand. Therefore, process of modeling can be 
done easily.  


In the future, the authors will develop a Risk Monitor 
system for NPP using GO-FLOW. Risk Monitor 
requirements concern about the time-dependent failure 
probability of the system and needs to change the system’s 
model timely, either automatically or manually. To meet 
these requirements, it is necessary to improve the human 
machine interface of the current GO-FLOW software for 
providing an easier way of understanding GO-FLOW 
models. In addition, when GO-FLOW models become huge 
and complex, it will result in long computer calculating 
time and high computer memory requirements. The number 
of the operators in the current GO-FLOW software is 
limited to 400. For modeling nuclear power plant, 
hierarchical analysis and distributed computing technology 
are necessary to be developed. 
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Abstract – A core catcher for the next generation advanced light water reactors is being 
developed to stabilize the molten corium while avoiding molten core concrete interaction in the 
reactor containment during a hypothetical severe accident. The proposed core catcher is to be 
installed in a reactor cavity with minimum interfaces with existing structures. The core catcher 
consists of a carbon steel body, sacrificial material, protection material and engineered cooling 
channel. The molten corium discharge resulting from a failure of the reactor vessel is collected 
inside the core catcher body such that the sensible heat and decay heat of the molten corium is to 
be removed from the coolant channel which is placed on the external face of the core catcher 
body, where two-phase natural circulation flow is developed. The sacrificial material is designed 
to avoid focusing effect, re-criticality of corium water mixture, and excessive generation of 
hydrogen. The surface area and flow channel configuration are designed to provide sufficient 
thermal margin against the critical heat flux for gap boiling in the cooling channel. Analytical 
efforts and experimental efforts are underway to demonstrate the performance of the proposed 
core catcher.  


 
 


I. INTRODUCTION 
 
As the number of nuclear power plants and the 


location of nuclear power plants are getting closer to the 
highly populated area and there is an effort to increase the 
life time of nuclear power plant over 60 years, it has to be 
noted that these trends not only increases the economic 
benefit but also increases the chance of exposure to 
unexpected risk of black swan (Taleb, 2007). In the current 
generation of nuclear power plant, there is a chance of 
severe accident, which leads to a melting of the reactor 
core and reactor internal materials. We are interested in the 
possibility of core damage and subsequent release of radio-
active materials to eco-system, which would threat the 
safety of human health and jeopardize the environmental 
stability. 


The risk to public health and safety is dominated by 
the risks from severe core damage accidents. The design 
basis accidents are not risk significant because they must 
have negligible consequences to meet the regulatory 
criteria. Rather surprisingly, it was indicated that severe 
accident is not rare compared to a typical design basis 
LOCA scenario of a double-ended pipe break, concurrent 
loss of offsite power, followed by failure of the limiting 
train of safety related systems (Fleming and Silady, 2002 ). 
Therefore, we have to be prepared for the severe accident. 
The severe accident management strategy or dedicated 
engineered safety features for the severe accident should 


provide a proper level of defense in depth which is 
resistant and resilient to the hypothetical severe accident.  


It triggered an implementation of new molten core 
cooling strategy for the advanced light water reactors, like 
in-vessel-retention strategy by flooding the reactor cavity 
in AP1000 (Lempe  et al., 2008). Instead of providing 
passive means for the flooding of the cavity, a core catcher 
is provided for VVER-1000 (Khabensky et al., 2009), EPR 
(Fischer et al., 2005), and ESBWR (Hinds and Maslak, 
2006), for the stabilization and cooling of molten core 
materials outside the reactor vessel.  


In this paper, a core catcher concept is suggested, 
which can be adapted for both existing reactors and the 
advanced light water reactors. It is a passively actuating 
device which can arrest and stabilize the molten core 
material inside the reactor cavity.  


 
II. CONCEPTUAL DESIGN OF A CORE 


CATCHER.  
Primary goal of the proposed ex-vessel core catcher is 


to reliably accommodate and rapidly stabilize the corium, 
including the entire core inventory and reactor internals 
that is injected into the cavity following a postulate severe 
accident. To achieve this important goal, the proposed core 
catcher design employs the combined effects of several 
key design components to: (i) direct the paths of relocation 
of the corium once the accident proceeds to the ex-vessel 
stage, (ii) retain the corium within the ex-vessel core 
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catcher, (iii) promote spreading of the corium over the 
entire floor area of the core catcher, and (iv) provide 
effective long-term cooling of the corium so as to quickly 
achieve and maintain a stabilized corium configuration.  
These key design components include: (1) Composite 
Layer of Sacrificial Material and Protective Material, (2) 
Corium Spreading Compartment, and (3) Engineered 
Corium Cooling System with Passive Natural Circulation 


 
TABLE I Key Components and Their Functions 


 
Engineering 
Provision 


Function during Initial and Subsequent corium 
discharge and long term  


 Molten pool formation 
The configuration of corium in a core catcher is in 
the form of molten corium pool plus debris bed 


Composite Layer 
of Sacrificial 
Material and 
Protective 
Material 


Sacrificial Material: Mixing with corium 
Prevent focusing effect, Mixing with neutron 
absorber, Protect core catcher body 
Protection Material: 
Protect core catcher body during initial discharge 


Core Catcher 
Body/Spreading 
compartment 


Provide spreading area 
Provide heat transfer area 
Enclosure for the corium mixture 


Corium Cooling 
System  


Provide cooling from the bottom and top 
Provide cooling from the bottom and top 


Reactor Cavity 
Pool 


Cooling from the top, Debris bed cooling,  
The pool should be shallow 


IRWST Source for the water 
Hydrostatic Head 


Instrumentation 
and Control 


Detect vessel failure and corium discharge 
Activation of valves for water supply 
Maintain water level below certain level in a 
reactor cavity pool 


 
The Core Catcher Body: The core catcher body made 


of carbon steel is to be placed inside the reactor cavity 
under a reactor vessel. The configuration of current reactor 
cavity, reactor vessel, ICI cables, and IRWST, hold up 
volume tank is shown in Fig. 1. The reactor cavity floor 
area shown at the center of Fig.2 is to be modified in a 
rectangular shape. It will provide a surface area of about 
100 m2 for spreading and heat transfer. Since there can be 
a physical interface with ICI cables, the height of the core 
catcher has to be minimized. Also, it will be very difficult 
to install a pre-catcher like that of the EPR.  


Molten corium discharged from the reactor vessel is to 
be collected and spread inside the core catcher body, which 
is made of lower walls and side walls. The bird-eye view 
of the core catcher shape is shown in Fig. 2. It consists of a 
core catcher body made of carbon steel and a sacrificial 
material located on top of the core catcher body. As will be 
explained later, a portion of core catcher body which is 
located just below the reactor vessel is covered by both 
protection material and sacrificial material.  


The thickness of the carbon steel is selected such that 
the maximum heat transfer allowed by conduction is ∼200 
kW/m2. The core catcher is geometrically symmetric along 


a longer axis. As shown in Fig. 1, after the molten corium 
is relocated to the core catcher body the water will be 
flooded from the bottom to the top of the molten corium. 
The water will be flooded from the IRWST by the gravity. 


 


 
Fig.1 Arrangement of reactor Vessel and Core Catcher 


 


 
Fig.2 Bird-eye view of the core catcher 


 
Cooling Channels: Proposed core catcher provides a 


feature for a natural circulation driven cooling, which is 
schematically shown in Fig. 3. The cooling channel is 
made of a single channel between the core catcher body 
and inside wall of the reactor cavity. The design 
parameters, such as size of the gap, spacing between the 
studs, thickness of the sacrificial material, thickness of the 
protection material will be determined during the design 
process. A large number of short columnar structures are 
placed between the core catcher body and reactor cavity 
wall, which is used to withstand the static and dynamic 
loading on the core catcher body.  
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The cooling channel also has an inclination angle of 
~10 degree to facilitate the steam venting. It would be 
better if we increase the gap size towards the exit of cooing 
channel to facilitate the steam venting. The arrangement of 
supporting column is in a square pattern, while a 
possibility of optimization on the shape and geometric 
arrangement is to be left open. A down-comer is provided 
to result in a two-phase natural circulation. In conceptual 
design, a rectangular dividing wall provides a separation 
between the down-comer channel and cooling channel. 
Detailed design and arrangement of down comers are left 
open. 


By having a natural circulation flow along the cooling 
channel, it is expected that the CHF limit would be ~ 0.5 
MW/m2, while the average thermal load from the core 
catcher body is expected to be about 0.2 MW/m2. 
Assuming the decay heat of 1% with 20% of volatile 
fission product, the total decay heat from the molten 
corium is about 32 MW, which results in a down-ward 
average heat flux of 160 kW/m2 in case of equal split of 
heat load to the top and bottom. So, there is an enough 
thermal margin in average.  


Along the vertical wall of the cooling channel, there 
can be a location of peak heat load due to a focusing effect, 
which is resulted from a stratification of oxidic melt and 
metallic melt. The focusing effect is to be avoided by 
having a proper sacrificial material. The sacrificial material 
will interact with the free zirconium in the corium such 
that the heavy metallic melt will be located at the bottom 
of the core catcher while the oxidic material will be floated 
on top.  


 


 Fig.3 Core Catcher concept with Natural circulation  
 
Protection and sacrificial material: The protection 


material is used to protect the core catcher body during the 
initial major relocation of corium into the core catcher 
body. Refractory material such as MgO or ZrO2, which 
has a very high temperature melting point, is to be used to 
protect the core catcher body during the jet impingement. 
The sacrificial material is used to control the property of 
corium mixture. The sacrificial material should consume a 
significant amount of Zr-metal to minimize the generation 


of hydrogen, exclude a possibility of focusing effect, and 
prevent a re-criticality of corium-water mixture. In 
addition, the sacrificial layer consists of two portions. The 
required thickness of sacrificial material and protection 
material will be obtained by a design analysis and separate 
experiments on corium-sacrificial material interaction and 
corium jet impingement on protection material. 


 
III. POTENTIAL DESIGN ISSUES 


 
III.A Modes of molten corium discharge  


As there is no pre-catcher, various event scenarios in 
terms of the relocation of molten corium into the core 
catcher should be considered while designing the 
performance of the core catcher.  


Fig. 4 shows a typical pattern of molten corium 
discharge in the case of penetration tube failure for a 
typical PWR. It shows that there will be multiple pours of 
molten corium. Also, depending on the event scenarios, the 
amount of corium discharge at each batch is different.  


 


 
      Fig. 4 Molten corium accumulated in the reactor cavity 


 
There can be another type of reactor vessel failure, 


which would include a local failure of the reactor vessel 
due to creep, local failure due to a focusing effect, and 
global failure of the reactor vessel. However, the failure 
mechanism of the reactor vessel has not been fully 
understood and the current severe accident analysis codes 
like MELCOR and MAAP do not have mechanistic models 
for the failure modes of the reactor vessel.   


The delay between the first batch of corium discharge 
and subsequent discharge will highly depend on the history 
of relocation of core material and the failure history of the 
reactor vessel. The core material would not melt at the 
same time. Depending on the location of materials, the 
time for the melting of core materials can be different. The 
location and size of reactor vessel holes will change with 
time. Considering the high probability of multiple batch of 
corium discharge at different timing, there are potential 
issues to be solved.  
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The first one is the potential risk of steam explosion. 
An energetic steam explosion can occur during the 
subsequent batch of molten corium release while the 
reactor cavity pool is flooded quite deep just after the first 
batch of corium release. There are two factors which could 
decrease the strength of the steam explosion. The first one 
is the heat transfer from the top of the corium to the water 
pool and subsequent generation of steam into the water 
pool, which would heat up the water pool toward the 
saturation. If the pool water approaches saturation, the risk 
of steam explosion significantly decreases. However, as 
the water in the IRWST can be in a state of high sub-
cooling, there is a change that the water pool will be under 
sub-cooled situation until the second batch of corium 
discharge.  


Therefore, the risk of steam explosion has to be solved 
by a dedicated design. There can be many designs. The 
first design could be an adoption of very two step flooding 
rates into the core catcher body. The flow into the channel 
of the core catcher should be fast enough to avoid 
preheating of the lower surface of the carbon steel core 
catcher body. After a quick filling of the flow channel, the 
flow into the upper portion of the core catcher body can be 
minimized to compensate for the evaporation required to 
remove the decay heat. As a variation of this design, the 
water level of the pool in a core catcher cavity be 
maintained at a level with some margin on top of the 
corium by a floating device with a compensation flow to 
match the steaming rate. Another design is possible either 
by having separate tanks for the flow channel and flow 
into the core catcher body.  The design issue is how to 
activate the system in a passive way such that it does not 
violate the passive design criteria.   


If we have multiple pours into the flooded cavity, 
there are two more issues to be considered. The first one is 
about the spreading performance and the second one is 
about the coolability of the particle debris bed. In case of 
multiple pours, there is a chance that the corium pool 
already frozen or the solidified particle beds generated 
during a fuel and coolant interaction would impede the 
spreading of corium released into the reactor cavity filled 
with water.  


As the reason why we needed good spreading 
performance was to have uniform depth of the corium pool 
to minimize the unequal distribution of the heat load. The 
spreading performance would not be applicable in this 
situation, since the majority of corium released into the 
core catcher will be fragmented and solidified such that it 
would form a particulate debris bed. There would be 
limited spreading such that the height of the particulate 
debris bed will be maximum near the bottom of the reactor 
vessel. It would result in a non-uniform heat load to the 
bottom. However, as about half of corium pool is in a 
liquid pool shape and the remainder is in the form of a 
particulate bed, where the heat load from the particulate 


bed will be effectively removed by a coolant flow into the 
particulate bed, the heat load to the bottom would not 
higher than the case with single batch, where all the 
corium is released into the core catcher at once. The heat 
removal capability of the particulate bed plus molten 
corium pool would be certainly better than the case with a 
molten corium pool only.   


Therefore, the spreading performance and coolability 
would not be an issue for the multiple batch situation. Only 
the potential problem is the risk of steam explosion, which 
can be solved by a dedicated design. 


 
III.B Design Requirements and Implementation  


To optimize the core catcher performance, design 
parameters should be selected such that it would satisfy the 
design requirement with enough margins. The design 
requirements are taken from the EUR. The strategy how 
the design is to be implemented to satisfy the design 
requirements is discussed below.  
 


Decay Heat Removal and Solidification of Debris: 
Provide Cooling Capacity with enough margin, Cooling 
channel with a provision of natural circulation, Maintain 
Structural Integrity of Core Catcher  


Keff < 1: Use of Neutron Absorber in Sacrificial 
Material Facilitate mixing provision between SM and 
corium – porous structure 


Containment Pressure Low/Containment Integrity: 
Provision of indirect cooling path and cooling on the top to 
avoid MCCI,  Maintain shallow pool in the reactor cavity 
to suppress break up to minimize steam generation due to 
corium coolant interaction and to reduce dynamic load due 
to an energetic steam explosion 


Fission Product Release: Early Solidification of 
Molten Pool boundary 


Operation action after 24 hours: Passive design, no 
power supply or batter powered 
 


IV. NATURAL CIRCULATION FLOW  
 


The loop mass flow rate in the coolant channel is 
determined by a balance between the pressure drop and 
hydrostatic head difference. For the pressure drop in the 
loop, we assume that the major pressure drop occurs in the 
two-phase part of the loop, where the pressure drop is 
expressed as below  


 


    (1) 
It consists of skin friction and geometric loss. As there 


will be a flow blockage in the coolant channel we included 
the geometric loss K factor. Here R is density ratio, which 
is defined as ρf/ρg. L2φ is the length of two phase region, 
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Lsp is the length of single phase region, K2φ is the 
geometric K factor in the two phase region, and Ksp is the 
geometric K factor in the single phase region. A is the flow 
area. Here, xe is the flow quality at the exit.  


As the density ratio R is in the order of 1000, we can 
neglect the second term in eqn. (1). And let’s assume that 
the length of two phase region is close to L.  


Then the pressure drop can be approximated as  


 (2) 
We will assume that the inlet flow is saturated for 


simplicity in the analysis. The energy balance in the 
heating section determines the exit flow quality  


                                               (3) 
The driving head, which is difference between the 


cold water column and two phase column in the coolant 
channel, is as below 


       (4) 
, where the relation between the void fraction and flow 


quality is used by assuming that the liquid velocity and 
vapor velocity are the same,  


 (5) 


When the exit quality is about 0.01, the exit void 
fraction is about 0.94. It can be easily seen that the flow 
regime should be annular flow even at low flow quality at 
the exit. Then, the steady state flow is determined from the 
balance, where skin friction coefficient and K-factor are 
combined as Kch.  


 


 


      (6) 
    


     (7) 
 


First let’s consider the decay heat of 40 MWth, which 
is about 1% of core power.  And assume that half of the 
heat is removed from the top of the molten corium and half 
of the heat is removed from the coolant channel. Then, the 
heat input to the coolant channel is 20 MWth as a 
conservative estimate, as there will be a reduction of decay 
heat by the volatile fission product.  


As an example, we can calculate the loop mass flow 
rate and exit flow conditions at 0.2 MPa. The flow area of 
the coolant channel is about 4.4 m2 and the height is taken 
as 0.5 m. Now, depending on the amount of blockage due 
to a support structures in the cooling channel, we can 


assume a blockage of about 50%. Then we can calculate 
the exit flow quality, void fraction, and loop mass flow rate 
depending on the pressure and amount of blockage.  


 Above results indicate the loop mass flow rate is 
determined by the height of the heating section, which is 
0.5 m, flow resistance in the flow channel, which is the 
summation of skin friction and geometric form loss, 
atmospheric pressure, and available flow area in the 
coolant channel.  


A natural circulation flow rate was calculated at 0.1 
MPa and 0.2 MPa by varying the K-factor in the flow 
channel in the range between 1 – 10. It was assumed that 
the inlet flow is saturated. If the flow is not saturated the 
loop mass flow rate will be lower than this case. The 
maximum flow rate was obtained in the case of full flow 
area at 0.1 MPa. It is shown that the loop mass flow rate is 
in the order of 100 ton/s. The exit void fraction is about 
10%, which indicates that the flow regime will be in 
bubbly flow or horizontal stratified flow considering that 
the flow channel is nearly horizontal. The maximum void 
fraction was obtained in the case of half flow area at 0.1 
MPa. The void fraction and two-phase mass flow rate is 
shown below. The exit void fraction is about 20%, which 
indicates that the flow regime will be in bubbly flow or 
horizontal stratified flow considering that the flow channel 
is nearly horizontal. The loop mass flow rate was in the 
order of 50 ton/s.  


Void fraction at the exit of the flow channel and loop 
mass flow rate in the case of 0.2 MPa, and 50% flow 
blockage are shown in Figs. 5 and 6.  


 


 
Fig. 5 Void fraction at the exit of channel versus k factor 


 
V. SUMMARY AND CONCLUSION 


 
In the unlikely event of a severe accident that has 


progressed to the ex-vessel phase involving either ICI 
failure or vessel failure, molten corium would be ejected 
downward into the core catcher either in single pour or in 
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multiple batches. The mechanical loads and impact 
associated with vessel rupture or melt impingement are 
absorbed first by the porous SM layer and later by the PM 
layer in the impingement region of the corium spreading 
compartment, and subsequent erosion of the porous as well 
as the solid SM layers would take place. In this stage of 
ex-vessel event, there is limited amount of water in the 
body of the core catcher. This minimizes the risk of steam 
explosion as a result of fuel coolant interaction.  


 


 
Fig. 6 Natural Circulation flow rate versus channel k 


factor 
 


During the period in which the composite layer is 
being eroded, the melt properties would have changed such 
that the melt becomes more mobile for spreading. The 
molten corium would disperse quickly toward the side 
walls of the compartment, eventually spreading over the 
entire floor area. During the process of melt spreading, the 
sacrificial material continues to be eroded and mixed with 
the corium, thus further conditioning the properties of the 
resulting molten pool while oxidizing free Zr in the melt, 
excluding melt criticality, and reducing fission product 
release. The erosion front continues to propagate toward 
the bottom of the composite layer, reaching the sensor 
location. At that point, the triggering device in the 
compartment is activated. This opens the flooding valve, 
allowing water to flow from the IRWST to the engineered 
corium cooling system. 


Once the flooding valve is open, the water from the 
IRWST would first fill the central supply duct connecting 
to the multiple flow inlets. It subsequently enters the 
cooling channel right underneath the compartment floor. 
From there, the water would pour onto the surface of the 
corium mixture in the body of the core catcher and 
overflow would continue until the hydrostatic pressure in 
the IRWST and the spreading compartment is equal. The 
water in the cooling channel absorbs the decay heat 
transferred from the corium through the carbon steel 


structure of the core catcher body and boils off as steam.  
The latter is subsequently released into the free volume of 
the containment above the corium spreading compartment. 
Water continues to flow from the IRWST to the cooling 
channel as a result of buoyancy-driven natural circulation, 
thus eliminating or significantly reducing the potential for 
CCFL to occur.  


The unique features of the proposed core catcher 
design ensure effective and continuous cooling of the 
corium mixture on the compartment floor without 
interrupted by any flow oscillations especially in the early 
stage of cooling. Eventually, solidification of the melt pool 
would take place, thus stabilizing the corium within the ex-
vessel core catcher. The time for stabilization which 
depends on the amount and the composition of the 
sacrificial material employed is estimated to be on the 
order of one to two weeks, which can be optimized.  
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Abstract – In assessing the soundness of irradiated concrete of nuclear power plants operated for 
more than 30 years, reference levels are employed: 1x1020 n/cm2 for fast neutrons and 2x1010 rad 
for gamma-rays. Concrete structures are regarded as sound when the estimated irradiance levels 
after 60 years of operation are less than the reference levels. 
The reference levels were obtained from a paper by Hilsdorf. It was found, however, that the test 
conditions in which data were obtained by the researchers referred in the paper are very different 
from the irradiation and heat conditions usually found in a Light Water Reactor (LWR), and 
therefore those data aren’t appropriate for assessing the soundness of irradiated concrete of an 
LWR. 
This paper investigates the interactions between radiation and concrete and presents the results of 
gamma ray irradiation tests on cement paste samples in order to provide a better understanding 
of the irradiation effects on concrete.  


 
 


1. INTRODUCTION 
 
So far, 20 nuclear power plans (NPP) have undergone 


examinations by government to determine if they are 
sound against ageing after 30 years of operation. This is 
called PLM (Plant Life Management) in Japan. 3 of these 
20 plants have undergone PLM after 40 years of operation. 
It can be said that Japan has entered a period in which it 
has many aged NPPs and ageing management has become 
more important than ever.  


For concrete structures undergoing PLM, two 
deterioration phenomena were chosen: reduction of 
concrete strength and shielding performance. For  
reduction of concrete strength, several degrading factors 
such as heat, irradiation, neutralization, salt intrusion and 
so on were selected based on environmental conditions in 
reactor buildings. For PLM assessment, soundness against 
each factor will be discussed and it will be shown that no 
reduction of concrete strength has occurred during plant 
operation.  


In assessing reduction of concrete strength under 
irradiated conditions, the reference levels are employed, 


i.e., 1x1020 n/cm2 for fast neutrons and 2x1010 rad for 
gamma rays. Concrete structures are regarded as sound 
when irradiance levels estimated not only for 30 years but 
also for 60 years of operation are less than the reference 
levels. 


The reference levels were obtained from a paper by 
Hilsdorf [1]. It was found, however, that the test conditions 
in which the data were obtained by the researchers 
referred in the paper are very different from the irradiation 
and heat conditions usually found in a Light Water 
Reactor (LWR), and therefore those data aren’t 
appropriate for assessing the soundness of irradiated 
concrete of an LWR. 


It is very difficult to understand the irradiation effects 
on the mechanical properties of concrete, in other words, 
the deterioration mechanism of concrete against radiation. 
There are two main reasons. First of all, concrete is made 
of cement past and aggregates. They behave differently 
under irradiation conditions. Secondly, neutron and 
gamma ray may have different effects on cement paste and 
aggregates respectively. Even if those interactions are 
understood, it is still difficult to understand the 


2352







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11361 


   


deterioration mechanism of concrete against radiation. For 
example, irradiation causes drying of concrete due to 
radiolysis and gamma heating.  The complexity comes 
from the fact that the strength of concrete might increase  
or decrease depending on the degree of drying.  


In this paper, the interactions between radiation and 
concrete will be investigated and gamma ray irradiation 
tests will be performed on cement paste samples in order  
to obtain a better understanding of the gamma ray effects 
on cement paste.  


 
2. BACKGROUND 


 
Most experimental investigation of irradiation effects 


on concrete was performed in the 1960’s and 1970’s. It is 
very difficult to find a good explanation of how concrete 
deteriorates under irradiation. Hilsdorf put the primal 
irradiation test data together to investigate and to form 
diagrams of fluence/dose vs. residual strength ratio. The 
diagrams are shown in Figure 1 [1]. 


In assessing the soundness of irradiated concrete in 
PLM of NPPs, the reference levels are employed, i.e., 
1x1020 n/cm2 for fast neutrons and 2x1010 rad for gamma 
rays. It is considered that these reference levels were 
determined according to the paper by Hilsdorf.  


The concrete structures of LWR are made from 
Portland cement and the temperatures in the reactor 
building are kept at less than 65 deg C. The conditions in 
which data referred in the paper were obtained are very 
different from the above. For example, two points with 
fluence of more than 2x1021 n/cm2 were obtained from 
samples made of liquid glass and under irradiated 
temperatures of up to 500 deg C [2].  Several data on 
fluence between 3x1019 and 1x1020 n/cm2 were obtained 


from aluminous cement samples or under irradiated 
temperatures between 150 and 200 deg C [3]-[5]. If those 
data were removed form the original figure, the trend of 
greatly decreasing strength ratios with increasing 
fluence/dose would be ambiguous. 


 
3. MICROSTRUCTURES  


 
Concrete primarily consists of water, cement and 


aggregate. As water reacts with cement to form hydration 
products (cement paste), concrete gradually develops its 
strength. The behaviors of cement paste and aggregate 
differ under irradiation conditions. Cement paste tends to 
contract and aggregates tend to expand. In this paper, 
therefore, cement paste and aggregate will be investigated 
separately, and then the behaviors of concrete under 
irradiation will be discussed. 


 
3.1 Microstructure of Cement Paste 


 
Since the specific surface area is considered to be 


200m2 per 1g of hardened cement paste [6], cement paste is 
often expressed by a layered model as shown in Figure 2 
[7] and spacing of layers would be of nanometer scale. 
Fully hydrated cement paste contains pores comprising 
26% of its volume.  


Water can be classified in accordance with how easily 
it can be released at elevated temperatures as shown in 
Figure 3 [6]. A large amount of water exists in cement paste 
in different states. It is usually divided into three 
categories based on how strongly it is bound to the 
hydration products. Free water exists in capillary pores 
and behaves like bulk water. This water can be readily 
removed. Gel water is absorbed (physically bound) on the 
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Figure 1  Compressive strength of concrete exposed to radiation, fcu, related to untreated concrete, fcuo [1]


（Legend symbols were changed and some notes were added to the original.） 
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surface of hydration products. During drying at 105 deg C 
(oven drying), gel water and capillary water can be 
released. Chemically bound water is strongly fixed to 
hydration products, and will be retained in the hydration 
products even after oven drying. This water may have lost 
its identity as water, which means that it is a part of the 
hydrated solid of cement gel. 


Water in cement paste can be classified in different 
ways as evaporable or non-evaporable. The former is 
released from hardened cement paste upon oven drying. 
The latter is retained in paste even after oven drying. For 
simplicity, it is assumed that evaporable water consists of 
gel water and free water and that non-evaporable water 
corresponds to chemically bound water. 


The micro-structural characteristics of cement paste 
are summarized in Table 1. 


3.2 Microstructure of Aggregates  
 
Unlike cement paste, aggregates are usually well-


crystallized minerals. A large part of the earth's surface 
consists of SiO2 and Al2O3.  


Aggregates contain evaporable water as well as non-
evaporable water, although the total amount is much less 
than that in cement paste. Evaporable water in aggregates 
is called absorbed water. The absorption factor of coarse 
aggregates used in NPPs would be less than 2.5%. Non-
evaporable water in aggregates is called crystal water. The 
amount of crystal water is about 0.5% to 1.5% [8].   


The micro-structural characteristics of aggregates are 
summarized in Table 1. 
 
 


Figure 3  Temperature vs. Weight Loss (TG/DTA) [6] 
(Some notes and colors are added to the original) 


Layers of Cement Paste 
(Chemically Bound Water)


Free Water
Adsorbed Water


Empty Pore


Figure 2  Layered Model of Hardened Cement Paste 
(The figure is drawn referring the book [7]) 


TABLE 1 


Micro-structural Characteristics of Cement Paste and Aggregates 


Component State of Water Phase State of Solid Phase 


Cement Paste 


- Cement paste contains a large amount of water in 


various states. (Water content of concrete is around 


7% of mass.) 


- Classification of water 


 - Evaporable Water 


   - Free water (Capillary water) 


   - Adsorbed water (Gel water) 


 - Non-evaporable water 


   - Chemically bound water  


- Modeled by layered structure 


- Porous materials (pore volume=26% [7])  


- Main components of cement paste 


  - CSH (Calcium Silicate Hydrate) 


  - CH (Calcium Hydroxide) 


  - AFt (Ettringite) 


  - AFm (Monosulfoaluminate) 


- CSH is responsible for strength of cement paste. 


Aggregate 


- The amount of water in aggregates is much less 


than that in cement paste.  


- Classification of Water 


  - Evaporable Water 


   - Absorbed water (1-2.5%) 


  - Non-evaporable Water 


   - Crystal water (0.5-1.5%) 


- Most aggregates are well-crystallized and denser 


than cement paste.  
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4. INTERACTION BETWEEN RADIATION AND 
MATERIALS 


 
There are two types of radiation, neutrons and gamma 


rays. Concrete is made of two major components, cement 
paste and aggregates. Neutrons and gamma rays react with 
water phases and solid phases differently. Therefore, we 
have to investigate eight different areas although some of 
them are similar to each other, such as solid phases of 
cement paste and aggregates under gamma rays. 
 


4.1 Interaction between Gamma Rays and Materials 
  


There are three typical interactions between gamma 
rays and materials. Those are photoelectric effects, 
Compton scattering and pair production.  Which 
interaction is dominant depends on gamma ray energy and 
atomic number that gamma rays collide with. 


Gamma rays from reactors have energy from 100keV 
to 10 MeV. Because of the atomic numbers usually found 
in cement paste and aggregates, gamma rays primarily 
decay by Compton scattering. Since the energy levels of 
ejected electrons are very low, they have very little effect 
on the solid phases of cement paste and aggregates. 
However, they contribute to radiolysis of water. In the 
radiolysis process, hydrogen peroxide is produced and may 
react with cement paste [9]. 


The effects of gamma rays on cement paste and 
aggregates are summarized in Table 2. 


4.2 Interaction between Neutron and Materials 
  


The interactions between neutron and materials can 
be broadly classified into two categories, scattering and 
absorption. 


The reference level of neutrons is expressed by a 
fluence of fast neutrons having energy of more than 
0.1MeV. Since concrete contains heavier nuclei and 
lighter nuclei as well, the fast neutrons reduce their energy 
by inelastic scattering to become intermediate neutrons 
and the intermediate neutrons reduce their energy by 
elastic scattering to become thermal neutrons. When 
neutrons with higher energy collide with atomic nuclei, 
atoms are ejected and lattice defects are created by 
inelastic and elastic scattering. 


The effects of neutron on cement paste and 
aggregates are also summarized in Table 2. 


 
5. MECHANISM OF CONCRETE DETERIORATION  


 
According to Table 2, gamma-rays have more 


influence on the water phase by radiolytic process than on 
the solid phase. Since water contents are much greater in 
cement paste than in aggregates, it is considered that 
gamma rays have more influence on water in cement paste 
than on water in aggregates. 


Neutrons have influences on the solid phase by 
scattering or ejecting neutrons. There are papers [10] 
showing that neutrons may have significant effects on 


TABLE 2 


Effects of Radiation on Cement Paste and Aggregates 


 Component Water Phase Solid Phase 


Cement Paste 


-Water will be released by radiolysis in the form of hydrogen and 


oxygen gasses as well as by gamma heating in the form of vapor. 


-Gamma heating may cause additional hydration of unhydrated 


cement and transformation of hydrated cement. 


-Hydrogen peroxide generated in radiolysis process may react with 


cement paste. 


G
am


m
a 


R
ay


 E
ff


ec
ts


 


Aggregate 


-Water may be released by radiolysis in the form of hydrogen and 


oxygen gasses as well as by gamma heating in the form of vapor. 


- Hydrogen peroxide may not react with aggregates because they 


are chemically stable.  


-Electrons are ejected by scattering 


of gamma rays and collide with the 


solid phases of cement paste or 


aggregates. 


 


Cement Paste 


- The interactions between neutrons and water in cement paste 


aren’t understood very well. 


-Since gamma rays always exist with neutrons, the gamma rays 


have the same effects on water as summarized in the above. 


-Although atoms are ejected by 


scattering, they may be easy to 


move around since cement paste is 


very porous.  


N
eu


tr
on


 E
ff


ec
ts


 


Aggregate 


- The interactions between neutrons and water in aggregates aren’t 


understood very well.  


-Since gamma rays always exist with neutrons, the gamma rays 


have the same effects on water as summarized in the above. 


- When neutrons collide with lattice, 


lattice constants are increased and 


lattice defects are accumulated [11].
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aggregates. Since aggregates are dense and well-
crystallized materials, when neutrons collide with crystal 
lattice, lattice constant is increased, defects may be 
accumulated and volume expansion may occur.  There are 
a few test results [11] of neutron irradiation on cement paste 
showing that cement paste samples suffered no damage 
from their appearance. 


On the other hand, information is very limited on 
effects of neutrons on water phases. Since water contents 
are much greater in cement paste than in aggregates, the 
effects on cement paste must be more serious than on 
aggregates if neutrons have some effects on water phases 
in materials. 


Table 3 summarizes the dominant influences of 
radiation on cement paste and aggregates. 


 
 


6. GAMMA RAY IRRADIATION TESTS  
 
6.1 Significance of Gamma Ray Irradiation Test  


 
Since the reference levels are set at 2x1010 rad for 


gamma rays and at 1x1020 n/cm2 for fast neutrons, it is 
necessary to separately understand the effects of gamma 
rays and neutrons on concrete. Gamma ray irradiation 
tests can easily be done using gamma ray radiation 
sources, on the other hand, it is impossible to perform 
irradiation tests of neutron only since neutron irradiation 
is always accompanied by gamma rays. In addition, very 
limited information is available on gamma ray effects on 
concrete compared with neutron effects. Therefore, it is 
preferable to perform gamma ray irradiation tests before 
neutron irradiation tests and the information obtained will 
be used for understanding the neutron effects on concrete. 


TABLE 3 


Deterioration Mechanism of Cement Paste, Aggregates and Concrete 


 Influences on Water Phase Influences on Solid Phase 


Cement Paste 


-Drying produces micro cracks that reduce stiffness and 


strength. (#1) 


-Drying increases surface energy of cement paste to 


increase strength [12]. (#1) 


-Additional hydration of unhydrated cement and 


transformation of hydrated cement may alternate stiffness 


and strength. (#2) 


-Reaction between hydrogen peroxide and cement paste 


may alternate stiffness and strength. (#3) 


- Neutrons may have some effects on water phases of 


cement paste. (#4) 


- The cement paste may be impervious to 


defects against neutrons because atoms 


ejected by neutrons are easy to move in 


porous cement paste and because defects 


can not be accumulated. Reference [12] 


indicates that neutrons have little effects 


on cement paste. (#5) 


-Since the energy levels of electrons 


ejected by scattering of gamma rays are 


very low, they have very little effect on 


the solid phases of aggregates. 


Aggregate 


- Release of water has little effects on aggregates because 


they are denser and have less water than cement paste. 


- Hydrogen peroxide has little influence on aggregates 


because they are chemically stable. 


- Neutrons may have some effects on water phases of 


aggregates, however, their effects are less on aggregate 


than on cement paste. (#4) 


-When lattice defects are accumulated, 


volume expansion of aggregates may 


occur. (#6) 


-Since the energy levels of electrons 


ejected by scattering of gamma rays are 


very low, they have very little effects on 


the solid phases of aggregates. 


Concrete 


#1 Because of drying of cement paste, stiffness is reduced, 


and concrete strength may increase or decrease according 


to degree of dryness.  


#2 Additional hydration may increase stiffness and strength 


of concrete. 


#3 Hydrogen peroxide may react with cement paste and 


alternate stiffness and strength of concrete. 


#4 Neutrons may have some effects on water phases of 


concrete, but details aren’t understood very well.  


#5 Neutrons may have some effects on 


solid phases of cement paste, but details 


aren’t understood very well. 


#6 Volume expansions of aggregates may 


introduce micro cracking in cement paste 


and decrease stiffness and strength of 


concrete. 


 


 Notations of (#1) to (#6) in cement paste and aggregates are regarded as important phenomena and are corresponding to 
deterioration mechanism of #1 to #6. Mechanisms of #4 and #5 are on neutrons and aren’t understood very well. 
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The relationship of temperature vs. weight loss in an 
ordinary Portland cement paste sample, and typical test 
data of thermogravimetry and differential thermal analysis 
(TG/DTA) are shown in Figure 3. Once we know the 
temperature of the cement paste samples, we can estimate 
what kind of water and how much water will be released 
from the samples based on Figure 3. 


On the other hand, under gamma ray irradiation,   
some water will be released by gamma heating, and then 
we will know what kind of water and how much water will 
be released based on temperature. Some water will be 
released by radiation decomposition of water in the cement 
paste sample. However, we have no idea what kind of 
water and how much water will be released. 


 
6.2 Outline of Gamma Ray Irradiation Test  


 
Gamma ray irradiation tests were performed on 


cement paste samples at the Co-60 gamma-ray irradiation 
facilities at the Takasaki Advanced Radiation Research 
Institute of Japan Atomic Energy Agency. In these tests,  
we measured the amount of water vapor released by 
gamma heating and the volumes of hydrogen gas and 
oxygen gas chemically decomposed by gamma rays. The 
image of the results is shown in Figure 4.  


Figure 5 shows the test configuration. Cement paste 
samples were made of only cement and tap water and were 
5 cm in diameter and 10 cm long. Three samples were 
sealed in a container. During irradiation, water vapor, 
hydrogen and oxygen gases were removed from the 
containers by argon gas as a carrier gas. Water vapor was 
transferred through a thin stainless tube to water 
accumulators of glass tube containing magnesium 
perchlorate as absorbent particles. The amounts of water 
were measured by weight increase of the water 
accumulators. The stainless tubes were heated with tape 
heaters to prevent water condensation that would disturb 
gas flows. The hydrogen and oxygen gasses were sent to a 
gas chromatograph to measure the rates of gas generation.  


The temperatures of the samples and containers were 
measured. The test samples are shown in Figure 6. The 
arrangement of containers in irradiation room is shown in 
Figure 7.  


 
6.3 Results of Gamma Ray Irradiation Test  


 
Figure 8 shows temperature changes of containers at 


the 1st and 2nd rows and changes of irradiation room 
temperatures. There were daily fluctuations in the 
irradiation room temperatures because outdoor air was 
introduced to the room by air ventilation. The container 


Figure 4  Gamma Ray Dose vs. Water Retained 


Gamma Ray Dose


A
m


ou
nt


 o
f 


W
at


er
 R


el
ea


se
d


Water Release by Gases
due to Radiolysis 


Water Released
by Vapor due to Heat


Water Retained


Figure 6  Cement Paste Samples 


Figure 7 Arrangement of Container 


Figure 5  Test Configurations of Gamma Ray Irradiation Tests


Co60


Radiation
Source


Concrete Shielding


Irradiation Room
Gas Collecting Lines


Pressure
Vessel 


Gas
Chromatography 


Ar Bomb Ar Carrier
Gas Line


Water
Accumulator


2357







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11361 


   


temperatures were also subject to fluctuation. The 
temperatures of containers in the 2nd row were 15 deg C 
higher than the room temperatures and the temperatures   
of the containers in the 1st row were 30 deg C higher than 
the room temperatures. The temperature increases were 
caused by gamma heating.  


Figure 9 shows the relationships between amounts of 
water released vs. irradiation periods. Water was released 
in the form of water vapor by gamma heating. Each curve 
corresponds to a container and the amount of water is  
from three cement paste samples. After 40 to 50 days of 
irradiation, release of water vapor due to gamma heating 
came to the end. The amount of water released was greater 
in the 1st row than in the 2nd row because of differences  
in temperatures.  


Figure 10 shows the average states of water in each 
cement paste sample. The colored areas in each column 
correspond to volumes of cement or water. The evaporable 
water contents were measured by obtaining weight 
changes of samples after heating at 105 deg C until no 
more weight changes were observed. The chemically 
bound water was measured by heating dried samples up to 
800 deg C and by condensing released water vapor. There 
were 90g of mixing water for each cement paste sample. 
The water to cement ratio was 0.3.  


At the beginning of gamma ray irradiation, the weight 
of chemically bound water averaged 35g for each sample. 
After 100 days of irradiation, for each sample on 1st row, 
weight of water released averaged 35g, the weight of 
evaporable water retained averaged 19.3g and the weight 
of chemically bound water averaged 35.7g. For each 
sample in the 2nd row, the weight of water released 
averaged 24g, the weight of evaporable water retained 
averaged 30.3g and the weight of chemically bound water 
averaged 35.7g. 


After 100 days of irradiation, the amount of chemically 
bound water increased by 0.7g because of the higher 
temperatures. When comparing the water states of the 1st 
and 2nd rows, it was found that more water was released 
from the samples on 1st row because of the higher 
temperatures and gamma ray dose rates. It is considered 
that the released water came only from evaporable water 
and that the gamma rays had little effect on chemically 
bound water because the amounts remained the same in 
the samples in both rows.  


Figure 11 shows the generation rates of hydrogen from 
each container. Those from containers in the 1st row 
showed maximum values of 8.5 mol/hour just after the 
start of irradiation and this reduced very quickly with 
release of evaporable water. Those from containers in the 
2nd row showed maximum values of 3.0 mol/hour two 
days after the start of irradiation and then reduced very 
slowly compared with those in the 1st row. After 60 days 
of irradiation, the generation rates of hydrogen were 
greater in the 2nd row than in the 1st row although he 
temperatures were 15 deg C higher and the gamma ray 
dose rates were three times higher in the 1st row than in 
the 2nd row. This means that water remaining in the 
samples in the 2nd row could be chemically decomposed 
more easily than water left in the 1st row and that water in 
different states show different behaviors under gamma ray 
irradiation. 


The G value refers to the number of specified 
chemical events produced in an irradiated substance per 
100 eV of energy absorbed. The reference level for PLM is 
2x1010 rad (2x105 Gy) for gamma rays. If this dose were 
applied to concrete and if the G value were more than 2.8 
for radiation decomposition of water in cement paste, all 
the water would be chemically decomposed and there 
would be no more solid concrete. However, we have never 


Figure 8  Temperature Measurement Figure 9  Water Released vs. Irradiation 
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had such a situation in concrete structures, so the water in 
cement paste must be more stable than bulk water under 
gamma ray irradiation. The G values were evaluated from 
hydrogen generation rates and gamma ray dose rates after 
100 days of irradiation, as shown in Table 4. The G value 
in the 1st row is two orders smaller than the 2.8 stated 
above, and only 1-2% of water could be decomposed even 
when subjected to the reference level of gamma ray dosage. 


 


7. Conclusions  
 


Interactions and Deterioration Mechanism 
(1) The interactions between radiation and concrete are 


investigated and it is noticed that neutrons and gamma 
rays have different effects on water phases and solid 
phases of materials respectively. 


(2) The deterioration mechanisms of why the strength of 
concrete is changed were derived based on interactions 
investigated between radiation and concrete. 


(3) However, technical information on interactions 
between radiation and concrete is very limited and 
need to be obtained to understand effects of radiation 
on concrete.  


 
Gamma Ray Irradiation Tests 
(4) The gamma ray irradiation tests were performed on 


cement paste in order to obtain a better understanding 
of interactions between gamma rays and cement paste. 


(5) In gamma ray irradiation tests, water is released by 
gamma heating in the form of water vapor and by 
radiation decomposition in the form of hydrogen and 
oxygen gasses. 


(6) It was found that although hydrogen gas continued to 
be released after water release by gamma heating 
came to the end, the amount of water released 
subsequently by radiolysis is very small.  


(7) It was also found that evaporable water in cement paste 
was decomposed by irradiation and that chemically 
bound water in cement paste might be intact even 
under irradiation conditions. This is very important 
information. If chemically bound water is intact, 
hydration products can maintain their integrity. 


(8) Since dose rates and temperature due to gamma 
heating alternated at the same time in the gamma ray 
irradiation tests, it was difficult to differentiate the 
influences from radiation decomposition and gamma 
heating. It is important to additionally perform an 
experiment with temperature kept at the same level to 
investigate the effects of gamma ray dose rates or 
water contents on hydrogen gas release rates.  


 
Future Work 
(9) We have to understand interactions between radiations 


and materials in order to investigate deterioration 
mechanism. 
For understanding interactions, irradiation tests for 
months are sufficient. However for investigating 
deterioration mechanism, irradiation test for years are 
needed to reach reference fluence/dose level employed 
in PLM. 


(10) Although we performed the gamma ray irradiation 
tests successfully for months, we need to perform 
another gamma ray irradiation tests for years to 
investigate deterioration mechanism. For neutron, it is 


Figure 10  Average States of Water in Each Sample


Figure 11  Generation Rates of Hydrogen vs. Irradiation Periods 
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G-Values of Water Decomposed 


Location 


Gamma Ray  


Dose Rate 


 (kGy/h) 


Generation Rate  


of Hydrogen  


(mol/h) 


G-value


1st Row 11.0 0.71×10-5 3.8×10-2


2nd Row 3.6 1.1×10-5 1.5×10-1
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necessary to perform neutron irradiation tests for 
months to understand interactions and for years to 
investigate deterioration mechanism. 


 
Practical Application of Test Results  
(11) These technical data obtained in this research or in  


the future work will contribute to improving accuracy 
in evaluating concrete strength and increasing 
reliability in assessing the soundness of irradiated 
concrete. 
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Abstract – Boric acid precipitation in the core vessel of Pressurized Water Reactors (PWRs) must 
be avoided in order to assure that the core is maintained at acceptably low temperatures following 
any rupture in the primary system. The methods of preventing boric acid precipitation are to 
initiate switch-over to hot-leg injection or simultaneous hot- and cold-side injections to terminate 
the build-up and to flush the boric acid from the core. The timing of the operator’s actions is 
based on a evaluation of the build-up of boric acid in the vessel core. Recently, the USNRC 
identified several non-conservative assumptions in the previously approved boric acid 
precipitation evaluation methodology and decided not to allow the use of the existing evaluation 
methodology until the NRC staff’s safety concerns are sufficiently resolved. The major concerns of 
the USNRC are that the assumptions about mixing volume are not conservative and the system 
effects such as time-varied mixing volume due to the variation of the core mixture level and void 
fraction cannot be addressed in the original boric acid precipitation evaluation. In the present 
work, a new evaluation method for the boric acid concentration in the core during post LOCA 
long-term cooling conditions has been developed, reflecting system effects by modifying the 
original licensing code, BORON. The system effects, such as the time-varied mixing volume due to 
the variation of the core mixture level and the void fraction, are implemented using 
RELAP5/MOD3.1/K. The calculated mixing volume is sufficiently smaller than that of the original 
evaluation method as identified by the USNRC. However, it has been verified that the operator’s 
action times for the hot-leg switch-over or the hot- and cold-leg injections are still effective in 
domestic PWRs through the application of the newly developed evaluation method for the boric 
acid concentration.  


 
 


I. INTRODUCTION 
 
Post-LOCA long-term cooling has the objective of 


maintaining the core at safe temperature levels following 
any rupture in the primary system. To assure that the core 
is maintained at acceptably low temperatures, precipitation 
of boric acid during the event must be avoided. The 
method of preventing boric acid precipitation has been to 
initiate simultaneous hot- and cold-side injections (CE-
type plants) or switchover from cold-side injection to hot-
side injection (Westinghouse-type plants) to terminate the 
build-up and to flush the boric acid from the core. The 
timing of this operator’s actions is based on an evaluation 
of the build-up of boric acid in the vessel core and upper 
plenum regions.  


Recently, the USNRC identified several non-
conservative assumptions in the previously approved boric 


acid precipitation evaluation methodology and decided not 
to allow the use of the existing evaluation methodology 
until the USNRC staff’s safety concerns are sufficiently 
resolved1. The USRNC staff has also requested licensees to 
confirm that sufficient safety margins exist for the 
operator’s action time to prevent boric acid precipitation. 
They also noted that the following four items should be 
addressed on a plant-specific basis in any future submittals 
regarding post-LOCA long-term cooling2: 


(1) The mixing volume must be justified and the void 
fraction must be taken into account when computing 
the boric acid concentration; 


(2)  The mixing volume is a variable quantity that 
increases with time. The analysis to determine boric 
acid concentration needs to account for the variation 
in the mixing region while considering the pressure 
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drop in the loop. The resultant limiting boric acid 
concentration must be shown to remain below the 
precipitation limit; 


(3) The solubility limit must be justified, especially if 
containment pressures greater than 14.7 psia are 
assumed or additives are contained in the sump water. 


(4) The heat generation rates from radioactive decay of 
fission products shall be assumed according to a Part 
50 of Title 10 of the Code of Federal Regulations (10 
CFR), Appendix K model3. 


 The Korean regulatory body also has requested the 
evaluation of the long-term cooling capability for domestic 
operating plants through the Periodic Safety Review (PSR). 
However, the licensed boric acid methodologies are based 
on a constant mixing volume assumption. For OPR-1000, 
the operator action time to prevent boric acid precipitation 
is based on the CENPD-254-P methodology, wherein the 
boric acid concentration is calculated with BORON code4. 
A different methodology is used in the Westinghouse 
plants but similar analytical models as used in CENPD-
254-P are employed. In these methodologies, the mixing 
volume is assumed to be a fixed quantity and cannot 
consider the system effects such as time-varied mixing due 
to the variation of the core mixture level and void fraction. 
Therefore, a new evaluation method for boric acid 
precipitation reflecting system effects is required to resolve 
the safety issues. To this end, a two-step method has been 
developed in the present work; the mixing volume is 
calculated from the LOCA analysis using an approved 
best-estimate LOCA analysis code of 
RELAP5/MOD3.1/K5 and then the concentration of boric 
acid in the reactor vessel is evaluated using a modified 
version of BORON. The governing equations of BORON 
are modified to consider the time-varied mixing volume 
and density.  


 In this paper, the code modification and new analysis 
results for domestic Westinghouse 3-loop and OPR-1000 
plants are discussed. The acceptability of the operator 
action times to initiate simultaneous hot- and cold-side 
injections or switchover from cold-side injection to hot-
side injection is investigated through a comparison of the 
results of the present analysis with those of the original 
analysis.  


 
II. Analysis Method 


 
The rate at which boric acid builds up is dependent 


on the size of the mixing region in the vessel. The mixing 
volume is assumed to be a fixed quantity and is treated as a 
single volume with single phase water in the original 
evaluation method for boric acid precipitation. Figure 1 
shows the mixing volumes used in the original boric acid 
precipitation analysis of Westinghouse and CE type plants. 


The mixing volume in Westinghouse type plants is defined 
as the core region and the upper plenum volume above the 
core to the bottom elevation of the hot-side leg. In CE type 
plants including OPR-1000, the volume consists of the 
volume from the core support plate to the bottom elevation 
of the RCP discharge leg and the entire volume of the 
lower plenum. In both definitions it is assumed that the 
fluid in and above the core region of the vessel is single 
phase water. This assumption does not consider the steam 
voids that would be present and would decrease the 
available liquid mass to keep the core covered. 


 
(a) Westinghouse Plant                     (b) OPR-1000 


Fig.1 Definition of Mixing Volume 
 
To address the USNRC concerns regarding the 


mixing volume assumptions, system effects such as time-
varied mixing volume due to the variation of the core 
mixture level and void fraction should be considered. To 
this end, a two-step method is developed here to evaluate 
the boric acid concentration reflecting system effects 
during post-LOCA conditions. The mixing volume is 
calculated from the LOCA analysis using an approved 
LOCA code of RELAP5/MOD3.1/K5 and the 
concentration of boric acid is then evaluated using the 
modified BORON code.  RELAP5/MOD3.1/K is a 
licensed computer code for evaluating the best estimate 
LOCA analysis for domestic Westinghouse and OPR-1000 
plants 6, 7.  


To calculate the mixing volume, plant specific large 
break LOCA analyses are performed for domestic 
Westinghouse 3-loop and OPR-1000 plants. As a limiting 
scenario, double ended breaks of the cold-side leg and 
reactor coolant pump suction leg are adopted for 
Westinghouse 3-loop and OPR-1000 plants, respectively. 
In this paper, the analysis results for small break LOCA are 
not presented, because the build-up of boric acid is not 
limiting in the small break LOCA scenario. The solubility 
limit of boric acid increases with the system pressure. The 
system pressure in a small break LOCA is maintained at a 
higher level than that in a large break LOCA. Hence boric 
acid precipitation takes place in large break LOCA 
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conditions. The standard noding schemes of the approved 
LOCA analysis are used for each plant specific analysis. 
Figure 2 shows the standard noding scheme of OPR-10007. 


The safety injection models are modified to model the 
changes of the injection flow rates and temperatures after 
switchover to recirculation mode. 


 


 
Fig.2 Standard Noding Scheme for Large Break LOCA Analysis (OPR-1000) 


 
In the CENPD-254-P methodology4, the BORON 


code calculates the boric acid concentration in the core and 
provides a technical basis for the timing for simultaneous 
hot- and cold-side injections to terminate the build-up and 
to flush the boric acid from the core using the following 
inputs: (a) initial boric acid water sources such as 
Refueling Water Tank; (b) injection pump characteristics 
such as safety injection flow rates; (c) mixing volume; (c) 
decay heat rates; (d) net flushing flow with time, etc. The 
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constant mixing volume; therefore, it cannot reflect system 
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In the injection phase, the boric acid concentration is 


calculated using Eq. (1), assuming that the boil-off flow by 
decay heat plus the mixing volume variation are 
compensated by the core flushing flow from RWST/RWT 
until RWST/RWT is 90% empty. After RWST/RWT is 
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empty, the boric acid concentration is calculated using Eqs. 
(2) and (3). 


The proposed boric acid precipitation analysis 
employs conservative assumptions to yield the most 
unfavorable performance predictions. The major 
assumptions for the analysis are as follows: (a) the core 
power is 102% of the nominal full power; (b) the decay 
heat model based on the 1971 ANS Standard 5.1 mode 
with 20% uncertainty instead of the 1973 ANS Standard 
5.1 of the original evaluation method; (c) maximum boric 
acid source concentrations; (d) time-varied mixing volume 
and density are considered; (e) RCS saturation conditions 
based on the atmospheric pressure; and (f) one train of 
safety injection pumps is assumed to be operable. 
Assumptions (b) and (d) are changed from the original 
evaluation method in order to address the USNRC 
concerns on the boric acid precipitation analysis. The 
detailed information of the evaluation methodology 
including major assumptions is described in Reference 4. 


 
III. Results and Discussion 


 
Figures 3 and 4 show the mixing volume variations 


calculated using RELAP5/MOD3.1/K considering system 
effects during the long-term cooling phase for 
Westinghouse 3-loop and OPR-1000 plants. Only 50% of 
the volume of the lower plenum is included in the mixing 
volume in both cases. The Mitsubishi Heavy Industries’ 
BACCHUS test facility was employed to simulate post-
LOCA boric acid mixing in the lower plenum and the core 
of a Westinghouse and CE-designed PWR8. The test 
results showed that the entire lower plenum volume 
contributed to the mixing. Hence, crediting only 50% of 
this volume is conservative.  
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Fig.3 Mixing Volume Variation in Reactor Vessel  
(Westinghouse 3-loop plant) 


 


The calculated mixing volumes are sufficiently 
smaller than those of the original evaluation methodology 
for both plants. For a Westinghouse 3-loop plant, the 
calculated mixing volume increases continuously until 
about 7,000 sec and is thereafter maintained at a slightly 
lower level than 7,788 gal, which is calculated from the 
mixing volume definition of the original boric acid 
concentration calculation as shown in Fig. 1. For the OPR-
1000 plant, the mixing volume increases until 3,500 sec 
and then stabilizes at a much lower level than 7,354 gal, 
which is calculated from the definition of Fig. 1. During 
early reflood and for the first hour after the LOCA, the 
core level will remain below the top of the core with a two-
phase mixture. In this time period the mixing volume is not 
constant and is much smaller than that used in the original 
boric acid concentration calculation. After the core level is 
recovered, the mixing volume is maintained at a lower 
level than that of the original boric acid concentration 
calculation due to the void content in the mixing region. It 
is confirmed through the present analysis that the mixing 
volumes in the original boric acid concentration 
calculation are not conservative as identified by the 
USNRC. In particular, the mixing volume of OPR-1000 in 
the original evaluation methodology is more non-
conservative, because the mixing volume in the original 
boric acid calculation includes the entire volume of the 
lower plenum. 
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Fig.4 Mixing Volume Variation in Reactor Vessel  


(OPR-1000 plant) 
 


The effect of safety injection flows on the mixing 
volume is investigated. Figures 3 and 4 show that the 
minimum safety injection flow is more conservative than 
the maximum safety injection flow for the mixing volume. 
Therefore, for more conservative results, the boric acid 
concentration should be calculated for the case of 
minimum safety injection flows. 


Figure 5 presents a comparison of boric acid 
concentration variation in the reactor vessel for the present 
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and original evaluation methods for a domestic 
Westinghouse 3-loop plant. The precipitation limit of boric 
acid is conservatively assumed to be 25.27 wt% at 14.7 
psia considering 4wt% uncertainty. The present 
calculations show that the concentration of boric acid in 
the core reaches 25.27 wt% at 9.1 hr and 29.27 wt% at 
11.6 hr after the LOCA. The boric acid precipitation time 
in the present calculation increases slightly compared to 
that of the original boric acid precipitation even though the 
mixing volume is reduced. In the original evaluation 
method, the mixing volume is assumed to be a constant. If 
the coolant density increases due to the increase of boric 
acid concentration, the mixing volume should decrease in 
order to satisfy mass conservation. A correction factor is 
used in the original BORON code to compensate for the 
difference of mass due to the change of coolant density. 
The difference of boric acid concentrations between the 
original and present methods is very small in the early 
phase of post-LOCA but continuously increases because 
the correction factor increases as the boric acid 
concentration increases.  
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Fig. 5 Boric Acid Concentration in the Reactor Vessel 
(Westinghouse 3-Loop Plant) 


 
In a domestic Westinghouse 3-loop plant, boric acid 


precipitation in the reactor vessel can be prevented by 
switchover from cold-side to hot-side injection at 
approximately 7 (seven) hours following an accident9. The 
present evaluation for the boric acid precipitation time 
shows that there is a sufficient margin for the operator 
action time for the switchover from cold-side to hot-side 
injection even though the UNRC concerns are considered. 
In the present analysis 4 wt% uncertainty for the boric acid 
precipitation limit is considered to provide another safety 
margin. The domestic Westinghouse 3-loop plant uses 
NaOH as a buffer agent to control pH following a LOCA. 
Recent experiments have been performed to determine the 
physical properties of buffered and un-buffered boric acid 
solutions and it was reported that the boric acid 


precipitation limit drastically increases if NaOH is 
incorporated in solutions of boric acid10,11. Considering the 
results of the present evaluation and the favorable effects 
of NaOH on boric acid concentration, the current 
operator’s action time for switchover to hot-side injection 
is still effective and provides a sufficient safety margin. 


Figure 6 represents a comparison of boric acid 
concentration variation in the reactor vessel for the present 
and original evaluation methods for an OPR-1000 plant. In 
the present calculation, the boric acid concentration 
increases more rapidly relative to the original evaluation 
method. The boric acid precipitation time is evaluated as 
about 2.4hr with 4 wt% uncertainty. In an OPR-1000, High 
Pressure Safety Injection (HPSI) pumps discharge is 
realigned so that the total injection flow is divided 
approximately equally between the hot and cold legs 
between two and three hours post-LOCA12. In the original 
evaluation method of boric acid precipitation, 29 wt% is 
used as the concentration for boric acid precipitation. This 
is the precipitation limit at 16.2 psia (1.12bar), 217oF 
(103oC). These conditions were calculated using a 
conservative ECCS model for containment pressure12.  
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Fig. 6 Boric Acid Concentration in the Reactor Vessel 


(OPR-1000 Plant) 
 


If 4 wt% uncertainty is considered for the boric acid 
precipitation limit, earlier initiation of the simultaneous 
hot-side and cold-side injection is needed to prevent boric 
acid precipitation in the reactor vessel following a LOCA. 
However, if there exists a buffer agent in the coolant, the 
boric acid precipitation limit increases. The OPR-1000 
uses Tri-Sodium Phosphate (TSP) as a buffer agent to 
control pH following a LOCA. If TSP is included in the 
recirculation sump water, the boric acid precipitation 
increases up to 36 wt%13. Recent experiments confirmed 
this effect10,11. In the license amendment for Extended 
Power Uprate (EPU) of Waterford unit 3, a 36 wt% as the   
boric acid precipitation limit was used in the updated 
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analysis of boric acid precipitation and the precipitation 
time was estimated as 7.2 hours after the LOCA. On the 
basis of this result, the operator’s action time for 
simultaneous injection of between two and three hours 
post-LOCA was unchanged. It is estimated in the present 
analysis that the boric acid concentration reaches 36 wt% 
at a time of 4.8 hours. Considering the effect of change of 
boric acid limit due to a buffer agent, the current operator 
action time for the simultaneous injection of OPR-1000 is 
considered to have sufficient a safety margin and does not 
need to be changed. Therefore, the operator’s action times 
for the hot-leg switch-over or the hot- and cold-leg 
injections are still effective in the domestic PWRs 
 


 
IV. CONCLUSIONS 


 
A new evaluation method for boric acid precipitation in 


post LOCA long-term cooling has been developed, 
reflecting system effects by modifying the original 
licensing code, BORON. The system effects, such as the 
time-varied mixing volume due to the variation of the core 
mixture level and the void fraction, were implemented 
using RELAP5/MOD3.1/K. The calculated mixing volume 
was sufficiently smaller than that of the original evaluation 
method as identified by the USNRC. However, it has been 
verified that the operator’s action times for the hot-leg 
switch-over or the hot- and cold-leg injections are still 
effective in the domestic PWRs through the application of 
the newly developed evaluation. Through the present study, 
it is concluded that the developed method can meet the 
regulatory position on boric acid precipitation analysis. 
 


NOMENCLATURE 
 


CE Combustion Engineering 
ECCS Emergency Core Cooling System 
HPSI High Pressure Safety Injection 
LOCA  Loss of Coolant Accident 
OPR-1000 Optimized Power Reactor-1000 
PSR Periodic Safety Review 
RAS Recirculation Actuation Signal 
RWST Refueling Water Storage Tank 
RWT Refueling Water Tank 
SI Safety Injection 
USNRC U.S Nuclear Regulatory Commission 
WEC Westinghouse Electric Company 
ρcore coolant density in core [kg/m3]  
ρsump coolant density in sump [kg/m3] 
ρwater water density [kg/m3] 
ωcore boric acid concentration in core [wt%] 
ωsump boric acid concentration in sump [wt%] 
Vcore core volume (mixing volume) [m3] 
Vflushing volume of core flushing water [m3] 


Vin volume of core inflow [m3] 
Vsump volume of coolant in sump [m3] 
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Abstract – The EOLE and MINERVE critical facilities of the CEA Cadarache play an important 
part in the validation of neutronic and photonic calculation schemes and associated nuclear data. 
In support of the Water Reactors studies, there are in particular used for obtaining a large and  
accurate experimental database for nuclides arising in plutonium and waste management (heavy 
nuclides and long lived fission products), exploring innovative systems and reducing the 
uncertainties associated to the prediction of most of the neutronic parameters. In the framework of 
the Gen-III reactors studies, these programs are important for supporting the validation of the 
APOLLO2 code and the JEFF3.1.1 nuclear data. Several proposals of new experimental 
programs in EOLE and MINERVE are currently studied in support of specific Gen-III reactors 
features (impact of the core internal instrumentation, improvement of the nuclear data of the 
associated materials…). The EOLE facility is a small experimental reactor composed of a 
cylindrical vessel with an over structure of stainless steel able to contain various types of core, 
representative of different water-cooled reactors (PWR, BWR, future Jules Horowitz Reactor…). 
The MINERVE facility is a pool type reactor used as a driver zone for different water-cooled 
experimental lattices located in a central cavity. MINERVE experimental programs are performed 
by using the oscillation technique consisting in measuring the reactivity effect of an experimental 
sample in the central zone, with a calibrated rotary automatic pilot. The characterization of the 
experimental configurations and the measured parameters are obtained using various other types 
of experimental measurements and techniques (reactivity changes between core configurations 
with the MSM technique based on fission chamber counting rates, fine power distribution in the 
fuel elements by gamma-spectrometry measurements, spectral indices using miniature fission 
chambers and activation foils…).  


 
 


I. INTRODUCTION 
 
The CEA is deeply involved in research nuclear 


programs, in particular concerning the support of Gen-III 
reactors. Specific neutron integral experiments are defined 
and performed in the critical facilities of the CEA 
Cadarache for the qualification of the neutronic and 
photonic calculation schemes and the associated nuclear 
data1. This process of qualification is currently performed 
for the APOLLO2 code and the JEFF3.1.1 associated 
nuclear data, which are largely used for the Gen-III reactors 
studies. The results obtained in the EOLE and MINERVE 
critical facilities are directly representative of the neutronic 
phenomena occurring in the power reactors. These small 
experimental reactors are complementary, very flexible, 


easy to operate and allow the precise measurement of 
various neutronic parameters. They are also essential tools 
in the activities of teaching and training. Each year, 
practical works on the reactors physics and the associated 
methods of experimentation are presented to numerous 
students. 


 
II. THE EOLE FACILITY 


 
II.A. Presentation of the reactor 


 
The EOLE critical facility (first divergence in 1965) 


is dedicated to the neutronic and photonic studies of water 
moderated lattices (PWR, BWR, future Jules Horowitz 
Reactor…). It is composed of a cylindrical vessel 
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(Diameter = 2.3m and Height = 3m) with an over structure 
of stainless steel able to contain various types of core and 
related structures. The design and the dimensions of these 
structures can be modified for the needs of each 
experimental program. The reactor is currently operated at 
low power (<100W) and water is only used as moderator 
and not as coolant. The water circuit has been designed to 
control the volume, the composition and the temperature 
(5°C to 85°C) of the moderator. Recently, for the needs of 
the AMMON experimental program in support to the JHR 
reactor, a second independent water circuit was added to 
the first one for the implementation of a coupled core made 
of two different thermohydraulic zones. 


Four safety rods are used for the shut down of the 
reactor and a pilot rod allows the control of the power 
level. The position and the type of these absorbers can be 
changed, depending on the studied experimental cores. The 
criticality is obtained by adjusting the boron content of the 
water or the fuel pins loading. 


Various types of fuels (MOX, UO2 of PWR and 
BWR geometries, MTR type U3Si2…), absorber materials, 
neutronic poisons or structure materials (natural and 
enriched B4C, AIC, Hf, UO2-Gd2O3, steel…) are usable, in 
order to create lattices representative of the industrial 
situations. 


 
II.B. The experimental techniques 


 
Two main types of measurements are used for the 


characterization of the experimental lattices, associated to 
different experimental techniques: 


- on line measurements, that is to say essentially the 
recording of fission chambers counting rates (in 
critical or subcritical states), 


- post-irradiation measurements (gamma-spectrometry, 
measurements of activation detectors or 
thermoluminescent detectors after the irradiation in 
the core). 


The online measurements with fission chambers are 
divided into two types, depending on the integral parameter 
of interest: 


- dynamic measurements, essentially for the doubling 
time and rod drop measurements, 


- quasi-static measurements, for which the counting 
rates are analysed in order to characterize the fission 
rate distributions or spectral indices. 
These measurements can be performed using 


miniature fission chambers (diameter of 4 or 8 mm) 
manufactured in the CEA Experimental Physics Section of 
Cadarache. These small detectors allow precise 
measurements, as a function of their positions in the lattice 
and the neutron energy, depending on the fissile deposit (U, 
Pu, Np, Am). The experimental uncertainty associated to 
the spectral indices varies from 2 to 10%, depending on the 
fissile deposit. This precision is obtained using calibrated 


fission chamber in reference thermal and fast spectra (the 
last calibration was performed in 2010 on the BR-2 reactor 
of the SCK-CEN). 


The gamma-spectrometry measurements are also 
widely used for the characterization of the reaction rates 
occurred in the core. They are directly performed on the 
fuel elements (gamma-scanning) or on detectors (activation 
or fissile detectors), after the irradiation in the core. The 
associated experimental uncertainties are: 


- 0.7 to 1% for the gamma-scanning on UO2 and 
MOX fuel pins, 


- lower than 5% for the activation detectors 
measurements. 


High efficiency measurements of activation detectors are 
performed in the MADERE2 platform (Measurement 
Applied to the DosimEtry of REactors). The MADERE 
platform is one of the main centre of skill in dosimetry 
measurements at CEA/Cadarache. It is accredited by 
COFRAC (French Quality Body) and is a powerful tool for 
the dosimetry analysis of the experimental programs 
performed in critical facilities, MTR facilities and also for 
the control of vessel fluency (and damage) in industrial 
plants. A specific device allows the measurement of 
radioactive samples with an activity of a few tenths of Bq. 


The irradiation of thermoluminescent detectors in 
the reactor allows the measurement of the gamma deposited 
energy, in the purpose of validation of the nuclear heating 
calculation schemes, particularly for the structural 
materials. The associated experimental uncertainty 
corresponds to ~10%. 


 
II.C. The experimental programs 


 
The EOLE experimental programs are performed in 


support of the important power reactors evolutions. These 
programs have allowed the improvement of the 
deterministic calculation schemes and the associated 
nuclear data. The APOLLO23 code (with the current 
APOLLO2.8 version), based on the JEFF3.1.1 nuclear data 
library4, is in particular largely used for the Gen-III reactors 
studies and is currently using the existing experimental 
database for the qualification. Proposals of future programs 
are currently discussed for extending this experimental 
database for specific features of this type of reactors. 


The MISTRAL program5 has been undertaken in 
1996 for measuring the main neutronic parameters of 
Advanced Light Water Reactors with high moderation 
100% MOX fuel cores in a collaboration between NUPEC 
(Nuclear Power Engineering Corporation - Japan), CEA 
and their associated industrial partners. This program 
consisted in four specific cores: three regular lattices (one 
UO2 lattice and two MOX lattices) with a moderation ratio 
(H/HM) varying from 5 to 6, and a mock-up lattice 
(H/HM~6) simulating advanced 17×17-PWR assemblies 
(full MOX) were investigated. 
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To complete this program, an experimental program 
called BASALA6 was performed between 2000 and 2002. 
The goal was to measure the main design neutronics 
parameters of high moderated 100% MOX 9X9 ABWR 
(Advanced Boiling Water Reactor) cores and to provide 
accurate experimental results, obtained in heterogeneous 
media, to support the validation of methods used for design 
calculations. The BASALA experimental program 
consisted in two experimental cores based on lattices 
simulating hot (H) and cold (C) ABWR conditions. 
Criticality, poison rod effects, void effects, over-
moderation effects, axial and radial power distributions, 
temperature effects and integral boron worth were 
measured in this program. 


BASALA was completed with the FUBILA7 
experimental program from 2005 to 2006. This program 
was a very important step for the licensing of the 100% 
MOX BWR OHMA Japan core. FUBILA consists in the 
simulation of different core configurations (4 
heterogeneous sub-assemblies of 9×9 ABWR MOX fuel 
pins with a concentration of Plutonium varying from 3% to 
11.5%). 


The FLUOLE8 program (acronym of FLUence in 
eOLE), is a benchmark-type experiment dedicated to the 
qualification of the calculation of the neutron propagation 
outside the core and the reflector effect. It may be 
considered as a half-analytical benchmark, at half way 
between a pure analytical one and the industrial situation. 


The experimental structure has been designed to 
stand for specific industrial configurations. The 
measurements have been carried out in 2006-2007. Various 
measurement techniques have been implemented for the 
acquisition of data, i) for the analysis of sources 
distribution in the core, ii) for the study of the neutron 
spectrum at a large number of locations in the core, in the 
reflector and in the internal structures. 


The special design of the barrel, two half-cylindrical 
stainless steel sectors, allow the modeling of a large 
number of situations encountered in PWRs between the 
core and the internals (Figure 1). A piece of stainless steel 
was fixed on the biggest half-barrel, standing for a 
surveillance capsule holder. Another stainless steel piece 
was added on the EOLE vessel to stand for a part of a 
PWR vessel. The design of the configuration has taken into 
account the difference on the water temperature between a 
PWR and EOLE in order to ensure the mock-up 
representativeness. 


Around 800 dosimetry results are available not only 
for reaction rates but also for activities, in order to qualify 
new dosimetry calculation schemes based on coupled 
neutron-activation codes. 


 


 
 


Figure 1: view of EOLE facility (FLUOLE Configuration) 
 
New designs of GEN-III reactors use the concept of 


heavy steel reflector to increase the neutron reflector saving 
and, from there, enhance the core characteristics. The 
experimental program PERLE9 (“Study Program of the 
Heavy Reflector in Eole”) was performed between 2007 
and 2008 to provide representative experimental data for 
the heavy steel reflector physics and the integral validation 
of the associated nuclear data. It was a UO2 regular 27x27 
square core surrounded by a 22 cm – thick stainless steel 
block (Figure 2). The neutron source presents the same 
spectrum as GEN-III PWRs. 


 


 
 


Figure 2: view of EOLE facility (PERLE Configuration) 
 
 The reactivity worth of the PERLE heavy reflector 


was measured and compared to the efficiency of both water 
reflector and standard PWR reflector (2cm-steel baffle). 
The radial power distribution at the core/reflector interface 
was measured by direct gamma-spectrometry on fuel pins 
and the Monte-Carlo code TRIPOLI410 analysis gives 
satisfactory results. The flux attenuation with steel 
penetration was measured by miniature fission chambers 
and metallic activation foils, using fast, intermediate and 
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thermal response functions. The interpretation of flux 
attenuation measurements shows C/E discrepancies within 
the experimental uncertainty: these results highlight that 
56Fe cross sections in the JEFF3.1.1 library are evaluated 
with accuracy. One important feature concerns also the 
measurement of gamma heating in the structures by using 
thermoluminescent detectors. The experimental field of the 
gamma measurements11 is currently always subject to 
important R&D activities in CEA/Cadarache. 


The new current AMMON12 program is performed 
in support to the validation of neutron and photon 
calculation schemes of the future Jules Horowitz Reactor 
(JHR). This new irradiation reactor is foreseen to be the 
centerpiece of the European fission research platform in 
Cadarache, France. The JHR design objectives, based on 
flexibility and versatility by requiring high in-core fast 
neutron fluxes and a large number of high-flux reflector 
irradiation positions, are obtained with an unconventional 
geometry of the core and the utilization of specific 
materials. The AMMON program will be used to validate 
the design parameters such as the critical parameters of the 
core and different reactivity effects. It will allow to reduce 
the JHR design margins (power peak) and to optimize 
important economic parameters such as the fuel cycle 
length. In the EOLE reactor, the experimental zone 
contains seven JHR assemblies (U3Si2 fuel) enclosed in a 
hexagonal cask of 30 cm side length surrounded by UO2 
standard PWR pins (Figure 3). Different design features of 
the JHR will be investigated during this program, with the 
characterization, for example, of configurations with a 
Hafnium absorber, a Beryllium block (for the study of the 
reflector), a voided fuel sub-assembly... 


 


 
 


Figure 3: view of EOLE facility (AMMON Configuration) 
 


For the AMMON program, a specific experimental 
device was developed for measuring the fine radial and 
axial power distribution in the fuel plates by gamma-
spectrometry with a very narrow collimation. Activation 
foils will be also used for measuring the neutron 
distribution between the fuel plates. The gamma heating in 
specific materials (Be, Hf) will be measured with 
thermoluminescent detectors. 


A proposal of future experimental program in EOLE 
dedicated to specific Gen-III reactors features is currently 
investigated. The objectives of this new program should 
include: 


- the qualification of the neutronic impact of core 
internal instrumentation (local perturbations on the local 
fission rates, in particular), 


- the extension of the qualification domain of the 
neutronic codes for taking into account the Uranium 
enrichment increase and the use of large amounts of 
neutronic poisons. 


 
III. THE MINERVE FACILITY 


 
III.A. Presentation of the reactor 


 
The MINERVE experimental reactor is mainly 


devoted to neutronics studies, for improving the knowledge 
of integral absorption cross sections by using the reactivity-
oscillator method. The reactor achieved its first criticality 
in 1959 at the center of Fontenay-aux-Roses (near Paris), 
before being transferred in 1976 to the center of Cadarache. 


It is a pool type reactor operating at a maximum power 
of 100 watts. The core consists in a rectangular stainless 
steel tank containing about 100 m3 of water. The cooling is 
performed by natural convection. The core includes a 
driver zone, composed by standard MTR fuel elements, 
coupled with different lattices located in a central square 
cavity with a size of about 70 cm by 70 cm (Figure 4). 


The coupled lattices in the central cavity are built for 
reproducing the neutronic spectra of various reactors, from 
over-moderated thermal spectrum, PWR UO2 standard 
spectrum to PWR 100% MOX spectrum. A new 
experimental configuration, called CARMEN13 lattice, is 
currently designed for the qualification of the cross sections 
in the epithermal range and could be used for future 
programs. 


The MINERVE reactor is used for two types of 
measurements: 


- the oscillation14 of samples in different lattices allows 
a better decomposition by energy domains for the 
qualification of the nuclear data involved in the 
reactor physics, 


- the oscillation of irradiated fuel samples in the 
appropriate neutronic spectrum contributes to the 
reactivity loss per cycle calculations. 


 


1561







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11071 


   


 
 


Figure 4: top view of MINERVE facility 
 


III.B. The main experimental technique 
 
The oscillation experimental technique consists in 


moving periodically samples, that contain the isotopes to 
be characterized, in the centre of the experimental lattice, 
in order to measure their reactivity worth with an accuracy 
of ~1% (1σ). 


Each sample is introduced into an oscillation device 
between aluminum spacers. Each measurement typically 
corresponds to 5 cycles of 120 s. Each sample is measured 
at least 5 times in order to improve the reproducibility of 
the experiment and to decrease significantly statistical 
errors on sample loading. 


The reactivity changes due to the oscillation of the 
samples (in the range ± 15 pcm) are compensated by a 
rotary automatic pilot rod. This servo-control system 
rotates cadmium sections in overlapping patterns, to cause 
a change in the neutron absorption of the pilot rod as a 
function of the angle of the rotor (Figure 5). The recorded 
experimental signal is the angle of rotation of the pilot rod 
rotor, that is, in a certain way, proportional to the reactivity 
worth of the studied sample. The complete servo-control 
system was refurbished en 2010, associated to the 
improvement of the acquisition system, contributing to a 
better reliability and flexibility. 


The signal of the pilot rod is calibrated using reference 
samples. A first set contains elements made of a UO2 matrix 
with different uranium enrichments. A second set is made 
of new Gold, Lithium and Boron reference samples. All 
these isotopes have very well characterized cross sections 
in the thermal domain of energy. They should allow an 
important reduction of the uncertainties in the calibration 
process. 


 
 


Figure 5: scheme of the automatic pilot rod 
 


III.C. The experimental programs 
 
The MINERVE facility provides a large experimental 


basis for the improvement of the cross sections for fast 
reactors and light water reactors with uranium or MOX 
fuels. The improvement of the cross sections is an 
important part of the process of qualification of the 
neutronic calculation schemes, in particular in support of 
Gen-II and Gen-III reactors studies. Another important 
application of the MINERVE facility concerns the 
oscillation of irradiated fuel samples for the qualification of 
the reactivity loss per cycle, which is an important feature 
for validating new fuel managements. 


The BURN-UP CREDIT program15 performed 
between 1993 and 2001 in the MINERVE facility was 
dedicated to the validation of the calculation tools 
accounting for the safety margins issued from the fifteen 
main non volatile long lived fission products in the 
criticality studies. The interpretation of the experimental 
programs shows the good prediction of the reactivity loss 
due to the main fission products with the JEFF3.1 library. 


The HTC (for High Burn-Up) program performed in 
2003 and 2004 aimed at measuring the reactivity loss per 
cycle of high burn-up UO2 and MOX fuels (<~73 GWd/t), 
respectively in PWR-UO2 and PWR-MOX spectra. These 
results, associated to the isotopic analysis of irradiated 
fuels, are important for the validation of the reactivity loss 
per cycle calculations and the material balance predictions. 


The ADAPh experimental program (improvement of 
the Photonics DAta bAse) was performed in the framework 
of the design studies of the Jules Horowitz Reactor. It 
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supports the qualification of the HORUS3D-P calculation 
system intended for the calculation of the gamma heating in 
this reactor. It was achieved in 2005 in the MINERVE 
facility, in a PWR-UO2 spectrum. This program was made 
of two complementary phases: a first phase with the 
irradiation and the measurement of thermoluminescent 
detectors (TLDs) in the center of the core; a second phase 
dedicated to the measurement of the gamma flux by using 
an ionization gamma chamber. 


This ADAPh program was completed in 2009 and 
2010 by new measurements of gamma heating using TLDs 
in the PWR-UO2 lattice. Important investigations were 
performed for optimizing these measurements, in particular 
in the framework of a PhD work9. Several types of 
detectors, in different environments were used. The 
representativeness of the calibration step and the associated 
experimental uncertainties were two studied aspects. These 
results are important because the gamma measurements 
performed in the past experimental programs are not so 
numerous. 


In the framework of the studies dealing with the 
preliminary safety report for the future JHR (Jules 
Horowitz Reactor) in CEA Cadarache, a specific 
experimental program, the VALMONT16 program 
(Validation of ALuminium MOlybdenum UraNium fuel for 
neuTronics) was performed from November 2003 to March 
2004 in order to study the neutron properties of high-
density UMo/Al fuel enriched at 20% in 235U, and thus to 
qualify neutronics codes. 


The objective of the OSMOSE17 program, 
performed in MINERVE since 2005 in different 
experimental lattices, is to measure very accurately the 
integral reaction rates of actinides in representative spectra 
(including Gen-II reactors) and to provide experimental 
data for improving the basic nuclear data files. This need 
was indicated by several international programs and a 
working party of the OECD has produced a detailed High 
Priority Request List for Nuclear Data.  
The OSMOSE program deals with the oscillation of a large 
set of separated major and minor actinides (232Th, 233U, 
234U, 236U, 238U, 237Np, 238Pu, 239Pu, 240Pu, 241Pu, 242Pu, 
241Am, 243Am, 244Cm and 245Cm). The results obtained in 
the PWR-UO2 and PWR-MOX lattices are consistent with 
a very good reproducibility and experimental uncertainties 
around 1%. The interpretation of these results shows a very 
good accuracy of JEFF-3.1.1 files except for 241Am(n,γ) 
which seems to be underestimated by about (-6±2)% in the 
thermal and epithermal neutron energy range. 


The OCEAN18 program is performed since 2005 in 
the same experimental lattices than for the OSMOSE 
program. This program aims at improving the accuracy of 
nuclear data of separated isotopes of absorbers (


155Gd, 
157


Gd, Gd nat, 
177Hf, 178Hf, 179Hf, 180Hf, 166Er, 167Er, 168Er, 


170Er, 160Dy, 161Dy, 162Dy, 163Dy, 164Dy, 151Eu, 153Eu, Eu nat). 


The results of the oscillations in the PWR-UO2 and PWR-
MOX lattices are also very consistent, with a good 
reproducibility. Nevertheless, the current uncertainties on 
the material balance coming from the chemical analysis of 
the OCEAN samples don’t allow a complete interpretation 
of the oscillations program. Complementary investigations 
for improving these uncertainties are in discussion. 


The HTC-ALIX program was performed in 2010 in 
order to complete the 2003 and 2004 HTC measurements. 
Two new UO2-irradiated samples were oscillated in a 
PWR-UO2 zone for the qualification of the reactivity loss 
per cycle up to ~84 GWd/t. The use of new reference 
samples is an important feature for the interpretation of the 
experimental results. 


Several proposals of future experimental programs 
could be performed in the MINERVE reactor, in particular 
for the qualification of the JEFF3 nuclear data: 


- the oscillation of the OSMOSE heavy nuclides 
samples in a central zone with a large proportion of 
thermal neutrons. This zone would be based on the 
R2-UO2 lattice (UO2 pins lattice, with a water ring 
around the central oscillation channel). The results 
would be of importance for the improvement of the 
nuclear data, associated to the results already obtained 
in the PWR-UO2 and PWR-MOX lattices. 


- the oscillation of the same OSMOSE samples in an 
epithermal lattice. The future CARMEN experimental 
lattice is currently studying for this objective. 


- the oscillation of a new set of experimental samples, 
dedicated to the structural materials, moderators, and 
detection materials in a PWR-UO2 lattice. This 
proposal of program, called MAESTRO, would 
include the elements used in the internal 
instrumentation of the Gen-III reactors and the 
isotopes used for the dosimetry measurements, in 
particular (V, Mn, Rh, Co….). 


- the MINERVE reactor could also be used for 
improving other types of nuclear data (capture cross 
sections of fissile isotopes, decay data,…), by 
coupling different types of experimental techniques 
(oscillations activation measurements, for example). 
This is the purpose of the POSEIDON program. 


 
The MINERVE reactor is also used for the training 


of nuclear engineering students (in particular from the 
INSTN - French acronym for National Institute for Nuclear 
Science and Techniques). The courses cover the fields of 
the reactor physics and the experimental techniques. This 
practical training on a zero power critical facility completes 
the theoretical study given to the future engineers. 
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IV. CONCLUSIONS 
 


The EOLE and MINERVE critical facilities of the 
CEA Cadarache play an important part in the validation of 
neutronic and photonic calculation schemes and the 
associated nuclear data. In support of the Water Reactors 
studies, there have been in particular used for obtaining 
large and accurate experimental databases for all the major 
evolutions of the power plants (plutonium and fuel 
management, extension of the lifetime, use of a steel 
reflector, etc…). The experimental programs performed in 
the two facilities represent a consistent and complementary 
set of results, which allows the validation of the calculation 
of various neutronic and photonic parameters. Recently, 
particular efforts were undertaken for the gamma heating 
measurements. After the ADAPh program in 2005, for 
example, a new set of experimental results in a PWR-UO2 
spectrum, obtained with thermoluminescent detectors, is 
available for the qualification process of the calculation 
schemes and nuclear data for the Gen-III reactors. Several 
proposals of new experimental programs in EOLE and 
MINERVE are currently studied in support of specific Gen-
III reactors features (impact of the core internal 
instrumentation, improvement of the nuclear data of the 
associated materials…). These small experimental reactors 
are also powerful tools for training and teaching activities 
in the nuclear fields (reactor physics, reactor operation, 
experimental techniques and associated instrumentation). 
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Analysis of Pressurizer Pressure Control System Using MAAP5 Code 


 
Yuan Chien Wang, Jau-Woei Perng 


National Sun Yat-sen Univ 
 


Abstract-MAAP4 code is a severe accident analysis code, widely used in the nuclear industrials. 
Pressurizer response plays an important role in transient and accident analysis. However, only simplified 
pressurizer pressure control system model is included in MAAP4 codes. The purpose of the paper is to 
modify the pressurizer pressure control system model in MAAP4 without compiling the code, promoting the 
simulation capability and accuracy of the MAAP4 code. The typical proportional and integral (PI) 
controller model is successfully coupled with current code without compiling. Typical control system 
analysis is analyzed using MAAP4. Furthermore, the characteristic of PI controller is demonstrated, which 
reduces the steady state error to zero. With the revised pressurizer pressure control system, the transient 
responses are more realistic. It can be coupled with balance of plant model for whole plant simulation in 
MAAP5 code in the near future. 
 
Key words: MAAP4 code, Control system, PWR 
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Abstract – The Gas cooled Fast Reactor (GFR) is one of the six reactor concepts selected in the 
framework of the Generation IV forum. The main characteristics of the CEA GFR concept are a 
2400MW core based on a ceramic pin type fuel as a reference, with an inlet temperature of 400°C 
and an outlet temperature of 780°C. The power conversion system is based on an indirect cycle 
with helium on the primary circuit, a Brayton cycle with a mixture of nitrogen and helium on the 
secondary circuit and a steam cycle on the tertiary circuit. In accidental situations, the use of the 
gas coolant circulation as the main way to remove the decay heat has been selected. A specific 
system (DHR system) has been designed: it consists of three loops (3*100% redundancy) in 
extension of the pressure vessel, equipped with heat exchangers and blowers.  
In the current preliminary viability studies, GFR primary compression system relies on three axial 
blowers (operating in parallel) driven by 3 electrical motors. The present study concerns an 
alternative design of the primary compression systems, assuming that the 3 primary compressors 
are driven by the 3 turbogenerators of the secondary circuits. This new system requires that the 3 
shafts connecting the turbines and the compressors of the secondary circuits are also connected to 
their corresponding primary blowers, via longer shafts crossing the primary circuit vessel. This 
new cycle is the only new element of complexity in this alternative design. This fact should be put 
in regards of the advantage of no requirement for external energy for driving the compression 
system (excepting for start-up) and of the safety advantages: suppression of the Loss of Flow 
Accident due to a primary motor failure and possibility to use this new cycle to improve the grace 
delay of the reactor using the turbomachinery to drive the primary blowers during the beginning 
of any accidental situation. 
This paper first presents the main differences of design compare to the reference cycle. Then, 
transient behaviour in an accidental situation is computed with the CATHARE 2 code and 
analyzed. Finally the main advantages of this new cycle at a safety pointy of view are discussed. 
  


I. INTRODUCTION 
 
The Gas cooled Fast Reactor is one of the six reactor 


concepts selected in the frame of the Generation IV 
initiative. The most significant GFR characteristic is the 
use of a helium high temperature primary coolant. The 
helium option is very attractive (chemical inertness, 
neutron transparency, etc) but it leads to very specific 
design issues.  


As far as the core design is concerned, robust ceramic 
fuel concepts with good thermal conductivity are searched 
and studied. A high exit core temperature is foreseen: about 
780°C to maximize the energy conversion efficiency. 
Taking into account the Generation IV main specifications 
(self-breeding core, recycling of all actinides, limited 
plutonium inventory) the core characteristics have been 
derived for a reactor power of 2400 MWth. The main 
characteristics of the concept are a core based on a ceramic 
pin type fuel as a reference, with an inlet temperature of 
400°C and an outlet temperature of 780°C. The CEA GFR 


project has been launched in 2001 and the main project 
milestones were discussed and defined within the 
Generation IV forum context.  


In the current preliminary viability studies of GFR, the 
power conversion system is based on an indirect cycle with 
helium on the primary circuit, a Brayton cycle with a 
mixture of nitrogen and helium on the secondary circuit 
and a steam cycle on the tertiary circuit. In the current 
preliminary viability studies GFR primary compression 
system relies on three axial blowers operating in parallel 
and driven by electrical motors.  


The present study concerns an alternative design of the 
primary compression systems, assuming that the 3 primary 
compressors are driven by the 3 turbogenerators of the 
secondary circuits. The secondary circuit and the tertiary 
circuit remains the same, except the mixture of nitrogen 
and helium, witch is replaced by pure helium, except the 
pressure which is changed a little bit in order to have the 
same pressure both side of the heat exchanger, and except 
the power of turbines and compressor which has been 
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optimized. This new system requires that the 3 shafts 
connecting the turbines and the compressors of the 
secondary circuits are also connected to their 
corresponding primary blowers, via longer shafts crossing 
the primary circuit vessel. This new cycle is the only new 
element of complexity in this alternative design. This fact 
should be put in regards of the advantage of no requirement 
for external energy for driving the compression system 
(excepting for start-up) and of the safety advantages: 
suppression of the Loss of Flow Accident (LOFA) due to a 
primary motor failure and possibility to use this new cycle 
to improve the grace delay of the reactor using the 
turbomachinery to drive the primary blowers during the 
beginning of any accidental situation. This new cycle can 
also be seen as a passive way to remove decay during 
accidental situations, as it will be discussed in this paper. 


After a very brief presentation, one will present past 
(section III) and present (section IV) studies and concepts 
related to the core heat removal issues. Further details 
about the GFR alternative design are given in section V. 
Last part is devoted to a 10 inch Loss of Coolant Accident 
(LOCA) transient calculated with CATHARE2 code. 


 
II. DESCRIPTION OF THE ALTERNATIVE 
DESIGN 


 
The whole plant modelling is shown in Fig. 1. The main 
vessel, which is exactly the same than the reference one, is 
composed as follows: 
• An inlet annular volume, connecting to the lower plenum 
via an annular pipe called down comer.  
• The core (a) is connected to is own wall where a part of 
the nuclear power is generated.  
• The lower plenum. 
 


The three main loops connected to the main vessel are 
composed as follows: 
• A primary circuit, with helium as coolant, including cross-
ducts ((b),(e)) exiting in “IHX vessel”  containing a finned-
plate intermediate heat exchanger (IHX) (c) and a blower 
(d). Isolating valve (e) is connected to each cross-duct. This 
isolating valve is opened in nominal conditions and closed 
only in some transient cases.  
• A secondary circuit for power conversion including: 
   - the secondary side of the IHX; 
   - a single-shaft mounted turbo-machinery (f),(g),(j), (k) ; 
   - a steam generator (h); 


 
The working fluid is pure helium; 


• A tertiary steam-water circuit (i) (second part of the 
counter-current helicoidal steam generator). 


 
The principal innovation in this system consists in 


having in the same mechanical shaft noted (j) in Fig. 1, the 
helium turbine (f), the compressor (g), and the primary 


blower (d) and the generator noted (k) in the Fig. 1, and 
this in each primary circuit mounted in parallel. 
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Fig. 1. GFR alternative design 


 
As known, the central question for Gas Fast Reactor 


is : how to remove residual heat in the most passive way 
without degrading the general efficiency and adding 
specific difficulties1. 


 
III. ANTERIOR WORKS AND REALIZATIONS 


III. 1 POWER CONVERSION ASPECTS 
 


Various power conversion systems exist for a non-
condensable gas reactor (Fig. 2 & 3). Among them the 
direct Brayton cycle is one of the more attractive option, if 
you consider the global plant efficiency: the heat produced 
by the nuclear fission is transmitted to the gas, that is then 
expanded, through a turbine located directly at the outlet of 
the nuclear core. The turbine drives an alternator, that 
produces electricity, and a compressor, that imposes a gas 
flow rate in the circuit. However the direct cycle solution 
present some objective disadvantages. Among them we can 
list: the possible activation of turbine blades and disk 
located in the same circuit as the nuclear core, the vicinity 
between secondary water circuits (precooler and 
intercooler) and the nuclear core and the turbine deblading 
risk2. 
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Fig. 2. GFR direct and indirect cycles 
 


In the case of the indirect cycle power conversion 
system, an intermediate heat exchanger is put to 
separate the primary circuit from the Brayton cycle. In 
the "indirect cycle" option, a first blower imposes the 
flow in the primary circuit. This concept is an answer 
to some disadvantages of the direct cycle. 
 
A possible tertiary water cycle can increase the global 
efficiency of the plant by taking advantage of the heat 
between the outlet of the gas turbine and the inlet of 
the gas compressor. This particular cycle is called 
“combined cycle”. This last configuration is now the 
reference option for CEA studies. 
 
 


 
 


Fig. 3. GFR combined and alternative cycles 
 
The case of pure Rankine cycle is just mentioned here, 
from a historical point of view, as some drawbacks 
prevent to consider it as a reference case now. 
 


III. 2 DECAY HEAT REMOVAL ASPECTS 


 
The other subject concerns (emergency) decay heat 
removal systems. Such a decay heat removal device is 
composed of a system of heat extraction (heat exchanger 
and associated circuit) and a system of gas circulation. We 
examine these two systems separately.  


 
Main gas reactors use a dedicated circuit for the heat 


extraction in accidental situations (Fig. 4). This circuit is 
not the nominal circuit of energy conversion. The main 
component of such a dedicated circuit is the heat exchanger 
between the primary system and a secondary circuit. In 
main designs such heat exchanger is situated at a high 
position to enhance natural convection (higher than the 
core). In some other concepts, this exchanger is located in 
the lateral walls to take benefit from radiation heat 
exchange from the core. However, the power extracted by 
radiation is not generally sufficient for Gas Fast Reactors. 
Such systems have some objective drawbacks: 


- The secondary circuit is generally composed of water 
for compactness and efficiency reasons. As this circuit 
is located at a high level, the risk of water ingress in 
the vicinity of the core, due to a rupture of tube exists. 
Such a water ingress is a real safety problem for 
neutronic and chemical reasons. Thus, costly safety 
studies or complex devices are necessary to prevent 
the consequences of such a risk.  
- For economic reasons, such system can not be active 
during the normal behaviour of the reactor. Otherwise 
a certain amount of the nominal flow and energy will 
not participate to power production. As a consequence, 
it is necessary to ensure a very accurate control of 
nominal loops and the correct start-up of auxiliary 
dedicated decay heat removal loops. Otherwise 
aggravating events about these components must be 
considered in safety studies.  
- To alleviate any default of the auxiliary circuit, it is 
necessary to have redundant auxiliary circuits. Such 
redundancy has a cost (compactness is also a problem). 
 
It is clear that the use of normal circuits for accident 


control brings objective improvements in terms of safety, 
design, compactness and cost. 


 
Excepting some cases where radiative heat transfer is 


sufficient to cool the core, gas circulation is necessary to 
correctly cool the core. The designer can prefer to use 
natural convection for reasons of reliability and 
passiveness. However in main designs of GFR, the 
massflow generated by natural convection is not sufficient, 
especially in Loss of Coolant Situation, due to a break. Gas 
injection is not generally sufficient also. An active blowing 
device is therefore necessary. Such a force circulation is 
ensured by a blower and necessitates an energy source. We 


247







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11372 


   


can distinguish different cases, considering the device and 
its energy source. 


If the device itself is concerned, we can distinguish 
between two cases: the normal device or a dedicated 
device. For the same reasons as those considered in the 
previous section, the use of a specific blowing device 
imposes a very careful procedure: the start-up of the blower 
must be sure. The redundancy is also imposed. The 
coexistence of the nominal and specific blowing system 
requires a very specific attention. 


If the energy source of the device itself is concerned, 
we can distinguish between two cases: electrical or purely 
mechanical source. The main concepts adopt an electrical 
source. Such systems are really reliable if they are 
redundant and autonomous, as the loss of power supply is 
an accident which must be treated. Such a redundancy and 
autonomy has a cost. The demonstration of its reliability is 
also a real constraint for the supplier.  


 


 
Fig. 4. Example of a dedicated Decay heat removal system3 


 
The energy source can be mechanical. Examples of 


turbine driving blower for nuclear gas reactors for safety 
procedures are numerous. Among them we can distinguish 
water turbine, steam turbine or non-condensable gas 
turbine. To our best knowledge the unique example of a 
Pelton turbine driving a blower is for Fort-Saint-Vrain 
reactor4. In such reactor the designer has also put on the 
same shaft a steam turbine. Sealing problems producing 
humidity ingress in the reactor are inherent of such design. 
This kind of problem has been one of the main reasons 
explaining the low load factor of Fort-Saint-Vrain reactor5. 
Furthermore, as we said before, the use of Rankine cycle 
does not offer the same efficiency as that which could be 


achieved by a Brayton cycle. These drawbacks have 
conducted the designers to abandon this type of design.  


 
Fig. 5. Fort-Saint-Vrain circulator4 


 
In France, this type of device has also been used. In 


some French Magnox reactor (Saint-Laurent and Bugey 
UNGG reactors) a steam turbine was driving the CO2 
blower. However at low power, steam is not always 
produced. As a consequence a complementary boiler was 
necessary. Furthermore, steam ingress caused by a steam-
generator rupture was a real risk for such design. 


 


 
Fig. 6. UNGG circulator6 


 
Even if the previous examples concern « pure » 


Rankine cycles, they are very interesting to show them as 
they illustrate the same kind of strategy as the one used for 
the new design. 


We must also mention a recent new design of a 
dedicated Brayton cycle used (only) for decay heat removal 
purposes7. This type of system has the same drawbacks as 
the ones exposed previously.  
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Fig. 7 Dedicated Brayton cycle for decay heat removal7 


 
IV. ACHIEVEMENT OF HEAT REMOVAL AND 


POWER CONVERSION WITH THE REFERENCE 
CEA GFR DESIGN 


 
The reference design is not detailed here, as details 
about the GFR design are given in opened literature1. 
We just mention accidental situations management and 
main results.  


 
IV. 1. DECAY HEAT REMOVAL STRATEGY 


 
In accidental situations, the use of the gas coolant 


circulation as the main way to remove the decay heat has 
been selected. A specific system has been designed: it 
consists of three loops (3*100% redundancy) in extension 
of the pressure vessel, equipped with heat exchangers and 
blowers. The blowers are used to impose a forced 
convection mass flow rate. The heat exchangers are located 
at a certain elevation above the core, so that the driving 
height also enables a natural flow circulation.  


For all kind of transients, pressurized and 
depressurized, the removal of the decay heat is ensured in a 
first way by the blowers, which are designed to run in a 
wide range of pressure, from 4.25 to 70b. This strategy 
requires a medium back-up pressure even higher than 4.25b 
bars. This back-up pressure is ensured by a stand-alone 
metallic guard containment disposed around the primary 
circuit. 


 
IV. 2. A COMPLEX PROTECTION SYSTEM 


 
All the transients are managed with the same control 


and protection system. This protection system is based on 
significant parameters which are controlled in order to 
protect on the one hand the core and on the other hand the 
components of the IHX vessels (exchangers) and PCS 
(turbines and compressors). 


This protection mainly leads to three different actions: 
the turbo-machine trip, the reactor scram and the actuation 
of the DHR loop.  


The thresholds dedicated to the reactor SCRAM are 
described elsewhere8. Table I presents the threshold 
dedicated to DHR loops actuation and control. The 


threshold dedicated to the turbo-machinery protection 
mainly leads to the turbo-machinery disconnection from the 
grid and to the turbo-machinery by-pass line opening.  


The DHR blowers speed is controlled to ensure a 
satisfying mass flow rate in the range of pressure from 
4.25b to 70b. This control depends on the primary pressure. 
An additional control imposes to never exceed 1.7*ωdesign, 
even if the pressure becomes lower than 4.25b, for blower 
integrity reason.  


Some criteria have been defined and have to be 
verified for all the transients: maximum fuel temperature 
must not exceed 1600°C for core integrity reason, helium 
core outlet temperature must not exceed 1250°C for heat 
exchangers integrity reason, turbo-machinery over speed 
must not exceed 115% for turbo-machine integrity reason. 


 
TABLE I 


Control associated to the DHR loops actuation and control 


Signals Action  
performed 


Scram 
Primary circuit blowers 


stopped 
Low mass flow rate in 


one primary circuit loop 
(< 0.03%*) 


Primary circuit valve 
closing for this loop 


Low mass flow rate at 
core inlet (< 0.03%*) 


All primary circuit valves 
closing 


Beginning of primary 
circuit valves closure + 
10s 


DHR valve(s) opening 


Beginning of DHR 
loops valves opening  


+ 16s  
DHR blower (s) starting 


(*) relative to nominal condition 
 


IV. 3. A VERY EFFICIENT SYSTEM IN MAIN 
SITUATIONS 


 
As shown previously8, such a system is really efficient: 


previous studies have provided different verifications of the 
decay heat removal strategy. This strategy consists in using 
forced convection as a first mean to remove decay heat for 
all kind of transients, pressurized, depressurized and 
intermediate pressure transients, using a control of the 
DHR blower rotation speed depending on the primary 
pressure.  


The robustness of the forced convection mode to 
remove decay heat was illustrated through analysis of 
different reference transients: pressurized and 
depressurized transients. For all of them, when no 
aggravating events are added, the acceptance criteria are 
fully and largely respected. Even in case of only one DHR 
loop is available, the resulting clad temperatures remains 
below the criteria. On the other hand, two situations can be 
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considered as critical: when a primary loop remains open 
(failure of closure of the isolating valve) or when a DHR 
loop remains open whereas its blower did not start. The two 
situations may leads to a bypass of the core. In the first 
case, the core mass flow rate is sufficient to ensure the core 
cooling (for pressurized and depressurized conditions). 
This illustrates the robustness of the DHR loops, but some 
values are not very far from criteria. For the second one, 
the core mass flow rate is sufficient to cool the core for the 
pressurized transients but not for the depressurized 
transient. This result shows that this kind of aggravating 
event must be avoided adding, for example, redundancy for 
the motor ensuring the blower start-up and the DHR valve 
closing.  


 
TABLE II 


Summary of the maximum clad and upperplenum 
temperatures observed for the depressurized transients 


Scenario 
Maximum 


clad 
temperature 


Maximum 
upperplenum 
temperature 


10 inches breach on the 
colduct with 1 DHR loop 
available 


1560°C 1220°C 


10 inches breach on the 
colduct with 2 DHR loop 
available 


1470°C 1160°C 


10 inches breach on the 
colduct combined with a 
failure of closure of 1 
primary isolating valve 
with 3 DHR loop 
available 


1450°C 850°C 


10 inches breach on the 
colduct combined with a 
failure of a DHR blower 
start-up and a failure of 
the corresponding DHR 
valve closure, with 2 
DHR loops still available 


> 2000°C 850°C 


 
IV. 4. POWER CONVERSION SYSTEM 


 
The system is the indirect combined cycle, with He-N2 


mixture for intermediate gas cycle. Electrical energy is 
generated partly by the secondary circuit gas turbines 
(auxiliary alternators: 3 x 130 MWe), and partly by steam 
turbine (main alternator: 1 x 730 MWe) mounted in the 
tertiary circuit.  The cycle efficiency is very close to 45%, 
based on assumed component efficiencies and pressure 
drops.  


 
 


V. MAIN CHALLENGES AND PRESENTATION OF 
DETAILS OF THE ALTERNATIVE DESIGN 


 
As known, one of the central questions for Gas Fast 
Reactor is : how to remove residual heat in a passive way 
without degrading the general efficiency and without 
adding new difficulties (blade activation risk, water ingress 
risk, turbine deblading risk). In section IV, we saw some 
difficulties to remove residual heat for the traditional 
design in case of LOCA accidents combined with 
aggravating events. A challenge for the new design is to 
avoid such aggravating events by using a simpler and a 
more passive way to mitigate the LOCA accident.  


The goals, as detailed in previous paragraph, are 
achieved through a unique turbocompressor shaft (j) 
driving the generator (k) and the primary circuit blower (d), 
crossing both circuits. The system consists in a primary 
circuit using helium as a coolant, flowing through the 
nuclear core (a) ; helium is pumped owing to a gas blower 
(d). The primary helium is used to heat a secondary gas 
through an intermediate heat exchanger (c). This secondary 
gas, which is also helium, at the same pressure, is heated 
and then expanded through a turbine and recompressed in a 
compressor ((f)+(g)) coupled to a generator (k) to produce 
electricity and to drive the primary blower (d)). This 
second circuit is a closed Brayton cycle. The choice of 
using the same coolant (helium), at the same pressure, 
limits the sealing problems between primary and secondary 
circuits. The pressure is 70 bar. To better use the remaining 
heat at the outlet of the turbine, a third cycle is designed. 
The energy is transmitted through a once-through counter-
current plate-shape steam generator. This cycle is a 
Rankine cycle. This normally used cycle (i) plays the role 
of the cold source for the turbocompressor cycle of the 
secondary circuit.  
The « passive » removal of core heat is ensured by the use 
of the heat generated in the core, which makes possible the 
normal behaviour of the turbocompressor even in decay 
heat removal condition. The turbocompressor drives the 
primary blower: this convection is a mandatory condition to 
remain the heat from the core to the heat exchanger. The 
correct behaviour of the turbocompressor cycle is possible 
due to the permanence of the cold source in the tertiary 
cycle, with a lower mass flow if necessary. We can note that 
such device suppresses the occurrence of a loss of flow 
accident consecutive of a loss of energy electric motor, as 
no electrical motor is necessary to drive the primary 
blower.    


 
V. 1. HEAT REMOVAL AND SAFETY 


ADVANTAGES 
 
From a general point of view, the alternative design has the 
following safe characteristics : 
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- The intrinsic behaviour of the heat removal system in 
case of incident or accident is based on the use of such 
heat. Such device is autonomous. 
- The system brings an unquestionable safe value : 
inertia. The interest of inertia is well-known for a 
designer: In actual or past reactors, thermal inertia of a 
reactor is ensured by the thermal inertia of the coolant 
(water, liquid metal) or the thermal inertia of the 
moderator (graphite, water). The originality of such 
device is to increase the inertia of the system with a 
mechanical inertia (a rotating shaft). Such a 
mechanical inertia is also simple to evaluate and to 
increase (with mechanical wheels for example).  
- The device is not only autonomous but also stable. If 
we remind the principle that a thermodynamic (closed) 
cycle has a global efficiency all the higher as the hot 
temperature is high, this principle conducts to the 
following virtuous behaviour :  if the rotating speed of 
the turbocompressor decreases, the blower speed 
decreases also, and consequently the flow through the 
core. Thus the outlet core temperature increases, 
conducting to a higher inlet turbine temperature. This 
high temperature increases the efficiency of the 
turbocompressor cycle and consequently the rotating 
speed of the turbocompressor.  
- The device can be redundant without generating 
supplementary costs. If the reactor design has multiple 
loops for the power conversion system (which is the 
case for example for the reference design), the device 
is naturally redundant. This redundancy is a real 
advantage. 


 
V. 2 POWER CONVERSION ASPECTS: 


COMPARISON WITH COMBINED, DIRECT AND 
INDIRECT CYCLES 


 
The device is also very efficient considering the global 
plant efficiency. From a general point of view, it is clear 
that the global efficiency is as high as the global efficiency 
of the reference combined cycle, perhaps a bit higher, if we 
consider that we do not loose electrical to mechanical 
conversions for the primary blower motor. Such cycle has 
comparable efficiency as direct cycle (even if turbine inlet 
temperature is a bit lower) without having some 
disadvantages, inherent to the direct cycle: 


- The turbocompressor is located in the secondary 
circuit and is therefore protected from contamination, 
due to the barrier of the intermediate heat exchanger 
(c). Inspection and maintenance are easier. The 
constraints for material (turbine disks and blades) are 
less severe also (inlet turbine temperature is lower and 
turbine radius can be lower).  
- The core and the water circuit are separated from two 
barriers: the heat exchanger (c) and the steam 
generator (h). As a consequence water ingress event is 


very unlikely, which is a real advantage as neutronic 
and chemical effects of water ingress are very risky for 
the core.   
- One of the most classical accidents for direct cycle 
gas reactor is the risk of turbine deblading. In the 
alternative design the turbine blades are located in the 
secondary circuit, which limits the risk to have a high 
velocity material near the core, due to the barrier of the 
heat exchanger (c). The water turbine in the tertiary 
cycle, which has larger blades as the helium turbine is 
situated far from the core, due to two barriers : the heat 
exchanger (c) and the steam generator (h).  


 
The device has higher level of global efficiency than 


those obtained with indirect gas cycle, due to the 
valorisation of energy in the tertiary cycle. This 
valorisation is based on the partial use of the fatal heat lost 
in a thermodynamic cycle. We can mention that the 
considered tertiary cycle does not bring new real 
difficulties, as the power and hot temperature levels are 
comparable with those of actual or next generation coal 
fired power plants. The system is the indirect combined 
cycle, with helium for intermediate gas cycle. Electrical 
energy is generated partly by the secondary circuit gas 
turbines (auxiliary alternators: 136 MWe), and partly by 
steam turbine mounted in the tertiary circuit.  The cycle 
efficiency is very close to 45.5%, based on assumed 
component efficiencies and pressure drops.  


 
V. 3. DETAILS OF THE ALTERNATIVE CYCLE 


 
Generalities are given in section II. The main values 


for the core are: 
� Inlet core temperature: 400°C 
� Outlet core temperature: 780°C 
� Maximum fuel temperature: 1240°C 
� Outlet core pressure: 7.MPa 
� Pressure drop in the core: .14 MPa 
� Core mass flow rate: 1216 kg/s 


 
The main values for each loop of the secondary circuit 


are:  
� Inlet IHX temperature: 330°C 
� Outlet IHX temperature: 750°C 
� Inlet turbine temperature: 626°C 
� Inlet compressor temperature: 238°C 
� Inlet IHX pressure: 7. MPa 
� Inlet turbine pressure: 6.5 MPa 
� Inlet compressor pressure: 4.5 MPa 
� IHX mass flow rate: 374 kg/s 


 
The main values for the tertiary circuit are:  


� Outlet SG temperature: 595°C 
� Outlet SG pressure: 18. MPa 
� Inlet SG pressure: 21.6 MPa 
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� Minimal temperature: 32°C 
� Minimal pressure: .005 MPa 
� Tertiary mass flow rate: 845 kg/s 


 
The main values for various losses in the primary, 


secondary and tertiary circuits are: 
� Thermal losses : 2MW 
� Pressure drop in the primary circuit, including 


the core: .18 MPa 
� Pressure drop in the secondary circuit, 


excluding the turbine: .08 MPa 
� Pressure drop in the steam generator (tertiary 


circuit): 3.6 MPa 
 


The IHX could be of Plate Stamped Heat Exchanger 
(PSHE) type providing its very high specific thermal 
compactness (up to 35 MW/m3) but demanding in terms of 
thermo-mechanical constraints. The reference material is 
Inconel 617. We outline that the pressure difference 
between the primary and secondary sides of IHX is 
minimal, in order to minimize mechanical constraints. 
During start-up, stop, incidental and accident transients, the 
secondary pressures are controlled to limit the pressure 
difference between the primary and secondary sides of 
IHX. Various modes of control are studied: use of a helium 
service system for normal conditions and discharge in the 
containment in accidental situation.  


 
V. 4. DETAILS OF THE ALTERNATIVE 


TURBOMACHINERY DESIGN 
 
The main values for the turbomachinery in the primary, 


secondary and tertiary circuits are: 
� Isentropic efficiency of primary blowers: 88 


% 
� Isentropic efficiency of secondary 


compressors: 88 % 
� Isentropic efficiency of secondary turbines: 


93 % 
� Mechanical losses of the primary-secondary 


shaft: 0.5% of power 
� Hydraulic efficiency of tertiary pumps: 88 % 
� Mechanical efficiency of tertiary pumps: 99 


% 
� Mechanical efficiency of secondary and 


tertiary generators: 98.7 % 
� Hydraulic efficiency of tertiary turbines: 89 % 


 
The turbocompressors have the following 


characteristics: The main values for the turbomachinery in 
the primary, secondary and tertiary circuits are: 


� Shaft rotating speed: 5900 rpm 
� Primary blower : single-stage centrifugal type, 


close to a specific design9 


� Secondary compressor : multi-stage 
centrifugal type with double entry, close to a 
specific design10 


� Secondary turbine : multi-stage axial type, 
close to a specific design10 


� Need for a electronic converter or a gearbox 
for the grid connection 


� Mechanical wheel to ensure a mechanical 
inertia of 5000 kg.m². 


 
The tertiary turbines and pumps do not have a precise 


design at this stage of the project. 
 


VI. MAIN CHALLENGES AND PRESENTATION 
OF DETAILS OF THE ALTERNATIVE DESIGN 
 
This challenge of the alternative design is to remove 


residual heat in the most passive way without degrading the 
general efficiency of the plant and adding specific 
difficulties. A first interest comes from the mechanical 
driver, which eliminates the risk of LOFA due to loss of site 
power.. Another very important point is to study the 
consequences of a reference accidental event and to show 
the passiveness of the accident control. The accidental 
situation is a 10 inch break and will be computed with the 
CATHARE 2.  


 
VI. 1. THE CATHARE2 CODE 


 
The CATHARE2 code has been conceived for the 


thermal-hydraulic modelling of systems ranging from large 
and complex installations, like nuclear power plants, to 
simpler experimental facilities. The code therefore has a 
flexible modular structure. The principal hydraulic 
elements are pipes (1-D), volumes, various boundary 
conditions, junctions and an advanced 3-D module for 
complex two-phase flows in pressure vessels and 
containments. Other modules feature pumps and turbo-
machinery, control valves, T-junctions, sinks and sources. 
The code also includes tools for sensitivity studies (using 
the Discrete Adjoin Sensitivity Method, DASM). All 
CATHARE2 modules are based on a six-equation two-fluid 
model (mass, energy and momentum equations for each 
phase), with additional optional equations for non-
condensable gases. The discretization of inter-phase 
exchange, pressure and convection terms is fully implicit, 
and the resulting nonlinear difference equations are solved 
using an iterative Newton solver. The code is written to 
allow the efficient use of several processors in parallel.  


Although CATHARE2 was originally conceived for 
safety studies of PWR systems, it has obvious advantages 
to use the same code also for future gas-cooled reactors. 
The solver infrastructure is reliable and efficient, and tools 
for pre- and post-processing can be used as they are. Basic 
modelling features, like various hydraulic elements, valves, 
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walls, heat exchangers, etc., already exist and are well 
proved. The code has been extensively validated and 
qualified for PWR applications, and there is an existing 
internal organization maintenance and user support.  


In order to use the code for gas-cooled reactors, we 
have thus been able to concentrate our efforts on minor 
modifications and the development of features unique to 
gas-cooled reactors. Examples are the development of a 
comprehensive turbo-machinery module, special treatments 
for gas mixtures, and features for modelling of core 
neutronics and heat transfer11. An option has also been 
added to let CATHARE2 assume the flow in a particular 
circuit is single-phase (gas only). The modifications are 
based on the hypothesis that the residual liquid phase is 
present in concentrations low enough to have a negligible 
impact on the gas phase and the surrounding walls. Even if 
the residual phase is still part of the calculation, the 
treatment of source terms and closure laws for the residual 
phase can be simplified considerably. The result of the 
calculation rests the same as for the corresponding full two-
phase calculation, but the computational overhead involved 
in carrying equations and variables for the residual phase is 
drastically reduced, and the convergence in complicated 
transients is improved. In most common scenarios, the 
"single-phase" option can be used for the gas coolant in the 
primary circuit, while the flow of cooling water in a 
secondary circuit is treated as a two-phase flow to account 
for possible boiling in heat exchangers. It is possible to 
switch back to a full two-phase treatment at any time during 
a calculation. This could be useful for calculating transients 
with water ingress, for example due to a tube break in a 
heat exchanger12. Present calculations are carried out using 
the Cathare version 2.5_2. 


 
VI. 2. THE CATHARE2 SIMULATION 


 
A schematic drawing of the CATHARE2 modelling is 


shown in Fig. 8. The whole plant is modelled with 
approximately 2000 meshes. A more detailed description of 
this type of CATHARE2 modelling is presented in an other 
paper8. The reference depressurized transient is a 10 inches 
break located in one of the 3 Colduct of the primary circuit. 
Main hypotheses of the simulation are the following: 


- Back-pressure in the primary vessel: 1.5 bar.  
- Break size : 10 inches.  
- Non-dimensional performance maps taken from 
Ballinger et al., 2003 and Tauveron & Dor, 2010.  
- Control of secondary pressure by partial discharge 
into the reactor vessel.  
- Tertiary water massflow reduced to 40 kg/s (less than 
5% of 844.85kg/s in nominal conditions) 
- Symmetrical behaviour of secondary loops. 
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Fig. 8. GFR alternative design (LOCA event) 
 


VI. 3. RESULTS OF A 10’’ BREAK ACCIDENT 
SIMULATION 


 
To analyze this transient we will separated it into 


different periods: the first 80s with the depressurization, 
between 80s and 1 day with the decay heat removal phase. 


 
The opening of the break leads to a decrease of the 
pressure in the primary circuit and an increase of the 
pressure in the guard containment, as shown in Fig. 9. The 
balance between containment and primary circuit is 
reached after about 80s. At this time, the containment 
pressure is equal to 4.5 bar. 
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Fig. 9. Evolution of the guard containment and Colduct pressure 
during the first 200 s 


The decrease of the primary pressure leads to a rapid 
increase of the pressure in the vessel and becomes superior 
to the limit and the SCRAM is operated. The core power 
falls abruptly as shown in Fig. 10. The decrease of the core 
power conducts to a decrease of the power transmitted 
through the IHX. This decrease conducts also to a decrease 
of the available power of the turbocompressor as shown in 
Fig. 11. 
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Fig. 10: Evolution of the core power during the first 200 s 
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Fig. 11: Available power on the shaft during the first 2000s 
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Figure 12 : Turbocompressor speed 


 
This power is equal to 46MW for each turbomachinery at 
the beginning of the transient. As long as this power is 
positive, the momentum is transmitted to the generator to 
produce electricity.  When this power becomes negative 
(t~2s), the generator is disconnected from the grid. As a 
consequence, the shaft is « free ».  We must emphasize that 
this power becomes negative as the pressure and the power 
behave with a different kinetics: the pressure decreases, but 
“slowly” (7% in 90 s) compared to the rapid power 
decrease due to the SCRAM (8% in 1s). These distinct 
evolutions do not permit to the reactor to behave as in 
partial load: in such regime, pressure and power behave 


similarly (pressure and power decrease of the same factor 
and velocity and temperature are kept constant; the 
production of electricity continues). In the present 
accidental regime, the turbocompressors do not have a 
sufficient power to continue to produce electricity and the 
rotation speed decreases from 5900 rpm to 2300 rpm in 
150 s (see Fig. 12). After 150s, the pressure has decreased 
at the same level as the power, so the power on the shaft 
becomes positive again, as in a partial load regime. As the 
generator is disconnected, the (negative) generator torque 
does not exist any more and consequently the shaft 
accelerates up to 6200 rpm after 1300s and remains 
approximately constant, due to the friction torque. At this 
step, one can notice that the data used for the friction 
torque, the inertia, the performance map used play a very 
significant role in the transient behaviour and should be 
investigated more in depth. Primay and secondary 
massflows are presented in Fig. 13 and 14. Due to the shaft 
speed and pressure decreases, the primary massflow 
decreases at the beginning of the transient from 1200kg/s in 
nominal regime (core value) down to ~30kg/s in 200s. Due 
to the shaft speed decrease, the secondary massflow 
decrease at the beginning of the transient from 370 kg/s in 
nominal regime down to ~12kg/s in 200s. The shaft 
increase conducts to an increase of primary and secondary 
massflows between 400s and 1300s up to 60kg/s in the 
primary circuit and 20kg/s in the secondary circuit.  
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Figure 13 : Core massflow 
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Figure 14 : Secondary massflow 


 
The combination between the decrease of the core mass 
flow rate, the decrease of neutron power and the decrease 
of pressure leads to a slow decrease of the core temperature 
difference (outlet temperature from 780°C to 400°C) and 
the maximum fuel temperature (from 1170°C to 500°C), as 
shown in Fig. 15 during the first 50s. These temperatures 
increase between 80s and 700s, due to the low value of the 
massflow, as presented before: however the maximum fuel 
temperature reaches 1030°C and does not exceed the 
criteria of 1600°C described in section III.  After 700s, the 
combination between the increase of the massflow due to 
the rotation speed of the turbocompressor and the decrease 
of neutron power leads to a progressive decrease of all 
temperatures in the primary circuit. After 2000s, the 
maximum fuel temperature decreases down to 440°C and 
the core outlet temperature 340°C. 
The behaviour of the core outlet temperature have major 
consequences on inlet turbine temperature in the secondary 
circuits (Fig. 16): this value decreases from 750°C to 
400°C in the first 80s, and then increase up to 630°C at 
700s, and then decreases down to 360°C at 2000s. Outlet 
turbine temperature follows the same type of oscillation as 
the inlet temperature. Inlet and outlet compressor 
temperature are directly inherited from the steam generator 
behaviour. This component cools secondary helium very 
efficiently and thus helium compressor temperatures tend to 
decrease. 
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Figure 15: Evolution of the lowerplenmum and the 
maximum fuel temperature during the first 2000s 
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Figure 16 : Secondary circuit temperature 


 
Between 2000s and 24h, the neutron power and the 


primary pressure still decrease. This pressure decrease is 
due to the temperature decrease in the containment (Fig. 
17). The temperature in the containment decreases due to 
the heat exchange with the outside (supposed to be at 
20°C). This decrease of temperature causes a decrease of 
pressure in the containment and in the primary circuit, from 
4.5bar after 200s to 1.5bar after 86400s, as illustrated in 
Fig. 18 (curves are equal). 
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Figure 17 : Containment temperature 
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Figure 18 : Primary and containment pressures 


 
 
Between 2000s and 24h, core power still decreases 


from 2% to 0.8% of the nominal value and the primary 
pressure from 6.4% to 2%. Here again, the power decreases 
more rapidly than the pressure, as a consequence the 
velocity rotation of the turbocompressor decreases down to 
2900 rpm (50% of the nominal value) after 24h, as shown 
in Fig. 19.  
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Figure 19: Turbocompressor speed 


 
 
Primary and secondary massflows caused by long term 


turcompressor behaviour decrease slowly down to 14.6kg/s 
at 24h (in the core) and 5kg/s in each secondary circuit (see 
Fig. 20 and 21). These low values lead to a small increase 
of all temperatures : maximum core temperature, outlet 
core temperature, inlet and outlet turbine temperatures as 
presented in Fig. 22 and 23. The maximum fuel 
temperature does not exceed the criteria of 1600°C 
described in section III 
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Figure 20: Core massflow 
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Figure 21 : Secondary massflow 
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Figure 22: Core temperatures 
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Figure 23: Secondary temperatures 


 
 


VII. CONCLUSIONS 
 


This study provides a contribution to CEA studies for 
the GFR2400 and concerns an alternative system based on 
a turbogenerator principle. This concept consists of a 
compressor and turbine operating on a Brayton cycle on the 
secondary circuit on the same shaft than the primary circuit 
compressor. The interest of such system is first to add 
inertia to the system and secondly to remove residual heat 
in the most passive way without degrading the general 
efficiency of the plant and without adding any specific 
difficulties. Principal elements of a very preliminary design 
are mentioned. A first accidental situation is computed with 
the CATHARE 2 code and analyzed: it shows that for a 10 
inch break event, the acceptance criteria are fully and 
largely respected. Furthermore, due to the passiveness of 
the process, a lot of aggravating events which are normally 
added can be avoided by conception. Other additional 
advantages come from the mechanical driver, which 
eliminates the risk of LOFA due to loss of site power. The 
next step will consist to go further in detail in the validation 
process and model improvement by collecting new data and 
more realistic constraints from the design and technology. 
The scope of transients calculated should also be enlarged, 
including pressurized transients and operating situation 
transients.     
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Abstract – The Supercritical CO2 Brayton cycle is the subject of much interest for its 


potential to deliver high efficiency, relatively simple and compact energy conversion systems for 
advanced nuclear reactors; in particular for Sodium cooled Fast Reactor concepts seeking to 
eliminate Na/H2O reactions. To achieve the highest efficiencies the sCO2 cycle operates close to 
the critical point of CO2 at the compressor inlet, where the sharp increase in fluid density 
significantly reduces the compressor work. However, the large variability of the fluid properties 
close to the critical point has implications for the cycle stability, control and transient response. 
Small to medium scale experimental investigations are currently performed by GenIV 
International Forum partners, which consider issues associated with operation around the critical 
point and are complimented by dynamic simulations that look at a wider range of conditions; for 
example, using the Plant Dynamics Code of Argonne National Laboratory (USA). 


Should such analyses reveal problems for particular operating points, then the selection of 
new (more stable) on-design operating points would be facilitated if the effect on the cycle 
efficiency of the alternative points was known. To that end, an optimised on-design efficiency map 
of potential operating conditions has been produced for the recuperated/split-flow sCO2 Brayton 
cycle applied to an SFR with an intermediate sodium loop. The maps are generated over a range 
of values for the main compressor inlet temperature and pressure and the turbine inlet 
temperature. The cycle efficiency at each operating point is obtained using the CYCLOP 
thermodynamic cycle design program coupled to genetic and deterministic optimisation 
algorithms. The same software tools have been successfully used previously by the CEA to study 
Gas Fast Reactor concepts. The maps permit comparisons to be made of previous studies (CEA, 
and other Generation IV international partners: USA, Japan, South Korea, Europe and Russia) 
that use different operating points, as well as providing an engineering reference chart to aid the 
design of energy conversion systems based on the sCO2 Brayton cycle.  


 
 


I. INTRODUCTION 
 
The Supercritical CO2 (sCO2) Brayton cycle promises 


Rankine levels of cycle efficiency or better for nuclear 
reactors at a reduced cost by virtue of its simple and 
compact cycle. For Sodium cooled Fast Reactor (SFR) 
concepts a sCO2 energy conversion system (ECS) is 
particularly attractive as it avoids Na/H2O reactions. The 
high sCO2 cycle efficiency results from operating the 
compressor inlet close to the CO2 critical point where the 
increased fluid density significantly reduces the 
compressor work. However, the very significant gradients 
in density, and other fluid properties, near the critical point 


have implications for the stability and operability of the 
cycle, as well as its response to important safety transients. 


The dynamic behaviour of the sCO2 Brayton cycle is, 
then, the subject of much interest, not least in the SFR 
Component Design and Balance Of Plant project 
(CDBOP1) of the GenIV international Forum. Partners 
within this CDBOP have developed small scale CO2 loops 
and tests are in progress2,3 that consider operation of 
compressors around the critical point of CO2 (31°C, 
7.4MPa). In addition, a larger 1.0 MWt full sCO2 Brayton 
cycle demonstration loop4 is currently being developed by 
Sandia National Laboratory (SNL). Such experimental 
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studies of the sCO2 cycle will be complimented by 
dynamic simulations — for example using the Plant 
Dynamics Code5 of Argonne National Laboratory (ANL) 
— that can consider a broader range of conditions and 
transients at scales of industrial power generation. 


In the sCO2 cycle the compressor inlet usually defines 
the minimum temperature and pressure of the cycle and 
hence has a significant effect on the cycle efficiency. In the 
ongoing and future studies of the dynamic behaviour of the 
sCO2 Brayton cycle, it will thus be helpful to be able to 
quickly compare the net cycle efficiencies associated with 
alternative compressor operating points. For example, 
should a particular point result in unsatisfactory behaviour 
during an important transient then it would be useful to 
have a mapping of the relationship between the compressor 
inlet conditions and cycle efficiency to help guide the 
selection of a new, hopefully more stable, operating point. 
Furthermore, such a mapping also provides a basis for the 
comparison of the work of different groups, which is 
particularly important for the CDBOP international 
collaboration where different compressor operating points 
are considered because of different constraints, such as the 
locally available cooling as in reference3, or even different 
applications, such as the Very High Temperature Reactor in 
reference6. 


For these reasons in this work, maps are presented of 
the optimised, on-design, net cycle efficiency for a range 
of main compressor operating points (Pin, Tin), and for four 
different Turbine Inlet Temperatures (TIT). The article 
begins with a description of how the maps are generated, 
including the optimisation process, before the maps 
themselves are presented and discussed. 


 


II. MAP GENERATION METHOD 
 
The on-design cycle efficiency maps are generated by 


re-optimising a sCO2 reference cycle for all points in a 
range of compressor Pin and Tin values using the CEA cycle 
optimisation tool, CYCLOP7. We begin by presenting the 
reference cycle. 


 
II.A. The Na/Na/sCO2 Reference Cycle 


 
The standard sCO2 cycle, shown in Fig. 1, is highly 


recuperated, with the heat transfer across the recuperators 
typically exceeding that of the Na/CO2 heat exchanger 
(IHX). The cycle operates at supercritical conditions 
throughout and features a flow split that allows a portion 
of the CO2 to be recompressed by a second compressor 
without rejecting heat. The purpose of this split in mass-
flow is to counter the imbalance in the specific heat 
capacity at the cooler end of the recuperator and is another 
result of the property variability of CO2 close to the critical 
point. 


The reference sCO2 cycle is for a generic 900MWt 
SFR with an additional intermediate sodium loop. The core 
inlet and outlet temperatures are 395°C and 545°C which, 
for heat exchanger pinch points of 15°C, results in 530°C 
and 380°C respectively at the inlet and outlet of the sodium 
side of the IHX. The maximum CO2 pressure is fixed (in 
all cases) to 25MPa. The reference cycle is later re-
optimised many times to populate the cycle efficiency 
maps and in Table I the fixed cycle parameters (in bold) 
are shown alongside representative values for the cycle 
parameters that are variable. These example values have 
been optimised to maximise the efficiency for a 
compressor inlet temperature of 32°C, with the resulting 
cycle described in the temperature-entropy diagram in 
Fig. 2. The efficiency of this example cycle is 43.08 % and 


 


Fig. 1, a diagram of the sCO2 Brayton Cycle. 
(HTR & LTR are High and Low temperature recuperators, and IHX is the Intermediate Heat eXchanger) 
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is net of the pump electric power in each sodium loop, 
accounts for the mechanical efficiency (98.7%) of the 
generator, and applies an efficiency of 98.0% to represent 
auxiliary plant systems such as lighting. 


 
TABLE I 


 
The 900MWt Na/Na/sCO2 reference cycle main parameters. Bold 
values are fixed. Values marked by * are constant within a map. 


 Pressure [MPa] Temperature [°C] 
Turbine Inlet 25.0 515* 
Compressor 1 inlet 7.7 32 
IHX CO2 inlet 25.1 340 
IHX Na inlet 0.2 530* 
 Isentropic Mechanical 
Turbine η  0.93 1.00 
Compressor 1 η  0.89 1.00 
Compressor 2 η  0.88 1.00 
 ∆P [MPa] ∆T [°C] 
IHX CO2  0.10 175 
HTR hot (cold) 0.10 (0.10) 165 
LTR hot (cold) 0.10 (0.10) 133 
Cooler CO2  0.05 48 
Flow split (Y)              0.68 
Mass flow rate [kg/s] 4132.0 (Y = 1.0) 
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Fig. 2, the sCO2 reference cycle Temperature (T) Entropy 


(S) diagram. 
 


II.B. The CYCLOP tool 
 
The CYCLOP (CYCLe Optimisation7) tool allows the 


parametric study of thermodynamic cycles by 
automatically resolving the mass and energy balances of 
any reactor (first law of thermodynamics) from the 
minimal set of input data. A reactor is described by a set of 
fluid loops built from energetic components (cores, turbo-
machines, heat exchangers) connected by thermodynamic 
points that exchange energy through calorific, mechanical 
or electrical transfers. Each component’s deviation from 
ideal is described by macroscopic parameters such as 
isentropic efficiency, pressure loss, or mechanical 


efficiency. This highly flexible, automatic approach allows 
all cycle parameters to be quickly modified and optimized 
using genetic and deterministic algorithms. 


The CYCLOP code is built on top of COPERNIC8, 
which is library of VBA functions that provides physical 
data (enthalpy, entropy, specific heat, conductivity...) for 
several fluids (He, N2, Water, CO2) and a set of functions 
(simplified models, correlations) relevant to specific 
physical problems (e.g. heat conduction, pressure loss, 
component dimensioning). The properties of CO2 at 
supercritical conditions are those determined by Span and 
Wagner9 as also used by NIST (USA). CYCLOP has been 
used extensively in Gas Fast Reactor studies performed by 
the CEA and has been validated for a wide range of cycles 
described in reference10, including Brayton and Rankine 
cycles with irreversibilities, flow separations, reheat, etc., 
and also for existing reactors like a French PWR (REP900 
/ CRUAS) and a SFR (Superphénix). 


 
II.C. Optimisation Process 


 
The variables to be optimised are the hot side (the red 


lines in Fig. 1) temperature change across each recuperator, 
constrained to 0 – 300°C, and the flow split fraction (Y) 
constrained to 0 – 1. The optimisation is performed to 
maximise the cycle efficiency (η). To ensure the 
mechanical validity of the optimisation process, the 
recuperator effectiveness’ were limited to 92.5% and the 
pinch point across the IHX to 15°C. The isentropic 
efficiencies of the Turbine and Compressors 1 and 2 were 
fixed in all cases at 93%, 89% and 88% respectively. 


In this study the well known Nelder-Mead10 
optimisation algorithm was used over the other CYCLOP 
choices for its speed as several thousand optimisations will 
be performed. The algorithm is applicable to n-dimensional 
problems and works by marching a simplex (a polygon 
with n+1 vertices) through the solution space towards the 
optimal value based on the outcome of four 
transformations: reflect, expand, contract and shrink as 
described in reference10. The simplex is initially relatively 
large, reducing in size as the optimal value is approached, 
and in these optimisations of three variables has four 
vertices. 


The Nelder-Mead algorithm is dependent on the initial 
starting point and in CYCLOP the vertices of the initial 
simplex are usually randomly generated to cover a large 
portion of the solution space. However, in this work, as the 
step size in Tin, Pin is small we can assume that the result of 
the nearest previous optimisation (the ∆T and Y values) 
will be close to the optimal values for the current (Tin, Pin) 
pair, and so this value is used as one vertex of the initial 
simplex, with the other three vertices remaining randomly 
generated. This initialisation method requires the correct 
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optimisation of the very first point, and for that point the 
optimisation was performed several times using different 
random initialisations to ensure repeatability. It is also 
possible with this approach that the initial simplex could be 
degenerate, i.e. be too ‘flat’, and hence favour one 
direction in the solution space. However, CYCLOP checks 
for such degeneration and if found the simplex is simply 
reinitialised.  


Nevertheless, the optimisation process is not perfect 
and over the thousands of points considered it is possible 
some number will not be fully optimised. To try to reduce 
this number, after the first round of optimisation, each 
point is compared to its neighbours, and those who differ 
by more than some threshold amount are reinitialised and 
have their optimisation repeated. This is performed several 
times until the number of suspect points becomes stable. 
(Points near the saturation dome can have valid large 
differences with a neighbour.)  


 
III. RESULTS AND DISCUSSION 


 
The maps have been produced for Pin ranging 6.7 – 


9.9 MPa and Tin ranging 25 – 49.5°C, in steps of 0.1 MPa 
and 0.5°C. However, this was found to provide insufficient 
points around the critical point/saturation dome and so two 
further levels of refinement were added as shown in Fig. 3. 
The first level steps in 0.25°C and 0.025 MPa; for the 
second level the pressure step is the same at 0.025 MPa, 
but the step in temperature varies parabolically from 0.09 – 
0.01 MPa to add further refinement around the saturation 
dome. In total 2516 different operating points were 
optimised. The cycle Tmax also significantly affects the 
efficiency and so maps have been created for TIT of 500, 
515, 527 and 550°C. This range reflects the range of 
turbine inlet temperatures considered by various other 
groups studying the sCO2 cycle. The optimisation process 
stops automatically once the relative change in η is less 
than some absolute precision and in this work 1×10-5 has 
been used. At the end of a ‘round’ of optimisation any 
values that differed from their neighbours by more than 1% 
were repeated using three random initialisation (plus the 
previous closest value) to ensure their validity as discussed 
in the previous section. For each TIT multiple rounds of 
optimisation were performed until the number of points 
greater than 1% from their neighbours was stable. 
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Fig. 3, a scatter plot showing the map grid points before 


and after refinement around the saturation dome. 
 
The resulting efficiency maps are shown in Figs. 4 – 7 


in terms of the compressor 1 inlet entropy and temperature.  
(Note, entropy is calculated as per ref.9) An isobar showing 
the critical pressure is included in each map and to its left 
pressure is approximately increasing and to its right 
decreasing. Because the grid refinement has lead to 
irregular spacing, to produce these contour plots the 
efficiency data was interpolated onto a 25 by 25 grid using 
Delaunay natural neighbour interpolation. The numerical 
limits on the colourbar in each plot display the minimum 
and maximum values in that dataset (not the interpolated 
map), and the colour-scale has been chosen so that the 
efficiencies are comparable across the maps. 


The maps display the expected behaviour of higher 
efficiencies at higher turbine inlet temperatures, as well as 
the highest efficiencies being located on the liquid side of 
the saturation dome, where the density is at its highest and 
the temperature and pressure at their lowest. The validity 
of the maps is further supported by comparison with the 
point of Alpy et al.12 whose efficiency of 42.6% at 32°C 
and 8.16 MPa agrees well with 42.9% from the closet 
equivalent point of the 515°C map. Indeed, the maps show 
that at this inlet temperature a cycle efficiency approaching 
43.1% is possible with a small reduction in the inlet 
pressure of 0.1 – 0.2 MPa. We can also compare to the 
(8.26 MPa, 35°C) operating point of Muto et al.3 who 
achieve an efficiency of 43.2% for a Tmax of 527°C. Given 
that they do not have an intermediate sodium loop, the 
equivalent map value of 42.95% agrees well. We note that 
the point of Muto et al. is located near the 0.43 contour 
‘peak’ and suggests good optimisation. 


 


686







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11054 


   


 
Fig. 4, the efficiency map of a Na/Na/sCO2 concept for TIT = 500°C and CO2 Pmax = 25MPa. 


 
Fig. 5, the efficiency map of a Na/Na/sCO2 concept for TIT = 515°C and CO2 Pmax = 25MPa. 
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Fig. 6, the efficiency map of a Na/Na/sCO2 concept for TIT = 527°C and CO2 Pmax = 25MPa. 


 
Fig. 7, the efficiency map of a Na/Na/sCO2 concept for TIT = 550°C and CO2 Pmax = 25MPa. 
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The maps show that at certain temperatures reduced 
compressor inlet entropy does not result in better cycle 
efficiency. This is most clearly seen on the liquid side of 
the saturation dome but also occurs above the critical 
point. Indeed, for the maps with higher Tmax this 
pronounced ‘ridge’ in the efficiency is seen to extend to 
higher values of Tin (approx. 37°C). An example section of 
this ridge at 32°C is shown in Fig. 8 alongside Pin and 
shows that at some point (-1.4 kJ/Kg °C in this case) the 
increasing inlet pressure overcomes the improvement 
resulting from the increase in density to cause the drop in 
efficiency. The maps also show that, in this low 
temperature and entropy region, at a Tmax of 550°C the 
cycle efficiency is much more sensitive to the compressor 
inlet conditions than the other maximum temperatures. 
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Fig. 8, the inlet pressure and cycle efficiency  


at Tin of 32°C from the  527°C map. 
 


TABLE II 
 


The approximate ranges of the optimisation variables for each 
map. 


Tmax HTR ∆T [°C] LTR ∆T [°C] Flow split (Y) 
500   50 – 220 110 – 140 0.60 – 0.85 
515   60 – 230   95 – 140 0.60 – 0.85 
527   65 – 240   70 – 140 0.60 – 0.90 
550 140 – 280   40 – 145  0.60 – 1.00 
 


In Table II approximate ranges for the optimisation 
variables, ∆T and Y, are given and are generally seen to be 
well within the constraints imposed during optimisation. 
The exception is the flow fraction in the 550°C map which 
reaches the physical limit of 1.0 and occurs away from the 
critical point when the compressor inlet is at high 
temperature and pressure as seen in fig. 10. However, the 
increase in Y towards unity is not due to a better matching 
of the specific heat capacities as may be expected, because 
in this high temperature and pressure region the ratio of Cp 
across the cold end of the LTR is seen to be quite constant 
and far from unity. Instead, Y is increased to maintain the 


IHX inlet temperature within the allowable limits when the 
compressor Pin and/or Tin are increased. By increasing Pin 
the compressor outlet temperature is reduced and the 
temperature difference across the cold end of the LTR 
(Tdiff) increases, which in turn permits more recuperation 
(larger total ∆T) to be used to increase the cycle efficiency. 
However, increasing the recuperation to the limit of 
maximum effectiveness (92.5%) means the temperature at 
the IHX inlet is too high and so Y is increased to lower the 
∆T on the LTR HP side by increasing its mass-flow. 
Similarly, an increasing compressor Tin also leads to an 
increase in Y; because, the resulting increase in the IHX 
inlet temperature is again (in part) countered by reducing 
∆T on the HP side of the LTR. It follows then that for both 
increasing Tin and Pin, once the limit of unity for Y has 
been reached the amount of recuperation i.e. total ∆T must 
reduce to meet the constraints at the IHX inlet and hence 
Tdiff at the cold end LTR increases — as seen to occur at 
the top of  fig. 11. 


Typically the range of the optimal temperature drop is 
much larger for the HTR than the LTR, which is almost 
constant by comparison as illustrated in Fig. 9 where a 
much greater change in the HTR ∆T is seen and highlights 
how even small changes in the operating point could have 
a significant effect on the HX design. 
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Fig. 9, a plot of the three optimisation variables  


for a Tin of 32°C from the  527°C map. 
 
Because of the limitations in the optimisation process, 


it is possible that for a certain point a (slightly) higher 
efficiency could exist. For example in Fig. 9, the profiles 
of the optimisation variables are quite smooth suggesting 
good optimisation; however, small departures from the 
smooth profile are sporadically seen, e.g. in the HTR ∆T 
profile. Therefore, caution should be exercised when using 
the absolute values from the maps, in particular when 
reading from the interpolated contour plots in Figs. 4 – 7. 
Furthermore, these maps are based on assumed — 
conservative — fixed values for the HX pressure drops and 
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Fig. 10, the flow split fraction for the TIT = 550°C map. (Data shown before grid refinement.) 


 
Fig. 11, the temperature difference (Tdiff) across the cold end of the LTR for the TIT = 550°C map.  


(Data shown before grid refinement.) 
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turbo-machine isentropic efficiencies and so higher  
absolute cycle efficiencies are possible when these values 
are better known, and indeed future refinements to the 
maps could include the use of polytropic efficiency to 
increase generality. Nevertheless, the maps appear to have 
achieved a consistently high degree of optimisation and 
can thus be reliably used to compare one operating point 
with another, which was the purpose of their creation. 


 
IV. CONCLUSIONS 


 
Maps of the on-design net efficiency of the sCO2 


Brayton cycle have been generated based on a range of 
compressor inlet temperatures and pressures (entropies) 
close to the critical point of CO2. The maps show the 
expected behaviour of increasing efficiency with 
increasing turbine inlet temperature and agree well with 
the operating points and optimised efficiencies from two 
previous studies. The results confirm that high efficiency 
occurs where the CO2 density is high and the inlet pressure 
and temperature are relatively low; such as, near the 
critical point or on the liquid side of the saturation dome. 
The smoothness of the results prior to interpolation 
suggests that the optimisation process, whereby the nearest 
previous optimal values provide one initial condition and 
suspect points are repeated, is valid. 


The presented maps have been created to assist the 
selection of compressor operating points in future dynamic 
studies of SFRs coupled to sCO2 Brayton cycles. Such 
work is progressing at CEA where the Plant Dynamics 
Code of ANL is currently being applied to study Astrid a 
French SFR scheduled to enter service after 2020. The 
maps are also expected to provide a basis for comparison 
of the work of the different international groups of the 
CDBOP.  


ACRONYMS 


ANL, SNL Argonne, Sandia National Laboratory 
CEA Commissariat à l’Énergie Atomique 
CDBOP Component Design and Balance of 
 Plant Project 
ECS Energy Conversion System 
HP, LP High, Low Pressure 
HTR & LTR High, Low Temperature Recuperator 
(I)HX (Intermediate) Heat eXchanger  
SFR Sodium cooled Fast Reactor 
TIT Turbine Inlet Temperature 
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Abstract – CFD simulation of the complete reactor core of a nuclear power plant requires 
exceedingly huge computational resources so that this crude power approach has not 
been pursued yet. The traditional approach is the use of one dimensional sub channel 
analysis, employing calibrated transport models. Coarse-Grid-CFD is an attractive 
alternative technique based on strongly under-resolved CFD and the inviscid Euler 
equations. Obviously, using inviscid equations and coarse grids does not resolve all the 
relevant physics. The neglected physics is restored by additional volumetric source terms 
modeling viscosity and other sub-grid effects. The source terms are implemented via 
correlations derived from fully resolved representative simulations. The new simulation 
technique is demonstrated for a rod bundle experiment performed at the KArlsruhe Liquid 
metal LAboratory (KALLA) of the Karlsruhe Institute of Technology (KIT) which includes 
three spacer grids. In this paper a 3D CFD study of the rod bundle is presented. A 
representative computational domain of the bundle is selected for the Coarse-Grid-CFD 
study. Comparison of the 3D CFD results to experimental results shows that a good 
agreement is obtained by an adequate selection of the computational grid. Coarse-Grid-
CFD study results in good agreement with 3D CFD results. Careful selection of the 
representative coarse grid in geometrically complex regions like spacers is 
recommended.  


 
 


I. INTRODUCTION 
 
During development of the GEN II reactor technology 


in the 1960th to 80th, the only possible approach to compute 
the fluid flow inside a fuel bundle was to use one-
dimensional sub channel analysis to resolve the sub 
channel scale. For simulations of the whole reactor core 
either system codes or homogenization was employed. In 
system codes the resolution of individual assemblies was 
state of the art. Homogenization used porous media 
equations and averaged the thermo hydraulics on reactor 
core scale. Current potent computing power allows the use 
of Computational Fluid Dynamics (CFD) to simulate 
individual fuel assemblies. However the large number of 
fuel assemblies within the core forbids utilization of CFD 
for core wide simulation. We propose to combine the ideas 
of sub channel analysis and CFD and develop the new 
methodology Coarse-Grid-CFD (CGCFD) which takes 
advantage of the fast development of commercial CFD 
software and the efficiency of sub channel analysis and 
demonstrate it for two test cases. In [1] the new CGCFD 
methodology was first applied to simulate a wire-wrap fuel 


bundle of the High Performance Light Water Reactor 
(HPLWR). Computations using an inviscid Euler solver on 
an extremely coarse grid were tuned to predict the true 
thermo hydraulics by adding volumetric forces. These 
forces represent the non-resolved sub-grid physics. The 
volumetric forces cannot be measured directly. However, 
they can be extracted from detailed CFD simulations 
resolving all relevant physics. Parameterization of these 
subgrid forces can be realized analogous to models in sub 
channel codes.  


Within the framework of accelerator driven sub-
critical reactor systems (ADS), heavy-liquid-metal (HLM) 
cooled fuel assemblies are considered. At the KArlsruhe 
Liquid metal LAboratory (KALLA) of the Karlsruhe 
Institute of Technology (KIT) a series of experiments to 
quantify both pressure losses and heat transfer in HLM-
cooled rod bundles were performed. The present study 
demonstrates the CGCFD-technique by comparison to 
results from a water rod bundle experiment and simulations 
performed with the commercial CFD code Star-CCM. The 
CGCFD is realized within the open source solver 
OpenFOAM.  
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II. WATER ROD BUNDLE EXP
 


The water rod bundle experiment is 
large scale water loop of KALLA as shown in 
1b shows the rod bundle with the spacers. The spacer 
geometry is shown in Fig. 1c. The water loop 
H2O inventory, a maximum flow rate of 30 m³/h with a 
pressure head of 14.7 bar. The loop is equipped with a heat 
exchanger to keep the fluid at constant temperature. The 
flow rate is measured by a commercial flow
venturi nozzle. The error in the flow rate measurement is 
less than 2.0 %. LDA and PIV measurements are 
performed for selected sub channels through windows 
which provide optical access. The position of the windows 
and the location of the three spacers are shown in 
Geometrical data and flow conditions of the rod bundle 
experiment are summarized in Table I. 


The water experiment accompanies a geometrical 
identical HLM experiment with similar integral pressure 
instrumentation but lacking the optical access. 
experimental results and a summary of all performed 
experiments can be found in [2].  


Fig. 1. Experimental setup: 


a) KALLA Water loop at KIT  
b) Rod bundle with three spacers  
c) Spacer geometry used in the rod bundle 
 


Fig. 2. Test section with optical access for the three
measurement positions and the location of the three


 
 
 
 


 


WATER ROD BUNDLE EXPERIMENT 


The water rod bundle experiment is installed in the 
own in Fig. 1a. Fig. 


1b shows the rod bundle with the spacers. The spacer 
c. The water loop has 8 m³ of 


O inventory, a maximum flow rate of 30 m³/h with a 
pressure head of 14.7 bar. The loop is equipped with a heat 


constant temperature. The 
flow rate is measured by a commercial flow-meter and a 


flow rate measurement is 
%. LDA and PIV measurements are 


selected sub channels through windows 
The position of the windows 
spacers are shown in Fig. 2. 


eometrical data and flow conditions of the rod bundle 


The water experiment accompanies a geometrical 
l HLM experiment with similar integral pressure 


instrumentation but lacking the optical access. Exhaustive 
a summary of all performed 


 


 


on with optical access for the three LDA 
of the three spacers 


TABLE 
Geometrical data and flow conditions in the water rod bundle 


experiment
Geometry 


Total power 
Fuel pins 


Pin diameter 
Pitch 


Pin length 
Active height 
Grid spacer 


Mean velocity 
Mass flow 


Sub chan. Area 
Max. heat flux 


Inlet temp. 
Outlet temp. 


III. HIGHLY RESOLVED 
THE WATER ROD BUNDLE


In the present study we
the rod bundle considering three
corresponding boundary conditions. 
symmetrical rod bundle including flow conditioner, pin 
fixer and one spacer grid. Case (ii)
the bundle employing two 
corresponds to the 60 degree sector but only one 
grid. Cases (ii-iii) use uniform inflow.


The simulations were performed with 
the high-Reynolds-number k
turbulence model was chosen since the 
selected rod bundle geometry primarily
losses, see [3], [4]. In subchannels 
lead to additional friction that cann
isotropic k-ε-turbulence model. 
bundle form losses dominate over the friction losses 
allowing for the use of isentropic models at reasonable 
accuracy. Moreover for the purpose of demonstrating the 
Coarse-Grid-CFD consistency between the two numerical 
methods is more important than 
the reference simulation. 
profiles of geometry (i) are shown. The
were obtained with the use of 
still represents detailed geometrical features of the real 
experiments. The axial pressure along selected lines is 
depicted in Fig. 4.  
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TABLE I 
Geometrical data and flow conditions in the water rod bundle 


experiment 
hexagonal 


- 
19 


8.2 mm 
11.48 mm 
1272 mm 
870 mm 


3 
10 m/s 


~ 13 kg/s 
1260 mm2 


- 
25°C 
25°C 


 


HIGHLY RESOLVED NUMERICAL STUDY OF 
THE WATER ROD BUNDLE EXPERIMENT 


 


In the present study we simulate the pressure field of 
considering three flow domains (i-iii) and 
boundary conditions. Case (i) is a half 


symmetrical rod bundle including flow conditioner, pin 
. Case (ii) is a 60 degree sector of 


 spacer grids. Finally case (iii) 
orresponds to the 60 degree sector but only one spacer 


uniform inflow. 
were performed with Star-CCM using 


number k-ε-turbulence model. The k-ε-
was chosen since the pressure drop in the 


selected rod bundle geometry primarily is due to form 
In subchannels secondary flow may 


to additional friction that cannot be described with the 
model. However, in the considered 


le form losses dominate over the friction losses 
allowing for the use of isentropic models at reasonable 


Moreover for the purpose of demonstrating the 
consistency between the two numerical 


methods is more important than the very best accuracy of 
 In Fig. 3 the axial velocity 


profiles of geometry (i) are shown. These velocity profiles 
were obtained with the use of a rather coarse mesh, which 


geometrical features of the real 
The axial pressure along selected lines is 
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Fig. 3. Axial velocity profiles at inlet, pin fixer and upstream, 
middle & downstream (outlet) of first spacer (geometry (i)) 


 
Fig. 4. Axial pressure along selected lines of bundle (geom. (i)) 


 The pin fixer geometry is symmetric, therefore only 
half of the domain is simulated. From the simulation 
results we conclude that the flow is almost uniform long 
before it reaches the first spacer. Accordingly, in 
simulations (ii) (60 degree sector, 2 spacers) and (iii) (60 
degree sector, 1 spacer) uniform inlet velocity profiles are 
used. 


Fig. 5 displays the computational domains for 
geometry (ii) and (iii). 


 


Fig. 5. Computational domains for geometry with two spacers (ii) 
(a) and one spacer (iii) (b) 


Fig. 6 shows the axial pressure along selected lines 
through the rod bundle. The numerical resolution and the 
resulting pressure drop across the first spacer in simulation 
(i), Fig. 3 and (ii), Fig. 6 is similar, indicating that the 
smaller geometry (iii) is representative. Even though 
developing flow is simulated, we observe that the pressure 
drop across both spacer grids is nearly identical so that in 
the simulation with geometry (iii) only a single spacer grid 
is computed to study the effect of mesh resolution (Fig. 7). 


 


 
Fig. 6. Axial pressure along selected lines through the rod bundle 
for geometry with two axial spacers (ii) 
 


 


Fig. 7. Axial pressure drop along selected lines through the rod 
bundle for geometry with one axial spacer (iii) 
 


Results of our mesh study are summarized in table II and 
in the references [3] and [4]. The mesh has been locally 
refined in the spacer region relative to the global mesh size 
in multiple steps. Obviously the very fine mesh is needed 
for mesh independence of the results. 


TABLE II 
Mesh refinement study of axial pressure drop across the spacer 
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The Rehme correlation [6] provides the approximate 
pressure drop across a spacer grid employing the loss 
coefficient defined as 


�� �   
∆�


0.5 · � · �   


 
with the pressure loss ∆p, fluid density ρ and fluid velocity 
u. The loss coefficient is used for result comparison. The 
simulations yield a loss coefficient of the spacer of 0.79 
which compares well to experiments where a loss 
coefficient of 0.78 is found for the considered velocity. A 
similar observation is made for half of the velocity, where 
loss coefficients of 0.83 and 0.84 are found, respectively. 
The surprisingly good agreement is attributed to a 
cancelation of various errors such as the isotropic 
turbulence model and pressure measurement very close to 
the spacers. Further information can be found in [7]. 
 


IV. COARSE-GRID-CFD 
 


IV.A. Motivation for Coarse-Grid-CFD (CGCFD) 
 


CFD simulations of representative sections of rod 
bundles can be performed using state of the art 
computational resources and software [3]. However, due to 
computational restraints computation of a complete reactor 
core or a complete nuclear power plant is not feasible. In 
such cases code coupling to subchannel codes like F-
COBRA-TF, NASCA etc. are needed. These subchannel 
codes uses semi empiric correlations and specific model 
constants that have to be adapted and adjusted for each 
new case or geometry. The goal of the CGCFD is to 
provide a simulation technique which is as efficient as 
subchannel codes and to become independent from 
empirical or experimental input. Furthermore, advantage 
should be taken of desirable features of modern CFD-
solvers, i.e. reliability, robustness and graphical user 
interfaces. With the CGCFD-approach we aim to compute 
very large and complex geometries that cannot be tackled 
with a “traditional” CFD approach due to need for 
exceedingly large computational resources. In contrast to 
subchannel analysis the CGCFD technique can be adopted 
to many applications beyond the typical subchannel 
geometry. 


 
IV.B. Methodology of the CGCFD 


 
The CGCFD method applies to problems where similar 
flow situations repeat frequently in a large domain. Instead 
of simulating the whole domain with many similar flow 
patterns at distinct locations the appearing flow patterns are 
computed once and for all just a single time. The global 
flow is simulated by assembling local behaviors. Such a 
method works best if the geometry can be subdivided into 
representative small blocks. Fig. 8 describes the general 
approach of a CGCFD simulation. The first step is the 


identification of a representative block of the geometry. 
This step requires physical knowledge on the flow since 
the selection of the representative block has major impact 
on the results of the CGCFD.  
In the next two steps detailed CFD simulation of the 
representative block are performed including parametric 
studies for potential flow conditions. From the detailed 
CFD simulations volumetric forces are extracted which 
represent the most important input for the CGCFD. Note 
that a very careful detailed CFD must be performed since 
all inaccuracies will directly enter the CGCFD results. 
Details on the derivation of the volumetric forces are 
explained in chapter IV.C. Since a frictionless Euler solver 
without turbulence model is used to perform the CGCFD 
effects of turbulence and friction are completely embedded 
in the volumetric forces. The next step is parameterization 
of the volumetric force terms with relevant flow 
conditions. Here we can take advantage of subchannel 
analysis which suggests a robust parameterization for 
CGCFD of fuel assemblies. In the last two steps the coarse 
mesh of the complete geometry is setup and the Euler 
equations with implemented volumetric force terms are 
solved. 
 


 
 Fig. 8. Methodology of the Coarse-Grid-CFD  
 


IV.C. Theoretical background: Derivation of the sub-
grid source terms 


 
In system codes or sub channel analysis the 


conservation equations are integrated over rather large 
control volumes and models are used for friction losses and 
transport between neighboring channels. When using 
CGCFD the required terms can be evaluated directly from 
fully resolved fields. Stoke’s integration of the steady-state 
viscous momentum equation (1) reads: 


 


 � · ����  � �� � �  �� Ip � � · σ  , (1) 
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� � � ��
�


! ���  · �� � � �"�
�


· ��� · ��.  (2) 
 
 


In the CGCFD the Euler equations (3) are extended by 
an additional volumetric force term F�� which replaces the 
nonresolved terms. Upon Stoke’s integration we find  


 


� · ����  � �� � �  �� Ip � F��,  (3) 
 


          � ����  � ��� · ��� 
�


· �� � 


� � � ��
�


! ���  · �� � $ %� · �&
'


. (4)                          
 


If the coarse resolution is chosen such that the 
convective fluxes are reasonably resolved, equations (2) 


and (4) are consistent. The force term %�  replacing the non-
resolved viscous terms can be evaluated as, 


 


$ %� · �&
'


� � �"�
�


· ��� · ��. (5) 
 


 Note, that these forces include turbulence and non-
resolved form losses. In general the fully resolved fields 
are not available. In fuel assembly simulation we typically 
have the same geometry with near identical flow patterns 
repeating all over the core region. Therefore, the detailed 
simulation can be computed for a generic representative 
section and all possible situations are tabulated or 
parameterized.  


 
IV.D. Test Case Carnot diffusor: 


 
To demonstrate the equivalence of the volume 


integrated viscous momentum equations (2) and the 
inviscid Euler equations with volume sources (4) we 
demonstrate the methodology for a Carnot diffusor test 
case. 


In Fig. 9 the flow conditions and the numerical set up 
of a fully-resolved steady-state k-ε-simulation of a Carnot 
diffusor is displayed. The typical asymmetric jet (compare 
Fig. 10), which in transient simulations may fluctuate can 
be observed. 


 
 


 


Fig. 9. Flow & boundary conditions detailed CFD Carnot diffuser 


 
Fig. 10. Result detailed CFD Carnot diffusor simulation: (Axial 
velocity red = 1.2224 m/s, blue = -0.294559 m/s)  


Fig. 11 displays the numerical setup for the CGCFD. 
Fig. 12 shows the results for the corresponding Euler 
simulations with (fig. 12b) and without (fig 12a) the 
volumetric forces implemented, respectively. Obviously 
the sub-grid forces are necessary to accurately describe the 
flow. Since the velocity field is reasonably resolved in the 
coarse simulation, results achieve acceptable agreement at 
extremely low computational cost (compare no. of cells 
Fig. 9 and Fig. 11).  


 


 
 


 


Fig. 11. Flow & boundary conditions CGCFD Carnot diffusor 
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a) 


 
 b) 


Fig. 12. Carnot diffusor simulation: (Axial velocity red = 1.2224 
m/s, blue = -0.294559 m/s)  
 


a) Euler without extra forces 
b) Coarse-Grid-CFD 


 
IV.E. Coarse-Grid-CFD of the water rod bundle 


experiment: 
 


In our previous study of a quadratic wire-wrap fuel 
assembly [1] it was shown that the coarse grid must at least 
have five control volumes within each sub channel.  


 


 
a) 


 
b) 


 


Fig. 13. Hexagonal fuel bundle: 


a) Cross section 
b) Mesh showing deformation of rods in spacer region and 


boundary conditions 


The center cell contains most of the axial flow, while the 
transverse transport between neighboring sub channels is 
concentrated in the four surrounding cells. We follow the 
same strategy in the hexagonal assembly where a wedge 
shaped central cell is surrounded by three hexahedral cells 
representing each sub channel as shown in Fig. 13a. The 
spacer structure is situated in the subchannels and split the 
flow into separate streams (compare Fig. 14a). In the 
Coarse-Grid-CFD simulation these details are ignored and 
the separate flow streams are combined. The flow 
obstruction of the spacers is modeled in the coarse mesh by 
deforming the rods so that the flow becomes obstructed by 
the locally thickened rods as depicted in Fig. 13b and 14b. 
Fig. 14a shows the blueprint of the real spacer geometry. 
The spacer geometry generates a flow obstruction of 
approximately 26 % compared to the cross section without 
spacer. Note, that the flow domain volume and flow cross 
sections are preserved.  


 


         
Fig. 14. Spacer region:  


a) Blueprint of spacer  
b) Obstruction due to spacer in CGCFD (black) 


 
IV.F. Results of Coarse-Grid-CFD 


 
The numerical setup and the flow conditions for the 


CGCFD are shown in Fig. 13b and at the top of Fig. 15-17. 
The CGCFD simulations run three orders of magnitude 
faster than the detailed simulations. Moreover, it requires 
much smaller computational resources (Compare the CPU-
Time and number of cells in Fig. 15-17). Fig. 15 depicts 
the comparison of the pressure along four axial lines 
through the rod bundle of highly resolved CFD results to 
the inviscid Euler solutions. In the rod bundle cross section 
inset of Fig. 15-17 these line positions are marked with 
green dots labeled L1-L4. The Euler simulations 
completely ignore the frictional losses along the rods. 
Moreover, the pressure recovery following the spacers is 
very pronounced. In Fig. 16 and 17 the pressure along the 
four axial lines through the spacer for the detailed CFD 
simulation are compared to those of the Coarse-Grid-CFD. 
The frictional losses along the rods, pressure drop due to 
acceleration in the spacer region, and pressure recovery are 
reproduced on the coarse grid. Note, that in order to get 
these results the forces in the spacer had to be adjusted to 
account for additional flow obstruction by the boundary 
layers on the spacer. 


a) b) 
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Fig. 15. Pressure losses in hexagonal rod bundle (uinlet =10 m/s): 
Comparison of highly resolved CFD (fine) and inviscid Euler (no 
force) 


 


 


Fig. 16. Pressure losses in hexagonal rod bundle (uinlet =10 m/s): 
Comparison of detailed CFD (fine) and Coarse-Grid-CFD 
(coarse) 


 
V. CONCLUSIONS 


 
Results from a new technique, the coarse-grid-CFD well 
agree with results of a corresponding detailed 3D CFD 
simulation. Coarse-Grid-CFD is a new methodology to 
compute the flow and predict the pressure field within a 
fuel assembly at minimal numerical effort. It has been 
developed and tested for a Carnot diffuser and the KALLA 
water rod bundle experiment. The new methodology uses  


 


 


 


Fig. 17. Pressure loss in hexagonal rod bundle (uinlet =10 m/s): 
Comparison of detailed CFD (fine) and Coarse-Grid-CFD 
(coarse) 


highly resolved simulations on representative blocks to 
parameterize sub-grid forces.  
The advantage of the Coarse-Grid-CFD compared to state 
of the art subchannel analysis is that no empirical models 
or tuning parameters are needed. Still parameterization 
requires defining a suitable parametric dependency. 
Moreover the identification of representative blocks for the 
detailed simulations needed for subgrid force 
determination requires educated user input. Finally these 
detailed simulations use turbulence models which require 
careful use but can be validated for general classes of 
applications. Often best practice guidelines for the detailed 
CFD are proposed. Since similar flow situations repeat 
umpteen times the cost of detailed simulations of the 
representative blocks is much lower than a full simulation. 
Due to the coarse meshes we have the possibility to 
compute a full reactor core and the adjacent plena in a 
single CFD simulation. In principle geometry variations 
such as obstructions can be considered in coarse 
simulations. The method can be implemented in standard 
CFD software and thus takes advantage of modern solvers. 
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 Abstract-In view of high impact on environment due to burning of fossil fuels and escalating oil bills, the 
nuclear option is being pursued vigorously. The three stage nuclear programme, comprises of Pressurised Heavy 
Water Reactors (PHWRs) in the first stage, Fast Breeder Reactors (FBRs) in the second stage, and thorium-based 
reactors in the third stage. The Indian programme is based on a closed fuel cycle to make the best use of limited 
uranium reserves. Further, it is technologically matured and is mostly indigenous. Its current share is 4183 MWe 
out of 19 reactors and expects to have 20 GWe by 2020 and 63 GWe by 2032.  Long term power programme in 
India envisage eight fold increase in the installed capacity during the next four decades. A large component of 
nuclear power capacity expansion has to be based on fast breeder reactors. Indira Gandhi Centre for Atomic 
Research (IGCAR), Kalpakkam, is dedicated to the development of fast breeder reactor and associated fuel cycle 
science and technology. IGCAR is responsible for the design, R & D, manufacturing technology and regulatory 
clearances.  


The commissioning of a Fast Breeder Test Reactor (FBTR) at Kalpakkam in 1985 marked the beginning of 
FBR programme in India. The experience and expertise gained through FBTR construction and successful 
operation, strong R & D and manufacturing technology back up and experience  gained from 400 reactor years of 
FBRs worldwide, provided confidence to launch the 500 MWe Prototype Fast Breeder Reactor (PFBR). The 
primary objective of the PFBR is to demonstrate, techno-economic viability on fast breeder reactors on an 
industrial scale. A new public sector undertaking BHAVINI has been constituted to construct commission and 
operate PFBR and future FBRs. It is envisaged that six more such units, similar to PFBR, will be commissioned by 
the year 2023. Subsequently, a series of 1000 MWe metallic core FBRs would be constructed to realize the nuclear 
contributions completely.   


The PFBR is a sodium cooled, pool type, mixed oxide fuelled reactor comprising of 2 primary sodium 
pumps, 4 intermediate heat exchanger, 2 secondary sodium pumps, 4 steam generator per secondary loop and a 
single turbine.  The steam cycle selected is steam reheat with integrated once through steam generator instead of 
sodium reheat to simplify the design and the steam generator and associated circuits and ease of operation.  The 
reactor is designed to meet the regulatory requirements of the Atomic Energy Regulatory Board.  The events with a 
frequency of occurrence ≥ 10-6 / year have been considered as design basis events. The reactor is located at 
Kalpakkam, close to the 2 x 220 MWe PHWR units of the Madras Atomic Power Station and IGCAR.   


R & D has been carried out for PFBR comprehensively both in-house in the various laboratories set up at 
IGCAR in collaboration with other R & D organisations and industries on fuel subassembly, sodium technology, 
reactor engineering, reactor shielding, component development, materials, non-destructive examination, structural 
mechanics, thermal hydraulics, instrumentation and control, and safety. Shut down mechanisms and fuel handling 
machines are included for validation of design through sodium testing. The manufacturing of such thin, but large 
dimensioned shell structures with the possible minimum manufacturing deviations (less than wall thickness, 
dictated by functional requirements and seismic considerations) call for many challenging and innovative 
manufacturing techniques. Further, development of large size bearings, backup seals, high temperature fission 
chambers, machining and assembly of grid plate with close tolerances are some of the challenging issues,  which 
have been successfully resolved through detailed technology development exercises.  Development of technology 
for manufacture of critical nuclear steam supply system components was successfully completed by Indian 
Industries prior to start of construction of the reactor.    


The PFBR is in advanced stage in construction.  The important reactor assembly components viz, safety 
vessel, main vessel, grid plate with associated piping and inner vessel are already in position.  The manufacturing 
of shutdown mechanisms, roof slab, rotatable plugs, and IHX has been successfully completed.  


 
The paper describes the salient design features of PFBR, research and development activities carried out, 


manufacturing technology undertaken, and highlights of manufacturing of reactor components and present 
construction status of the reactor. The paper also brings out the lessons learned through design, development and 
construction of PFBR, towards construction of future FBRs with competitive economy and enhanced safety.  
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Abstract – The US-APWR, currently under Design Certification review by the U.S. Nuclear 
Regulatory Commission, is an evolutionary four loop pressurized water reactor with a four train 
active safety system designed by Mitsubishi Heavy Industries. The digital Instrumentation and 
Control (I&C) System and Human Systems Interface (HSI) system are to be applied to the US-
APWR. This design has been applied to the latest Japanese PWR plant and to some of the nuclear 
power plant I&C modernization program in Japan. The US-APWR digital I&C and HSI system 
(HSIS) utilize computerized systems, including computer-based procedures and alarm 
prioritization, relying principally on an HSIS with soft controls, console based visual display units 
(VDUs) and a large, heads up, overview display panel. Conventional hard-wired controls are 
limited to system level manual actions and a diverse actuation system (DAS).  The overall design 
philosophy of the US-APWR is based on the concept that operator performance will be enhanced 
through the integration of safety and non-safety display and control systems in a robust digital 
environment. This philosophy is augmented, for diversity, by the application of independent safety 
soft displays and controls. In addition, non-digital diverse automatic and manual actuation system 
is introduced. As with all the advanced designs, the digital systems open a variety of questions. To 
address these new questions, over an eight week period during the months of July and August 
2008, an extensive verification and validation (V&V) program was carried out with the objective 
of assessing US operators’ performance in this digital design environment. During this time 
period, US operating crews were subjected to exercise in a Mitsubishi dynamic simulator. To 
follow up the above mentioned V&V activities, an additional test during the months of this spring 
in 2009 has been carried out to resolve human engineering discrepancies (HEDs) derived from 
the previous evaluation and the participants’ comments and performance. Both subjective and 
objective data were collected on each member of the crew for each scenario and an extensive 
measures analysis was performed, resulting in the identification of specific design as well as 
generic conclusions. The HEDs are not only induced from the difference between U.S. and 
Japanese customs, but also from the intensive use of computer technologies. This paper discusses 
the digital HSIS of the US-APWR design, the V&V program data collection and analysis, and the 
study results related to the ongoing discussion of the impacts of digital systems on human 
performance, such as workload, navigation, situation awareness, operator training and licensing. 
The resolution process and some of the design upgrade measures are also introduced. 
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I. INTRODUCTION 
 
The US-APWR digital HSI system is designed by 


Mitsubishi Heavy Industries (MHI) and Mitsubishi Electric 
Corporations (MELCO). The V&V by using dynamic 
simulator was conducted to evaluate the digital HSI design 
and the performance of US crews when using the HSI 
design, resulting in a number of design and operational 
performance improvements. Since the early introduction of 
digital HSI designs into nuclear power plants, various 
concerns have been expressed regarding the digital HSI 
design, operator workload and the crew performance. 
These include issues of negative knowledge transfer, loss 
of situation awareness, increased mental and physical 
workload, information overload, applicability of training 
methods and the general level of acceptance of the new 
interface by experienced crews. The V&V program 
discussed in this paper, found no major negative impact on 
US licensed crew performance attributable to the 
introduction of the digital HSI. Crews adapted to new 
environmental changes from analog to digital system 
comfortably and given the level of training and lack of 
familiarity with the plant and the HSI, performed well on 
most accident scenarios when using a full-scope simulator. 
The HEDs derived during V&V were analyzed, and the 
HSI design has been improved. 


 
II. BACKGROUND 


 
The US-APWR is an evolutionary four-loop   


pressurized light water reactor equipped with a four-train 
active safety system designed by MHI and with the digital 
I&C and HSI system by MHI and MELCO. The US-
APWR digital I&C and HSI system utilize digital 
technology with the design basis so that it is possible to 
operate the plant with a crew of one reactor operator and 
one senior reactor operator in the main control room 
(MCR) in all postulated plant operating modes. This design 
includes computer based operating procedures (CBP), 
alarm prioritization, touch-panel operation, multi-
divisional integrated screen control, a large display panel 
(LDP) with variable display, diverse HSI panel (DHP) and 
consoles for shift supervisor and shift technical advisor. 
For details of the US-APWR human factors engineering 
(HFE) program and HSI basic design, see Design Control 
Document, MUAP DC018, Rev. 2 (MHI 2009) 1, topical 
report HSI System Description and HFE Process, MUAP-
07007 (MHI 2009).2 The goals of the US-APWR HFE 
program are to make sure that adequate HFE programs be 
developed and implemented. To meet these goals, a V&V 
program was designed and carried out with an objective of 
supplying HFE guidance to design team in order to 
facilitate a successful transition from the Japanese 
Standard HSI design to the standard US-APWR and US 
site specific HSI. The overall V&V program is divided into 


three phases. The objective of Phase 1 is to define the US 
basic HSI system based upon the Japanese Standard HSI 
system. After Phase 1, the US-APWR basic HSI design is 
completed. The Basic HSI System shall be adapted to all 
Mitsubishi nuclear power plants in the US (e.g., new plant, 
and operating plant digital HSI upgrades). Initial 
modifications in Phase 1  includes translation to the 
English language and to US engineering units, along with 
anthropometric changes to the consoles to fit US operator’s 
body types, and the adoption of US style prescriptive 
operating procedures. To support Phase 1 V&V testing, a 
MCR dynamic simulator facility shown in Figure1 was 
designed by MHI and MELCO and installed within the 
premises of the Mitsubishi Electric Power Products Inc, 
(MEPPI) in Warrendale, PA, USA. Additionally, a static 
HSI screen analysis tool, implemented on a PC platform, 
was developed to support display screen and design 
verification was implemented.  Phase 1 V&V was further 
divided into two parts. In Phase 1a, any changes needed 
from the Japanese Standard HSI System due to US cultural 
or operating method differences were identified. In Phase 
1a, a high fidelity simulation model for a conventional 4 
loop PWR plant was used. Phase 1a also included 
completion of the operating experience review (OER) 
program element. This program element expanded the 
scope of the OER originally done for the Japanese 
Standard HSI System to encompass operating experience 
at US nuclear plants and additional generic digital HSI 
technology experience. Data collected included objective 
performance data, subjective observations by plant 
operations and HFE experts, and operator feedback via 
questionnaires, verbal debriefs, and HED input forms. 
These multiple sources of information were integrated and 
entered into an electronic HED tracking database. In Phase 
1b, any changes needed from Phase 1a due to any HEDs 
identified in Phase 1a were designed, verified and 
validated. The HSI system simulator of Phase 1a was 
modified, as necessary, for Phase 1b. Then, HEDs 
identified in Phase 1b were evaluated and the designs were 
improved. Completion of Phase 1b marks the completion 
of the Basic HSI System, which will be applied to all new 
Mitsubishi plant and operating plant upgrade applications 
of operating plants in the US.  


A multidisciplinary expert review panel including 
designer representatives reviewed the Phase 1a and 1b 
results and developed a solution path for all HEDs. This 
included recommending design changes to the US Basic 
HSI system. Phase 1a testing was conducted during the 
second half of 2008 and focused only on the MCR HSI. 
The Phase 1b V&V during first half of 2009 continues the 
V&V process by evaluating the design changes to the US 
Basic HSI system design, resulting from Phase 1a. In 
Phase 1b, the same testing and analysis methods, tools and 
experts as described in Phase 1a were used. Phase 1b test 
scenarios were focused to test those parts of the main 
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control room that had not been tested in Phase 1a and on 
exercising the changes to the design based on HEDs 
derived from Phase1a. The results from Phase 1b testing 
were also entered into the HED database and assessed by 
an expert review panel, with the end objective of refining 
the US Basic HSI system. In 2010, a variety of design 
solutions were provided for its completion and the design 
was improved.   


This paper discusses the HFE process, V&V activities 
and HSI design resolutions. The objectives of Phase 2 are 
to develop, then verify and validate, through additional 
static and dynamic testing, the HSI inventory for the 
standard US-APWR. Then, in Phase 3, any final changes 
to that inventory and HSI which may be required for a site-
specific application are identified and implemented, and 
ultimately a final site-specific validation is performed. At 
this point the design process assumes that minor or no site-
specific changes will be needed in early plants and that the 
Phase 3 testing effort will therefore be limited.  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 1. US-APWR V&V Facility 
 


III. HFE PROCESS AND PROGRAM GOALS 
 


The HFE process shown in Figure 2 is not depicting a 
once through process. The US-APWR HSIS development 
process is an incremental development process with 
feedback loops. Feedback comes from both HFE analysis 
and the HSIS V&V. The HSIS V&V is an integrated 
phased verification and validation testing process that 
culminates in a V&V of the final US-APWR HSIS. The 
V&V of the final US-APWR HSIS shall meet the 
requirements of NUREG-0711, Rev.2, as defined by the 
V&V program plan in Design Control Document, MUAP 
DC018, Rev. 2 (MHI 2009) 1. 


The plant designers design the plant systems including 
those that perform the critical safety functions. The plant 
designers also define the plant components that perform 
the system functions. HFE analysis checks the plant design 


from the HFE perspective and provide discrepancy 
element to modify the plant design. This checking includes 
all stages of plant design from plant analysis to plant 
implementation and to plant operation. The overall goal of 
the HFE program management is to ensure the HSI system 
reflect the latest human factor principles and satisfy all of 
the required regulatory requirements. In addition, the goal 
is to define the means by which HFE activities are 
executed. The generic HFE program goals of the program 
are as follows; 


 
i) Ensures HFE program be implemented in 


conjunction with plant design process.  
 
ii) Ensures that the integrated HSI and support 


functions/implementation program, i.e., operating 
procedures, staffing/qualifications, and training 
show high degree of operating crew situation 
awareness. Operating crew situation awareness 
will be verified and validated in V&V process and 
HEDs, which addresses situation awareness issue, 
will be addressed and resolutions are sent through 
a feedback loop to HSI design and/or supporting 
functions/programs in order to improve them.  


 
iii) The plant design and allocation of functions 


always provide operation vigilance and acceptable 
workload levels. Functional requirements analysis 
(FRA) and function allocation (FA) address 
operator’s significant monitoring parameters and 
controls and task analysis ensures the estimated 
staffing conduct operation within acceptable 
workloads which are defined as comparison with 
current workload level. 


 
iv) The HSI and supporting functions/programs 


minimize operator errors and provide for error 
detection and recovery capabilities. Human 
reliability analysis (HRA) addresses critical 
human actions for establishing plant safety and 
how they are considered through HSI design and 
supporting functions/programs. 
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Fig. 2. Overall HFE Process 


 
 The layout of the facility is shown in Figure 3. During 


the Phase 1a and 1b verification, this facility was used to 
evaluate the HSI ergonomic design according to the 
recommendations of NUREG-0700, Rev.2 4. The 
validation test bed, the same V&V facilities used for the 
verification effort, consisted of a MCR simulation. This 
facility includes a MCR facility with dynamic simulation, 
including the LDP, the Operator Console, the Supervisor 
Console, the Shift Technical Advisor Console, hardcopy 
devices, the instructor console and the DHP. 


IV. VERIFICATION AND VARIDATION 
 


The V&V is one of the elements in the HFE program 
and the V&V evaluations comprehensively determine that 
the design conforms to HFE design principles and that it 
enables plant personnel to successfully perform their tasks 
to achieve plant safety and other operational goals. The 
Phase 1a, Phase 1b V&V testing employed:  


 
-Experienced plant crews as test participants The Phase 1a and 1b verification consisted of a design 


verification effort. As the V&V program progresses such as 
task analysis through Phases 2 and 3 the verification effort 
will be expanded to include task support verification, as 
per NUREG-0711, Figure 11.1 (NRC 2004) 3. The 
objective of the Phase 1a and 1b verification was to meet, 
in part, the intention of section 18 of MUAP DC018, Rev. 
2, (MHI 2009) 1, i.e.,  


-Realistic normal and emergency scenarios 
-Collection of objective data of operator performance 
as well as subjective operator feedback collected via 
questionnaires and verbal debrief sessions.  


 
As in Phase 1a crews were tested over a four day 


period. Operators were provided with approximately 6.5 to 
8 hours of training. All two person crews then participated 
in 8 test scenarios (5 with the Operational VDU; 1 with the 
Diverse HSI Panel (DHP), and 2 with the Safety VDU) In 
Phase 1b, a similar test methodology as was used in Phase 
1a testing was used. The methodology was slightly 
modified to address the specific goals of Phase 1b:  


 
-The design verification confirms that the 
characteristics of the HSI, and the environment in 
which it is used, conform to HFE guidelines, as 
defined in the HSI design style guide. 


-The design verification identifies any inventory or 
characterization non-conformance. Non-
conformances that are accepted are documented with 
appropriate evaluation criteria and the basis for those 
criteria. 


 
-Test Phase 1a HED resolutions implemented on the 
MEPPI simulator.  


-Test new HSI features not tested in Phase 1a. 
-Continue to test the full HSI.  
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The objective of the Phase 1a and 1b validation was to 
evaluate the Japanese Standard HSI with respect to U.S. 
operating practices and to identify HEDs in this design that 
had the potential to negatively impact individual operator 
and team performance. During the phase 1 V&V, dynamic 
scenarios including normal, abnormal, and accident 
scenarios were used. In the validation, a multiple 
converging method was used to prove the impact on the 
HSI. The multiple types of objective and subjective data 
that were collected and analyzed provided converging 
evidence with respect to the areas of the Japanese Standard 
HSI that need to be improved. 


 
 


DIGITAL SAFETY 
CABINET ROOM 


LARGE MEETING 
ROOM 


MAIN CONTROL RM. VEST 


CORRIDOR 


SIMULATOR EQUIP ROOM 


MAIN CONTROL ROOM 


Large Display Panel 


Operator Console 


Diverse HSI Panel  


Supervisor Console 
/ Shift Technical  
Advisor Console


Data Management
Console  


Printer / Hardcopy / 
Operator Desk 


Instructor Console  
 


Fig. 3. US-APWR V&V Facility 
 
 


V. RESULT OF V&V 
 


As a result of the Phase 1a and 1b V&V 5, 6, the HEDs 
such as design of VDU screens, alarm, CBP and 
automation were provided. At the completion of Phase 1b, 
the number of HEDs was reduced in comparison with the 
Phase 1a V&V, and most of the HEDs from the Phase 1a 
V&V has been resolved and validated. Crew performance 
with the modified Japanese Standard HSI System was 
generally good and the operators were able to adequately 
handle the set of scenarios presented. Operator feedback 
on the overall HSI system design was positive.  


One of the important generic issues to all designs was 
operating practices and cultural differences that should be 
considered in order to realize a successful transition from a 
conventional analog HSI to a digital HSI. Results obtained 
from the crew interviews indicated a high level of 
acceptance of the design in which this HSI represented a 
significant improvement over the conventional HSI 
designs. Analysis result data found no indication of 
negative knowledge or training transfer. Many of the 
issues that the analysis identified with the original design 
are attributable to the fact that the Japanese design vision is 
not totally synchronized with the US operating philosophy. 


This differences help to explain those results that identified 
the need for more display screens and support functions 
such as task screen and CBP. The application of the LDP 
along with the smaller touch screen console VDU for drill-
down, performed well in the test environment. The 
operator and shift supervisor VDUs also helped the crew 
monitor progressing events in the plant. The area of 
maximizing situation awareness remained an important 
issue for digital HSI systems in general.  


 
VI. HSI DESIGN IMPROVEMENT 


 
The HSI features were tested during the Phase 1a and 


1b V&V. The first feed back loop from Phase 1 V&V to 
the HSI design was provided in accordance with the HFE 
process. The US-APWR HFE team is a multidisciplinary 
team consisting of experts in plant operations, operator 
training, HSIS, and digital I&C systems. The HEDs 
resulting from Phase 1a and 1b V&V testing were 
reviewed by the HFE team to improve the design.  


To assist HED evaluation, resolution, and explanation 
it may be effective to associate HEDs with typical HFE 
classifications. Typical HFE classifications are HFE basic 
generic categories used for classifying discrepancies. The 
HFE basic generic categories are: 


 
1) Situation Awareness 


-Ability to maintain the ‘big picture’ with respect to 
current plant state and direction of process variables 


-Ability to anticipate/forecast what is going to happen 
next with respect to the plant’s processes, automatic 
systems and abnormalities 


-Ability to maintain awareness of the critical safety 
functions  


-Ability to monitor trends and detect problems before 
alarm are initiated 


 
2) Control 


-Ability to take control actions in pace with plant 
process dynamics 


 
3) Following Procedures 


-Ability to access and follow required procedures 
-Ability to monitor effectiveness of the procedures (Is 
it the right procedure for the event? Are there 
additional problems that are not being addressed?) 


 
4) Error-tolerance 


-Ability to detect and correct errors 
 
5) Mental workload 


-How much mental and perceptual activity is required 
to respond to emergency events (e.g., thinking, 
deciding, calculating, remembering, looking, 
searching, etc) 
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Plant and Management Oversight/Situation Awareness  
The SRO and other plant managers should be able to 


view all control actions of the ROs in real time in addition 
to the verbal communications. With computerized HSI, 
such monitoring should be improved so that the operators 
can perform component operation on the VDU screen 
without moving around Operator Console.  


6) Physical workload 
-How much physical activity is required to respond to 
emergency events (e.g., pushing, pulling, turning, 
controlling, activating, etc.) 


 
7) Teamwork 


 -Ability to maintain awareness of what other crew 
members are thinking and doing Automation 


With computerized I&C system and HSIS, additional 
automation is able to reduce operator’s physical and mental 
workload for plant monitoring and control. The minimum 
staffing level of one RO can be achieved with an 
appropriate level of automation. 


-Ability to communicate and coordinate actions 
-Ability to detect and correct misunderstandings or 
errors 


-Ability to maintain shared situation awareness of the 
state of the plant and procedures 


During the HSI design, in order to check the validity 
of these significant design changes, prototype tests 
including trade-off evaluation were conducted as an 
interim step between Phase 1 and Phase 2. 


 
8) Supervising Automated Systems 


-Ability to maintain awareness of the status and 
actions of automated systems 


  -Ability to take-over manual control when needed 
  
 9) Shift staffing 
 -Ability of Basic HSI System to support two-person 


operation  
  
 Based on the Phase 1 HED evaluation, there were a 


number of significant design changes developed to a 
higher level of HSI and to complete the development of the 
US Basic HSIS, i.e., significant design improvement were 
achieved during the Phase 1. Examples of key changes are 
described below:  


 
Computer Based Operating Procedure (CBP) 


An advanced operability and functionality of CBP are 
desired because of their primary use of those procedures. 
The V&V testing has revealed the need for improving 
CBP’s design to expand their operability and functionality. 
Adoption of the latest computer and IT technologies 
achieved improvement in the operability and functionality 
of CBP, interlocking with operational VDUs (e.g. 
hyperlinks to VDUs, displaying the parameter values, for 
correlation between VDU screens, see Figure 4.).  


 
Alarm Reduction 


The priority of alarms is dynamically determined by 
alarm processing logic which focuses on the relationship 
between individual issued alarm such as the plant process 
and equipment status. (See example of Figure 5.) Based on 
that dynamic determination, each alarm is prioritized at a 
given moment to its importance. Key abnormal or 
accidental status information should be alarmed, however a 
large number of alarms should be optimized to avoid 
masking operators attention (e.g., by rigorous 
implementation of the cause/consequence rule, detail alarm 
design initiated by I&C system). 


 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Alarm VDU Screen Operational VDU Screen


CBP 


Top Menu


Relevant Screen on 
Operational VDU 


 
 


Fig. 4. Display Navigation 
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 As the HSI design moves forward, as a result of the 
Phase 1 V&V program, various consideration are given to 
the findings of this Phase 1 as a whole. Each convergent 
part of the analysis is looked at for its effect on the overall 
importance of each HED. All HEDs generated through the 
V&V program along with those that resulted from all other 
sources were evaluated by a multidisciplinary HFE team. 
In conclusion, the HSI system design is significantly 
improved, and these advanced features of the HSI System 
from Phase 1 are expected to improve overall operator 
performance and reduce the potential for human error.  The 
HSI system design process will continue to include US 
operators in the loop through the 3 phases of the V&V 
program. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Higher prioritization rule 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Cause-Consequence Rule 
 


 
Fig. 5. Alarm Prioritization 


 
 


VII. CONCLUSIONS 
 


The US-APWR HSI standard design is developed in 
accordance with the comprehensive HFE process. For 
applications in the US, this paper describes conformance 
of the HFE process including HSI System design and 
V&V with all applicable US Codes and Standards. In the 
overall HFE process, Phase 1a and 1b have been 
completed successfully with no unexpected circumstances. 
The result from the Phase 1 V&V described in this paper 
suggests that the Japanese Standard HSI design can be 
readily adopted, understood and used by US nuclear power 
plant operators.  All of the results are strong indications 
that the HSI design that was examined in this test is 
fundamentally a robust design for application in US plants.  


 
 


NOMENCLATURE 
 
CBP:   computer based operating procedure 
DAS:   diverse actuation system 
DHP:   diverse HSI panel 
FA:      function allocation 
FRA:   functional requirements analysis 
HEDs: human engineering discrepancy 
HFE:   human factors engineering 
HRA:  human reliability analysis 
HSI:    human system interface 
HSIS:  human system interface system 
I&C:   instrumentation and control 
LDP:   large display panel 
MCR:  main control room 
MELCO: Mitsubishi Electric Corporations 
MEPPI: Mitsubishi Electric Power Products 
MHI:   Mitsubishi Heavy Industries 
OER:   operating experience review 
VDUs: visual display units 
V&V:   verification and validation 
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Abstract – The PWR design methodology, principles and rules have widely evolved in recent 


years. The current trend to develop Generation III - GEN III - Advanced Pressurized Water 


Reactors - APWRs -, which account for all these changes, relies on both the well-proven PWR 


technology and the wide operational experience of the PWR fleet worldwide.


For approximately 20 years, IRSN has been strongly involved in both the definition of safety 


requirements for GEN III reactors and the safety assessment of the basic design. 


IRSN is now primarily in charge of the EPR Flamanville 3 detailed design safety evaluation, 


which also includes the follow-up of construction, manufacturing and start-up activities. Through 


RISKAUDIT IRSN/GRS International (GEIE), IRSN is participating in the safety assessment of the 


BELENE Nuclear Power Plant (BNPP), which is to be equipped with two GEN III VVER-1000 (V-


466) as well. The objective of the work is to grant technical support to the Bulgarian Nuclear 


Regulatory Agency (BNRA). Moreover, the main AP 1000 safety issues have been analyzed by 


IRSN, such as passive systems characteristics, hazards, accident studies, etc.  


Relying on its wide and long experience, IRSN provides a first feedback on lessons learnt on the 


GEN III safety assessment specificities, i.e. how designers/operators demonstrate that the safety 


objectives are conveniently addressed.  


 The following main issues merit particular care: 


° Have the Defence-in-Depth - DiD - principles been correctly implemented? 


° Are deterministic and probabilistic approaches suitably combined to achieve the safety 


demonstration? 


° Are internal and external hazards extensively and comprehensively accounted for? 


The main IRSN claims regarding the safety case are addressed and discussed in this paper, 


independently from the reactor type and the site features. Moreover, the best practices and 


commonalities are underlined and the main ways for improvement are proposed. 
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I. INTRODUCTION 


All recent energy consumption forecasts 


indicate major increases in energy demand in spite 


of all the efforts for a more economic and effective 


use. The possibility of global climate change 


resulting from increasing emissions of greenhouse 


gases is a major concern as well. Thus, we are 


witnessing the nuclear energy renaissance 


worldwide.


Meanwhile, methodology, principles and rules 


for Nuclear Power Plant – NPP – design have 


evolved to match tightened safety objectives.  


The current trend to develop Generation III - 


GEN III - APWRs (Advanced PWRs) relies on both 


the well-proven technology and the operational 


experience of the Generation II - GEN II - PWR 


fleet worldwide.


For approximately 20 years, IRSN has been 


strongly involved in both the definition of safety 


requirements of GEN III reactors and the safety 


assessment of the basic and detailed designs. 


IRSN is now in charge of the EPR Flamanville 


3 detailed design safety evaluation, which also 


includes the follow-up of construction, 


manufacturing and start-up activities. The Penly 3 


safety assessment aimed at evaluating the 


acceptability of construction has started as well. 


IRSN is also participating, through RISKAUDIT 


IRSN/GRS International (GEIE) consortium, in the 


safety assessment of the Bulgarian BELENE 


Nuclear Power Plant (BNPP) which is going to be 


equipped with two GEN III VVER-1000 (V-466), 


to grant technical support to the Bulgarian Nuclear 


Regulatory agency (BNRA). Moreover, the main 


AP 1000 safety features have been investigated by 


IRSN, including the robustness of passive systems, 


the resistance to hazards and accidents, etc.


IRSN’s skill in GEN III assessment profits 


from a large experience in French reactor operation 


and periodic reassessments, as well as its 


participation in different reviewing processes in 


Russia, Ukraine, Bulgaria and Armenia.     


In the following, the safety objectives of GEN 


III reactors are firstly recalled. Then, the Defence-


in-Depth concept, adopted in particular to check 


whether the safety objectives are matched, is 


discussed. Eventually, the use of probabilistic 


studies as a complement to the deterministic 


approach to reinforce the safety demonstration is 


analyzed.


II. SAFETY AND SAFETY OBJECTIVES 


The main concern of today’s society is to 


protect the environment and the people from its 


own industrial activities. In this context, combined 


with public awareness about nuclear risks, a very 


high level in the safety objectives has to be 


achieved and demonstrated for new GEN III NPPs.    


IAEA safety publications present and 


conveniently summarize the current status of the 


basic safety principles for nuclear plants. It is 


claimed in INSAG 12 (1999) that a current safety 


objective for nuclear plant design and operation is


“to prevent with high confidence accidents in 


nuclear plants; to ensure that, for all accidents 


taken into account in the design of the plant, even 


those of very low probability, radiological 


consequences, if any, would be minor; and to 


ensure that the likelihood of severe accidents with 


serious radiological consequences is extremely 


small”.


In 1993, in the framework of the French-


German collaboration, general safety objectives for 


the next generation of PWRs (pressurized water 


reactors) were defined. From then on, until 2000, 


IRSN and GRS have been working on the 


definition of Technical Guidelines - TG - for the 


design and construction of new reactors. These 


directives, endorsed by the French Safety Authority 


in 2004, are adopted for the EPR technical 


assessment performed in the framework of the 


licensing process. The Technical Guidelines clearly 


state notably that the implementation of 


improvements in the Defence-in-Depth - DiD - for 


such plants should lead to a global frequency of 


core melt lower than 10-5 per plant and year of 


operation. 


More recently, the Western European Nuclear 


Regulators’ Association (WENRA) also issued a 


statement on the “Safety objectives for new power 


plants”, aimed at harmonizing the safety 


requirements for new NPPs throughout Europe, as a 


continuation of the harmonization work performed 


on operating NPPs. This gives to the public 


confidence that new reactors to be licensed 


throughout Europe in the next years will offer 


improved levels of protection compared to the 


existing ones. The WENRA also clearly identifies 


the reduction of core damage frequency and the 


reduction of radiological releases for all kind of 


accidents as important objectives for new power 


reactors.


Thus, there is an overall consistency between 


safety objectives fixed for GEN III reactors at 


national, European and international levels even if a 


period of about 20 years has passed between the 


first and the latest discussions on this topic. 


Moreover, it can be seen that these ambitious 


objectives are more or less achievable, looking at 


designs proposed by the different vendors in the 


world.


The main objectives regarding safety could be 


summarized as follows: 


° Reduction of the impact of normal 


operation on the environment and the 


population (reduction of normal releases 


and waste, reduction in radiation exposure 


of workers), 


° Reduction of the number of incidents, 
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° Reduction of the global probability of 


core melt,  


° Significant reduction of releases in any 


accidental conditions. 


III. DEFENCE IN DEPTH PRINCIPLE: 


APPLICATION TO GEN III REACTORS 


Vendors of new APWRs should prove, 


demonstrate and provide evidence that safety 


objectives are achieved with a high level of 


confidence and reliability. Many different safety 


and radiological aspects, mechanical, physical and 


thermal-hydraulic characteristics, technical and 


organizational measures, systems, equipment, 


analyses and results have to be presented. An 


effective assessment which avoids missing safety 


issues requires systematic and logical structure and 


presentation of the safety demonstration.  


DiD overview


Today, an international consensus exists, based 


on IAEA publications, that the DiD principle 


should be considered as a basis for systematic 


safety substantiations and demonstration of the 


nuclear plant. 


Although well known, the following items 


from INSAG 10 and 12 are worth recalling. 


The strategy for safety is first to take proper 


steps to prevent accidents and then, if prevention 


fails, to limit potential consequences of accidents 


and to prevent their evolution to more serious 


conditions.  


DiD is generally structured in five levels. Thus, 


if one level is to fail, the subsequent level comes 


into play, and so on. So, the independence of 


different levels of defence is a key element in 


meeting safety objectives. 


At any time of plant normal operation, 


equipment should be available to guarantee the 


availability of the different DiD levels. Special 


attention is paid to hazards that could potentially 


impair several levels of DiD at the same time.  


The objectives of each level of protection and 


the essential means of achieving them in existing 


plants are summarized in TABLE I, which is 


reproduced from INSAG-10.  


Levels Objectives Essential means


Level 1 Prevention of abnormal operation and failures 


Conservative design and high quality in 


construction and operation 


Level 2 
Control of abnormal operation and detection of failures 


Control, limiting and protection systems 


and other surveillance features 


Level 3 Control of accidents within the design basis 
Engineered safety features and accident 


procedures


Level 4 


Control of severe plant conditions, including : 


 prevention of accident progression 


 mitigation of the consequences of    severe 


accidents


Complementary measures and accident 


management 


Level 5 Mitigation of radiological consequences of significant 


releases of radioactive materials 
Off-site emergency response 


TABLE I. DiD Levels for Existing Plants


The IAEA document mainly concerns the 


operating NPPs. Levels 1, 2 and 3 are maintained as 


they were for GEN II NPPs designed in the 1970s. 


Levels 4 and 5 have been added to improve the 


safety of the plants after the USA/1979 TMI and 


the Ukraine/1986 Chernobyl accidents. According 


to the IAEA terminology, the so-called Beyond 


Design Basis Accidents - BDBA - and the Severe 


Accidents - SA - are covered by levels 4 and 5 


additional provisions developed for the accident 


management of NPPs in operation.   


For GEN III NPPs, the DiD provisions are 


already explicitly part of the design. Nevertheless, 


even if a widespread consensus exists on the 


definition of the different DiD levels for existing 


plants and the necessity to reinforce these levels for 


new NPPs is shared, DiD application still depends 


notably on national requirements. 


As discussed above, WENRA issued the 


RHWG draft document “Safety objectives for new 


power reactors” at the end of 2009. In this 


document, the DiD structure takes into account the 


GEN III features (see TABLE II).  
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Levels Objectives Essential means 
Associated plant 


condition categories 


Radiological 


consequences


Level 1 


Prevention of abnormal 


operation and failure 


Conservative design 


and high quality in 


construction and 


operation 


Normal operation 
Regulatory operating 


limits for discharge 


Level 2 Control of abnormal 


operation and failure 


Control, limiting and 


protection systems 


and other 


surveillance features 


Anticipated 


operational 


occurrences 


Regulatory operating 


limits for discharge 


Control of accident to limit 


radiological releases and 


prevent escalation to core 


damage conditions 


Safety systems 


Accident procedures 


DiD Level 3.a 


Postulated single 


initiating events 


Level 3 


Control of accident to limit 


radiological releases and 


prevent escalation to core 


melt conditions 


Engineered safety 


features 


Accident procedures 


DiD Level 3.b 


Selected multiples 


failures events 


including possible 


failure or inefficiency 


of safety systems 


involved in DiD level 


3.a


No off-site 


radiological 


impact or only minor 


radiological impact 


(see NS-G-1.2/4.102) 


 O
ri


g
in


a
l 


d
es


ig
n


 o
f 


th
e 


p
la


n
t 


Level 4 


Practical elimination of 


situation that could lead to 


early or large releases of 


radioactive materials 


Control of accidents with 


core melt to limit off-site 


releases 


Engineered safety 


features to mitigate 


core melt 


Management of 


accidents with core 


melt (severe 


accidents) 


Postulated core melt 


accidents 


(short and long term) 


Limited protective 


measures in area and 


time


E
m


er
g


en
cy


  
 


p
la


n
n


in
g


Level 5 


Mitigation of radiological 


consequences of significant 


releases of radioactive 


materials


Off-site emergency 


response 


Intervention levels 


-


Off site radiological 


impact necessitating 


protective measures 


TABLE II Revised structure of DiD levels proposed by WENRA


In France, the safety evaluation process shows 


that EPR safety philosophy and design are in 


agreement with the structure of DiD recently 


proposed by WENRA.  


More explicitly, as a part of the design, 


multiple failures events are considered with safety 


criteria and design provisions corresponding to 


level 3, there is no systematic independence checks 


between levels 3a and 3b but additional diversified 


means contribute to achieving defined level 3 safety 


objectives. In this respect, IRSN considers more 


logical multiples failures events to be considered as 


a part and as an important reinforcement of DiD 


level 3. 


Important scientific and technical efforts were 


made to develop and substantiate a new level 4 


mitigating Severe Accidents.  


Today, the terminology “Design extension” is 


no longer in use: actually, all the safety features are 


accounted for in the design, even if all plant 


conditions are not studied adopting the same level 


of conservatism. 


Well-known IAEA terminology was adapted to 


EPR safety philosophy:  


° Design Basis Accidents to: Plant 


Conditions Category,  


° Beyond Design Basis Accidents to: Risk 


Reduction Category A (RRC-A), 


° Severe Accidents to: Risk Reduction 


Category B (RRC-B). 


The EPR DiD levels are briefly defined by the 


designer in the Preliminary Safety Analysis Report 


- PSAR - as follows: 


° Level 1 is a combination of design, quality 


assurance and control margins aimed at 


preventing the occurrence of abnormal 


operating conditions or plant failures 


(PCC 1),  


° Level 2 consists of the implementation of 


protection devices which make it possible 
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to detect and correct the effects of 


deviations from normal operation or the 


effects of system failures. This defence 


level is aimed at ensuring the integrity of 


fuel cladding and that of the primary 


cooling system so as to prevent accidents 


(PCC 2),  


° Level 3 consists of safeguard systems, 


protection devices and operating 


procedures which make it possible to 


control the consequences of accidents that 


may occur, so as to contain radioactive 


material and prevent occurrence of severe 


accidents (PCC 3-4 and RRC-A),  


° Level 4 comprises measures aimed at 


preserving containment integrity and 


controlling severe accidents (RRC-B),  


° Level 5 includes, in the event of the failure 


of previous levels of defence, all measures 


for protecting the public against the effects 


of significant radiological discharges.  


In addition, according to French current 


practice, the DiD principle is applied in resolving 


important specific safety issues such as: 


° Primary and secondary overpressure 


protection, 


° Fire protection, 


° Flooding protection, etc.  


In the design of the BELENE NPP, GEN III 


VVER plant, the safety of the plant is also ensured 


thanks to the implementation of the DiD concept, 


but the DiD levels are defined according to the 


main Russian safety code OPB – 88/97: 


° “Level 1: NPP sitting conditions and 


prevention of anticipated operational 


occurrences, 


° Level 2: Prevention of design basis 


accidents (DBA) by systems of normal 


operation, 


° Level 3: Prevention of beyond-the-design-


basis accidents (BDBA) by safety systems, 


° Level 4: Management of beyond design 


basis accidents, 


° Level 5: Emergency planning”.  


This classification is more in compliance with 


IAEA INSAG 10 definition of DiD and IAEA 


safety glossary. In addition, the proposed DiD 


definition is in good agreement with the regulation 


on nuclear safety in Bulgaria as future operator of 


the plant. 


It could be mentioned that EPR and BELENE 


approaches are globally comparable in DiD 


application, but both are presented with different 


terminology, more WENRA or IAEA oriented. 


Discrepancies evaluation would need a deep 


assessment but dissimilar interpretation of multiple 


failure conditions considered in level 3 for EPR and 


in level 4 for BELENE NPP could already be 


mentioned. 


According to NRC report /8/ the core of the 


U.S. Nuclear Regulatory Commission’s safety 


philosophy is also the concept of DiD, and DiD 


remains basic to the safety and security 


expectations of the risk-informed, performance-


based framework. But compared to European 


practice, the NRC approach seems quite different in 


the DiD levels definition.  


According to this report, the DiD approach is 


an approach that combines deterministic and 


probabilistic elements. The probabilistic elements 


are used for the uncertainties that can be quantified. 


The deterministic elements compensate for the non-


quantified uncertainties, especially the unexpected 


threats resulting from completeness uncertainty. 


The deterministic aspects of the DiD approach 


are embodied first of all in applying the entire 


combination of the protective strategies to the 


design. These strategies are: 


° The Physical Protection,


° The Stable Operation, 


° The Protective Systems,  


° The Barrier Integrity, 


° The Protective Actions.  


So, it could be mentioned that the three 


interpretations of DiD are not quite exactly the 


same. Moreover, a safety analysis could 


substantiate that the three interpretations lead to 


demonstrate the achievement of the same goals.  


DiD in NPP safety documentation


From the point of view of IRSN as a technical 


support organization (TSO), it is much appreciated 


that in the submitted safety-related documents the 


traceability from technical details through safety 


requirements, design rules and DiD principles up to 


affecting the safety objectives is clearly presented. 


In many countries, there is an important 


historical background that leads to more or less 


explicit DiD application demonstration. IRSN has 


noticed, during its different assessments, a lack of 


justification of the DiD application to support plant 


design. It is nevertheless a key element of safety 


demonstration. Especially for countries with no or 


limited nuclear experience, it is essential to provide 


an extensive and comprehensive documentation on 


the application of the DiD concept during the 


design phase. 


Current Western practice shows important 


improvements in the logical presentation and 


substantiation of different safety issues, even 


though some technical details could not be 


systematically mentioned as expected.  


On the other hand, in Russian documents, 


direct detailed technical presentation, not always 


needed, is usual practice and logical presentation 


and substantiation seem underestimated. 


It seems reasonable for IAEA DiD concept and 


safety glossary to be adapted to current 


understanding of the GEN III reactors.
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IV. REINFORCEMENT OF THE DEFENCE IN 


DEPTH


For the next generation of nuclear power plants, the 


general safety objectives imply to reinforce the DiD 


of these plants compared to the existing ones. This 


includes accident prevention as well as accident 


mitigation.  


Each defence level has its own objectives. 


Reinforcement of DiD first means reinforcement of 


all DiD levels. Moreover, IRSN considers 


important to note that special attention has to be 


given at the design stage to shutdown states with 


particular allowance for the specific operating 


modes required by the actions performed during 


shutdown periods as well as to fuel pool safety.  


Level 1 and 2


According to IRSN, even though GEN II 


reactor designs already accounted extensively for 


DiD level 1 - prevention of the occurrence of 


abnormal operating conditions or plant failures - 


and level 2 - detection and correction of the effects 


of deviations from normal operation or the effects 


of system failures -, the improvement in these two 


levels is mandatory to reduce the likelihood of 


releases, which is the main safety objective for 


GEN III. 


Accordingly, IRSN underlines the importance 


of the application of the Risk-informed approach in 


the design and the involvement of safety 


organizations in the follow-up of manufacturing, 


construction and start-up of reactors.


IRSN also considers that each level of DiD 


should take into account several lines of defence. 


For instance, unnecessary safety system actuation 


shall be avoided to the extent possible, even though 


they have a high liability. For instance, to limit the 


number of accidents, a system of limitation has 


been introduced in EPR reactors to avoid 


challenging protection systems. Additional control 


functions which act when the operational control 


systems are not able to keep controlled variables 


within specified limits for normal operation have 


been implemented. 


Such a limitation system to reinforce level 2 of 


DiD exists in EPR design. 


Level 3 and 4


According to IRSN, a deeper assessment is 


necessary for level 3 and 4 of DiD to ensure an 


efficient reinforcement. Indeed, henceforth, some 


new principles should be developed at the design 


stage.


First, IRSN points out that GEN II safety 


demonstrations were mainly based on single 


initiating events at their design stage. Nowadays, 


DiD reinforcement objectives notably call for a 


more extensive consideration of the possibilities of 


multiple failures. 


Safety systems reliability has to be achieved 


through an adequate combination of redundancy 


and diversity.  


Due attention is to be paid to possible common 


cause failures which limit the potential to reduce 


the unavailability by adding identical trains: 


° The unavailability of a redundant safety 


system consisting of identical trains is not 


likely to be demonstrated at less than 10-4


per demand,  


° The diversity can imply more complex 


systems and engender maintenance 


difficulties, 


° The support system features have to be 


carefully investigated when assessing the 


benefits originating from diversified 


systems or equipment.  


Relying on its own wide assessment practice, 


IRSN claims that accounting for the multiple 


failures events at a very early design stage is 


essential to be able to consider and define the most 


accurate complementary safety means intended to 


ensure the independency of DiD levels (see next 


subchapter).  


However, IRSN claims that, as far as the 


assessment of multiple failures conditions is 


concerned, some specific assumptions can be made, 


such as all systems deemed available except for 


those which are assumed to have failed in the 


multiple failures combination.  


In order to define an exhaustive list of multiple 


failures events, Probabilistic Safety Assessment 


(PSA) plays a key role, which could not be denied 


according to IRSN. 


IRSN has noticed that multiple failures events 


are nowadays defined as a part of the safety 


demonstration. 


All GEN III vendors apply different design 


methods or techniques to propose more competitive 


products on the international market, without loss 


of safety, which is well understandable. 


Widely applied, with different specifics, is so-


called “break exclusion” including some primary 


and secondary main equipment and lines. In safety 


demonstration, DiD level 3, this enables some 


postulated initiating events to be excluded. 


IRSN underlines that single initiating events 


can be "excluded" only if sufficient design and 


operation provisions are taken so as to clearly 


assume with a high confidence level that it is 


possible to "practically eliminate" this type of 


accident situations. The most common example is 


the reactor pressure vessel rupture. 


Therefore, IRSN advises the reinforcement of 


the DiD in such cases to be looked in more strong 


and extensive verification of all conditions such as 


adequate design, manufacturing, inspection 


provisions, etc. 


Moreover, the necessity of a significant step at 


the design stage clearly derives from better 


consideration of the problems related to severe 
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accidents, not only in the short term but also in the 


long term, due to the potential contamination of 


large areas by long-lived radionuclides. So, 


international standards currently deal with severe 


accidents at the fourth level of DiD. 


According to IRSN, being consistent in GEN 


III safety objectives implies taking into account 


severe accidents in order to mitigate them and to 


avoid severe accidents with large early releases. 


“Practical elimination of severe accidents with 


large early releases” is an ambitious objective. 


IRSN underlines that it should be deeply assessed 


in deterministic and probabilistic ways. Simple 


comparison between a calculated probabilistic 


value and a probabilistic objective in any case is not 


sufficient. Expert judgment is indispensable as 


well.


In the EPR project, in order to achieve the 


practical elimination of severe accidents with large 


early releases, the following severe accident 


situations have to be substantiated as “practically 


eliminated”:  


° Core melt under high pressure and direct 


containment heating, 


° Fast reactivity accidents (boron dilution), 


° Containment steam explosions, 


° Hydrogen detonation,  


° Containment bypass, 


° Fuel melt in fuel pool. 


The Technical Guidelines specify that, if they 


cannot be considered as physically impossible, 


design provisions have to be taken to design them 


out.  


It should be noted that the accident situations 


included in this list are basically situations for 


which the mitigation of potential consequences is 


not feasible (the reactor containment is considered 


ineffective, as far as a reasonable design is 


considered).


Severe accident mitigation is also a major part 


of IRSN GEN III assessment. First, a major 


difficulty is worth mentioning: designers choose 


different concepts to achieve this objective. On the 


one side, some designers decided to study in-vessel 


core melt cooling (AP 1000 for instance). On the 


other side, some others preferred core melt 


spreading then cooling the spreading room (EPR, 


VVER).


Currently, IRSN evaluates the second option 


for EPR assessment. 


More generally, IRSN considers that the 


“practical elimination” and “mitigation” of severe 


accident sequences as a choice needs to be very 


carefully analyzed and interpreted and 


contradictions could be avoided.  


Actually the important reinforcement of level 4 


for generation III reactors is based on a well-


balanced safety approach including: “mitigation” of 


severe accidents consequences by deterministically 


defined design provisions and minimisation of 


likelihood till “practical elimination” of accidents 


with large early releases.  


Defence in Depth levels independency


As previously mentioned, IRSN underlines that 


Defence in Depth levels independency should be 


taken into account in GEN III reactors design. 


Indeed, the reinforcement of Defence in Depth does 


not only mean the reinforcement of all of its levels, 


but also an improvement of the independence 


between the levels. IRSN considers, as mentioned 


in the “Safety Objectives for New Power Reactors” 


by the WENRA Reactor Harmonization Working 


Group, that a major objective is “enhancing the 


effectiveness of the independence between all levels 


of DiD to provide, as far as reasonably achievable, 


an overall reinforcement of DiD”.


However, IRSN underlines that the 


independency of DiD levels is one of the most 


difficult objective to achieve. Such a difficulty in 


the design process leads to major difficulties in 


assessment process. Indeed, this independency 


could be sometimes not reasonably achievable and 


could also lead to a too complex systems 


architecture (I&C for instance). Moreover, safety 


impact of technical or technological choices due to 


DiD levels independency also requires a deep 


assessment. 


As mentioned in this chapter, probabilistic 


aspects are currently particularly involved in DiD. 


Some of them are therefore detailed in the 


following chapter.   


Internal and external hazards consideration 


in DiD


DiD levels could not be strong enough without 


studying internal and external hazards. Notably, 


particular attention should be devoted to assessing 


the completeness of the list and of the potential 


causes of such hazards and possible combinations.  


In addition to the single initiating events, the 


safety demonstration has to analyze multiple failure 


situations as well as internal and external hazards. 


In these analyses, possible links between internal 


and external hazards and single initiating events 


have to be considered explicitly.  


Internal and external hazards consideration has 


to be clear and explicitly demonstrated in the 


achievement of the EPR safety objectives.  


External hazards are defined as natural or man-


induced events originating outside the plant. In the 


EPR project, external hazards are considered likely 


to affect consecutively or simultaneously different 


lines of defence of the plant. 


This requires the well-known load case 


approach to be complemented by an event approach 


including functional analysis to assess 


dependencies between external hazards and internal 


hazards or events. 


An important target of the EPR project is that 


external hazards must not constitute a large part of 
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the risk associated with nuclear power plants of the 


next generation. The design provisions have to 


ensure that the safety functions of the systems and 


components which are required to bring the plant in 


a safe shutdown state and to prevent and limit 


radioactive releases are not inadmissibly affected 


by any external hazard. 


Internal hazards in the EPR project are defined 


as events originating in the plant with the potential 


of causing adverse conditions or damages to 


equipment necessary for the fulfilment of the three 


basic safety functions. 


An important requirement is that the "defence-


in-depth" principle has to be applied to the 


protection against internal hazards, so as to limit the 


likelihood and the consequences of such hazards by 


the implementation of prevention, control and 


mitigation provisions, consistently with provisions 


for internal events. 


Moreover, the safety demonstration for each 


internal hazard has to be done with the assumptions 


that all the affected non-protected equipment is lost, 


single failure and of first operator actions as for the 


reference transients, incidents and accidents. 


The objective of this IRSN’s practice is to look 


for reinforcement of the levels of DiD and to 


improve their independence against internal and 


external hazards as important source of multiple 


failure.


V. PSA - PROBABILISTIC SAFETY 


ASSESSMENT


Improvement in safety for the next generation 


of nuclear power plants is possible at the design 


stage in an "evolutionary" way, if due consideration 


is given to the lessons learnt from operating 


experience and from probabilistic studies 


performed for existing plants as well as to the 


results of recent safety research, with a view to 


obtaining a reduction in both the calculated 


probabilities of occurrence and the calculated 


accidental releases of radioactive materials.  


In this context, IRSN underlines that a 


significant reduction of the global core melt 


frequency must be achieved for the GEN III nuclear 


power plants. Implementation of improvements in 


the "defence-in-depth" of such plants should lead to 


the achievement of a lower global core melt 


frequency (less than 10-5 per plant operating year). 


Achievement of this frequency should take into 


account uncertainties and all types of failures and 


hazards.


For the GEN III reactors, demonstration of the 


safety of the design of future reactors is based on 


deterministic studies and the PSA is systematically 


used as a supplementary tool in safety assessment 


during the design phase. The contributions of PSA 


include the following: 


° achievement of the generation III 


probabilistic safety objectives, 


° supporting the choice of design options, 


including redundancy and diversity in the 


safety systems,  


° verification of a well-balanced safety 


concept and absence of the scenarios 


having a predominant contribution to the 


frequency of core damage, 


° comparison of the safety level of future 


reactors with that of existing ones or those 


under development. 


It should be noted that all new designs (EPR, 


AP100, VVER, etc.) use the PSA – PRA 


methodologies to assess the beyond design basis 


situations (multiple failure combinations, complex 


accident sequences including the human factor, 


hazards, etc.). 


IRSN PSA expertise for new reactors is mainly 


relevant to EPR.  


For EPR, the PSA was developed and used 


from the beginning of the design by the plant 


designer (AREVA) and further by the plant 


operator (EDF). The safety review, by IRSN, of the 


EPR project includes the assessment of the updated 


PSA provided by the plant operator. This is, in fact, 


the first exercise of using PSA developed at design 


stage in the framework of a new rector 


commissioning safety assessment. This exercise 


showed that the PSA for new reactors in various 


stages of the design and commissioning process can 


face challenges due to lack of design detail, lack of 


empirical data, and the possibility of failure 


scenarios that may differ from those addressed in 


current PSA. Additionally, the detailed plant 


procedures needed to assess human performance 


may not be available. These aspects may lead to 


PSA results that do not reflect the future as-built, 


as-operated plant. Moreover, the development of 


hazards PSA (earthquakes, internal fire, internal 


flooding, etc.) may be difficult due to lack of as-


built data and to limited walk down possibilities. 


In this context, in order to have the appropriate 


knowledge and tools, as an independent verification 


of the EDF studies and to perform sensitivity 


studies, IRSN develops its own limited scope level 


1 PSA model. Regarding the hazards PSA, IRSN 


estimated that, in the framework of the application 


for commissioning of Flamanville 3 reactor, 


simplified but conservative approaches may be 


used; this step intends to provide a first evaluation 


of the achievement of the probabilistic goals stated 


by TG. Complete hazards PSA has to be developed 


after an initial plant operation period.  


VI. CONCLUSIONS 


An overall consistency among the safety 


objectives for GEN III reactors at French, European 


and international level shows up, even if the 


discussions on the relevant requirements and rules 
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have been lasting for about 20 years worldwide. 


Moreover, it is presently widely agreed that the 


vendors of new APWRs should demonstrate and 


provide evidence that the enhanced safety 


objectives claimed by GEN III are matched with an 


ever higher level of confidence and reliability.  


The Defence in Depth - DiD - principle 


remains the fundamental safety principle for both 


the current and next generation NPPs. Nevertheless, 


the new and more demanding safety objectives of 


GEN III imply the reinforcement of the Defence in 


Depth of the plants under both construction and 


design, with the implementation of several levels of 


protection, including successive barriers against the 


release of contaminants to the environment. 


Accordingly, it is reasonable for the IAEA Defence 


in Depth concept and safety glossary to be adapted 


to the new GEN III requirements.   


In tight connection with the Risk-informed 


approach, the demonstration of the safety of future 


reactors is to rely on both deterministic and 


probabilistic studies: accordingly, the PSA – PRA 


methodologies should be systematically adopted as 


a complementary tool during the design phase. 


Moreover, the traceability of the technical 


implementation of the design rules and Defence in 


Depth principles affecting the safety objectives 


should be guaranteed in the safety-related 


documents. This is of prime importance mainly in 


countries with either low or no nuclear experience.  


Differences in the application of the main 


safety principles exist, depending on each country’s 


practices and culture. Accordingly, during the 


assessment phase, it is really worth focussing on the 


achievement of the safety objectives, even if the 


application of enhanced safety principles is claimed 


in the safety demonstration. 


In the present context of worldwide nuclear 


energy expansion, it is essential that the countries 


where the safety culture is under development 


and/or which are newcomers to the nuclear field 


should join their strengths and keep working 


together to assess and guarantee the compliance 


with the safety requirements of the plants they 


purchase and start constructing.  
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Abstract – Nuclear industries in Korea are developing the nuclear safety analysis code named 
SPACE (Safety and Performance Analysis Code) which is based on a multi-dimensional, two-fluid, 
three-field model for a licensing application of pressurized water reactors. A reflood heat transfer 
phenomena can be predicted with using a general wall heat transfer model or a separate reflood 
heat transfer model of the SPACE code based on a user option. The reflood heat transfer package 
takes into account the two-dimensional heat conduction effects near the quench fronts. This paper 
briefly introduces the heat transfer models of the SPACE code regarding the reflood heat transfer 
phenomena, and the preliminary assessment results against KAERI 6x6 reflood heat transfer 
experiments using the general film boiling and the reflood heat transfer models. The objectives of 
these assessments are to examine the preliminary prediction capabilities of the SPACE code 
against the reflood phenomena, and to suggest future directions for improvement. Both the 
general wall heat transfer and the reflood heat transfer models of the SPACE code predicts 
reasonably the wall temperature behavior and quenching time. However, for a high reflooding 
velocity, the SPACE code showed slightly earlier quenching than the experiment because of a 
faster water accumulation in the test section. Thus, physical models such as droplet entrainment, 
interfacial drag, and droplet diameter should be checked and improved for the high flooding 
rates.  


 
 


I. INTRODUCTION 
 
SPACE (Safety and Performance Analysis Code) 


which is based on a multi-dimensional two-fluid, three-
field model is under development for a licensing 
application of pressurized water reactors [1]. Several 
Korean research and industrial organizations such as 
KAERI, KHNP, KOPEC, KNF, and KEPRI have 
participated in the collaboration of the development and 
assessment of the SPACE code. KAERI is in charge of 
developing physical models and correlation packages, and 
assessments of the SPACE code. The physical models and 
correlation packages include a flow regime selection, wall 
and interfacial frictions, an interfacial heat and mass 
transfer, a droplet entrainment/de-entrainment, and a wall 
heat transfer package. In addition, KAERI is in charge of 
the assessment of the SPACE code using conceptual 
problems, several separate- and integral-effect tests.  


During a postulated Loss-of-Coolant Accident 
(LOCA) of light water reactors, an accurate and reliable 
prediction of the clad temperature is very important in the 
view point of the safety margins. The reflood heat transfer 
is generally known to be extremely complex because 


several heat transfer mechanisms are interrelated and 
intermixed. Even though a lot of experimental and 
theoretical investigations on the reflood phenomena have 
been carried out extensively, reliable predictions on the 
reflood behavior are not complete as yet. Typical 
shortcomings include poor predictions of the quench front 
propagation, the vapor superheat above the quench front, 
and the droplet behavior. Safety analysis codes such as 
RELAP5, TRAC, TRACE, COBRA-TF, and CATHARE 
may have partial successes in predicting the reflood 
behaviors. One of the obvious limitations of most safety 
analysis codes is that they are built using a two-fluid model, 
even though the droplet behavior has significant effects on 
the reflood phenomena.  


Flow regimes under film boiling heat transfer during 
reflood can be mainly divided into two different ones such 
as inverted annular film boiling (IAFB) and dispersed flow 
film boiling regions (DFFB). Thus, thermal-hydraulic 
behaviors under reflood are largely dependent on the flow 
regimes. 


In addition, there exist numerous competing heat 
transfer paths among three phases such as vapor, 
continuous liquid and dispersed droplets. The radiation 
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heat transfer should be also considered between the three 
phases and structures such as heated rods, unheated rods, 
and spacer grids.  


It is known that liquid droplets significantly affect the 
reflood heat transfer by interacting with fuel rods and 
spacer grids. Droplets breakup by an impingement on the 
spacer grids results in an increased interfacial area and an 
enhanced interfacial heat transfer between droplets and 
superheated vapor. The spacer grid can be rewetted 
prematurely by de-entrainment of the dispersed droplets, 
resulting in additional evaporation and de-superheating of 
the steam downstream of the grid. Therefore, a physical 
model describing the droplet behavior during reflood 
periods needs to be included in the existing safety analysis 
codes for better prediction accuracy. 


KAERI has carried out the 6x6 reflood experiments to 
improve the understanding of the thermal-hydraulic 
behavior in a reactor core during the reflood phase. The 
main objectives of the experiments were to evaluate the 
effect of spacer grids on the heat transfer enhancement 
during a reflood phase, to provide experimental data for a 
code assessment, and to develop a reflood model for the 
SPACE code [2].  


This paper briefly introduces the wall heat transfer 
models of the SPACE code regarding the reflood 
phenomena and describes the preliminary assessment 
results of the wall heat transfer models with experimental 
data. From the assessment results, a further improvement 
of the heat transfer models is suggested.  


 
II. WALL HEAT TRANSFER MODEL OF THE 


SPACE CODE 
 
The reflood heat transfer model is implemented into 


the wall-to-fluid heat transfer package of the SPACE code 
as one of 13 heat transfer models. When the reflood flag is 
off, the wall heat transfer coefficient is calculated using the 
general wall heat transfer correlations instead of the 
separate reflood model.  


The differences between the reflood heat transfer and 
the general wall heat transfer models are the use of film 
boiling models beyond the post-CHF region. The general 
wall heat transfer model uses the film boiling look-up table 
by Groeneveld et al. [3]. On the contrary, the reflood heat 
transfer model uses separate models as described below.  


 
II.A. General Film Boiling Heat Transfer Model 
 
The film boiling look-up table is basically a 


normalized data bank of the heat transfer coefficients for 
discrete values of pressure, mass flux, quality, and wall 
superheat. The heat transfer coefficient and total wall heat 
flux for fully-developed film boiling can be predicted with 
using a diameter correction factor as follows: 


[ ] 2.0)/008.0()(,,, DTTXGPhh satwetablep −= , (1) 


)(''
satwpp TThq −= . (2) 


The total wall heat flux predicted by the look-up table 
was simply partitioned into three fields proportional to the 
phase volumetric fraction as follows: 


ipip qq α×= ''''
, . (3) 


 
II.B. Reflood Heat Transfer Model 
 
The film boiling heat transfer regime in the reflood 


model of the SPACE code is divided into three different 
regimes: the inverted annular film boiling (IAFB), the 
dispersed flow film boiling (DFFB), and the inverted 
annular dispersed flow (IADF). The IAFB and DFFB are 
assumed to exist for void fractions up to 60% and greater 
than 90%, respectively. Inverted annular dispersed flow (or 
inverted slug film boiling) is assumed to exist in the region 
having void fractions between 60% and 90%. The heat 
transfer coefficients in the inverted annular dispersed flow 
regime are calculated by spline interpolation between 
IAFB and DFFB in order to ensure a smooth transition.  


 
Dispersed Flow Film Boiling Region 
 
Bajorek & Young model [4] is used in the wall heat 


transfer model of the dispersed flow film boiling region. 
The primary components of the wall heat transfer are 
forced convection to the vapor, direct contact heat transfer 
to droplets, and thermal radiations. The convective heat 
transfer coefficient to the vapor is calculated from 


[ ]turbltlamltsgwv hfhfffh )1(2 −+= φ  (4) 


where hlam and hturb are the single-phase laminar and  
turbulent heat transfer coefficients. The heat transfer 
enhancement factors by droplet ( φ2f ) and spacer grids (fsg) 
are included in the above equations. The interpolation 
factor flt is a linear function that has a value of 1 at vapor 
Reynolds number of 300 and a value of 0 at vapor 
Reynolds number of 10000. The laminar flow heat transfer 
coefficient is assumed to have Nu = 4 for internal flows 
and Nu = 10 for external flows. The turbulent flow heat 
transfer coefficient is calculated as the maximum value of 
the Dittus-Boelter and the Wong-Hochreiter correlations 
[5].  


The heat transfer enhancement factor downstream of a 
spacer grid is determined by using Yao et. al.'s model [6] as 
follows: 
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Where ar = the blockage ratio by spacer grid, 
        zsg = the axial distance downstream of the spacer grid. 


The two-phase enhancement factor by the droplet 
shows the convection heat transfer enhancement followed 
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by the relative movement of steam and droplet. The two-
phase flow enhancement factor is calculated by the 
following equation and is limited to have a value no 
greater than 5.  
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Where Grashof and Reynolds numbers are defined as  
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Bajorek and Young developed the drop-wall contact 
heat transfer correlation as follows considering the 
Reynolds number of vapor on the Forslund and Rohsenow 
correlation [7]  
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The drop-wall contact heat transfer coefficient is assumed 
to be 0 for vapor Reynolds number less than 4000. In the 
above equation, the droplet temperature is used instead of 
saturation temperature originally suggested by Bajorek and 
Young.  


The thermal radiation model by Sun, Gonzalez, and 
Tien [8] is used for the dispersed flow regime. 


 
Inverted Annular Film Boiling Region 
In the IAFB region, the primary heat transfer paths are 


the wall to vapor, the vapor to the saturated liquid interface, 
the liquid interface to the liquid core, and thermal 
radiations. A slightly modified heat transfer model of 
Hammouda et al. [9] was implemented into the SPACE 
code. The heat transfer process of the Hammouda et al. is a 
three-step process: heat transfer from wall-to-vapor, from 
vapor-to-interface and interface-to-liquid core. However, 
in order to be consistent with the interfacial heat transfer 
model of the SPACE code, the heat transfer from wall-to-
vapor was modified from the original model. In addition, 
the original model was extended into the rod bundle as 
well as the round tube by including vapor film thickness.  


If the vapor-liquid interface is assumed to be smooth 
and the vapor flow laminar, then the wall heat transfer 
coefficient and heat flux to the vapor would simply be  
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where δ is the vapor film thickness on the heated wall. The 
factor of 2 is added because the reference vapor 
temperature is assumed to be halfway between that of the 
wall and the saturated liquid interface.  


The remaining heat flux by subtracting the wall-to-
vapor heat flux from the total wall-to-vapor heat flux of 
the original Hammouda et al. is given to the liquid phase. 
Thus, the heat transfer coefficient between the wall and the 
liquid core is given by 
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The definitions of the Nuv
' and θ can be easily found in the 


original paper by Hammouda et al. [9]. 
 


Inverted Annular Dispersed Flow Region 
 In inverted annular dispersed film boiling regime, the 


heat transfer coefficient between wall and k-th phase is 
calculated as  


DFFBwkIAFBwkwk hwhwh ,, )1( −+= . (13) 
The weighting function w is defined as  
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III. ASSESSMENT OF THE WALL HEAT 


TRANSFER MODEL 
 
The heat transfer models of the SPACE code were 


assessed using KAERI 6x6 reflood heat transfer 
experiments [10]. The reflood heat transfer experiments 
were carried out using a 6x6 rod bundle at an ATHER 
(Advanced Thermal Hydraulic Evaluation of Reflood 
phenomena) test facility as shown in Fig. 1.  
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Fig. 1. Schematic diagram of ATHER 


 
The experiments cover flooding velocity of 2 - 6 cm/s, 


inlet subcooling of 20 - 80 °C, system pressure of 0.2 - 0.6 
MPa, and initial maximum wall temperature of 500 - 700 
°C. The test section consists of 30 heater rods, 2 unheated 
rods, and a guide tube in the center of the bundle. The 
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heater rods have a heated length of 3.81 m and outside 
diameter of 9.5 mm. The heater rods simulate the 
symmetric chopped cosine axial power profile. A detailed 
cross-sectional view of the 6x6 rod bundle is shown in Fig. 
2. The heater rods can be divided into two regions 
according to the radial locations: center and side regions. 
Several heater rods have six wall thermocouples to 
measure the clad temperature. The instrumented heater 
rods can be classified into three groups according to the 
axial measurement locations of the wall temperature, 
named G1 (lower elevation), G2 (middle elevation), and 
G3 (upper elevation).  


 


 
Fig. 2. Cross-sectional diagram of 6x6 rod bundle 
 
Among the various experimental data, several tests 


were selected for the assessment of the wall heat transfer 
models of the SPACE code, as shown in Table 1. 


 
Table 1. Assessment matrix 


Parameter EP22- 
50030 


EP22- 
70030 


EP26- 
70030 


EP62- 
70030 


Initial wall temperature (°C) 
System pressure (MPa) 
Flooding velocity (cm/s) 
Reflood water temperature 
 (°C) 
Total power (kW) 


499.5 
0.2 
2.0 
31.6 


 
10.45 


701.9 
0.2 
2.0 


31.5 
 


10.61 


699.1 
0.2 
6.0 


31.0 
 


10.57 


699.0 
0.6 
2.0 


32.6 
 


10.82 
 
As shown in Fig. 3, the 6x6 rod bundle reflood 


experiment was modeled using a pipe with 20 
hydrodynamic cells and a heat structure with 20 axial 
meshes. All cold walls such as unheated rods, guide tube, 
and test section housing were also modeled as heat 
structures with the same number of axial meshes. A time 
dependent flow boundary component 305 at the inlet and a 
time dependent pressure boundary component 185 at the 
outlet were imposed in order to give the appropriate initial 
and boundary conditions. In the present assessment, one-


dimensional heat conduction without a fine mesh rezoning 
was used, and the heat transfer enhancement by spacer 
grids was simulated. A total of 10 spacer grids with swirl 
vanes are shown in Fig. 3 as blue lines in the test section 
component 150.  
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Fig. 3. SPACE model for the 6x6 reflood experiment 
 
Initially, a heat-up process starts in the test section 


filled with saturated steam by introducing electrical power 
to the heater rods. When the maximum heater wall 
temperature reaches a predefined initial value, the reflood 
water is injected into the test section.  


Figure 4 compares the measured initial heater rod 
temperatures with the calculated ones for the case of EP22-
50030. The wall temperatures in the side regions are lower 
than those of the central regions due to the effects of the 
cold shroud wall. The predicted initial wall temperature 
profile is close to that of center region rather than that of 
the side region. Thus, the predicted wall temperatures are 
compared with those measured in the center regions.  
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Figure 5 shows that the predicted collapsed water 
level in the test section agrees well with the measured one 
for EP22-50030. Figures 6 and 7 compare the predicted 
wall temperatures by general film boiling and reflood 
models with the experimental data for the test EP22-70030. 
Both models predict reasonably the wall temperature 
behavior and the quenching time. The general film boiling 
model shows slightly earlier quenching than the reflood 
model. Similar predictions were obtained for the tests with 
low initial wall temperature (EP22-50030) and high system 
pressure (EP62-70030).  
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Fig. 5. Collapsed water level (EP22-50030) 


0 100 200 300 400 500


300


400


500


600


700


800


900


1000


 


 


W
al


l t
em


pe
ra


tu
re


 (K
)


Time (s)


EP22-70030
Measured temperature


 TW1-R09-3 (z = 0.48 m)
 TW1-R29-4 (z = 0.95 m)
 TW1-R29-5 (z = 1.35 m)
 TW1-R29-6 (z = 1.75 m)


SPACE calculated temperature
 h150-1-04 (z = 0.508 m) 
 h150-1-06 (z = 0.908 m)
 h150-1-08 (z = 1.308 m)
 h150-1-10 (z = 1.708 m)


 
(a) Lower part 


0 100 200 300 400 500
300


400


500


600


700


800


900


1000


 


 


W
al


l t
em


pe
ra


tu
re


 (K
)


Time (s)


EP22-70030
Measured temperature


 TW2-R27-4 (z = 2.08 m)
 TW3-R17-1 (z = 2.55 m)
 TW3-R17-2 (z = 2.95 m)
 TW3-R17-3 (z = 3.12 m)


SPACE calculated temperature
 h150-1-12 (z = 2.108 m) 
 h150-1-14 (z = 2.508 m)
 h150-1-16 (z = 2.908 m)
 h150-1-17 (z = 3.108 m)


 
(b) Upper part 


Fig. 6. Prediction of wall temperatures using the general 
film boiling model (EP22-70030) 


 
For a case of high flooding velocity, EP26-70030, 


both models showed earlier quenching than the experiment. 
The predicted wall temperature with the reflood model is 
shown in Fig. 8. The general film boiling model showed 
the similar early quenching. This early quenching was due 
to the faster water accumulation along the test section than 
in the experiment, as shown in Fig. 9. This might be 
affected by physical models such as droplet entrainment, 
interfacial drag, and droplet diameter during the reflood.  
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Fig. 7. Prediction of wall temperatures using the reflood 
model (EP22-70030) 


 
It is generally known that an axial heat conduction of 


the heating wall can be significant near the quench front 
location. A fine mesh rezoning and two-dimensional heat 
conduction equation are usually used to resolve the large 
axial variation of wall temperatures and heat fluxes for the 
reflood heat transfer calculations. However, in the present 
study, one-dimensional radial heat conduction equation 
was solved and the fine mesh rezoning was not used. The 
present assessment method might affect the quench front 
movement and steam generation rate near the quench front. 
Thus, as a further assessment, it is necessary to use the fine 
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mesh rezoning and two-dimensional heat conduction 
equation to improve the prediction results of the reflood 
phenomena.  
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Fig. 8. Prediction of wall temperatures using the reflood 
model (EP26-70030) 
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Fig. 9. Collapsed water level (EP26-70030) 


 
IV. CONCLUSIONS 


 
The general film boiling and reflood models of 


SPACE code were assessed using KAERI 6x6 reflood 


experiment. Both models predict reasonably the wall 
temperature behavior and quenching time. For higher 
reflooding rates, both models showed earlier quenching 
because of the faster water accumulation in the test section 
than in the experiment. Physical models such as droplet 
entrainment, interfacial drag, and droplet diameter should 
be reviewed and improved for the high flooding rates. 


As a further assessment, it is necessary to use a fine 
mesh rezoning and two-dimensional heat conduction 
equation near the quench fronts to improve the prediction 
results of the reflood phenomena.  
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NOMENCLATURE 
 


ar  blockage ratio by spacer grid 
D heated diameter 
Dh hydraulic diameter 
dd droplet diameter 
flt interpolation factor 
f2� heat transfer enhancement factor by droplet 
fsg heat transfer enhancement factor by spacer grid 
G mass flux 
g gravitational acceleration 
Gr Grashof number 
h heat transfer coefficient 
ifg latent heat of vaporization 
k thermal conductivity 
Nu Nusselt number 
P pressure 
q" heat flux 
Re Reynolds number 
T temperature 
Tw wall temperature 
Tsat saturation temperature 
w weighting factor 
Xe equilibrium quality 
z elevation 
zsg  distance downstream of the spacer grid 
αi volumetric fraction of i-th phase 
δ vapor film thickness 
μ viscosity 
ρ density 
 
subscripts 
d droplet 
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DFFB dispersed flow film boiling 
f continuous liquid 
IAFB inverted annular film boiling 
i i-th phase 
l liquid 
lam laminar 
p predicted 
sat saturated 
sg spacer grid 
table film boiling look-up table 
turb turbulent 
v vapor or steam 
w wall 
 


REFERENCES 
 


1. D. H. Lee et al., "Overview of SPACE thermal-hydraulic 
analysis code development," NUTHOS-7, October 5-9, 
2008, Seoul, Korea (2008). 
 


2. K. Y. Choi et al., "Development of a wall-to-fluid heat 
transfer package for the SPACE code," Nucl. Eng. 
Tech., 41, 1143-1156 (2009). 
 


3. D. C. Groeneveld et al., "A Look-up Table for Fully 
Developed Film Boiling Heat Transfer," Nucl. Eng. 
Design, 225, 83-97 (2003). 
 


4. S. M. Bajorek and M. Y. Young, "Direct-contact heat 
transfer model for dispersed-flow film boiling," Nucl. 
Tech., 132, 375-388 (2000). 
 


5. S. Wong and L. E. Hochreiter, "Analysis of FLECHT-
SEASET unblocked bundle steam cooling and boil-off 
tests," NRC/EPRI/Westhinghouse-8, Electric Power 
Research Institute (1981).  
 


6. S. C. Yao, L. E. Hochreiter and W. J. Leech, "Heat 
transfer augmentation in rod bundles near grid spacers," J. 
Heat Transfer, 104, 76 (1982). 
 


7. R. P. Forslund and W. M. Rohsenow, "Dispersed flow 
film boiling," J. of Heat Transfer, 90, 399 (1986). 
 


8. K. H. Sun, J. M. Gonzalez-Santalo, and C. L. Tien, 
"Calculations of combined radiation and convection heat 
transfer in rod bundles under emergency cooling 
conditions," J. Heat Transfer, 98, 414 (1976). 
 


9. N. Hammouda, D. C. Groeneveld, and S. C. Cheng, 
"Two-fluid modelling of inverted annular film boiling," 
Int. J. Heat Mass Transfer, 40, 2655-2670 (1997). 
 


10. S. Cho et al, "Rewetting of a vertical hot surface in a 
simulated 6x6 rod bundle during a reflood phase," 
NTHAS5, Nov. 26-29, 2006, Jeju, Korea (2006). 


 
 


1934








  Proceedings of ICAPP 2011 
Nice, France, May 2-5, 2011 


 Paper 11122  


 
 


 


The derivation of two-fluid, three-field governing equations in porous media 
using time-volume averaging formulation and its application to develop a 
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Abstract – Time-volume averaged two-fluid model considering structural materials in a control 
volume is formulated for two-phase flow analyses. It is obtained rigorously by averaging local 
time-averaged two-fluid model over a control volume including structural materials. It is applied 
to the derivation of balance equations for two-fluid three-field two-component flow model 
considering the interfacial mass, momentum and energy jump conditions. The internal energy 
balance equation instead of the total energy balance equation is more appropriate for the nuclear 
power plant thermal hydraulics.  
Derived balance equations for gas, liquid and droplet field are used to develop a general purpose 
system code, i.e., SPACE (Safety and Performance Analysis Code). SPACE adopts the semi-
implicit scheme. The finite volume approach is used to discretize the balance equations. SPACE 
can handle multi-dimensional problems. Unstructured collocated or structured staggered solver 
can be chosen by users. If necessary, combination of them can also be possible. As the network 
approach is required for system code, SPACE can handle network mesh blocks in parallel with 
structured and/or unstructured mesh blocks. 
Concerning the complexity of calculating the porosity, the calculation procedure is devised using 
the CAD tools in parallel with mesh generator for its estimation. By overlapping a cell generated 
by mesh handler onto the solid model generated by CAD, and by estimating the interaction among 
them, the porosity can be estimated. 
Several test cases are presented herein to show the adequacy of the SPACE approach. U-tube gas-
water problem can show that the predicted frequency is matched with theory. Nine-volume water 
over steam problem can be used to see the gravitational head effect and the development of 
countercurrent flow from an initial sharp liquid-gas interface. Vessel blowdown problem is set up 
to examine the blowdown capability of the code. Vessel injection problem is to see the two-phase 
mixing. And some other tests are performed to clarify the applicability of the collocated 
unstructured semi-implicit scheme to two-fluid three-field flow problem. 


 
 


I. INTRODUCTION 
 
During the last two decades, the development and 


applications of the two-fluid codes have been conspicuous. 
RELAP58, for example, has been developed to such a 
mature stage that it can be applied to various industrial 
engineering problems such as system transient analysis as 
well as loss-of-coolant accident analysis. Even though its 
three-dimensional version has become available, most 
users of RELAP5 still rely on the one-dimensional version. 
RELAP5 adopts gas-liquid two-fluid model with six 


governing equations. TRACE7, being the newly written 
version of TRAC, takes the similar governing equations 
with three-dimensional modeling capability. COBRA-TF6 
takes one more step to include droplet as a third field, 
although it is assumed of the thermal equilibrium between 
the liquid field and droplet field. 


At the beginning of the last decade, there were very 
intensive technical discussions about the introduction of 
the direct vessel injection system in the Korean standard 
nuclear power plant (KSNP), a 1000 MW-class PWR (now 
OPR1000). This system is designed to deliver emergency 
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core cooling water directly to the downcomer. During this 
process, one can imagine that high speed steam flow 
entrains the water droplet from the injected liquid flow. 
The temperature of the droplet flow may soon become 
different from that of the liquid flow. Thermal non-
equilibrium between the liquid flow and the droplet flow 
can be expected. 


The derivation of governing equations for the two-
fluid model has been studied by several authors to 
overcome the discontinuous nature of flow fields. Time 
average3, volume average16, ensemble average17, and time-
volume average18 procedures are some of them. Averaging 
of the discontinuous instantaneous conservation equations 
for the individual phases is necessary to get the final form 
of governing equations. The existence of structural 
materials in the flow passage makes the formulation more 
difficult. The porosity-based time-volume averaged two-
fluid model is obtained rigorously by averaging local time-
averaged two-fluid model over a porous control volume. It 
is worthwhile to note that the above mentioned codes are 
implicitly based on the porous body time-volume-averaged 
two-fluid model, although it is not stated explicitly.  


A new project for the safety analysis code 
development was launched jointly by several nuclear 
entities within the Korean nuclear industry four years ago. 
The name of the program is SPACE (Safety and 
Performance Analysis Code). Considering the above 
mentioned facts, top tier requirements of the code were 
fixed to include the following features: 


 
● Multi-dimensional transient flow 
● Single pressure two-fluid flow 
● Three fields of liquid, droplet and gas 
● Mixture of steam and non-condensable gas 
● Non-equilibrium between liquid and droplet 
● Flow through porous body 
● Mesh generation and handling technique 
● Utilization of CAD for input preparation. 
 
Input data of the cell and face for the present-day 


safety analysis codes are mainly prepared by hand, even 
though excellent mesh generation and handling techniques 
are available in the computational fluid dynamics. Input 
preparation by hand may be all right with one-dimensional 
flow analysis. But work load of the input preparation for 
the most of the multi-dimensional problems may be too 
burdensome to be practical if it is handled by hand. The 
combination of the mesh generator with the CAD system to 
get the mesh data and their porosity data may be the right 
answer to the problem. 


In Section II, the procedure to get the two-fluid model 
by time-volume average over porous control volume is 
described. Governing equations for the three-field of liquid, 
droplet and gas are derived from the two-fluid model. 


Closure relationships are specified to get the balance 
equations for the individual field. In Section III, mesh 
generation and discretization and linearization of balance 
equations are explained. A brief description about the 
porosity calculation procedure using the CAD is made. 
Then, the solution procedures are also described. In 
Section IV, several verification calculation results are 
presented to show the capability of the code. And then, 
conclusion is followed. 
 


II. DERIVATION OF THE GOVERNING EQUATIONS 
 


II.A. Time-averaged Two-fluid Model 
 
The local instantaneous formulation of the differential 


balance equation has been well described by several 
authors1,3,4 as: 


( )( ) ( )k k k k k k k kt ρ ψ ρ ψ ρ φ∂ ∂ +∇ ⋅ = −∇ ⋅ +u J . (1) 
 


TABLE I 
Property, Flux and Source 


 
 kψ  kJ  kφ  kI  


Mass           1 0 0 kΓ  


Momentum ku  k kp− ≡ −kT I T  kg  
k


M  


Energy      
2


2
k


kke e≡ +
u  k k k− ⋅q T u  + k


k k
k


q
ρ


⋅g u



 
kE  


 
Table I shows the field variables for the continuity, 


momentum and energy conservation equations. Balance 
equations are supplemented by the interface jump 
conditions, various boundary conditions and state 
equations. 


The time averaging approach has been also established 
well3,4. The balance equation for any property kψ of k-
phase can be presented as: 


( )( ) ( )k k k k k k k k kt Iρ ψ ρ ψ ρ φ∂ ∂ +∇ ⋅ = −∇ ⋅ + +u J . (2) 


The time-averaged balance equation can be 
represented by using mass-weighted mean variables as: 


( ) ( ) ( )
( ) .


k k k k k


T
k k k k k


t


I


ρ ψ ρ ψ


ρ φ


∂ ∂ +∇ ⋅ =


−∇ ⋅ + + +


u


J J
 (3) 


 
II.B. Time-volume-averaged Two-fluid Model with 


Volume Porosity 
 
Time-volume-averaged balance equations can be 


obtained by integrating Eq. (3) over the fluid volume FV
and dividing the integration by the total volume TV as 
shown in Fig. 1: 


( ) ( ) ( ) ( )1
F


T
k k k k k


V
V t dVρ ψ ρ ψ ∂ ∂ +∇ ⋅  ∫ u  


1426







  Proceedings of ICAPP 2011 
Nice, France, May 2-5, 2011 


 Paper 11122  


 
 


( ) ( )1 0.
F


T T
k k k k k


V
V I dVρ φ = −∇ ⋅ + + + =  ∫ J J  (4) 


 


 
Fig. 1. Control volume including structural materials. 


 
Adopting the integral theorem such as divergence 


theorem and Whitaker’s theorem15, and defining the 
relevant weighing averaged variables, the time-volume 
averaged balance equations for phase k in the space of 
volume porosity ε can be expressed: 


( )
 





VV
k k kt ε ρ α ψ 


∂ ∂  
 


 


 


 


V VVV
k k k k kCψ ε ρ α ψ


 
+∇ ⋅ 


 
u  


   


VV
V V T


k k k kε α α
  
  = −∇ ⋅ +
    


J J  (5) 


( )  





 


1 .
I


VV VT I
k k k k k k


A
V d Iα ε ρ α φ ε− ⋅ + +∫  


 


 


J A  


Using the parameters in Table I, one can derive the 
mass, momentum and energy balance equations5. Dropping 
out the averaging operators, neglecting superscript or 
subscript, and setting the covariance coefficients of unity, 
then, balance equations for phase k are written as follows. 


Mass balance equation is: 
( )( ) ( ) .k k k kk kt εα ρ ε ρ εΓα∂ ∂ +∇ ⋅ =u  (6) 
Momentum balance equation is: 
( )( ) ( )k k k kk k kt εα ρ ε ρα∂ ∂ +∇ ⋅ =u u u  


( ) ( )( )T
k k k k kpεα εα−∇ ⋅ +∇ ⋅ +I T T  


( ) ( )1 .
I


I
k k k k k k k


A
V p dα εα ρ ε− − ⋅ + +∫ I A g MT  (7) 


Neglecting body heating, total energy balance equation 
is: 


( )( ) ( )k k k k kk kt e eεα ρ ε ρα∂ ∂ +∇ ⋅ =u   


( )( ) ( )( )T
k k k k k k kpεα εα−∇ ⋅ + −∇ ⋅ − ⋅q q I uT  (8) 


( ) ( )1 .
I


I
k k k k k k k k k


A
V d Eα εα ρ ε− − ⋅ ⋅ + ⋅ +∫ q T u A g u  


Source terms are similarly averaged to result in the 
momentum source, 


,k k ki k ik k kipΓ α α= + ∇ + −∇ ⋅M M M T  (9) 
and the energy source. 


( )
( )


2 2


.


k k ki ki k k i ki


T
ki k ki ik k ki ki ki


E h u a q


p t W


Γ


α α


′′= + ⋅ − +


− ∂ ∂ + ⋅ −∇ ⋅ ⋅ +


u u


u M uT
 (10) 


Detailed discussions on this formulation are made by 
authors5. 


 
II.B. Derivation of Internal Energy Equation 


 
In general, internal energy balance equation can be 


derived from the total energy balance equation by 
subtracting the kinetic energy equation, which can be 
derived by multiplying ku to the momentum balance 
equation. This procedure becomes difficult for the time-
volume-averaged balance equations. First of all, the 
multiplicative distribution parameters prevent balance 
equations from being additive. Area porosity formulation 
makes things even more difficult. In case when the 
distribution parameters are assumed unity, then volume 
porosity formulation can be manipulated to result in 
internal energy balance equation. 


Multiplying Eq. (7) by ku , using the mass balance 
equation, inserting momentum source terms, some 
manipulations yield kinetic energy equation: 


( ) ( )( ) ( )( )2 22 2k k k k kk kt u uερ α ερ α∂ ∂ +∇ ⋅ =u  


( ) ( )( )T
k k k k k k kpεα εα− ∇ ⋅ + ∇ ⋅ +u I u T T  


( ) ( )1
I


I
k k k k k k k k


A
V p dα ε α ρ− − ⋅ +∫u I A u gT  (11) 


( ) 2 2.k k k k ik k ki k kp uΓε α α εΓ+ + ∇ + −∇ ⋅ −u M M T  


Subtracting kinetic energy equation from the total 
energy equation one can get internal energy equation (see 
Appendix-I):  


( )( ) ( )
( )( )


( ) ( )
( )1 .


I


k k k k kk k


T T
k k k k k


k k k k ki k ki k


I
k k k ki i ki w


A


t e e


p p p t


V d h a q D


εα ρ ε ρα


εα


ε α α ε α


α εΓ ε


∂ ∂ +∇ ⋅ =


−∇ ⋅ + + ⋅


− ∇ ⋅ + ∇ − ∂ ∂


′′− ⋅ + + +∫


u


q q u


u u


q A


T
 (12) 


 
II.C. Closure of Momentum Balance Equation 


 
Momentum balance equation is written with the source 


term: 
( )( ) ( )k k k kk k kt εα ρ ε ρα∂ ∂ +∇ ⋅ =u u u  


( )( ) ( )( )T
k k ki k k k kp pεα ε α εα− ∇ ⋅ − ∇ +∇ ⋅ +I T T  


( ) ( )1 1
I I


I I
k k k k


A A
V p d V dα α− ⋅ + ⋅∫ ∫I A AT  


.k ik k ki k k k
Γε ε ε α εα ρ+ + − ∇ ⋅ +M M gT   (13) 


FV


SV


FA


SA


IA


FV


SV


FA


SA


IA
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In general, interface pressure is approximated to be 
equal to the phase pressure, i.e. ki kp p≅ .Then, first term in 
the right hand side of Eq. (13) can be written: 


( ) .k k k k k kp p pεα ε α εα∇ ⋅ − ∇ = ∇I  (14) 
The momentum transfer due to the shear of velocity 


field and turbulent eddies can be modeled with the proper 
diffusion coefficient kµ : 


( )( ) ( )( ).T
k k k k k kεα εα µ∇ ⋅ + ≅ ∇ ⋅ ∇ uT T  (15) 


Momentum transfer due to the redistribution of the 
pressure field by the structures can be modeled: 


( )
( )( )


( ) ( ) ( )


2


2


1


.


I


form
kw w k k k


fo
wk w h k k


T I I T form
k k k kwA


form
kw h


fo
wk k


K


f K D


V p d A V


D


f


τ ρ


ρ


α τ


τ


≡


≡


⋅ ≅


=


=


∫


u u


u


I A


u


 (16) 


Similarly, momentum transfer due to the shear of 
velocity field along the surface of the structures can be 
represented by the following relations: 


( )
( )( )


( ) ( )


2


2


1


.


I


fric
kw fk k k k


fr
wk fk h k k


T I I T fric
k k kwA


fric
kw h


fr
wk k


C


f C D


V d A V


D


f


τ ρ


ρ


α τ


τ


≡


≡ −


⋅ ≅ −


= −


=


∫


u u


u


A


u


T  (17) 


Defining fo fr
wk wkwkf f f≡ + , total drag by the structures is 


represented as: 


( ) ( ) ( )1
I


T I fo fr
k k k wk wk kA


V p d f fα − ⋅ = +∫ I A uT  


( ).fo fr
wk wkwk k wkf f f f= ≡ +u  (18) 


Momentum transfer by phase change can be 
represented as; 


.k k ki
Γ Γ=M u  (19) 


Interfacial drag term is modeled as follows: 
( )


.
2


kk kkkk k k k k
kk


C A
F


ρ ′ ′′ ′ ′
′


− −
≡ −


u u u u
 


.
2


kk kk kk
kk k k


kk


C
f


D
α ρ′ ′ ′


′ ′
′


≡ − −u u  


( )ik kk kk kkB Fα ′ ′ ′≅M  


kk kk


kk kk


F
A D
α ′ ′


′ ′


=  


( ).kk k kf ′ ′= −u u  (20) 


The term 
k ki


  T  is neglected. After modeling the 
individual source terms, momentum balance equation is 
written as; 


( )( ) ( )k k k k k kk k kt pεα ρ ε ρ εαα∂ ∂ +∇ ⋅ = − ∇ ⋅u u u  


( )( )k k k wk kfεα µ ε+∇ ⋅ ∇ −u u  


( ) .k k k kkk k k kif εα ρ εΓ′ ′− − + +u u g u  (21) 
 


II.D. Closure of Internal Energy Balance Equation 
 
Last term wD of Eq. (12) is a collection of various 


dissipative work terms and most of time they are neglected. 
First term in the right hand side of Eq. (12) can be modeled 
with relevant diffusion coefficient eT


kµ : 


( )( ) ( ).T T eT
k k k k k k k keεα εα µ∇ ⋅ + + ⋅ ≅ −∇ ⋅ ∇q q uT  (22) 


But most of time it is neglected for water reactor 
applications. Following relation holds with ki kp p≅ : 


( ).k k k k ki k k k kp p pα α α∇⋅ + ∇ = ∇ ⋅u u u  (23) 
Heat flux from structures can be represented as 


follows: 


( )1 .
I


T I
k k wk


A
V d qα ⋅ ≅∫ q A  (24) 


It can be transferred to individual phases. Some of it 
can be utilized to heat the boundary layer to result in vapor 
generation. Condensation can also take place at the surface 
of structures. For convenience’ sake, interfacial energy 
transfer term is represented in simpler form as: 


.i ki ika q q′′ ≡  (25) 
And final form of energy equation is written: 
( )( ) ( )


( ) ( )
.


k k k k kk k


k k k k k


k ki wkik


t e e


p p t
h q q


εα ρ ε ρα


ε α ε α


εΓ ε


∂ ∂ +∇ ⋅ =


− ∇ ⋅ − ∂ ∂


+ + −


u


u  (26) 


 
II.E. Governing Equations for the Three-field of Liquid, 


Droplet and Steam/non-condensable Mixture 
 
Balance equations for the individual phases are 


constructed with the above generalized phase balance 
equations considering the relevant physical reasoning 
about the interaction and/or composition mechanisms. First 
of all, pressures for individual phases may be different 
from each other. But single pressure is assumed for this 
study, i.e., kp p= . Mass balance equation for gas phase 
can be written;  


( ) ( ) ( ) .g g g g g gt εα ρ εα ρ εΓ∂ ∂ +∇ ⋅ =u  (27) 
Gas phase is composed of vapor as well as non-


condensable gas. As non-condensable gas is assumed to be 
thermally and mechanically equilibrium with vapor, 
temperature and velocity of the non-condensable gas are 
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equal to those of vapor. Since Dalton’s law is assumed, 
density can be represented by: 


.g v nρ ρ ρ≡ +  (28) 
Then, gas mass balance equation is decomposed into 


two balance equations; one for non-condensable gas and 
the other for vapor. Gas mass source term should be 
decomposed into two parts accordingly; gγ for vapor phase 
change and nθ for non-condensable gas source.  


When fluid flows through heated structures, surface 
boiling as well as bulk boiling is liable to occur. Since the 
gas field may have two interfaces; i.e., one with the 
continuous liquid field and the other with the droplet field,


gγ may have four components; namely, bulk boiling from 


liquid lvγ , surface boiling from liquid w
lvγ , bulk boiling from 


droplet dvγ , and surface boiling from droplet w
dvγ , 


respectively, as listed in Eq. (29). 
.w w


g lv lv dv dvγ γ γ γ γ= + + +  (29) 
Balance equation for the continuous liquid field can be 


written; 
( )( ) ( ) .l l l l llt εα ρ ε ρ εΓα∂ ∂ +∇ ⋅ =u  (30) 
Mass source term for the continuous liquid field 


equation can be decomposed into four components; i.e., 
bulk condensation from vapor vlγ , surface condensation 


from vapor w
vlγ , entrainment eθ , and de-entrainment dθ . 


.w
l vl vl e dΓ γ γ θ θ= + − +  (31)  


Balance equation for the droplet field can be written; 
( )( ) ( )d d d d d dt εα ρ ε ρ εΓα∂ ∂ +∇ ⋅ =u  (32) 
Similar decomposition can be done for the mass 


source term of the droplet field equation. 
w


d vd vd e dΓ γ γ θ θ= + + −  (33) 
Mass jump condition for phase change process tells: 


0,   0,


0,   0.


w w
lv vl lv vl


w w
dv vd dv vd


γ γ γ γ


γ γ γ γ


+ = + =


+ = + =
 (34) 


From these jump conditions, the following simpler 
definitions can be made: 


,   ,


,   .


w w w
l lv vl l lv vl


w w w
d dv vd d dv vd


γ γ γ γ γ γ


γ γ γ γ γ γ


≡ = − ≡ = −


≡ = − ≡ = −
 (35) 


Mass jump condition for entrainment/de-entrainment 
process is automatically met by the functional form in Eq. 
(31) and Eq. (33). In summary, mass balance equations are 
written as: 


( ) ( ) ( ) .g n n n g nt εα ρ εα ρ εθ∂ ∂ +∇ ⋅ =u  (36) 


( ) ( ) ( )g v g v gt εα ρ εα ρ∂ ∂ +∇ ⋅ =u  


( ).w w
l l d dε γ γ γ γ+ + +  (37) 


( )( ) ( )l l l llt εα ρ ε ρα∂ ∂ +∇ ⋅ =u  


( ).w
l l e dε γ γ θ θ− − − +  (38) 


( )( ) ( )d d d ddt εα ρ ε ρα∂ ∂ +∇ ⋅ =u  


( ).w
d d e dε γ γ θ θ− − + −  (39) 


Interfacial velocities for bulk phase change are 
assumed equal to those of surface phase change. And it is 
convenient to define following variables for later use: 


,   ,t w t w
l l l d d dγ γ γ γ γ γ≡ + ≡ +  (40) 


,t te tc
l l lγ γ γ≡ −  (41) 


0 if 0 if 0
,  .


 if 0.00 if 0.0


tt t
ll lte tc


l l t tt
l ll


γγ γ
γ γ


γ γγ


 ≥ ≥   = =   
<<      


 (42) 


Interfacial velocities for both the phase change process 
and the entrainment/de-entrainment process are defined in 
dissipative way. The formal decomposition of total phase 
change into evaporation and condensation as in Eq. (41) 
makes it possible to define the momentum exchange due to 
the phase change very similarly as that due to the 
entrainment/de-entrainment process. Momentum equations 
are written as follows: 


( )( ) ( )
( )( ) ( )


( )


g g g g g g g g


g g g g lgl


g g d g gwg gd


t p


f


f f


εα ρ εα ρ εα


εα µ ε


ε ε εα ρ


∂ ∂ +∇ ⋅ = − ∇


+∇ ⋅ ∇ − −


− − − +


u u u


u u u


u u u g


  


.te tc te te
l l d dl g d gεγ εγ εγ εγ+ − + −u u u u  (43) 


( )( ) ( )
( )( ) ( )


l l l l l l l l


l l l l g l lgl


t p


f


εα ρ εα ρ εα


εα µ ε εα ρ


∂ ∂ +∇ ⋅ = − ∇


+∇ ⋅ ∇ − − +


u u u


u u u g
  


.te tc
l l l e l d dwl l gfε εγ εγ εθ εθ− − + − +u u u u u  (44) 


( )( ) ( )
( )( ) ( )


d d d d d d d d


d d d d ggd


t p


f


εα ρ εα ρ εα


εα µ ε


∂ ∂ +∇ ⋅ = − ∇


+∇ ⋅ ∇ − −


u u u


u u u
  


.te tc
d d d d e l d dd gεα ρ εγ εγ εθ εθ+ − + + −g u u u u  (45) 


Gas energy equation is composed of two components; 
vapor energy and non-condensable gas energy: 


.g g v v n ne e eρ ρ ρ≡ +  (46) 
The existence of the non-condensable gas drives direct heat 
transfer between the surfaces of liquid/droplet and non-
condensable gas phase. These terms are represented as lnq , 


nlq , dnq  and ndq . 


( )( ) ( )g g g g g g gt e eεα ρ εα ρ∂ ∂ +∇ ⋅ =u  


( ) ( )g g g wgp t p qε α ε α ε− ∂ ∂ − ∇ ⋅ +u
 


( )* *w w w
lv lv lv lv lv lv lnh q h q qε γ γ+ + + + +  


( )* * .w w w
dv dv dv dv dv dv dnh q h q qε γ γ+ + + + +  (47) 


( ) ( ) ( )( )l l l l l l l lt e e p tεα ρ εα ρ ε α∂ ∂ +∇ ⋅ = − ∂ ∂u  
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( )l l wl l l d dp q h hεα ε εθ εθ− ∇ ⋅ + − +u  


( )* * .w w w
vl vl ll vl vl ll nlh q h q qε γ γ+ + + + +  (48) 


( ) ( )( )d d d d d d dt e eεα ρ εα ρ∂ ∂ +∇ ⋅ =u  


( ) ( )d d d wd l lp t p q hε α εα ε εθ− ∂ ∂ − ∇ ⋅ + +u  


( )* * .w w w
d d vd vd dd vd vd dd ndh h q h q qεθ ε γ γ− + + + + +  (49) 


Interfacial thermal energy transfer conditions between 
liquid phase and gas phase are written as: 


* *


* * 0.
lv lv lv vl vl ll
w w w w w w
lv lv lv vl vl ll


h q h q


h q h q


γ γ


γ γ


+ + + +


+ + + =
 (50) 


Even though it is not required by the physical basis, it 
is desirable to have the following relationships: 


* * 0.lv lv lv vl vl llh q h qγ γ+ + + =  (51) 
* * 0.w w w w w w


lv lv lv vl vl llh q h qγ γ+ + + =  (52) 
It means that the bulk phase change and the surface 


phase change meet the interfacial thermal energy transfer 
conditions separately. This measure gives us more flexible 
choice to treat them8. Similar arguments are applied to the 
droplet field and yield: 


* * 0.dv dv dv vd vd ddh q h qγ γ+ + + =  (53) 
* * 0.w w w w w w


dv dv dv vd vd ddh q h qγ γ+ + + =  (54) 
Interface temperature is assumed to be equal to the 


saturation temperature of the vapor partial pressure to 
account for the existence of the non-condensable gas. Non-
condensable gas in the gas mixture may reduce the 
interface heat transfer rate between vapor phase and other 
phases, and the reduction factor for vapor phase is 
approximated to be vp p . Then, the interfacial heat 
transfer rate can be written as: 


( ) ( ).lv lgv s lq p p c T T= −  (55) 


( ).ll ll s gq c T T= −  (56) 


( ) ( ).dv dgv s gq p p c T T= −  (57) 


( ).dd dd s dq c T T= −  (58) 
The direct heat transfer mechanisms between the non-


condensable gas and the liquid/droplet are modeled as: 
( ) ( ) ,   .ln ln nl lnn l gq p p c T T q q= − = −  (59) 


( ) ( ) ,   .dn dn nd dnn d gq p p c T T q q= − = −  (60) 


where the reduction factor of np p  is applied with the 
similar arguments as the vapor phase above. 


Using Eqs. (34), (52) and (53), Eq. (51) can be 
represented as: 


( ) ( ) ( )* * 0v
lv lv vl lg lls g s l


p
h h c T T c T T


p
γ − + − + − =  (61) 


Then; 


( ) ( ) ( )
( )* *


.lg llv s g s l
lv


lv vl


p p c T T c T T


h h
γ


− + −
= −


−
 (62) 


Similarly using Eqs. (34), (54) and (55), Eq. (53) 
yields: 


( ) ( ) ( )
( )* *


.dg ddv s g s d
dv


dv vd


p p c T T c T T


h h
γ


− + −
= −


−
 (63) 


The variables *
lvh and *


vlh are determined to prevent the 
energy flow from a low temperature phase to a high 
temperature phase: 


( ) ( )( )* 2,s s
lv v v v vh h h h hη= + + −  


( ) ( )( )* 2,s s
vl l l l lh h h h hη= + + −  


=1.0, if 0.0;  = 1.0,if 0.0.lv lvη γ η γ≥ − <


 


(64) 
Similarly for droplet field; 


( ) ( )( )* 2,s s
dv v v v vh h h h hη= + + −  


( ) ( )( )* 2,s s
vd d d d dh h h h hη= + + −


 =1.0, if 0.0;   = 1.0, if 0.0.dv dvη γ η γ≥ − <  (65) 
In the case of the wall vaporization/condensation 


including the sub-cooled boiling, inserting Eq. (34) into Eq. 
(52) yields following relations: 


( )* * 0.w w w w w
lv lv vl ll lvh h q qγ − + + =  (66) 


Since the vapor appears at saturation state during the 
vaporization, interfacial heat transfer to vapor phase is null, 
i.e., 0w


lvq = . Therefore, it can be written: 


( )* *    if 0.w w w w w
lv ll lv vl lvq h hγ γ= − − >  (67) 


Since the liquid appears at saturation state during the 
condensation, interfacial heat transfer to liquid phase is 
null, i.e. 0w


llq = . Therefore, it can be written: 


( )* *    if  0.w w w w w
lv lv lv vl lvq h hγ γ= − − <  (68) 


Similar procedure for the droplet field yields: 


( )* *    if  0.w w w w w
dv dd dv vd dvq h hγ γ= − − >  (69) 


( )* *    if  0.w w w w w
dv dv dv vd dvq h hγ γ= − − <  (70) 


The variables *w
lvh and *w


vlh are determined by similar 
reasoning as the bulk boiling: 


( ) ( )( )
( ) ( )( )


*


*


2,


2,


w s w s
lv v v l v v


w s w s
vl l l l l l


h h h h h


h h h h h


η


η


= + + −


= + + −
 


=1.0, if 0.0;  = 1.0, if 0.0.w w w w
l lv l lvη γ η γ≥ − <  (71) 


and for droplet field; 
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( ) ( )( )
( ) ( )( )


*


*


2,


2,


w s w s
dv v v d v v


w s w s
vd d d d d d


h h h h h


h h h h h


η


η


= + + −


= + + −


=1.0, if 0.0;  = 1.0, if 0.0.w w w w
d dv d dvη γ η γ≥ − <  (72) 


Then, interfacial heat transfer due to the phase change 
at the wall can be written for the liquid phase:


( )( )* * 1 2.w w w w w
lv lv lv vl lq h hγ η= − − − (73) 


( )( )* * 1 2.w w w w w
ll lv lv vl lq h hγ η= − − + (71) 


and for the droplet field:


( )( )* * 1 2.w w w w w
dv dv dv vd dq h hγ η= − − − (74) 


( )( )* * 1 2.w w w w w
dd dv dv vd dq h hγ η= − − + (75) 


III. DISCRETIZATION AND SOLUTION


III.A. Space Discretization


To maximize the applicability, the unstructured mesh 
system as well as the structured mesh system is adopted. 
Naturally, the collocated variable approach is used for the 
unstructured mesh system and the staggered variable 
approach is utilized for the structured mesh system. Even 
though it is not essential, the staggered variable approach is 
used for the one-dimensional flow network. The cylindrical 
and the Cartesian geometry can be used for the multi-
dimensional structured mesh system.


Fig. 2. Typical unstructured mesh in two-dimensions. 


For the unstructured mesh system, any type of convex 
polyhedron with flat face can be used as a cell. Therefore, 
any commercial mesh generator can be used to generate the 
unstructured mesh for the SPACE code. As shown in Fig. 2, 
control volume is a polyhedron of volume PV surrounded by 


the flat faces with area EA . Body of the control volume is 


assigned volume porosity ε and the face with directional 
porosity Eε . Computational point P is located at the 
centroid of the control volume. 


The cell with the lower label is called owner of the 
face. The cell of opposite side of the face is called neighbor. 
Normal vector En of face E is pointing the centroid of the 
neighbor cell N. 


III.B. Mesh Handling Systems 


As shown in Fig. 3, Pro/Engineer11 is adopted as a 
solid modeler. Using the Pro/Engineer one can model the 
thermal-hydraulic system such as reactor vessel that has 
very complex reactor internals. Pro/Engineer supplies not 
only the solid modeling capability but also the very 
powerful geometry evaluation tool which is called 
Pro/Toolkit11. It is a user application program interface to
Pro/Engineer. Through it, one can access almost all the 
Pro/Engineer functions. Pro/Toolkit is used to develop the
batch process for handling multitude of basic cells.  


Fig. 3. Mesh handling system. 


Pointwise12 is the software for mesh generation. It 
accepts the solid model from Pro/Engineer in IGS format 
to generate the mesh data. The mesh data are sent back to
Pro/Engineer for the calculation of porosity for individual 
mesh cells and faces. These information, mesh and porosity, 
are sent to the thermal-hydraulic calculation program such 
as SPACE. Mesh data are also given to Paraview13 which is 
a postprocessor. It is given the code calculation results as 
well. And any calculation results can be visualized in user 
selected form by Paraview with the mesh data. 


III.C. Discretization of Equations and Solution 
Procedure  


The spatial discretization of balance equations can be 
made through the finite volume method by integrating the 
individual terms in balance equations on the finite volume 
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of cell P in Fig. 1. Euler implicit scheme is adopted for the 
temporal discretization. But proper linearization has to be 
made to implement the semi-implicit solution procedure14. 
Minimal terms that are related with the propagation of 
sound are implicitly taken. Source terms related with bulk 
vaporization-condensation in the mass-energy equations 
are also treated implicitly. Full discretized balance 
equations are described in Appendix-II. Overall solution 
procedure is presented in other paper9 with the structured 
mesh system. It is, therefore, not reproduced herein but the 
procedure for the unstructured collocated approach, which 
is not covered there9, is presented. 


Momentum balance equations are decoupled from the 
mass-energy equations in the one-step Newton procedure 
of the semi-implicit solution procedure14. Primitive 
variables of cell P are selected as follows in their 
incremental form, 


( ) ( ) ( )1
, , , , , , .


T n


P n g d l g d P
p T T T pα α


+
= ∆ ∆ ∆ ∆ ∆ ∆ ∆x  (76) 


where superscript T means transpose operation 
Temporal and source terms of the mass/energy balance 


equations for cell P are linearized to result in the following 
equation (Appendix-III): 


1 .n
P P P P


+∆ = +C x Z S  (77) 


PC is a 7x7 cell mass-energy matrix whose 
components are determined by collecting the coefficients 
of the incremental primitive variables as shown in Eq. 
(AIII-8). PZ is a vector that represents convection. PS is a 
vector that collects the explicit source terms. PC is mainly 
determined by the derivatives of the state equations. PZ
and PS are defined as follows: 


( ), , , , , , .
n g d l g d l


T


P m e e e m m m
P


z z z z z z z≡Z  (78) 


( ), , , , , , .
n g d l g d l


T


P m e e e m m ms s s s s s s≡S  (79) 


Components of the PZ vector are constructed by the 
convection terms in Eq. (AIII-1) through (AIII-7): 


( ) ( 1) .
n


E
E E E E n


m g n gz A uε α ρ += −∑    (80) 


( ) ( ) ( 1) .
g


E
E E E E E n


e g g g gz A e p uε α ρ += − +∑     (81) 


( ) ( ) ( 1) .
d


E
E E E E E n


e d d d dz A e p uε α ρ += − +∑     (82) 


( ) ( ) ( 1) .
l


E
E E E E E n


e l l l lz A e p uε α ρ += − +∑     (83) 


( ) ( 1) .
g


E
E E E E n


m g v gz A uε α ρ += −∑    (84) 


( ) ( 1) .
d


E
E E E E n


m d d dz A uε α ρ += −∑    (85) 


( ) ( 1) .
l


E
E E E E n


m l l lz A uε α ρ += −∑    (86) 


After the inversion of the PC matrix, multiplying right 
hand side and rearranging, one can get, 


( )
, ,


1 ( 1)
, * .


n n


g l dE
n E E n


n p pP
p D u S


∗=
+ +


∆ ∗ ∆∆ = +∑ ∑  (87) 


( )
, ,


1 ( 1)
, * .


g g


g l dEn E E n
g T TP


T D u S
∗=


+ +
∆ ∗ ∆∆ = +∑ ∑  (88) 


( )
, ,


1 ( 1)
, * .


d d


g l dE
n E E n


d T TP
T D u S


∗=
+ +


∆ ∗ ∆∆ = +∑ ∑  (89) 


( )
, ,


1 ( 1)
, * .


l l


g l dE
n E E n


l T TP
T D u S


∗=
+ +


∆ ∗ ∆∆ = +∑ ∑  (90) 


( )
, ,


1 ( 1)
, * .


l l


g l dE
n E E n


l P
D u Sα αα


∗=
+ +


∆ ∗ ∆∆ = +∑ ∑  (91) 


( )
, ,


1 ( 1)
, * .


d d


g l dE
n E E n


d P
D u Sα αα


∗=
+ +


∆ ∗ ∆∆ = +∑ ∑  (92) 


, ,
1 ( 1)


, * .
g l dE


n E E n
P p pp D u S


∗=
+ +


∆ ∗ ∆∆ = +∑ ∑  (93) 


where ,
E
x yD ’s and xS ’s are relevant coefficients and 


source terms. And * is an indexing parameter ranging g,l 
and d. 


Non-conservative or phase intensive form of the 
momentum balance equation is used instead of the 
conservative form and rearrangement of the discretized 
momentum equation yields (Appendix-IV): 


1


1 1


1


1


1 ,
1


n
g g g
n n
l l lm
n


d dd


p
ρ


ρ
ρ


+


+ +


+


  −   
     
  = − ∇ +   
     −      


u s
M u s


su


 (94) 


where mM is the 3x3 cell momentum matrix which is 
defined in Appendix-IV. After the inversion of the cell 
momentum matrix, one can define the following variables: 


1 1


ˆ1
ˆ1 ,   .
ˆ1


gg g g


l l lm l m


d d dd


ξ ρ


ξ ρ
ξ ρ


− −


−       
      


≡ − ≡      
      −      


u s
M u M s


su
 (95) 


Cell velocities can be expressed by the cell pressure 
gradient with * implying g, l and d: 


1 1
* * *ˆ .n npξ+ += ∇ +u u  (96) 


Then, evaluate the relations with known pressures, i.e. 
by using the pressures of old time step to get the explicit 
cell velocities.  


* * *ˆ .npξ= ∇ +u u  (97) 
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Interpolate face values with the interpolation factor
Ef which is determined by P f↔ and N f↔ shown in 


Fig. 2. 


* * *(1 ) .E E P E Nf f= + − u u u  (98) 


(1 ) .
E P NE Ep f p f p∇ = ∇ + − ∇  (99) 


* * *(1 ) .
E P NE Ef fξ ξ ξ= + −  (100) 


Face normal component is determined: 


* * .E E Eu = ⋅n u  (101) 
With the following definitions, 


( )*
* * .


EE E PE E E N
dE E E


d d


p p
u u p


d
ξ  −


 ≡ + −∇ ⋅ +
 ⋅  


 n
n n


 (102) 


* *
1 1 .E E


E E E
d dd


ξ ξ≡
⋅





n n
 (103) 


Rhie-Chow type face velocity interpolation10 can be 
done with the incremental pressure correction term: 


( )( 1) 1 1
* * * .


EE n E n n E
N Pu p p uξ+ + += ∆ − ∆ +





  (104) 


Now, the incremental primitive variables in Eq. (87) 
through Eq. (93) can be expressed as the sum of the 
incremental pressure differences across the faces of the cell 
by inserting Eq. (104) into the right hand side of them. 


( ) ( )1 1 1 .
n n


E En E n n
n p N P pP


p D p p S+ + +
∆ ∆′∆ = ∆ − ∆ +∑  (105) 


( ) ( )1 1 1 .
g g


E En E n n
g T N P TP


T D p p S
+ + +


∆ ∆′∆ = ∆ − ∆ +∑  (106) 


( ) ( )1 1 1 .
d d


E En E n n
d T N P TP


T D p p S+ + +
∆ ∆′∆ = ∆ − ∆ +∑  (107) 


( ) ( )1 1 1 .
l l


E En E n n
l T N P TP


T D p p S+ + +
∆ ∆′∆ = ∆ − ∆ +∑  (108) 


( ) ( )1 1 1 .
l l


E En E n n
l N PP


D p p Sα αα + + +
∆ ∆′∆ = ∆ − ∆ +∑  (109) 


( ) ( )1 1 1 .
d d


E En E n n
d N PP


D p p Sα αα + + +
∆ ∆′∆ = ∆ − ∆ +∑  (110) 


( )1 1 1 .
E En E n n


P p N P pp D p p S+ + +
∆ ∆′∆ = ∆ − ∆ +∑  (111) 


where E
xD ’s and xS ′ ’s are again relevant coefficients 


and source terms. As shown in Eq. (111), it is an equation 
of incremental pressure of cell P and those of the neighbor 
cells. Collecting those equations, one per each cell, one can 
get system wide incremental pressure matrix. Solving it 
and back-substitution into Eq. (105) through Eq. (110), the 
solution procedure can thus be completed. 


 


 
IV. VERIFICATION RUNS 


 
The following verification test cases are mainly 


conceptual ones rather than those against experimental data. 
Comparisons are made between the result of the 
unstructured mesh cases and the structured mesh cases. 
These are necessary to check whether the collocated 
unstructured semi-implicit scheme is applicable to the two-
fluid three-field multi-dimensional hydro-dynamic 
calculations. 


 
IV.A. Single Phase Liquid Injection test 


 
As a first test, the sub-cooled liquid is injected into 


bottom of the 10 node pipe with the flow rate, 0.1m/s. Fig. 
4 shows that the gravity head and the frictional pressure 
drop calculated using the collocated grid agree well with 
those by the staggered grid. Pressure distribution is smooth 
without any odd-even oscillation. This can be understood 
as an indication that the Rhie-Chow interpolation works 
well. 
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Fig. 4. Pressure distribution of liquid pipe. 


 
Next case is a two-dimensional single phase vapor 


cavity flow problem. The test domain, as shown in Fig. 5, 
consists of 25 uniform regular hexahedrons. The inlet 
boundary condition is given at the lower left corner of the 
rectangular cavity, and the outlet boundary condition is 
given at the upper right corner. The inlet flow velocity is 
1.0 m/s, and the outlet pressure is 10 bar. 


 


 


 


Y
 


X 


 


 


X 


Y


 
(a) Velocity vectors      (b) Pressure distribution 


Fig. 5. Vapor injection test. 
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Fig. 5 shows the velocity vectors at the faces (a) and 
the pressure distribution (b), respectively. In the cavity,
flow is mainly formed along the bottom faces and the right 
hand side walls as expected. A swirling flow pattern 
appears in the main part of the cavity. The pressure 
distribution in the cavity shows that the maximum pressure
(red color) appears at the lower right corner (b), and almost 
uniform values are found in the swirling region. Smooth 
results of this calculation also verify that the unstructured
mesh with collocated variable approach is viable. 


IV.B. One-dimensional Settle-down Problem


The length of the vertical pipe is a 4.2 m, and its area
is 1.0 m2. Nine cells are given to this pipe as shown in Fig. 
6(a), wherein the upper three cells are initially filled with 
saturated water while the rest with saturated steam at 413
kPa. This type of water over steam problem is used to see 
the development of countercurrent flow by gravity.


(a) 9-cell pipe                 (b) Void fraction dist.
Fig. 6. One-dimensional settle-down problem. 


Fig. 6(b) illustrates how the distribution of void 
fraction progress during the transient. The void fraction in 
the middle cells drops to around 0.8 during the liquid fall-
down, as shown in the distribution of void fraction at 2 
seconds. It indicates that the liquid forms a thin stream as it 
flows down to the lower cells. The overall behavior of void 
fraction at various elevations indicates that the interfacial 
friction models of SPACE allow the liquid to fall down to 
the bottom part of the pipe in a smooth manner. The 
bottom node is filled with liquid at around 2 seconds. 


IV.C. Two-dimensional Settle-down Problem


A two-dimensional settle-down test is performed with 
10 m x 10 m square cavity which is originally filled with 
saturated water of volume fraction 0.5. This test uses the 
hexagonal type mesh as well as prism type mesh as shown 
in Fig. 7. The left figures, (a) and (c), show calculation 
results with unstructured mesh of 104 prism cells while the 
right ones, (b) and (d), represent the identical cavity with 
the structured mesh of 100 hexagonal cells. As the liquid 
field settles down by gravity, liquid volume fraction of the 
lower cells, (a) and (c), slowly increases. Finally, the lower 


half of cavity is filled with liquid and the upper half part of 
cavity is filled with vapor phase.


(a)        t=5s           (b)


(c)         t=15s          (d)
Fig. 7. Two-dimensional settle down problem.


The test results show that the hydraulic solver works 
properly on the two-dimensional settle-down phenomenon,
regardless of the mesh type used.


IV.D. Dam Break and Air Injection Tests  


This test run uses the same cavity as in two-
dimensional settle-down case. In this test, 50 cells in the 
left hand side of the cavity are initially filled with liquid,
whereas the rest are filled with vapor. When the transient 
starts, the difference in the gravity head between the left 
and right hand side drives the liquid level to oscillate up 
and down as shown in the Fig. 8(a). 


               (a) Dam break                    (b) Air injection


Fig. 8. Dam break and injection tests.
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The oscillation amplitude gradually decreases due to 
wall friction, and leads to the stable flat state in 25 seconds.
Similar tests are performed with the unstructured prism 
mesh, and the result is the same.


Air injection test is carried out with the same mesh as 
that of dam break test. In this test, the bottom 80 volumes 
were initially filled with sub-cooled liquid. The 
superheated vapor is injected through the upper two faces
of the left hand side wall, and the outlet boundary 
condition is given at uppermost face of the right hand side. 
The inlet flow velocities are 10 m/s, and the outlet pressure 
is 10 bar. Fig. 9(b) shows that the liquid level oscillates 
periodically due to the blow-out effect of the injected vapor
with interfacial drag between vapor and liquid. This test 
shows that wave motion is developed in the continuous 
liquid field, and the droplet field is flowing over the 
interface. 


IV.E. U-tube Gas Water Problem


Nitrogen-water manometer is set up to check the code
performance with the non-condensable gas. Two 10 cell 
vertical columns are connected by a horizontal cell as 
shown in Fig. 9(a).


(a) U-tube            (b)  Amplitude and period


Fig. 9. U-tube Behavior.


Initially eight cells of the left hand side column and 
two cells in the right hand side column are filled with non-
condensable gas, and rests of cells are filled with water at 
about 100 kPa and 323 K. When the transient starts, the
liquid column oscillates back and forth through two 
vertical columns. As shown in Fig. 9(b), the calculated 
period of oscillation is 4.5 seconds, which agrees with the
theoretical value, 4.486.  


IV.F. Vessel Blowdown Problem


A simplified test for blowdown phenomenon is
performed. In this test, the reactor coolant system of a
typical pressurized water reactor is nodalized by blocks of 
staggered mesh. They are lower plenum, reactor core,


upper plenum, reactor head, downcomer, hot leg, two cold 
legs, pressurizer, surge line, steam generator U-tube, and so 
on. Cartesian type block meshes are used for the reactor 
vessel.


           (a) 0 second                           (b) 10 seconds
Fig. 10. Distribution of void fraction during the blowdown. 


The hot and cold legs, pressurizer, surge line, and 
steam generator U-tubes are nodalized by the pipe-type 
block meshes. The entire system is initially filled with 
saturated water at 150 bar, except the upper half of the 
pressurizer which is filled with saturated vapor at the same 
pressure. Fig. 10 depicts the distribution of void fraction 
during blowdown. The successful calculation of the 
depletion process of system inventory indicates that code 
can handle very strong transient. 


IV.G. Vessel Injection Problem


A vessel injection test is performed to check the code 
capability to analyze two-phase flow in the cylindrical 
geometry.


               (a)                                     (b)
Fig. 11. Void fraction for vessel injection test. 


The annulus shown in Fig. 11 is initialized with pure 
vapor and then is getting filled with the liquid injected
from two injection nozzles. Two liquid injection nozzles 
are located at the opposite side each other. The nozzles are 
located in the middle height of the annulus. A broken 
nozzle and a vapor injection nozzle are also aligned at the 
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same level. Each of them is located in the middle of the 
injection nozzles.


The result shows that most of the injected liquid flow 
penetrates to the bottom of annulus crossing the vapor flow. 
Once the injected liquid flow fills the annulus up to the 
level of broken nozzle, overflow starts through the broken 
nozzle. Strong vapor flow from the vapor injection nozzle 
drives droplet field as well as liquid field to flow through 
upper part of the annulus to the broken nozzle. 


IV.H. Combined Blocks Test


Sometimes the combination of the unstructured mesh 
blocks with the structured mesh block may be beneficial
for the system modeling. Therefore, provisions have been 
made to combine two types of blocks semi-implicitly. 
Combination test is performed with two blocks originally 
filled with gas as shown in the Fig. 12. Injected liquid flow 
starts to fill the unstructured mesh block first as shown Fig. 
12(a). At 27 seconds, staggered block is filled half with 
liquid as shown in Fig. 12(b).


Fig. 12. Gas volume fraction of combined blocks. 


VI. CONCLUSIONS


The formulation of time-volume averaged two-fluid 
model through porous body is applied to the derivation of 
the balance equations for two-fluid three field two-
component flow model considering the interfacial mass, 
momentum and energy jump conditions. The flow model 
aims at the multi-dimensional transient flow of liquid, 
droplet and steam/gas mixture. Semi-implicit solution 
scheme is adopted to develop a general purpose safety 
analysis code, SPACE. From the results of several 
conceptual numerical test problems it is found that not only 
the structured staggered approach but also the unstructured 


collocated approach, is viable. Extensive validation runs
with experimental data are under way.
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NOMENCLATURE


Averaging operators;


k
 : time-averaging operation


k
F : phase average of field variable F



k
 : phase density weighted mean variable


 


1
F


V
k kF V


dV
V


≡ ∫R R intrinsic phase volume average


 


 
 


 
 


 
 


 
 


VVV


kk k kk k
    


 


VV V


k k k kα α≡
 


 


 


 


J J


Variables;


FA : free surface on boundary of control volume
SA : structural material surface area of control volume
TA : total boundary surface of control volume


k
A : cross section area of a grain of the discrete phase


IA : cross section area of structure
IA : area normal vector of structure


ia : interfacial area concentration
B : volume of a grain of the discrete phase


fk
C : friction coefficient.


kk
C



: friction coefficient between phases.


D
C : drag coefficient


V
k


C
: covariance


D : hydraulic diameter of typical grain of phase k. 


h
D : hydraulic diameter of structure. 


(b)


(a)
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k
E : total energy gain through interfaces for k-phase 


V : volume porosity 
e : internal energy 
e : total energy 


k
g : gravitational acceleration 
I : unit tensor 


k
I :interfacial source term for k-phase 


k
J : flux of k-phase 


T
k k k kρ ψ ′ ′≡J u : turbulent flux 


K : form loss coefficient. 


ik
M : total generalized drag force 


k
M : momentum source of k-phase 


k
M : phase density function 


k
M : interfacial momentum gain due to Γ  


n : unit normal vector of a surface 
p : pressure 


ki
p : interfacial pressure 
q : heat flux 





k
q : body heating of k-phase 


T
k


q : turbulent heat flux of k-phase 


k
R : scalar, vector or tensor 
T : temperature, time 


k
T : stress tensor of k-phase 
V : volume 
u : velocity 
′u : time-fluctuation of velocity 


k
 : void fraction of k-phase 


k
 : diffusivity 


,γ Γ : mass generation rate 


k
 : density of k-phase 


k
T : viscous stress tensor 


ki
T : interfacial shear stress 


T
k


T : turbulent flux 
u : velocity vector 
u : magnitude of velocity 
τ : stress tensor 


k
 : source of k-phase 


k
 : property of extensive characteristics of k-phase 


k
 : time-fluctuation of k-phase 
 
Subscript 


 
i : interface 
k : phase k 
form : form loss 
w : wall 


, , ,g l d v : gas, liquid, droplet and vapor 
 
Superscript 
 
fric : friction loss 


n,n+1: present time and advanced time respectively 
, ,F S T : free, structural and total 


E : face index 
w : wall 
T: transpose operation 
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Appendix-I:   Derivation of internal energy equation 
 


Inserting the energy source term, the total energy equation is written: 


( ) ( )( ) ( )( ) ( )( ) ( )( )
( ) ( ) ( ) ( )


2 2


2


2 2


1 2
I


V V V T V
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I V V V V
k k k k k k k k k ki ki k k i ki ki k


A
V V V T


ki ik k ki ki ki


t e u e u p


V d h u a q p t


W


ε α ρ ε ρ ε α ε αα


α ε α ρ ε Γ ε ε α


ε ε α ε
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′′− − ⋅ ⋅ + ⋅ + + ⋅ − + − ∂ ∂
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u q q I u


q T u A g u u u


u M u


T
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(AI-1) 


Subtracting kinetic energy equation Eq. (11): 


( ) ( )( ) ( )( ) ( )( )
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Simplification yields: 
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where: 
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Appendix-II:   Discretized balance equations 


 
Mass balance equations are written: 


( ) ( ) ( )( ) ( ) ( ) 11 n nn n E E E E E
P g n g n g n g P n


E
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Momentum balance equations are written: 
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Energy balance equations are written: 


( ) ( ) ( )( ) ( )( ) ( ) ( )11 1nn n E E E E E E n n
P g g g g g g g g g g P g g


E


V t e e A e p u V t pε α ρ α ρ ε α ρ ε α α
++ +∆ − + + + ∆ − =∑     


( ) ( ) ( ) ( ) ( ) ( )
* * *


1 1 1 1 1 1
* * * * * *


n n n n n nvl lv vdv v
P lg ll dgs g s l s g


lv vl lv vl dv vd


h p h h p
V c T T c T T c T T


p ph h h h h h
ε + + + + + +


 
 − − − − − − +
 − − − 


 


( ) ( ) ( ) ( )
*


1 1 1 1 1 1
* *


n n n n n n w wdv n n
P dd ln dn lv dv wgs d l g d g


dv vd


h p p
V c T T c T T c T T q q q


p ph h
ε γ γ+ + + + + +


 
 − − + − + − + + +
 − 


 (AII-8) 


where * * * *1 1 1 1
,  


2 2 2 2


w w w w
w w w w w w w wl l d d
lv lv lv vl dv dv dv vdq h h q h h


η η η η
γ γ γ γ


   + − + −
≡ + ≡ +      


   
. 


( ) ( ) ( )( ) ( ) ( ) ( ) ( )


( ) ( ) ( ) ( )


( )


11 1


* *
1 1 1 1


* * * *


1 1


nn n n n E E E E E E
P l l l l l l P l l l l l l


E


n n n n wvl lvv
lg ll lvs g s l


lv vl lv vl
P


n nn
in wl l l d dl g


V t e e V t p A e p u


h p h
c T T c T T q


ph h h h
V


p
c T T q h h


p


ε α ρ α ρ ε α α ε α ρ


γ


ε


θ θ


++ +


+ + + +


+ +


∆ − + ∆ − + + ⋅ =


 
− + − − 


− − 
 
 − − + − + 
 


∑   


 (AII-9) 


( ) ( ) ( )( ) ( ) ( ) ( ) ( ) 11 1 nn n n n E E E E E E
P d d d d d d P d d d d d d


E


V t e e V t p A e p uε α ρ α ρ ε α α ε α ρ
++ +∆ − + ∆ − + + ⋅ =∑     


( ) ( ) ( ) ( )


( )


* *
1 1 1 1


* * * *


1 1


n n n n wvd dvv
dg dd dvs g s d


dv vd dv vd
P


n nn
dn wd l l d dd g


h p h
c T T c T T q


ph h h h
V


p
c T T q h h


p


γ


ε


θ θ


+ + + +


+ +


 
− + − − 


− − 
 
 − − + + − 
 


 (AII-10) 
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Appendix-III: Linearization of temporal terms and source terms of mass/energy balance equations 


 
Linearization of temporal terms and source terms of mass/energy balance equations are done with state equations. Non-


condensable gas mass conservation equation can be written: 


( ) ( ) ( )( ) ( ) ( ) ( )11 1 1 ,
n n


nn n n E E E E E
P n g g n n n g n g g g n g m m P n


E


V t p p T T A u s s Vε ρ α α ρ α ρ ε α ρ ε θ
++ + +∆ ∆ + ∂ ∂ ∆ + ∂ ∂ ∆ = − ⋅ + ≡∑     (AIII-1) 


Vapor mass conservation equation can be written; 


1 1 1 1 1gs l d sTg g gT T T Tn n n n nv v vs s
P mg n mg g mg mg mgl d


n n g


T T
V c p c T c T c T c p


t P P t T t P P
γγ γ γ γα α αρ ρ ρ


ε + + + + +
     ∂ ∂ ∂ ∂ ∂ − ∆ + − ∆ − ∆ − ∆ + − ∆ +      ∆ ∂ ∂ ∆ ∂ ∆ ∂ ∂     


 


( ) ( ) ( )( )11 ,  gs l d


v v


n TT T Tn E E E E E n n n n w wv
P g g v g m m P mg mg mg mg lv dvs g l d


E


V A u s s V c T c T c T c T
t


γγ γ γρ
ε α ε α ρ ε γ γ


++ 
∆ = − ⋅ + ≡ + + + + + ∆ 


∑     (AIII-2) 


Continuous liquid mass conservation equation can be written: 


1 1 1 1 1 1gs l s


n n n ns s
TT T Tn n n n n nl l l l l l


P ml n ml g ml l g d ml
n l


T TV c p c T c T c p
P t T t t t p P


γγ γ γα ρ ρ ρ α ρ
ε α α+ + + + + +


    ∂ ∂∂ ∂
− ∆ − ∆ + − ∆ − ∆ − ∆ + − ∆ =        ∂ ∆ ∂ ∆ ∆ ∆ ∂ ∂    


 


( ) ( ) ( )( )1
,  gs l


l l


n n TT TE E E E E n n n n n
l l l m m P ml ml ml e ds g l


E


A u s s V c T c T c Tγγ γε α ρ ε θ θ
+


− ⋅ + ≡ + + − +∑    (AIII-3) 


Dispersed liquid mass conservation equation can be written: 


1 1 1 1 1gs d s


n n n
TT T Tn n n n nd d d d ds s


P md n md g md d d md
n d


T T
V c p c T c T c p


p t T t t p p
γγ γ γα ρ ρ α ρ


ε α+ + + + +
    ∂ ∂ ∂ ∂
− ∆ − ∆ + − ∆ + ∆ + − ∆ +        ∂ ∆ ∂ ∆ ∆ ∂ ∂    


 


( ) ( ) ( )( )1
,  gs d


d d


n n TT TE E E E E n n n w n n
d d d m m P md md md vd e ds g d


E


A u s s V c T c T c Tγγ γε α ρ ε γ θ θ
+


⋅ = ≡ + + + + −∑    (AIII-4) 


Gas energy conservation equation can be written: 


1sTn n n n n n nv n v s
P g v g n g v eg n


n n n n


TeV e e t c p
p p p p


γρ ρ
ε α α α ρ +


    ∂∂ ∂ ∂
 + + ∆ − ∆ +    ∂ ∂ ∂ ∂   


 


1 1g dT Tn n n n n n n n n nv v n n
P g v g v g n g n eg g eg d


g g g g


e eV e e t c T c T
T T T T


γ γρ ρ
ε α α ρ α α ρ + +


   ∂ ∂ ∂ ∂  + + + ∆ − ∆ − ∆ +    ∂ ∂ ∂ ∂   
 


( )1 1 1l s


n
g gT Tn n n n n n nv v s


P eg l g g v g v eg


e p TeV c T e t c p
p pt p


γ γ
ρ ρ


ε α α α ρ+ + +
 +  ∂ ∂ ∂ − ∆ + ∆ + + ∆ − ∆ =    ∂ ∂∆ ∂   


 


( )( ) ( ) ( )( )1
,  gs l d


g g


n TT T TE E E E E E E E n n n n w w
g v v n n g e e P eg eg eg eg lv dv wgs g l d


E


A e e p u s s V c T c T c T c T q q qγγ γ γε α ρ ρ ε γ γ
+


− + + ⋅ + ≡ + + + + + +∑      (AIII-5) 


Continuous liquid energy conservation equation can be written: 


( ) ( )


1 1 1


1 1 1


gs l


s


TT Tn n n n n n nl ls
el n el g l l l l el l


l ln


P n n n n n n
l l l l Tn n n n n n nl l s


g d l l l l el


T ec p c T e t c T
T Tp


V
e p e p Tee t c p


p pt t p


γγ γ


γ


ρ
α α ρ


ε
ρ ρ ρ


α α α α ρ


+ + +


+ + +


   ∂ ∂ ∂
 − ∆ − ∆ + + ∆ − ∆   ∂ ∂∂   
 


+ +  ∂ ∂ ∂
− ∆ − ∆ + + ∆ − ∆     ∂ ∂∆ ∆ ∂   


 


( ) ( ) ( )( )1
,  gs l


l l


n n TT TE E E E E n E n n n w
l l l l e e P el s el g el l lv wl l l d d


E


A e p u s s V c T c T c T q q h hγγ γε α ρ ε γ θ θ
+


+ + ⋅ = ≡ + + − + − +∑     (AIII-6) 


Dispersed liquid energy conservation equation can be written: 
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( )


1 1 1


1 1


gs d


s


TT Tn n n n n n nd ds
ed n ed g d d d d ed d


d dn


P n n n
d d Tn n n n n nd d s


d d d d d ed


T ec p c T e t c T
T Tp


V
e p Tee t c p


p pt p


γγ γ


γ


ρ
α α ρ


ε
ρ ρ


α α α ρ


+ + +


+ +


   ∂ ∂ ∂
 − ∆ − ∆ + + ∆ − ∆   ∂ ∂∂   


= 
+  ∂ ∂ ∂


+ ∆ + + ∆ − ∆     ∂ ∂∆ ∂     
( ) ( ) ( )( )1


,  gs d


d d


n n TT TE E E E E E n n n w
d d d d e e P ed s ed g ed d dv wd l l d d


E


A e p u s s V c T c T c T q q h hγγ γε α ρ ε γ θ θ
+


− + ⋅ + ≡ + + − + + −∑     
 
(AIII-7) 


Collecting all coefficients one can construct the cell matrix C  as follows: 


0 0 0 0


s


g gn n n
t P t T tn g


veg v Tgveg v p en v
g v Tn geg n pn neg ne Tv gg v pn en
g nt Tg


TT sceg pn


VP P


α αρ ρ ρ


ρ
α


ρ
α


α ρ
ρ


α
ρ


α
α ρ


α ρ


γ


ε


∂ ∂
∆ ∂ ∆ ∂ ∆


 ∂
+   ∂ ∂   +    ∂ ∂   +    ∂ ∂  +    ∂  ∂   + ∂   ∂     ∂   ∂ ∆  ∂   ∂ − ∂ 


≡C


0d l


s


g


gs


n n veg v peg g
en n vpT T g vc c peg eg t


t
TT sceg p


t
T


ceg


n n ded d Td
en n dT TT s d dc c Ted ed dpn


ρ
α


ρ


α ργ γ


γ


γ


ρ
α


γγ α ρ


 
 
 
    ∂   +   ∂  +          ∂         − − ∂   ∆    ∆    ∂   −   ∂  ∆ 
  − 


∂
+


∂


∂∂
− − ∂∂


0 0


0


sd


gs


n n ded dn n ped d
en n n dp d d p


t
tt


TTT scc eded p


n n lel l Tl
en n lT TT s l lc c Tel el lpn


ρ
α


ρ


α ρ


γγ


ρ
α


γγ α ρ


  ∂    +      ∂+               ∂           ∂      ∆    ∆  ∆
   ∂
 − −  ∂   


 ∂
+ 


∂ 
 ∂∂ − −  ∂ ∂


sl


s


n n lel ln n n n pe el l l l
en n n n lp p l l p


t t
tt
TTT scc elel p


g v g v
t P t Tn g


TT scmg Pn


ρ
α


ρ ρ


α ρ


γγ


α ρ α ρ


γ


  ∂   +       ∂+ +        
        ∂              − − ∂   ∆ ∆    ∆  ∆
   ∂
 − −  ∂   


 ∂ ∂ 
 ∆ ∂  ∆ ∂
 


∂ − ∂ 


0


0 0


0


d l


sg


gs


sd


gs


g v
T T v t Pc cmg mg t TT sT cmgcmg P


nn d dd d nT TT t pds t Tc c dmd mdp t Tn TT scc mdmd p


n
l ls TTT tc cml mlPn


α ρ
ργ γ


γγ


α ρα ρ
γ ργ


γγ


α ρ
γγ


   ∂   
   ∆ ∂ − −   ∆ ∂   −  − ∂  


   ∂∂   
 ∂ ∆ ∂ ∆ ∂− −   ∂ ∆ ∂   − −  ∂   


∂
∂ ∆ ∂− −
∂


l s


n
l l


n n t pl lTl
t t sT TTc cml ml P


α ρ
ρ ρ


γ γ


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 




    ∂     ∆ ∂  − −    ∆ ∆  ∂   −  −   ∂  















    (AIII-8) 


 
Appendix-IV:    Cell momentum matrix construction 


 
Linearization of non-conservative form of momentum balance equations is performed. Gas momentum balance equations: 


( ) ( ) ( )
1


1
n n


n n ng g E E E E E E n E E E E E n E E E
P g g g g g g g g g g g


E E E


V p
t


ε α ρ ε α ρ ε α ρ α ε
+


+−
+ ⋅ − ⋅ = −


∆ ∑ ∑ ∑
u u


A u u u A u A  


( ) ( ) ( ) ( )( )1 1 1 1 1 1 1 1 1 1n n n n n n te n n te n n
P g g l g d g n g g lv g dv gwg gl gd l dV f f fε θ α ρ γ γ+ + + + + + + + + ++ − − − − − − + + − + −u u u u u u g u u u u    (AIV-1) 


Liquid momentum balance equations: 


( ) ( ) ( )
1 1n n n n nE E E E E E E E E E E E E El l


P l l l l l l l l l l l
E E E


V p
t


ε α ρ ε α ρ ε α ρ α ε
+ +−


+ ⋅ − ⋅ = −
∆ ∑ ∑ ∑u u


A u u u A u A  
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( ) ( ) ( )( )1 1 1 1 1 1 1n n n n n tc n n
P l l g l l d d l lv gwl gl lV f fε α ρ θ γ+ + + + + + ++ − − − + + − − −u u u g u u u u  (AIV-2) 


Droplet momentum balance equations: 


( ) ( )
1n n n nE E E E E E E E E E Ed d


P d d d d d d d d d d
E E


V
t


ε α ρ ε α ρ ε α ρ
+ −


+ ⋅ − ⋅ =
∆ ∑ ∑u u


A u u u A u  


( ) ( ) ( ) ( )( )1 1 1 1 1 1 1nE E E n n n n tc n n
d P d g d d d d l dv ggd d


E


p V fα ε ε α ρ θ γ
+ + + + + + +− + − − + − − − −∑ A u u g u u u u  (AIV-3) 


Above equations are rearranged to construct momentum cell matrix with following elements. And source terms are also 
collected to yields: 


( ) ( ) ( )1 1 , ,   te te te teP P
g g P gd n lv dv g l lv g d gd dvwg gl gl


g g g g g g


V Vm V f f f m f m f
t


ε ε
ε θ γ γ γ γ


α ρ α ρ α ρ


 
≡ + + + + + + ≡ − + ≡ − +  ∆ 


 


,   
te


gdgl l vet dv
g l P g d P


g g g g g g g g


f f
m V m V


γ γ
ε ε


α ρ α ρ α ρ α ρ
→


   
≡ − + ≡ − +      


   
 


( ) ( ) ( )1 n n ng E E E E E E E E E E E E E E
g P P g g g g g g g g g g


g E E E


V V p
t


ε ε ε ε α ρ ε α ρ α ρ
ρ


 
≡ + − − ⋅ − ⋅  ∆  


∑ ∑ ∑
u


s g A A u u u A u  (AIV-4) 


11,   ,   
tc


gl gl nl vct lv d dwl
l g P l l P l d P d


l l l l l l l l l l l l l l


f ff
m V m V m V


t
γ γ θ θ


ε ε ε
α ρ α ρ α ρ α ρ α ρ α ρ α ρ


+→   
≡ − + ≡ + + + + ≡ −    ∆   


u  


( ) ( ) ( )1 n n nE E E E E E E E E E E E E El
l P P l l l l l l l l l l


l E E E


V V p
t


ε ε ε ε α ρ ε α ρ α ρ
ρ


 
≡ + − − ⋅ − ⋅  ∆  


∑ ∑ ∑u
s g A A u u u A u  (AIV-5) 


1,   ,   
tc


gd gdd vct d d dv
d g P d l P d d P


d d d d d d d d d d d d


f f
m V m V m V


t
γ θ θ γ


ε ε ε
α ρ α ρ α ρ α ρ α ρ α ρ


→   
≡ − + ≡ − ≡ + + +    ∆   


 (AIV-6) 


( ) ( ) ( )1 1 n n nE E E E E E E E E E E E E E
d P P d d d d d d d d d d d


d E E E


V V p
t


ε ε ε ε α ρ ε α ρ α ρ
ρ


 
≡ + − − ⋅ − ⋅  ∆  


∑ ∑ ∑s g u A A u u u A u  


g g gl g d


l g l l l dm


d g d l d d


m m m
m m m
m m m


 
 


≡  
 
 


M   (AIV-7) 
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Abstract – The life-time of RPV, as the most important component of nuclear power plant, 
depends on its resistance against brittle fracture which is influenced by neutron irradiation 
induced damage during operation. Ebrittlement of RPV steel has been attributed to precipitates 
and grain boundary segregation associated with matrix damage. However, the informations about 
microscopic properties of irradiation induced defect - in particular Cu-precipitates, their possible 
interaction with other defects and the full correlation with macroscopic mechanical properties are 
not yet established. The present work takes a place in an extensive study of the embrittlement 
processing which occurs in RPV steels due to the copper precipitation. The effect of Cu-
precipitation in the dislocation dynamics is studied by two relaxation techniques. The results are 
related to the temperature dependent internal friction and magnetic after-effect spectra of pure Fe 
and Fe-Cu alloys, with a variety of Cu-precipitation stages, obtained by both thermal aging and 
neutron irradiation. In both cases, by analysing dislocation-related relaxation processes, we found 
that the copper precipitation is accompanied by carbon redistribution. These results are correlated 
with the results of the mechanical tests on the same samples. In thermally aged alloys the 
hardening regime is governed by an increase of the dislocation density due to the growth of copper 
precipitates, while in the over-aging regime carbon redistribution plays a major role. In neutron 
irradiated samples, the carbon redistribution has shown a strong influence to the yield stress 
behaviour.  


 
 


I. INTRODUCTION 
 
Reactor pressure vessel (RPV) is the most important 


component in a nuclear power plant which is considered to 
be irreplaceable1. This means that if its mechanical 
properties degrade sufficiently, it can be the life-limiting 
factor of the nuclear power plant. The largest attention is 
devoted to the age related degradation of the mechanical 
properties of the RPV steel and in particular the neutron 
irradiation induced embrittlement of the steel. This could 
lead to a fast brittle fracture from a critically-sized crack in 
the RPV steel. Therefore, an RPV structural integrity 
assessment program (surveillance program) and the 
prediction of damage accumulation in time are crucial for 
the safety and management of the power plant in general. 


The RPV steel embrittlement is conventionally 
ascribed to three main causes: the formation of 
precipitates, matrix damage and grain boundary 


segregation (P, S, As, Sn, and Sb)2. Whereas the former 
two also contribute to the hardening, the latter leads to 
intergranular failure and non-hardening embrittlement3. 
Hardening embrittlement is in general caused by obstacles 
in the material that hinder motion of dislocation, whereas 
non-hardening embrittlement is caused by solute atom 
segregation at the grain boundaries that locally decrease 
grain cohesion strength and thus create preferential lines 
along which fracture can develop2. For RPV steels, only 
the two first factors are of importance, because the 
segregation has only a limited effect. The matrix damage is 
produced when neutrons of sufficient energy displace 
lattice atoms that result in displacement cascades which 
produce large numbers of point defects resulting as small 
self-interstitial loops and vacancy clusters (voids). The 
most dominant role on hardening and embrittlement in 
RPV steels is attributed to copper (Cu) rich precipitates, 
which are mostly observed in the welds of RPV2.  
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However, the detailed mechanisms of defects created 
by neutron irradiation are not well understood yet. 
Moreover, the existing informations about their 
microstructure and possible interactions do not provide the 
full explanation of mechanical behavior of RPV steel. 


 
Ia. Cu-precipitation 


 
Cu-precipitation in low-alloy ferritic steels is a very 


complex phenomenon. There is very low solubility of 
copper in iron4, but Cu precipitates are not present in the 
commonly used RPV steels when the vessel is ordered. 
This is due to the fact that Cu precipitation is suppressed 
by the quenching of the RPV steels after the 
homogenization at 700 °C (973 K). Cu is at that moment 
supersaturated in α-Fe. The previous studies showed that 
Cu precipitation was completely absent without irradiation 
after thermal aging for 8 years at 300 °C (573 K), which is 
the operating temperature of reactors5.  However, even 
under low dose-rate neutron irradiation, the growth of 
nano-scale Cu-precipitates is noticed. The precipitation rate 
is very fast in the early stage of the irradiation and it is 
independent of the copper content. It is generally accepted 
that the relation between neutron irradiation and Cu 
precipitation is due to irradiation-enhanced diffusion, i.e. 
due to a super-saturation of vacancies that enhances the 
mobility of the Cu atoms6. 


Current understanding of embrittlement is based on 
the idea that small coherent bcc precipitates are responsible 
for the hardening of the RPV due to their lower shear stress 
modulus compared to that of α-Fe matrix, serving as 
obstacles to dislocation motion7. The result of such effect is 
the increase of yield stress and hardness. Above certain 
neutron fluence, the hardening rate becomes constant, and 
independent of copper content. Therefore, the total 
irradiation-induced hardening can be seen as a linear 
superposition of solute atom precipitation hardening and 
matrix hardening due to point defect clusters, where copper 
plays a role in the very early stage of irradiation, but quite 
rapidly shows a saturation behavior8.  


 
II. MOTIVATION AND AIM OF THE PROJECT 
 
In spite of accumulated experimental data related to 


the microstructural properties of irradiation induced Cu 
precipitates and other defects8, 9, the full correlation with 
macroscopic mechanical properties is not yet established. 
One of the main reasons is a lack of understanding of the 
influence of these defects to the dislocation dynamics. 


The aim of the project is to properly investigate the 
complex interplay between interstitials, precipitates, 
dislocations and other defects, and to correlate these 
interactions with the macroscopic mechanical properties of 
neutron irradiated alloys. Moreover, since thermally aged 
Fe-Cu alloys exhibit Cu-precipitation hardening processes 
similar to the neutron irradiation case, the thermal aging 


can be adequately used to study the embrittlement 
processes due to Cu-precipitation. 


 In order to reveal the mechanisms that could explain 
the interaction of Cu-precipitates with dislocations in iron-
copper based materials, two techniques are used, i.e. one 
based on the mechanical relaxation phenomena - internal 
friction (IF) and one based on the magnetic relaxation 
phenomena - magnetic after-effect (MAE).  
 


III. RELAXATION TECHNIQUES 
 
The IF and MAE are two relaxation techniques, which 


differ in relaxation times. Compared to other methods, both 
techniques have a great advantage to be sensitive not only 
to the mere presence of lattice defects, but to their 
movement as well. Thus in the case of irradiated α-Fe most 
detailed information of all types of participating defects  - 
interstitially dissolved atoms and intrinsic defects, have 
been obtained from IF and MAE measurements10. In 
particular, both methods represent efficient tools to study 
various types of dislocation-related relaxation processes. 
These experiments allow determination of corresponding 
kinetic parameters of dislocation motion, such as 
distribution of the activation energies and the dislocation 
density. The analysis of these parameters as a function of 
neutron irradiation dose, amount of cold work, and thermal 
aging, eventually leading to different precipitate size and 
densities, is expected to provide better understanding of the 
link between microscopic properties of the defects and 
macroscopic mechanical behavior of the RPV steels and 
related materials. 


Both IF and MAE techniques belong to the group of 
non-destructive evaluation (NDE) techniques allowing the 
evaluation of the material performance without damaging 
the samples, or without having impact on its future 
usability. 


Internal friction is based on the interaction between an 
applied mechanical stress field and anisotropic lattice 
distortions caused by interstitial or substitutional atoms and 
other defects. Owing to the stress-induced movement of 
the defects, a phase shift between an applied periodical 
stress and strain occurs which is responsible for a 
dissipation of elastic energy. This energy dissipation leads 
to the phenomenon of internal friction and can be observed 
experimentally as the free decay of an oscillation of the 
specimen, for different values of temperature. Here, the 
relaxation process is analyzed on the basis of Debye 
relaxation expression11: 


 
𝑄−1 ~ ∆ 


𝜔𝜏


1 +(𝜔𝜏) 
 . (1) 


 
where Q-1 is proportional to the ratio of the energy 
dissipated during one cycle to the maximum elastic energy 
stored in the sample. Δ is the relaxation strength, ω – 
resonant frequency and τ the relaxation time of thermally 
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activated process. The relaxation process is described by 
peak which is centered at ωτ = 1 with the height Qmax


-1 = 
Δ/2.   


The magnetic after-effect is based on the interaction 
between the magnetic domain walls and the lattice defects. 
Owing to this interaction, after demagnetization of the 
specimen, the thermally activated movement of defects 
leads to a reduced domain wall mobility and therefore 
leads to a corresponding decrease of initial susceptibility, 
χ. This time-dependent initial susceptibility decrease can 
be experimentally observed for several fixed temperature 
values in a broad temperature range to obtain knowledge 
about the thermally activated relaxations. In the case of 
MAE, the relaxation processes can be described adequately 
in terms of the following Debye-type relaxation function, 
i.e. the relative change of reluctivity, r (r = 1/χ)12: 


 
∆𝑟(𝑇)


𝑟 (𝑇)
=


𝐴(𝑇)


𝑟 (𝑇)
*exp (−


𝑡 


𝜏
) − exp (−


𝑡 


𝜏
)+. (2)  


 
Here, t1 and t2 are the measuring times, while A(T) is the 
temperature-dependent relaxation amplitude. 


In both cases, the relaxation time, τ, is assumed to 
obey the Arrhenius equation11, 12:  


 
𝜏 =  𝜏0 exp (− 


𝐻


𝑘𝑇
). (3) 


 
τ0, H and k, represent a pre-exponential factor, activation 
energy and Boltzmann's constant, respectively. When 
considering a relaxation effect, three quantities are of 
interest11: 1. The relaxation strength, which is determined 
from the peak height; 2. The relaxation time, determined 
from the peak position on the temperature/frequency scale; 
3. The shape of the peak, which is most often described by 
means of the full width at the half maximum (FWHM). 
The peak height is a measure of relaxing units present in 
the specimen, while the FWHM parameter is proportional 
to the distribution of relaxation times, respectively. 


 Finally, if MAE and IF relaxation processes are 
caused by the same type of lattice defects, the 
measurements in both types of experiments should provide 
similar data. 
 


IV. MATERIAL 
 


In order to investigate the Cu-precipitates-dislocation 
interaction we have chosen Fe-based model alloys with 
different Cu contents.   


The Fe-Cu model alloys are prepared by melting an 
ultra-low carbon steel in air followed by adding the 
appropriate amount of pure copper. After cooling down, the 
block was heated up to 1050 °C (1323 K) and cold rolled 
four times. In order to obtain a full solid solution of copper, 
a normalization heat treatment at 850 °C (1123 K) is 
carried out, followed by quenching into iced water13. The 


chemical compositions of the materials used in this study 
are given Table 1. 
 


Table 1. The chemical composition of the materials. 


Material Label Composition in wt. % 
Cu C Add.imp. 


Pure Fe A < 0.005 < 0.003 ~ 1 
Fe-C B 0.015 < 0.005 ~ 1 
Fe-0.1%Cu C 0.11 < 0.005 ~ 1 
Fe-0.3%Cu D 0.315 < 0.005 ~ 1 
Fe-1%Cu  0.95 < 0.005 ~ 1 
 


In supersaturated Fe-Cu model alloy (Fe-1%Cu), Cu-
precipitation is controlled by the thermal aging. On the 
other hand, in the alloys where the Cu content is below the 
solubility limit, Cu-precipitation and diffusion are 
accelerated by neutron irradiation.   


The various stages of copper precipitation are 
achieved by a thermal aging process, which consists of 
time-dependent heat treatments at 500 °C (773 K) in an 
argon atmosphere, and subsequent fast quenching into the 
water. The duration of heat treatments is varied from 0.1 h 
to 480 h. The aging temperature is chosen to achieve the 
peak hardening in a reasonable time (15 h)14 while 
different aging times are chosen to create different 
hardening stages. 


A matrix of examined materials (the so-called REVE 
matrix, i.e. the group of A, B, C, and D alloys) was 
subjected to neutron irradiation. During irradiation, the 
temperature and the pressure were maintained constant at 
about 300 °C (573 K) and 15 MPa, respectively.  All 
materials from the REVE matrix were irradiated to four 
different doses, see Table 2. 
 


Table 2. The programs of REVE matrix irradiation. 
Program Irradiat. time (days) Dose (dpa) 
REVE 1 16 0.190 
REVE 2 8 0.100 
REVE 3 2 0.025 
REVE 4 4 0.050 


   
In this study, the two sets of thermally aged and 


neutron irradiated samples are used. Beside non-deformed, 
the cold-worked neutron irradiated and thermally aged 
samples are tested in order to study dislocation related 
relaxation processes. The cold-worked samples are prior to 
the measurements subjected to a torsional cyclic plastic 
deformation in a consistent way by an angle of π/2 over 
their length of 30 mm at room temperature. This 
corresponds to a local deformation of about 6 % (αR/L). 


 
V. EXPERIMENTS 


 
The experimental device which is used for internal 


friction measurements is based on an inverted torsional 
pendulum11 working at constant frequency of about 1.8 Hz. 
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The IF spectra of thermally aged and neutron irradiated 
samples are measured in the temperature range from 100 K 
to 600 K. In this type of experiment, the specimen has a 
standard size of 1.3 mm × 1.3 mm × 30 mm. From the free 
decay signal, the resonance frequency, ω, and the internal 
friction coefficient, Q-1, are determined. The measurements 
have been performed at strain amplitude of about 10-4, in a 
He atmosphere with a heating rate of about 1.5 K/min, and 
no magnetic field is applied. 


The crucial part of the project was development of 
fully automated MAE setup which enables fast mounting 
and non-contact measurements of irradiated samples15. The 
geometry of sample holder allows the use of the same 
samples as in the case of IF technique which are extracted 
from the broken Charpy specimens. The MAE 
measurements of thermally aged samples are performed in 
the temperature range from 200 K to 500 K, working at 
275 Hz and measuring the time dependence of the 
reciprocal value of initial susceptibility χ, i.e. the initial 
reluctivity, r. Data acquisition of respective susceptibility 
isotherms started at 1 s (t1) after well-defined 
demagnetization of the sample and extended t2 ~ 180 s.


The characteristic stages of Cu-precipitation hardening 
caused by thermal aging are confirmed by Vickers 
hardness measurements, which are performed using a 
Vickers pyramid hardness machine with an applied load of 
5 kg.


In addition, the tensile tests on neutron irradiated 
samples were performed at three different temperatures, -
100 °C (173 K), 24 °C (297 K), and 300 °C (573 K), with a 
constant crosshead speed of 0.1 mm min-1 which 
corresponds to a strain rate of 1.4 · 10-4 s-1. The tensile 
specimens are 24 mm long, with a cylindrical gauge 
section of 2.4 mm in diameter, and 12 mm in length.


VI. RESULTS


The results obtained up to now are related to the 
temperature dependent IF and MAE spectra of non-
deformed and cold-worked samples, of nominally pure Fe 
and Fe-Cu alloys with a variety of copper precipitation 
stages, obtained by both thermal aging and neutron 
irradiation. These results are correlated with the results of 
mechanical tests on the same samples and the influence of 
the copper precipitation and carbon redistribution to the 
hardness and yield stress behavior are estimated. 


VIa. The results of thermally aged samples.


The temperature dependent IF spectra of thermally 
aged, non-deformed and cold-worked Fe-1%Cu samples 
are shown in Figs. 1 and 2, respectively.


Fig. 1. Internal friction spectra as a function of temperature 
of non-deformed, thermally aged Fe-1%Cu samples. The circles 
are the experimental data and full lines are results of the fit, see 
text. Aging times are mentioned in the figure.


The IF spectra of non-deformed samples exhibit a 
single peak, denoted as E1


ND and centered at about 310 K. 
The overall shape, the temperature position, and the full 
width at half maximum (FWHM ≈ 32 K) agree well with 
previous measurements, so the peak is assigned to the 
Snoek-relaxation of carbon interstitials16.


As a consequence of the plastic deformation, the IF 
spectra of cold-worked samples exhibit more complex 
structures, see Fig. 2.
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Fig. 2. Internal friction spectra as a function of temperature 
of cold worked, thermally aged Fe-1%Cu samples. The circles are 
the experimental data and full lines are results of the fit, see text. 
Aging times are mentioned in the figure.


Besides the Snoek-peak (E1
CW), we observed 


dislocation-related relaxation processes as well. The IF 
spectra are analyzed on the basis of Debye's relaxation 
expression and fitted using the Gaussian distribution 
function17.


At short aging times, the IF spectra show the existence 
of two structures. The peak parameters are found to be the 
same as in the case of non-deformed sample (except of the 
peak intensities which are discussed below). The second 
peak is observed at about 500 K and denoted as E3 in Fig. 
2. According to the temperature position of the E3 peak, the 
E3 peak is assigned to the Snoek-Köster (SK) relaxation of 
carbon atoms in the vicinity of moving dislocations18, 19. 
The IF spectra of the samples aged more than 1 h exhibit 
an additional broad structure, denoted as E2, which is 
superimposed to the Snoek-peak. The overall shape of the 
E2 peak, e.g. the temperature position of the maximum and 
FWHM indicate that this mode originates from the thermal 
activation of dislocation motion20, 21. Therefore, in the 
following, this peak will be refereed as cold-work-
dislocation (CWD) peak. Finally, the E4 peak centered at 
about 430 K is observed in the IF spectra of the samples 
which are aged for more than 60 h.


Fig. 3 shows the temperature dependent MAE spectra 
of cold-worked, thermally aged Fe-1%Cu samples. The 
Snoek-peak marked as E1


CW and dislocation related peak-
CWD (E2) are observed. The different temperature position 
of the Snoek-peak observed in MAE (260 K) and IF (310 
K) experiments is a consequence of the specific gap 


between the relaxation times of this process, i.e. τMAE/τIF ≥ 
20010.


Fig. 3. Magnetic after-effect spectra as a function of 
temperature of cold-worked (CW), thermally aged Fe-1%Cu 
samples. The circles are the experimental data and full lines are 
results of the fit, see text. Aging times are mentioned in the 
figure.


However, the SK peak, which is observed in IF spectra 
of cold-worked samples, do not appears in MAE. This is a 
consequence of the temperature range in which the MAE 
experiment was performed (from 200 K to 500 K), since 
the previous investigations have shown the presence of 
SK-peak in MAE spectra at 625 K22. 


By increasing the aging time, the main change in all 
spectra is observed in the behavior of peak intensities. The 
integrated intensities of peaks observed in the IF and MAE 
spectra of non-deformed (ND) and cold-worked (CW) 
thermally aged samples are presented in Fig. 4 as a 
function of the aging time. Their behavior is compared 
with Vickers hardness measurements which are plotted in 
Fig. 4a.


2788







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11483


Fig. 4. The Vickers hardness (a); the integrated intensities of 
the Snoek peaks observed in IF (b) and MAE (c) spectra; the 
CWD- and the SK-peaks observed in IF (d), and the CWD peak 
observed in MAE spectra (e) as a function of the aging time.


The Vickers hardness exhibits typical hardening-
softening behavior by increasing the aging time in very 
good agreement with previous measurements23. In both IF 
and MAE spectra, the E2 peak position shifts from 290 K 
in the sample aged for 3 h up to 330 K in the sample aged 
for 480 h. However, it is important to note that this peak 
overlaps with the Snoek-peak, which brings uncertainties 
in the CWD-peak positions. Because of that, in the 
following we focus only to the peak intensities. The 
integrated intensities of the Snoek-peak, obtained from the 
IF and MAE spectra in both non-deformed and deformed 
samples, are presented in Fig. 4b and c, respectively. The 
integrated intensities of the SK- and CWD-peaks observed 
in IF, are shown in Fig. 4d, and the intensity behavior of 
the E2 peak from MAE spectra is presented in Fig. 4e.


The growth of Cu precipitates strongly affects all 
relaxation processes. In the case of IF spectra of non-
deformed samples, the Snoek-peak intensity exhibits a 
non-monotonic change at the aging time of about 1 h, then 
a strong decrease in the peak hardening regime and the 
disappearance at high aging times. Similar behavior of the 
Snoek-peak intensity in cold-worked samples is also 
observed, see Fig. 4b. A decrease of the carbon signal by 
increasing the aging time is in agreement with previous 
observations24. In both experiments, the integrated 


intensities of the Snoek-peak in the cold-worked samples 
are situated below the curve of non-deformed samples, 
since certain amount of carbon is segregated at dislocations 
during cold-work, causing the redistribution of the carbon-
related peak intensities. As shown in IF, the carbon 
segregation at dislocations in cold-work samples causes an 
increase of the SK-peak intensity at the expense of the 
Snoek-peak intensity. Interestingly, the largest difference 
between non-deformed and cold-worked Snoek-peaks is 
observed around the peak hardening (15 h), see Fig.  4b. 
Since the peak hardening is usually associated to the 
existence of maximum dislocation density as a 
consequence of strong dislocation pinning by the 
precipitates, the largest carbon segregation to dislocations 
is expected at the peak hardening, as indeed observed, see 
Fig. 4b. Moreover, the complete disappearance of the 
Snoek-peaks indicates that free carbon has been removed 
from the iron lattice as a result of copper precipitation. 
However, for very short aging times (up to 1 h), the peak 
intensity shows different behavior, see Figs. 4b and c. This 
is a consequence of the structure of material that is taking 
into account during the measurements. Namely, the MAE 
is based on the interaction between the magnetic domain 
walls and the lattice defects, while in IF the relaxation 
processes are observed in a whole structure11, 25. 


However, the behavior of CWD-peak intensity (E2-
peak), Figs. 4d, e, does not show the existence of a 
maximum at 15 h, as one would expect according to both 
softening mechanisms (loss of coherency and Orowan 
mechanism)26. On the contrary, the CWD-peak exhibits a 
gradual increase reaching a plateau at about 15 h, and a 
strong increase at high aging times, which can be 
correlated with the Snoek-peak disappearance, see Fig. 4b 
and c. The reason for this is the fact that the CWD-peak 
intensity does not reflect the total dislocation density 
created by the cold-work, since the contribution of the SK-
relaxation to the dislocation density is not taken into 
account. This fact indicates that, besides the dislocation-
precipitate interaction, a large contribution to the alloy 
softening may originate from the carbon redistribution. 
Additional argument in favor of this scenario comes from 
the SK-peak intensity behavior, observed in IF spectra see 
Fig. 4d. The SK-peak intensity follows the behavior of 
CWD-peak intensity at low aging times due to dislocation 
density increase and since the carbon redistribution is still 
not pronounced. At high aging times the decrease of SK-
peak intensity correlates with a decrease of the Snoek-peak 
intensity, due to removal of carbon from the lattice.


The mechanism responsible for the appearance of E4-
peak, observed in IF spectra is not yet elucidated. The 
appearance of this mode clearly correlates with the 
disappearance of free carbon signal. We believe that the E4 
could originate from the relaxation process which 
incorporates the segregated carbon (at precipitates or grain 
boundaries). But the questions related to these issues are 
the subject of ongoing research.


2789







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11483


VIb. The results of neutron irradiated samples.  


The yield stress values as a function of dose, obtained 
by measurements of neutron irradiated A, C and D samples 
at three different temperatures are shown in Fig. 5. The 
values correspond to the lower yield point. 


Fig. 5. The yield stress as a function of dose in Fe, Fe-
0.1%Cu, and Fe-0.3%Cu, measured at different temperatures.


The main observations are the following. (a) All 
irradiated samples exhibit higher yield stress values with 
respect to the non-irradiated alloys. (b) In all alloys and at 
all doses, the yield stress values increase by decreasing the 
temperature. (c) The change of the yield stress as a 
function of dose is strongly dependent on temperature, and 
it is the largest for the test performed at -100 °C (173 K). 
(d) In Fe-0.1%Cu, and Fe-0.3%Cu alloys the step-like 
change of the yield stress is observed between 0.05 dpa 
and 0.1 dpa for the tests performed at room temperature 
and -100 °C (173 K). This effect is not observed in pure Fe 
and for the tensile tests performed at 300 °C (573 K).


The increase of the yield stress by decreasing the 
temperature is well known effect of the Peierls barrier to 
dislocation motion27. In the following, it will be argued that 
observations (c), and (d) can be ascribed to the carbon 
influence.


Additional evidence of dislocation-carbon interaction 
in these alloys comes from the IF experiment. The IF 
spectra of Fe-0.1%Cu  are shown in Fig. 6.


Fig. 6. The internal friction spectra as a function of the 
temperature of plastically deformed and neutron irradiated Fe-
0.1%Cu samples.


 The 330 K peak originates from the thermal activation 
of dislocation motion (CWD)20, while the 500 K peak 
corresponds to the Snoek-Köster-relaxation (SK)18. By 
increasing dose, the SK-peak intensity exhibits first 
increase and then decrease, see Figs. 6 and 7.


Fig. 7. The integrated intensity of the Snoek-Köster-peak as 
a function of dose in Fe, Fe-0.1%Cu, and Fe-0.3%Cu alloys.
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The increase is mainly related to early irradiation stage, 
e.g. there is a large intensity increase from non-irradiated 
to irradiated conditions, while the decrease is observed in 
the samples irradiated to 0.1 dpa and 0.19 dpa. Since the 
SK-relaxation corresponds to joint thermally-activated 
motion of carbon atoms and dislocations, the SK-peak 
intensity change can be associated to the existence of 
carbon redistribution caused by neutron irradiation28.


Let's now analyze the yield stress data obtained from 
the tensile tests performed at high temperature, i.e. at 300 
°C (573 K), see Fig. 5. This temperature is above the 
activation temperature of the SK-relaxation process, so the 
influence of the carbon to the dislocation motion is 
expected to be largely diminished. At 300 °C (573 K) the 
dislocations should be mainly free from the carbon 
interstitials, so the yield stress behavior should not be 
influenced by the carbon redistribution. Indeed, the 
behavior of the yield stress as a function of dose at 300 °C 
(573 K) is completely different in comparison with lower 
temperatures, as the dose-dependent step-like changes in 
the yield stress are fully suppressed. On the basis of this 
fact, and from the fact that step-like changes are not 
observed in pure Fe, it can be concluded that the yield 
stress behavior at room temperature and at -100 °C (173 K) 
is influenced by the carbon redistribution, governed by the 
copper precipitation.


The results of the tensile tests and IF experiments 
suggest that copper precipitation strongly enhances the 
carbon flux. Since the largest carbon redistribution is 
observed in Fe-0.1%Cu (largest step-like change), it means 
that the copper precipitation process is still under progress 
in this alloy. The additional confirmation comes from the 
relative change of the yield stress, Δσ (300 °C) = σ (300 
°C) – σnon-irradiated (300 °C), which is plot as a function of 
dose for all three materials in Figure 8. 


Fig. 8. The relative change of the yield stress as a function of 
dose in Fe, Fe-0.1%Cu, and Fe-0.3%Cu measured at 300 °C (573 
K).


At 300 °C (573 K), the contribution of copper precipitation 
to the hardening is fully reveled, since the carbon influence 
is diminished. The increase of the yield stress is clearly 
observed up to the highest dose in Fe-0.1%Cu, indicating 
that saturation behavior is not yet reached in this material. 
On the contrary, in Fe-0.3%Cu it is found that the 
saturation hardening due to copper precipitation is almost 
reached, in a full agreement with previous discussions.


VII. CONCLUSIONS


Internal friction, Magnetic After-Effect measurements 
and mechanical tests of pure Fe and Fe-Cu alloys are 
performed in order to study the effects of copper 
precipitation to the dislocation dynamics. The conclusions 
obtained from the measurements of thermally aged and 
neutron irradiated samples are as follows:


1) By analyzing the peak intensity changes as a 
function of the aging time of thermally aged samples, we 
found that the growth of copper precipitates strongly 
affects all relaxation processes in the temperature 
dependent internal friction spectra. The hardening regime 
in these alloys is governed by an increase of the dislocation 
density due to the growth of copper precipitates. In the 
softening regime the main effect is the CWD-peak-
intensity increase which results from the removal of carbon 
in the lattice. As a consequence, the Snoek-Köster peak 
(observed in IF spectra) intensity exhibits similar 
dependence as a function of the aging time as the Vickers 
hardness, indicating that carbon redistribution plays a 
major role in the alloy softening at later precipitation 
stages.


2) The results of neutron irradiated samples have 
shown that the copper precipitation, governed by the 
neutron irradiation, also causes the appearance of carbon 
redistribution. From the comparison of the yield stress 
changes under neutron irradiation and at different 
temperatures, the carbon contribution to the hardening is 
estimated. At elevated temperatures i.e. above the 
activation temperature of the Snoek-Köster relaxation 
process (300°C) the yield stress behavior is found not to be 
influenced by the carbon redistribution.


3) To conclude, the appearance of carbon 
redistribution, caused by the growth of Cu-precipitates and 
its influence to the hardening, observed in thermally aged 
and neutron irradiated Fe-Cu alloys, could be an important 
issue relevant for understanding of RPV steel hardening 
and embrittlement due to high carbon concentrations in 
these materials.
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NOMENCLATURE 
 
α-Fe – ferrite 
Δ – relaxation strength 
τ – relaxation time 
τ0 – pre-expenential factor 
χ – magnetic susceptibility 
ω – resonant frequency 
A(T) – temperature dependent relaxation amplitude 
As – arsenic 
bcc – body centrum cubic 
Cu – copper 
CWD – cold-work-dislocation 
E1 – Snoek peak 
E2 – Snoek-Köster (SK) peak 
E3 – cold-work-dislocation (CWD) peak 
Fe – iron 
FWHM - the full width at the half maximum 
H – activation energy (enthalpy) 
IF – internal friction 
k – bolzmann's constant 
MAE – magnetic after-effect 
P – phosphorus 
Q-1 – internal friction coefficient 
r – reluctivity 
RPV – reactor pressure vessel 
S – sulfur 
Sb – antimony 
SK – Snoek-Köster 
Sn – tin 
T - temperature 
t – time 
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Abstract – SFR safety has been the main topic from the beginning of developments.  This paper 
reviews historical progresses related to SFR safety, and makes proposals on safety principles and 
safety approaches to be built into future SFR systems.   


Safety principles shall be based on the Defense-in-Depth [DiD] philosophy with appropriate 
consideration of SFR characteristics as a fast reactor.  Comprehensive considerations should be 
applied to SFR safety event identification and categorization, and a set of event lists of Design-
Basis-Event [DBE], Design Extension Condition [DEC], and exclusive events are proposed. As for 
safety assessment, deterministic analysis with sufficient margins to criteria and conservative 
evaluation model is to be applied to DBE, whereas the assessment for the DEC is to be based on 
deterministic analysis with best-estimations by using realistic assumptions and criteria. The 
probabilistic approach should be supplementary utilized to support (or enforce) the deterministic 
one. 


Such that fast reactor core configuration is not set on the maximum reactivity conditions, the 
most important key point of the SFR safety is how to manage the core disputative accident [CDA] 
in the safety approaches even if the occurrence frequency of these events is very low and 
categorized in DiD level 4 – the prevention and mitigation features and systems should be built 
into the future SFR because the CDA consequences excessively enlarged with increasing reactor 
core power range, and it should be assessed to confirm that there is no “cliff-edge” just near the 
design range The future SFR systems with increased power outputs should possess innovative and 
comprehensive safety features and designs against the CDA in DiD level 4.   


 
 


I. INTRODUCTION 
 
Sodium-cooled Fast Reactors has been developed and 


utilized worldwide by more than 20 reactors for around 
400 reactor-years since ca. 1950.   Many of them are test, 
prototype, or demonstration reactors, and have been 
utilized mainly for scientific and engineering R&D to 
ensure SFR deployments as for a solution for future 
electricity demand.  At the same time, safety has been, and 
also will be, the main concern from the beginning of the 
nuclear industry regardless of nuclear power plant types.  
Each nuclear power plant has specific safety features and 
concerns; and especial concern on the SFR is probably 
based on its fundamental characteristics as a fast reactor. 


From the present technical perspectives, SFR reactor 
and related fuel cycle technology are well matured for 
widely utilizations.  SFR has been selected as a promising 
concept in the Generation-IV International Forum [GIF]1; 


because SFR meets multi-mission requirements as a future 
nuclear reactor for these reasons: 


 U/Pu utilization and MA transmutation by fast 
neutron features, and 


 Energy resources adjust to considerably rapid 
increasing worldwide energy demands on a 
global basis. 


On the other hand, it has been pointed out that further 
investigations are necessary to demonstrate economical 
competitiveness in relation to LWRs and other power 
resources with confirming enhanced safety features. 


The rational approach for balancing economical and 
safety features can be found and should be based on SFR 
key features.  Advantages of SFR are: 


 sodium heat-transport characteristics can achieve 
high core power density and efficient natural 
circulation decay heat removal,  
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 large thermal inertia and large margin until 
boiling leads long grace-period during 
accident/transient, 


 low pressure system realizes inherent retention 
capability to maintain reactor coolant without 
Loss-Of-Coolant-Accident condition, 


 middle-to-high range coolant temperature system 
leads high thermodynamic efficiency whereas 
structural design for high temperature is to be 
incorporated, and 


 non-oxidation condition is favorable for 
structural material alloys. 


Challenges recognized are: 
 chemical activity of sodium may lead fire or 


sodium-water reaction accident,  
 void reactivity will be positive in large-size core, 


and balancing safety-related dynamic parameters 
(e.g. reactivity coefficients, Doppler coefficient, 
void reactivity…) is necessary to be well 
examined in core and safety designs, and 


 re-criticality matter due to non-maximized 
reactivity core configuration may cause as an 
initiator of core disruptive accident [CDA]2,3 with 
resulting large mechanical energy release 
situation in CDA sequences. 


Especially, re-criticality matter in CDA sequence has 
been a major safety concern from the beginning of 
development history of SFR, and finding out the final 
solution of this matter will be a key for future SFR 
utilization4. 


 
II. HISTORICAL OVERVIEW ON PROGRESS IN 


SFR SAFETY APPROACH  
 
Based on safety concerns related to the CDA, SFR 


safety approach and safety assessment have been 
developed and progressed.  In early decades (before ca. 
1970), they were based on phenomenological ones: Bethe-
Tait model in 1956 was applied to the CDA assessment5.  
In the next of 1970s-80s, safety approach for SFR was 
based on Defence-in-Depth [DiD] principles6 including 
SFR characteristics appropriately. A mechanistic approach 
has been used for the CDA assessment.  Namely, reactors 
and systems were designed to decrease a frequency of 
CDA occurrence; in addition, mechanical energy release 
via re-criticality was assessed by assuming hypothetical 
CDA condition, in order to evaluate structural response of 
a reactor vessel [RV], to confirm containment vessel [CV] 
integrities against the mechanical energy, and to evaluate 
confinement capability against radioactive material 
releases with including subsequent sodium fire.  In and 
around ‘90s, innovative ideas and concepts against or to 
manage CDA were developed as safety approach, and were 
added to SFR designs.  For instance, the following devices 
or systems were proposed: 


 Passive featured shutdown or reactivity reduction 
systems, such as Self-Actuated Shutdown System 
[SASS]7 using Curie point magnet, Hydraulically 
Suspended Rod8, and Gas Expansion Module9 
and  


 Natural circulation decay heat removal systems, 
such as so-called Reactor Auxiliary Cooling 
System [RACS]10 where simplified loop 
configuration with sufficient elevation without 
active pump or blower. 


Some of these systems passed through conceptual design 
stage into elemental or functional experiment stage, and 
some went further into demonstrations by out-of-pile 
and/or in-pile tests – key technologies on these 
passive/natural-circulation safety systems were progressed 
in/around ‘90s. 


Inherent reactivity feedbacks have important role in 
transient behavior.  In addition to general reactivity 
coefficients (e.g. Doppler and sodium void reactivity), 
negative feedback effects especially of fast reactor fuel and 
core (e.g. axial fuel expansion, radial core expansion, 
control rod driveline expansion) were experimentally 
confirmed through simulated Anticipated Transient 
Without SCRAM [ATWS] tests in RAPSODIE (1983), 
EBR-II (‘80s), and FFTF (1986)11.  The details of 
isothermal reactivity elements (e.g. fuel pellet, cladding, 
wrapper tube, core support plate expansions) and reactivity 
variances (e.g. hydraulic effect on core support plate) were 
experimentally measured in JOYO (1997, 2002)12,13.  In 
general point of view, the inherent reactivity varies 
depending on system size, design features, and fuel type, 
so ATWS behavior largely depends on SFR 
fuel/core/system designs. 


CDA assessments itself has been developed and 
improved based on step-by-step knowledge-oriented 
approach.  Figure 1 shows work energy (unit in MJ) 
released during the sequence of CDA per reactor thermal 
power at operation (in MW), which was evaluated by the 
CDA analysis methods/or/codes.  The evaluation methods 
noted in Figure 1 are: 


 In the early time, threshold-type evaluation using 
Bethe-Tait model, 


 In the middle time, isentropic fuel-vapor 
expansion analyses using two limiting boundary 
conditions – one is until 1 bar and the other is 
until liquid sodium-slug impacting against 
primary boundary. 


It should be noted that knowledge on fundamental 
phenomena during CDA consequences have become 
understood over these time-range, and more realistic and 
not too much conservative CDA analyses could become to 
be performed.  Namely, additional knowledge on CDA 
leads more improved models and conditions, and these are 
enhanced into CDA assessments such as SAS and 
SIMMER.  As a result, the evaluated work energy 
decreased in large scale; for example, revised evaluated 
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work energy on Fermi reactor decreased around 1/5 from 
the previous one (10  2 MJ/MW), and that of Monju 
reactor decreased around 1/4 (0.2-0.8  0.05-0.2 MJ/MW). 


Those improvement efforts in phenomenological 
knowledge, assessment methods, and safety system and 
devices made significantly improvements in safety aspects 
of the SFR, although the CDA still has to be considered to 
some extent when proceeding to commercial size reactor as 
a next generation SFR, because larger-output reactor core 
(in MW) may lead larger work energy (in MJ)  resulting in 
significant mechanical energy release via re-criticality, 
which will demand much more excessive requirements on 
RV and CV designs, and thus economical advantages will 
be diminished. 


 
III. SAFETY EVENT CATEGORIZATION WITH 


DID & FREQUENCY-CONSEQUENCE, AND SAFETY 
EVENT CATEGORIZATION & INITIATORS 


 
III.A. Relationship among DiD Levels and Occurrence 


Frequency 
 


Safety principles shall be based on the DiD philosophy 
with appropriate consideration of SFR characteristics as a 
fast reactor, and the DiD philosophy should be continued to 
be replied on the future SFR system.  The DiD levels are 
fundamentally classified into five levels, and there are two 
categories for Design Basis Event [DBE] with relation to 
the DiD levels 2 and 3: 


 Abnormal Transients which lead abnormal 
conditions due to anticipated failure or 
malfunction of a single component or a single 
erroneous operation, and 


 Accidents which are unlikely events leading to 
release of radioactive materials outside the 
facility.   


The Design Extension Condition [DEC] with relation to 
the DiD level 4 are more unlikely than DBE, and some 
events/conditions are more severe than DBE.   


The key point for advanced SFR safety are how to 
treat the level 4 and 5 – proposals for next generation SFR 
system are: 


 The DiD level 4 should be treated and considered 
in the SFR designs, and system/device/function 
in additional to the Line-of-Protection [LoP] for 
Levels 1-3 should enforce the LoP of the DiD 
level 4 in order to reduce (or eliminate) technical 
needs for off-site emergency response which is 
categorized as DID level 5. 


 In order to enforce the Level 4 LoP, not only 
more enlarging and ensuring safety system 
functions, but also realizing ‘built-in’ additional 
system/device/function. 


 Effect of LoP level 4 should be assessed from the 
view point of reducing frequency and/or 
consequence of some special safety event for 


reducing safety event consequence increased 
with enlarged reactor core size as commercial 
size SFR.  Namely, there would be critical 
conditions over which CDA consequences 
become catastrophic – we call this hypothetic 
boundary ‘cliff edge’ – and these special CDA 
should be reconducted by some countermeasures 
against CDA for prevention and/or mitigation. 


The classification philosophy for DBE/DEC, CDA 
conditions, and cliff edge boundary can be imaged with 
overlapping on a well know chart: Frequency-Consequence 
curve14 as shown in Fig. 2.   


With relation to DiD level of DBE, the followings are 
the proposals on occurrence frequency as for advanced 
SFR safety levels:  above 10-2 per reactor-year [/ry] for 
DiD level 1 corresponds to anticipated operational 
occurrences [AOO], around 10-2 to 10-4/ry for DiD level 2 
to accident, and around 10-4 to 10-6/ry for DiD level 3 to 
unlikely (rare) accident.  For DEC, DiD level 4 is a key 
point of our proposal as mentioned above.  The occurrence 
frequency of this level is around 10-6 to 10-8/ry, that means 
the events of this level is on extended conditions (or, 
excluded situations) from the boundary of DBE, and these 
conditions/events are almost impossible and in posse from 
technical point of view, whereas historical recognition 
recalled that, once happened, CDA sequence might lead 
significant results.  The DiD level 5 shall be practically 
eliminated from all type of nuclear power plant designs, 
and the occurrence frequency of these events will be at 
most around 10-8 /ry. 


 
III.B. Safety Event Categorization and Initiator 


Identification 
 
Categorization of safety evaluation events are 


basically performed in comprehensive, and identifying 
representative events are to be with rational manner.  The 
DBE is transient and accident, and postulated initiating 
events are malfunction in plant system, component, or 
control, and those are to be identified comprehensively, too.  
Points for identification are: 


 Transient-Over-Power [TOP] 
 e.g. Control Rod withdrawal,  


 Loss-Of-Flow [LOF] events 
 e.g. Primary pump seizure,  


 External initiator events, 
 e.g. Loss-of-Offsite Power,  and 


 SSC [structure, system, or component] 
malfunctions or failures 
 e.g. Primary sodium leakage. 


The initiators of Loss-Of-Heat-Sink [LOHS] are loss or 
decrease in heat transport from reactor core to ultimate heat 
sink; for instance, LOF or malfunction in secondary or 
water-steam loop due to pump failure, leakage from piping, 
or valve malfunction.  These events are categorized in LOF 
or flow-induced events. The DEC is hypothetical situations 
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beyond the border with DBE; then representatives are to be 
identified from typical events based on probability with 
considering impact.  Typical events are:  


 ATWS: i.e. 
 Unprotected Transient Over Power [UTOP], 
 Unprotected Loss of Flow [ULOF], and 
 Unprotected Loss of Heat Sink [ULOHS],  


and 
 Local Faults. 
Events/conditions rarer than DEC should be 


practically excluded by reasonable perspectives, for 
example: 


 Double/Triple/Quadplex/…/multiple boundary 
break, because multiple failure of highly reliable 
component is quite rare and practically 
eliminated with negligible occurrence frequency, 
and the initiating conditions are prevented by In-
Service Inspection and continuous monitoring as 
a part of Leak-Before-Break approach, and 


 Loss Of Reactor coolant Level [LORL], because 
the RV and primary piping have double 
boundary by the guard vessel and guard pipes, 
respectively.  In addition, rational altitudinal 
configuration of reactor core, piping, and heat 
exchangers prevent extremely loss of coolant 
leading incapability of all the heat transportation 
system including the DHRS. 


The occurrence frequency of such events/conditions which 
cannot be mitigated must be in practically excluded ones.  
Note that the probabilities of DEC and practically 
eliminated events mentioned above depend on the SFR 
designs – reasonable implementations (e.g. component & 
system designs, inherent features...) must be included for 
reducing the occurrence frequency below the DEC. 


Examples of DBE/DEC/Excluded events are listed in 
Table I as proposals for next generation SFR system.  The 
AOO and accident includes TOP (or reactivity-induced), 
LOF (or flow-induced), external, and SSC malfunction or 
failure type events.  As unlikely accidents, loss of primary 
reactor shutdown function and station blackout are to be 
selected.  ATWS, loss of pipe integrity, and local faults are 
identified to be DEC, and especially from the historical and 
deductive considerations on fundamental features of the 
SFR as fast reactor, ULOF might be selected as the 
representative of ATWS for additionally assessing a priori, 
even if it would be identified to be eliminated from the 
assessment list in some future. 


 
IV. SAFETY STRATEGIES WITH RELATION TO 


FUNDAMENTAL SAFETY FUNCTIONS INCLUDING 
SAFETY ASSESSMENTS 


 
IV.A. Safety Strategy and Safety Assessment 


 
Safety strategies related to DiD levels, safety event 


categories, and fundamental safety functions are 


summarized in Table II as a proposal for future SFR 
systems.  As for provisions to DBE: 
Operation/Transient/Accident (DiD Levels 1 to 3), key 
safety strategies are basically prevention, detection, and 
control of non-normal conditions.  Basic safety functions 
to be relied on are: 


 Reactivity control & Reactor Shutdown,  
 Decay Heat Removal, and 
 Containment of Radioactive Materials. 


It is reasonable to apply conventional and well-experienced 
safety systems such as active shutdown system, with 
redundancy and independency by utilizing main and 
backup control rod systems.  Safety assessment is basically 
to be conducted by deterministic & phenomenological 
analysis for licensing, with sufficient margins to safety 
criteria of structure, system, and components.  
Conservative evaluation model & criteria are to be selected 
on:  


 Neutronics parameters 
 e.g. reactivity coefficients, 


 Thermal-Hydraulic correlations 
 e.g. flow splitting, 


 Structural Material correlations 
 e.g. creep strength, 


 Component mechanisms 
 e.g. detection decay, lag time for valve 


opening, 
Provisions for DEC, DiD Level 4, fundamental safety 


strategy should: 
 Prevent progression of accidental conditions, 
 Mitigate postulated severe accident within plant, 


and 
 Eliminate needs for offsite emergency response. 


Safety Functions are:  
 Passive safety on shutdown & cooling for CDA 


Prevention,  
 Design measures for CDA Mitigation,  
 Accident Management, and 
 Containment of Radioactive Materials. 


Safety assessment is to be based on deterministic analysis 
by using best-estimate evaluation models with realistic 
assumptions and criteria. 


 
IV.B. CDA Assessments and Countermeasures  


built into SFR Safety-related Designs 
 
In the history of SFR development, the CDA has been 


assessed in deterministic in licensing, even though the 
probability of CDA is low enough and it can be classified 
as DEC. The conventional approach to CDA assessment is 
to evaluate energy release by re-criticality and to confirm 
integrity of structure response of reactor vessel and 
containment vessel as shown in Fig. 3.  The desired CDA 
event progression for SFR in commercialization era is to 
pass through early fuel-discharge phase instead of re-
criticality or structure response phases, and some 
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countermeasures against CDA should be built into SFR 
designs, because the SFR with larger output will be 
achieved with larger core; which will lead larger 
mechanical energy in CDA sequence. In particular, re-
criticality free concept15 is one of the countermeasures 
against CDA where prevention and mitigation features and 
built-in design/devices are used in combination as shown 
in Fig. 4: 


 Just after initiation phase, passive safety featured 
shutdown system & decay heat removal system 
are applied for CDA prevention, 


 During the initiating phase, core and fuel 
characteristics, e.g. sodium void reactivity and 
fuel pellet power rate, are accommodated in core 
and fuel designs for preventing prompt criticality 
caused by coolant boiling, 


 During the early-discharge phase, mechanism of 
early molten fuel discharge works for preventing 
severe re-criticality caused by large molten-fuel 
compaction, and 


 During the material relocation & decay heat 
removal phases, molten fuel cooling in RV is 
performed by residual sodium core catcher for 
ensuring stable long-term cooling of debris by 
natural circulation. 


 
For example, design measures to achieve In-Vessel 


Retention [IVR] against CDA are applied in the JSFR: 
 SASS: 


 Is as 3rd shutdown system, with applying 
robust core support structure, 


 Natural Circulation DHRS: 
 Employs sufficient core flow for cooling to 


prevent fuel failures 
 Accommodation of Core Design 


 i.e., Sodium void worth, Active Core Height, 
and so on 


 FAIDUS [Fuel Assembly with Inner Duct 
Structure]: 
 Is for enhancing early fuel discharge, and 


not to leading to whole core pool, and 
 In-vessel Core Catcher: 


 Is for quenching molten fuel in the sodium 
pool, and for long term stable cooling of 
debris at the multi-layer core catcher. 


The effectiveness of this concept and certification of each 
design measures via experiments are presented in the 
technical papers, whereas some additional experiments for 
confirmations are necessary for licensing of the 
demonstration JSFR which will be started ca. 2018. 


 
VII. CONCLUSIONS 


 
Advanced safety strategy with relation to safety 


functions based on the DiD concept shall be applied to the 
safety design of advanced SFR.  Safety level can be further 


improved especially by enhancing prevention and 
mitigation features with more emphasis on passive safety 
featured systems. CDA shall be excluded from DBE by 
means of prevention, detection, and control of accident. 
Toward a commercialization of SFR, not only the 
prevention, but also the mitigation of the typical severe 
core damage is necessary to be enhanced. In particular, the 
safety approach with elimination of severe re-criticality is 
highly recommended and will contribute to establish public 
acceptance of the SFR. 
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NOMENCLATURE 
 
AOO: Anticipated operational occurrences 
ATWS: Anticipated Transient Without SCRAM 
CDA: Core disruptive accident 
CV: containment vessel 
DBE: Design Basis Event 
DEC: Design Extension Condition 
DHRS: Decay Heat Removal Systems 
DiD: Defence-in-Depth 
FAIDUS: Fuel Assembly with Inner Duct Structure 
GIF: Generation-IV International Forum 
IVR: In-Vessel Retention  
LOF: Loss-Of-Flow 
LoP: Line-of-Protection 
RV: reactor vessel 
SASS: Self-Actuated Shutdown System 
TOP: Transient-Over-Power 
ULOF: Unprotected Loss of Flow 
ULOHS: Unprotected Loss of Heat Sink 
UTOP: Unprotected Transient Over Power 
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Fig. 2. Frequency-Consequence Map with DiD Levels, Occurrence 
Frequency, Event categorization, and Safety Events 


Fig. 1. Reductions of Work Energy Releases in CDA Consequences 
 (assessed values) 
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Fig. 3. Conventional and Desired CDA Event Propagations of SFR 


Fig. 4. Advanced Approaches for Prevention and Mitigation of CDA 
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Abstract – The V.A. Trapeznikov instate of Control Sciences (ICS) is the head institution of the 
Russian Academy of Sciences (RAS) in the branch of automated control systems. It is going in 
scientific researches, development works, and putting in operation of specific system in various 
branches of industry. The paper is devoted to a survey of the ICS RAS activity in the branch of the 
NPP APCS (automated process control systems of nuclear power plants). 
Information on projects, products, and services provided by the ICS RAS is presented. Main 
features of the strategy of maintenance and progress of software which the ICS RAS applies for 
NPP APCS integration are formulated and discussed. Structural scheme of the APCS of the 
“Kudankulam” NPP with the VVER-1000 reactor (project AES 92) is presented, which is built by 
the “Atomstroyexport” Co. Ltd in accordance to the order of the NUCLEAR POWER 
CORPORATION OF INDIA LIMITED: a survey of main functions, solutions on the HMI. 
Reliability assurance, capacity, safety, and durability is presented. 
Characteristics if main directions of scientific and research works implemented by the ICS RAS is 
outlined. 


 
I. INTRODUCTION 


 
At the middle of 1990s, the nuclear power industry in 


Russia has begun impetuous interference into the world 
market. A number of countries (Iran, India, P.R. China, and 
others) have expressed an interest to purchasing Russian 
power units equipped with light water reactors of the 
VVER-1000 type. Potential customers were satisfied with 
economic indexes of Russian nuclear power plants, their 
reliability and safety. At the same time, some systems were 
not suitable for the customers. These first of all involve 
automated process control systems (APCS), which were 
designed by use of conventional automation tools with 
hardwired logic, while programmed controllers have not 
been being applied. Besides that, tools of monitoring and 
control of the NPP main control rooms were created by use 
of archaic tools, such as analog data recorders, light 
indicators, individual control keys, etc. As a result, Russian 
NPP APCS occupied large rooms, required majority of 
operation and repair personnel. 


Intelligent algorithms of monitoring, control and 
diagnostics, whose availability is mandatory in accordance 
to the IAEA requirements, were not applied and 
implemented. These, in particular, involve the NPP safety 


parameters display system, important operation parameters 
recording system and othersе. 


The management of the nuclear power engineering of 
Russia has decided to create a new APCS basing on 
Russian and foreign technologies and components. It was 
to meet the requirements on the safety in the nuclear power 
engineering, to apply widely programmable controllers, 
digital tools of information transmission, to involve 
calculation and diagnostics tasks. At that, the kernel of the 
APCS was to contain an integrating part, the top-level 
computational system of the power unit (TLS-U), which 
was to centralize information flows and provide the 
operational personnel of the NPP with comfortable, 
reliable, and fast tools of NPP control. 


Creating the principally novel computational system 
of the TLS-U has been assigned to the V.A. Trapeznikov 
Institute of Control Sciences of the Russian Academy of 
Sciences (ICS RAS). 


General managing the works was implemented by the 
ICS RAS director I.V. Prangishvili, direct managing was 
implemented by M.A. Zuenkov. 


To achieve the set goals, one was to solve the 
following main problems: 
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1. Formulate and investigate main requirements to the 
organization of the computerized human-machine interface 
(HMS) of operators-technologists of the NPP with VVER-
1000, develop the make-up of functions, the list of TLS-U 
tasks and requirements to their implementation (indicators 
of reliability, speed characteristics, and others). 
2. Select or develop basis information technology (a 
totality of methods and algorithms of data processing), 
basing on which one may construct soft- and hardware 
complexes of NPP monitoring and control. 
3. Propose and develop methods and algorithms of solving 
the formulated problems for all categories of the NPP 
operation personnel, involving operators-technologists, 
unit shift supervisor, crisis center personnel, operation and 
repair personnel of the NPP APC. 
4. Develop and scientifically prove the architecture, 
structure, and construction of the TLS-U hardware tools, 
whose manufacturing is possible to be organized in Russia. 
5. Develop methods of maintaining the man-machine 
dialog in the NPP APCS, which are oriented to needs of 
operator-technologists of NPP with the VVER-1000 
reactors, and which provide solving the main tasks on the 
NPP control, involving the control of the technological 
equipment, reactor compartment, monitoring the limits of 
status of the normal operation, parameters and barriers of 
the safety in accordance to the IAEA requirements. 
6. Basing on the analysis of the regulation documentation, 
Russian and foreign standards, formulate general 
requirements to the technology of development of software 
(SW) applied in the systems important for providing the 
NPP safety. These involve the requirements to the 
verification and validation of novel software, selection and 
verification of borrowed software and complexes to be 
used at Russian and foreign NPP. 
7. Develop licensed software suitable to supply to any 
countries without limitations. 


All these problems have been successfully solved; 
necessary technologies and manufacturing have been 
created, enabling one to create the TLS-U, NPP top level 
systems, important operation parameters recording systems 
(“blackboxes”) at the advanced scientific and technological 
level. The review of the work is in [1]. 


 
II. TLS-U FEATURES 


 
The existing automatic process control systems 


(APCS) of nuclear power plants (NPP) incorporate dozens 
of complicated soft- and hardware complexes for data 
acquisition and local control of the technological systems. 
The man-computer interface is exercised through several 
control rooms equipped with computerized multi-display 
consoles. The program-technical complexes and consoles 
are integrated in a single APCS by means of the TLS-U. 
For the multiunit nuclear power plants, the APCS structure 
has  the NPP top level system.  


The NPP APCS division of the Trapeznikov Institute 
of Control Sciences (Russian Academy of Sciences, 
Moscow, Russia) was engaged in designing the upper-level 
NPP APCS’s for the Russian nuclear industry. The main 
characteristics of these systems and the methods to design 
them were presented in [1]. Here we just cite their 
fundamental characteristics and performance: 
− Status: system critical for nuclear safety.  
− Number of signals: 8,000 analog and 250,000 digital 


signals.  
− Number of control rooms: 8. 
− Number of workstations: 25. 
− Mean time between subsystem failures: at least 105 h.  
− Subsystem unavailability: at most 10-5. 
− Time of display updating and transmission of the control 


commands: 1.7 sec for a flow of 3,000 signal updates per 
second. 


− Operational mode: 30 years of uninterrupted operation 
with allowance for upgrading the hardware. 


The systems were designed using the open-market 
engineering tools, local-area networks and technologies. 
The lacking elements were designed on one's own. 


The Compact PCI standard was used as the computer 
engineering platform. The networks were based on fiber 
optics (standards 10BaseFL, 100BaseFL, and 1000Base-
LX). 


The freeware components of GPL/Linux were used as, 
or better, “instead of” the operating systems. 


The Web technologies were used as well.  
The applied software proper was designed on one's 


own. 
For the time being, there are three upper-level APCS 


systems based on the developed technology. The “oldest” 
one is in operation at the APCS proving ground for five 
years. Some more are in the making. 


Various tests and experiments have been carried out in 
the course of design. They enabled one to estimate the 
engineering tools, methods of system design, and 
information technologies used. The field experience 
provided additional data. Some of the conclusions are 
given in what follows. 


 
III. HARDWARE PLATFORM 
 
Overall, this technology enables one to design diverse 


repairable engineering tools that have different purposes 
and characteristics and are stable to the environment. In 
particular, two generations of computer facilities were 
developed including multi-processor servers and multi-
display workstations.  


Permanent upgrading of the hardware (processor 
modules, network and video cards, and so on) foisted off 
by the designers of microelectronic circuits is the main 
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disadvantage, which in turn requires periodic modification 
of the operating systems and permanent compatibility tests. 


However, the equipment proved to be awkward. In 
particular, the two-display work-station weighs up to 350 
kg. 


The need for active fans creating considerable noise is 
another disadvantage. Although the noise characteristics do 
not exceed the existing standards, the standards were 
established tens of years ago, whereas we are used now to 
the low-noise hardware.  


On the whole, Compact PCI may be regarded as an 
acceptable choice not free of some disadvantages. 


 
IV. HARDWARE PLATFORM 
 
We have experience with the 10, 100, and 1000 


Mb/sec fiber-optic networks.  
Measurements demonstrated that any of them features 


a sufficient throughput. 
Therefore, it may be concluded that the general 


industrial network technologies fully satisfy the needs of 
the designers of the APCS computer systems. 


 
V. OPERATING SYSTEM 
 
Discussion of why Linux and other freeware products 


were selected is out of the scope of the present paper. 
Let us consider the results, which on the whole are 


positive. It was shown that the desired system software 
could be designed on this basis.  


The resulting product is fit for a restricted application 
domain and needs support of an ad hoc professional team. 
Nevertheless, our calculations and expertise show that 
substantial costs pay their way for the system software of 
more than 50 processors. 


 
VI. INTEGRATING SOFTWARE 
 
The problem of designing the upper-level system of 


NPP APCS is distinguished for the fact that APCS itself 
includes program-technical complexes of different 
generations supplied by different providers. Unique data-
exchange standards such as OPC DX Specification  [2] are 
not used. 


An approach resembling similar solutions for various 
Linux-based systems was proposed to coordinate the 
program interfaces. Developed was general-purpose 
interface software for all APCS subsystems which realize 
unique algorithms for reliable data transmission that are 
immune to noise, information shocks, and single hardware 
failures. This list does not exhaust all characteristics of the 
interface software of which portability is the most 
important and supports interaction of all APCS 
components. The approach used enabled effective solution 


of the problem of monitoring and control of data 
transmission from a single center. 


 
VII. “KUDANKULAM” NPP APCS 
 
The NPP APCS covers two power units and common 


plant-level part. The APCS  of the power units involve two 
main parts: the TLS-U and important operation parameter 
recording system (IOPRS, fig. 1). The common plant-level 
part involves the workstations for the power generating 
system, monitoring and diagnostics of the common plant-
level equipment, workstations for the local crisis center. 
 


 


Power unit 1 Энергоблок 2 


TLS-U


Low-level automation


IOPRS TLS-U


Low-level automation


IOPRS 


Normal operation 
AWS 


Local crisis center 


Low-level automation 


Common plant-level 
part 


 
Fig. 1 The NPP APCS structure 
 
The TLS-U are integrated systems implementing the 


following tasks which are separated onto information, 
control, service, and auxiliary ones. 


The information tasks of the TLS-U involves: 
− recording the current status of the TOC and technological 


events, emergence and transient processes; 
− displaying safety parameters; 
− displaying generalized information on readiness of the 


channels of the SS.  
− monitoring the chemical water treatment (CWT); 
− calculating technical and economical indexes (TEI); 
− maintaining the current event protocol; 
− displaying information on modes of performance of the 


equipment and automation systems; 
− displaying reference information; 
− collecting data on personnel commands; 
− displaying mimic panels and videograms on graphical 


screens; 
− displaying information for control on videoscreens; 
− emergence and warning alarm on videoscreens; 
− recording reception, output, and processing control 


actions entered from the TLS-U in the archive with 
assigning time marks to them; 
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− recording reception, output, and processing control 
actions entered by individual control keys in the TLS-U 
archive; 


Main control room (MCR) 


Constantly attended 
area control circuit: 
• SERC AWS 
• SETC AWS 


Non-constantly attended area 
control circuit: 
• RC/TC AWS 
• AWT AWS 
• Radiation monitoring 


AWS 
• Ventilation and fire alarm 


AWS 


Supervisor control 
circuit: 
• Unit shift 


supervisor AWS 


Emergence control room (ECR): 
• RC, TC AWS 
 


AERM shop: 
• Software operation engineer AWS 
• Shift supervisor AWS 


− displaying information on calculation tasks and tasks of 
analysis of the operative status and diagnostics of the 
TOC; 


− archiving the resource of performance of the equipment 
and diagnostics of its performance; 


− recording and archiving the status, repair, and 
substitutions of the technological equipment; 


− recording of operator records and their archiving; 
− printing data per shift and periodical reports; 
− analysis of non-passing commands of remote control, 


entered through the TLS-U, as a consequence of 
availability on the TLS-U of blocking commands of 
automation systems of a higher priority; 


− displaying results of analysis of correspondence of 
positions of the objects of control to the commands 
entered in systems being adjacent to the APCS. 


− The control tasks of the involve: 
− control of local regulators from the workstations (WS); 
− monitoring and control of the model of technological 


protection (TP) (technological blocking (TB)) from the 
workstations; 


− control of objects from the workstations; 
− control of the software application of logic control 


(ALC) form the workstations. 
− The service functions of the TLS-U are: 
− tuning local regulators from the workstations of the 


AERM shop (AERMS); 
− monitoring the mode and tuning of the TP (TB) from the 


workstations of the AERMS; 
− tuning the ALC from the workstations of the AERMS. 
− The auxiliary functions of the TLS-U are: 
− sampling and processing information on the status and of 


tools and systems of the APCS; 
− diagnostics of the hardware and software tools; 
− maintaining the universal time in the APCS and 


assigning the time mark under sampling data; 
− information support of control of the regular system 


performance; 
− operator control of the TLS-U performance; 
− automatic control in the part of automating 


reconfiguration of reserved elements of the soft-and 
hardware tools of the TLS-U and restart of the system 
under common cause failure (de-energizing); 


− control of monitoring and diagnostic tasks. 
The list of workstations automated by the TLS-U is 


presented in fig. 2. 
 


 
Fig. 2 The make-up of the automated workstations 
 
The main control room with regard to arranging 


solutions and information flows, is separated onto three 
circuits: 
− constantly attended area circuit; 
− non-constantly attended area circuit; 
− supervisor control circuit. 
− The constantly attended area control circuit involves: 
− AWS of the shift engineer of reactor control (SERC); 
− AWS of the shift engineer of turbine control (SETC). 
− The SERC AWS consists of: 
− circuit of control of the technological systems of normal 


operation of the reactor compartment, as well as tools of 
displaying information on the safety systems (SS); 
control of the safety systems from this workstation is not 
envisioned;  


− circuit of control of safety systems under emergence 
modes, as well as under periodical checking readiness of 
the SS, under shut down individual equipment 
components or SS channels for repair or technical 
service. 


− The SETC AWS consists of: 
− circuit of control of the technological systems of the 


turbine island; 
− circuit of control of the electrical systems. 
− From the AWS of the constantly attended area control 


circuits of the reactor compartment (RC) and turbine 
compartment (TC), control of the process of power 
generation, systems involved in the main technological 
process, and systems assured the power unit safety is 
implemented. 


− In the non-constantly attended area control circuit, it is 
implemented the control of: 


− auxiliary systems of the RC and TC, which are not 
controlled from the constantly attended area circuit of the 
MCR; 


− mechanisms of the normal operation systems which are 
controlled from the constantly attended are circuit of the 
MCR in the case when these mechanisms are in the stage 
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of repair or technical service, and a permission to control 
them from the non-constantly attended area circuit is 
given; 


− systems of ventilation, fire fighting, and active water 
treatment. 


The supervision control circuit is equipped with tools 
of displaying all information received from the SERC and 
SETC. For that, the AWS of the unit shift supervisor (USS) 
is used. A an equipment control from the USS AWS is not 
envisioned. 


The ECR is intended to transfer the reactor to the 
subcritical state and maintaining it in the state for a long 
time, as well as actuation of the safety systems and 
obtaining information on the status of the reactor 
technological systems of the power unit. To implement and 
trace these operations, executed by use of conventional 
tools (digital indicators, LED, individual control keys), in 
the TLSU an AWS is envisioned, which is used an 
auxiliary tool monitoring and control. 


The shift AWS of the AERM shop is intended to 
automated monitoring and control of tools of computing 
hardware and digital automation used in the APCS. 


The IOPRS of the power units are intended to storing 
the history of emergence situation progress. The history 
involves data on a restricted set of parameters. IOPRS 
hardware tools are computing complexes of increased 
persistence, equipped with tools of strong information, 
which may implement their functions hard emergencies. 
The IOPRS SW is analogous the that of used in the TLS-
U. 


The plant-level system is communicated with the TLS-
U and IOPRS of the power units, from which it receives 
required information. Information received from the TLS-
U is used to displaying to the operative personnel of the 
NPP. Information received from the IOPRS is displayed at 
workstations of the local crisis center of the NPP. 


 
VIII. DIRECTIONS OF RESEARCH 
 
The experience of works on NPP APCS has enabled 


us to elicit a number of problems requiring scientific 
analysis and elaborating scientifically justified solutions. 


The first problem is providing the cybernetic safety. 
One should review the list of threats, to include into the list 
not only treats of criminal groups, but also terroristic and 
military organizations. This, probably, will require revision 
of existing approaches and technologies of development of 
APCS for potentially dangerous plants, to which an NPP is 
related. Perhaps, open technologies should be substituted 
by “clocked” ones. 


The second problem is concerned with contradiction 
of short life-time of computer hardware and long life-time 
of an NPP. A resolution of the contradiction may be 
achieved in various ways. Selecting the optimal way is an 
actual scientific problem. 


An actual problem is also the problem of measuring 
parameters of digital APCS, in particular, the problem of 
performance speed. 


Some other problems remain actual ones. For instance, 
the problem of providing human-machine interface, the 
problem of providing reliability and performance speed, 
the problem of stability and many others. 


The ICS RAS is going in the problems and plans to 
cooperate with the scientific community to solve them. 
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Abstract – In the framework of the prospective studies of the Sodium Fast Reactor (SFR) for 
GEN4, CEA examines the feasibility of a new architecture of pool type reactor. The main 
objectives of this new design are an improvement of hydraulic path of the natural convection for 
the removal decay heat and a better compactness versus the standard pool type SFR. This design 
consists in a new solution to separate the hot plenum from the cold one. 


In a standard design, both plenums are separated by one or two walls with generally a 
cylindrical-conical shape, called “redan”. To look for a maximum convective efficiency, there 
should be leaktightness between components (intermediate heat exchanger (IHX) and pumps) and 
the redan. Sealing is necessary to prevent a bypass of primary sodium from the hot plenum 
directly to the cold plenum without flow through the IHX. 


The innovative solution consists in a separation between both plenums by two non-
leakproof horizontal walls. Components cross these walls without seal. The sodium convection in 
the reactor is performed by two groups of pumps with variable speed in hydraulic series: one for 
the core from the cold plenum to the hot plenum, and one for the IHX from the hot plenum to the 
cold one. The hydraulic leaktightness between the two walls is done by an optimised flow control 
in the pumps. Since there is no flow crossing the two horizontal walls, there is sodium 
stratification in the volume delimited by these two walls. These walls having the same function as 
the redan of the standard pool type reactor, the new design is named “Stratified Redan”. 


This paper shows the global design and preliminary results of the thermohydraulic 
behaviour for a reactor with a 1500 MW electrical power. The reduction of the vessel diameter is 
about 10%. 


 
 


 
 


I. INTRODUCTION 
 
In the framework of GEN4 studies, CEA is working 


on the Concepts of Sodium Fast Reactor. Savings and 
safety improvement form part of the targets of these 
studies. In this context, one of the lines explored is the 
search for an innovative solution for designing the vessel 
architecture. This document presents the feasibility studies 
of a new vessel architecture for a pool type SFR concept, 
designated the stratified redan concept. The present study 
only covers the primary circuit of the reactor and is 
conducted along a concept whose thermal power and 
operating point are comparable to those of the EFR project 


(cf. ref. 1), i.e. 3600 thermal MW, with hot and cold 
primary sodium temperatures of 545 and 395° C.  


 
II. DESCRIPTION OF A STANDARD CONCEPT 


 
This chapter reviews the general architecture of a 


conventional pool type reactor. It will serve as a reference 
for comparison with the innovating design. In a 
conventional design (cf. fig. 1), the vessel is split into two 
main areas, one containing hot sodium, called hot plenum 
(HP), the other containing cold sodium, called cold plenum 
(CP). During normal operation (cf. solid line arrow on fig. 
1), the sodium from the cold plenum is pressurised by a 
pump, then crosses the core, where it is heated, and is fed 
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into the hot plenum. The sodium returns from the hot 
plenum to the cold plenum after crossing the intermediate 
heat exchangers where it transfers its heat into a secondary 
sodium circuit. The pressure gain brought about by the 
pump is mainly designed to compensate for the pressure 
drop in the core, about 40 kPa, the remainder (of the order 
of 1.5 kPa) balances for the pressure drop in the 
intermediate heat exchangers (IHX). Since the two 
plenums are open for the same gas cover volume, there is a 
difference in height of about 2 m between the two free 
levels of the plenums. The separation between the plenums 
is obtained by a cylindrical-conical internal vessel. The 
cold plenum is located below the hot plenum. The 
separation between these plenums, located along a more or 
less horizontal plane, forms the conical part of this internal 
vessel, and is called redan. For reasons of design and 
maintenance removing, the intermediate heat exchangers 
are vertical and cross the redan. The inlet of the 
exchangers is located in the hot plenum, the outlet in the 
cold plenum. A sealing device is placed between the IHX 
and the redan in order to force the entire sodium to be fed 
into the IHX. The sealing system must enable the IHX to 
be removed easily, while enabling slight differential 
displacements between the IHX and the redan. 


 
 
Decay heat exchangers (DHX), dedicated to this 


function, are located in the hot plenum in order to remove 
the decay heat. Under certain downgraded operating 
situations, such as a loss of power, it should be possible to 
remove the residual power by natural convection. In this 
case, the hydraulic path in the vessel is as follows: the 
sodium crosses the core and arrives in the hot plenum, 
where it is cooled along the DHX, crosses the IHX (a 
priori, without conceding any heat to the secondary circuit, 
if the latter is not operating), arrives in the cold plenum, 
crosses the primary pumps (without gaining any pressure 
since the pumps are shut down) and arrives in the core. 
The convection movements in the hot plenum are complex 
(cf. dotted line arrows on fig. 1), since the cold sodium 
leaving the DHX, must be pulled up into a volume 
containing hot sodium in order to enter into the IHX.  


 
 
The fuel is handled by means of two rotating plugs 


and a transfer arm. The small rotating plug is located in the 
large rotating plug and is off-centered. The large rotating 
plug is centered with respect to the core and 
accommodates the small rotating plug and the transfer arm. 
The assemblies are loaded into and unloaded from the 
vessel via a transfer hood. 
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Fig. 1 - Diagram of a standard SFR. 


 
Table 1 gives the main characteristics of a 


conventional pool type reactor. The core has the design of 
the SFR-V2B core described in reference document 2. 


 
 


TABLE I 


Main characteristics of a standard design 


Thermal power (MW) 3600 
Electrical power (MW) 1500 
Primary sodium temperature (° C) 545 / 395 
Secondary sodium temperature (° C) 525 / 340 
Number of fissile assemblies  453 
Equivalent diameter of core and control 
rods (m) 


4.95 


Equivalent diameter of core and set of 
lateral core shielding (m) 


7.30 


Number of intermediate exchangers 6 
Number of primary pumps 3 
Diameter of large rotating plug (m) ~ 9.0 
Diameter of main vessel (m) ~ 17.5 
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II. PRESENTATION OF STRATIFIED REDAN 
CONCEPT 


 
 


The conventional pool type architecture is thus 
characterised by a complex natural convection under 
certain decay heat removal conditions and by a large 
diameter vessel, penalising from the economic point of 
view. The aim of the new architecture consists in 
improving both these points by modifying the internal 
hydraulic paths of the vessel on one hand and, on the other, 
by the compactness of the heat exchangers due to a greater 
forced convection of primary sodium in the IHXs. 
 


In order to improve the natural convection for decay 
heat removal, design efforts were oriented towards an 
architecture: 


• in which the hot  and cold columns contained in 
the hydraulic path are as independent as possible 
(i.e. the hot and cold columns do not cross within 
the same volume),  


• in which the hydraulic path remains as monotone 
as possible between the hot source and the cold 
source (i.e. for the hot column: ascending 
monotone between the core and the DHXs and for 
the cold column: descending monotone between 
the DHXs and the core).  


 
The primary architecture obtained (cf. ref. 3) consists 


in circulating primary sodium in the IHXs, no longer by 
using the difference in level between the hot plenum and 
the cold plenum, but by means of a pumping system 
dedicated to each IHX, thus increasing the compactness of 
the IHXs. When the flow of sodium in the core is equal to 
the flow of sodium in all the IHXs, the pressure different 
between the plenums cancels out. If an opening is made 
between the plenums, the flow in this opening is null, since 
the pressure difference is null at the ends of this opening.  


 
The stratified redan concept is based on this principle 


(cf. fig. 2). The main characteristics, different from those 
of a conventional architecture, are: 


• a redan consisting of two horizontal walls, 


• intermediate vertical exchangers, crossing the 
redan walls through unsealed openings,  


• openings in the redan walls enabling an eventual 
hydraulic path between the plenums, 


• a pumping system on each exchanger (IHX-P), 


• heat exchangers dedicated for decay heat removal 
from the hot plenum (DHX). 
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Fig. 2 - Diagram of a "stratified redan" SFR. 
 
 
 


During normal operation (cf. solid line arrow on fig. 
2), the hydraulic path is as follows: 


 
• the sodium from the cold plenum crosses the 


pumps dedicated to the core, crosses the core and 
arrives in the hot plenum, 


 
• the sodium from the hot plenum crosses the IHX 


by transferring its heat to the secondary circuit, 
then crosses the pumps dedicated to the IHXs and 
arrives in the cold plenum. 


 
 
In this operating mode, due to the absence of flow 


across the redan, the sodium contained in the "redan 
volume" (VR) between the horizontal walls of the redan is 
almost static, with hot sodium in the top part and cold 
sodium in the bottom part. A thermal stratification thus 
occurs, thus the name of the "stratified redan" concept. 
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During abnormal operation with decay heat removal 
by natural convection (cf. dotted line arrow on fig. 2), the 
hydraulic path is as follows: 


• the sodium from the cold plenum crosses the 
pumps dedicated to the core, crosses the core and 
arrives in the hot plenum, 


• the sodium from the hot plenum enters in the 
decay heat exchangers (DHX), transfers its power 
in these exchangers, exits at the bottom of the 
exchangers, then drops by gravity into the cold 
plenum via openings through the redan walls. 


 
In this mode of operation, the sodium no longer 


crosses the IHXs. 
 


III. DESCRIPTION OF REDAN 
 
The redan is made of two reversed L-shaped walls. 


The vertical wall is hold on the core support structures, the 
horizontal part separates the hot plenum from the cold 
plenum. The horizontal part of one of the walls is at the 
same level as that of the core outlet, the horizontal part of 
the other wall is at about 2 m below the preceding wall. 


The hydraulic openings in the walls have operational 
clearances of about 5 to 10 cm around the components 
(IHX and pumps dedicated to the core), these clearances 
are designed to compensate for the differential 
displacements between the components and the walls of 
the redan, thus doing away with sealing between the IHX 
and redan. 


 
 


IV. DESRIPTION OF PUMPING SYSTEM 
 
The pumps supplying the core are standard SFR 


conventional pumps. The impeller of the pump is located 
in the cold plenum. The motor is located above the reactor 
roof (RR) plate and is fitted with a flywheel. 


 
The pumps dedicated to the IHXs are fastened at the 


base of the IHXs. There are four mechanical pumps per 
IHX, grouped in twos and located on each side of the IHX. 
The impeller of these pumps is located slightly below the 
outlet of the IHX. The electric motor includes coils 
submerged in the sodium, due to their low power (cf. fig. 
3). 


 
At the outlet of the IHX, the sodium is directed 


towards the inlet of the impeller. At the outlet of the 
impeller, the sodium is directly sent towards the cold 
plenum. The IHX assembly and its pumping system form 
an IHX-pump module. 
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Fig. 3 – Schematic diagram of IHX pumps.  


 
 


 
The following table gives a few characteristic 


dimensions of the motor-pump group. 
 


TABLE 2 
Geometric characteristics of mechanical pumps for the IHX. 
Flow rate per IHX (m3s) 4.09 
Number of pumps per IHX 4 
Flow rate per pump (m3s) 0.92 
Delivery head (m of Na) 14 
Rotation speed (rpm) ~ 650 
Impeller diameter (m) ~ 0.55 
Electric power per motor (kW) 170 
Motor diameter (m) ~ 0.40 
Motor height (m) ~ 1.20 


 
 


II.A. Local specific layout 
 


The purpose of the redan walls is to mark out a 
physical limit between the hot and cold plenums in which 
flows take place at high speeds (maximum speeds are of 
the order of 3 to 5 m/s), and a calm zone in which 
stratification must take place, without attempting for 
tightness. In order to get an efficient physical separation, 
the passage sections must not be too large, the hydraulic 
diameter must remain low. 


On the crossing points of the redan walls, the straight 
section of the IHX-pump module has a "rectangular" shape 
with rounded angles to enable the passage of pumps 
located on each side of the IHX. 
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Fig.4 – Specific layout around the IHXs. 
 


 
 
On the horizontal walls of the redan, the hydraulic 


passage section corresponds to the difference in sections 
between the rectangular section needed for passage of the 
pumps and the circular section of the IHX. In order to 
reduce this hydraulic passage section, collars are mounted 
on the IHX at the same height as each redan wall. The 
dimensions of these collars correspond to the dimensional 
section for passage of the pumps. The shape of the hole in 
the redan walls for passage of the IHX-pump module 
corresponds to the same of the collar added with a few 
centimeters. These centimeters correspond to the 
functional clearances between the IHX-pump module and 
the redan walls needed for differential movements and for 
installing or removing the IHX-pump module. 


 
In this way, the overall gap between the components 


and horizontal walls of the redan, and between the redan 
and the reactor vessel is 5 cm, the total section for passage 
in the redan is about 6 m². 


 
Figure 5 illustrates a view of the internal structures of 


the vessel for the stratified redan concept. 
 
 
 


V. STRATIFICATION OPERATION 
 


V.A. Stratification criterion 
 


In a volume including hot and cold fluid inlets and 
outlets, stratification occurs if the Richardson 
dimensionless number is greater than one. 


 
 


 
Fig.5 – View of internal structures of the stratified redan concept.  


 
 


The Richardson number Ri is defined as follows: 
Ri = g (∆ρ/ρ) H / V² 


 
With: 
• g: acceleration of gravity = 9.81 m²/s, 
• ∆ρ/ρ: relative variation of density, 
• ∆ρ = ρcold – ρhot   , 
• ρcold: is the density of the cold fluid, 
• ρhot: is the density of the hot fluid, 
• ρ: is the average density of the fluids, 
• H: is a characteristic dimension of the volume, 


typically the height of the volume, 
• V: is the characteristic fluid speed in the volume, 


typically the maximum speed. 
 


The Richardson number characterises the ratio 
between the density or gravitational forces (∆ρ g H) with 
the inertial forces (ρV²).  
o If the inertial forces are greater than the gravitational 


forces, Ri will be less than one. The forced 
convection being preponderant, no stratification will 
occur.  
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o If the gravitational forces are greater than the inertial 
forces, Ri will be greater than one meaning that 
stratification takes place inside the volume. The flow 
takes place by natural convection. 


o If the inertial and gravitational forces have the same 
value, Ri will be around one. The flow takes place by 
mixed convection. 


 
 


V.B. Evaluation of Richardson number 
 


The volume to be considered is the inter-redan space, 
located between the two horizontal walls forming the 
redan. During normal operation, since the flow rates of the 
core pumps and the IHX pumps are the same, no flow 
takes place in this volume and thus the fluid speeds are 
null. In reality, a slight flow can be present since the two 
walls are largely open by the functional clearances, flow 
can occur at low speed through the openings and can thus 
disturb stratification. 


 
The data for evaluating the Richardson number are as 


follows: 
• Nominal flow rate of sodium: 22.5 m3/s 
• Density of hot Na:   821 kg/m3 
• Density of cold Na: 857 kg/m3 
• Relative variation of density:  4,3% 
• Acceleration of gravity:  9.81 m/s² 
• Characteristic dimension of the volume (height Hred 


between the two redan walls): ~ 2 m  
• Passage section in the redan:  ~ 6 m² 


 
Given a relatively high temporary unbalance of 10% 


between the flow rates in the core and in the IHXs, this 
means a flow rate of 10% of the nominal flow rate through 
the walls delimiting the redan, is about 2.25 m3/s 


 
With a section of about 6 m², the fluid speed is thus ~ 


0.37 m/s 
Under these conditions, Ri = ~ 6. Since this number is 


greater than one, the flow in the redan area is stratified. If 
the temporary flow unbalance is 5%, then Ri ~ 24, value 
indicating very good stratification. 


 
 
V.C. Thermo-hydraulic evaluation in redan volume 
 
During normal operation, if the average flow rate 


crossing the baffles of the redan is null or very close to 
zero, the structure of the flows in the hot or cold plenum 
can locally induce significant fluid speeds at the level of 
the functional clearances of the redan and disturb 
stratification. 


A preliminary evaluation of these speeds and the 
behaviour of stratification were conducted through CFD 
thermo-hydraulic calculations. 


 
The main purpose of these initial calculations is to 


show that there is a summary shape (in the non-optimised 
sense) demonstrating stratification feasibility.  


This must fulfill two conditions: 
- Stratification should be maintained between the two 


redan walls. 
- The thermal gradient imposed on the walls must not 


be excessive for reasons of thermo-mechanical 
constraints. CFD then serves as input data for 
structure resistance calculations. 


 
The transcription of these two conditions allows for 


obtaining the ideal schematic representation of thermal 
stratification as a function of the height as shown on the 
following figure. 
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Fig. 6 – Idealised representation of thermal stratification as a 
function of the height in the redan volume (0 being the mid-


height of the plenum). 
 
 


The obtained results made it possible to show a 
convincing behaviour stratification at nominal rate and to 
highlight the three hydraulic factors that, a priori, 
determine stratification response. 


 
 
The first of these factors can be described as the limit 


Richardson number. In fact, it is calculated from the 
maximum speeds entering the redan volume, separate from 
hot and cold plenums by the horizontal walls of the redan. 
By considering the stratification criteria presented in 
paragraph V.A., it can be determined that a speed of about 
0.85 m/s gives a Richardson number equal to one.  


As a function of different configurations tested 
(geometric shape of clearances, height between the core 
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outlet and the structures located above, etc.), the average 
fluid speeds obtained are between 0.1 and 0.25 m/s, 
corresponding to Richardson numbers largely greater than 
one, equivalent to a very good stratification. 


However, very locally, fluid speeds can be about one 
metre per second, implying a Richardson number that is 
slightly below one. 


The first factor indicates that greater care must be 
taken to maximum speeds so that the Richardson number 
always remains around one in the most unfavourable cases. 


 
 
The second parameter to be taken into account is the 


intensity of the flow rates crossing the open walls of the 
redan. 


As demonstrated earlier, during normal operation, the 
average flow rate crossing the wall is null. The entering 
flow rates are compensated by those leaving the redan 
volume. Let Qh and Qc respectively be the flow rates, in 
absolute value, entering the hot and cold plenums. They 
are schematically illustrated on the following figure. 
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Fig. 7 – Schematic representation of hydraulics influencing 


thermal stratification between the two redan walls. 
 
 
Their value must be limited to around a few percents 


of the nominal core flow rate, in order to limit the value of 
the average and maximum speeds locally and to reduce 
thermal variations on the redan walls.  


 
 
Finally, the last factor concerns the ratio between the 


flow rate intensities, i.e. the ratio R = Qh / Qc. 
Once again, this ratio is not fully independent of the 


two preceding ones but it enables the height at which 
stratification takes place to be determined. 


 


If the hot and cold plenums were geometrically 
identical, the ratio R would be equal to one. But, since the 
fluid speeds in the hot plenum are more dynamic than 
those of the cold plenum, the flow rate Qh entering the 
redan volume is higher than the flow rate Qc. 


The following figure shows the result of a simulation 
for which this ratio was seven, causing heating of the 
intermediate plenum and a gradient about fifty to sixty 
degrees for the lower wall. 
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Fig. 8 – Representation of thermal stratification as a function 


of height R = 7. 
 
 
The initial geometric corrections made it possible to 


bring down ratio R to three, thus decreasing the thermal 
gradient in the lower wall to below twenty degrees and to 
bring the thermal gradient closer to the central part of the 
redan volume. The result is shown on figure 9. 
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Fig. 9 – Representation of thermal stratification as a function 


of height R = 3. 
 


The final result obtained is shown by the following 
figure 10. 
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Fig. 10 – View of thermal stratification following simulation 


lasting several hundreds of seconds using the CEA Trio_U 
application. 


 
V.D. Regulation  


 
Operation in the stratified redan concept implies that 


the flow rate in the IHXs be the same as the flow rate in 
the core. This is obtained by slaving one set of pumps to 
the other, for example, the pumps of the IHXs are slaved to 
the pumps of the core. Figure 11 shows a slaving example 
of IHX pumps that would be based on the thermal 
stratification position and that would include a 
"Proportional-Integral" type regulation based on the speed 
difference between the rotation speed of the core pumps 
and that of the IHX pumps. 


The stratification position is measured by one or 
several thermocouple rods distributed around the 
intermediate exchangers. Measurement of the temperatures 
along the thermocouple support mast, associated with 
digital processing, makes it possible to know the thermal 
stratification position in the redan. 
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Fig. 11 – Schematic diagram of IHX pump regulation. 


 


 
VI. DECAY HEAT REMOVAL 


 
The system for decay heat removal is based on the 


logic of the EFR project. Six exchangers, submerged in the 
hot plenum, each with a nominal power of 15 MW, 
representing 50% of the needs required by the residual 
power removal function. 


To improve natural convection, the outlet of these 
exchangers (DHX) is located just below the upper redan 
wall. This setup favors the transfer of cold sodium, leaving 
the DHX, directly towards the cold plenum. 


 
 
 


VII. ECONOMIC ASPECT 
 


The economic aspect is seen from the dimensional 
point of view of large components and of mass balance by 
comparing the stratified redan concept with the reference 
concept. Both concepts have the same core and core 
support structures. This is the same for all points 
concerning fuel handling (rotating plugs, transfer arms and 
hood) as well as for the mechanical pumps feeding the 
core. 


 
TABLE 3 


Geometric characteristics of mechanical pumps for the IHX. 


 Reference 
concept 


Stratified 
redan 


concept 
Diameter of IHX tube bundle (m) 2.33 1.82 
Length of tubes (m) 7.5 9.3 
Penetration dimension in roof 
(m) 


Ø 3.0 2.1 x 3.2 


Weight of an IHX (t) 94 73 
Internal diameter of vessel (m) ~ 17.6 ~16.0 
Weight of steel vessel and its 
internal structures (t) 


4960 4170 


 
 
The diameter of the IHXs is reduced from 2.33 m to 


1.82 m by means of the pumps mounted on the heat 
exchangers. This layout increase the speed of sodium in 
the IHXs, thus increasing the global heat transfer 
coefficient passing from 8.5 to 11.0 kW/m²°C. The 
increase of the heat transfer coefficient, associated to the 
increase in the length of the tubes reduces the number of 
tubes by ~38%. The pressure drop on the primary side, 
initial equal to 2 m of sodium, passes to 14 m. 


The vessel diameter is reduced by about 10%, from 
17.6 m to about 16 m, by reducing the radial dimension of 
the IHXs that changes from 3.0 m to 2.1 m. 
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As concerns the weight of the steel vessel and of the 
internal structures, it is reduced by about 15% passing 
from 4960 t to 4170 t. This is mainly due to the reduction 
in the dimension of the IHXs, simplification of the 
architecture of the internal vessel and reduction of the 
vessel diameter that impacts the main vessel, the safety 
vessel and the reactor roof. 


 
 


VIII. CONCLUSIONS 
 


The search to simplify hydraulic paths relative to 
natural convection in the vessel and the search for an 
increase compactness of the vessel have lead to an 
innovating design of the pool type reactor for an SFR 
called "stratified redan". This is mainly featured by a non-
sealed separation between the hot plenum and the cold 
plenum, and by a forced circulation, by pumps, of the 
primary sodium in the intermediate heat exchangers. The 
separation between the hot and cold plenums is obtained 
by a low speed area in which thermal stratification occurs. 


The initial evaluations for detailed thermo-hydraulics 
are encouraging and enabling identification of control 
parameters for this stratification. 


The new architecture simplifies demonstration of 
natural convection in the vessel when the secondary heat 
transport system is unavailable and must be more 
economic since more compact. The initial results of the 
studies are encouraging and must be continued in 
particular as concerns stratification: detailed thermo-
hydraulics of redan and control of stratification position, 
on the system thermo-hydraulics during normal and 
accidental operation, on the design of the IHX-pump 
module. 
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NOMENCLATURE 
 


IHX: Intermediate Heat Exchanger 
IHX-P: Intermediate Heat Exchanger Pump 
DHX: Decay Heat Exchanger 
PP: Primary Pump 
HP: Hot Plenum 
CP: Cold Plenum 
VR: Volume Redan  
RR: Reactor Roof 


Qh: flow rate from hot plenum to redan volume, in absolute 
value 
Qc: flow rate from cold plenum to redan volume, in 
absolute value 
R = Qh/Qc 
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ABSTRACT 
 
Several incidents which might entail reactivity excursions could possibly occur inadvertently in 
Boiling Water Reactor (BWR) cores - at low pressure. They may happen either during shutdown or 
in connection with reactor startup. Theoretical analyses of such events are hampered by the dearth 
of knowledge regarding two-phase flow thermal-hydraulics in BWR cores at low pressure. The 
experimental research reported here intends to shed some light on these safety issues.  
The work involves studies of both single-phase flows (water) and two-phase flows through a 
mockup of one particular BWR fuel assembly design. For the sake of simplicity, the two-phase 
studies made use of air/water flows, rather than steam/water flows.  
Two fuel rod bundles have been investigated, which differ slightly as regards the rod diameters.  


 
I. INTRODUCTION 


 
Current knowledge about the thermal-hydraulics of 


two-phase flows through BWR fuel assemblies applies 
predominantly to operation at high reactor power. That is 
conducted at high pressure, normally 70 bars - correspon-
ding to saturation temperatures around 286 degrees C.  


Similar information is scarce, however, for studies of 
reactivity incidents which may occur at low reactor 
pressure (typically a few bars). This applies particularly to 
such events that could cause such power excursions within 
the nuclear fuel that entail local boiling within the coolant. 
Occurrences of this nature may be experienced either at 
shutdown (caused by incorrect fuel leading, or mishaps 
during either control rod service or critical measurements) 
or during startup (e. g., if positive reactivity coefficients 
were to develop during the course of nuclear heating).  


As regards two-phase flow thermal-hydraulics, the 
significant difference between reactor operation at high 
pressure (70 bar) and low pressure (a few bars) is very well 
illustrated by the Polomik/Zivi correlation [1].  


 
 


 
 
It predicts that the “slip” S (the ratio between the 


velocities V of the gas and the liquid phases in two-phase 
flow) can be expressed in terms of the third root of the ratio 
between the densities  of the liquid and the gas, i. e.,   
 


             S  =  Vg / Vl  =  ( l / g)1/3 


 
Thus, two-phase flow correlations which have been 


developed specifically for analysing transients occurring 
during reactor operation at high power cannot be directly 
applied directly for theoretical studies of incidents which 
may be experienced at low power and low pressure. 


To illuminate the purely thermal-hydraulic aspects 
involved in safety issues of the latter nature, some basic 
research has been conducted in a specially designed two-
phase flow test facility located in the Laboratory of the 
Division of Nuclear Reactor Engineering at the Royal 
Institute of Technology in Stockholm, Sweden. 
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       For practical reasons, our studies have addressed one 
particular BWR fuel assembly design: SVEA [2].  
         This concept was developed by ASEA-ATOM (which 
soon became ABB ATOM, later BNFL/Westinghouse and 
currently Westinghouse).  Figure 1 illustrates schematically 
 
i) how the original ASEA-ATOM BWR fuel assembly 


design (an 8x8 rod bundle within its shroud) was 
modified into SVEA-64, by inserting a cruciform 
bypass channel (a “water cross”) into the shroud, thus 
creating four parallel sub-channels, each containing a 
4x4 “sub-bundle”; and also 


ii) how that fuel design was subsequently refined into 
SVEA-100 [3], by replacing each 4x4 sub-bundle 
within the assembly by a 5x5 sub-bundle - with thinner 
fuel rods.  


  


 
Figure 1. Development steps of the SVEA BWR fuel 


assembly designs. 
 
Since the four parallel sub-channels of a SVEA fuel 


assembly of either the 4x4 or the 5x5 design are identical, it 
sufficed - for the purpose of our investigations - to direct 
our studies towards one individual sub-channel, rather an 
entire SVEA assembly: a great simplification. 


 Furthermore, the design change from the SVEA-64 
fuel into SVEA-100 was made in such a manner that kept 
both the external sub-bundle dimensions and the internal 
sub-channel dimensions unchanged.  


Thus, we could make use of one single test channel 
shroud (with the internal lateral dimensions 6.6 x 6.6 cm) 
for all our thermal-hydraulic investigations,  i.e., of both 
the 4x4 and 5x5 sub-bundle designs.  


So far, four different sub-bundle designs have been 
investigated. Our initial studies addressed a 4x4 sub-bundle 
using Plexiglas test rods (diameter: 1.25 cm). Next, a 5x5 
sub-bundle was studied - this time using test rods made of 
steel (rod diameter: 1 cm).  


Both bundles were held together by real 4x4 and 5x5 
spacers, respectively, which had been generously supplied 
by Westinghouse.   


After the introduction of “part-length rods” in actual 
SVEA 5x5 fuel designs, we repeated our studies, reusing 
our above mentioned 5x5 steel rod bundle - from which  
eight rods had been removed, in symmetric locations.      
       
 


       The experience from the evaluations of two latter test 
series indicated that it would be of considerable interest to 
repeat the initial 5x5 rod bundle test, this time using a 
different sub-bundle which was built up by slightly thinner 
rods (by a few per cent).  
         For these studies we were able to use 25 Zircaloy fuel 
rods, generously supplied by Westinghouse.  


Some experience from our studies has been reported 
previously [4], [5]. These papers address, respectively,   


 
i) a comparison between the experience gained from the 


tests with the 4x4 sub-bundle and the 5x5 sub-bundle 
built up by Zircaloy rods, and 


ii) a comparison between the 5x5 latter steel rod sub-
bundle and the same bundle - after removal of  8 rods in 
symmetrically located positions.   
 
The studies reported below compares the two 5x5 


SVEA sub-bundle design versions which had been built up 
by steel rods and (slightly thinner) Zircaloy rods.  


 
II. RESEARCH EQUIPMENT 


 
II.A. Design details for the test channel shroud and the 


sub-bundle mock-ups 
 
Since the test channel shroud was manufactured to the 


same internal lateral dimensions as a sub-channel of an 
actual SVEA fuel assembly (6.6 x 6.6 cm), full-scale test 
geometry was realised in that particular direction.  


However, the shroud length had to be restricted to 2 m 
(which is somewhat shorter than an actual BWR fuel 
assembly), for practical reasons. 


As air is almost twice as dense as steam, steam/water 
mixtures (such as those that might be encountered within a 
BWR core, during a number of reactivity incidents which 
could occur at low reactor pressure) were simulated by air-
water mixtures, at room temperature and pressures slightly 
above atmospheric. This may be argued on the basis of the 
Polomik-Zivi correlation mentioned above. 


Conducting our tests at such modest temperatures and 
pressures permitted the use a test channel shroud manu-
factured from a transparent material (Plexiglas).  


This circumstance was most beneficial, especially for 
our two-phase flow studies: allowing details of the flow 
structure within the channel to be observed visually (of 
interest as regards flow stability), as well as permitting 
integral void fraction measurements.  


Into this shroud, the four sub-bundle mock-ups of 
SVEA fuel described above have successively been 
studied.  


As was mentioned above, the research presented here 
addresses the manner whereby the channel flow thermal-
hydraulics may be influenced by a small change in fuel rod 
diameter.  
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Figure 2 illustrates the general layout of the test 
channel cross section.  


 


              
 
Figure 2. Test channel cross section, illustrating the two 5x5 


rod bundles studied. 
 
II.B. The Test Facility 
 
Figure 3 shows how the test channel shroud was 


mounted into a test facility, via short adjoining inlet and 
outlet Plexiglas header tubes. These headers were fitted 
into nozzles belonging to the test facility - also shown in 
the Figure.   


For obvious reasons, the test channel was oriented 
vertically. Upward flow was always used. 


 
 
Figure 3. Schematic view of the test section and the 


adjoining parts of the test facility. 


The Figure also shows how flows of water and air were 
directed to a mixing chamber located right below the lower 
nozzle into which the test section inlet header tube was 
mounted. Note that the water was pumped from a large 
water tank, while the air was supplied from a large vessel 
(not shown in the Figure) in which the overpressure was 
maintained at a constant level (about 5 bars). 


 Sufficient flow resistance was introduced into the 
piping to ensure that both the water and air flows entering 
the test section remained constant throughout each two-
phase flow test. 


The air-water mixture leaving the test section was 
returned to the water tank via a duct.  


The Figure also shows the hardware (pumps, valves 
instrumentation, et cetera) used for controlling and 
monitoring the inlet flows of water and air during the tests. 
Note particularly the fast shut-off valves installed in both 
the upper and lower nozzles into which the Plexiglas 
header tubes of the test channel were mounted.  


In connection with any two-phase flow test, they were 
used for measuring the integral “void fraction” within the 
test channel. After the completion of all the internal 
pressure and pressure drop measurements involved in an 
individual two-phase flow test, that test was terminated by 
the rapid and simultaneous closure of both these valves.  


Soon, a water level established itself somewhere along 
the test section. From its axial position along the test 
section, plus the knowledge of all its internal geometric 
details, the void fraction which had prevailed during the 
corresponding two-phase flow test could be evaluated in a 
straightforward manner. 


 
II.C. Design details of the test section and the rod 


bundle mockups 
 
All the sub-bundle mockups involved in our studies 


were held together by five spacers, at separation distances 
which are reasonably representative for actual BWR rod 
bundles. The axial locations of the spacers are specified in 
Figure 4.  


Observe that the lowest spacer serves as an inlet 
header, while the uppermost spacer acts as a top guide. 
Thus, these two spacers could not be used for spacer 
pressure drop measurements.  


Figure 4 also shows - schematically - that nine pressure 
taps penetrate one of the walls of the test channel shroud. 
Their axial locations are also specified. During the tests, 
these taps were used for measuring the local pressures 
within the test section at the corresponding axial locations.  


In more detail, tap 4 was used to measure an average 
value of the overpressure within the test section. During 
any two-phase test, this information is needed for deter-
mining the volume flow of air through the test section.  
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The other eight taps were used for measuring pressure 
differences along the test section, in between the tap 
positions indicated.  


 
 
Figure 4. Design details of the test section, specifying the 


axial locations of the spacers and the pressure taps. 
 


III. INTERPRETATION OF THE MEASURED DATA 
 
The measured axial distributions of the pressure drops 


between the taps installed along the test section (see Figure 
4) have been interpreted - using a conventional “least 
square fitting” procedure - in terms of the separate flow 
resistance contributions from the spacers (of local nature) 
and the smooth channel sections in between these 
components. The principle is demonstrated in Figure 5.  


As regards the single-phase flow studies, applying this 
procedure to the measured pressure drops along the test 
section is straightforward. 


Any two-phase flow study, however, requires supple-
mentary information about the void fraction within the test 
section, for the following reason:  The above-mentioned 
measured axial pressure drop distributions need to be 
corrected for the elevation contributions introduced by the 
channel voids in between the taps concerned, in order to 
yield the axial distributions of the irreversible two-phase 
pressure drops between them.  


For this purpose, the average void fractions were used, 
as measured via the above-mentioned fast-closing valves 
(see Figure 3). The results thus obtained could then be 
evaluated - using the fitting procedure described above.  


 


 
 
Figure 5. Illustration of the principle of fitting the arithmetic 


model employed to the measured pressure drops along the test 
section. 


 
IV. SINGLE-PHASE FLOW STUDIES 
 
All these investigations involved water only. Several 


flows were studied, ranging from laminar conditions well 
up into the turbulent region.  


 As was mentioned above, a 5x5 sub-bundle that had 
been built up by 25 steel rods was studied initially.  


The somewhat unsatisfactory quality of the results 
obtained from the corresponding two-phase flow tests 
raised a quest for repeating the same studies, this time 
opening up the lattice somewhat by using a 5x5 sub-bundle 
built up by slightly thinner rods (Zircaloy).  


That decision provided an opportunity of extending the 
single-phase studies addressing the latter sub-bundle 
towards larger water flows (and thereby higher Reynold´s 
numbers), compared to those which been reached during 
the previous tests with the 5x5 steel rod sub-bundle.  


The reason for doing so will be explained below. 
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From the measured water flow through the test section 
during each test, the known values of the density of water 
and its viscosity at room temperature, plus the cross section 
area of the test section and also its “hydraulic diameter”, 
the following quantities were calculated:  


       the mass velocity Gw within the test section,  
       the corresponding water velocity Vw,  
       the Reynolds number Re, and  
       the “dynamic pressure”  ( ½ . Gw . Vw). 
For turbulent single-phase flow, the shearing stress  


on the channel wall surface is usually correlated to the 
“dynamic pressure” via a “friction factor” f, according to:  


 
    =   f  .  ( ½ . Gw . Vw) 


 
Thus, single phase friction factors were evaluated from 


the test results, according to  
 


f     =    / ( ½ . Gw . Vw) 
 
Similarly, single phase ”spacer pressure loss coeffi-


cients”  were obtained from the measured pressure drop 
Pspacer  across each spacer, according to 


 
   =   Pspacer  / ( ½ . Gw . Vw) 


 
Figures 6 and 7 present the experience gained from the 


two test series (addressing the steel rods and the Zircaloy 
rods, respectively) versus Reynolds number.  


The former Figure presents the friction factors f. 
 


 
 
Figure 6. Comparison between friction factors obtained for 


the two sub-bundles studied 
 
For the three smallest water flows that were studied, 


flow lamination effects appear to have influenced the 
results somewhat.  


As regards the 5x5 sub-bundle which was built up by 
steel rods, the friction factors obtained from the 
corresponding tests which refer to larger Reynolds numbers 
may be expressed in terms of the correlation  
 


fSB5 = 0.49 Re – 0.45 
 
Note that they show a stronger Reynolds number 


dependence than what is predicted by other friction factor 
correlations, for example, that suggested by “Fanning”:


 
f  = 0.046 Re – 0.2 


 
This experience raised the question: would that trend 


be sustained even towards larger values of the Reynolds 
number? To clarify this issue, the subsequent test series 
addressing the 5x5 sub-bundle which was built up by 
slightly more slender Zircaloy rods was extended towards 
higher water flows. 


 According to Figure 6, it then became clear that for 
Reynolds numbers above 10000, the friction factors 
obtained from the latter test series were more in line with 
the predictions of the “Fanning” correlation.  


Thus, the remarkable behaviour of the friction factors 
observed in both these test series at Reynolds numbers 
below 10000 may possibly have been caused by spacer 
induced turbulence.   


Interestingly, within the range of Reynolds number 
where the two test series overlap, the friction factors 
obtained from the test section which was built up by 
Zircaloy rods systematically exceed those obtained from 
the test section built up by steel rods. 


Figure 7 presents the spacer pressure loss coefficients 
 versus Reynolds number.  


 


 
 


Figure 7. Comparison between spacer resistance coefficients 
obtained for the sub-bundles studied. 
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Observe that for both “5x5” sub-bundles studied, the 
spacer pressure loss coefficients  


i) were largely independent of the Reynolds number, 
ii) and all in the order of magnitude of unity  


except for the four smallest Reynolds numbers studied  
(where some flow lamination may have been present, as 
suggested above). 


Within the region of Reynolds numbers where the two 
test series overlap (up to about 10 000), the spacer pressure 
loss coefficients may be adequately expressed by the 
correlation  


 SB5 = 1.0 


Above that region, the spacer pressure loss 
coefficients obtained from the particular tests addressing 
the Zircaloy rod bundle show an interesting tendency to 
diminish slightly with increasing Reynolds number.    


V. TWO-PHASE FLOW STUDIES 
 
V.A. Flow stability restrictions 
 
Already at an early stage of the two-phase flow studies 


reported in [2], flow pulsations within the test section were 
sometimes observed, unexpectedly. They were not of the 
well-known “density wave” character. Whilst the physical 
mechanism causing them remains unexplained, experience 
soon showed that whenever the sum of the volume flows of 
air and water through the test section exceeded a certain 
limit (which differed somewhat between the specific 
geometries of the various sub-bundles studied), the 
pulsations escalated to such large amplitudes that the entire 
test section vibrated.  


Hence, the phenomenon limited the ranges of water 
flows and air flows which could be addressed by any two-
phase studies. 


Even for such flow combinations of air and water for 
which the amplitudes of the flow pulsations remained 
modest enough to allow the conduct of meaningful two-
phase tests, the phenomenon still interfered with the 
measurements, notably as regards the pressure drop studies.   


 
V.B. Conduct of the two-phase flow studies 
 
For compatibility reasons, the two-phase flow 


investigations did not involve any other water flows than 
those that had already been studied during the preceding 
single-phase flow tests. Even so, the range of water flows 
which was addressed by the two-phase flow tests could not 
be extended up to the limit reached during the preceding 
single-phase studies, owing to the stability restrictions.  


 
 
 


Each single two-phase flow test commenced by 
measuring the pressure differences along the test section 
and the overpressure within it (see Figure 3) and was 
terminated by measuring the void fraction.  


 
V.C. Void fraction measurements  
 
For each individual rod bundle mockup which was 


installed within the test section shroud, the corresponding 
test section configuration was carefully pre-calibrated in 
the axial direction (prior to any void fraction measure-
ments). This was done by repeatedly pouring well known 
quantities of water into the test section and documenting 
the axial position along it of the corresponding water level.  


Thus, wherever a water level established itself along 
the test section - after the simultaneous rapid closure of the 
shut-off valves located within its inlet and outlet nozzles 
(see Figure 3) - that level could be directly interpreted in 
terms of an “integral” void fraction. 


Within the pulsation-induced constraints mentioned 
above, measurements of void fractions were made for a 
substantial number of combinations of water and air flows.  
In combination with the known values of the corres-
ponding volume flows of water and air through the test 
section, these measured void fractions could be interpreted 
in terms of “slip values”. 


As an example, Figure 8 (which refers to the 5x5 sub-
bundle which was built up by Zircaloy rods) presents the 
measured void fractions, in terms of the volume flows of 
water and air which could be studied (as regards void 
contents) - within the flow stability constraints.  


 


 
 
Figure 8. Void fractions versus air flows through the test 


section, for various water flows. 
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 Figure 9 presents the corresponding slip values.  
 


 
 
 
Figure 9. Slip values versus air flows through the test 


section, for various water flows. 
 
Observe from the substantial magnitudes of the slip 


values encountered that the nature of the two-phase flow 
structure was far from homogeneous.  


V.D. Pressure drop measurements 
 
As regards the pressure drop studies, these had to be 


restricted to somewhat fewer combinations of water and air 
flows than those that could be covered by the above-
mentioned void fraction studies, because of the extra 
disturbing interference incurred by the flow fluctuations on 
the pressure drop measurements  


When our single-phase flow studies addressing the 
particular 5x5 test section which was built up by steel rods 
were extended into the two-phase domain, it was noticed 
that as the air flows were gradually raised, the flow 
resistance caused by friction against the channel smooth 
surfaces gradually became more dominant, while the flow 
resistance of the spacers tended to diminish. Thus, it 
became increasingly difficult to attain satisfactory precision 
in the determination of the flow resistance characteristics of 
the latter components.  


This experience provided yet another reason for 
repeating our 5x5 rod lattice studies, this time using a 
lattice built up by somewhat slimmer rods (Zircaloy). 


Owing to the superior quality of the results from the 
two-phase studies addressing the Zircaloy rod bundle, the 
subsequent presentation of our results will be restricted to 
the corresponding test series.  


The two-phase flow studies were arranged so that only 
such water flows were involved that had already been 
studied during the corresponding single-phase tests.  


Generally, any friction factor and its corresponding 
spacer resistance coefficient which have been obtained 
from one particular single-phase test may conveniently be 
viewed as an extrapolation to zero void content of the two-
phase friction factors and spacer resistance coefficients 
obtained from the corresponding two-phase test series, 
addressing the same water flow. 


Accordingly, we have evaluated our two-phase test 
results via a novel formalism which - extrapolated to zero 
void - becomes identical to that used for evaluating the 
results from the corresponding single-phase tests.  


At  this point,  observe  that  “the  dynamic pressure” - 
(½ . Gw . Vw) - which was used for the data reduction of the 
results  and Pspacer) obtained from the single-phase tests - 
also represents “half the flow of momentum” through the 
test section, per channel cross section area. 


For any two-phase test, the phase velocities through 
the test section (Vw and Vair ts, respectively) have been 
calculated from the void fraction (as measured) - in 
combination with the known mass velocities (Gw and Gair, 
respectively) plus the known volume flows of water and air 
through the test section.  


Accordingly, “half the flow of momentum through the 
test section, per channel cross section area” is given - for 
the two-phase situation - by the expression  


 
½ ( Gw 


.  Vw  +  Gair 
. Vair ts ) 


 
Hence, dividing the experimentally obtained values of 


the shearing stress  on the smooth channel surfaces and the 
pressure drop Pspacer across an individual spacer by the 
above mentioned expression yields  


 
generalised two-phase friction factors f2f  and  
spacer resistance coefficients 2f , according to  
 


f2f   =    / [ ½ ( Gw . Vw + Gair . Vair ts )] 
 


2f  =   Pspacer /[ ½ ( Gw . Vw + Gair . Vair ts )] 
 
Since two-phase results thus obtained will turn into the 


corresponding single-phase results in the limit of zero void, 
f2f and 2f  may be viewed as functions of the void content. 


 Examples of such presentations are given in Figures 
10 and 11 for the 5x5 sub-bundle mock-up which was built 
up by Zircaloy rods.  


Both Figures refer to the largest water flow which was 
addressed by these particular two-phase studies (to ensure 
that turbulent conditions had prevailed during the 
corresponding single-phase test).   
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Figure 10. Two-phase spacer resistance coefficients versus 


void fractions.  
 
 
 


 


Figure 11. Two-phase friction factors versus void fractions. 
 
Of all the results presented in both these Figures, the 


most reliable ones appear to be those which could be 
realized up to void contents of about 11 %. Observe that 
over this range:  


 
firstly: the two-phase results presented in both these 


Figures depend fairly linearly on the void content;  
 
secondly: extrapolated in this manner to zero void 


content, the two-phase test results are remarkably 
compatible with the experience from the corresponding 
single-phase test. 


 
Thus, the two-phase spacer resistance coefficients (as 


defined above) appear to be fairly independent of the 
channel void fraction, while the two-phase friction factors 
(defined similarly) tend to increase slightly with raised 
channel void fractions, in a fairly linear manner. 


Note the deviations in  and f which can be seen in 
Figures 10 and 11 - at void contents exceeding 11 % - from 
the general behavior observed in the lower void range.  


Considering the fairly large air flows which were 
involved in these particular two-phase tests, the 
phenomenon may well have been caused by the presence of 
some flow pulsations occurring during these test. 
Accordingly, the test results provide some insight with 
respect to the measurement accuracies which could be 
attained in either parameter.  


For example, observe that whenever an individual 
spacer resistance coefficient presented in Figure 9 falls 
below the general linear trend of all the results presented 
there, the corresponding friction factor in Figure 10 falls 
above the general linear trend of all the results presented in 
that Figure – and vice versa.  


 
DISCUSSION AND CONCLUSIONS 


 
The research presented in this paper, as well as in Refs 


4 and 5, is basically intended for use in theoretical studies 
of the thermal-hydraulic aspects of reactivity incidents 
which occur in BWR cores at low pressure.   


Generally, our two-phase tests were conducted at 
overpressures within the test section of about 0.5 bar, 
corresponding to absolute pressures of about 1.5 bars. 


 Since air is about twice as heavy as water vapour, our 
experimental conditions should be applicable to steam-
water mixtures at an absolute pressure of about 3 bar, 
corresponding to overpressures of about 2 bar.  


Such conditions correspond to the pressure at the top 
of a BWR core during fuel loading/reloading, control rod 
replacement, et cetera.  
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Classic methodologies for core design consist of sequential analysis of neutronics, fuel mechanics, S/A mechanics and 


thermal-hydraulics (core and system), often performed by separate teams. This iterative scheme can be a lengthy process 
especially in the early stage of design when parameters are subject to frequent change. Beside, with this design approach, 
final options may not be optimal and can’t be “rigorously” justified with macroscopic indicators. 


A complementary approach is a systematic and multi-physics exploration of design parameter space: it implies to couple 
reactor physics tools with platforms dedicated to sensitivity/parametric analyses such as SDDS (SHADOC-based Design 
Development System) or URANIE. 


This approach can be either used in the pre-design phase (large parameter range) or in the refining stage. Exploration can 
also be completed with either single or multi-criteria optimization processes (Genetic Algorithm, VIZIR or MULTIGEN) 
with use of correlation techniques such as neural networks or polynomials. Within CEA and EDF, the relevance of such 
methods was already demonstrated on Gas cooled Fast Reactors (GFR), PWRs loading pattern optimization or advanced 
sodium-cooled fast reactors. 


In this paper the various approaches and techniques used, including the latest developments will be presented through 
several applications: for example, various methods for correlation improvement through optimization will be described, 
together with a simplified way to take into account un-protected transients behavior in the optimization. Large scale multi-
parameter scans can also be used to visualize trade-offs between antagonist’s performances, or to select a design complying 
with a given set of requirements. 


 
 


I. INTRODUCTION 
 


A common R&D Project was launched in 2007 between 
CEA and its French industrial partners EDF and AREVA, 
aiming at the development of Gen IV innovative Na-
cooled Fast Reactors. Strong improvements with respect to 
the previous French prototypes Phénix and SuperPhénix 
are aimed particularly in the fields of safety and 
competitiveness, in accordance with the Gen IV 
requirements, as well as the potential for long-lived waste 
reduction. If the industrial deployment of these systems is 
scheduled about 2050, a first milestone will be constituted 
by the ASTRID prototype scheduled for 2020. 
 
The safety approach that drives the reactor design aims at 
increasing the robustness of the safety demonstration, 
which can be obtained by either the demonstration of the 
practical exclusion of the probability of a core accident 
leading to massive core degradation, or by the 
demonstration that the consequences of such an accident 
are totally mastered. 
 


This approach applies also, more specifically, to the 
process of the core design, which is the subject of the 
current paper, even if it is clear that an appropriate design 
of the core alone is not sufficient to meet the Gen IV 
objectives, and that a high level of integration with the 
other parts and systems of the nuclear island is obviously 
necessary. Practically, the final design of the nuclear island 
can result of an iterative process, as the design of each part 
of the nuclear island is often carried out separately, at least 
in the very first design phase. 
The core design itself is often the result of an iterative 
process between at least the following disciplines: 


• Reactor physics 
• Core thermo-mechanics 
• Thermal-hydraulic 
• Large-scale mechanics 


 
The differentiation in disciplines implies the one in design 
methodology, tools and primary data, to get very 
frequently many different teams involved in the process of 
the core design, each one on a different time step and very 
often in the framework of an iterative process. 
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Several drawbacks can be associated with such a design 
scheme, and at different levels: 
• Methodological: given the high level of reciprocal 


integration between, at least: 
o The different disciplines involved; 
o The design objectives, which can be antithetical 


(we can consider the example of the power 
density as a compromise between economics and 
safety), 


it appears that the core design process is a typical 
constraint optimization process. 


• Quality Assurance: the very high standards of the Gen 
IV systems requires a very satisfactory demonstration 
of the complete exhaustiveness of the design analysis.  


 
On the contrary, such a demonstration would be extremely 
enabled by a design process based on a simultaneous 
optimization between the constraints imposed by the main 
disciplines involved in core design. Moreover, the fact of 
taking into account the constraints at the same time of the 
design process would allow to consider only “primary” 
constraints (i.e., a sufficient margin to fuel melting) instead 
of “secondary” or “derived” constraints (in this example, 
the linear power, often an input data for neutronic 
designers issue from fuel thermomechanics). Finally, it is 
reasonable to expect that the final core issued from such a 
process could realize a better compromise between the 
optimization objectives, and possibly in a reduced time. 
Nevertheless, several problems must be solved in order to 
develop and qualify such an optimization methodology: 
between others, namely the cost of the calculation phase 
with numerical codes, which can push to the development 
of simplified physical models, and the need to ensure the 
stability of the optimization method itself. 
 
In this paper, the first part is devoted to the description of 
the different models used for reactor physics, fuel 
thermomechanics, thermalhydraulics and safety (chapters 
xxx to xxx). In the second part, two practical applications 
carried out by means of two methodologies currently under 
development at CEA and EDF are proposed, focusing 
more on the optimization rationale than to the optimized 
product itself. 
 


II. RATIONALE AND IMPLEMENTATION LINE 
 


Ideally, the core design should be performed using 
multi-physics coupled core calculations. Unfortunately 
availability of calculation schemes and computing time 
issues makes this approach unsuitable for optimization 
algorithms needing up to several millions of calculations. 
Hence, a compromise between the computing time and the 
precision of calculations is necessary..  


One very efficient way to reduce the computation 
time, without deteriorating the precision too much, is the 


use of correlation techniques, such as polynomials, splines 
(step polynomials functions)or neural networks. Another 
way is the use of simplified analytical physics models. 
Both techniques can also be used simultaneously; with for 
example analytical models employing correlations for very 
complex data (cross sections, fuel swelling …). Thus, very 
fast core evaluations (about a second calculation time) can 
be carried out, with an acceptable error (about a few %) 
and used for a core optimization.  


Optimization methods presented in this paper only 
address core pre-conceptual design. Post-optimization 
analyses, with exact geometries and fully coupled 
calculations, are required to achieve the final core design 
(for instance, additional detailed studies are  needed to 
identify the control rods scheme, for example).  


A typical core configuration for optimization can 
be described by the following list of independent 
parameters (see TABLE I). These parameters have to be 
completed with additional rules to complete the design. 


 
TABLE I 


Independent core design parameter 


Thermal power Core size (height and 
diameter) 


Inlet and outlet 
temperature 


Number of rows (pins and 
S/A) 


Pin diameter, and space 
between pins 


Clad thickness, and fuel pellet 
radius 


Expansion volume size Pu content in fuel 
Other fuel-characteristics (porosity, …) 


 
This usually lead to 8-10 dimensions optimisation 


problems which can be solved in an acceptable time using 
genetic algorithm or the SDDS methods (see Example of 
application). 
Core optimisations also have to deal with constraints 
related to the feasibility of manufacture, safety aspects or 
handling requirements. The approach can take into account 
some of these constraints, such as limitations on core 
height, diameter (for pressurized reactors) or sub-assembly 
mass.A key question here is: how to measure core 
performance? A possible indicator of the core performance 
could be the cost of electricity, provided that the safety is 
acceptable. But, such a contribution remains, however, 
difficult to evaluate for innovative reactors and can not be 
used for the optimization. This cost is nevertheless strongly 
dependant on both the economic performance of the core, 
and the cost of the additional safety systems required. This 
has a strong impact on the core design approach. Because, 
in one way, very intrinsically safe cores can be designed 
(for example with a very low power density), but with very 
bad performance, and in the other way, many very 
performing cores can be designed, but requiring many 
expensive safety systems. A balance has to be found 
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between these two aspects in the core design. Safety is not 
negotiable, but the balance between ensuring safety by 
external systems (active or passive ones) or in the core 
design is an important optimisation consideration, as 
shown in Figure 1.   
 


  
Figure 1 : Balance between the core performance and core 
intrinsic safety performance at a given global safety level 


 
In order to estimate the economic performance of 


a core with a given thermal power, N. Todreas [4] 
considers the following five parameters: 


- Plant thermodynamic efficiency 
- Discharge burn-up 
- Irradiation time 
- Core volume and diameter 
- Load factor 
The load factor is strongly dependent on the 


reactor systems. Therefore, it is out of the scope of theses 
methods. The remaining 4 parameters are good 
performance estimators and can either be directly used in 
the optimization or combined in more global parameters 
(like the Pu inventory [11] ) 


 
III. MODELS FOR PHYSICAL ASSESMENT 


 
The essential task in a multi-physic optimization process is 
to obtain a sensible trade-off between precision and 
simulation time. As far as “best-estimate” codes are 
concerned, unitary runs rarely take less than a few minutes 
which lead to either physical modeling simplification or 
construction of meta-models (Spline functions, neural 
networks, polynomials etc.). The choice between these 2 
options will essentially depend on the level of precision 
required in physical description which is often related to 
the development stage of the core design. Also, in the case 
of coupled methods the accuracy level of models must be 
consistent disciplines (neutronics and fuel mechanics for 
example). 
Various models for core Neutronics, Fuel thermal-
mechanics, thermalhydraulics and safety evaluation 
implemented in the framework of French fast reactor core 
design are presented in this section. 


 
III.A. Neutronics 


 
Neutronics modeling is a central element of core 
calculation schemes. Generally, it is the first step for core 
performance evaluation since power density and 
distribution as well as neutron spectrum will impact all 
other disciplines. 
Two situations can be considered depending on the 
advancement of reactor design. In the preliminary phase 
(P1), a first core configuration has to be drawn depending 
on long term fuel-cycle options or macroscopic physical 
performances (power-density, neutron spectrum etc.). Once 
main design options are settled, detailed optimization 
phase starts (P2) with fine design options corresponding to 
“perturbation” of initial parameters and investigation of the 
impact of heterogeneities (enrichment zoning, sodium 
plenum, fertile blankets etc.) on precise characteristics 
(cycle length, maximum discharge burnup etc.).  
 
In phase P1 imposing macroscopic performances lead to a 
range of viable core options under local characteristics 
assumptions. In phase P2, once main core options are set, 
local performances should be verified considering core 
heterogeneities and under global performance constraints.    
 
In both cases the following steps are fulfilled: 


• Creation of a large neutronic database solving 
Boltzmann equation. This is performed using 
ERANOS code system with multi-groups 
approximation using either the diffusion or SN 
transport methods. 


• Construction of predictive tools using advanced 
meta-models (Spline functions, polynomes, neural 
networks etc.) 


 
A large range of spatial refinement of neutronic model is 
necessary to cover both phases:  


• In phase P1, integrated cross sections and 
feedback coefficients can be obtained using 
homogeneous 2D-RZ geometries. Analytical 
models for fuel depletion (long term scenarios) 
can also be used.  


• In phase P2 heterogeneous core geometries and 
more accurate neutronic methods are required to 
properly assess detailed safety characteristics and 
power distributions. 


 
Criteria of interests for neutronics can be listed as follow: 


• Reactivity swing: it corresponds to the variation 
of core reactivity between beginning and end of 
cycle (BOC, EOC). This value is important since 
this reactivity is compensated by rod insertion. 
This value has to be minimized to prevent from 
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power excursion in case of incidental control rod 
withdrawal. 


• Breeding gain: often expressed in equivalent 
Pu239 


• Power distribution: minimizing the power total 
form-factor is favorable for steady state and 
transient behavior. 


• Feedback coefficients: variation of core reactivity 
under Temperature or density variations of core 
medias (fuel, cladding, sodium, structures etc.) 
plays an important role in accidental situation and 
can be optimized for certain class of transients 
(see paragraph on safety). 


 
III.B. Core thermal-hydraulics 


 
Two main optimization criteria can be described: 
Core pressure drop. 
This characteristic plays an essential role in many aspects 
of core design: 


• Mechanical design: impacts on channel’s (T/H) 
deformation when using closed fuel assemblies 


• System design : impact on pump sizing 
• Accidental analysis: natural convection process is 


favored with low core pressure drop  
 
Pressure drop is mainly proportional to axial channel 
sections and flow rate. The former parameter strongly 
depends on fuel pin design and the latter on power density 
and spatial distribution through fuel depletion. 
As a matter of fact, core flow rate has to be adjusted to 
ensure sufficient cooling of fuel cladding and, in case of 
closed channels, ensure reasonable temperature differences 
between structural elements to minimize differential 
bending. 
Simultaneous satisfaction of those criteria can lead to flow 
rate zoning using diaphragms for examples. Minimizing 
zones numbers can also be part of the global optimization 
process. 
Mean outlet temperature 
This criteria is also an important criteria since it has an 
impact on heat conversion efficiency. Maximizing this 
value can be part of the optimization process. 
It is also very much influenced by the core power 
distribution evolutions through depletion.  


 
III.C. Fuel mechanics 


 
Impact of thermo-mechanics on core performance 
 


When designing a core, one has to assess that 
some basic operation conditions are guaranteed. For 
nominal regime, and depending on temperature evaluation 
uncertainties, a minimal margin to fuel melting has to be 
maintained. Besides, Fuel-Cladding Mechanical 


Interaction (FCMI) must be avoided. Last, fission gas 
pressure load on the clad must remain below failure 
criteria. Some other criteria, such as bundle swelling and 
the resulting sodium section reduction could also be taken 
into account in a more refined approach. 
 


Within a coupled optimization perspective, the 
thermo-mechanical state and the neutronic behaviour must 
be simultaneously evaluated, because the maximum burn-
up that can be reached by a core design is limited by the 
compliance with basic design constraints previously 
mentioned. Furthermore, the thermo-mechanical state of a 
core can be used to evaluate more refined performances 
impacted, among others, by nominal temperature, such as 
unprotected transient behaviour. 
 


During irradiation, the fuel pellet geometry 
changes. The outer and inner radius evolve under the 
influence of thermal dilatation, irradiation swelling, 
porosity migration, and so on. The clad geometry is also 
modified because of thermal creep and irradiation 
swelling. The pellet to clad thermal exchange coefficient, 
mainly depending on the pellet to clad gap width and on 
fission gas release, is modified as well. The temperature 
radial profile is thus heavily modified during the fuel life 
time. Thermo-mechanical codes such as GERMINAL ([9]) 
is  used to evaluate the fuel behaviour. 
 
Evaluations of thermo-mechanical behaviour within an 
optimisation methodology. 


 
As the time needed to run a thermo-mechanical 


code is usually short (a few minutes for GERMINAL), one 
might directly perform reference calculations with the 
adequate thermo-mechanical code for each core design, 
defined by a set of parameters. This approach is the most 
precise one but also the heaviest and the most time-
consuming one. This has not been done in the framework 
of this paper. 


Among faster and more simplified methods, two 
different approaches can be distinguished. Check 
calculations on optimised designs are necessary with both 
approaches. 


First, one can use physical sense to guide the 
elaboration of simple analytical models or correlations. 
Various levels of simplification can then be considered. 
Reference code calculations can be used to check simple 
analytical models [10] or to fit correlations giving directly 
the final fuel thermo-mechanical behaviour. This approach 
is used in the SDDS methodology. The fission gas release 
and the FCMI risk are evaluated using very simple models 
assessed on GERMINAL calculations. The margin to fuel 
melting is estimated using a correlation fitted on several 
test cases. The correlation has to be updated if the core 
design is strongly modified. This very simple method is 
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useful to quickly scan the behaviour of a wide space of 
core designs (up to some millions) within a few seconds. 


One may also use reference code calculations to 
fit low-level fuel behaviour models and then use them as 
input data for analytical models. Within the FARM 
methodology [8], fuel mechanics calculations results are 
used to fit correlations predicting the fuel swelling and the 
fission gas release as a function of parameters such as the 
burn up, the fuel temperature, the pellet geometry, and so 
on. These macroscopic laws are then used as input data for 
analytical models giving, among others, the clad to fuel 
exchange coefficient and the fuel temperature. Some 
iterations are necessary to get coherent values of fuel 
temperature and pellet geometry. This method is hybrid 
between the direct use of reference codes and the direct 
use of correlations and analytical models. It uses 
correlations as input data for analytical calculations, and 
might thus be more robust than direct use of correlation or 
models, but requires a bit more calculation time. 


Second, reference code calculations can be used 
to predict the fuel behaviour without any prerequisite 
physical consideration.  


Indeed, meta-models (neural networks in our 
case) can be fed with results from reference codes so as to 
replace them. A larger data is necessary, along with some 
engineering know-how. However, these calculations are 
made once and for all, and the time spent is negligible 
compared to neutronic calculations needs, above all if the 
respective reference codes have been coupled. This 
approach was successfully implemented and tested. [5] 


 
This way, a wide range of modelling options is 


available, from very simplified and fast ones to more 
precise and heavier ones. The main point is to adapt the 
thermo-mechanical model with the overall method used 
and to be able to handle uncertainties. 


 
III.D. Safety 


 
It has to be recalled that the safety level of a 


reactor is not only dependent on the core design, but is also 
strongly determined by the reactor safety systems (Decay 
Heat Removal Loops, supply pumps, etc…). As only core 
optimisation is considered in the methodology presented in 
this paper, the core safety characteristics rely on safety 
estimators, which are independent of the systems (or using 
a simplified system that is not necessary representative). 
The goal of these estimators is mainly to allow core 
comparisons. They do not ensure any safety level (which is 
meaningless without a reactor system), but for example, 
for a given core concept, if core A, has a smaller safety 
estimator than core B, it implies that it will be easier 
(meaning simpler and cheaper) to achieve the required 
safety level for this particular accident; the price of 
additional safety systems will be reduced. Safety 


estimators do not really need to be precise or to correspond 
to any real physical parameter, they need to be 
discriminating and quickly evaluated, in order to be used 
during the optimisation phase. They can address both 
protected and un-protected accident. 
Protected accidents: the most commonly used safety 
estimator is the pressure drop. Representative of a LOFA 
(Loss Of Flow Accident), the pressure drop itself never 
ensures the acceptability of the accident, but is directly 
linked to the power of the supply pumps, and to the reactor 
behaviour during the accident. That is why, in order to 
optimise a core for a LOFA, the core pressure drop has to 
be minimised.  


 
Un-protected accidents: safety estimators can also be built 
for un-protected accidents, and enable to optimise the 
natural core behaviour in such events. In this paper, only 
core-size accidents are addressed, and local transients such 
as TIB (Total Instantaneous Blockage) or CRW (Control 
Rod Withdrawal) will not be treated, even if they could be 
integrated in such an approach. 


First of all, core-size un-protected accidents can 
be divided into three main problem types (as show in 
Figure 2) 


 


 
Figure 2 : Schematic view of different kinds of un-


protected accidents 


 
Slow or Quasi-static Transients: In this kind of accident, 
such as ULOHS (Unprotected Loss Of Heat Source) the 
core parameters will evolve slowly and steadily, and 
converge to the asymptotic state (shutdown or stabilized 
power) which is the more “problematic” condition. This 
implies that the characteristics of the asymptotic state rule 
the transient, and are good safety estimators of the 
accident; These estimators can be very quickly calculated 
using a global feedback coefficient methodology, the 
“ABC method” [1], or using the reactivity equation 
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directly between the initial and final conditions. The 
second one is more precise but requires an implicit 
equation to be solved. 
 
Fast Transients: For these accidents, such as UFTOP 
(Unprotected Fast Transient Of Power), or certain types of 
ULOF, the more “problematic” condition occurs during the 
transient, with power or temperature overshoot. That is 
why kinetic aspects have to be taken into account. This can 
be done with an innovative approach developed by EDF 
during an ULOF [2], which can estimate very precisely 
and quickly the maximum coolant outlet temperature. 
 
The criticality issue: During very fast transients that inject 
a significant amount of reactivity, such as UFTOP, one 
major safety issue is to avoid prompt-criticality. But, in 
most of the cases, the time constant of reactivity insertion 
is longer than the Doppler time constant (usually 
considered smaller than a millisecond, but which could be 
calculated with the Usynin and Polyanin Model [3]). And, 
in this case, the Doppler will provide a margin to prompt-
criticality until the first fuel fusion. The non-prompt-
criticality criterion is: 


 $ln <⎟⎟
⎠
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⎝
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fusion
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Where KD is the Doppler constant, fusion
combT  the average fuel 


temperature leading to fusion in the hot spot, n
combT the 


average fuel temperature in nominal conditions. 
The maximum acceptable reactivity insertion is then a 
good safety estimator of UFTOP. In the case of an 
insertion of reactivity possibly faster than the Doppler 
constant time, the only criteria is to limit the reactivity 
insertion to $ ( $<Δ insertionρ ). 


 
Finally, all these safety estimators can then be 


used at the optimisation step, in order to explore new cores 
with improved intrinsic safety characteristics.   


 
IV. EXAMPLE OF OPTIMIZATION PROCESSES 


 
As part of the brainstorming design phase on next 
generation fast reactor, several exploring and optimization 
processes where undertaken with available methods. Three 
examples are presented in this part: one based on a 
previously designed Evolutionary SFR (SFR-V2B see [6]), 
one on a more sophisticated annular sodium-cooled fast 
reactor core and one on a gaz-cooled fast reactor. 
 


IV.A. Evolutionary SFR 
 
As a first step of the design process of next generation 
sodium cooled fast reactor, an evolutionary core design 


meeting Gen IV criteria was proposed (no fertile blanket, 
increased safety etc.). It was sequentially designed within a 
group of expert and is the base of our detailed optimization 
process TABLE II. A multiphysics multicriteria design 
approach using URANIE platform [5] was undertaken.  
This was performed within the same parameter range and 
constraints 
 
Core modeling 
 
Core modeling considered here is cylindrical core based on 
SFR-V2B core layout (see Figure 3 ) 


INNER FISSILE
OUTER
FISSILE


Upper steel blanket


Lower steel blanket


UpperGas Plenum


Lower Gas Plenum


Symetry axis


 
Figure 3: RZ modeling of evolutionary SFR 


 
Genetic algorithm 
 
Based on this concept, an example of multicriteria 
optimization using URANIE genetic algorithm is 
presented. Genetic algorithms allow multi-criteria 
optimization under constraints. The objective is to apply a 
Darwinian process to rank core configurations (within one 
“generation” of cores) and to mix characteristics from best 
performing ones to generate next generation of cores. 
Optimisation process stops when 95% of the individuals 
are on the so called Pareto front. A core is on the Pareto 
front when no other core can improve one of its 
characteristics without downgrading another.   
Our aim is to minimize Void + Doppler coefficient (VD), 
maximize the margin to fuel melting (FM) and minimize 
core pressure drop (PD) at the same time. Power density, 
number of subcores and S/A rings are identical to the 
reference core.  Additional constraints are on breeding 
ratio (-0.05 < GRI < 0.05), cycle length and batch reload 
scheme (400 EFPD, 5) and reactivity swing (Δρ <1000 
pcm).    
Meta-models (neural networks [5]) were used to replace 
neutronics (ERANOS) and fuel mechanics (GERMINAL). 
2.6 106 core evaluations are required converge Pareto 
front. 
Thanks to Binary format of URANIE neural network this 
process takes less than 10 minutes. 
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In our case we have a three dimension Pareto front. 2D 
representations of our Pareto front are presented on Figure 
4 and Figure 5. On first curve, designer compromise 
between PD and VD is not very strong: large range of PD 
values is accessible for an equally large range of VD. 
However, this is not the case between VD-FM (and  also 
PD-FM) where a true compromise is necessary. 
A compromise can be made using URANIE cobweb 
representation of our problem (see Figure 6). In this 
representation, correlation between design parameters (X) 
and performances (Y) for each configuration is represented 
by a green broken line connecting parameters and criteria 
values. 
 


TABLE II 


Reference SFR extreme values of perturbed case and 
Selected compromise  


Assembly and core 
characteristics 


“Ref” 
SFR  


Extre
me 1 


Extre
me 2


Select
ed 


Pellet diameter (mm) 9.5 6.8 12.6 9.8 
Hole diameter (mm) 2.5 2. 3. 3. 
Cladding with (mm) 0.5 0.5 0.6 0.5 
Spacer wire diameter (mm) 1 0.4 1.4 0.9 
Number of S/A row 12 
Number of pins per assembly  271 
S/A pitch on diagrid (mm) 210.8 156.3 274.3 216.2
Fuel volume fraction (%) 43.7 40.6 47. 43.8 
Sodium volume fraction(%) 27.6 23. 27.7 26.7 
Structure volume fraction (%) 20.0 26.3 17.6 19.6 
Fissile height (cm) 100 158 59 95 
Fuel zone diameter (m) 4.7 3.5 6.2 4.8 
Ratio of Pu content ‘core2/core1’ 1.2 1. 1.4 1.26 
Core power density (W/cm3) 207 
 
In order to make compromise in criteria space, filters can 
be applied to highlight most promising configuration (blue 
broken line on Figure 6). Numerical results corresponding 
to compromise core is given on TABLE III. 
Result show that initial sequential design already provided 
a sound compromise for reference core. However, 
substantial gains can be made by simultaneous small 
modifications of parameters. 
For our selected core, gains on Void + Doppler coefficient 
(190 pcm), Fusion Margin (170°C) and pressure drop 
coefficient (0.2) are shown. This is performed respecting 
other constraints on reactivity swing and breeding ratio.   
 


The most interesting feature of URANIE based method is 
the rapidity for a new core optimization process (few 
minutes) and capacity to add constraints which would take 
much more time with a sequential approach. 
 


TABLE III 


Comparison of reference SFR and Selected core  


Core Performance “Ref” SFR Selected 
Pu mass (t) 14,25 14,63 


Void + Doppler effect (pcm) 1770 1580 
Fuel melting margin (°C) 142* 300* 
Breeding ratio 0 -0,02 
Pressure drop (bars) 3,9 3,7 
Reactivity swing (pcm) -370 -520 


*Conservative assessment, current criteria is 300°C 
 


 
Figure 4: 2D PD vs VD projection of 3D Pareto front  


 


 
Figure 5: 2D MF vs VD projection of 3D Pareto front  
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6 performances10 design parameters


 
Figure 6: URANIE cobweb representation of parameter values (X, 10 left columns) and criteria (Y, 6 right columns) 


 
 


IV.B. Annular core 
 


The SDDS method was first applied on SFR_v2b-like 
homogeneous core concepts [2]. Since then, the method 
was applied on a low sodium void worth annular core 
concept. A 2D-RZ scheme of the global core shape is given 
in Figure 8. 6 design variables are considered and listed in 
TABLE IV. The fissile volume is adjusted changing the 
outer fissile radius. The “diabolo shift” stands for the 
height of the step between higher fissile zones and lower 
ones. The thermal power is 2880 MW. 


 
Design space 
A first study was performed on a wide design space. The 
behaviour of all cores (~6.106) on a regular grid over this 
design space is evaluated using a cubic spline interpolation 
(for neutronics), and simple models or correlations (for 
thermics). 
 
Set of requirement and core selection 
A first set of requirement was chosen and is given in 
TABLE V. A simple filtering operation on performances 
over the design space results in a set of core complying 
with these requirements. The initial set of requirement is 
then reduced until a final design (“#2.1”) is selected. Its 
main characteristics are given in TABLE VI. 
More detailed calculations confirmed these results with a 
relatively good precision.  
 
 
 
 


TABLE IV 


Design space 


Design variable Variation domain 
Pu content (%vol.) 19 to 25 


Fissile volume (m3) 9 to 13  
Inner fissile radius (cm) 81 to 161  


Diabolo shift (cm) 0 to 30  
Outer pin diameter (mm) 9.5 to 10.8  


Inner pellet diameter (mm) 2 to 3  
Pin rows 9 or 10  (without central one) 


 
TABLE V 


Initial set of requirement 


Core characteristic constraint 
Mean discharge burn-up 100 


GWd/heavy.metal.ton.
Margin to fuel fusion 240°C 


Diabolo shift < 30 cm 
Outer core radius < 5 m 


Inner flat to flat width < SFR v2b value 
Maximum linear heat rate < 460 W/cm 


Sodium reactivity coefficient < 0,15 pcm/°C 
Burn-up reactivity swing < 1800 pcm 


 
Trends visualisation 


In order to understand why such a design was 
selected, let us consider a 3D subspace of the initial design 
space (Figure 7). The dimensions are the fissile volume, 
the inner fissile core radius and the inner pellet radius. The 
outer pin radius is set to 10.1 mm, the number of pin rows 
to 9 and the diabolo shift to 30 cm. Each constraint will 
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correspond to a subspace of the 3D space. For instance, the 
set of core whose sodium density effect is lower than 0.15 
pcm/°C is the subspace located on one side of the red 
surface on  The shape of this iso-surface can be easily 
understood: the sodium density effect decreases when the 
fissile volume is reduced, and when the inner core radius is 
increased. 
On Figure 9, the set of core complying with all constraints 
given in TABLE VI is the intersection of the subspaces 
associated with each constraint.  
 


TABLE VI 


Characteristics of the final design  


Core design parameter Value for design #2.1 
Outer pin diameter (mm) 10.1 
Pin rows number 9 (+ central one) 
Mean plutonium content (% vol.) 20.5 * 
Inner Fissile Radius (cm) 116 
Outer Fissile Radius (cm) 244 
Fissile Volume (m3) 11 
Batch reload frequency 5 
Core Performance Value for design #2.1 


(SDDS /  ERANOS)
Total fuel life time (efpd) 1620  (5x324) 
Burn up reactivity swing (pcm) 1630 / 1585 
Sodium Reactivity Effect (pcm/°C) 0.127 / 0.172 * 
Breeding Ratio                                   ( 
instantaneous at EOC) 


3.98 % / 3,78 % 


Margin to fuel fusion (°C) 240 / 240 
*:Plutonium content adapted for finer ERANOS 
calculation.**:Discrepancy partly explained by the 
neutronic scheme bias. 
 
 


 
Figure 7: Parameter space reduction under sodium density 


effect constraint 
 


Symetry axis


  
Figure 8: 2D-RZ scheme global shape of annular core with 


diabolo shift 
 


 


 
Figure 9: Determination of the viability space by 


intersection of constraints subspaces 
 


Gas cooled Fast Reactor (GFR) 
 


Genetic algorithms have also been used to 
optimise the Gas cooled Fast Reactor, in the FARM (Fast 
Reactor Methodology) application.  
For example [7] describes the optimization process of a 
2400 MWth core, using a carbide fuel and a SiC/SiC 
cladding width. 10 variables were adjusted to improve the 
Pu inventory, and the behaviour of 3 protected safety 
estimators. Further optimization accounting for iso-
generation, un-protected accidents as well as new 
innovative fuel technologies has also been performed [8]. 
Thus an innovative core design has been selected in the 
Pareto Front with the same core diameter and level of 
safety for protected estimators than the reference core, but 
with improvements in un-protected accidents and a 
reduction of -20% of the Pu inventory in cycle. 


< 0,15 pcm/°C 
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IV. CONCLUSIONS 


 
Developments made at CEA and EDF to implement High 
Performance Computing (HPC) driven processes for core 
design are presented in this paper.  
Several approaches were successfully tested at pre-design 
phase of Sodium Cooled Fast reactors and Gas Cooled Fast 
reactors. Identified implementing steps for all processes 
are described in this document: 


• Development of core multi-physical simulations,  
• Creation of meta-models 
• Development of simplified models and safety 


estimators. 
These tools allow a systematic exploration of design 
parameter space and can lead to non intuitive optimums. 
Beside, discriminating various core design options is made 
possible thanks to rational performance indicators. 
Nevertheless, using these methods still requires a thorough 
understanding of global core design rationale and should 
be seen as a decision making tool for experienced core 
designers. 
Next steps will be progressive integration of best estimate 
modeling as well as additional disciplines such as structure 
mechanics or advanced system estimators. Also, user 
friendliness of such tools should be enhanced for a broader 
use at core design stages. 
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Abstract – A thermal-hydraulic integral effect test program for the SMART design has been 
introduced with the discussion of the scientific design characteristics of the VISTA-ITL. The 
VISTA-ITL is a small-scale integral effect test facility for the SMART design and it has the 
following characteristics: 1/2.77-height, 1/1310-volume and full pressure and temperature 
simulation of the SMART design. The VISTA-ITL will be used extensively to assess the safety and 
performance of the SMART design and to validate various thermal-hydraulic analysis codes such 
as the MARS and TASS/SMR. As a typical scenario of SBLOCA the safety injection line break 
accident has been analyzed with the MARS-KS code, to assess a thermal-hydraulic similarity 
between the SMART design and the VISTA-ITL facility. The present similarity analysis ascertained 
the thermal-hydraulic similarity between the SMART design and the VISTA-ITL facility and 
provided a good insight into the unique features of the VISTA-ITL and the thermal-hydraulic 
characteristics of the SMART design as well. 


 
 


I. INTRODUCTION 
 
An integral effect test (IET) program is being 


progressed by the Korea Atomic Energy Research Institute 
(KAERI) using the VISTA (Experimental Verification of 
by Integral Simulation of Transients and Accidents) 
integral test loop (VISTA-ITL). The VISTA-ITL is a 
modified version of an existing VISTA facility [1] to have 
the simulation capability of small-break loss of coolant 
accident (SBLOCA) for the SMART (System-integrated 
Modular Advanced ReacTor) design. The VISTA-ITL will 
be used extensively to improve the safety and performance 
of the SMART design and to validate various thermal-
hydraulic analysis codes such as MARS and TASS/SMR.  


The reference plant of the VISTA-ITL is a 330-MW 
(thermal) class integral type reactor, SMART [2], which is 
being developed by the KAERI. The SMART reactor is 
characterized by the introduction of simplified and 
improved safety systems such as passive residual heat 
removal system (PRHRS) and its integral arrangement of 
the reactor vessel assembly, which makes it possible to 
remove the large-size pipe connections between major 
components. It excludes the occurrence of large break loss 
of coolant accidents (LBLOCA), and the SBLOCA is a 
major concern for safety analysis.  


The VISTA-ITL is a 1/2.77-height, 1/1310-volume 
scaled test facility based on the design features of SMART. 
The reference scale ratios of length (1/2.77) and area 
(1/472.9) are based on the elevation difference between 


core and steam generator centers and the core flow area, 
respectively. According to the scaling law, the reduced 
height scaling results in time-reducing results in the model 
as the time scale ratio is 1/1.664. The VISTA-ITL will be 
used to investigate various thermal-hydraulic phenomena 
during the SBLOCA. The break flow rate, the safety 
injection flow rate, and the thermal-hydraulic behaviors of 
major components are measured for a typical break size 
and break locations. The acquired data will be used to 
validate the related thermal-hydraulic models of the safety 
analysis code, TASS/SMR [3], which can assess the 
capability of SMART to cope with the SBLOCA scenario. 
As it is capable of simulating various transient and 
accident conditions for the SMART design, it will greatly 
contribute to the enhancement of its safety and 
performance. 


The pre-test analysis of a SBLOCA was also 
performed to understand the general behavior of the 
VISTA-ITL and to assess the similarity between the 
VISTA-ITL and the SMART design. The analysis is 
performed by using a best-estimate system analysis code, 
MARS-KS [4] which was developed by KAERI, with the 
same control logics, transient scenarios and nodalization 
scheme for both systems of VISTA-ITL and SMART 
design. The analysis result could provide a good insight 
into the unique design features of the VISTA-ITL and the 
thermal-hydraulic characteristics of the SMART design.  


This paper presents an overview of the VISTA-ITL 
test program for the SMART design, and the main focus is 
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on the scientific design characteristics of the VISTA-ITL 
and its assessment of the simulation capability for a 
SBLOCA scenario of the SMART design. 


 
 


II. SCIENTIFIC DESIGN OF THE VISTA-ITL 
 
II.A. Existing VISTA Facility 
 
The existing VISTA facility [2] is an integral effect 


test facility to simulate the primary and secondary systems 
as well as the major safety-related systems of the SMART-
P. The reactor core is simulated by electric heaters with a 
capacity of 818.75 kW, which is about 120% of the scaled 
power. The scaled full power is 682.29 kW. Unlike the 
integrated arrangements of the SMART-P, the VISTA 
primary components including a reactor vessel, a main 
coolant pump (MCP), a steam generator, and three 
pressurizers are connected to each other by pipes for an 
easy installation of the instrumentation and a simple 
maintenance. The secondary system with a single train of a 
feed water supply tank (FWST), the feed water line, the 
steam generator (SG) secondary side, and the steam line is 
simply designed to remove the primary heat source. A 
single train of the PRHRS is also installed. Besides these 
major systems, a make-up water system and a feed water 
system are installed to control the feed water supply and its 
temperature.  


The VISTA facility is designed to be operated by a 
combination of manual and automatic operations. The 
controlled components include the electrical heating rod, 
the main coolant pump, the feed water control valve, the 
steam pressure control valve, the FWST heater, and the 
makeup pump. All the safety related accidents should be 
initiated and controlled by automatic control logics as they 
require automatic reactor trip logics to initiate the PRHRS. 
The corresponding trip logics, tables, and set points are 
programmed to control a sequence of events.  


A set of experiments has been performed for the 
SMART-P by using the existing VISTA facility, which 
includes parametric studies on thermal-hydraulic 
characteristics for transient operation of an integral reactor 
[5], experiments on the performance sensitivity of the 
passive residual heat removal system of an advanced 
integral type reactor [6]. 


 
II.B. Design Concept of VISTA-ITL 
 
In formulating the design concept, we have to consider 


the existing VISTA facility, which is being operated to 
simulate the SMART-P design. The scale ratios of the 
existing VISTA facility with respect to SMART are 
summarized in Table 1. The existing VISTA facility [2] is 
modified to have the simulation capability of SBLOCA by 


installing the steam pressurizer, the safety injection system 
and the break simulation system, etc. 


 
Table 1. Scaling ratios of the existing VISTA facility 


with respect to SMART and SMART-P 
Parameter SMART VISTA Ratio 


Power (MWt) 330 0.682 1/483.66


Flow rate scale 


Primary loop (kg/s) 2090 3.54 1/590.99


Secondary loop (kg/s) 160.8 0.25 1/643.20


Length scale (LR) 


Height (Core-SG) (m) NA NA 1/2.77


Area scale (AR) 


Active core (m2) NA NA 1/472.9


Volume scale - Reference (VR) 


Volume (m3) NA NA 1/1310


Flowrate scale - Reference (WR) 


Flowrate (kg/s) NA NA 1/787 


 Ratio:  Ratio of the VISTA-ITL and SMART 
 
Table 2. Major scaling parameters and ratios of the 


VISTA-ITL 
Parameters  Scale Ratio Value 


Length, Rl0  Rl0  1/2.77 


Diameter, Rd0  Rd0  1/21.75 


Area, Ra0  2
0Rd  1/472.9 


Volume, RV0  
RR ld 0


2
0   1/1310 


Time scale 2/1
0Rl  1/1.664 


Velocity 2/1
0Rl  1/1.664 


Power/Volume 2/1
0

Rl  1.664 


Heat flux 2/1
0

Rl  1.664 


Core power 2/1
00 RR la   1/787 


Flow rate 2/1
00 RR la   1/787 


Pump head 
Rl0  1/2.77 


Pressure drop 
Rl0  1/2.77 


 
Finally, we chose the 1/2.77-height and 1/1310-


volume-scale design for the SMART, as summarized in 
Table 1. The reference scale ratios of length and area are 
based on the elevation difference between core and steam 
generator centers and the core flow area, respectively. The 
rationale for adoption of the reduced-height design is 
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similar to the ATLAS design [7]. Table 2 shows the major 
scaling parameters of the VISTA-ITL and its scaling ratios. 


 
II.C. Scientific Design of the Systems and Components 
 
The VISTA-ITL has been designed following the 


three-level scaling methodology of Ishii and Kataoka [8] 
which consists of integral scaling, boundary flow scaling, 
and local phenomena scaling.  
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Fig. 1. Schematic diagram of the VISTA-ITL facility 
 
Figure 1 shows the schematic diagram of the VISTA-


ITL facility. The major components of reactor pressure 
vessel, steam generator, PRHRS and secondary system are 
preserved, but some changes are given to simulate the 
SBLOCA behavior of the SMART design. They include 
the steam pressurizer, safety injection system, steam 
generator bypass, hot leg, cold leg, PRHRS makeup tank, 
break simulator and break measuring system. They are 
designed to match the scaling ratios given in Table 2. The 
major scale ratios are as follows. 


- Reference plant: SMART-330 
- Scaling methodology: three level scaling 
- Length scale ratio: 1/2.77 
- Area scale ratio: 1/472.9 
- Volume scale ratio: 1/1310 
 
Steam Pressurizer 
The steam pressurizer is installed instead of the self-


pressurized pressurizer of the existing VISTA facility. The 
steam pressurizer of the SMART design was scaled-down 
following the scaling ratios in Table 2 and is connected to 
the MCP suction region.  


 
PRHRS Makeup Tank 


The PRHRS makeup tank functions to make up the 
PRHRS inventory loss during the PRHRS operation. It was 
scaled-down following the scaling ratios in Table 2 and 
newly installed between the secondary system steam line 
and the PRHRS condensate line in parallel with the 
RRHRS heat exchanger. 


 
Safety Injection System 
The safety injection system was scaled-down 


following the scaling ratios in Table 2 and was additionally 
installed in the VISTA-ITL facility. It included a refueling 
water tank (RWT), a safety injection pump (SIP), a 
charging pump and the related piping, valves and 
instruments. 


 
Break Simulation System (BSS) 
The line breaks of SIS, SCS and PSV were simulated 


by installing a break spool piece. The configuration of the 
spool piece is shown in Fig. 2. It consists of a quick 
opening valve, a break nozzle, a case holding the break 
nozzle, and a few instruments. A pressure transducer and 
two thermocouples were installed both upstream and 
downstream of the break nozzle. Detailed geometry of the 
break nozzle for the present SBLOCA tests is shown in Fig. 
3. The break nozzle was designed according to the scaling 
law so that a scaled-down break flow rate escapes from the 
primary system. The break nozzle was installed 
horizontally at the discharge line of the break points of SIS, 
SCS and PSV. The quick opening valve was opened within 
0.5 s by operators when the test was initiated. The break 
flow was discharged to the break measuring system (BMS).  


When a SBLOCA occurs, a choking is expected to 
occur at the break location during the whole SBLOCA 
scenario. The inner diameter of the break nozzle is 
determined to be 1.77 mm which corresponds to 1/787 of a 
2 inch break area. The break nozzle has a well-rounded 
entrance and its length is fixed to be 70 mm including the 
entrance region to comply with the long pipe requirement 
that the length to diameter ratio should be above 12. 


 
Break Measuring System (BMS) 
The break flow is discharged to a BMS, which 


consists of a separating vessel (SV-1) and two measuring 
vessels (MV-1 and MV-2). Overall configuration of the 
break measuring system is shown in Fig. 4. The separating 
vessel is used for separating the break flow from the break 
points. The steam, which is separated in the separating 
vessel, was discharged through a silencer to the 
atmosphere. The steam flow rate is measured by a vortex-
type flow meter at the discharge line. The water, which is 
separated in the separating vessel, is drained to one of two 
measuring vessels. A load cell is installed on the bottom of 
each measuring vessel to weigh the water mass. The 
separated water is first introduced to MV-01. When MV-01 
is full of water, the flow direction is switched from MV-01 
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to MV-02 by a 3-way valve. While MV-02 is used to 
measure the water mass, MV-01 is drained for the next 
usage and vice versa. The separating vessel is also 
designed to simulate a containment back-pressure by 
controlling its pressure using a pressure control valve. 


 
SG bypass line and added RPV volume 
The SG bypass volume is added using a separate 


vessel. And the volumes of the pump discharge line (so 
called hot leg) and SG outlet region (so called cold leg) are 
expanded to have scaled-down values of the SMART. 
 
 


 


Fig. 2. Configuration of the BSS 
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Fig. 3. Detailed geometry of the break nozzle 
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Fig. 4. Schematic diagram of the BMS 
 
 


III. DESCRIPTION OF PRE-TEST ANALYSIS 
 
A SBLOCA scenario for both the reference plant 


SMART and the VISTA-ITL has been analyzed with the 
best-estimate system code MARS-KS [4].  


 
III.A. MARS Nodalization 


 
Figures 2 and 3 show the MARS nodalization schemes 


used for the SMART design and the VISTA-ITL, 
respectively. The nodalization schemes of both the 
SMART design and the VISTA-ITL include all the reactor 
coolant systems, safety injection system, secondary system, 
PRHRS, and auxiliary systems, etc. The safety injection 
line break is considered as a typical SBLOCA scenario. 
The broken SI line is assumed to be one of the available 
safety lines and only one of the 4 safety injections is active 
for the transient calculation based on a single failure 
assumption. The safety injection flow rate of the VISTA-
ITL is scaled down by applying the appropriate scaling 
ratios to the SMART design. The break area is set to be 
reduced according to the scale ratio of the flow rate since 
the break flow would be choked during the SBLOCA 
simulation. 
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Figure 5. MARS nodalization for the SMART design 
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Figure 6. MARS nodalization for the VISTA-ITL facility 
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Table 3. Comparison of the major parameters at a steady state condition 


Parameter 
SMART design value MARS results for VISTA-ITL 


SMART 
VISTA 
-Ideal 


SMART
VISTA 
-Ideal 


VISTA 
-Actual 


Power[MWt]  330 0.419 330.0  0.419  0.419  


PZR pressure[MPa]  15.0  15.0  15.0  15.0  15.0  


1st Flowrate[kg/s]  2090 2.656 2085.1  2.631  2.645 


SG 1st inlet temp.[℃]  323 323 317.7  315.03 311.37 


SG 1st outlet temp.[℃]  295.7 295.7 289.4  286.85 282.01 


Core inlet temp.[℃]  295.7 295.7 289.4 286.57 282.06  


Coreoutlettemp.[℃]  323.0  323.0  318.15 315.15  311.22  


Feedwater flowrate[kg/s]  160.8 0.204 160.8  0.204 0.156 


Feedwater temp.[℃]  200.0  200.0  200.0  200.0  50.0  


SG 2nd inlet press.[MPa]  6.0  6.0  6.1  6.16  5.8  


SG 2nd outlet press.[MPa]  5.2 5.2 5.2  5.2 5.2  


 
Table 4 Major sequence of events for SBLOCA 


Event  


Set-points / Time Delay Time(s)  


SMART  
VISTA ITL-
Ideal 


SMART 
(VISTA-
equivalent) 


VISTA 
ITL-
Ideal 


VISTA 
ITL-Actual 


Break -  -  0 0 0 


Reach LPP set-point  
PZR Pres. = 
12.13 MPa  


PZR Pres. 
=12.13 MPa


259.9 
(156.2)  


106.5  90.0 


LPP reactor trip signal 


1.1 s delay  0.66 s delay 
261.0 
(156.9) 


107.2  90.6 - FW Stop 


- Pump Coastdown  


Reactor Trip - Curve Start 
1.6 s after 
LPP 


0.96 s after 
LPP 


261.5 
(157.2)  


107.5  90.9 


PRHR actuation signal 
(PRHRSAS) 


2.2 s after 
LPP 


1.32 s after 
LPP 


262.1 
(157.5) 


107.9  91.3 


PRHRS IV open  5 s delay  3 s delay  
267.1 
(160.5)


110.9  94.3 


MSIV/FIV close  15 s delay  9.01 s delay 
277.1 
(166.5) 


116.9  100.3 


Safety injection signal 
(SIAS) 


BPV Pres. = 
10.0 MPa  


BPV Pres. = 
10.0 MPa 


463.2 
(278.4) 


312.4  202.2 


Safety injection start  30 s delay  18.03 s delay 
493.2 
(296.4) 


330.4  220.2 


Test End  -  - 
7000 
(4206.7) 


4300.0  4300 
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III.B. Results of the Similarity Analysis 
 
III.B-1. Steady-State Calculation 


 
Table 3 shows the design parameters and calculated 


major design parameters of the SMART design, SMART 
calculation and VISTA-ITL calculation at a steady state 
condition. In the VISTA-ITL facility the feed water was 
supplied from the FWST and its maximum temperature 
was around 50 oC in maximum. To assess the scaling 
distortion due to the restraints of the feed water 
temperature, two calculations were performed. One is the 
case which the feedwater is supplied with 200 oC (VISTA-
Ideal) and the other is with 50 oC (VISTA-Actual). The 
former case is for a hypothetical VISTA condition based on 
the same initial conditions as the SMART design, and the 
latter case is for an actual secondary side condition which 
the feedwater could be supplied with a maximum 
temperature of around 50 oC. 
The MARS calculation results showed good agreement 


with the SMART design within an uncertainty bound 
except for the fluid temperature of the primary system, 
which simulated 5 ~ 6 oC lower than the SMART design 
calculation. The MARS calculation results for the VISTA-
Ideal case simulated the fluid temperature 2 ~ 3 oC lower 
than the SMART design calculation. Also the MARS 
calculation results for the VISTA-Actual case simulated 
the fluid temperature 3 ~ 4 oC lower than the SMART 
design calculation and its SG inlet pressure and feedwater 
flowrate was 5.8 MPa and 0.156 kg/s, respectively.  
Although there were some differences among those three 


calculation results in fluid temperature of the primary 
system, the progress of the SBLOCA scenario were well 
simulated in general. Therefore, the present calculation 
results could provide enough data to investigate the 
similarity of the VISTA-ITL compared with the SMART 
design. 
 


III.B-21. Transient Calculation 
 


Table 4 shows the major sequence of events observed 
during the present analysis. The thermal-hydraulic 
behavior happens 1.664 times faster in the VISTA-ITL 
than in the SMART design according to the time scale ratio 
as shown in Table 2.  


Based on the simulation results for the SMART design, 
the major sequence of events could be explained as follows. 
When one of four SI lines was broken, the RCS began to 
be depressurized. As the pressurizer pressure reached the 
LPP trip set-point (12.13 MPa) 259.9 s after the break, the 
reactor tripped with the reactor trip signal which was 
generated 1.1 s after the LPP signal. Concurrently with the 
reactor trip signal, the injection of the feedwater stopped 
and the main steam isolation valves were closed. And the 
PRHRS isolation valves opened 267.1 s after the break 


with 5 seconds delay time following the PRHRS actuating 
signal which is generated 262.1 s after the break, and main 
steam isolation valve closed 15 seconds after the PRHRS 
actuation signal (277.1 s after the break). With the 
operation of PRHRS, two-phase natural circulation 
occurred inside the PRHRS. The decay heat generated 
from the reactor core was transferred through the SG and 
eventually it was removed by the PRHRS heat exchanger 
which is located in a water-filled ECT. After then the 
safety injection actuation signal (SIAS) was generated 
432.2 s after the break, and the safety injection water was 
injected 30 s after the SIAS.  


When the calculation results of the SMART design are 
compared with those of the VISTA ITL, the SMART 
calculation time should be divided by 1.664 to be 
compared. In case of the VISTA-Ideal calculation, the 
sequence progressed faster during the earlier period, but 
after the safety injection it was slower than the SMART 
design calculation. In case of the VISTA-Actual 
calculation, the sequence progressed faster than the 
SMART design calculation during the whole scenario. 
Figures 7 through 10 show the comparison results of the 
major thermal hydraulic parameters during the SI line 
break accidents, which is a typical SBLOCA scenario. 


Figure 7 shows the pressure behavior of the 
pressurizer. Compared with the SMART design calculation, 
the pressures of both the VISTA ITL-Actual and the 
VISTA ITL-Ideal calculations, reduced faster at an earlier 
period, and their behavior was very similar between two 
calculations. About 150 seconds (based on the VISTA ITL 
time scale) after the break, the pressures of both VISTA 
ITL calculations decreased slower than the SMART design 
calculation. It is because the VISTA ITL facility has a 
relatively larger amount of heat structures compared the 
SMART design. As shown in the Figure 8, the same core 
power curve was applied for those three calculations. As 
the depressurization was delayed during the SMART 
design calculation, correspondingly the reactor tripped 
belatedly.  


Figure 9 shows the behavior of the SI flow rate. The 
safety injection water was supplied according to the order 
of the pressure reduction. The safety injection signal was 
actuated when the RPV pressure becomes lower that the 
safety injection set point of 10.0 MPa. As shown in the 
Table 4, the pressure reduction of the reactor vessel was 
the fastest (220.2 s after the break) during the VISTA ITL-
Actual calculation, followed by the SMART design 
calculation (296.4 s after the break), and the VISTA ITL-
ideal (330.4 s after the break). The pressure tendency of 
the reactor vessel was similar to the pressurizer’s pressure 
changes described in the Figure 7. Also it should be noted 
that their safety injection flow rates of both VISTA ITL 
calculations were less than that for the SMART design 
calculation due to their higher system pressures during the 
latter period. Figure 10 shows the behaviors of the break 
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flow rates. On the whole, the SMART design calculations 
and both VISTA ITL calculations showed similar 
tendencies. However, the transition from the single phase 
to two-phase choking conditions was faster during the 
VISTA ITL calculations than the SMART design 
calculation. 
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Figure 4 Comparison of calculated pressurizer pressures 
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Figure 5 Comparison of calculated core power 
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Figure 6 Comparison of calculated safety injection flow 
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Figure 7 Comparison of calculated break flow rate 
 


IV. CONCLUSIONS 
 
A thermal-hydraulic integral effect test program for 


the SMART design has been introduced in this paper with 
discussions of the scientific design characteristics of the 
VISTA-ITL facility. The VISTA-ITL is a small-scale 
integral effect test facility and it has the following 
characteristics: 1/2.77-height, 1/1310-volume and full 
pressure and temperature simulation of the SMART. The 
VISTA-ITL could be used extensively to assess the safety 
and performance of the SMART design and to validate 
various thermal-hydraulic analysis codes such as MARS 
and TASS/SMR.  


A typical SBLOCA scenario of the safety injection 
line break accident has been analyzed with the MARS-KS 
code, to ascertain the thermal-hydraulic similarity between 
the SMART design and the VISTA-ITL facility. The 
present similarity analysis provided a good insight into the 
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unique design features of the VISTA-ITL and the thermal-
hydraulic characteristics of the SMART design.  
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NOMENCLATURE 
 


ATLAS   Advanced Thermal-Hydraulic Test Loop for  
Accident Simulation (Facility) 


BMS       Break Measuring System  
BSS        Break Injection System  
FWST    Feed Water Supply Tank 
IET Integral Effect Test 
ITL Integral Test Loop 
LPP       Low Pressure Pressurizer   
MCP      Main Coolant Pump 
MV         Measuring Vessel 
PRHRS     Passive Residual Heat Removal System  
PSV        Pressurizer Safety Valve  
RCS       Reactor Coolant System 
RPV       Reactor Pressure Vessel 
RWT       Refueling Water Tank 
SBLOCA   Small-Break Loss Of Coolant Accident 
SCS        Shutdown Cooling System  
SIP         Safety injection Pump  
SIS         Safety Injection System 
SMART   System-integrated Modular Advanced ReacTor 


(Plant) 
SMART-P     SMART-Pilot (Plant) 
SV          Separating Vessel 
TASS/SMR   Transient and Set-point Simulation/Small and 
 Medium Reactor (Computer Code) 


VISTA Experimental Verification of by Integral  
 Simulation of Transients and Accidents (Facility) 
VISTA-ITL    VISTA Integral Test Loop (Facility) 
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Abstract – Advance Power Reactor 1400 (APR1400) had been developed by Korea Hydro and 
Nuclear Power Co. Ltd. (KHNP) through the long-term development of basic design with the 
participation of industries and research institutes until the early 2000s. However, APR1400 Steam 
Generator (SG) has finally been designed and manufactured with the enhanced design features 
after the contract of Shin-Kori 3&4 Nuclear Power Plant (NPP) in August 2006. 
In this paper, three fields among the major design improvements are mentioned including 
secondary steam separation system, tube support structure, and assessment methodology of bolted 
opening assembly. In addition, the shipping skid assembly was optimized to enhance the field 
installation and to retain the structural integrity. 


 
 


I. INTRODUCTION 
 
Basic design of APR1400 had been accomplished by 


KHNP with cooperation with the various organizations 
from industry and research fields until early 2000s. The 
project contract for the very first project of APR 1400 of  
Shin-Kori 3&4 intensively challenged to retain the high-
level reliability of design and fabrication of APR1400 SG 
(Steam Generator). Although the basic design of the 
APR1400 SG had been established in the stage of long-
period development, there have been several technical 
issues to jeopardize the performance of SG, structural 
integrity for severe service loadings, manufacturing 
process, and field installation. 


Through the detailed and robust design review, three 
fields have been improved; secondary steam separation 
system, tube support structure, and assessment 
methodology of bolted opening assembly. Firstly, the 
secondary moisture separation system is rearranged to 
increase the flow area, and hence, to ensure more 
performance margin based on the Computational Fluid 
Dynamics (CFD) analysis and operating experiences. 
Secondly, the tube support structure is added to facilitate 
the assembly of the tube, and to give more margins to 
prevent the Flow-Induced Vibration (FIV). Finally, the 
improved finite element analysis methodology is adopted 
to assess more exact and favorable stress distribution for 
the bolted opening structure. In addition, the design of 
shipping skid assembly is optimized to retain the structural 
integrity and to make it pass through the equipment hatch 


of containment building which has a tight clearance with 
the SG during installation. 


 
II. IMPROVEMENT OF SECONDARY STEAM 


SEPARATION SYSTEM 
 
Two phase (liquid and vapor) mixture leaving the tube 


bundle has a quality less than 30%. In order to separate the 
mixture to the high quality of steam more than 99.75% by 
weight, two stage moisture separation systems have been 
used. In the first stage, the moisture of mixture is separated 
by a centrifugal force in the steam separators mounted on 
the separator support plate. The second stage moisture 
separation is done by the inertia force to move the water 
droplet from the two phase mixture. 


The performance of secondary steam separation 
system, hereafter dryer, is determined by the steam mass 
flow rate and the amount of steam mass flow rate for the 
Shin-Kori 3&4 SG has been increased by approximately 
41% than 1000 MWe-class SG. The detailed performance 
evaluation of the dryer had not been conducted during 
basic design phase of APR1400. The supplier of dryer 
vane for Shin-Kori 3&4 had recommended installing the 
perforated plates to reduce the stream velocity deviation at 
the entrance region of the dryer banks. In order to install 
the perforated plates, the additional support structures 
should be introduced and the through design review also 
should be conducted in the aspect of structural integrity 
and thermal-hydraulic effects on them. Therefore, the 
design of dryer bank assembly had to be modified under 
the condition that the moisture carryover (MCO) meets the 
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design requirements of 0.25% by weight without the 
perforated plates. 


High performance steam quality needs to be ensured 
by assessment of moisture separation performance of the 
dryer along with design modification. 


The evaluation procedure of moisture separation 
performance consists of two steps; Computational Fluid 
Dynamics (CFD) analysis and MCO evaluation. The CFD 
analysis determines eventually the flow field data at the 
entrance of dryer vane for the MCO evaluation. 


Three influences, which include the characteristics of 
pressure drop across the dryer vane, mesh sensitivity, and 
structure sensitivity, had been investigated prior to the 
CFD analysis. Based on the result of sensitivity study, the 
field data were consequently determined by CFD analysis. 
The global CFD analysis model is shown in Fig. 1. 


 


 
Fig. 1. Global CFD Analysis Model 
 
For the CFD analysis, liquid-vapor mixture from 


steam separator is assumed as homogeneous multi-
component fluid and Eulerian view point is employed to 
analyze the fluid flow through the dryer to the steam outlet 
nozzle. Dryer vane is assumed as porous media since the 
configuration of dryer bank has a uniform pattern and 
multi-layered structure. As the inlet boundary condition of 
the analytical domain, two conditions are examined such as 
uniform and non-uniform flow conditions at steam 
separator exit. Each condition has 7 cases according to the 
moisture content of 0, 2, 4, 6, 8, 10% be weight. Moisture 
content is defined as the ratio of water mass flow rate to 
the rated steam mass flow rate. Considering the 
asymmetric flow conditions due to the different heat flux 
in the hot and cold side of the tube bundle, the uniform and 
non-uniform conditions at the steam separator exit are 
evaluated for 0% moisture content. The inlet flow 
conditions are presented in Fig. 2 for uniform and non-
uniform conditions. 


 


 
 
Fig. 2. Uniform and Non-Uniform Mass Flow Rate at Inlet 
 
Using the CFD analysis results, the performance of 


moisture separation is to be evaluated. Since the separation 
characteristics of the liquid-vapor mixture is too 
complicated to accurately assess the performance of the 
dryer by the analytical approach, the experimental 
approach has been typically applied in the industrial field. 


Doosan performed the experiment to investigate the 
moisture separation performance of the dryer6. Based on 
the experimental results, the performance feature has been 
established to represents MCO exponentially increases as 
per dynamic pressure. The result of the MCO evaluation is 
shown in Fig. 3, which is below 0.10% for the moisture 
content ranged from 2% to 10% and the design 
requirement is 0.25%. 


2 4 6 8 10
0.05


0.06


0.07


0.08


0.09


0.10


M
oi


st
ur


e 
C


ar
ry


ov
er


 (%
)


Moisture Contents at Exit of Steam Separator (%)


 
Fig. 3. MCO Evaluation Result 
 


III. ROBUST DESIGN FOR TUBE SUPPORT 
SYSTEM 


 
13,102 (Row 175 x Line 207) inverted U-tubes are 


installed in APR1400 SG and supported by the tube 
support structures. There are four types of support 
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structures within the SG which are capable of providing a 
support to the tubes against vibration described as follows. 


There is a flow distribution plate in the cold leg above 
the top of tubesheet which has a dual function. It is 
intended as a tube support to provide support against 
vibration and also acts as a distributor for the incoming 
feedwater through an economizer feedwater nozzle. There 
are vertical tube support bars and horizontal strips (tie bars 
and lock bars). Unlike the eggcrate support, these 
structures are assembled during the installation operation 
concurrently with the tubing operation. These structures 
are composed of vertical slotted bars intersecting with 
horizontal strips and bounded by the periphery by the 
custom shaped support plates. The diagonal tube support 
bars are practical necessity for the double 90 degree bend 
tube bundles. They provide out-of-plane support to the 
bent corners which would otherwise be quite flexible and 
possess an unacceptably low natural frequency. Theses 
support bars are joined together at their extremities by a 
wrap-around bars which takes a sinuous shape when 
completely installed. In addition, there are three horizontal 
types of tube support such as full, half, and partial eggcrate 
structures bounded by the circumferential bars. It is 
composed of slotted strips intersecting at an angle of 60 
degree and joined together at the outer and inner 
perimeters with a pair of slotted bars, top and bottom. The 
partial eggcrate is investigated in this paper. For the tube 
support structure directly contact to the tubes, APR1400 
SG adopts the eggcrate type to confine the translational 
motion of tubes. Above the top of the tubesheet, four and 
three half eggcrates are installed in the economizer region 
on hot and cold sides respectively and five full eggcrates 
are installed in the straight tube region. Above the top of 
the straight tube region, the partial eggcrates are installed. 


In the basic design phase of APR1400 SG, three partial 
eggcrates are adopted as shown in Fig. 4. Through the 
design optimization based on FIV evaluation during Shin-
Kori 3&4 project, one partial eggcrate was added to reduce 
the unsupported vertical tube span between partial the 
eggcrates as shown in Fig. 5. In the case of adopting three 
partial eggcrates, tubes in row 50, 92, and 134 are the first 
rows captured by the first, second and third partial 
eggcrates respectively. In the case of four partial eggcrates, 
tubes in row 42, 76, 110, 144 are the first rows captured by 
the first, second, third, and fourth partial eggcrates 
respectively. These results in reducing the unsupported 
tube span by means of adding an additional partial 
eggcrate. 


From the standpoint of tube assembling process, it is 
easy to put into the assembly when the spacing is short 
between partial eggcrates. The spacing is empirically 
determined to be the same with 1000 MWe-class SG which 
has been proven for manufacturability. 


There are three dominant mechanisms1 for FIV which 
can occur in the cross flow regions of SG tube bundle; 


Fluid Elastic Instability (FEI), Random Turbulence 
Excitation (RTE), and Vortex Shedding. The critical tube 
rows are selected both in the flow exit and flow entrance 
regions for the FIV evaluation. Several rows are selected 
and evaluated in the flow exit regions and there are three 
flow entrance regions which are cold side recirculating 
flow entrance, cold side feedwater entrance, and hot side 
recirculating entrance regions. 


Table 1 shows the most critical results of FEI and RTE 
evaluation between basic design of three partial eggcrates 
and improved design of four partial eggcrates except 
Vortex Shedding since the results of the tube vibration 
program reveals that tube bundles with tightly packed tube 
arrays are not susceptible to the vortex shedding resonance. 


 


 
Fig. 4. Three Partial Eggcrates in Basic Design 
 


 
Fig. 5. Four Partial Eggcrates in Improved Design 
 


 


3







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11108 


   


TABLE 1 


FIV Evaluations 


FEI Tube 
Row 


Natural 
Frequency [Hz] 


Stability 
Ratio Criteria 


Basic 
Design 23 24.05 0.791 0.75 


Improved 
Design 23 24.43 0.678 0.75 


 


RTE Tube 
Row 


Natural 
Frequency 


[Hz] 


RMS 
Displacement 


[10-3 in] 
Criteria


Basic 
Design 23 24.05 1.84 10 


Improved 
Design 23 24.43 0.79 10 


 
 
IV. ADVANCED ASSESSMENT METHODOLOGY 


OF BOLTED OPENING ASSEMBLY 
 


APR1400 SG has eight bolted openings which are 
four couples of primary manway, secondary manway, 
handhole, and inspection hole.  Each of the bolted 
openings is composed of an opening integrally attached to 
the pressure vessel, a cover plate, a gasket, and assemblies 
of bolts, nuts, and spherical washers. 


A two dimensional Finite Element Model (FEM) as 
shown in Fig. 7 had been used to evaluate the structural 
integrity of the bolted openings for basic design of 
APR1400 SG although some of those are attached to a 
cylindrical shell, which are not able to be modeled as a two 
dimensional FEM with exact dimensions due to an 
asymmetric geometry. Secondary harmonic load3 had been 
adopted to resolve this phenomenon and to analyze stress 
distribution of bolted openings attached to the cylindrical 
sell via a two dimensional FEM using the ANSYS 
computer program4. 


 Behavior of stresses in the actual opening-shell 
intersection is variation of the shell membrane forces 
around the circumference of the opening which makes it 
possible to calculate the stresses by applying loads that 
vary secondary harmonically. Eq. (1) and Eq. (2) are the 
secondary harmonic loads applied to the two dimensional 
FEM3. These loads are the secondary harmonic loads. 


 
NΦ = -0.5C(N2-N1)cos2θ  (1) 
NΦθ = 0.5C(N2-N1)sin2θ  (2) 
C = cos4(0.5Φi) / cos4(0.5Φo) 
Φi = sin-1(dO/DS) 
Φo = Meridional Angle of Spherical Segment 
dO = Nozzle Outside Diameter 
DS = 1.5 x Vessel Diameter 
 


 
Fig. 6. Secondary Harmonic Load 
 
The method applying the secondary harmonic load to 


a two dimensional FEM was developed with the reactor 
vessel inlet nozzle for Yonggwang 3&4 which has no bolt 
and has a large diameter compared with those of handholes 
and inspection holes. Although the results of the two 
dimensional FEM using the above method are analogous 
with the results of three dimensional FEM, so as to use the 
two dimensional FEM applied the secondary harmonic 
load, it is not certain that the method makes adoptable 
results for small sized and bolted openings like handholes 
and inspection holes. The diameters of the reactor vessel 
inlet nozzle for Yonggwang 3&4, the primary manway and 
the secondary manway of Shin-Kori 3&4 SG are 30.5inch, 
21.0 inch, and 21.0 inch, respectively, but the diameters of 
the handhole and the inspection hole of Shin-Kori 3&4 SG 
are 7.75 inch and 5.0 inch respectively.  


A three dimensional FEM was used to eliminate the 
uncertainty for handholes and inspection holes of Shin-
Kori 3&4 project as shown in Fig. 8. 


The three dimensional model of the shell, opening, 
cover plate, bolt, nut and gasket are modeled with the 
ANSYS SOLID185 (3-D 8-Node Structural Solid 
Element). The ANSYS TARGET170 and CONTA173 are 
used to make the relation between opening and bolt, bolt 
and nut, nut and cover plate, cover plate and gasket, and 
opening and gasket. CONTA173 is used to represent 
contact and sliding between 3-D “target” surfaces 
(TARGE170) and a deformable surface. Such element is 
located on the surfaces of 3-D solid or shell elements 
without midside nodes. It has the same geometric 
characteristics as the solid or shell element face with which 
it is connected. Contact occurs when the element surface 
penetrates one of the target segment elements 
(TARGE170) on a specified target surface. 


TARGE170 is used to represent various 3-D “target” 
surfaces for the associated contact elements. The contact 
elements themselves overlay the solid elements describing 
the boundary of a deformable body and are potentially in 
contact with the target surface, defined by TARGE170. 
This target surface is discretized by a set of target segment 
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elements (TARGE170) and is paired with its associated 
contact surface via a shared real constant set. 


 ‘Bonded (always)’ key option of CONTA173 which 
makes target and contact element glued in all directions is 
used between bolt and nut, bolt and opening. 


Finally, the bolt preload was applied by the ANSYS 
built-in command ‘PSMESH’ and ‘SLOAD’. The 
‘PSMESH’ command creates a pretension section normal 
to the pretension load direction by cutting the mesh along 
existing element boundaries. The ‘SLOAD’ command 
applies pretension loads to specified pretension sections. 
 


 
Fig. 7. Two Dimensional FEM 


 


 
Fig. 8. Three Dimensional FEM 
 


 
Fig. 9. Interested Cuts 


 
Design pressure, design temperature, bolt preload, and 


transient loads are applied to the three dimensional FEM as 
written in the design specification of Shin-Kori 3&4 SG5. 


In the primary stress evaluation, the primary 
membrane plus bending stresses due to the design pressure 
were evaluated at interested cuts with the three 
dimensional ANSYS finite element model as shown Fig. 9. 
The primary plus secondary stresses for the normal, upset 
and test conditions were obtained by superposition of the 
membrane plus bending stresses due to pressure and 
thermal gradients. The range of primary plus secondary 
stress intensities were derived by the procedure of ASME 
Section III NB-3216.2. Total stresses were obtained by 
adding peak stresses to the primary plus secondary stresses. 
These peak stresses result from the effect of geometrical 
stress concentration at local structural discontinuities and 
from the non-linear portion of radial (through wall) 
thermal gradients. At those locations which were subjected 
to significant stress concentrations, the primary plus 
secondary stresses were multiplied by the appropriate 
stress concentration factor and then peak thermal stresses 
were added for total stresses. Once the total stresses for 
each loading conditions were obtained the alternating 
stress intensities were derived according to ASME Section 
III NB-3216.2 and the cumulative fatigue usage factors 
were calculated in accordance with the procedure in ASME 
Section III NB-3222.4(e).  


The membrane stress and membrane plus bending 
stress in the bolts was calculated from the finite element 
analysis and combined with the lateral shear stress due to 
the relative lateral displacement between the cover plate 
and the inspection hole and the torsional shear stress due to 
residual torque. The average stress of the bolt was 
calculated as a principal stress from the membrane stress 
and the lateral shear stress. The maximum stress intensity 
was obtained at the periphery of a bolt from membrane 
stress, bending stress and torsional shear stress. The total 
stress of the bolt was obtained by multiplying the stress 
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concentration factor at the periphery of the bolt. The 
resulting stresses were used for fatigue evaluation. 


The stress evaluation results of the two dimensional 
FEM are more conservative than the results of the three 
dimensional FEM in most cases as presented Table 2. 


 
TABLE 2 


2-D & 3-D FEM Stress Evaluation Results 


Cut I.D Model P.S(1) (ksi) P.S(1)+S.S(2) (ksi) Fatigue


AL 2D 27.10 51.93 0.3792 
3D 24.40 55.26 0.3973 


AT 2D 30.08 49.14 0.3821 
3D 19.27 49.07 0.3821 


BL 2D 39.06 94.42 3.6044 
3D 16.84 53.46 0.7140 


BT 2D 18.60 53.00 0.6869 
3D 12.28 53.28 0.7203 


CL 2D 22.67 55.21 0.2227 
3D 5.03 34.16 0.0584 


CT 2D 17.69 37.11 0.1462 
3D 6.46 34.03 0.0589 


(1) P.S : Primary Stress 
(2) S.S : Secondary Stress 
 
 


V. SEPARABLE SHIPPING SKID DESIGN 
 


The integral type of shipping skid had been used for 
the previous domestic project which is composed of lower 
and upper shipping skids with bolting as shown in Fig. 10. 
They have encountered several challenges and customer’s 
requests.  Relatively much time and high workmanship 
was required to connect and dismantle the lower and upper 
shipping skids. When the lower and upper shipping skids 
are disassembled for the upending process inside the 
containment building, the bolted joints in the connection 
used to be set in the thread so that the other method was 
necessary to pull out or cut off the bolts instead of torquing 
device. The equipment hatch which the SG and shipping 
skid pass through has tight clearance with the SG. 


In pursuance of resolution, the shipping skid for Shin-
Kori 3&4 is designed as the separable type as shown in Fig. 
11. The structural integrity of the shipping skid assembly is 
evaluated for the loads encountered in the transport by 
barge, skidding, raising or lowering, and upending 
operations in accordance with the AISC2. This separable 
shipping skid for Shin-Kori 3&4 consists of four 
longitudinal runners, two J-shape runners, four saddles, 
and one base plate. The shipping skid is divided into two 
assemblies which are upper shipping skid assembly and 
lower shipping skid assembly. The SG is set on the saddles 
and is secured to the skid by tie down cables at the saddles 
and screws at the base plate. A three dimensional FEM is 
developed using the ANSYS computer program. The FEM 
consists of SG, upper shipping skid assembly, lower 


shipping skid assembly, and tie down cables using ANSYS 
element types of SOLID45, SHELL63, LINK10, and 
CONTA173. For the upending operation, the FEM without 
upper shipping skid assembly was used. The FEM is 
shown in Fig. 12 & Fig. 13. 


Design improvement of shipping skid assembly 
expedites the operations during the installation at the site 
and also the weight was reduced from 90 to 50 metric tons. 


 


 
Fig. 10. Integral Type of Shipping Skid 
 


 
Fig. 11. Separable Type of Shipping Skid 
 


 
Fig. 12. FEM of Shipping Skid Assembly 
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Fig. 13. FEM of Shipping Skid Assembly without Upper 


Shipping Skid 
 
 


 
VI. CONCLUSIONS 


 
Shin-Kori 3&4 NPP adopted APR1400 type NPP, 


whose commercial operation is planned in September 2013 
for Unit 3 and September 2014 for Unit 4. The operating 
reliability of Shin-Kori 3&4 SG is ensured since the design 
is the masterpiece which incorporates the long-term 
research and development, operating experience, and 
proven design basis as follows. 


Four major design enhancements were discussed in 
this paper including dryer design without perforated plates, 
tube support structure, bolted opening assessment 
methodology, and separable shipping skid design. 


High performance steam quality was ensured not only 
by the detailed CFD analysis but also by the experimental 
results, which was found to be well below the design 
requirement as per design specification. 


The number of U-tubes is increased by 57% than that 
of 1000 MWe-class SG. Maintaining the spacing between 
the partial eggcrates of 1000 MWe-class SG, already 
proven for manufacturability and operability, one partial 
eggcrate was added to reduce the unsupported vertical tube 
span through the design optimization based on the FIV 
evaluation. 


The improved assessment methodology of bolted 
openings, especially small ones such as secondary 
handholes and inspections holes, was applied to ASME 
Section III analysis using three dimensional FEM. The 
advantages of the three dimensional FEM are that it gives 
less conservative stresses and makes more reasonable 
deformed shapes which enable to understand and 
recognize the real behavior of the bolted openings. 


Since the SGs to be installed in Shin-Kori 3&4 sites 
are one of the heaviest SGs in the world, the design 
improvement of shipping skid from the integral one to the 


separable one enables to reduce the weight and shorten the 
installation process. 


 


NOMENCLATURE 
 
APR: Advanced Power Reactor 
KHNP: Korea Hydro and Nuclear Power Co. Ltd. 
SG: Steam Generator 
NPP: Nuclear Power Plant 
CFD: Computational Fluid Dynamics 
MCO: Moisture Carryover 
FIV: Flow-Induced Vibration 
FEI: Fluid Elastic Instability 
RTE: Random Turbulence Excitation 
RMS: Root Mean Square 
FEM: Finite Element Model 
 


REFERENCES 
 


1. ASME Boiler and Pressure Vessel Code, Section III 
Rules for Construction of Nuclear Power Plant 
Components, Division 1 Non-mandatory Appendix N-
1300 Flow-Induced Vibration of Tubes and Tube 
Banks, 1995 Edition with through 1997 Addenda. 


2. Manual of Steel Construction, 9th Edition, American 
Institute of Steel Construction, 1989. 


3. R. E. JOHNSON, P. L. ANDERSON, S. B. HAN, A 
Comparison of Finite element Method for 
Determining Stress Indices in Reactor Vessel Nozzles, 
4th KAIF/KNS Annual Conference, International 
Symposium on Pressure Vessel Technology and 
Nuclear Code and Standards, 1989. 


4. ANSYS Version 10.0, ANSYS Inc., 2005. 
5. Design Specification for Steam Generator Assembly 


for Shin-Kori Nuclear Power Plant Units 3 & 4, 
Specification No. 3L186-ME-DS265-00, Rev.6, 
KOPEC, December, 2009. 


6. Test Report for Moisture Separation System – MSS, 
Report No. NB-SG-2004-2K, Doosan Proprietary, 
September 2002. 


 


7








Proceedings of ICAPP ‘11 
 Nice, France, May 2-5, 2011 


Paper 11248 


 


Application of Linear and Nonlinear Neutron Kinetics Models for the Study 
of a Gen-IV LFR DEMO Core Dynamics   


 


 


Sara Bortot, Antonio Cammi, Stefano Lorenzi 


Politecnico di Milano, Department. of Energy, Nuclear Engineering Division - CeSNEF 
Via La Masa, 34 – 20156 Milano, ITALY 


Tel:+39-02-2399-6327, Fax: +39-02-2399-6309, Email: sara.bortot@mail.polimi.it  
  


 


 


Abstract – A preliminary study concerning the responses of a Generation IV (GEN IV) 
Lead-cooled Fast Reactor (LFR) demonstrator (DEMO) to externally-induced reactivity 
perturbations is presented. A simplified approach to the simulation of DEMO core dynamics has 
been developed consisting in a lumped-parameter modeling of both neutronics and thermal-
hydraulics: the point-kinetics approximation has been employed and an average-temperature heat 
transfer model has been implemented. The latter sub-systems have been then coupled by 
continuous reactivity feedback,  and core responses to some typical unprotected transient initiators 
-such as coolant inlet temperature increase (simplified Loss Of Heat Sink, ULOHS), control rod 
withdrawal (Unprotected Transient of OverPower, UTOP), and Loss Of Flow (ULOF)-, as well as 
to an emergency SCRAM have been analyzed using the MATLAB/SIMULINK® tool. Since 
mathematical models of nuclear reactors are characterized by inherent nonlinearities, DEMO 
dynamic behavior has been studied through both a linear and a nonlinear approach, so as to 
enable also an accurate simulation of core dynamics following large disturbances. The impact of 
linearization and point-kinetics one-group approximation has been further evaluated by examining 
the respective transient predictions, which have been compared to the reference ones for 
increasing perturbations. 


 
 


I. INTRODUCTION 


 


A preliminary study concerning the dynamic behavior 


of a Generation IV (GEN-IV) Lead-cooled Fast Reactor 


(LFR) demonstrator (DEMO) [1 and 2] has been carried 


out aiming at assessing the influence of different model 


assumptions and approximations on the system transient 


responses.  


Advanced reactor concepts cooled by heavy liquid 


metals offer a great potential for plant simplifications and 


higher operating efficiencies compared to other coolants, 


introducing however additional safety concerns and design 


challenges, and thus necessitating a verifiable 


computational tool for transient design-basis analysis. This 


capability would enable analysts to compare operational 


and safety characteristics of design alternatives, and to 


evaluate relative performance advantages with a consistent, 


deterministic measure. In this perspective, a simplified 


approach to the simulation of DEMO core dynamics has 


been undertaken, in order to provide a helpful tool 


allowing a relatively quick, qualitative analysis of 


dynamics and stability aspects that cannot be left aside 


when refining or even finalizing the system configuration. 


A lumped-parameter model reckoning with all the main 


feedbacks following a reactivity change in the core has 


been developed to treat both neutronics and thermal-


hydraulics: the point-kinetics approximation has been 


employed and an average-temperature heat transfer model 


has been implemented, the latter sub-systems being then 


coupled by continuous reactivity feedbacks due to fuel and 


coolant temperature effects. 


Since mathematical models of nuclear reactor 


dynamics are characterized by inherent nonlinearities, 


DEMO dynamic behavior has been studied through both a 


linearized (based on a small perturbation approach) and a 


nonlinear model, so as to enable also accurate simulations 


of large deviations from the nominal conditions. In fact, in 


most of the existing analyses it is assumed that 


nonlinearities are negligible. Such an assumption, although 


yielding reasonable results for some simple models and 


small perturbations, may lead to considerable inaccuracies 


in evaluating dynamic properties of reactors experiencing 


strong nonlinear relationships between thermal-hydraulic 


parameters and reactivity.  


Therefore, a nonlinear modeling of both six-group point- 


kinetics and zero-dimensional thermal-hydraulics has been 


developed and assumed as the reference after its validation 


through a benchmark analysis [3] with the 


SAS4A/SASSYS-1 Liquid Metal Reactor Code System 


[4]. The impact of the equation system linearization and of 
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point-kinetics one neutron precursor group approximation 
has been further evaluated by assessing the limits of the 
latter models predictions, which have been compared to the 
reference ones for increasing perturbations. In particular, 
the system behavior following unprotected transient 
initiators such as Loss Of Heat Sink (ULOHS) -simulated 
by coolant inlet temperature enhancements-, Transient of 
OverPower (UTOP) -induced by direct reactivity insertions 
led by a control rod withdrawal-, and Loss Of Flow 
(ULOF) has been studied; in addition, a SCRAM scenario 
has been investigated. 


Analyses have been performed referring to both the 
MOX- [1] and the metal-fuelled [2] core alternative 
options foreseen for DEMO at Beginning of Cycle (BoC) 
and End of Cycle (EoC). Reactivity coefficients -generated 
by change in neutron cross-sections due to fuel Doppler 
and coolant density effects, and by core thermal expansions 
have been estimated by means of ERANOS (European 
Reactor ANalysis Optimised System) deterministic code 
ver. 2.1 [5] coupled with JEFF-3.1 data library [6], as well 
as the corresponding kinetics parameters. Dynamics 
calculations have been performed using the 
MATLAB/SIMULINK® [7 and 8] tool. 


 
II. DEMO CORE CONFIGURATIONS 


 
In both the MOX and metal fuel designs, the pool-type 


DEMO features a 300 MWth core composed by ductless 
fuel assemblies (FAs) with pins on a square lattice (Fig. 1). 


 
Fig. 1. Core layout (left) and 2D RZ cylindrical section (right); 
dimensions in cm. 


Ten and fourteen FAs constitute respectively the inner and 
the outer enrichment zones. Two different and independent 
Control Rod (CR) systems guarantee the required 


reliability for reactor shut-down and safety: four passive 
boron carbide (B4C, 90 at.% enrichment in 10B) Finger 
Absorber Rods (FARs) carry out exclusively SCRAM 
purposes, being positioned outside the active core in 
normal operation; twenty motorized (B4C, 42 at.% 
enrichment in 10B) FARs are demanded for cycle reactivity 
swing control and safe shut-down, sixteen of which being 
partially inserted (BoC reference configuration) or 
positioned 1 cm above the active core (EoC reference 
configuration).  
Full details concerning the referred reactor descriptions can 
be found in [1] and [2]. 
In Table I the main MOX-and metal-fuelled DEMO core  
specifications are summarized. 


 
TABLE I 


DEMO major core specifications, cold dimensions (20 °C). 


Parameter MOX METAL Units 
Thermal Power 300 300 MWth 
Aver. coolant outlet T 480 480 °C 
Coolant inlet T 400 400 °C 
Aver. coolant speed 3.0 3.0 m s-1 


Cladding out. diameter 6.00 6.00 mm 
Cladding thickness 0.34 0.34 mm 
Fuel outer diameter 4.59 4.59 mm 
Fuel inner diameter 1.71 - mm 
Fuel column height 650 540 mm 
Gas plenum height 650 760 mm 
Fuel rod pitch 8.53 8.53 mm 
Num. of pins/FA 744 744 - 
FMS box in/out width 45.65/48.65 45.65/48.65 mm 
Num. of in/out FAs 10/14 10/14 - 
Pu in/out fraction 25.7/27.9 29.3/32.2 wt.% 


 
Reactivity coefficients and kinetics parameters have 


been calculated with ERANOS by employing the 
perturbation theory formalism for the steady-state 
conditions. Elementary perturbations have been introduced 
in order to figure the radial and axial expansions. 
As far as the calculation of the Doppler coefficient is 
concerned, a temperature enhancement by 100 K has been 
considered with respect to the initial average MOX 
temperature of 1200 K, whereas in the case of metallic fuel 
the temperature has been increased by 50 K starting from 
700 K. 
For the coolant density coefficient, a 5 % reduction of lead 
density has been applied to the active core, the 
corresponding lower and upper structures, and the 
shielding/reflector assemblies depicted in Fig. 1. 
In Table II the relative results are summarized, together 
with the main kinetic parameters (ERANOS-2.1, JEFF-3.1 
data library calculations). 
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TABLE II 


Reactivity coefficients and kinetic parameters. 


Parameter MOX 
BoC/EoC 


Metal 
BoC/EoC Units 


Doppler constant, α -237/-256 -138/-151 pcm 


Doppler coeff., αD -0.15/-0.17 -0.14/-0.15 pcm K-1 


Lead density coeff., αL -1.23/-1.20 -1.31/-1.39 pcm K-1 


Radial expansion coeff., αR -0.77/-0.71 -0.81/-0.80 pcm K-1 


Axial expansion coeff., αZ -0.04/-0.24 -0.11/-0.24 pcm K-1 


Delayed neutron fraction, β 319/323 332/337 pcm 


Prompt generation time, Λ 8.07/8.50 6.88/7.08 10-7 s 


β1 6.14/6.22 6.17/6.27 pcm 


β2 71.4/72.3 71.8/72.8 pcm 


β3 34.9/35.34 36.3/36.9 pcm 


β4 114/115 120/122 pcm 


β5 69.9/70.7 73.5/74.7 pcm 


β6 22.7/22.9 24.5/24.9 pcm 


λ1 0.01/0.01 0.01/0.01 s-1 


λ2 0.03/0.03 0.03/0.03 s-1 


λ3 0.09/0.09 0.09/0.09 s-1 


λ4 0.26/0.26 0.26/0.26 s-1 


λ5 0.60/0.60 0.62/0.62 s-1 


λ6 2.67/2.67 2.70/2.70 s-1 


 


III. MATHEMATICAL MODEL 


 


The reference core model has been developed based 


upon first-principle equations and employs a lumped-


parameter approach for the coupled kinetics (six delayed 


neutron precursor groups formulation) and thermal-


hydraulics, with continuous reactivity feedback due to 


temperature effects. Accordingly, neutron time fluctuations 


and spectrum have been assumed to be independent of 


spatial variations and neutron level, respectively. Thus, the 


core has been considered as a lumped source of neutrons 


with prompt heat power (the contribution of decay heat has 


been neglected), with neutron population and neutron flux 


related by constants of proportionality, leading to the point-


kinetics approximation to be employed.  


A zero-dimensional approach has been adopted to treat also 


the system thermal-hydraulics. Some simplifying 


hypotheses have been assumed and a single-node heat-


exchange model has been implemented by accounting of 


three distinct temperature regions -corresponding to fuel, 


cladding and coolant-, enabling the reactivity feedback 


equation to include all the major contributions. In line with 


the point model concept, the latter temperatures have been 


assumed to be functions separable in space and time. 


A simplified block-scheme of DEMO primary system 


-assumed to consist only of the active core, disregarding 


both upper and lower plena- is depicted in Fig. 2: fuel, 


cladding and coolant temperatures are determined through 


an energy balance over the average pin surrounded by 


coolant, in which reactor power is an input variable 


retrieved from neutron kinetics. The so-calculated thermal-


hydraulic parameters are finally employed to insert the 


reactivity feedbacks into the neutronics equations. 


 


 
 


Fig. 2. DEMO core SIMULINK® model scheme. 


 


III.A. Neutron Kinetics 
 


The one prompt group point kinetics formulation of 


neutron density can be written as: 
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the corresponding concentration of the six precursor 


groups of delayed neutrons being expressed as: 
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III.B. Thermal-hydraulics 
 


The equations below describe the single node transient 


behavior of fuel, cladding and coolant temperatures in the 


active core region. 


For the gradient of the average fuel temperature, the heat 


transfer process has been achieved by taking an energy 


balance over an ideal fuel element: 
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tdT
cM cffc


f
ff  ,                       (3) 


 


where: 


- properties and thermal resistances of fuel, gap and 


cladding  have been assumed constant with temperature 


and time; 


- the global heat transfer coefficient kfc, describing a 


combined heat transfer coefficient from fuel to cladding 


surface, has been determined by using a separate, multi-
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zone fuel pin model which accounts of the temperature 


distribution from the fuel centerline to the cladding 


surface, and has been calculated in correspondence to the 


average nominal temperatures and kept constant 


throughout the dynamic analyses;  


- conduction in the axial direction has been neglected; 


- the power generated in the fuel by fission has been 


obtained from neutron kinetics equations (according to 


the relation n(t)/n0 = q(t)/q0) and has been treated as an 


input for the heat transfer dynamic model. 


For the cladding surface temperature gradient, the 


following energy balance has been applied: 
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Finally, the energy balance equation for the coolant, by 


using the symmetrical definition of Tl = (Tin + Tout)/2 in 


which the lead inlet temperature is an input variable, has 


been written as: 
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where the coolant-related heat transfer coefficient has been 


determined from Zhukov’s correlation [9]: 
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III.C. Reactivity Feedback Function 
 


Consistently with the lumped parameter modeling 


employed, the reactivity feedback has been expressed as a 


function of the mean values of fuel, cladding and coolant 


temperatures. Moreover, externally introduced reactivity 


has been simulated by the coefficient αH associated with 


the insertion length of an ideal control rod, which has 


handled as a simple input parameter.  
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In the above expression the first and the third terms in the 


right-hand side represent respectively the feedbacks 


induced by fuel (Doppler effect) and coolant (coolant 


density effect) temperature changes.  
Coherently with the assumption of closed gap between fuel 


and cladding at both BoC and EoC, the axial expansion has 


been expressed as a function of cladding temperature 


variation (second term); withal, the radial expansion 


coefficient has been associated with the coolant average 


temperature. 


The reference mathematical model described above 


has been then modified by perturbing and linearizing the 


governing equations around their steady-state solutions, 


coherently with a small-perturbation approach, in order to 


assess the limit within which "true" time-dependent 


distributions of power and reactivity coefficients may be 


assumed as close to their steady-state distributions, making 


the model be computationally efficient and able to provide 


accurate results.  


Consequently, the neutronics sub-system has been 


considered at steady-state for t ≤ 0 and Eqs. (1) and (2) 


have been expressed in terms of dimensionless variables as 


follows: 
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being ψ = n(t)/n0 = q(t)/q0 and ηi = Ci(t)/Ci0. 


 


As an additional but separate investigation, the six 


neutron precursor groups in Eqs. (1) and (2) have been 


collapsed into one, and the impact of such a simplification 


on the results accuracy has been quantified for the 


ULHOS, UTOP and SCRAM transients.    


Following an analogous approach, thermal-hydraulics 


equations have been reformulated as follows: 
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In Table III the main time constants pertaining 


severally to the reference BoC and EoC configurations are 


given.  


TABLE III 


Simulation time constants. 


Time constant MOX Metal Units 
τf = (Mf cf)/kfc 3.252 0.3302 s 


τc1 = (Mc cc)/kfc 1.446 0.248 s 


τc2 = (Mc cc)/hcl 0.03583 0.03612 s  


τl = (Ml cl)/hcl 0.08023 s  


τ0 = Ml/Γ0 0.2108 0.1751 s  
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IV. SIMULATIONS AND RESULTS 


 


The impact of linearization and of the one-group 


approximation of the reference nonlinear six-precursor-


group model –validated through a benchmark analysis with 


the SAS4A/SASSYS-1 Liquid Metal Reactor Code System 


[3]- has been evaluated by analyzing several simple core-


wise ULOHS, UTOP, and ULOF scenarios. In particular, 


the latter have been simulated by imposing respectively 


small and consistent perturbations on input variables. In 


the present work the result concerning a 5 and 20 K 


coolant inlet temperature stepwise enhancement for a 


simplified ULHOS simulation, and a 20 and 170 pcm 


stepwise reactivity insertion for a UTOP are presented and 


discussed referring to both the MOX- and metal-fueled 


cores at BoC and EoC. Analogously, the ULOF transient 


has been studied by imposing mass flow rate reductions by 


100, 1000 and 5000 kg s
-1


, and a SCRAM scenario has 


been finally investigated. 


 


V.A. ULHOS Simulation 
 


The dynamic responses of the MOX and metal-fuelled 


DEMO cores to a stepwise inlet temperature increase by 5 


and 20 K has been first considered. As depicted in Figs. 3 


and 4 respectively, the new steady states reached after the 


transients are exactly coincident in the case of small 


perturbations (5 K temperature enhancement), whereas 


very slight discrepancies (far smaller than 1 %) are present 


after a more consistent disturbance (20 K variation).   


 


 
Fig. 3. Thermal power variation following a 5 K enhancement of 


coolant inlet temperature (metal, EoC). 


 


As shown in the case of power -assumed as an example of 


integral output variable of fundamental interest-, the 


impact of linearization is revisable during the transient 


development, rather than on steady-state figures. In fact, 


when small disturbances are applied, reactivity, power, 


temperature and neutron precursors linear and nonlinear 


curves are almost entirely overlapped; conversely, when 


bigger perturbations are imposed, discrepancies are found 


at the beginning of the transients, on the basis of which it is 


evident how the linearized model underestimates power 


and temperatures (e.g. in Figs. 5 and 6), whose variation 


appear steeper, besides neutron precursor concentrations.  


 


 
Fig. 4. Thermal power variation following a 20 K enhancement of 


coolant inlet temperature (metal, EoC). 


 


 
Fig. 5. Cladding temperature variation following a 5 K 


enhancement of coolant inlet temperature (metal, EoC). 


 


  Fig. 6. Cladding temperature variation following a 20 K 


enhancement of coolant inlet temperature (metal, EoC). 


 


On the contrary, reactivity is slightly overestimated 


during the transient (Figs. 7 and 8).  


Anyway, discrepancies in the results are not very 


significant, in particular concerning the new steady-state 


characteristics, mainly due to the fact that both 


disturbances lie in the range of  the so-called small 


perturbations in absolute terms, being the corresponding 


reactivity variation of the maximum order of 0.1 $. 
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Nevertheless, it is pointed out that the linear model 


generally provides less conservative results.     


 


 
Fig. 7. Reactivity variation following a 5 K enhancement of 


coolant inlet temperature (metal, EoC). 


 


 
Fig. 8. Reactivity variation following a 20 K enhancement of 


coolant inlet temperature (metal, EoC). 


 


The latter ULHOS scenario (20 K temperature rise) 


has been further investigated by employing the one-group 


approximation for the nonlinear neutron kinetics. Also in 


this case results have shown a very good agreement upon 


steady-state figures (discrepancies of the order of some per 


mils), but quite significant differences in the first half 


(approximately up to 200 s) of the transient: for example, 


at the very beginning the simplified model generally 


underestimates the power variation (Fig. 9) quite evidently, 


the largest discrepancies being of the order of 8 MWth 


(MOX, BoC), and then slightly overestimates it (by 


approximately 1 MWth for both metal and MOX at BoC 


and EoC) just before it settles at its final values. As far as 


temperatures are concerned (Fig. 10), an analogous 


situation is found: discrepancies at the beginning of the 


transients are of the order of some 3-5 K for cladding and 


of some 10-15 K for fuel, while being roughly ten times 


smaller towards the steady-state.  


As evident from Figs. 9 and 10, when employing the 


one-group approximation for neutron precursors, the model 


yields a kind of “amplified” dynamics: the respective 
output functions exhibit analogous trends compared to the 


reference ones, but usually characterized by greater 


derivatives, as their emphasized variations indicate, 


resulting conservative at the very beginning of the 


transient, and slightly less conservative just before 


reaching the steady-state. 


 


 
Fig. 9. Power variation following a 20 K enhancement of coolant 


inlet temperature (MOX, BoC). 


 


 
Fig. 10. Fuel temperature variation following a 20 K 


enhancement of coolant inlet temperature (MOX, BoC). 


 


V.B. UTOP Simulation 
 


The UTOP scenario simulation has confirmed the 


outcomes of the previous analysis: two disturbances have 


been investigated and quite consistent discrepancies 


between the reference nonlinear model and the simplified 


linearized one have been found concerning the transient 


development following a consistent stepwise reactivity 


insertion (170 pcm, corresponding to approximately 0.5 $); 


on the contrary, curves representing dynamic responses to a 


small perturbation (i.e., 20 pcm, about 0.06 $) exhibit an 


almost perfect mutual agreement. In both cases, steady-


state figures differ for some per mils, at most.  


The power variation induced by a 20 and 170 pcm 


reactivity insertion is depicted in Figs. 11 and 12 


respectively for MOX at EoC, and in Figs. 13 and 14 for 


metal at EoC, assumed as examples. 


It appears very clearly how small perturbations induce 


transients that the linearized model is perfectly able to 


reproduce, the largest discrepancies reaching a maximum 


of 5 % (corresponding to about 1 MWth) in the case of 


MOX fuel. On the contrary, the non-conservativeness of 
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the simplified model results critical following the insertion 


of 0.5 $: the power spike subsequent to such a perturbation 


has an amplitude of approximately 330 MWth, which is 


underestimated by the double of its amount (165 MWth) 


when linearizing the equations. An equivalent situation is 


found in the case of metal (Fig. 14), where discrepancies  


are of the order of 120 MWth. Therefore, the linear model 


turns out to be not able to properly describe the system 


dynamics, since qualitative trends are reproduced, but 


without quantitative consistency during the transient 


development, which undergoes a slight delay as well. As a 


consequence, temperature rises are always slower and less 


consistent, reaching their asymptotic values a bit later than 


in the reference case as well.  


 


 
Fig. 11. Power variation following a 20 pcm reactivity insertion 


(MOX, EoC). 


 


 
Fig. 12. Power variation following a 170 pcm reactivity insertion 


(MOX, EoC). 


 


Discrepancies during transients are of the greatest 


order of 15 K for cladding temperatures, and of 60 K for 


fuel temperatures (metal, BoC), both corresponding to 


some 25 %. As far as neutron precursors are concerned, 


their concentrations result underestimated by the linearized 


model, as described in previous paragraph (ULHOS 


simulation). 


 


 
Fig. 13. Power variation following a 20 pcm reactivity insertion 


(metal, EoC). 


 


 Fig. 14. Power variation following a 170 pcm reactivity insertion 


(metal, EoC). 


 


The UTOP scenario initiated by 20 pcm reactivity 


insertion has been in turn examined to compare once more 


the six-group nonlinear point kinetics treatment with its 


one-group approximation. Results have shown a very good 


agreement upon steady-state figures (discrepancies of the 


order of some per mils), but quite significant differences in 


the first half (approximately up to 200 s) of the transient.  


As in the ULHOS situation, the simplified model generally 


underestimates the power variation (Fig. 15) quite 


evidently in the first 100 seconds, the largest discrepancies 


being of the order of 6 MWth (metal, BoC), and then 


slightly overestimates it (by less than 1 MWth for both 


metal and MOX at BoC and EoC) just before it settles at 


the new steady-state, whose achievement is anticipated by 


some seconds indeed. Nevertheless, results attest again a 


kind of “amplified” dynamics brought by the one-group 


approximation, as clarified above. 
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Fig. 15. Power variation following a 20 pcm reactivity insertion 


(MOX, BoC). 


 


V.C. ULOF Simulation 
 


Among accidental transients, a simplified ULOF has 


ultimately been simulated by introducing both a trivial and 


two major disturbances on the mass flow rate, which has 


been more precisely step-reduced by 100, 1000 and 5000 


kg s
-1


.  


 


 
Fig. 16. Power variation following a 100 kg s-1 mass flow rate 


reduction (metal, BoC). 


 


 
Fig. 17. Power variation following a 1000 kg s-1 mass flow rate 


reduction (metal, BoC). 


 


 
Fig. 18. Power variation following a 5000 kg s-1 mass flow rate 


reduction (metal, BoC). 
 


In the former circumstances the findings of the preceding 


analyses have been attested again, as a very good 


consistency between the nonlinear reference model and its 


linearized version has been obtained pertaining to the final 


steady-state results, which have turned out to be almost 


exactly coincident (differences of at most some tenths of 


per cent) in the case of 100 kg s
-1


 mass flow rate reduction, 


and have showed definitely negligible discrepancies (the 


largest being of some 2.6 %) for a - 1000 kg s
-1


 


perturbation. Incongruities have emerged concerning both 


the transient developments and steady-state figures after 


the application of the most considerable perturbation: as 


depicted for instance in Fig. 18, power variations differ by 


approximately 6 % in the case of metallic fuel, up to 13 % 


for MOX, corresponding to 2.5 and 2.8 MWth, respectively. 


This occurs for each parameter, in addition to power: 


discrepancies upon reactivity are limited to 0.01 $, while 


cladding temperatures, whose increases are the most 


critical in this kind of scenarios, differ by 0.5 K  at most. 


Despite these small discrepancies, the system dynamics 


responses reveal the non-conservative nature of the linear 


approximation, which becomes evident once the input 


parameter alteration exceeds the limits of small 


perturbations. 


 


 
Fig. 19. Reactivity variation following a 100 kg s-1 mass flow rate 


reduction (metal, BoC). 
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Fig. 20. Reactivity variation following a 5000 kg s-1 mass flow 


rate reduction (metal, BoC). 


 


 
Fig. 21. Cladding temperature variation following a 100 kg s-1 


mass flow rate reduction (metal, BoC). 


 


 
Fig. 22. Cladding temperature variation following a 5000 kg s-1 


mass flow rate reduction (metal, BoC). 


 


V.D. SCRAM Simulation 
 


As a final point, a SCRAM simulation has been 


carried out with the focal purpose of assessing the 


suitability of the one-group approximation of neutron 


kinetics in such a scenario, for which a proper 


comprehension of the system dynamics and its 


characteristic time response constitutes a fundamental 


safety-related concern.  


The emergency FAR system has been simulated to be 


activated by inserting 4800 pcm (i.e., some 15 $) of 


negative reactivity (see [1] and [2] for details), and handled 


with the nonlinear reference model, given the magnitude of 


the perturbation, certainly not properly manageable by a 


linearized one. 


As predictable, the system shuts itself down immediately 


after the stepwise perturbation, with time characteristics 


and amplitudes essentially determined by the prompt 


neutron lifetimes and the delayed neutron fractions 


involved. The one-group-approximated model provides a 


reasonably accurate representation of the average system 


dynamics; however, at the beginning of the transient it 


underestimates the reactivity decrease to some extent 


(Fig. 22), so that the zero-power condition is reached with 


some delay compared with the reference results (Fig. 23). 


 


 
Fig. 23. Reactivity variation following a - 4800 pcm insertion 


(metal, BoC). 


 


 
Fig. 24. Power variation following a - 4800 pcm insertion (metal, 


BoC). 


 


Nevertheless, it can be stated that the combination of each 


precursor group exponential decay is well reproduced by 


its fictitious one-group representation, which actually 


grasps the weight-averaged behavior.  


 


V. CONCLUSIONS 


 


In this paper a nonlinear model for the coupled point-


kinetics and zero-dimensional thermal-hydraulics has been 


developed in order to provide a simple and straightforward 


tool for the study of a small LFR core dynamics. The 


impact of equation linearization and of the point-kinetics 


system one-group approximation has been then evaluated 
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by assessing the limits of the latter models predictions, 


which have been compared with the reference ones for 


increasing perturbations simulating both ULOHS, UTOP 


and ULOF accidents, and emergency SCRAM occurrence. 


As expected, the linearized model has turned out to 


provide accurate results when applying small disturbances, 


as both the transient developments and the new steady-


states result almost exactly coincident, discrepancies being 


at most of the order of some fractions of per cent. 


Conversely, more significant divergences have been found 


following consistent deviations from the nominal 


conditions. In fact, the system dynamic responses have 


revealed the non-conservative nature of the linear 


approximation, which has become evident once the input 


variable alterations have exceeded the limits of small 


perturbations, especially in the first part of the transients 


investigated, despite the small discrepancies on the 


asymptotic figures. Consequently, it may be concluded that 


a linearized model is still suitable if interested in a proper 


determination of the characteristic core parameters new 


equilibrium values reached after transients initiated by both 


small and significant perturbations. Nevertheless, such a 


model is not able to provide accurate insights concerning 


the system transient behavior, which is qualitatively well 


estimated, but with lack of precision in the case of 


consistent alterations of nominal parameters, and then 


resulting accurate only in the linear domain of small 


perturbations, where the disagreement is definitely 


negligible. 


The reference nonlinear six-group point kinetics 


outcomes have been then compared with the ones obtained 


by employing the one-group approximation for delayed 


neutron precursors. Results have shown again a very good 


agreement upon steady-state figures (discrepancies of the 


order of some per mils), but quite significant differences 


(relatively) in the first half of the transients: a kind of 


“amplified” dynamics has been found to be induced by the 


one-group approximation, as the output functions exhibit 


analogous trends compared with the reference ones, but 


characterized generally by greater derivatives, resulting 


more or less conservative at the very beginning of the 


transient, and slightly more or less conservative just before 


reaching the steady-states. Anyway, it may be stated that 


also this second approximation yielding reasonable results, 


and may be employed for a proper study of the above 


mentioned transients. 


NOMENCLATURE 


 


Ci i
th


 precursor group concentration [m
-3


] 


c Average specific heat at constant pressure         


[J kg
-1 


K
-1


] 


D Pin diameter [m] 


kfc Fuel-gap-cladding global heat transfer coefficient   


[W K
-1


] 


hcl Clad-lead global heat transfer coefficient [W K
-1


] 


M Total mass in the core [kg] 


n Neutron density [m
-3


] 


Nu Nusselt number [-] 


P Pin pitch [m] 


q Thermal power [W] 


R Core radial coordinate [m] 


s Variable of the Laplace transform [s
-1


] 


t Time [s] 


T Average temperature [K] 


v Lead velocity [m s
-1


] 


Z Core axial coordinate [m] 


α        Doppler constant [pcm] 


αD Doppler reactivity feedback coefficient [pcm K
-1


] 


αH Control rod reactivity feedback coefficient 


[pcm cm
-1


] 


αL Coolant density reactivity feedback coefficient 


[pcm K
-1


] 


αR Radial expansion reactivity feedback coefficient 


[pcm K
-1


] 


αZ Axial expansion reactivity feedback coefficient 


[pcm K
-1


] 


β Total delayed-neutron fraction [-] 


βi i
th


 precursor group delayed-neutron fraction [-] 


δηi i
th 


precursor group dimensionless concentration 


variation from the steady-state [-] 


δH Control rod extraction length [cm] 


δρ Reactivity variation from the steady-state [pcm] 


δψ Variation of the dimensionless neutron density from 


the steady-state [-] 


δT Variation of average temperature from the steady-


state [K] 


Γ Mass flow rate [kg s
-1


] 


ηi i
th


 precursor group dimensionless concentration [-] 


Λ Invariant neutron average lifetime [s] 


λi i
th 


precursor group decay constant [s
-1


] 


ρ Reactivity [pcm] 


τ0 Core lead circulation time constant [s] 


τc1 Fuel-cladding-related time constant [s] 


τc2 Cladding-lead-related time constant [s] 


τf Fuel-related time constant [s] 


τl Lead-related time constant [s] 


ψ Dimensionless neutron density [-] 


 


Subscripts 
 


0 Steady state 


c Cladding 


f Fuel 


in Inlet 


l Lead 


out Outlet 
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Abstract – The fundamental differences between Light Water Reactors (LWRs) and Sodium Fast 
Reactors (SFRs) (i.e., breeding ratio, neutron energy spectrum, power densities, coolant nature, 
reactor architecture and so on), entail major differences on safety aspects. In particular, the in-
containment source term in case of a severe accident. Still, an in-depth analysis of similarities and 
differences based on the present available knowledge might allow assessing applicability of LWR 
safety analysis in the SFR domain. This is the final goal of this paper. A thorough literature review 
indicates that the capabilities of present LWR safety analysis codes to address in-containment SFR 
accident scenarios are uneven for different areas: whereas they look acceptable for predicting 
aerosol evolution, they should be noticeably enlarged in other areas like aerosol generation and 
fission product partitioning. Additionally, some areas needed of further experimental research are 
highlighted in this paper. .  


 
 


I. INTRODUCTION 
 
The characterization and behaviour of in-containment 


nuclear aerosols and fission products in case of a 
postulated accident is of fundamental importance for 
assessing the radiological consequences and for setting up 
filtering systems and even reactor components. Even 
though there are some commonalities regarding accident 
scenarios in different reactor types, there are major 
differences that would affect drastically source term to the 
environment. This is particularly true when Light Water 
Reactors (LWRs) and Liquid Metal Fast Breeder Reactors 
(LMFBRs) are considered.  


 
Nuclear safety studies of LWRs have traditionally 


given a huge emphasis to Loss Of Coolant Accidents 
(LOCAs). The reason is the high pressure set in the coolant 
system and the large amount of complex phenomena 
involved in case of the system depressurization. Given the 
low pressure LMFBRs coolant system and the own reactor 
architecture, particularly in Sodium Fast Reactors (SFRs), 
attention has been focused on highly unlikely scenarios 
identified as Hypothetical Core Disruptive Accidents 
(HCDAs). In this type of accidents, sodium voiding and 
fuel relocation lead to high reactivity insertion with 
substantial energy release, leading to severe core damage, 
failure of the reactor pressure vessel and sodium-concrete 
interactions.  


 
Further than the scenario as a whole, there are some 


elements that make safety threats be rather different from 


those of LWRs; for instance: the high reactivity of sodium 
with oxygen and water or the ejection to containment of 
sodium containing fuel materials. On the other side, key 
challenges in LWR technology may not be a so big 
concern in SFRs, like hydrogen combustion. 
 


This paper identifies some of the major differences 
between SFRs and LWRs concerning in-containment 
source term derived from the reactor technology. This 
work is framed under the activities conducted within the 
SP3 of the European CP-ESFR project. 


 
II. ANALYSES 


 
II.A .In-bundle Material Inventory 


 
At present LWR fuel enrichment is around 4-5% in 


235U, whereas traditional SFRs used 20% fuel enrichment 
in 239Pu. Under steady state, in LWRs about 70% of the 
thermal energy produced comes from 235U fission, 239Pu 
fissions being responsible for the remaining 30%. This 
distribution is very different in a SFR, where 239Pu fissions 
supplies nearly 85% of all the thermal energy produced, 
the remaining 15% coming from uranium fissions. 
Therefore, the in-bundle inventory differences will depend 
on:  
 


- The energy neutron spectrum 
- The fission yields of 235U and 239Pu 
- The fuel burnup 
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Fig. 1 shows the fission yields of 235U and 239Pu as a 
function of the isotope mass number (A) for thermal and 
fast neutrons. The asymmetric fission of both isotopes 
results in similar curves with some differences. In those 
regions of high fission yields the main differences occur in 
the lower range of A(85-105), where significant 
differences of fission yields exist for fission products as 
important as Rb and Sr, between 235U thermal fission and 
239Pu fast fission. There are other major quantitative 
differences but either they are in the low yield region of 
the curves or they do not affect significant radiological 
isotopes. This is the case, for instance, of 110Ag which 
239Pu yield is nearly 2 orders of magnitude higher. On the 
contrary, 131I, 132Te and 137Cs, all of them radiologically 
relevant, have very similar fission yields. Even those 
differences mentioned will be somewhat reduced in 
reactors given the plutonium contribution to the LWR 
power production. 


 
In short, no major discrepancies should be expected in 


terms of relative contributions of radiologically significant 
radionuclides, 90Sr excepted, in the LWRs and SFRs 
inventory. Nevertheless, their absolute amount could be 
substantially larger in a SFR since their fuels are 
anticipated to be irradiated during much longer periods. 


 


 
Fig. 1. Fission yield spectra of 235U and 239Pu for 


thermal and fast neutrons. 
 
 
II.B .Major Sources of Fission Products and Aerosols 


 
In LWRs accidents the main source of aerosols is 


nucleation of particles from supersaturated vapours. 
Radionuclide vapour mixtures from high temperature core 
debris materials are transported to cooler regions where 
they reach supersaturation and nucleate either 
homogeneously or heterogeneously. Once formed, steam 
and other gases carry agglomerated particles to the 
containment. According to Kissane1, an approximate 


composition of a prototypical LWR particle would consist 
of 33% metals, 33% metal oxides and 33% fission product 
mixture. Noble gases and a fraction of volatile fission 
products, like iodine, would reach containment in gaseous 
form. 


 
In SFRs the picture is drastically different. It is 


sodium, which is already activated (24Na), the main carrier 
of fission products into the reactor building. So, although 
in principle core materials vaporization and coolant 
vaporization with subsequent re-condensation and 
chemical reactions could be considered separately2, there 
are numerous experimental evidences3 indicating effective 
radionuclides uptake in sodium (Na), except for noble 
gases and cesium. In particular, most iodine (99.5% mole) 
will be absorbed, whereas up to 40% of cesium (Cs) could 
be still found in the gas phase. In addition, even if fission 
products and coolant particles behaved differently, they 
both evolved together as a consequence of co-
agglomeration4, 5.  
 


This picture indicates that SFR particles will be a sort 
of chemical element mixture in which Na would be by far 
the most abundant element. In spite of these outstanding 
differences, the two major ones regarding composition are: 
the nearly total presence of iodine dissolved in a Na-based 
solution and the extensive presence of cesium in vapour 
form. A major consequence of the former would be that 
iodine chemistry would not be an issue in SFR safety 
studies, as it is in LWR ones. However, the Na chemical 
transformation into corrosive sodium hydroxide (NaOH) 
would be added as an additional chemical threat to those of 
a radiological nature. 


 
II.C. In-Containment Chemical Speciation 


 
In LWRs major differences have not been observed 


between in-containment and coolant system aerosols 
composition, except for the potential contribution of 
condensing steam in the containment. In addition, particles 
size would be somewhat bigger (3 μm, AMMD). In the 
case of a reactor pressure failure, a new source from the 
corium-concrete interaction would result in an aerosol 
population with different composition (with a massive 
contribution of concrete constituents and a significant 
fraction of control rod and structural materials) and slightly 
bigger size. Also in SFRs, it is foreseeable that Na-
concrete interaction change particle composition to some 
extent to accommodate concrete constituents.  


 
In addition to all those differences presented above, 


Na is highly reactive in oxidizing environments (i.e., H2O, 
air) and this will largely affect aerosol composition within 
containment. As a consequence Na burning is known to be 
one of the main sources of aerosols in SFRs, which could 
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had to reach a very high concentration (220 g/m3 – Jordan 
et al., 1988-; these high figures contrast with the more 
moderate 1 - 10 g/m3 expected in LWRs). As for the 
aerosol size distribution, several studies indicated that the 
“initial particle size” is around 1 μm (AMMD)6, 7, 8.  


 
Sodium fires resulting from accidental releases of 


liquid sodium would produce aerosols consisting of 
sodium oxides, which would tend to react with available 
water vapour (H2Ov) and carbon dioxide (CO2) in the air. 
The exposure of these sodium oxide aerosols (Na2O and 
Na2O2) to humid air results in the formation of sodium 
hydroxide (NaOH) solution droplets. The NaOH particles 
thus formed would be particularly corrosive and 
hazardous. Reaction of hydroxide with carbon dioxide to 
form the carbonate (Na2CO3) would make the aerosol 
substantially less hazardous chemically9. Given the 
corrosive nature of NaOH, most of experimental studies 
conducted in SFRs have been focused on the timing of Na 
oxide aerosols (Na2O) transformation to hydroxide ones 
(NaOH) and, subsequently, to carbonates (Na2CO3), under 
a range of conditions, particularly relative humidity6, 10, 11. 
Essentially, they all agree that transformation to NaOH is a 
fast process in the order of 1 to tens of seconds, depending 
on the conditions10. According to data available, the 
formation of carbonates is nearly complete after hundreds 
of seconds as long as the relative humidity is appreciable 
(over 260 s at RH over 20% 6; and within 500 s at RH 
between 50 to 65% 11); at low RH such transformation has 
been measured to be much slower. Fig. 2 illustrates the 
carbonate formation kinetics according to Cherdron et al.6. 


 


 
Fig. 2. Carbonate formation in sodium fire aerosols. 
 


II.D. Thermal-Hydraulic Boundary Conditions 
 


Generally speaking, in-containment thermal-
hydraulics affects aerosols in multiple regards: 
concentration, size distribution, driving forces, etc.  


 
In LWRs thermal containment conditions are rather 


different from those resulting from SFR accident scenarios. 
In the short term, coolant vaporization increases pressure 
rapidly to values that, although scenario dependent, could 


approach the containment design pressure. Then steam 
condensation reduces the pressure until some energetic 
phenomena might occur in the containment, like hydrogen 
(H2) combustion, making pressure spike again. In the long 
term, water vaporization during the thermal decomposition 
of concrete could drive again containment to pressures 
even higher than the design one. In short, some 
thermalhydraulic phenomena, directly or indirectly 
associated to the coolant vaporization, could make 
containment pressure to attain values even higher than the 
design one. Average temperatures are lower than 150ºC 
(usually around 100ºC), although local phenomena could 
result in higher values.  


 
Analyses of large-scale containment response of 


postulated HCDA scenarios12, investigated the effect of the 
extension of Na combustion in the thermal-hydraulic 
response of the building and found that the maximum 
pressure increase was in all the cases far from a threshold 
(6 atm) theoretically identified as the maximum practical 
pressure. As a matter of fact, in no case they got pressure 
increases over 2.1 atm. Some interesting outcomes from 
their study were: maximum temperatures (1800ºC) and 
pressures (2.1 atm) were reached both for 27% and 84% of 
the oxygen reacted; and, no less important, substantial 
temperature gradients could be set in the containment, the 
profiles being a function of the amount of O2 reacted. Fig. 
3 illustrates this last observation. 


 


 
Fig. 3. Temperature axial profiles as a function of 


initial Na amount. 
 


II.E. In-Containment Aerosol Phenomena 
 


Under the LWR containment thermal-hydraulic 
conditions presented above, it is generally accepted 13 that 
particle sedimentation is the dominant aerosol depletion 
process followed by diffusiophoresis (AP1000 and AP600 
reactors containments excluded). A minor mass relative 
contribution for small particles could be also attributed to 
diffusion. 
 


In-containment aerosol dynamics is expected to be 
somewhat more complex in SFRs, since aerosol dynamics 
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seem to depend on the origin of particles6. Aerosol 
population from spray fires reach much higher 
concentrations and are depleted much faster (nearly 100 
times faster) than pool-fire particles6. This could be related 
to the major effect that agglomeration has in SFR 
containments14, in which particle formation is closely 
related to Na oxidation and subsequent formation of tiny, 
high mobility particles that once agglomerated result in the 
1-μm particles mentioned above15. Figs. 4 and 5 illustrate 
these statements. 


 
As for the major mechanisms expected to play a role 


in SFRs, they would be: thermophoresis, which would take 
particles onto cold surfaces; settling, which would be 
effective for large enough particles; turbulent deposition, 
which would be effective in those containment areas with 
highly turbulent flows; etc. Experiments conducted in large 
scale facilities7, 16 demonstrated that sodium airborne 
aerosols were preferentially removed by settling, although 
plated mass was in no case negligible: in the FAUNA 
facility (220 m3) around 60% got onto the ground; in the 
ESMERALDA facility (3600 m3) only 10% of the mass 
got onto the walls. 


 
In short, major differences should be expected 


concerning in-containment aerosols in two regards: 
relevance of agglomeration and different working phoretic 
phenomena (diffusiophoresis in LWRs and thermophoresis 
in SFRs). However, all the evidences seem to indicate that 
the final mass distribution would be similar, most of 
aerosol mass getting depleted onto horizontal structures 
due to gravitational settling. 


 


 
Fig. 4. Concentration evolution in the FAUNA facility. 
 


 
Fig. 5. Concentration decrease of sodium oxide 


aerosol (2000 W/m2 heating). 
 


III. ASSESSMENT OF MODELLING 
CAPABILITIES 


 
Given the practical absence of activity during the last 


25 years in the field of SFR HCDA modelling, the status of 
the mid 80s models may be considered applicable today to 
a good extent. The main insights of modelling capabilities 
at the time were reported by Dunbar17 and Fermandjian18 
(unfortunately, many of the codes then reviewed are no 
longer available). According to their analyses, several 
aspects of agglomeration were considered not to be 
properly taken into account in the models: particles form, 
collision efficiency and turbulence. These issues should be 
investigated through analytical experiments. 


  
The main aim of the ABCOVE program (Aerosol 


Behavior COde Validation and Evaluation) carried out in 
the Containment System Test Facility (CSTF) at HEDL19, 20 
was to address the effect of aerosol injection (rates and 
total amount) from pool/spray Na fires on aerosol 
evolution within containment. They explored different 
aspects of aerosol generation: pool/spray sources, co-
agglomeration, atmosphere composition, etc. through a 
comparison between experimental data and calculations 
with a set of codes (i.e., HAA-3, HAARM-3, MAEROS, 
etc.). They all showed a reasonable behaviour estimating 
airborne aerosol concentration. However, two major 
observations have been noted: in general, the codes 
behaved better once the aerosol injection period was over; 
in addition, the good fit to data required a set of parametric 
calculations to determine a correction factor of particle 
density and collision efficiency. 


 
According to the previous discussion and the major 


developments in the nuclear aerosol field13, it seems that 
the major model limitations identified in the mid 80s still 
persist and that aerosol transport mechanisms are accurate 
enough as long as particles and particle-particle 
interactions are well described. This was demonstrated by 
Souto et al.21 who modelled the CSTF experiments with 
the MELCOR1.8.2 code and got a reasonable agreement 
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with data. Figs. 6-7 show a comparison between the 
calculated airborne mass concentration and the 
experimental data (AB6 test). 


 


 
 
Fig. 6. NaOx airborne mass 
 
 
 
 


 
Fig. 7. NaI airborne mass.  
 


IV. CONCLUSIONS 
 


This study is an analysis of in-containment source 
term of LWRs and SFRs based on the available literature. 
By exploring sources and phenomena that fission products 
undergo within containment, it is realized that sodium (Na) 
is the key SFR feature responsible for such differences. 
Sodium readily reacts with iodine to form NaI, so that I-
131 and the other isotopes get efficiently trapped within 
reactor ponds (overall iodine volatility is drastically 
reduced); this makes the potential radiological impact 
outside the plant to be dominated by Cs-137 from the start 
of the release, instead of I-131 as in the case of LWRs. In 
addition, Na is a massive source of aerosols given its 
reactivity under containment oxidizing conditions (i.e., 
spray and/or pool fires), which would foster the formation 
of NaxOy particles in such amount that they would 
dominate the in-containment aerosol behaviour (i.e., most 
of in-containment fission products are anticipated to be 
associated to Na-based particles). Once formed the aerosol 
bulk, the main depletion process will be, in both cases, 
gravitational settling. Nevertheless, whereas in LWRs 


diffusiophoresis will affect significantly, thermophoresis 
will in case of SFRs. In the end, the final mass distribution 
will be alike. 


 
Aerosol generation in SFR containments does strongly 


depend on three major phenomena: sodium vaporization 
and nucleation, chemical reactions with the surrounding 
gas and primary particle agglomeration. Their 
consideration would require coupling thermal-hydraulics, 
chemical reactivity of airborne and dissolved species, 
aerosol particle transfer and radiative heat transfer from 
sodium pool and spray fires. The result of integrating these 
phenomena should be the prediction of proper particle 
composition, concentration and size. Given the stirred 
conditions of the atmospheric layer where chemical 
reactions and nucleation are occurring, as well as the 
potential high concentration of the resulting primary 
particles, it is of utmost importance to achieve a good 
description of the working agglomeration mechanisms in 
that region.  


 
Another missing area in codes is fission products 


partitioning. This is of utmost interest for source term 
predictions and, although some data are available, both 
equilibrium and kinetic studies should confirm and extend 
the available information. In turn, this points the need of 
having a nucleation model for those fission products 
capable of escaping Na solutions in a significant fraction, 
like Cesium. Present LWR codes assume that particles 
nucleate as soon as vapour get saturated; however, 
differences in boundary conditions and major uncertainties 
involved in such an approach, recommend not to apply 
such an approximation without supporting evidences. 


 
Therefore, current existing LWR integral codes would 


be capable of capturing in-containment source term 
evolution whenever they were enabled with SFR aerosol 
generation and fission product partitioning models as a 
sine-qua-non condition to get a proper characterization of 
particles and airborne fission product inventory. 
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Abstract – Nuclear energy is back on the agenda worldwide. In order to prepare for the next 


decades and to set priorities in nuclear R&D and investment, it is essential to develop nuclear fuel 
cycle assessments. This allows to identify the triggers which influence the market penetration of 


prospective nuclear reactor technologies. 
 


To this purpose, fuel cycle scenarios for a future nuclear reactor park in Europe have been 
analysed applying an integrated dynamic process modelling technique. The assessment has been 


undertaken using the DANESS code (Dynamic Analysis of Nuclear Energy System Strategies, 
developed by Argonne National Laboratory (US)). This code allows to provide a complete picture 


of mass-flows betweenfuel cycle facilities and the economics of the various nuclear fuel cycle 
scenarios.  


 
The present assessment recognizes the integrated nuclear fuel cycle. It focuses on the effect of 


lifetime extension of the current reactor park on the market penetration of Gen IV reactor designs 
in the case of various nuclear energy demand scenarios. The analyses show that the 


implementation of lifetime extension of the current reactor park has significant influence on the 
future reactor park development. Varying the time period in which the current reactor park is 


replaced might trigger different reactor designs to penetrate the market during different periods. 
Furthermore, the effect on the deployment of fuel cycle facilities, their impact on the radiation 


dose to the public, the electricity generation costs, and the workforce which is necessary to 
operate the existing fleet and construct the future plants will be shown.  


 
 


I. INTRODUCTION 
 
Nuclear energy is back on the agenda worldwide. In 


order to prepare for the next decades and to set priorities in 
nuclear R&D and investment, it is essential to develop 
nuclear fuel cycle assessments. This allows to identify the 
triggers which influence the market penetration of 
prospective nuclear reactor technologies. In Europe, the 
European Commission recently presented the Vision 
Report of the Sustainable Nuclear Energy Technology 
Platform for the role of nuclear fission energy to the 
European transition towards a low-carbon energy mix by 
2050 (Euratom, 2007).  


 
In order to prepare for the next decades in the 27 


member states of the European Union (EU27), to set 
priorities in nuclear R&D, manpower and investment, fuel 
cycle assessments are performed. This allows to identify 


the triggers which influence the market penetration of 
future nuclear reactor technologies.  


 
To this purpose, the future nuclear reactor park mix in 


Europe has been analysed applying an integrated dynamic 
process modelling technique. Starting point for the analyses 
is the current nuclear reactor park in the EU27. Nuclear 
energy demand scenarios, taken from well reputed sources, 
have been applied as input for the analyses. Various fuel 
cycle assessments have been derived for nuclear energy. 
Realistic assumptions with respect to the timing of 
introduction of Gen-IV reactors and reactor characteristics 
were made attempting to provide an as realistic as possible 
framework for the assessment of various future nuclear fuel 
cycles in Europe. 


 
The analyses also provide insight in the required 


capacities for the different fuel cycle facilities in the EU27. 
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The focus has been put on the capacities of reprocessing 
facilities, central interim storages, and final geological 
disposal facilities. 


 
Furthermore, a dynamic assessment is made with 


regard to employment of manpower for a future nuclear 
fleet in the different scenarios. This provides insight in the 
employment opportunities related to nuclear power 
production during the 21st century.  


 
A dynamic evaluation of the radiological impact on the 


regional population in Europe is made based on data 
concerning the releases of radionuclides from nuclear 
facilities. An assessment of the potential effects of the 
release of potentially hazardous radionuclides is especially 
important for scenarios where a significant growth of the 
reactor park and/or the reprocessing capacity is foreseen.  


 
Recently, many other fuel cycle assessments have been 


performed in which special attention is given to Europe. 
Most of those assessments have a limited time horizon, e.g. 
2030 or 2050, e.g. OECD/NEA (2008a), DG-TREN 
(2008), IEA (2009). When advanced nuclear fuel cycles are 
to be considered, these limited time horizons do not allow 
to show the benefits of the new nuclear technologies. In 
addition, the management of spent fuel and High Level 
Waste (HLW) is a long-term process since it requires 
decades of surface storage. For those reasons at least a time 
horizon of 2100 should be chosen. Furthermore, many 
assessments, e.g. OECD/NEA (2008a), DG-TREN (2008), 
IEA (2009), and WNA (2009), make no distinction 
between the different nuclear technologies, like e.g. light 
water reactors with a once-through fuel cycle, or fast 
reactors with a closed fuel cycle. The studies in which a 
distinction is made between different types of nuclear 
technologies, mainly focus on the transition to closed fuel 
cycles and do not include an economic assessment, e.g. 
NEA (2009), Salvatores et al. (2009), and IAEA (2010). 
The current article does provide an overall assessment for 
various future nuclear fuel cycles with a time horizon up till 
2100, including an economic assessment. 


 
The next section elaborates shortly on the analysis tool 


which is used for the assessment. After that, section 3 
provides the input data and section 4 explains the important 
reactor order decision model which is applied. The actual 
assessment results are presented in section 5. Finally, the 
last section contains a discussion of the results and the 
conclusions. 


 
II. ANALYSIS TOOL 


 
For the assessment of the nuclear fuel cycle strategies, 


the DANESS code (“Dynamic Analysis of Nuclear Energy 
System Strategies”) version 4.0 (Van den Durpel et al., 


2008), has been applied to simulate the flows of fissile 
material, fresh fuel, spent fuel, high level waste as well as 
all intermediate stocks and fuel cycle facility throughput.  


 
DANESS is based on a system dynamics model, using 


the iThink-software (IseeSystems, 2009), allowing to 
simulate the dynamic behaviour of systems including 
multiple components and to simulate and investigate the 
dynamic interdependence of these components interacting 
between each other via feedback loops.  


DANESS allows to simulate time-varying nuclear 
energy systems from cradle-to-grave and to support nuclear 
energy assessment processes from a technological, 
economic and environmental perspective. DANESS 
evaluates quantities like mass flows and costs as a function 
of time, typically spanning time-periods of coming decades 
or centuries. Both resource and waste quantity development 
are being determined, for any modelled combination of 
reactor systems and fuel cycles.  


 
New reactors are introduced based on the requirement 


to cover the nuclear energy demand and on the economic 
and technological ability to build new reactors. The  
timeline of technological development of reactors and fuel 
cycle facilities is modelled to simulate delays in the 
availability of new technologies by means of technological 
readiness levels (TRL) determined for the different reactor 
and facility types. Levelized fuel cycle costs are calculated 
for each nuclear fuel batch for each type of reactor over 
time and are combined with capital cost models to arrive at 
energy generation costs per reactor and, by aggregation, 
into a cost of energy for the whole nuclear energy system. It 
is clear that such modelling does demand significant 
amounts of reactor and fuel cycle facility specifications 
(i.e. technical, economic and environmental attributes). 


A detailed description of DANESS v4.0 can be found 
is provided by Van den Durpel et al. (2008). A variety of 
benchmark and verification activities have been and are 
undertaken with DANESS within various international 
projects, e.g. IAEA-INPRO (2008) and PUMA (2008). 
More benchmarking activities are reported in Van Den 
Durpel (2008). 


 
III. APPLIED DATA & ASSUMPTIONS 


 
It is evident, that the credibility of a fuel cycle 


assessment is closely dependent on the reliability and 
objectivity of the applied input data and assumptions. The 
most important input data are described hereafter in more 
detail. 


 
An important starting point for the integrated dynamic 


modelling of nuclear fuel cycles is the energy demand 
scenario. Based on the Nuclear Century Outlook study of 
the World Nuclear Association (WNA, 2009), a realistic 
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energy demand was determined up to the end of the century 
and has been applied as input for the analyses. There are 
many well reputed studies all over the world, which 
determine the (nuclear) energy demand up to 2030 or 2050. 
However, the need for implementing a nuclear energy 
demand up to the end of the century restricts the number of 
well reputed studies significantly. The Nuclear Century 
Outlook provides a low and a high nuclear energy demand 
scenario. For the current study, a variant was used 
constructed at one third of the difference between the high 
and low nuclear energy demand. The resulting nuclear 
energy demand ‘WNA’09 Variant’ is plotted in figure 1, 
together with the original low and high demands. Figure 1 
also shows a constant energy demand (SNE-TP) as an 
alternative scenario Euratom (2007). 
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Figure 1: Nuclear energy demand scenarios 
 


Starting point in the analyses is the current nuclear 
reactor park in the EU27 countries. This reactor park 
consists of 152 reactors in operation. The foreseen lifetime 
of each individual reactor was taken from the World 
Nuclear Industry Handbook (Tarlton et al., 2007). The 
resulting shutdown profile can be found in Euratom (2007) 
for fossil and nuclear power generation capacity in Europe. 
It clearly shows the effect of a nuclear phase out in Europe. 
The main part of the capacity will be taken out of operation 
between 2020 and 2025.  


 
In the analyses, it is assumed that different types of 


new reactors may be built, taking into account the 
introduction date of Gen-III and Gen-IV reactors. The 
following Gen-III reactors and Gen-IV reactors have been 
considered: 
Pressurized Water Reactor (PWR) 


An evolutionary Gen-III reactor derived from the 
experience of operating Gen-II light water reactors and 
developed to optimise their safety and economic 


performance. For this European scenario, the European 
Pressurized Reactor (EPR) represents the Gen-III reactor. 
In principle, an EPR is designed to be fuelled completely 
with mixed oxide fuel (MOX). However, due to the 
different policies of the different EU27 member states, it is 
expected that not all EU27 Gen-III reactors will be fully 
loaded with MOX. From the current country policies, it is 
assumed that in the EU27 member states 70% MOX is used 
as fuel in a mono recycling fuel cycle and 30% (Uranium 
Oxide) UOX is used in a once through fuel cycle. 
Supercritical Water Reactor (SCWR) 


An SCWR is a further evolution of the Gen-II and 
Gen-III light water reactors combining the benefits of 
pressurized and boiling light water reactors in order to 
minimise the construction costs and optimise the economic 
performance while maintaining the same degree of safety. 
The SCWR is also MOX-fuelled in a mono recycling fuel 
cycle.  
Sodium Fast Reactor (SFR) 


An SFR is a fast-neutron spectrum reactor with a 
closed fuel cycle to allow a significantly improved usage of 
natural uranium and/or minimization of volume and heat 
load of the vitrified high level waste (HLW). Dedicated fast 
reactor MOX-fuel is used in a fully closed fuel cycle. 
Several SFRs have been in operation all over the world 
from the 1950’s up to now. Therefore, experience is 
available in operating such reactors. The current scenarios 
consider the pool type ESFR design (Fiorini, 2009). In the 
fuel cycle assessment reported here, the fuel and burn-up 
characteristics of the ESFR are assumed to be similar to the 
SFR for the Red Impact B1 scenario as described in 
Boucher (2004). This reactor is assumed to have a small 
total breeding gain of 0.022. Furthermore, minor actinides 
like Americium, Neptunium, and Curium are transmuted 
and do therefore not have to be treated as high level waste. 
High Temperature Reactor (HTR) 


An HTR has a high coolant temperature allowing to 
use this high temperature heat for combined electricity and 
heat application (so-called cogeneration), thus increasing 
the thermal efficiency of the reactor. This highlights the 
difference in using HTRs compared to for example highly 
efficient light water reactors like SCWRs. As the simulation 
model considers all countries in EU27 as one region with a 
unique decision making unit, the actual local demand for 
cogeneration is not considered in this model. However, the 
scenarios include the effect of cogeneration by assuming 
increased (about 20%) thermal efficiency for electricity 
production. It should be noted however, that the current 
analyses do not employ a separate demand for process heat.  
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Table 1:  Applied Reactor Characteristics 


 Power 


[MWe] 


Efficiency 


[%] 


Load Factor 


[%] 


Lifetime 


[years] 


Available from 


[year] 


Construction Costs 


[2009$/kWe] 


Operation & Maintenance Costs 


[2009$/MWh] 


EPR 1600 35.5 91 60 2013 4350 8.5 


HPLWR 1000 44 90 60 2035 ~80% EPR 8.6 


ESFR 1500 42 85 60 2035 ~122% EPR 10.1 


HTR-PM 200 40 + 20 85 40 2023 ~115% EPR 9.1 


 
Characteristic for the HTR is the fuel form, which 


consists of tiny coated particles which are embedded in a 
graphite matrix and used in a once through fuel cycle. The 
core is cooled by helium gas. This fuel design combined 
with a slim core geometry and limited unit power level 
ensures inherent safety of the reactor, as the fuel 
temperature never exceeds temperatures associated with 
fuel damage.  


 
For the EPR, characteristics like e.g. electrical power, 


thermal power, thermal efficiency, and capacity factor of 
these reactors are taken from Areva (2004). Three types of 
Gen-IV reactors are considered in the present analyses. 
Reactor characteristics are taken from authorative sources. 
The SCWR characteristics are based on Starflinger et al. 
(2008). The HTR characteristics are based on the HTR-PM 
design described in Zhang et al. (2009). The SFR 
characteristics are based on the pool type ESFR as 
described by Fiorini et al. (2009). The operation & 
maintenance cost have been determined from an extensive 
literature review based on Bitterman et al. (2003), OECD 
(2005), Proust (2005), Carbonnier (2006), IAEA (2006), 
Keystone (2007), Andrianov et al. (2009), MIT (2009), 
Shropshire et al. (2009), IAEA RTDB (2010). Furthermore, 
decontamination and decommissioning estimates are based 
on the approach of GIF EMWG (2007 & 2008).  


 
All financial input data, like e.g. construction costs and 


operation & maintenance costs, have been levelised at 
2009$ taking into account proper escalation rates based on 
US Inflation Calc. (2009) and Trading Economics (2009) 
and conversion factors. For the interest during construction, 
a discount rate of 10% is assumed. And for the capital 
contingency, a typical value of 10% is assumed.  


 
The SCWR uses 100% MOX fuel, similar to the MOX 


fuel used by the EPR. The ESFR uses dedicated MOX fuel 
for fast reactors (fresh and spent fuel compositions are 
taken from Van den Durpel et al. (2005) and Boucher 
(2004), and the HTR uses particle UOX fuel (fresh and 
spent fuel compositions are taken from Haas and Kuijper, 


2003)). For the present analyses, no deep burn of MOX 
fuel in an HTR is considered. As an assumption for all 
MOX fuel fabrication costs, the required depleted uranium 
is supplied without additional costs. This mitigates the 
influence of increasing uranium-prices on reactors 
employing MOX fuel. 


 
The construction costs of a Gen-III LWR are 


determined from an extensive literature survey based on 
authoratitive sources amongst which sources which are 
literarture surveys themselves. The following recent 
sources have been considered: Standard & Poor’s (2008), 
Tarjanne & Kivistö (2008), Seebregts & Groenenberg 
(2009), MIT (2009), and OECD (2010). The HTR 
construction costs are based on the comparison with Gen-
III LWR construction costs in Zhang & Sun (2007), ARC-
INL (2008). The construction costs for the SFR are based 
upon the comparisons with Gen-III LWR costs provided in 
Crette (1998), OECD/NEA (2002), Shropshire et al. 
(2007). Finally, the construction costs for an SCWR have 
been compared with a typical Gen-III LWR by Bitterman et 
al. (2003). The main reactor characteristics are summarised 
in table 1. 


 
It is important to realise that for the current analyses, it 


is assumed that the fuel cycle facility capacity is unlimited. 
This means that fuel cycle facility capacity is available if 
needed. However, the required capacities are determined 
and the associated costs for the different steps in the fuel 
cycle are considered and taken from Shropshire et al. 
(2007) and for particle fuels from Maddalena (2001). 


 
Limitations in fuel stocks are assumed for the EU27 


countries. For the European natural uranium availability, 
30% of the world reserves is assumed taken from the 
Redbook (OECD/NEA, 2008b). For depleted uranium, 
reprocessed uranium and plutonium stocks, estimates are 
based on reports from OECD/NEA (2007) and OECD/NEA 
(2008a). The initial spent fuel stocks have been determined 
from OECD/NEA (2007) in order to take the influence of 
‘legacy’ spent fuel into account on availability of resources 
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for reprocessing facilities, and on the capacity of central 
interim storages and geological disposal sites. 


 
Typical sizes for reprocessing, central interim storage, 


and final disposal facilities have been determined based on 
Tarlton et al. (2007). For reprocessing facilities, the 
characteristics have been based on the European sites La 
Hague and Sellafield. As a typical capacity for a 
reprocessing plant 1600 tHM/yr is assumed. The central 
interim storages available in Finland, France, Germany, the 
Netherlands, Sweden, and the UK have a wide spread in 
capacity (from 850 up to 14500 tHM). A typical capacity of 
3000 tHM is assumed. With respect to final disposal 
facilities, only two examples are presently considered, i.e. 
Yucca Mountain in the US and the Onkalo site in Finland. 
A typical European final disposal facility is assumed to 
have a capacity of 10000 tHM, which is similar to the 
Onkalo site in Finland. All results with respect to these fuel 
cycle facilities are processed as ten years walking average. 


 
The uranium spot price is largely volatile. In 2007 the 


price peaked to a value about tenfold of the price in 2001 
(OECD/NEA, 2008b). In the current analyses, the uranium 
price is modelled by an initial value of 10 2009$/kgU in 
2000 and an escalation rate of 2.5% in the base scenario. 


 
In this article, an estimate is provided of the workforce 


required for operation of the nuclear plants and for the 
construction of new nuclear plants. Most data in literature 
are based on a typical nuclear plant of about 1000 MWe, 
e.g. Johnson (1982), NIA (2006), IAEA (2007), Tuohy 
(2009), Mazour et al. (2010). For such plants, the estimates 
vary from 300 to 500 workers. This is significantly lower 
than the results for the current Gen-II reactor park of a 
yearly US survey by Goodnight (2009) which shows an 
average staff of 600 to 800 workers for a 1000 MWe plant. 
However, it is expected that future reactors can be operated 
more efficiently. The reactors under consideration in this 
article have a capacity varying from 200 MWe to 1600 
MWe. For such variations in capacity, Kenley et al. (2004) 
propose an approximately linear relationship between 
capacity and direct employment, assuming that no scale 
effects would occur. For the current assessment however, a 
more complex relation was developed, assuming that with 
increasing power, the growth in workforce would gradually 
decrease. The developed equation is of the size  


 
w = max[a•ln(b•P)+c; 100] (1) 


 
in which w represents the workforce in fte (full time 
equivalent), P represents the electric power in MWe and a, 
b, and c are model constants equal to 140, 100, and -1200 
respectively. Equation 1 is applied for nuclear power plants 
in the range of P <2000 MWe. Figure 2 shows a graphical 
representation this equation. From the analysis of 


Dominion (2004) can be concluded that approximately 
25% of the operational workforce should have a higher 
education. Furthermore, they indicate that only about 1% of 
the total workforce should be nuclear specialists.  


Apart from the workers on-site, also a workforce is 
employed off-site. Johnson (1982) and NIA (2006) both 
provide an estimate of 100 off-site workers for every 1000 
MWe installed. 
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Figure 2: Operational manpower model 
 


In order to evaluate the manpower requirements for the 
construction of a future fleet of nuclear reactors in Europe, 
manpower requirements are largely based Mazour (2007), 
which is basically in line with the estimates provided by 
NIA (2006) and Orkilow et al. (2008). As an example, the 
manpower requirements for the construction of a Gen-III 
LWR as described by Mazour (2007) are presented in 
figure 3. The literature data is interpreted, and from this 
data profiles have been derived for the construction of Gen-
III and Gen-IV reactors, taking into account the foreseen 
construction time of the reactors. It should be noted that the 
largest part of this construction workforce will require no 
specific nuclear skills, see e.g. DOE (2005). Although it is 
recognized generally, that workers with experience in 
nuclear projects provide better quality services. For the 
scenarios, the time evolution of the determined 
construction manpower requirements will be presented as a 
10 year walking average. 
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Figure 3: Manpower requirements of a Gen-III LWR 
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By adding a new module to the DANESS code the 


environmental impact of the release of radionuclides, which 
occur during the different stages of the nuclear fuel cycle 
and which may potentially be hazardous to the 
environment, is assessed (Hart, 2009). The objective is to 
evaluate the dose rates to the public as a result of the 
continuous and large-scale deployment of nuclear facilities 
and the associated release of radionuclides.  


 
The radionuclide release data have been obtained from 


a variety of literature sources. For estimating the 
environmental impact, only the radionuclides have been 
considered which potentially may affect the collective dose 
to the public. The radionuclide release data for the different 
steps of the nuclear fuel cycle and for normal operation 
conditions have been summarized in table 3. 


 
On the basis of the calculated nuclide releases to the 


atmosphere and the surface waters the radiological impact 
to the public can be estimated. This has been done by 
means of the methodology as outlined in the UNSCEAR 
documentation (UNSCEAR, 1993, 2000). For the present 
paper only the local/regional collective dose commitments 
have been considered.. 


 
IV. SCENARIO DEFINITION 


 
Two scenarios have been considered which are 


summarized in table 2. The first scenario applies the 
nuclear energy demand scenario based on WNA (2009) 
predicting growth. In two variants of this first scenario, the 
influence of  lifetime extension of the current nuclear 
reactor park is analysed.  
 
Table 2: Scenario definition 


Scenario 
No  


Lifetime  
Extension 


20 year  
Lifetime  


Extension 
Nuclear Growth  
Scenario 


1a 1b 


Constant Nuclear  
Energy Demand 


2a 2b 


 
 
The second scenario (‘Constant Nuclear Energy 


Demand’) shows the influence of the energy demand 
scenario again for two variants excluding and including 
lifetime extension. In this scenario, in stead of the above 
described energy demand based on data from WNA (2009), 
a scenario with a constant nuclear energy demand is 
assessed, like desribed in the SNE-TP Vision Report 
(Euratom, 2007). This energy demand scenario is provided 
by the French utility EDF and it is assumed by the authors 
that it is therefore reflecting the EDF viewpoint for the 


French situation. As in France, the share of nuclear energy 
in the total electricity production is high, an assumption of 
constant nuclear energy demand may be valid for France. 
However, the authors consider a constant nuclear energy 
demand scenario for all EU27 countries as the lower 
boundary case. 
 
 


V. GROWING NUCLEAR ENERGY DEMAND 
 


Market shares for nuclear energy systems are 
determined starting from the existing nuclear reactor park 
and allowing new built Gen-III and Gen-IV reactors, using 
the reactor characteristics of table 2, and taking into 
account the phase out of the existing nuclear park. In order 
to fill the gap between nuclear energy demand and nuclear 
reactor park capacity, the only option for the near future 
(up to 2023) is to construct Gen-III reactors like e.g. an 
EPR. It is estimated that for the replacement of the current 
reactor park, depending on the considered scenario, about 
60 EPR-sized LWRs have to be constructed in order to fill 
the capacity gap up to 2023. From that year on, it is 
assumed that the technological development of HTR 
systems has resulted in a commercial availability of such 
reactors. From 2035, also SCWRs and SFRs will be 
commercially available. The simulation allows from then 
the construction of both Gen-III and Gen-IV reactors based 
on the levelized costs of the different reactors and forecast 
energy demand. 


 
Figure 4 shows the time evolution of the nuclear 


reactor park as determined by scenario 1a, i.e. without 
considering lifetime extension. The data are presented as 5 
year walking average. It shows an evolution towards a 
reactor park in which there is a reasonable share for each 
reactor type. 
 


0


50000


100000


150000


200000


250000


300000


350000


400000


450000


2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100


Year


In
st


al
le


d 
R


ea
ct


or
 C


ap
ac


ity
 [M


W
e]


   
  .


AGR & Magnox LWR (UOX) 
LWR (MOX) PHWR 
VVER Gen-III
SCWR FR 
HTR


 
Figure 4: Reactor capacity distribution without lifetime 
extension (case 1a) 
 


The dynamic development of the nuclear reactor park 
the scenario with lifetime extension is significantly 
different from the development without lifetime extension. 
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Although the same reactor park has to be replaced, the fact 
that the timing is different brings some important changes. 
The evolution of the nuclear reactor park in case of 20 year 
lifetime extension is depicted in figure 5. By comparing 
figures 4 and 5 it is observed that the rather large 
contribution of EPRs as observed in scenarios without 
lifetime extension, is brought down to a much smaller 
contribution in the case of lifetime extension. This is 
caused by the fact that during the period that, in the base 
case without lifetime extension, EPRs are the only option 
for replacement of the currently running reactors, in the 
case of lifetime extension other reactors have been 
developed by the time the existing reactors must be 
replaced. As a consequence, at the time the current reactor 
park should be replaced, Gen-IV reactor types have entered 
the market and compete for their market share. 
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Figure 5: Reactor capacity distribution with 20 year 
lifetime extension (case 1b) 
 


In the current reactor park, many reactors are operated 
with relatively low efficiencies and a once-through fuel 
cycle. In the case of lifetime extension this affects the use 
of uranium resources such that by the end of the 21st 
century, available resource get scarce. In the fuel cycle 
assessment, this effect is compensated by an increased 
share of fast reactors which are more efficient in their 
application of natural uranium. 


 
Figure 6 shows the required reprocessing capacity of 


the fuels which have been used in the different reactors. It 
shows that during most of the 21st century, two 
reprocessing plants will be sufficient to cover the 
reprocessing needs. However, maximum three plants will 
be required to cover the needs. The peak early in the 
century is mainly due to the fact that the reactor park 
replacing the current park suddenly needs a lot of new fuel 
which is mainly reprocessed from the ‘legacy’ stocks of 
spent fuel. 
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Figure 6: Reprocessing capacity without lifetime extension 
(case 1a) 
 
The extended use of reactors operated with a once-through 
fuel cycle, leads to a less pronounced peak early in the 
century for reprocessing capacity as observed in figure 7 
compared to figure 6. Maximum two reprocessing plants 
are sufficient to cover the demand for reprocessing 
throughout the century. However, from the more intensive 
use of fast reactors and SCWRs, it may be expected that the 
reprocessing demand from such reactors will rise during 
the 22nd century. 
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Figure 7: Reprocessing capacity with 20 year lifetime 
extension (case 1b) 
 


Figure 8 shows the required capacity for central 
interim storage facilities. It is clearly demonstrated that the 
current ‘legacy’ spent fuel requires about 16 of such 
storages as no geological final disposal sites are under 
operation yet. As soon as these come into operation 
(assumed to be around 2040), the required storage capacity 
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decreases somewhat. After about 2070 the interim storage 
capacity has to be increased in order to take care of the 
increasing amounts of spent HTR fuel, which is assumed 
not to be reprocessed and therefore has to be stored several 
decades before it is sent to the repository.  
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Figure 8: Spent fuel interim storage capacity without 
lifetime extension (case 1a) 


 
With respect to central interim storages, the influence 


of lifetime extension does not influence the conclusions 
drawn for case 1a as the required capacity for central 
interim storages mostly depends on the ‘legacy’ stocks 
during the next decades, and later on storing mainly HTR 
spent fuel.  


 
The required geological disposal capacity is presented 


in figure 9. It is assumed that the first final disposal sites 
come into operation around 2040. At that instance, it is 
assumed that all legacy spent fuel and high level waste is 
transported from central interim storages to the geological 
disposal sites in a period of ten years. This causes the 
significant rise in disposal capacity around 2040. After that, 
the main contribution to the disposal capacity remains to 
originate from LWRs (both Gen-II and Gen-III). Only at 
the end of the century, contributions from other reactors 
and their associated fuel cycles start to play a role. This is 
due to the fact that spent fuel and high level waste are 
supposed to cool down in interim storage for 40 years 
before they are conditioned and transported to the final 
disposal facilities.  
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Figure 9: Geological disposal capacity without lifetime 
extension (case 1a) 
 


In contrast to the negligible influence of lifetime 
extension to the conclusions to central interim storages, 
some influence can be observed for the required final 
disposal capacity. In the case of lifetime extension, figure 
10 shows that about two more disposal facilities are needed 
than in the case without lifetime extension, mainly as a 
result of the relatively higher contribution of HTR spent 
fuel, which is not resprocessed. 
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Figure 10: Geological disposal capacity with 20 year 
lifetime extension (case 1b) 
 


Figure 11 shows the development of the electricity 
generation costs during the 21st century. The generation 
costs of Gen-II reactors are based on WNA (2008) which 
provides electricity generation costs for nuclear of about 60 
2009$/MWh. Starting from the relatively cheap current 
Gen-II reactors, a rise is observed when the Gen-III reactor 
park is taken into operation. Although Gen-III reactors are 
designed to be more economical than Gen-II reactors, this 
rise may be expected as also other requirements have been 
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put to Gen-III reactors, e.g. improved safety, which 
normally comes at the cost of increased construction or 
operation costs. After 2030, the electricity generation costs 
more or less remain constant, as the market share 
distibution (shown in figure 6) also remains more or less 
constant.  
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Figure 11: Electricity generation costs without lifetime 
extension (case 1a) 
 


Figure 12 shows the development in electricity 
generation costs. This figure shows a steady increase which 
can be attributed to different causes. Firstly, this is caused 
by the decreasing market share of the relatively cheap 
current reactor park as the growth in nuclear energy 
demand is compensated by EPRs. This is followed by the 
replacement of the current reactor park by a mixture of 
Gen-III and Gen-IV reactors. This increases the price 
again. Later in the century, the effect of scarcity of natural 
resources asks for increased application of relatively 
expensive SFRs. This increases the costs again to about 87 
2009$/MWh at the end of the century. 
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Figure 12: Electricity generation costs with 20 year lifetime 
extension (case 1b) 
 


The required workforce employed in construction and 
operation of the nuclear power plants is presented in figure 
13. It may be clear that the largest employment can be 
found in the on-site operation of the nuclear power plants. 
The associated workforce will steadily grow from about 


60,000 fte to about 230,000 at the end of the century of 
which about 1% (i.e. 600 to 2300 fte) should be nuclear 
specialists according to the Dominion (2004) evaluation. 
With regard to the construction workforce, clearly two 
peaks can be observed. The first peak is associated with the 
replacement of the current Gen-II reactor park combined 
with a growing nuclear energy demand. The second peak is 
associated by a replacement of the Gen-III reactor park 
which has replaced the Gen-II reactor park after its 60 year 
technical and economical lifetime. It is estimated that about 
30,000 fte will be employed in construction of nuclear 
power plants during the first peak from 2015 up to 2030. 
The question is raised often, whether such a workforce can 
be accomodated in Europe. To this respect, it might be 
interesting to consider the past. Hillrichs (2009) shows that 
during the peak construction time in the late seventies, 
early eighties, about 70 GWe was under construction at a 
single moment in Western Europe alone. In comparison, the 
current assessment shows a peak construction of about 60 
GWe in the first half of the 21st century. Therefore, it is 
reasonable to assume that Europe can accomodate the 
required workforce. During the second peak from 2070 up 
to 2090, a considerable amount of about 120,000 fte will 
be employed in construction. Again, it is important to 
realise that only a small part of these construction workers 
must have special nuclear skills.  
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Figure 13: Workforce without lifetime extension (case 1a) 


 
With respect to the workforce, only small changes can 


be observed when lifetime extension is considered. Apart 
from a different timing, the effect of lifetime extension here 
translates merely to less pronounced peaks in the 
employment for construction, whereas a similar workforce 
is needed for the operation of the fleet throughout the 
century. 


 
The release of the relevant radionuclides as a result of 


mining and milling (Rn-222 only) and the operation of 
different reactors is determined from the assessment. Due 
to the increasing need for fresh fuel, the release rate of Rn-
222 increases by a factor of 2.2 throughout the century. The 
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releases of H-3 and C-14 increase rather steeply after about 
2023 resulting from the deployment of newly developed 
HTRs. The temporary increase of the reprocessing capacity 
from 2030 to 2040 as shown in figure 5 is also reflected in 
the temporary increase of the release of radionuclides from 
reprocessing facilities. The largest contribution to the total 
nuclide discharge is by far is from Kr-85, which is released 
during the crushing of the spent fuel. 


From the calculated nuclide releases the radiological 
impact to humans has been determined. For the public, the 
collective effective dose from nuclear installations can be 
estimated for three population groups, i.e. the (“local”) 
population within a few hundred km from a site, the 
(“regional”) population within a few thousand km, and the 
(“global”) total world population. The local and regional 
dose commitments have been estimated for atmospheric 
and aquatic discharges, taking into account the respective 
collective dose per unit release for each radionuclide, and 
assumptions about the local and regional population 
density (UNSCEAR, 2000). 


 
The development of the local/regional collective 


effective dose as a result of the nuclear fuel cycle for the 
base scenario is depicted in figure 14. Although Kr-85 is 
the main contributor to the nuclide release, its radiological 
impact is very limited compared to that of C-14, Rn-222, 
and tritium. The last three mentioned radionuclides are 
potentially more harmful because they can be assimilated 
into the human body, unlike the inert Kr-85 gas. 
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Figure 14: Local and regional yearly collective effective 
doses due to average annual nuclide releases from the 
nuclear fuel cycle without lifetime extension (case 1a) 
 


An estimate of the average received collective 
effective dose commitment for individuals in Europe can be 
obtained by integration of the collective effective dose 
shown in figure 14 over 50 years (the average assumed 
lifetime of an individual) and assuming a steady population 
in this region at 700 000 000 people [United Nations, 
2008]. For case 1a, the average yearly dose rate as 
calculated in the present analysis is about 0.5 µSv/year. 
This value is negligible compared to the exposures from 


natural radiation sources. The average annual effective 
dose to the world population is approximately 2400 
µSv/year per capita [UNSCEAR, 2000]. It may be clear 
that also for the other scenarios assessed, the local/regional 
average collective effective dose commitment as a result of 
the release of radionuclides during the nuclear fuel cycle is 
negligible compared to the natural background radiation. 


 
VI. CONSTANT NUCLEAR ENERGY DEMAND 


 
The constant nuclear energy demand scenario as 


depicted by Euratom (2007) is assessed in the second  
scenario. Obviously, the dynamic evolution of the reactor 
park, shown in figure 15, is completely different from the 
first scenario. Due to the increased efficiency of Gen-III 
and Gen-IV compared to the Gen-II reactors of the current 
reactor park, a decrease can be expected in the installed 
reactor capacity. This is clearly demonstrated in this figure. 
The current reactor park is basically replaced by about 60 
EPRs. In addition, some HTRs and SCWRs are built up to 
2080. Most of them are HTRs because they are 
commercially available earlier. Fast reactors only enter the 
market after 2080 during the replacement of the Gen-III 
reactor fleet which replaced the current Gen-II reactor park. 
This scenario clearly demonstrates that in a constant 
nuclear energy scenario, the development of Gen-IV 
systems should be very fast, in order to be available before 
the current reactor park is replaced. If this development is 
not fast enough, there will be plenty of time to evaluate the 
Gen-IV designs and build demonstration reactors, because 
commercial deployment will only be feasible when the near 
future reactor park is taken out of operation, which is after 
2070. However, development will probably be slowed 
down as the sense of urgency will be lost for some decades. 
By that time, the market share distribution in the current 
analyses completely changes and evolves to a situation in 
which each reactor type has a significant share. 
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Figure 15: Reactor capacity distribution without lifetime 
extension (case 2a) 
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Figure 16 shows the dynamic reactor park 
development in case lifetime extension is assumed for a 
constant nuclear energy demand scenario. As at the time of 
replacement, i.e. after about 2040, all newly developed 
reactor types have entered the market and since the market 
growth is limited too, the market share for the large third 
generation LWRs is negligible. This is due to implemented 
reactor order decision model which favors smaller sized 
reactors, especially in cases of limited energy generation 
shortage. 
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Figure 16: Reactor capacity distribution with 20 year 
lifetime extension (case 2b) 


 
As the influence of a constant nuclear energy demand 


scenario on the dynamic market share distribution is 
significant compared to the first scenario, the influence on 
the needs for fuel cycle facilities is also considerable. With 
regards to reprocessing facilities, the near term peak 
capacity requires two facilities in contrast to three in case 
1a (see figure 6). In case 2a, this capacity is needed during 
the complete 21st century. However, case 2b shows the 
influence of lifetime extension. In this case, from about 
2040 on, only a single reprocessing unit would be 
necessary to handle all spent fuel.  


With regard to central interim storages and geological 
disposal facilities, the influences of a constant nuclear 
energy demand scenario are also considerable compared to 
case 1a for an increasing nuclear energy demand. During 
the first decades the requirements of the surface storage 
capacity are comparable to the case 1a since they arise 
mainly from the ‘legacy’ and near term fuels used in the 
reactor parks. From about 2040 on, the interim storage 
capacity is largely reduced compared to the case 1a, which 
is obvious taking into account the reduced amounts of 
waste. This also affects the capacity of the geological 
disposal facilities. Compared to the case 1a, only five 
instead of nine such facilities are needed by the end of the 
century for case 2a as shown in figure 17. 
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Figure 17: Geological disposal capacity without lifetime 
extension (case 2a) 
 


Due to the strongly reduced foreseen deployment of 
Gen-III LWRs in the case of lifetime extension (see figure 
16), the needed interim storage capacity is also reduced. At 
the end of the century, the contribution of Gen-III LWRs 
has become insignificant, and the interim storage capacity 
is similar in both cases. Like in case 1b, a small increase in 
final disposal facility capacity is observed compared to the 
case without lifetime extension. 


 
The electricity generation costs remain for a long time 


more or less constant at a slightly lower value than for the 
base case. This is due to the fact that the reactor park 
mostly exists of EPRs from 2030 up to 2070. After 2070, 
the electricity generation costs rise to the same value as 
observed in the base case. Lifetime extension only brings a 
delay in the increase compared to the case without lifetime 
extension which can easily be explained by the extended 
use of the current reactor park. 


The workforce employed in operation of nuclear 
power plants obviously more or less remains constant in 
this scenario, see figure 18. About 20,000 fte are required 
to construct the Gen-III reactor fleet around 2025. The 
second peak in the construction workforce again shows up 
when the Gen-III reactor park is replaced by a new reactor 
park around 2080. At that time about 60,000 fte may be 
employed in construction of new nuclear power plants.  
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Figure 18: Workforce without lifetime extension (case 2a) 
 


Figure 19 shows the dynamic development of the 
workforce in the case of lifetime extension. Three peaks 
can be observed for the construction workforce. The first 
peak (~ 50,000 fte) is associated with the replacement of 
the current reactor park. The second peak (~30,000 fte) is 
associated with the replacement of the first generation HTR 
reactor park. Finally, the third peak (60,000 fte) is 
associated with the replacement of the first generation of 
SFRs and SCWRs.  
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Figure 19: Workforce with 20 year lifetime extension (case 
2b) 
 


VII. DISCUSSION & CONCLUSIONS 
 


The analyses show that given the considered nuclear 
energy demand and given a limited number of available 
Gen-III and Gen-IV reactor types, the future European 
nuclear park will exist of combinations of Gen-III and Gen-
IV reactors. This mix will always consist of a set of reactor 
types each having its specific strengths. 


 
The analyses highlight some triggers influencing the 


choice between different nuclear energy deployment 
scenarios: 


• The gap between nuclear energy demand and 
park capacity can only be filled by Gen-III 


reactors for the near future (up to about 
2023). It is estimated that this requires the 
construction of about 60 (in the constant 
nuclear energy demand scenario) to 100 (in 
the growth scenario) Gen-III reactors with the 
size of an EPR. When lifetime extension is 
considered, this number is much lower, 
varying from 5 to about 40 EPR-sized LWRs. 


• The attractiveness of fast reactors is shown in 
the case of nuclear growth in combination 
with lifetime extension. In this scenario, 
uranium resources get scarce towards the end 
of the century which provides a market driver 
for fast reactors which are efficient in their 
uranium consumption. 


• The economical attractiveness of the SCWR, 
achieved by reducing capital costs and 
increasing efficiency, is identified by the 
analyses showing a considerable market share 
for SCWRs in every considered scenario. 


  
The electricity generation costs rise considerably when 


the relatively cheap current reactor park is replaced by a 
future reactor park. The rise can be slowed down or even 
delayed, when lifetime extension of the current reactor park 
is considered. Depending on the considered scenario, the 
electricity generation costs will rise to about 80 or 90 
2009$/MWh. 


 
The constant nuclear energy demand scenario shows: 


• a small decrease in installed reactor capacity 
thanks to the higher efficiency of future 
reactors 


• that lifetime extension has considerable 
influence on the future reactor park the 
current reactor park is mainly replaced around 
2020-2030 by Gen-III reactors up to 2070 
when no lifetime extension is considered. 
HTRs and SFRs enter the market significantly 
only at the replacement of the Gen-III reactor 
park which replaced the current Gen-II 
reactor park. This shows that in such 
scenarios, there is still sufficient time to 
develop the Gen-IV systems. However, it will 
probably be difficult to attract funding 
because the sense of urgency will be lost. 


• that the current reactor park is replaced 
around 2040-2050 mainly by a mixture of 
Gen-IV reactors if a lifetime extension of 20 
years is considered. In this case, only a few 
Gen-III reactors are built before the Gen-IV 
reactors enter the market and take their 
market share. 
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With regard to fuel cycle facilities, the following 
conclusion can be drawn: 


• Maximum 3 reprocessing plants will be 
needed in the EU27 during the 21st century 
(even less when lifetime extension is 
considered). These plants are mainly required 
in the near term to reprocess the legacy stocks 
of LWR fuel for use in Gen-III reactors. After 
2040, only one or two reprocessing plants are 
required in most cases. Reprocessing of SFR 
fuel will only gain importance at the end of 
the century. 


• Maximum 16 central interim storages will be 
needed in the EU27. The requirement for 
interim storages decreases after 2040 when 
the ‘legacy’ spent fuel is assumed to be 
transported to a final repository. The exact 
number of interim storages required during 
the second half of the 21st century is 
dependent on the considered scenarios. 


• Maximum 11 final disposal facilities will be 
needed for disposal of spent fuel and high 
level waste during the 21st century. Again, the 
capacity will mainly be required to 
accomodate the ‘legacy’ spent fuel. The 
maximum amount of 11 facilities is needed in 
case lifetime extension in a scenario with 
growing nuclear energy demand is 
considered. In such cases, the once-through 
fuel cycle is applied more intensively by the 
current Gen-II reactor park, than in a Gen-III 
/ Gen-IV reactor park. When a constant 
nuclear energy demand is considered without 
lifetime extension, a minimum of five 
facilities is needed. The contribution of SFR 
and HTR spent fuel is negligible during the 
21st century, due to the fact that these reactors 
are only operational from about 2040 or later 
and spent fuel is stored in central interim 
storages first, before it is transported to the 
final disposal facility. However, a rise may be 
expected in the 22nd century. 


 
With regard to the workforce, the following conclusion 


can be drawn: 
• The largest workforce will be employed in 


on-site operation. The current reactor park 
employs about 60,000 fte. This amount 
steadily rises to about 230,000 fte in the 
nuclear growth scenario is considered. It is 
expected that only about 1% of this workforce 
should be nuclear specialists. 


• The workforce for construction of new plants 
will employ about 30,000 fte in the near term 


to construct the Gen-III reactor park which 
has to replace the current reactor park. In the 
longer term, peaks of about 60,000 to even 
120,000 can be expected when the Gen-III 
fleet replacing the current reactor park has to 
be replaced. It is important to realise that only 
a small part of these construction workers 
must have special nuclear skills.  


• Lifetime extension relaxes the requirements  
on the workforce by showing less pronounced 
peaks in employment on the one hand and a 
delay in the workforce employed in 
construction of the fleet to replace the current 
park to about 2040. 


 
With regard to the radiological impact, the following 


conclusion is drawn: 
• For all scenarios investigated, the 


local/regional average collective effective 
dose commitment as a result of the release of 
radionuclides during the nuclear fuel cycle is 
negligible compared to the natural 
background radiation..  
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Abstract – The results are compared from coating layer characterizations of  surrogate (ZrO2-
kernel) TRISO-coated particle samples from different organizations (KAERI, Korea, BWXT and 
ORNL, USA and PBMR, South Africa) that have been submitted to the 9 different participating 
organizations in the round robin test within the IAEA CRP-6 “Advances in HTGR Fuel 
Technology” for testing and comparing the results. The characterization studies cover coating 
layer characteristics; namely, pyrolytic carbon (PyC) coating layer thickness, anisotropy, 
density and microstructure as well as silicon carbide (SiC) layer thickness, density and 
microstructure. For the different characteristics, currently established methods employed in the 
participating organizations were deployed including both destructive and non-destructive 
techniques. A number of techniques used in the characterizations were specifically developed 
for their application to coated particle fuel, e.g., sink float and X-ray based methods for the 
density measurement, optical methods for the measurement of PyC anisotropy and micro X-ray 
radiography for measurement of coating thickness and dimensions. The results obtained by the 
participating organizations are summarized and discussed in terms of the reliability of the 
methods currently used and the observed differences in the supplied samples. 


 
 


I. INTRODUCTION 
 
A Coordinated Research Program (CRP) of the 


International Atomic Energy Agency (IAEA), titled 
“Advances in HTGR Fuel Technology” and so-called 
CRP-6, was initiated in 2002 with the following 
objectives; 1) to support the development of 
improved HTGR fuel technology, 2) to facilitate the 
coordination of technology development activities 
and 3) to exchange relevant technical information 
among the interested Member States. The program 
was described in detail by Verfondern and Lee [1]. It 
is being terminated in 2010 after a 3-year extension 
of its duration. In this CRP, a chapter is included on 


the characterization and the Quality Control of the 
coated particle fuel which would cover the previous 
experiences and current status of the characterization 
methods and items being practiced in the Member 
States, some advances in relevant technology 
development and the Round Robin Exercise (RRE) 
of characterization with some representative samples 
provided by the participating Member States. For 
this RRE, four surrogate samples, which originated 
from 4 different organizations, were distributed to 
the organizations participating in this CRP-6. The 
characterization items were mostly characteristics of 
different coating layers. The purpose of this exercise 
was for the comparison and benchmarking of the 
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characterization methods and results. More detailed 
analysis results will be published in the form of the 
IAEA technical document (TECDOC) and a 
summary report for these round robin test results [2]. 


In this presentation, the test methods employed 
for the characterization and the results of the coating 
layer characterizations of four surrogate TRISO-
coated particle samples obtained by the participating 
organizations are discussed and compared. 


 
II. ROUND ROBIN EXERCISE IN 


CHARACTERIZATION OF COATED FUEL 
PARTICLES 


 
For the RRE, an appropriate sample should be 


available and provided to any interested participants 
in the exercise. Also, important characteristics which 
would allow the participants to make measurements 
should be decided and agreed by all the participants 
before the actual measurements are performed. 
Another important factor that should be taken into 
consideration at the time of decision is the 
availability of the methods of the characterization in 
each participating organization. In this section, the 
availability and supply of test samples, selection of 
the characteristics and the methods of the 
characterizations are described. 


 
II.A. Supply of the test samples to the 


participating Member states 
 
Four surrogate TRISO-coated particle samples 


originating from Korea (Korea Atomic Energy 
research Institute(KAERI)), US (Oak Ridge National 
Laboratory (ORNL) and Babcock and Wilcox 
Technology (BWXT)) and RSA (Pebble Bed 
Modular Reactor Pty. (PBMR)) were submitted to 
the participating organizations in the IAEA CRP-6 
for testing and compared among the results of 
characterization obtained by the participating 
organizations. These four surrogate samples were 
distributed to 9 participating organizations, INET-
Tsinghua University (China), AREVA (France), 
JAEA (Japan Atomic Energy Authority), KAERI 
(Korea), PBMR (RSA), Hacettepe University 
(Turkey), ORNL (US), BWXT (US) and ITU 
(Institute for Transuranium, EU) in this RRE. It 
should be noted that the purpose of this exercise was 
for the comparison and benchmarking of the 
characterization methods and results. Also, these 
surrogate samples were not necessarily 
representative of the quality and the readiness of the 
process operation at the participating organizations. 


 
II.B. Selection of the characteristics to be 


measured in the RRE 
 
Since the common samples distributed for the 


test were the surrogate (zirconia kernel) coated 


particles, the characterization items to be measured 
by each participating organization were limited not 
only by the samples but also by the methods 
available up to the time of testing at the participating 
organizations. At the beginning, some U-containing 
coated particles were also considered for this RRE. 
However, due to the problems of complexity of 
international transportation, this consideration was 
abandoned. In consequence, the kernel was excluded 
in this exercise for the characterization, U kernel 
being usually tested for U enrichment, U content and 
kernel dimensions including sphericity. Also, there 
were some participating organizations which did not 
measure all of the test items for the buffer and inner 
PyC (pyrolytic carbon) layers as, in the layer 
measurements INET, JAEA and Hacettepe 
University measured only on the O-PyC (Outer 
Pyrolytic Carbon) and SiC layers both for density 
and thickness. Test items considered were properties 
of different coating layers. 13 items were identified 
which could be characterized at most: namely, 
particle diameter, sphericity, (surrogate) kernel 
diameter, thicknesses and densities of the 4 coating 
layers (buffer, I-PyC (Inner Pyrolytic Carbon), SiC 
and O-PyC), and anisotropy of I-PyC and O-PyC. 
However, certain layers, such as buffer layer and 
inner PyC coating layer, could not be totally 
characterized under the given conditions, i.e., 
surrogate kernel instead of uranium kernel and the 
completed TRISO-coated particles as samples. 


Table 1 summarizes the participating 
organizations and the items tested together with the 
methods employed for the characterizations by the 
participating organizations. It should also be noted 
that due to an unexpected delay the samples from 
PBMR were not distributed to the ITU (EC) and 
JAEA (Japan) and their data were not available at the 
time of preparing this paper. 
 


II.C. Characterization methods used by the 
participating organizations 


 
The methods used in this RRE can be 


categorized as follows for the items tested.  
(1) Kernel diameter and sphericity:  


ceramography, X-ray radiography, particle size 
analyzer (PSA) 


(2) Coating layer thicknesses:  
ceramography, X-ray radiography 


(3) Coating layer densities:  
sink-float method, X-ray radiography 


(4) PyC anisotropy:  
optical anisotropy measurement (OPTAF), 
ellipsometry 


(5) Coated particle diameter and sphericity:  
ceramography, X-ray radiography, projection, 
particle size analyzer (PSA) 
There may be several methods for one 


characterization item, a good example being the 
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layer thickness measurement: two methods are 
currently being used, one by metallographic 
examination (ceramography) utilized by all the 
participating organizations except AREVA and the 
other by non-destructive X-ray radiography by 
AREVA, JAEA and KAERI. The ceramography 
method needs careful preparation of the samples by 
embedding the particle samples in a resin, grinding 
and polishing with a precise control of depth to 
obtain the exact mid-plane cross section of the 
particles on the surface of the resin mount. 


All the participating organizations measured 
coating layer densities by sink float method or by a 
titration method for the O-PyC and SiC layers only, 
except AREVA who measured the density for all the 
four layers by X-ray radiography non-destructively. 
Samples of SiC, and OPyC layers were obtained by 
fracturing the coatings on individual coated particles. 
Free-standing O-PyC layer fragments were picked 
out of the fractured coatings. The O-PyC layer could 
be separated on some particles because of the weak 
bonding between the SiC and O-PyC layers. Free-
standing SiC was obtained by picking out multiple 
layer fragments containing pyrolytic carbon and 
heating in air to about 850°C for 2 hours to remove 
the attached pyrolytic carbon.  


For the anisotropy measurement of the PyC 
layers, most of the participating organizations used 
an optical anisotropy factor (OPTAF) measurement 
method except ORNL and ITU which measured the 
anisotropy of the PyC layers by ellipsometry using 
2MGEM developed by ORNL. 


The coated particle diameter and its sphericity 
were measured by a particle size analyzer (PSA), 
well developed commercialized laboratory 
equipment using an optical imaging system. They 
can be also estimated by the ceramography following 
careful sample preparation as described in the 
thickness measurement by ceramography. In this 
case, diameter and sphericity are usually measured 
simultaneously when coating layer thicknesses are 
measured by ceramography. 


 
III. TEST RESULTS OF THE PARTICIPATING 


ORGANIZATIONS 
 
All the tests were on a sampling basis with a 


statistically significant quantity of the particle 
samples. As will be discussed below, the statistics 
were satisfactory for a comparison of the various 
results from the participating organizations. 


 
III.A. Coating layer density 


 
Table 2 summarizes the results of the 


measurement that the participating organizations 
carried out on the coating layer density. The layer 
densities were measured by two methods; one was 
the sink float method (KAERI, PBMR, ORNL, 


BWXT) and the other nondestructive X-ray 
radiography (AREVA). INET and JAEA used the so-
called the titration method which is a variation of the 
sink float method. The participating organizations 
measured the densities only for SiC and outer PyC 
layers, except AREVA which measured all the four 
layers nondestructively. However, in the table, the 
results of the buffer and inner PyC layers by AREVA 
were omitted as there are no other data available to 
compare with. Also, ITU and Hacettepe University 
did not participate in the layer density measurement. 


For the SiC layer density, standard deviations of 
the measurement by each participating organization 
are narrow compared with that of the PyC layer 
measurement which is about 10 times larger than the 
former.  


It is worth comparing the results obtained by the 
two different methods. The density values obtained 
by the X-ray radiography are generally higher than 
the mean values of the data obtained by the sink float 
method.  


 
III.B. Coating layer thickness 


 
The results of layer thickness measurement by 


the participating organizations are shown in Table 3. 
The thicknesses were measured mainly by two 
methods, either by X-ray radiography or by 
conventional ceramography. AREVA measured the 
layer thickness by using the X-ray radiography PCI 
(Phase Contrast Imaging) method to measure all the 
four layers. KAERI used the same method and the 
ceramography method as well to compare the results 
from the two different methods. JAEA used the X-
ray radiography with an Automatic Visual Measuring 
System (AVMS) (for outer PyC and SiC layers only) 
as well as the ceramography to measure all the four 
layers. INET used an X-ray crystalline analyzer to 
take microradiographs and measured the thickness 
with a projector. PBMR used X-ray radiography. All 
the other organizations used ceramography. Among 
the participating organizations, only ITU did not 
measure the layer thickness. Some of the participants 
measured only the outer PyC and SiC layer 
thicknesses.  


For comparison of the results, deviations from 
the total mean values of the measurements were 
plotted with the different methods for each sample as 
shown in Fig. 1 for the SiC and O-PyC layers. The 
layer thickness values obtained by X-ray radiography 
are generally higher than the mean values of the data 
obtained by the ceramography method for the outer 
PyC and SiC layers. The dependency of the method 
of the thickness measurement for this observation is 
more pronounced than in the case of the density 
measurement. 


 
III.C. PyC Anisotropy and other characteristics 
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The anisotropy of the PyC layers was measured 
by ellipsometry at ORNL and ITU developed at 
ORNL and by optical polarimetry by INET, KAERI 
and PBMR. The results of the measurements are 
summarized in Table 4. The precision of the 
ellipsometry was generally higher than that obtained 
by optical polarimetry. 


Kernel diameter, particle diameter and particle 
sphericity were measured either by X-ray 
radiography or by ceramography as for the thickness 
measurement. The results of the measurements are 
summarized also in Table 4.  


In both measurements, there is no tendency on 
the deviation from the mean values observed by the 
difference in the measurement methods as in the 
thickness or density measurements. 


The microstructure of each sample was also 
examined for the coating layers either by an optical 
microscope or a scanning electron microscope for 
any abnormal grain structures. None of the samples 
showed any such grain structures. 


 
IV. CONCLUSIONS 


 
In this work, the test methods employed for the 


characterization and the results of the coating layer 
characterizations of four surrogate TRISO-coated 
particle samples obtained by the participating 
organizations are discussed and compared. From the 
analysis of the results obtained by the participating 
organizations, the following conclusions can be 
drawn: 


1. The characterization methods for coating layers 
in coated fuel particles are well established in the 
participating organizations and being improved 
in line with advances in IT technologies. 


2. In the comparison of the results, standard 
deviations of the measurement of the SiC layer 
by each participating organization are small 
compared with those of the PyC layer 


measurement which are about 10 times larger 
than the former. Some of the greater standard 
deviations for the PyC than for the SiC layers 
might be attributed to the greater variability often 
observed in the PyC layers of TRISO particles. 
Also, the density values obtained by X-ray 
radiography are generally higher than the mean 
values of the data obtained by the sink float 
method.  


3. In the layer thickness measurements, the layer 
thickness values obtained by X-ray radiography 
are generally higher than the mean values of the 
data obtained by the ceramography method for 
the outer PyC and SiC layers. The dependency of 
the method of the thickness measurement for this 
observation is more pronounced than in the case 
of the density measurement. 


4. As the supplied samples are of different design, 
comparisons could be made only for each sample 
and not among all the four samples. It should be 
noted also that these surrogate samples were not 
necessarily representative of the quality and the 
readiness of the process operation at the 
participating organizations. 


5. More analysis work is currently underway to 
include additional results recently obtained and 
to complete the report. 
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TABLE I 
Participation, characteristics tested at and characterization methods employed by the participation 


organizations. (TR: titration; X-ray: X-ray radiography; Ceram.: ceramography; Ellip.: ellipsometry; 
Project.: projection; PSA: particle size analyzer) 


 
Density Thickness Anisotropy Participating 


organization 
B-PyC I-PyC SiC O-PyC B-PyC I-PyC SiC O-PyC I-PyC O-PyC 


Kernel 
diameter 


Particle 
diameter Sphericity 


INET     TR TR     X-ray & 
Project. 


X-ray & 
Project. OPT. OPT.   X-ray   


AREVA X-ray X-ray X-ray X-ray X-ray X-ray X-ray X-ray     X-ray X-ray   


JAEA     TR TR Ceram. Ceram. Ceram. 
X-ray 


Ceram. 
X-ray OPT. OPT.   Project.   


KAERI     Sink-
float 


Sink-
float 


Ceram.
X-ray 


Ceram.
X-ray 


Ceram.
X-ray 


Ceram.
X-ray OPT. OPT. Ceram.


X-ray PSA PSA 


PBMR     Sink-
float 


Sink-
float X-ray X-ray X-ray X-ray OPT. OPT.   Project. Project. 


Hacettepe 
University         Ceram. Ceram. Ceram. Ceram.     Ceram. Ceram. Ceram. 


ORNL     Sink-
float 


Sink-
float Ceram. Ceram. Ceram. Ceram. Ellip. Ellip.   Project. Project. 


BWXT     Sink-
float 


Sink-
float Ceram. Ceram. Ceram. Ceram.       Project. Project. 


ITU                 Ellip. Ellip.   PSA PSA 


 
 
 


TABLE II 
Mean and standard deviation values of the SiC and O-PyC layer densities obtained by 


participating organizations (all the values are in g/cm3 and values in the parentheses are 
standard deviations) 


 


Sample ID KAERI ORNL BWXT PBMR 


Participating 
organization SiC O-PyC SiC O-PyC SiC O-PyC SiC O-PyC 


INET 3.20 
( - ) 


1.46 
( - ) 


3.20 
( - ) 


2.01 
( - ) 


3.20 
( - ) 


1.89 
( - ) 


3.190 
( - ) 


1.610 
( - ) 


AREVA 
(X-ray) 


3.21 
(0.02) 


1.45 
(0.11) 


3.21 
(0.02) 


2.00 
(0.13) 


3.20 
(0.02) 


1.98 
(0.14) 


3.190 
(0.02) 


1.820 
(0.2) 


JAEA 3.2 
(0.003) 


1.45 
(0.01) 


3.2 
(0.004) 


1.99 
(0.20) 


3.20 
(0.003) 


1.92 
(0.04) -  -  


KAERI 3.201 
(0.003) 


1.435 
(0.004) 


3.197 
(0.002) 


2.006 
(0.027) 


3.192 
(0.002) 


1.893 
(0.009) 


3.198 
(0.002) 


1.615 
(0.017) 


PBMR 3.198 
(0.001) 


1.417 
(0.011) 


3.192 
(0.002) 


2.011 
(0.006) 


3.192 
(0.002) 


1.882 
(0.005) 


3.196 
(0.002) 


1.650 
(0.006) 


ORNL 3.2058 
(0.0023) 


1.4448 
(0.0068) 


3.2033 
(0.0063) 


2.0266 
(0.004) 


3.1971 
(0.0018) 


1.8885 
(0.0201) 


3.2073 
(0.0007) 


1.6336 
(0.0067) 


BWXT 3.202 
( - ) - 3.204 


( - ) 
2.017 
( - ) 


3.194 
( - ) 


1.892 
( - ) 


3.200 
( - ) - 


Mean (total) 3.202 1.43 3.201 2.010 3.196 1.906 3.197 1.666 
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TABLE III 
Mean and standard deviation values of the coating layer thicknesses obtained by participating 


organizations using different characterization methods (all the values are in μm and values in the 
parentheses are standard deviations) 


Sample ID KAERI ORNL BWXT PBMR 


Participating 
organization B-PyC I-PyC SiC O-PyC B-PyC I-PyC SiC O-PyC B-PyC I-PyC SiC O-PyC B-PyC I-PyC SiC O-PyC 


INET     42.1 
(3.3) 


53.1 
(6.2)     38.1 


(2.7) 
38.2 
(3)     37.1 


(2.3) 
39.8 
(3.7)     38.8 


(2.0) 
56.0 
(3.4) 


AREVA 
(X-ray) 


103.8 
(4.8) 


41.5 
(4.6) 


40.8 
(2.2) 


53.9 
(5.2) 


82.0 
(8.4) 


40.4 
(3.3) 


38.8 
(1.1) 


39.2 
(2.6) 


61.4 
(8.2) 


37.9 
(3.6) 


35.5 
(1.0) 


42.4 
(2.8) 


113.0 
(8.6) 


73.1 
(5.2) 


35.7 
(1.6) 


56.5 
(5.2) 


JAEA 
(X-ray)     41.4 


(1.9) 
52.2 
(4.6)     38.1 


(1.1) 
39.0 
(2.2)     36.5 


(0.9) 
41.9 
(3.4)         


JAEA 
(Ceramography) 


107 
(9) 


40 
(2) 


35 
(2) 


51 
(5) 


86 
(9) 


40 
(3) 


32 
(2) 


36 
(2) 


58 
(7) 


40 
(3) 


31 
(1) 


38 
(4)         


KAERI 
(X-ray) 


104 
(9) 


40 
(2) 


37 
(3) 


52 
(6) 


79 
(6) 


37 
(3) 


35 
(1) 


40 
(2) 


57 
(8) 


37 
(3) 


33 
(1) 


42 
(3) 


107 
(12) 


70 
(6) 


36 
(1) 


56 
(4) 


KAERI 
(Ceramography) 


108 
(8) 


44 
(8) 


37 
(2) 


51 
(5) 


85 
(7) 


42 
(3) 


36 
(1) 


39 
(6) 


62 
(8) 


41 
(2) 


35 
(1) 


39 
(2) 


111 
(13) 


75 
(4) 


35 
(1) 


55 
(3) 


PBMR 
(Ceramography) 


94 
(35) 


40 
(14) 


35 
(12) 


48 
(18) 


83 
(8) 


38 
(4) 


36 
(2) 


37 
(3) 


61 
(9) 


39 
(3) 


35 
(2) 


42 
(4) 


115 
(12) 


75 
(4) 


36 
(2) 


55 
(4) 


Hacettepe 
 University     41.9 


(3.9) 
53.9 
(6.7) 


85.1 
(12.0) 


43.8 
(4.7) 


31.6 
(2.7) 


36.9 
(3.9) 


63.7 
(9.9) 


38.4 
(3.2) 


30.5 
(2.3) 


41.6 
(4.1) 


102.7 
(13.9) 


78.2 
(8.8) 


24.9 
(2.2) 


54.2 
(2.8) 


ORNL 106.0 
(7.8) 


45.3 
(2.0) 


35.4 
(2.1) 


46 
(4.5) 


83.8 
(5.5) 


43.7 
(2.5) 


31.7 
(1.1) 


37.1 
(1.9) 


61.9 
(6.0) 


40.9 
(2.5) 


32.1 
(0.6) 


38.4 
(2.5) 


115.4 
(10.7) 


78.3 
(3.9) 


29.6 
(0.9) 


53.1 
(2.6) 


BWXT 102.6 
(8.4) 


43.3 
(2.0) 


35.1 
(2.2) 


50.6 
(5.6) 


82.3 
(5.3) 


41.5 
(2.7) 


30.9 
(1.6) 


35.5 
(2.2) 


58.9 
(7.7) 


38.5 
(2.4) 


32.9 
(0.9) 


38.6 
(2.3) 


104.6 
(10.7) 


76.3 
(3.7) 


31.3 
(2.9) 


53.8 
(2.4) 


Mean (total) 103.6 42.0 38.07 51.17 83.28 40.80 34.82 37.79 60.49 39.09 33.86 40.37 111.0 74.62 33.93 54.90 


 
 


TABLE IV 
Mean and standard deviation values of anisotropy of PyC layers and particle dimensions obtained by 


participating organizations (values in the parentheses are standard deviations) 
Sample 


ID. KAERI ORNL BWXT PBMR 


Anisotropy Anisotropy Anisotropy Anisotropy 
Participating 
organization 


I-PyC O-PyC 


Particle 
diam


eter 
(μm


) 


Sphericity I-PyC O-PyC 


Particle 
diam


eter 
(μm


) 


Sphericity I-PyC O-PyC 


Particle 
diam


eter 
(μm


) 


Sphericity I-PyC O-PyC 


Particle 
diam


eter 
(μm


) 


Sphericity 


INET 1.016 
(0.007) 


1.014 
(0.003) 


1004.3 
(28.2)   1.004 


(0.019) 
1.009 


(0.014) 
912.5 
(20)   1.024 


(0.003) 
1.022 


(0.007) 
884 


(27.6)   1.018 
(0.01)  


1.04 
(0.008) 


1074.1 
(32.2)   


AREVA 
(X-ray) 


   985.5 
(34.1)       910.1 


(30)       873.8 
(26.1)       1089.3 


(40.8)   


JAEA     987 
(24)       896 


(19)       875 
(21)         


KAERI 1.023 
(0.01) 


1.02 
(0.011) 


1027 
(21) 


1.057 
(0.021) 


1.025 
(0.005) 


1.025 
(0.009) 


930 
(16) 


1.045 
(0.014) 


1.029 
(0.007) 


1.031 
(0.005) 


896 
(26) 


1.038 
(0.011) 


1.020 
(0.006) 


1.024 
(0.005) 


1099 
(32) 


1.038 
(0.011) 


PBMR 1.01 
(    ) 


1.00 
(    ) 


1000 
(    ) 


1.07 
(    ) 


1.04 
(    ) 


1.01 
(    ) 


911 
(    ) 


1.06 
(    ) 


1.03 
(    ) 


1.02 
(    ) 


881 
(   ) 


1.06 
(    ) 


1.01 
(    ) 


1.01 
(    ) 


1081 
(    ) 


1.05 
(    ) 


Hacettepe 
 University 


    1011.8 
(39.9) 


1.161 
(    )     913.4 


(13.8) 
1.043 
(    )     887.6 


(24.38) 
1.047 
(    )    1062.0 


(32.0) 
1.048 


(0.008) 


ORNL 1.0042 
(0.0002) 


1.0045 
(0.0002) 


1001 
(23) 


1.055 
(    ) 


1.0335 
(0.0023) 


1.0127 
(0.0004) 


907.4 
(16.0) 


1.044 
(    ) 


1.0205 
(0.0008) 


1.0168 
(0.0006) 


881.2 
(24) 


1.039 
(    ) 


1.0058 
(0.0002) 


1.0056 
(0.0002) 


1076.2 
(28.0) 


1.041 
(    ) 


BWXT     1000.8 
(    ) 


1.048 
(    )     909 


(    ) 
1.042 
(    )     882 


(    ) 
1.038 
(    )     1067.8 


(    ) 
1.038 
(    ) 


ITU 1.0073 
(0.0004) 


1.0093 
(0.0007) 


1007 
(21) 


1.055 
(0.017) 


1.0374 
(0.0012) 


1.0273 
(0.0025) 


921 
(17) 


1.049 
(0.014) 


1.0193 
(0.0018) 


1.016 
(0.0004) 


894 
(25) 


1.045 
(0.013)     


Mean (total) 1.012 1.010 1002.7 1.074 1.028 1.017 912.3 1.047 1.025 1.021 687.1 1.045     
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Fig. 1. Plots of deviations from the mean values (%) of the coating layer thickness for the different 


methods in each sample: (a) SiC layer thickness and (b) O-PyC layer thickness (AR: AREVA; 
IN: INET; JA: JAEA; KA: KAERI; HU: Hacettepe Univ.; PB: PBMR; OR: ORNL; BW: 
BWXT. X and C denote measurement by X-ray radiography and ceramography, respectively) 


(a) 


(b) 
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Abstract – The Reactor Cavity Cooling System (RCCS) is a key safety system in the design of the 
gas-cooled Next Generation Nuclear Plant (NGNP). Developed under the auspices of the DOE 
Generation IV program, the RCCS must accommodate limiting accident scenarios by successfully 
removing decay heat from the reactor pressure vessel (RPV). In this design water is used as the 
working fluid, and the RCCS operates in a passive mode during accidents, transporting heat from 
the RPV in the cavity to the atmosphere via parallel riser tubes into a water storage tank and 
ultimately venting into the atmosphere. In preparation for the design and construction of an 
experimental facility, an in-depth scaling study was conducted, where scaling laws for key 
phenomena were developed and supported with RELAP5 and MELCOR simulations. A 
phenomenological model was used to simulate flashing and other characteristics associated with 
two-phase flow in the standpipes and water storage tank. Special attention was given to the design 
of the water storage tank in the test facility, as efficient phase separation is crucial to minimize 
any water carryover as steam is vented from the system and water is allowed to flow back to the 
RCCS standpipes.  A 1:4 axial, 1:1 radial, and 1.3° sector slice, scaled test facility is currently 
being built at the University of Wisconsin – Madison to examine specific thermal-hydraulic issues 
that will allow the RCCS to successfully accomplish its safety function under prototypic 
conditions.  Radiant heaters simulate decay heat from the RPV, and a 3 standpipe/cooling-fin test 
section connected to a single water storage tank act as the heat sink. The facility is heavily 
instrumented to help guide experimental operations and evaluate the heat removal performance 
for various test conditions. Data from this scaled test facility at the University of Wisconsin – 
Madison will be compared with simulations from MELCOR and RELAP5 codes, and eventually 
with the larger NSTF tests at Argonne National Lab. This data and these comparisons will help 
establish the feasibility of this RCCS design as a successful decay heat removal system during 
accident scenarios for the NGNP project.  
 


 
I. INTRODUCTION 


 
The Reactor Cavity Cooling System (RCCS), 


developed under the auspices of the Department of Energy 
(DOE) Generation IV program, is a key safety system in 
the Next Generation Nuclear Plant (NGNP). While High 
Temperature Gas Reactors (HTGR) have been designed 
and operated since the early 1950’s, the RCCS design is 
unique to the recent generation of gas-cooled reactors as a 
passive decay heat removal system. Both air and water-
cooled designs are under consideration. Air-cooled RCCS 
designs, such as for the General Atomics (GA) Modular 
High Temperature Gas-Cooled Reactor (MHTGR), have 
been used in sodium-cooled fast reactor designs, but many 


aspects of the newer water cooled design are still to be 
investigated. This paper focuses on the water-cooled 
design, which has some advantages over an air-cooled 
system, given its superior cooling capability and less 
intricate piping network that is required for a natural 
circulation driven system.  Using water as the working 
fluid, the RCCS operates in passive mode during an 
accident condition, rejecting heat from the reactor pressure 
vessel (RPV) to the atmosphere via a system of water 
tubes, cooling panels, and water storage tanks (Figure 1). 
The Nuclear Regulatory Commission (NRC) has indicated 
that for passive safety system, a 72-hour cooling inventory 
must be available before water storage tanks can be 
replenished. Since the NGNP design is under development, 
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a concept design has been created using previous work and 
openly available literature. 


 


 
Fig. 1 RPV (left), RCCS (center), Containment (right) 


 
I.A. Concept Design & Operation 


 
The conceptual RCCS design, as developed by 


Argonne National Laboratory (ANL) and the authors, is a 
hybrid design from openly available literature. The 
selection process began with known dimensions of the air 
cooled GA-MHTGR cavity1 and RPV. The duct array for 
the GA RCCS design was then transformed, replacing each 
air duct with a water tube. Hydraulic diameters were 
preserved, and tube gaps filled with radiant cooling panels, 
based on the German HTR-Module2 design for water-
cooling tubes and fins. Two possible cooling panel designs 
were examined, the thermal shield option from the Russian 
20MWt VGM reactor3, and the thermal fin option from the 
Japanese HTTR4. Unlike previous designs, this system 
does not utilize the standpipe curtain design of later 
PBMR5 designs. Remaining details were adopted from the 
legacy German FZ-Jülich6 design on the HTR-MODUL, 
early SA PBMR 265 MWt2 design work, and HTTR JAERI 
publications2,3,6. 


The full-scale RCCS conceptual design must 
accommodate a steady-state heat loss of 0.75MWt from the 
RPV, rising to a decay heat level of 1.5 MWt following a 
reactor SCRAM. The RCCS consists of a system of 8 water 
storage tanks, 227 riser tubes, and 8 return downcomer 
pipes. The full scale RCCS receives a peak heat flux of 10 
kW/m2 to the 227 riser tubes and heat transfer panels7, each 
19.8 meters in length. The riser tubes are fixed to the cavity 
walls, fully surrounding the RPV, and are placed at a 
minimum distance of 28 inches. In passive operating mode, 
without forced circulation, water flows by natural 
circulation through the downcomers and returns to the 
water storage tank via the riser tubes and heat transfer 
panels, Figure 2. Since there is no active cooling 


guaranteed under accident conditions, the water heats up 
and eventually reaches saturation conditions and boiling 
commences. The decay heat is then rejected by venting 
steam in the tank directly to the outside atmosphere, and 
hence this design operates at near atmospheric pressures. 
Efficient phase separation is crucial to minimize any liquid 
carryover as steam is vented from the system and water 
flows back into the downcomer.  


 


 
Fig. 2 Simplified diagram of RCCS components 


 
I.B. Experimental Scope and Goals 


 
The scope of this paper is the design, analysis, and 


construction of a scaled test facility at the University of 
Wisconsin – Madison. This is a parallel effort with a 1/16 
scale experimental facility at Texas A&M University 
(TAMU), and a ½ scale facility at ANL. Three goals were 
outlined for the facility at UW-Madison: 
 
1) Build a set of scaling laws for system wide parameters 
and key thermal hydraulic phenomena. 
 
2) Simulate full scale and experimental scale models in 
RELAP5 and MELCOR, with considerations made for the 
transition from active heat exchanger tank cooling to boil 
off coolant cooling. 
 
3) Construct a scaled experimental facility to validate 
simulations and scaling laws, and acquire experimental data 
on heat transfer performance.  
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II. SCALING 
 
To preserve key thermal hydraulic behavior and 


phenomena, a set of scaling laws were developed for 
system level integral performance, with another set of laws 
for single and two-phase criteria specific to the operation of 
the water storage tank. 


 
II.A. System Level 


 
Integral scaling of system level behavior and 


phenomena has been well documented by similar 
experimental facilities, in particular the NSTF facility at 
ANL5. Their scaling analysis was performed on generic 
information of the RCCS design for a PBMR. 


The first and foremost difference between the full scale 
and experimental scale is the reduced axial length scale, ℓR, 
with all subsequent scaling laws affected by this parameter. 
We have chosen to preserve the temperatures between 
scales, as well as use water as our working fluid. Finally, 
the transient behavior of the RCCS under accident 
conditions will likely be quasi-steady in behavior, thus we 
hope to account for the overall accident timing. Similarity 
relationships, Eq. 1, will be noted in ratios of model 
parameters to prototype parameters, where model 
designates the experimental facility, and prototype 
designates the concept facility. 


( )
( ) p


m
R Ψ


Ψ
=


prototypeΨ
modelΨ=Ψ  (1) 


 
The total heat transferred to the riser tubes during normal 
operation is the sum of the radiative and convective heat 
flux imposed on the riser tube walls and cooling panels 
inside the cavity.  


( ) ( )44
riserRPVBriserRPVcavity TTAε+TTAh=Q −− σ  (2) 


 
At steady state, this equals the total heat transferred to the 
water along the length of the riser tubes. 


( )inTTCρUA=Q outpoooo −  (3) 
 
Taking the heated section as a reference point, the total 
temperature rise along the heated section is a 
rearrangement of Eq. 3. 


pooo


o
o CρAU


Q
=ΔT



 (4) 


 
Assuming constant thermal properties, the similarity 
relationship for the temperature rise along the heat section 
in given by Eq. 5. 


oRoR
oR AU


Q=ΔT R



 (5) 


 
The non-dimensional Froude number desires a unity 
similarity relationship, preserving the ratio of the fluids 
inertia to the gravitational head. 
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Assuming prototypic thermodynamic reference values, this 
reduces to the similarity relationship for a reference 
velocity, Eq. 7. 


R=U oR  (7)
  
The time ratio number determines the time scales of system 
level events, Eq. 8. 


2
RoR


hR*


δU
L


=TR   (8) 


 
Scaling a reference structural thickness to the length 
scaling, δR = 1, this reduces to the similarity relationship 
for the time ratio, Eq. 9. Thus for reduced scales, a 
shortened time for events is expected.  


R
R


R =
U


=T 



oR


*  (9)


  
The Richardson number, the dimensionless group that 
expresses the ratio of potential to kinetic energy, is given in 
Eq. 10. With previous similarity requirements, this is 
automatically satisfied.  


12 =
U
gh=RiR  (10) 


 
Inserting the velocity relationship, Eq. 7, into the 
temperature rise similarity, Eq. 5, requiring a 1:1 radial 
scaling, and from RiR = 1.0, a similarity group for the 
temperature rise can be found. 


1
oRoR


oR =
AU


Q=ΔT R



 (11) 


 
The temperature rise similarity relationship can be 
rearranged for a power scaling relationship, Eq. 12.  


RR =U=Q 
oR  (12)  


 
A similarity relationship for the heat flux, Eq. 14, can then 
be found from the power and heat flux relationship, where 
W is the width (radial scaling) and L is the axial scaling.
  


WLq=Q ''  (13) 


R
R =q





1''  (14) 


364







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11116 


   


A summary of all the similarity groups for the ¼ and 
1/6 length scaling are given in Table 1.  


 


Table 1 System scaling summary 


Parameter Eq. # Ratio Values for length scale 
ℓR = 0.25 ℓR = 0.167 


Radial - AoR 1 1 
U Eq. 7 ℓ0.5 0.50 0.41 


T*
R Eq. 9 ℓ0.5 0.50 0.41 


ΔT Eq. 11 1 1 1 
Q Eq. 12 ℓ0.5 0.50 0.41 
q'' Eq. 14 ℓ-0.5 2.00 2.45 


 
II.B. Tank - Volume Scaling 


 
To begin the scaling analysis of the water storage tank, 


a baseline criteria will first be set on a system level basis of 
the integral RCCS5. Following conservation of mass laws 
inside the tank, the rate of liquid volume change inside the 
tank must equal the rate of steam leaving the tank. 


oout
w


t UρA=
dt


dH
ρA  (15) 


 
For Hw = hwHt, where Ht is the single-phase water height in 
the tank during steady state conditions, the non-
dimensional form of Eq. 15 is given in Eq. 16, where uo is 
the tank outlet velocity and is only a function of the static 
hydraulic head.  


o
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Routw u
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The similarity conditions for the mass and energy equations 
in the tank require Eq. 17 to hold. 


1=
V


LA
=


HA
LA


R


Rout


Rt


Rout 



















 (17) 


 
For system wide scaling criteria of ¼ height scale and 1:1 
area scale, the volume of the model tank scales as ¼ that of 
the prototype. 
VR = ℓR = 0.25 
 
The full scale prototype employs 8 water storage tanks to 
provide the required cooling inventory for 227 riser tubes. 
Thus, the tank must also be scaled for the reduced 
inventory of 3 riser tubes and single water tank that will be 
used for the experimental facility. The volume of the 
experimental tank will then be scaled a second time by 
conservation of mass and volume inventory ratios, Eq. 18.  


pp
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 (18) 


 
Inventory ratios require a new volume that is 0.106 


times smaller than the full scale. This double wise scaling 
will be the basis for height and diameter dimensional 
search, with a final ¼ scale, 3 riser tube and single water 
storage tank, volume of 0.82 m3.  
 


II.C. Tank – Operational Scaling 
 


When a jet discharges into a bulk water volume, steam 
condenses shortly after entering the tank, and a heated, 
superheated during two-phase, turbulent jet continues to 
move towards the tank walls, eventually forming a buoyant 
plume when all its momentum has been transferred, Figure 
3. C.  Wang8 developed a model for the jet penetration of a 
spout-fluid bed. At single-phase conditions, the penetration 
length is simply that of the impinging jet, Lmin. During two-
phase conditions, the penetration lengths vary between Lmin 
and Lmax due to incoming steam chugging and bubble 
cavities. During both conditions, the deepest penetration 
length is that of the steam bubble, Lb. 


 
Fig. 3 Penetration lengths for jet into stagnant fluid 


 
II.D. Tank - Single-phase Condensation  


 
During single-phase conditions, there exists a 


penetration length of the jet created by the momentum of 
the injected fluid. This momentum penetration depth9,    
Eq. 19, will be examined for its relative size to the bulk 
water storage tank. 
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There also exists a condensation penetration length10, Eq. 
20, yielding a characteristic cavity length where 
condensation occurs before its rise up through the water 
tank from buoyancy forces.  


0.5


sub1.932
12


M
ΔTc
h


=
d
L


p


fg


j


c  (20) 


 
Based on RELAP5/MELCOR simulation results, jet 
penetration lengths were calculated for the full size 
prototype tank inlet geometry, velocity, and temperature. 
Both lengths proved to be insignificant when compared to 
the total diameter of the storage tank, on average of under 
4%, and hence was assumed to be negligible in the scaling 
criteria search. 
 
After the jet has transferred all of its momentum, a 
transition to a buoyant plume occurs. Ishii et al.11  
developed criteria for scaling of condensation phenomena 
in a suppression pool, with essential parameters a function 
of total interfacial area and vapor volumetric flow. The 
condensation potential, Eq. 21, of the suppression pool and 
the vapor latent heat energy flux, Eq. 22, are given below. 


( )poolsatcondic TTha=Q −  (21) 


fgggg hQρ=E  (22) 
 
It was assumed that the condensation heat transfer 
coefficient and enthalpy can be considered prototypic, and 
thus a similarity relationship can be found. 
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The total bubble interfacial area, ai, is given in terms of the 
number of sparger holes, the number and diameter of the 
bubbles, n, N, and Db, respectively.  


2
bi πnND=a  (24) 


 
With a defined bubble frequency for a prototypic bubble 
and tank geometry, Eq. 23 can be reduced. 
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And ultimately a similarity parameter for the scaling of 
sparger hole count inside the jet tube, Eq. 26. 


1.67−
RgRR lQ=n  (26) 


 
Thus to match condensation rates during single-phase 
operation, the sparger holes inside the tank inlet can be 
modified to account for the reduced pool volume.  
 


 


II.E. Tank - Two-phase Bubble Transport 
 


At tank saturation, the primary criterion for scaling 
now turns to the bubble rise time. At saturation, 
condensation is severely reduced to negligible levels, and 
the buoyant plume rises to the surface where steam pockets 
are ultimately vented into the atmosphere. This rise time for 
the bubbles to reach the surface is of particular interest. 
This bubble rise facilitates mixing inside the tank, 
determining the stratification level inside the tank. Reduced 
stratification and increased mixing is crucial for efficient 
heat sink operation.  
 
Peterson et al.12 called for four primary time constants, 
which will be presented and combined into a similarity 
relationship. 


1) The transport time of the jet, where Qo is the 
volumetric flow rate. 


o


jj
Jt Q


Hdπn
=τ


24/
 (27) 


2) The jet entrainment constant, where αT is Taylors 
jet entrainment constant. 
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3) The transport time of the surrounding fluid. 


o
st Q


V=τ  (29) 


4) The entrainment time of the surrounding fluid. 


Hdun
V=τ


jj
se π


 (30) 


 
A similarity group is formed with the transport time and 
entrainment constant for the jet. 
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And a similarity group for the transport time of the jet with 
respect to the transport time of the surrounding fluid. 


V
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These dimensionless groups can also be obtained from the 
Buckingham-π theory11, and Eq. 32 can be expressed as Eq. 
33. 
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With a required ratio of πm/ πp = 1, these two reduce to a 
relationship for the number of jets for a given aspect ratio 
of tank. 


( )2/
1


R
JR


DH
=n  (34) 


 
Thus, to match scaling criteria of bubble rise time during 
two-phase, saturated conditions, the aspect ratio of the tank 
must be scaled to the number of jets. 


 
II.F. Tank - Combined Scaling 


 
The number of jets during two-phase operation was 


picked to equal unity for the experimental facility to match 
the prototype, and hence the aspect ratio of the tank was 
scaled 1:1. Unable to scale the tank to satisfy both single 
and two-phase conditions, the primary criterion was 
determined to be maintaining the aspect ratio to preserve 
buoyant plume rise times during tank saturation with a 
single jet. Then, while investigating the single-phase heat 
up transient, a sparger plate will be placed over the tank 
inlet to maintain condensation rate scaling. This removable 
orifice plate will be placed directly at the inlet to the water 
tank from the riser headers.  


 
Simple algebraic manipulation yields the dimensions 


of the required scaled tank, given the previous 
requirements of volume and inventory scaling. This tank 
dimension will yield the correct scaling during ¼ scale 
experiments. During 1/6 scale experiments, an adjusted 
initial water level will help compensate for the reduced 
height scaling, though the diameter will still remain that of 
the ¼ scale, with considerations will be made during post 
experimental data reduction and analysis. Table 2 gives the 
final dimensions of the full and scaled water storage tanks.  


 


Table 2 Water storage tank scaling 


 Full Scale UW Facility 
Quantity  x8 x1 
Total risers x227 x3 
Height 5.49m 1.61m 
Diameter 2.74m 0.80m 
L/D 2 2 
Volume 32.42m3 0.82m3 


 
III. SIMULATIONS 


 
Simulations of full scale and experimental scale 


behavior were performed with RELAP5 and MELCOR, 
integral system level codes for 1-D thermal hydraulic 
systems from the NRC.  AutoCAD drawings were used 
from the conceptual full scale design and experimental 
scale facility plans, and transformed into nodalization 


diagrams and inputs for both system codes. These 
simulations served two primary purposes: validating 
experimental scaling laws and assisting in data acquisition 
device selection criteria, such as expected void fraction and 
velocity ranges. Additionally, results from actual 
experimental configurations proved to be instrumental in 
other design parameters, such as sizing heat exchangers and 
determining the time to water depletion. A series of 
simulations were run for the full scale, idealized scaled 
conditions, and actual proposed experimental conditions at 
UW – Madison. From axial and power scaling laws, a test 
matrix was drafted, Table 3.  
 


Table 3 Simulation test matrix 


Run Model Scale Power [kW] Risers Height [m] 
1 Full Prototype 1:1 178.40 27 21.539 
2 ¼ Prototype 1:4 89.21 27 5.385 
3 Ideal Scaling 1:4 9.91 3 5.385 
4 Ideal Scaling 1:6 8.06 3 3.590 
7 Actual Model 1:4 9.91 3 3.048 
8 Actual Model 1:6 8.06 3 1.829 


 
 


III.A. RELAP5 Methods and System Characteristics 
 


The behavior of the RCCS followed similar trends on 
both full and scaled models. At time 0, a reduced and 
uniform heat flux was imposed over the entire area of the 
heated section of the riser tubes, resulting in a slow and 
steady rise in system temperatures and mass flow rates. The 
water storage tank was given a fixed wall temperature 
boundary condition of 20°C, with the remaining system 
components considered adiabatic. This single-phase regime 
was allowed to reach a steady state, where after the heat 
flux was gradually increased to peak loss-of-flow 
conditions and the fixed water storage tank boundary 
condition was removed. A gradual rise in system 
temperatures and flow rates was again seen, and upon 
reaching system saturation, flashing began inside the top 
header, nearest the inlet to the water storage tank. This 
flashing settled as it began occurring lower and lower in the 
system, traveling further down the hot leg, with a distance 
proportional to the heat load. The flashing effects were 
capable of inducing temporary flow reversals in the system, 
as seen with negative velocity values.  A transition to the 
final state was observed: highly oscillatory two-phase flow.  
Shortly after the establishment of this two-phase regime in 
the system; steam is continually vented at a constant rate 
into the atmosphere. As the tank water level falls below the 
downcomer inlet, flow reversals become less frequent. 
Even at later stages, the system does not significantly 
change in behavior, the density difference driven mass flow 
coupled with the flashing is sufficient to overcome the 
difference in water levels. 
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The oscillations are representative of steam chugging, 
but are augmented as an artifact of the 1-D nature of the 
code. The transition through various phases is shown for 
Run 1, the downcomer mass flow rate of the full scale 
RCCS, Figure 4.  


 


 
Fig. 4 Characteristic behavior of RELAP5 RCCS simulation.      
1. Initialization 2. Steady-state 3. Decay heat increase 4. Two-
phase flashing 5. Oscillations 6. Tank depletion 


 
III.B. MELCOR 


 
Noticeable differences were seen between simulations 


with RELAP5 and MELCOR when the RCCS system 
reached saturation and water began to boil, Figure 5. Hand 
calculations and preliminary analysis were done using 
analytical models and compared between the systems code 
models. Both codes have identical mass conservation 
equations, while they differ in minor interpretations of 
energy balances details. The momentum equation for the 
two system codes are quite similar for single-phase flow. 
However, key differences are present in the modeling of 
two-phase flow, which is clearly evident in the simulation 
results. The two-phase model in MELCOR is based purely 
on an annual flooding criterion13, and hence does not 
exhibit an oscillatory flow that is observed with RELAP5. 
The two-phase frictional terms modeled by both codes for 
wall friction and interfacial friction are quite different. For 
both system codes, the flow regimes (and thus the fluid 
friction models) are influenced by a reference table of flow 
regimes, which are different between RELAP5 and 
MELCOR and cannot be changed. These differences were 
empirically verified by performing a simulation at elevated 
pressures (50bars) where frictional effects of two-phase 
flows begin to disappear and then the two simulations 
showed much better agreement. An on-going and in-depth 
analysis is currently being performed to isolate these key 
differences in hopes of obtaining a mutual and correlated 
set of results during prototypic operating conditions. 


 


 
Fig. 5 Differences in MELCOR and  RELAP5. Nearly identical 
results during single-phase, significant variations during two-
phase flashing and operation 


 
III.C. Scaling Laws Validation 


 
To validate scaling laws, a model was created that 


linearly downsized the RCCS geometry from the full 
prototype design. Heated lengths were reduced directly by 
¼, and power levels scaled appropriately. Results show 
excellent correlation between expected and simulated 
results, Table 4. A visual comparison of downcomer mass 
flow rates is given in Figure 6. 


 


Table 4 Full vs 1/4 scale simulation results 


 
 


 
Fig. 6 Downcomer mass flow rates, full and ¼ scale 


 


 
1:1  1:4 


 
RELAP5 Scaling Law RELAP5 


Tank Inlet         
Fluid Velocity [m/s] 1.759 ℓ0.5 0.879 0.998 


Gas Velocity [m/s] 8.640 ℓ0.5 4.320 4.780 
Riser 


   
  


Velocity [m/s] 0.036 ℓ0.5 0.018 0.024 
Bottom Temp [K] 376.02 1 376.02 377.84 


Top Temp [K] 398.68 1 398.68 393.86 
Vent 


   
  


Mass Flow [kg/s] 0.083 ℓ0.5 0.041 0.043 
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III.D. Experimental Simulations 
 


To examine behavior of the proposed experimental 
design, AutoCAD models were transformed into 
nodalization diagrams and inputs, and appropriate initial 
and boundary conditions were set. These results were 
compared to idealized models, where the full scale 
geometry and power were again appropriately scaled, Table 
5. This allowed for a comparison of the system behavior of 
the experimental model to those predicted by derived 
scaling laws. 


Table 5 Simulation results, ¼ and 1/6 


  DC Riser Inlet 


  m [kg/s] m [kg/s] U [m/s] ΔT [°C] U [m/s] 
Ideal 1:4 0.475 0.154 0.076 2.411 0.059 


Actual 1:4 0.512 0.165 0.082 2.235 0.063 


       Ideal 1:6 0.465 0.150 0.074 2.022 0.058 
Actual 1:6 0.492 0.159 0.079 1.899 0.061 


 
The majority of the simulations were allowed to run to 


tank depletion, with computationally intensive runs allowed 
to reach steady state two-phase for a period of 10 hours, 
where after times to tank depletion were extrapolated. A 
summary of results is given below in Table 6. These results 
demonstrate satisfying the 72 hour cooling criterion, with 
excellent agreement between the ideal and actual scaled 
models, validating the derived time ratio similarity of ℓ0.5. 


 


Table 6 Times to tank depletion 


Run Vent Mass Flow 
[kg/s] 


Tank Empty 
[hours] 


Prototype 8.29E-002 142.97 
Ideal ¼  4.29E-002 72.48 
Actual ¼ 4.36E-003 70.56 


 
 


IV. EXPERIMENTAL FACILITY 
 


IV.A. Water tube / cooling panel 
 


The hybrid concept design left open details concerning 
the water cooled tube and panel test section. The latest 
design of the GA MHTGR calls for 304L stainless steel 
tubing, but the contact arrangement of the cooling panel 
and water tube is yet to be decided. Thus, two expected 
panel designs were examined, the thermal shield option 
from the Russian 20MWt VGM3 reactor, and the thermal 
fin option from the Japanese HTTR4, Figure 7. 


The thermal shield was ruled out immediately due to 
the logistics of welding such geometry. The small mating 
area (the vertex of a line tangent to a circle) between the 


shield and tube would make it difficult to properly weld the 
connection. 


 


 
Fig. 7 Fin vs. shield, P/D  = 2 


 
Attention was thus turned to the thermal fin design. During 
normal operating conditions, a large temperature gradient 
will exist between the center line of the fins and tube walls. 
Thermal simulations in ANSYS showed that, on average, 
the fin center line temperature will operate at 380°C, and 
the exterior of the water tube at 110°C, for a pitch-to-
diameter configuration of 5. The pitch-to-diameter ratio, 
P/D, refers to the ratio of the center-to-center distance 
between adjacent tubes and the tube diameter. For a SA-
304 steel alloy, this would cause a 4.8m unrestrained fin to 
elongate 2.06 cm greater than its respective unrestrained 
tube. With both fixed to a combined elongated length, 
thermal stress will be introduced. The expansion of an 
unrestrained tube is given by Eq. 34. 


αΔTL=δ  (34) 
 
For a system of co-restrained tube and fin, manipulations of 
strengths of materials equations and compatibility 
relationships14 can be used to calculate the final thermal 
stress experienced by the fin, Eq. 35, with a similar 
procedure carried out for the tube stress.  


( )( )
( )fintube


tubefintube
fin A+AE


ΔTΔTAαE
=σ


−2


  (35) 


 
Thermal modeling was performed on the experimental 
design to obtain new center line temperatures for P/D ratios 
ranging from 6 to 4, given expected heat flux and power 
levels. Analytical solutions were obtained for each of 3 
configurations, and validated by an ANSYS simulation, 
where exact dimensions, material properties, and 
simulation boundary conditions were modeled. Results 
given below in Table 7.  
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Table 7 Thermal stress and elongation for various P/D 


P/D Fin Center 
Line [°C] 


δT 
[mm]  


Stress [MPa]  
Analytical ANSYS 


6 458.41 4.27 404.54 435.26 
5 387.11 4.04 264.25 286.58 
4 304.53 3.85 95.58 105.64 


 
Designs with a P/D of 6 and 5 show thermal stresses that 
exceed or were close to the materials yield strength (290 
MPa)14 Designs with P/D of 4 fell within safe limits. The 
design was further modified by incorporating notches at the 
tops of the fins, at the intersection point with the tube. This 
area was identified as having the highest stress 
concentration, thus a notch allowing room for expansion 
was cut. This decision was made to add a level of safety 
and accommodate any high power and temperatures 
transients that may occur. To reduce costs, off the shelf 
tubes were used, 2” Sch40 304L stainless steel, and fins 
were custom sheared from the same material.  An 
engineering drawing of the final test section assembly, for a 
single riser tube and fin, is given in Figure 8. At the UW 
facility, this test section assembly is repeated 3 times, 
yielding 3 total tubes, 2 full fins, and 2 half fins. The total 
height is 4.8m with a total width of 72cm. 
 


 
Fig. 8 Design of single tube/fin, P/D = 4 


 
IV.B. Water Storage Tank 


 
The hybrid design left another parameter to be 


considered, the dimensions of the full sized water storage 
tank. The full scale design, based on the water tank from 
the 400MWt South African PBMR4 design called for an 
extremely tall and slender water storage tank, maximizing 
available heat transfer area during buoyant bubble rise 
times. However, this design proved to be impractical in our 
facility due to limited high bay height. Additionally, a 
concern of structural integrity was raised, as chugging into 
the water tank from steam pockets would cause significant 
vibrations and dynamic loading. Therefore the full scale 
volume was chosen as a shorter, “squat” design, serving as 


the baseline of the scaled water tank at the experimental 
facility. This tank was scaled by preserving the water 
volume inventory of the tall slender design, and increasing 
the tank diameter to the maximum available foot print for 
the GA MHTGR chimney chamber1. 
 


V. CONCLUSIONS 
 


The integral simulations of the RCCS show excellent 
agreement with derived scaling laws of system level and 
water storage tank behavior for the concept prototype and 
scaled model. When experimental data becomes available, 
empirical validation of these laws and simulations will be 
possible.  


Significant progress has been made on the construction 
of the experimental test facility at the University of 
Wisconsin – Madison. The majority of the facility 
construction is complete, with remaining tasks including 
installation of the water storage tank, network plumbing, 
and fitting data acquisition devices. Shakedown runs are 
expected by early 2011, with preliminary data becoming 
available in the spring of 2011. As construction of the test 
facility nears completion, logistical difficulties and 
challenges will be documented, aiding those who wish to 
construct similar facilities on model scales, and ultimately 
on prototypic scales.  


This preliminary data, in conjunction with scaling 
laws, simulations, and similar efforts at TAMU and ANL, 
will be instrumental in outlining the viability of 
implementing the RCCS as successful decay heat removal 
system during accident scenarios for the NGNP project.  
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NOMENCLATURE 
A Area 
Cp Specific Heat 
D Tank diameter 
d Jet diameter 
E Young's Modulus 
Eg Vapor latent heat flux 
g Gravity constant 
H Height 
h Convective heat transfer coefficient 
hfg Latent heat of vaporization 
L Length 
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ℓ Length scaling factor 
M System mass 
N Number of bubbles 
 n Number of sparger holes 
Q  Power 
Qo Volumetric flow rate 
q'' Heat flux 
T Temperature 
U System Velocity 
u Jet Velocity 
V Volume 
W Width 


 
Subscripts 
b Bubble 
c Condensation 
g Vapor (gas) 
I Interfacial 
j Jet 
Je Jet entrainment 
Jt Jet transport 
m Model 
mf Maximum fluidized 
o Reference value 
p Prototype 
R Similarity relationship 
s Spouting nozzle 
Se Surrounding fluid entrainment 
St Surrounding fluid transport 
sub Subcooled 
t Tank 
w Water 


 
Dimensionless 
Fr Froude number 
Nfr Froude number similarity 
Re Reynolds number 
Ri Richardson number 
T* Dimensionless time ratio 


 
Greek 
α Thermal expansion coefficient 
αT Taylor's entrainment constant 
δ Thermal elongation 
δT Structural thickness 
ε Emissivity 
ρ Density 
σ Stress 
σB Stefan-Boltzmann constant 
τ Time constant ratio 


ψ Similarity relationship 
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Abstract – In this paper, the response variability of reinforced concrete cooling tower shell due to 
randomness in material and geometrical parameters is investigated based on the simulation 
approach by using Monte Carlo simulation. Contrary to the ideal assumption on the shape 
imperfection such as the axisymmetric cosine shape and/or the cyclic shape imperfections we 
assume the shape imperfection due to randomness in the geometrical parameters as stochastic 
field and consider also the material randomness in the elastic modulus of concrete. By assuming 
correlation between these random parameters, the effect of randomness of these parameters on 
the response variability is investigated. Based on the analysis on the numerical results, a detailed 
investigation on the statistical response is given. In particular, the effect of correlation on the 
response variability in between the random parameters is addressed with which the analysis and 
design procedures of this structure can be improved.  


 
 


I. INTRODUCTION 
 


The reinforced concrete cooling tower is one of 
structures that belong to nuclear power plant, especially for 
plants located inland region where the need of recycling of 
coolant, the water, is relatively high. The most critical load 
on this structure, which is generally constructed with 
reinforced concrete, is the pressure load induced by the 
wind which causes nonlinear behavior(Noh 2005). This is 
because not only the dimension of height is very large but 
also the structure has very huge effective area that is 
exposed to the wind. With these geometrical features, the 
structure had experienced catastrophic failure in the past, 
e.g. Ferrybridge towers in U.K., 1965 and Ardeer shell in 
Scotland, 1973, etc. The collapse of the structures is 
mainly caused by the wind pressure that exceeds the 
capacity of the structure.  


The design wind load is determined depending on 
condition of the location site and design guidelines as well. 
The distribution of the pressure along meridional and 
circumferential directions is determined from the 
experiments and is modeled as a function of location on 
the surface of cooling tower shells (ACI334 1985).  


The stress induced by the gravity and wind load can be 
calculated as accurately as possible based on the 
sophisticated analysis tools including finite element 
method. In general, however, the analysis is performed 


based on the deterministic background. Therefore, the 
shape of the hyperboloid is assumed as perfect as designed 
by the design guidelines and the material properties of the 
shell are also assumed to have deterministic quantities.  


Naturally, however, the structure has intrinsic 
randomness (or uncertainty) in its shape and material 
properties(Papadopoulos et al. 2009), which causes 
variations in the stress fields. Especially in the cooling 
tower hyperboloids which have relatively thin thickness 
(around 20-30cm) when compared with the total height of 
the structure (normally over 150m) can have some 
irregularities in its natural configuration. Such shape 
imperfections may not only be introduced during the 
construction (Alexandridis 1992; Al-Dabbagh 1979) but 
also, as revealed from the actual site investigation 
(Radwanska 1995), for the long term behavior of the 
concrete such as creep and shrinkage (Jullien 1994). 


In the area of cooling tower shell analysis, the shape 
imperfections is known as one of reasons which cause the 
additional stresses that are reported to be the main cause of 
collapse (Alexandridis 1992). Even with the radius 
deviation comparable to the thickness of the shell, a great 
amount of additional stresses can appear. Generally, almost 
all the shape imperfection is modeled as deterministic ones 
such as an axi-symmetric cosine shape or the cyclic shape 
(Alexandridis 1992; Al-Dabbagh 1979; Choi and Noh 
1996a). Whereas these types of modeled shape 
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imperfection are convenient to use in the numerical 
analysis it is true that the actual shape imperfections are 
different from those of modeled ones. Truly shown by the 
site investigation of the existing cooling tower shells 
(Radwanska 1995) is that the shape imperfection is a field 
distributed globally over the structural domain. Besides the 
location of imperfection is also an important parameter 
which affects the behavior and the stress field of the 
cooling tower shell. Accordingly, the overall estimation of 
effects of the shape imperfection on the structural response 
of the cooling tower shell is necessitated. 


In this study, the shape imperfection of cooling tower 
is modeled with triple uncertain geometric and material 
parameters; the radius R and the thickness t of shell and the 
elastic modulus of concrete material. All the random 
parameters are assumed to be homogeneous Gaussian 
distribution. In obtaining the response variability, a 
statistical stochastic analysis of MCS is employed. The 
objectives of this study include the investigation of 
response variability due to the triple random parameters, 
and the examination of the characteristics of the response 
variability itself. 


 
II. RANDOM FIELDS 


 
The randomness in the geometrical parameters in the 


RC cooling tower shell causes the so called shape 
imperfection (Alexadridis 1992; Al-Dabbagh 1979; Choi 
and Noh 1996b; Radwanska 1995). In addition to the 
shape imperfection, the material randomness in the spatial 
domain also causes the uncertain response of the cooling 
tower shells. The material randomness is a phenomenon 
naturally observed in the real world structural systems, 
which cannot be avoided with any degree of cautions in 
preparing the materials. Due to these two types of 
randomness among others can cause the uncertainties in 
the response of the structure. 


The majority of research results on the effects of shape 
imperfection on the structural response have been 
performed by using ideal finite element models such as the 
axi-symmetric cosine and bulge shape of imperfections. 
However, the site measurement of the shape imperfection 
of the cooling tower shells shows that the feature of the  
imperfection is not only periodic but also takes a field 
pattern distributed in the domain of structure rather than 
the axi-symmetric shape with respect to the axis of 
revolution as observed by Radwanska (1995). This type of 
geometrical randomness belongs to effect of the random 
radius of the cooling tower shell. Together with this, the 
randomness in the shell thickness also has to be taken into 
account. The randomness in the shell thickness is generally 
introduced during the construction process since the shell 
thickness is relatively thin in the case of cooling tower 
shell. Furthermore, the formworks used in the construction 


can have discontinuity in the curvature along the 
circumference of the shell.  


One of the acceptable representations for these types 
of material and geometrical randomness is to use the 
concept of stochastic field. The stochasticity stands for the 
randomness of a parameter for which a certain values of 
statistical characteristics are determined in advance based 
on the experimental investigation on the objective random 
parameters. In this paper, we consider the elastic modulus 
E and radius R and thickness t of the cooling tower shell 
are modeled as stochastic fields.  


 


 
Fig. 1. Example of axi-xymmetric shape imperfection 


 
The key point is how to represent and/or reproduce the 


stochastic fields of the random parameters. In fact, in the 
shell finite element formulation, the geometrical 
parameters are not embedded as explicit variables, which 
make it not possible to establish a mathematical equation 
for the response variability. In the case of thickness, some 
formulations are possible as introduced by (Choi and Noh 
1996, Lawrence 1987). The shell finite element formulated 
based on the layering scheme, however, the thickness 
variable is represented by the sum of thicknesses of each 
sub-layers.  


The simplest way of representing the randomness in 
the structural parameter S is to use the following equation 
(Choi and Noh 1996b). 


 
( ) ( )[ ] Stro fSS Ω∈+= xxx ,1                      (1) 


 
Where the oS denotes the mean of the parameter, and 


( )xf  is the stochastic field function which reproduce the 
fluctuating part of the parameter.  As noted in the equation 
the mean of the stochastic field function is zero(0.0) and 
the standard deviation (SD) of the stochastic field can be 
determined based on intuition or experimental and/or 
investigation data. 


Adopting the above expression the random fields of  
radius R(x), thickness t(x) of cooling tower shell and 
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elastic modulus of reinforced concrete Ec can be expressed 
as follows ; 
 


( ) ( )
( ) ( )
( ) ( )


1


1


1


o R


o t


o E


R R f


t t f


E E f


= +⎡ ⎤⎣ ⎦
= +⎡ ⎤⎣ ⎦
= +⎡ ⎤⎣ ⎦


x x


x x


x x


                                       (2) 


 
where, ( )xRf , ( )xtf and ( )Ef x  are the stochastic 


field functions for respective random parameter. Through 
the random number generation, the discrete processes of 
these field functions are generated in accordance with the 
pre-assigned statistical terms such as the mean and 
standard deviation. 


From the geometrical point of view, the shape of 
cooling tower shell need to be modified following the 
random character of the parameters in two steps. Firstly, 
the circumferential center line of nodal points at the same 
altitude should be modified according to the generated 
random field ( )xRf (Fig. 2). Secondly, the thickness of 
the shell at a specific location needs to be modified in 
accordance with the random variation ( )xtf (Fig. 3) with 
respect to the centerline. It is natural to assume that the 
degree of variation of the radius is to be less than that of 
the thickness.  


 


Ro


R(x)
R∆


 
Fig. 2. Radius variation along circumference 


 


to


R∆
2t∆


 
Fig. 3. Thickness variation 


 


In determining the thickness variation, we assume that 
2t∆  occurs at both sides of centerline. 
Of course, the amount of variation is determined as  


 
( ) ( ) ( ) ( )xxxx toRo fttfRR =∆=∆ ,                (3) 


 


1
kv


2
kv


3
kv


x


y
z k


2ot


2t∆


 
Fig. 4. Direction cosines at node k 


 
In the calculation of the thickness variation at each 


nodal point, the direction cosine matrix, which is 
calculated at each nodal point in the earlier part of the 
analysis program, is used to transform the deviatoric 
thickness defined in the direction normal to the shell 
surface. The three vectors, which constitute the 
transformation matrix, are depicted in the Fig 4. The vector 


1
kv is normal to 3


kv  and parallel to the global x-z plane. 
The global coordinates at the top and bottom of the 


node k in the stochastic configuration are calculated by 
using the direction cosine matrix of node k, kT . The 
coordinate variation is obtained as 
 


 x̂Tx T
k=∆ ,   ( )


T


xt
2
100ˆ  =x                    (4) 


 
where, the thickness at node k including the deviatoric 
part , ( )t x , is ( )ot t x+ ∆ . Since the local coordinate 


vector x̂ , which is in the direction normal to the surface of 
the shell, has only one term, just a simple multiplication 
process is needed in the transformation. The top and 
bottom coordinate of node k is given by Eq. (5), where 


Centerx  is the coordinate at the midsurface of the shell 
element. 
 


xxx ∆±= CenterBotTop /                                         (5) 
 


II.A. Scheme of Random Field Generation 
 


In the area of statistical stochastic analysis, one of 
utmost important factors is an efficient and accurate 
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random field generation scheme. The numerically 
generated random samples must satisfy the pre-assigned 
statistical terms, such as the first and the second moments, 
of the random fields in the ensemble concept. Generally, 
the simulation of stochastic fields can be performed by a 
variety of schemes including the spectral representation, 
auto-regressive moving average (ARMA) method, and 
covariance matrix decomposition methods among others. 
In this study, we adopt the statistical preconditioning 
technique proposed by Yamazaki (1990). This scheme 
combines the covariance matrix decomposition and 
spectral representation methods. With this method, pre-
assigned ensemble statistics of the target random fields can 
be attained with relatively low computational cost, i.e. 
small number of random samples can satisfy the target 
statistics, which also results in the reduction of 
computation cost in MCS.  


In this method of generation the independent Gaussian 
random variables, which can be generated through simple 
manipulation of the random numbers using the embedded 
intrinsic functions, are converted into the correlated 
random variables by using the covariance matrix. The 
covariance matrix is defined with the aid of the auto-
correlation function of the corresponding random fields. 
Eq. (6) shows the form of the covariance matrix XXC  of 


the random variable X , where ( )•E  denotes the 
expectation operator, 
 


( ) ( ){ }T
XXC E X E X X E X= − −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦               (6) 


 
The coefficients of the covariance matrix are given by the 
auto-correlation function ( )ξXXR  as follows: 
 


( ) ( ) ,XX XX ij i jij
C R Cov X Xξ ⎡ ⎤= = ⎣ ⎦                          (7) 


 
where, ξij i jx x= −  denotes the separation vector 


representing the distance between two points in the 
structural domain. Through the eigen analysis of the 
covariance matrix XXC , obtaining the modal matirx XΦ , 
the vector X representing the stochastic field is obtained as 
 


ZΦX X=                                                               (8) 
 
where the element i of the j-th uncorrelated random 
number vector Z(j) is calculated as the sum of weighted 
cosine terms related with the eigenvalues of covariance 
matrix and the random phase angle distributed uniformly 
between 0 and 2π (Yamazaki 1990). 


In this random field generation scheme, the required 
number of samples to satisfy the predetermined statistics of 
stochastic field is estimated to be 4ne , where n is number 
of cosine terms used in the generation and e denotes the 
number of sampling points in the domain. Therefore, if we 
plan to use local average scheme, the cost of generation 
will be increased. In the case of adoption of midpoint rule, 
e is the same as the number of finite elements in the 
domain of structure. With this number of random samples, 
the pre-assigned statistical terms (mean and variance) are 
almost exactly reproduced having homogeneity. The larger 
the value of n, the more accurate statistics of generated 
sample fields can be attained, however with the sacrifice of 
the computational economy. The auto- and cross-
correlation functions employed in this study is as follows, 
respectively: 
 


( )
1 2 3


2 bR e
ξ ξ ξ


αα αασ
⎧ + + ⎫⎪ ⎪−⎨ ⎬
⎪ ⎪⎩ ⎭=ξ                                       (9a) 


( )
1 2 3


bR e
ξ ξ ξ


αβ αβ αα ββρ σ σ
⎧ + + ⎫⎪ ⎪−⎨ ⎬
⎪ ⎪⎩ ⎭=ξ                           (9b) 


 
where, αασ denotes the standard deviation of the random 


variable α  and αβρ  signifies the correlation coefficient 


between random variables  α  and β . In fact, αασ  
denotes the coefficient of variation (COV) of the stochastic 
field ( )xα . The denominator b in the exponent denotes the 
correlation distance which defines the frequency character 
of the random field, and ξi ’s are the components of the 
separation vector ξ  in the orthogonal Cartesian coordinate 
system. 
 


III. DESCRIPTION OF RC COOLING TOWER 
 


The general formula for the hyperboloid is given as the 
following equation. 
 


( )
2 2 2


1, 1o
o


R r Z ZR Z r A
A B B
−⎛ ⎞ ⎛ ⎞ ⎛ ⎞− = = + +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠ ⎝ ⎠⎝ ⎠


(10) 


 
If or  is zero, the minimum radius at the throat is given as 
A. The parameter B determines the curvature along the 
meridional line. As seen in Eq. (10), the revolutionary 
shape of hyperboloid is given as a function of Z coordinate, 
which has the origin at the throat, where the radius takes 
minimum value and expands as the Z coordinate varies. 
The geometry of cooling tower takes some aberrations 
from the original equation of hyperboloid complying with 
the requirements in the design. The Post Gibson cooling 
tower shell at Mississippi, which is taken as an example 
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structure in this study, has the meridional equation as 
follows: 
 


2 2 0az bRz cR dz eR f+ + + + + =                          (11) 
 
The meridional equation takes hyperbola above the throat 
and ellipse below the throat. The constants a to f in Eq. 
(11) are given in TABLE 1. Some characteristic 
dimensions of the tower are listed in TABLE 2. 
 


TABLE 1 
Coefficients Defining the Meridional Equation 


Coefficient 
Hyperbola 


( z~ =z-120>0) 
Ellipse 


( z~ =z-120<0) 
a -0.01506 -0.28035 


b 0 0 


c 1.0 1.0 


d 0 0 


e -68.46 76.88 


f 1167.17 -4112.73 
 


TABLE 2 
Dimension of Prot Gibson Cooling Tower Shell 


Locatio
n 


Meter 
(ft) Radii Meter 


(ft) 
Thicknes


s Mm


Total 
Height 


159.64 
(523.8) Top 38.60 


(11.7) Top 1017


Throat 129.14 
(423.7) Throat 36.30 


(119.0) Minimum 203


Shell 
Base 


9.14 
(30.0) Base 59.70 


(196.0) Base 763


 
The material constants for the concrete and steel are 


given in TABLE 3, where the value of unit weight γ is for 
the reinforced concrete which includes weight of the 
reinforcing bars. The detailed amount of steel ratio is given 
in the reference (Choi and Noh 1996b). 


 
TABLE 3 


Material Properties of Concrete and Re-bar 


Concrete 


Elastic modulus 28.30 Gpa 41600.0 
ksi 


Compressive 
strength 27.6 Mpa 4000.0 ksi 


Tensile strength 3.0 Mpa 435 psi 


Poisson’s ratio 0.2 0.2 


Specific weight 24.25 
kN/m3 


47.4 lb 
sec2/ft4 


Steel Elastic modulus 200.6 Gpa 29000.0 
ksi 


Yield stress 413.7 Mpa 60.0 ksi 
 
In the finite element model, 4 node degenerated 


layered shell element (Choi and Paik 1995) is used. Each 
element is decomposed into 10 concrete layers and 4 steel 
reinforcement layers, i.e., 2 in the meridional and 2 in the 
circumferential directions. The layering scheme enables 
the users to obtain the stresses in each layer and to model 
realistically the reinforcement layers embedded in the 
concrete to obtain the detailed behaviors of reinforcing 
bars.  


In the static analysis, wind load is given as a function 
of circumferential degree θ from the luff of the shell and 
the vertical coordinate z from the base as 
 


( ) ( ) ( )zMGqzp o θθ =,                                    (12) 
 
where, qo is the dynamic head given as 
 


2
102


1 vq ao ρ=                                                      (13) 


 
The air density is ρa=0.126kg/m3 and v10 is the design wind 
velocity which is obtained as the mean wind velocity 
during 10 minutes 10m above the ground. In this study, the 
velocity of 40.2 m/sec(90mph) is used as a design wind 
velocity with the return period of 100 years. The detailed 
form of wind pressure is given in reference (Choi and Noh 
1996a). 
 


IV. EXAMPLE ANALYSIS 
 


To obtain the response variability of the displacements 
and stresses of the Port Gibson cooling tower shell, 4104 
samples are generated and analyzed with n=3 and 
e=306(17 elements in circumferential direction and 18 
elements in meridional direction). In the finite element 
model, the effect of 9m(30ft) high columns which are 
located at the bottom of the shell are taken into account. 
Due to the symmetricity of geometry and applied wind 
load, and ignoring the non-symmetricity induced by the 
stochastic nature of the geometrical configuration, a half 
model is employed in the analysis. 


Even though the thickness and the radius of the 
cooling tower have different values along the meridian, the 
coefficients of variation (COV) of the radius and thickness 
are assumed to remain constant along the meridian. The 
COV is defined as the following equation: 
 


o


R


R
COV σ


=                                                       (14) 
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As seen from Eq. (14), COV represents the variability of 
the response R as a ratio of the standard deviation Rσ  to 
the absolute mean oR .  
 


 
Fig. 5. Sample stochastic configurations 


 
Fig. 5 shows a sample of a half model of imperfect 


cooling tower shell. In generating the imperfect shape, 
COV’s of 0.1 in the thickness and 0.01 in the radius are 
assumed since the smaller deviation in the radius than the 
thickness is rational. The generated imperfect shape is very 
similar to that measured from the existing cooling tower 
shells (Radwanska 1995) which show global distribution 
of random deviation. The models in Fig. 5 are actual 
shapes without any magnification. 


In the numerical examinations, 5 analyses are 
performed in total. In the first two analyses, the radius and 
thickness are taken separately as sole random parameters, 
and in the third case both radius and thickness are 
considered simultaneously. In the third case, the two 
random variables are assumed to be independent, i.e., no 
correlation exists between two random variables. As the 
fourth analysis we take into account the correlation 
between the radius and the thickness variables. In the fifth 
case, the randomness in the elastic modulus is added as a 
correlated random variable.  


In the analysis, a pre-analysis considering the gravity 
effect of self weight, which causes compressive stress in 
the shell, is needed. Following the gravity load the wind 
load is applied which causes tensile stresses in the shell.  


 
IV.A. Investigation on the Effect of Geometrical Random 


Parameters 
 
Fig. 6, 7 and 8 show the results of the case 1, 2, 3, and 


4. In case of the correlation between the geometrical 
parameters, perfect correlations in the positive and 
negative ways are assumed. One of critical features in the 
results is that the random variation in the radius dominates 
the response statistics even in the circumstance of one-


tenth of degree of fluctuation than the thickness. The mean 
displacement shows the same deformed shape as in the 
deterministic analysis. The variation of the response due to 
correlation between two geometrical parameters is 
revealed to be relatively small as shown in Fig. 6-8. The 
results correspond to the case when the correlation 
distance b is 25.0. 
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Fig. 6. Mean displacement 
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Fig. 7. Standard deviation of displacement 


 


COV


z-
co


or
di


na
te


0 0.4 0.8 1.2 1.6
0


25


50


75


100


125


150


R
t
R&t (-1.0)
R&t ( 0.0)
R&t (+1.0)


 
Fig. 8. COV along the meridional line 


 
TABLE 4 shows the effect of correlation between 


random geometrical parameters on the response variability. 
The zero value in the parenthesis (for the title R&t) 
denotes the condition of no correlation. As seen in the 
tables the ratio of SRSS (square root of sum of squares) of 
the responses due to two sole random parameters to the 
response due to uncorrelated two random parameters, i.e. 
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the radius and thickness takes typical constants of about 
1.3 along the meridian of cooling tower shell. (The results 
in Tables 4 are for some nodal points along meridian.) The 
value of 1.3 is almost the same for the cases for perfectly 
correlated in both negative and positive ways. 
 


TABLE 4 
Mean displacement (m) 


R t R&t(0.0) SRSS SRSS/R&t
-0.06496 -0.05285 -0.06526 0.08374 1.283
-0.07048 -0.05765 -0.07083 0.09105 1.286 
-0.07418 -0.06119 -0.07457 0.09616 1.289 
-0.07465 -0.06232 -0.07503 0.09783 1.296 
-0.06891 -0.05853 -0.06926 0.09041 1.305 
 


In case of stresses the effect of correlation is somewhat 
different from the case of displacement. As given in Table 
5, the ratios SRSS/(R&t) show different values depending 
on correlation coefficients. It is worthy of note that for the 
SD and COV for both the displacement and stress, the 
ratios are obtained as around 1.0 regardless of degree of 
correlation. 
 


TABLE  5 
Variation of mean stress due to correlation 


SRSS SRSS/(R&t) 
-1.0 0.0 +1.0 


2 2R t+  1.42 1.55 1.75 
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Fig. 9. Mean displacement as b varies  
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Fig. 10. Standard deviation of displacement as b varies 
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Fig. 11. COV of displacement as b varies 


 
The effect of correlation distance b on the response 


variability of the cooling tower is shown in Figs. 9-11. Not 
only the mean but also the SD and COV are changing as a 
function of correlation distance b. The trend of change is 
clear in case of the mean displacement. However, in the 
case of SD and COV the variation depends on the z-
coordinate even though a certain type of variation is 
observed along the meridian. 


 
IV.B. Effect of Correlation between Geometrical and 


Material Random Parameters 
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Fig. 12. COV of displacement with random R, t and E 
 
Fig. 12 shows the COV variation along the meridian 


when three random parameters are taken into account as 
noted in the figure. The negative and positive perfect 
correlations in between t and E resulted in 2% decrease 
and 7% increase in COV, respectively, in the case of 
displacement. In case of stresses, they are observed to be 
0.4% and 0.5%, respectively. 


Since the effect of random radius R on the response 
variability is outstandingly larger than the thickness t and 
the correlation effects between R and t is relatively small, 
in the last analysis we take t and elastic modulus E as 
random parameters, i.e. the radius is assumed to match the 
originally designed perfect configuration. The positive and 
negative perfect correlations are assumed in the analysis.  


In Figs. 13 and 14, the meridional variation of the SD 
and COV are shown. The effect of correlation coefficients 
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is seen clearly as decreasing SD and COV if negative and 
increasing SD and COV if positive. The COV of 
displacement depends on z-coordinate, which is different 
from the case of in-plane plate (or shell) where a constant 
COV is obtained over the structural domain. The increase 
of COV for positive correlation to the negative correlation 
is obtained to be 15%. 
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Fig. 13. SD of displacement 
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Fig, 14. COV of displacement 


 
V. CONCLUSIONS 


 
In this study we investigate the statistical behavior of 


the reinforced concrete cooling tower shell due to 
geometrical and material random parameters. The random 
fields are generated by using statistical preconditioning 
scheme with which small number of samples can satisfy 
the pre-assigned statistical terms. The effects of correlation 
between geometrical parameters and together with material 
random parameter are examined.  


The random radius shows remarkable effect on the 
response variability when compared with the other 
parameters even with one-tenth of degree of randomness. 
Generally, it is observed that the positive correlation 
increase the COV of the response and vice versa. The 
bottom of the cooling tower shell is observed to be more 
sensitive than the upper part of the shell. Also observed is 
the relationship between SRSS and various correlation 
states where typical constants are obtained. 
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Abstract – The Calandria of a Pressurized Heavy Water Reactor (PHWR) is essentially a large horizontal cylindrical vessel 
housing a matrix of horizontal tubes called Calandria tubes within which is contained the pressure tubes that house the fuel 
bundles In addition there are horizontal & vertical flux control and shutdown devices. The Calandria is filled with heavy 
water moderator at a pressure slightly above the atmosphere. A large amount of heat is generated within the moderator 
mainly due to neutron slowing down and attenuation of gamma radiations. Due to complex geometry of Calandria and 
distributed heat source, the flow/temperature profile of moderator inside Calandria which results from the combination of 
momentum and buoyancy forces is complex. There is a possibility of certain high temperature regions inside Calandria 
which results from inadequate cooling of moderator. This forms the basis for analyzing the flow/temperature distribution of 
moderator inside Calandria. 
 
Flow and temperature distribution of moderator inside Calandria can be predicted using Computational Fluid Dynamics 
(CFD) simulation. CFD analysis is an elaborate process which involves geometric modeling of the domain under 
consideration (Calandria for the present study), meshing or grid generation, application of boundary conditions to the 
domain, solution and review of the results. 
 
In the present study, two separate analyses have been carried out for predicting flow/temperature distribution inside the 
Calandria, using two different approaches for modeling the Calandria geometry. While in one approach, nearly full 
geometric details of the Calandria were incorporated in the model to achieve the flow/temperature profile, the second 
approach adopted is relatively simpler and computationally economic means by using the porosity based approach. The flow 
and temperature distribution, predicted from both the analyses show good similarity, implying that use of second approach 
with well-defined supporting parameters (viz. porosity, drag coefficient) would result in significant economy in 
computational resources. 
 
It must also be noted here that the porosity approach of modelling can easily be adopted for analyzing many other 
equipments of similar configuration e.g. heat exchangers, separators, steam generators, condensers and so on. 


 


 


I. INTRODUCTION 
 
The Calandria of a Pressurized Heavy Water Reactor 


(PHWR) is essentially a large horizontal cylindrical vessel 
stepped at both the ends as shown in Fig. 1 and houses a 
matrix of horizontal tubes called Calandria tubes within 
which is contained the pressure tubes that house the fuel 
bundles In addition there are horizontal & vertical flux 
control and shutdown devices. The Calandria is filled with 
heavy water moderator at a pressure slightly above the 
atmosphere. A large amount of heat is generated within the 
moderator mainly due to neutron slowing down and 


attenuation of gamma radiations. Due to complex 
geometry of Calandria and distributed heat source, the 
flow/temperature profile of moderator inside Calandria 
which results from the combination of momentum and 
buoyancy forces is complex. There is a possibility of 
certain high temperature regions inside Calandria which 
results from inadequate cooling of moderator. This forms 
the basis for analyzing the flow/temperature distribution of 
moderator inside Calandria. 
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Fig. 1: Schematic of Calandria vessel 


 
Flow and temperature distribution of moderator inside 


Calandria can be predicted using Computational Fluid 
Dynamics (CFD) simulation. CFD analysis is an elaborate 
process which involves geometric modeling of the domain 
under consideration (Calandria for the present study), 
meshing or grid generation, application of boundary 
conditions to the domain, solution and review of the 
results. The present analysis has been carried out using the 
commercial CFD code PHOENICS [1].  
 


In the present study, two separate analyses have been 
carried out for predicting flow/temperature distribution 
inside the Calandria, using two different approaches for 
modeling the Calandria geometry. While in one approach, 
nearly full geometric details of the Calandria were 
incorporated in the model to achieve the flow/temperature 
profile, the second approach adopted is relatively simpler 
and computationally economic means by using the 
porosity based approach. 


 
II. VALIDATION 


 
Validation studies have been carried out for both the 


methods discussed in this paper. The results of the 
experiment with scaled down model of Calandria, at Indian 
Institute of Technology, Bombay, were used for these 
validation studies. The results corroborate the conclusion 
drawn in this paper.. 


 
III. PROBLEM STATEMENT 


 
The analysis was carried out to predict the velocity 


and temperature distribution of moderator inside the 
Calandria by incorporating actual number of tubes for 
modelling the tube matrix (approach 1). The results of the 
above analysis has been compared with the similar 
analysis, utilizing the porosity approach for modeling the 
Calandria tube matrix incorporating appropriate flow 
resistances offered by the tube matrix (approach 2). 


 
IV. ASSUMPTIONS AND LIMITATIONS 


 
PHOENICS CFD software has been used for the 


study. It solves the Navier-Stokes equations for 


incompressible flows. The standard RNG K-Є turbulence 
model has been used to take care of turbulence effects. The 
assumptions made during modelling the problem are as 
follows: 
1. In view of the perfect symmetry with respect to both 


the geometry and the flow physics, only one half of 
the Calandria has been modeled with the symmetry 
conditions assumed to prevail on the axial mid-plane. 


2. Inlet boundary is defined at the exit of the inlet 
diffusers. 


3. Boussinesq model has been employed for modeling 
buoyancy. 


4. The vertical and horizontal reactivity devices have 
been ignored. 


5. Adiabatic boundary condition is assumed at all the 
external surfaces of calandria. 
 


V. GOVERNING EQUATIONS 
 
Numerical simulation of the fluid flow involves 


solving the mass, momentum and energy balance equations 
over the flow domain subject to the boundary conditions 
imposed by the flow inlets and exits. 


 
VI. MODELLING DETAILS 


 
VI.A Geometric Modeling 


 
The three dimensional view of the Calandria, as 


modeled for the analysis and showing the inlets, outlets is 
shown in Fig. 2. The figure does not show the Calandria 
tubes for better visualisation. The cross section of the 
modeled Calandria showing the Calandria tubes is shown 
in Fig. 3. The Calandria big shell, nearly about 8.0 m. in 
diameter and around 6.0 m. in length has been modeled in 
rectangular co-ordinate system. Considering the symmetry 
inherent in the problem, only one half of the flow domain 
i.e. half the length of the Calandria has been modeled with 
the symmetry plane located at the transverse vertical mid-
plane of the Calandria. 
 


Inside the domain, cylindrical shell (Calandria big 
shell) is modeled by introducing four solid blocks (B1, B2, 
B3 and B4) at the four corners of the domain (Fig. 2). 
Similar blocks are made to model the small shell. A total 
of about 5 million cells were used in the simulation. 
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Fig. 2: Schematic of Calandria vessel 
 


 
Fig. 3: Calandria cross section 
 


VI.B Fluid Properties 


The values of the physical properties of the heavy water 
[2] used in the study are: 
Reference Temperature              T = 53oC 
Density                                        = 1095.05 kg/m3 
Thermal Expansion Coefficient =5.4 e-4 K-1 
Viscosity   .                                =627.7e-6 kg/m-s 
Specific heat                              Cp= 4187.6 J/Kg-K 
Thermal Con                              K = 0.6218 W/m-K 


 
VI.C Heat Generation 


The total heat generated in the moderator at 100% FP 
condition is of about 120 MW. The heat generation 
exhibits non-uniformity in both the axial and the radial 
directions. The intensity variation (normalized) along the 
axial direction is shown in Fig. 4. The profile is symmetric 
about the vertical central mid-plane of the Calandria. The 
radial heat generation profile (normalized) is depicted in 
Fig. 5. The total moderator heat load of about 120 MW 
consists of the nuclear heat component generated in the 


moderator and the conventional heat (transferred from the 
adjoining systems / components). The nuclear heat 
component generated in the moderator is distributed in 
accordance with the radial and axial profiles as above. The 
remaining conventional heat (transferred from the 
adjoining systems / components) is uniformly distributed 
within the fluid volume occupying the Calandria. 


  
The spatial heat generation pattern corresponding to 


the above axial and radial profiles is implemented using 
the user defined input facility available in PHOENICS. 


 
Fig. 4: Axial heat generation profile in the Calandria 


(nearly cosine function) 
 


 
Fig. 5: Radial heat generation profile in the Calandria 


(nearly Bessel function) 
 


VII. CASES ANALYSED 
 


TABLE I 


Cases Analysed 


Cases 
Analyzed 


Description 


Case 1 Flow and temperature distribution of 
moderator considering 0% heat load


Case 2 Flow and temperature distribution of 
moderator considering 100% heat load 
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VIII. BOUNDARY CONDITIONS 


 
VIII.A Inlet 


 
The total moderator inlet flow rate entering the 


Calandria is distributed appropriately at the six inlet 
diffusers for the modeled Calandria geometry. Moderator 
enters the Calandria with the average velocity of 3.87 m/s 
through each of the Type –I, Type-II and Type-III 
diffusers. The six inlets inside the modeled geometry are 
shown in Fig. 1. 


 
VIII.B Outlet 


 
The heated moderator exits the Calandria through four 


outlets. Due to assumption of symmetry, two of the four 
outlets are modeled. The two outlets in the modeled 
geometry are shown in Fig. 2. Constant pressure boundary 
condition is applied at the outlets. 


 
VIII.C Calandria Tube Matrix 


 


As already mentioned in section 2.0 of this report, the 
actual number of Calandria tubes has been modeled in the 
present analysis (approach 1). 


 


IX. RESULTS OF THE ANALYSIS 
 


The results are presented in terms of velocity and 
temperature distribution for the prescribed flow 
distributions through the inlet diffusers. The velocities and 
temperatures are normalized based on their maximum 
values and the maximum normalized value is 1.0. These 
results are discussed below: 


IX.A Flow with 0% heat load (Isothermal condition) 


 
The velocity vectors on the symmetry plane are shown 


in Fig. 6 and the expanded view (view A) near the top of 
the Calandria is shown in Fig. 7. The velocity vectors in 
the z-plane passing through Type I inlet diffuser are shown 
in Fig. 8 and the expanded view near the inlet diffuser 
location is shown in Fig. 9. 


 
The flow pattern, as can be seen from Fig. 6 and 7 is 


symmetric with respect to central vertical axial plane. As 
expected, under isothermal condition, the moderator flow 
inside the Calandria is governed by the momentum of the 
incoming fluid. The magnitude of the velocity shown in 
the contour keys of figures 6 and 8 correspond to the 
magnitude in the whole domain and not to the particular 
plane that has been presented. 


 
Fig. 6: Velocity vectors on the symmetry plane for 0% 


Heat Load – Case 1 


 
Fig. 7: Expanded view of Region A (Fig.6) 


 


 
Fig. 8: Velocity Vectors on Type-I Inlet diffuser plane 


for 0% Heat Load – Case 1 
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Fig. 9: Expanded view of Region B (Fig.8) 


 
IX.B Flow with 100% heat load (Case 2) 


 
For this case, the total heat generated in the domain is 


of about 60 MW. This is because half of the Calandria 
geometry is considered here. The results for this case are 
presented in the form of velocity vector plots and 
temperature contours. 


 
Velocity vectors on the symmetry plane for the case 2 


are shown in Fig. 10. The flow pattern has been observed 
to be typically asymmetric as seen from the figure. A large 
re-circulation loop is seen, formed from the right side 
nozzles, sweeping a major portion of Calandria (seen more 
clearly in the expanded view C in Figure 11). On the other 
side, there is a small recirculation loop set up near the left 
inlet diffusers. This can be seen more clearly in the 
expanded view (view D) in Fig. 12. Due to introduction of 
heat in the moderator inside Calandria, the moderator flow 
profile in this case is governed by the combination of 
momentum forces (arising from the inlet moderator flow 
and corresponding losses from wall and tube matrix) and 
buoyancy force (arising from the density difference). 


 


 
Fig. 10: Velocity vectors on symmetry plane for 100% 


heat load – Case 2 


 
Fig. 11: Expanded view of Region C (Fig.10) 


 


 
Fig. 12: Expanded view of Region D (Fig.10) 


 
The velocity vectors on the z-plane passing through 


Type I inlet diffuser are shown in Fig. 13. The flow pattern 
is similar to that in Fig. 10. The expanded view (view E) 
near the inlet diffuser location is shown in Fig. 14. The 
magnitude of the velocity shown in the contour keys of 
figures 10 and 13 correspond to the magnitude in the 
whole domain and not to the particular plane that has been 
presented. 


 


 
Fig. 13: Velocity vectors on Type-I Inlet Diffuser 


plane for 100% heat load – Case 2 
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Fig. 14: Enlarged view (View E) near the Inlet 


Diffuser location (Figure 13) 
 


Fig. 15 show the temperature contours on the 
symmetry plane for Case-2. The effect of a large 
circulating loop in the form of pushing down of the higher 
temperature zones can be clearly seen in the figure. The 
maximum temperature there does occur near the top of 
Calandria. The temperature contours in the z-planes 
passing through Type I inlet diffuser are shown in Fig. 16. 
The temperature contours in the tube sheet plane are 
shown in Fig. 17. Fig. 18 shows the temperature contours 
in the central vertical plane along the axis of Calandria. 
From the Figure 18, it is clear that the temperature values 
are higher on the symmetry plane as compared to the 
corresponding locations in the tube sheet plane because of 
the higher heat generation values in the symmetry plane as 
compared to the tube sheet plane. 


 


 
Fig. 15: Contours of temperature on symmetry plane 


for 100% heat load – Case 2 
 


 
Fig. 16: Contours of temperature on Type-I Inlet 
diffuser plane for 100% heat Load – Case 2 


 


 
Fig. 17: Contours of temperature on Tube Sheet plane 


for 100% heat load – Case 2 
 


 
Fig. 18: Contours of temperature on central vertical 


axial plane for 100% heat load– Case 2 
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IX.C Convergence 


 
Overall continuity balance shows errors of about 


0.01% of the total mass inflow rates for case-1 and 0.17% 
for case-2. Similarly, the relative residual for energy is 
computed on the total heat input to the domain. Overall 
energy balance shows errors of about 0.8% of the total heat 
(for case-2). 


 
IX.D Comparison with the porous approach 


 
Prior to the modeling of all the internal details, an 


appropriate porosity approach (Approach 2) also has been 
analyzed. An attempt to compare the results of the present 
analysis from that of the porosity approach, is made in this 
section. For the purpose of comparison, temperature 
contours at the two representative planes of the Calandria 
has been chosen viz. the symmetry plane and the central 
vertical axial plane. 


 
The contours of temperature on the symmetry plane 


predicted through approach 1 are shown in Figure 19. The 
expanded view near the top portion and the bottom portion 
are shown in Figure 20 and 21 respectively. The 
temperature contours on the central vertical plane, 
predicted through the same approach i.e. approach 1 are 
shown in Figure 22. 


 


 
Fig. 19: Contours of temperature on the symmetry 


plane for 100% heat load– Approach 1. 
 


 
Fig. 20: Enlarged view (View F) near the top 


portion of the Calandria (Figure 19) 


 


 
Fig. 21: Enlarged view (View G) near the bottom 


portion of the Calandria (Figure 19) 
 


 
Fig. 22: Contours of temperature on central vertical 
axial plane for 100% heat load– Approach 1. 
 


The contours of temperature on the symmetry plane 
predicted through approach 2 are shown in Figure 23. The 
expanded view near the top portion and the bottom portion 
are shown in Figure 24 and 25 respectively. The 
temperature contours on the central vertical plane, 
predicted through the same approach i.e. approach 2 are 
shown in Figure 26. 


 


 
Fig. 23: Contours of temperature on the symmetry 


plane for 100% heat load– Approach 2. 
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Fig. 24: Enlarged view (View H) near the top 


portion of the Calandria 
 


 
Fig. 25: Enlarged view (View H) near the bottom 


portion of the Calandria 
 


 
Fig. 26: Contours of temperature on central vertical 
axial plane for 100% heat load– Approach 2. 


 
On comparing the temperature distribution on the 


symmetry plane near the top portion of the Calandria, it is 
found that the temperature distributions including the 
maximum temperature location, predicted through both the 
approaches (Figure 14a and 16a) are similar. 


 
The porosity approach (approach 2) is sensitive to the 


drag coefficients in the three co-ordinate directions, which 
determines the localized flow inside the Calandria. Since 
good agreement is seen in both the approaches, this 
reasonably qualifies the adopted drag values required for 
modeling the tube matrix using porosity approach. 


 
X. DISCUSSION AND CONCLUSIONS 


 
As seen from the results of the analysis, presented above, 
the following conclusions can be drawn: 
 


1. The flow profile inside the Calandria is governed by 
the combination of momentum force (due to 
moderator entering the Calandria) and the buoyancy 
force (due to the heat generation in the moderator 
inside the Caladria) (Figure 8). 


2. The effect of buoyancy force in 100% heat load case 
is seen by the dominant upward velocities in the 
central region. 


3. Maximum temperature of moderator inside the 
Calandria is located near the symmetry plane in the 
upper half of the Calandria for both the approaches. 
However, the maximum temperature in the approach 1 
amounts to a variation (higher) of 3% from the 
approach 2. The variation which is insignificant can be 
attributed to the difference in the modeling 
considerations like grid size, drag coefficients, taken 
in both the approaches. 


4. The average moderator outlet temperature from the 
Calandria is estimated to be of the same order for both 
the approaches. 


 
The flow and temperature distribution, predicted from 


both the analyses show good similarity, implying that use 
of second approach with well-defined supporting 
parameters viz. porosity, optimized drag coefficients 
would result in significant economy in computational 
resources. 


 
The study also brings out the fact that the porosity 


based model (approach 2) can be adopted for simulations 
where temperature prediction are of primary significance. 
And the approach 1 can be used for situations where local 
flow pattern are of primary importance. 
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Abstract – The current generation of thermal-hydraulic system codes benefits of about sixty years 


of experiments and forty years of development and are considered mature tools to provide best 


estimate description of phenomena and detailed reactor system representations. However, there 


are continuous needs for checking the code capabilities in representing nuclear system, in 


drawing attention to their weak points, in identifying models which need to be refined for best-


estimate calculations. Prediction of void fraction and Departure from Nucleate Boiling (DNB) in 


system thermal-hydraulics is currently based on empirical approaches. The database carried out 


by Nuclear Power Engineering Corporation (NUPEC), Japan addresses these issues. It is suitable 


for supporting the development of new computational tools based on more mechanistic 


approaches (i.e. 3 field codes, 2 phase CFD, etc.) as well as for validating current generation of 


thermal-hydraulic system codes. Selected experiments belonging to this database are also used for 


the OECD/NRC PSBT benchmark. The paper presents the validation activity performed by 


CATHARE2 v2.5_1 (six equation, two field) code on the basis of the sub-channel experiments 


available in the database and performed in different test sections. Four sub-channel test sections 


are addressed in different thermal-hydraulic conditions (i.e. pressure, coolant temperature, mass 


flow and power). Sensitivity analyses are carried out addressing nodalization effect and the 


influence of the initial and boundary conditions of the tests. 


 
 


I. INTRODUCTION 
 
A system code shall demonstrate that is reliable in 


simulating and predicting the key phenomena of properly 
selected scenarios. This is a necessary prerequisite for its 
applicability in accident analysis aimed at demonstrating 
that a nuclear system is safe and unlikely to fail. The 
current generation of thermal-hydraulic system (TH-SYS) 
codes benefits of about sixty years of experiments and 
forty years of development and are considered mature tools 
to provide best estimate description of phenomena and 
detailed reactor system representation. However, there are 
continuous needs for checking the code capabilities in 
representing nuclear system, in drawing attention to their 
weak points, in identifying models which need to be 
refined for best-estimate calculations. Availability of good 
quality experimental data is necessary to address this issue, 
and continuously better instrumented experiments are 
requested not only for improving macroscopic methods but 
also for developing and setting up next-generation analysis 
techniques that focus on more microscopic processes. 
Prediction of void fraction and DNB in system thermal-
hydraulics is currently based on empirical approaches. 


Advancement in understanding and modeling complex 
flow behavior in rod bundles would promote the validation 
of the current approaches and the development of more 
mechanistic approaches 1. 


The aim of the activity is to assess the models of 
CATHARE2 v2.5_1 (six equation, two field) code 5, 6 on 
the basis of the sub-channel experiments available in the 
database and performed in different test sections. Four sub-
channel test sections are addressed in different thermal-
hydraulic conditions (i.e. pressure, coolant temperature, 
mass flow and power). Sensitivity analyses are carried out 
addressing nodalization effect and the influence of the 
initial and boundary conditions of the tests. 


 
II. THE EXPERIMENTAL DATABASE 
 
The Pressurized water reactor Sub-channel and 


Bundle Tests (PSBT) were conducted by NUPEC within 
an extensive experimental campaign aimed at verifying the 
reliability of fuel assemblies used for commercial nuclear 
power plants 2. PSBT is able to simulate the high pressure, 
high temperature fluid conditions, which are typical of a 
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(Pressurized Water Reactor) PWR nuclear power plant 
(NPP). 


 
The NUPEC test facility (Fig. 1) consists of a high 


pressure and high temperature recirculation loop, a cooling 
loop, and instrumentation and data recording systems. The 
recirculation loop consists of a test section, circulation 
pump, pre-heater, steam drum (acting as a pressurizer), and 
a water mixer. The design pressure is 19.2 MPa and the 
design temperature is 362 °C. The operating conditions of 
the test facility are shown in Tab. 1. 


 


 
 


 


 


  
Fig. 1. Test section for sub-channel void distribution 


measurement. 
 


TABLE I 


Range of NUPEC PWR test facility operating conditions 


Quantity Range 
Pressure 4.9 – 16.6 MPa 
Mass Velocity 550 – 4150 kg/m2s 
Inlet Coolant Temperature 140 – 345 °C 
Surface heat flux  37 – 186 W/cm2 


 
The PSBT experimental database includes void 


fraction measurements and departure from nucleate boiling 
(DNB) tests, performed under steady state and transient 
conditions characterizing PWR operational states 3. 


 
The void fraction tests include sub-channel 


experiments and the rod bundle experiments. Four sub-
channel test assemblies (TS 1, 2 , 3 and 4) are used for 
measuring void fraction, as shown in Fig. 1. They simulate 
the sub-channel types (central, central with thimble, side, 
and corner) which are in a PWR assembly. The effective 


heated length is 1555 mm, and the void measurement 
section begins at 1400 mm from the bottom of the heated 
section. 


 
The overall sub-channel database includes 126 tests, 


among these 43 are carried out with TS 1, and TS 2 and 20 
using TS 3 and TS 4 (see Fig. 1). Complete set of details 
about geometrical data, boundary conditions of the tests 
and experimental results are available in Ref. 4. 


 
III. NUPEC PSBT void distribution post test results 


 
III.A. modelling of PSBT test facility by CATHARE2   


 
CATHARE2 model is based on the following  


hydraulic components: 
 
 two BCONDIT components for imposing the 


boundary conditions of the tests (i.e. pressure, 
mass flow and inlet temperature); 


 two VOLUME components, which simulate the 
inlet and the outlet of the test section; 


 one AXIAL component, which models the test 
section . 


 
The heaters of the sub-channel test sections (TS1, 


TS2, TS3 and TS4) are modelled with WALL components. 
The linear power is constant along the axial direction.  


 
The material properties implemented in the nodalization 
are provided by means of an external FORTRAN 
subroutine according with the specification in Ref. 4. 


 
III.B. CATHARE2 results   


 
The results of four test sections are hereafter reported. 


Fig. 2 and Fig. 3 outline the code results in simulating the 
typical central sub-channels (including the case with the 
thimble), whereas the results of the other two test sections, 
referred to the side and corner geometries, are reported 
together in Fig. 4. The absolute void fraction errors are 
showed as function of the coolant inlet temperature, the 
subchannel power, the mass flow rate, and the system 
pressure in the figures (a), (b), (c) and (d), respectively. 
Figs. 2(e), 3(e) and 4(e) reports the absolute errors as 
function of the void fraction. Finally, Figs. 2(f), 3(f) and 
4(f) highlights the results of the sensitivity analyses, which 
have been performed for each test series. They are carried 
out to address nodalization effect (number of meshes) and 
the influence of the initial and boundary conditions of the 
tests. 


 
The complete list of the sensitivities performed is 


reported in Tab, III. 
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Fig. 2. Test Series 1 (43 tests) – CATHARE-2 v2.5_1 code, reference results and sensitivities. 
 
The reference results are then summarized in Fig. 5, 


where the results are distinguished for the different test 
sections. Those results are complemented with Tab. II, 
which provides information about the average absolute 
errors at different ranges of void fractions (for the overall 
database and the different test sections. The table reports 
also the number of test cases and the corresponding 
standard deviations. 


 
The analysis of the results of 43 test cases 


corresponding with the central sub-channel evidences a 
tendency of the code to underestimate the void fraction. 
The overall average error is -0.021 (in terms of void 
fraction) and the standard deviation is slightly lower than 
0.05. 
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Fig. 3. Test Series 2 (43 tests)  – CATHARE-2 v2.5_1 code, reference results and sensitivities. 
 
The code results are less accurate and more dispersed 


for values of void fraction between 0.2 and 0.6. Larger 
errors are observable for higher values of inlet coolant 
temperature and of system pressure (i.e. larger than 
10 MPa). 


 
The sensitivity analysis evidences that is possible to 


reduce the average absolute error up to -0.006 by means of 


a single variant sensitivity based on the uncertainty in the 
experimental boundary conditions. In particular, this  result 
is achieved in RUN2 (Tab. III), using the minimum mass 
flow rate as boundary condition. However, the excellent 
average absolute error derives from a compensation of 
errors. Indeed, the dispersion of the results remains as in 
the reference calculation and the underestimation of void 
fraction between 0.2 and 0.6 is only slightly improved. 
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Fig. 4. Test Series 3 and 4 (40 tests) – CATHARE-2 v2.5_1 code, reference results and sensitivities. 
 
The sensitivity analysis related with the number of 


axial meshes demonstrates a dependence of the axial 
profile of void fraction. This dependence is observed in the 
case of the RUN 7 (see Tab. III). In the case of 38 axial 
subdivisions the solutions is already converged and the 
void fraction distribution in axial direction corresponds 
with the more detailed reference solution (RUN 1).  


 


Analogous results from qualitative point of view are 
observed in the case of test section 2 (i.e. central sub-
channels with the thimble). The average error is -0.016 and 
the standard deviation is 0.051. The code over-predicts the 
void fraction up to about values of void fraction equal to 
0.1, then it highlights a tendency to under-estimate the test 
data up to about 0.6.  
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TABLE II 


Summary of results by CATHARE-2 code 


Void 
Fraction 


TS 1 TS 2 TS 3 TS 4 Overall 
<ε[α]> σ[ε] No. <ε[α]> σ[ε] No. <ε[α]> σ[ε] No. <ε[α]> σ[ε] No. <ε[α]> σ[ε] No. 


0.0 - 0.05 0.005 0.0161 6 0.015 0.0092 5 0.013 0.0152 8 -0.004 0.0088 4 0.007 0.0143 23 
0.05 - 0.10 -0.012 0.0244 9 -0.012 0.0264 6 -- -- -- -0.040 0.0132 4 -0.021 0.0251 19 
0.10 - 0.15 -0.042 -- 1 -0.040 0.0262 3 -0.002 0.0455 3 -- -- -- -0.028 0.0365 7 
0.15 - 0.20 -0.023 0.0037 3 -0.079 0.0080 4 -- -- -- -0.091 0.0087 2 -0.064 0.0313 9 
0.20 - 0.30 -0.081 0.0384 3 -0.030 0.0533 5 -0.102 -- 1 -0.095 0.0200 3 -0.077 0.0485 12 
0.30 - 0.40 -0.038 0.0574 8 -0.057 0.0490 5 -0.043 0.0496 2 -0.056 0.0080 2 -0.048 0.0477 17 
0.40 - 0.60 -0.032 0.0757 7 -0.009 0.0520 10 -0.072 0.0759 4 -0.068 0.0143 3 -0.045 0.0633 24 
0.60 - 0.80 0.007 0.0235 6 0.053 0.0267 5 -- -- -- -0.058 0.0021 2 0.000 0.0446 13 
0.80 - 1.00 -- -- -- -- -- -- -0.107 0.0429 2 -- -- -- -0.107 0.0429 2 


 
TABLE III 


List of NUPEC PSBT code runs by CATHARE-2 code 


Test section ID No. of axial nodes Pressure (1) Mass flow (2) Note 


Steady-state 
subchannel 


RUN1 100 Nominal Nominal -- 
RUN2 100 Nominal Minimum -- 
RUN3 100 Nominal Maximum -- 
RUN4 100 Minimum Maximum -- 
RUN5 100 Maximum Nominal -- 
RUN6 38 Nominal Nominal -- 
RUN7 16 Nominal Nominal Effect of  pressure drop  


(1) Nominal: as specified in Ref. 4. Minimum and Maximum: according with the estimated accuracy of the 
measurement system.  
(2) Nominal: as specified in Ref. 4. Minimum and Maximum: according with the estimated accuracy of the 
measurement system.  
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In the range of void fraction between 0.2 and 0.6 the 
standard deviation increases (as in the case of the test 
section 1), demonstrating the large scatter of the results. 
Fig. 3(f) reports the results of the sensitivity analysis. 


 
The analysis of the results of 40 test cases 


corresponding with the side and corner sub-channels 
confirms the results of the other test cases. However the 
average absolute errors are about -0.03 and -0.05, 
respectively for the TS-3 and TS-4, which results higher 
than for the other test cases. 


 
IV. CONCLUSIONS 


 
The paper presents the validation activity performed 


by CATHARE2 v2.5_1 (six equation, two field) code on 
the basis of the sub-channel experiments. The indentified 
database is developed by NUPEC (Japan) and is currently 
adopted for a OECD/NRC benchmark, namely PSBT. It 
includes experimental measures of void fraction in a fuel 
assembly representative of a PWR. Four sub-channel test 
sections are addressed in different thermal-hydraulic 
conditions (i.e. pressure, coolant temperature, mass flow 
and power). Sensitivity analyses are carried out 
investigating the effects of number of nodes and the 
influence of the initial and boundary conditions of the 
tests. 


 
On the basis of the 126 tests simulated, the following 


conclusions are applied:  
 
 the code highlights a underestimation of the void 


fraction. The absolute error increases with the 
void fraction up to the range 0.2 – 0.3 and then it 
slightly decreases for higher values of void 
fraction. For values of void fraction (>0.2), the 
dispersion of the results is large. 


 The sensitivity analyses (sub-channel tests) 
demonstrate an improvement of the prediction 
can be achieved by means of varying the 
boundary conditions of the simulations inside of 
the range of their uncertainty. However, this is 
only an effect of errors compensation as testify 
by the standard deviation of the results, which is 
not affected. 


 A dependence of the axial profile of void fraction 
from the number of axial subdivisions is also 
identified. 
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Abstract – The technology of the Lead-cooled Fast Reactor (LFR) had its early start in the Soviet 
Union in the 1960s where nuclear propulsion systems based on reactors cooled by Lead-Bismuth 
Eutectic (LBE) were developed and deployed. More recently, after the Generation IV International 
Forum (GIF) Technology Roadmap [1] identified the LFR as a technology with great potential for 
both small-unit electricity generation as well as large, grid-connected power stations, 
considerable effort has been devoted to the development of new concepts.  
 
The LFR operates in the fast-neutron spectrum and can be implemented with a closed fuel cycle 
for efficient management of nuclear materials. Heavy liquid metal coolants (i.e., lead and LBE) 
offer very attractive characteristics that enable enhanced safety and simplification due to the 
relative inertness of the coolants as well as favorable neutronic and thermodynamic properties.  
 
Over the last several years, efforts to develop concepts for reactors cooled by heavy liquid metals 
have expanded with a diversity of new concepts being explored in several countries around the 
globe as the advantageous characteristics of LFR systems have gradually become recognized. 
Currently there are several concept-development initiatives underway as well as multiple 
demonstration and deployment efforts being planned. These diverse efforts are being carried out 
in Europe, Asia and North America; the GIF has served as a focal point for interaction and 
collaboration on several of these various initiatives 
 
The purpose of this paper is to report on this variety of international developments in LFR 
technology and to provide an up-to-date status of the current situation with respect to LFR 
technology. Included in this paper are developments in Europe, Asia, Russia and North America 
to include government-sponsored initiatives as well as several embryonic initiatives in the 
commercial sector. 
 


I. INTRODUCTION 
 
Since the earliest days of nuclear energy, there has 


been substantial interest in reactors operating in the fast 
neutron spectrum and cooled either by gases such as 
helium or by liquid metals. While much of the 
development of liquid-metal cooled fast reactor systems 
has centered on sodium as the coolant, heavy liquid metal 
coolants – lead or lead-bismuth eutectic (LBE) – have 
also been considered. In the West, the use of lead-based 


coolants was initially considered; however, the corrosive 
properties of such coolants resulted in relatively limited 
efforts. On the other hand, in the Soviet Union, LBE-
cooled systems were actively pursued during the 1960s, 
70s and 80s, and were fielded in significant numbers for 
the purpose of naval vessel (submarine) propulsion. More 
recently, there has been a renewal of interest in the West 
for such technology, both for critical reactors as well as 
for accelerator-driven subcritical (ADS) systems while, at 
the same time, interest in Russia has remained strong and 
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has expanded beyond the original application of 
submarine propulsion. [2]  


 
II. THE LEAD-COOLED FAST REACTOR IN 


GENERATION IV 
 
The Generation IV (GEN IV) Technology Roadmap 


[1] which was prepared by the Generation IV 
International Forum (GIF) member countries in 2002, 
identified six advanced reactor systems that were 
considered to be the most promising, and provided a 
preliminary estimate of the R&D necessary to develop 
these concepts. Among these 6 reactor technologies, the 
LFR was recognized as a technology with the potential to 
effectively serve as either remotely sited or centrally 
located power stations.  
 


In the GEN IV technology evaluations, the LFR 
system was considered to be top-ranked for the parameter 
of sustainability because of its use of a closed fuel cycle; 
and it was considered top-ranked in proliferation 
resistance and physical protection because of its potential 
to operate with a long-life core. It was rated good in 
safety and economics. The relatively inert nature of lead 
coolants was considered to be an important factor in the 
enhanced safety performance of LFR systems. The LFR 
was identified as having potential not only for electricity 
production but also for hydrogen production and actinide 
management. 
 


With regard to its potential role in actinide 
management, The GIF participants recognized that the 
LFR features a fast-neutron spectrum and a closed fuel 
cycle for effective conversion of fertile uranium. The LFR 
also could potentially be used as a burner of actinides 
from reprocessed LWR spent fuel and as a burner/breeder 
with thorium matrices. 


 
In 2007, the GIF LFR Provisional System Steering 


Committee (PSSC), after considering the broad array of 
then-current international initiatives related to lead-cooled 
nuclear systems, issued a draft System Research Plan 
(SRP) [3] for the LFR with molten lead as the reference 
coolant and LBE as a backup option. The plan envisioned 
a dual-track viability research program pursuing two 
separate LFR concepts with convergence to a single, 
combined demonstration reactor (demo, also called 
technology pilot plant – TPP) leading to the eventual 
deployment of both types of systems.  
 


This dual-track approach was based on the intended 
development of the Small Secure Transportable 
Autonomous Reactor (SSTAR) [4] and the European 
Lead-cooled System (ELSY) [5] reactor projects that 
represent the two primary different LFR approaches that 


could be considered as potential applications of the LFR. 
The convergent development approach recognized the 
commonality of many of the areas of needed research 
even though the two systems have significant differences 
between them. 
 


SSTAR, whose development was undertaken with 
support of the US Department of Energy Generation IV 
Nuclear Energy Systems Initiative, is a small natural 
circulation fast reactor of 20 MWe/45 MWth that could 
be scaled up to 180 MWe/400 MWth. The key technical 
aspects of SSTAR are the use of lead as the coolant and a 
long-life sealed core in a small, modular system. The 
compact active core operates for a very long time (15 - 30 
years) without refueling, and the fuel is either retained in 
the reactor vessel for recycle or removed as a single 
cassette during refueling and replaced by a fresh core. 


 
ELSY, whose development started in 2006 with the 


support of the Framework Program 6 (FP6) of Euratom, 
aims to demonstrate the design of a competitive and safe 
central station fast reactor using simple engineered 
technical features. The use of compact in-vessel steam 
generators (SGs) and of a simple primary circuit, with the 
possibility that all internals could be removable, are 
among the unique reactor features that are directed toward 
the achievement of competitive electric-energy generation 
with long-term investment protection. These systems are 
described further following discussion of the features of 
lead as a coolant. 


 
II.A. Some Considerations Regarding Lead as a 


Coolant 
 


Lead has been selected as the preferred coolant both 
for the US SSTAR project and the European ELSY 
concept, mainly because of the dramatically reduced 
formation of Po-210 (about four orders of magnitude less) 
as an activation product in comparison with LBE as a 
coolant. An additional consideration is the possibility that 
LBE may not be a sustainable coolant technology, 
considering that it is possible that bismuth may not be 
sufficiently abundant or economically available to allow 
large scale deployment in either large central station 
reactors or smaller systems such as SSTAR. 


 
Recent work has also indicated that LBE as a reactor 


coolant presents some additional disadvantages such as 
the formation of solid impurities, both as black dust and 
as particulate slags, with the associated risk of coolant 
flow plugging, particularly at the inlet to the fuel 
assemblies. An excess of oxygen in the melt can result in 
the formation of oxides which, under certain conditions, 
produce powders and slags. These phenomena are not yet 
fully understood and are currently under investigation. 
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 On the other hand, pure lead as a coolant has several 
properties which, if properly exploited by the designer, 
can reduce the plant cost and improve safety (see Table I). 


TABLE I 
Some key properties of lead coolants leading to enhanced safety and economic performance  


 
 (a) High atomic 


mass 
(b) Low chemical 


reactivity 
(c) High boiling 


point 
(d) Retention of 


fission fragments 
(e) High density 


Effects 
on 
reactor 
design  


Low moderating 
medium 


No chemical 
reaction with 
water or air 


 
No fire in case of 


lead leakage 


No 
pressurization 
of the primary 
system. 


 
Low 


contamination 
of the cover 
gas. 


Volatile 
contaminants 
retention in case 
of core damage 


Minimum/no risk of 
core compaction 


Potential 
design 
features 
 


Flexibility in fuel 
loading 
including MA. 


Sealed, long-life 
core.  


Large fuel rod 
pitch: 


- Low core 
pressure loss 


- Open fuel 
element 


No intermediate 
loop. 


 
Elimination of 


reactive or 
flammable 
coolant 
materials in the 
plant 


Reactor pool configuration. 
 
Simplification of the refueling system 
 
Simplification of the containment 


system. 
 


Core cooling and 
containment 
function preserved 
in case of core 
melt 


 
As result of its high atomic mass, lead shields γ-rays 


effectively and the elastic scattering of neutrons is 
characterized by relatively low energy losses. At the same 
time, the lead in the coolant system provides excellent 
reflection for neutrons which leave the core. The low 
moderating capability and low neutron absorption of lead 
permits the fuel pin lattice to be opened up by increasing 
the coolant volume fraction without a significant 
reactivity penalty.  Increasing the coolant volume fraction 
increases the hydraulic diameter for coolant flow through 
the core with a corresponding reduction of the pressure 
loss to much less than the corresponding pressure loss for 
a Sodium-cooled Fast Reactor (SFR), in spite of the 
higher density of lead.  As a result of these factors and the 
transport properties of lead, natural circulation provides 
the operational circulation in the SSTAR system while it 
contributes a significant fraction of the coolant circulation 
through the primary system in ELSY. 


 
The lack of vigorous chemical interactions between 


lead and candidate working fluids, whether water/steam 
or CO2, makes it possible to eliminate the need for an 
intermediate cooling circuit, thereby substantially 
reducing the complexity and cost of the plant. The high 
boiling point of lead allows for operation at system 


temperatures that are not limited by coolant boiling, but 
only by the integrity of the steel cladding and structure. 
Lead is a low-vapor-pressure coolant and therefore does 
not flash to vapor should a primary coolant system leak 
develop; this factor enables significant advantages for any 
low pressure liquid metal coolant system. 


 
In addition to achieving the GIF objectives, the LFR 


technology will succeed if it obtains public acceptability 
which could result from the fulfilment of stringent 
national and international requirements, especially in 
terms of containment requirements and severe accident 
assessment. 


 
Public concern with the risk associated with the 


temporary or indefinite loss of control of industrial 
installations continues to be heightened, as was 
experienced in the Three Mile Island and Chernobyl 
accidents in the nuclear field and in the recent oil disaster 
in the Gulf of Mexico. The lesson to be taken from this in 
the context of new reactor concepts is that, in spite of the 
safety measures to prevent them, the possibility of core 
melt accidents must be addressed by demonstrating the 
capability to manage such events.  For fast reactors this is 
of particular importance because the core of a fast reactor 
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is not in the most critical configuration and a core 
reconfiguration resulting from a core melt could result in 
reactivity increase. 


 
There is a reasonable expectation that the LFR will 


demonstrate superior performance in the event of extreme 
events with degraded plant conditions because of the 
unique characteristics of lead in comparison with other 
coolants. Contributing factors to this expectation include 
the fact that the high density of lead, slightly higher 
than that of fuel, would result in dispersal rather than 
aggregation of fuel material within the core.  It is 
expected that, in case of a partial core melt, buoyancy 
effects combined with coolant hydraulic loads would 
contribute to the transfer of released fuel material outside 
the core with a resulting negative reactivity feedback. 
This process is particularly significant for a fast reactor 
core which is not configured in the most critical 
geometry. Additionally the high boiling point of lead 
combined with its chemical stability would lead to the 
sustainment of heat removal. Lead also has a high 
retention capability of volatile contaminants and, in 
particular, appears to form compounds with iodine and 
cesium at temperatures up to 600°C, reducing the source 
term during postulated accidents when volatile fission 
products are released.  These factors, in turn, enable 
reduction in plant complexity and capital cost while 
enhancing plant reliability.  


 
Obviously even pure lead is not free from drawbacks, 


but dramatic progress has been achieved with design 
provisions that serve to overcome or alleviate the 
significance of these drawbacks. Chief among them is the 
problem of corrosion of structural materials, a 
phenomenon that is exacerbated at high temperatures. 
Design approaches to alleviate this problem include the 
limitation of operating temperatures in most parts of the 
reactor system to temperatures below 500°C and the 
selection of materials specially designed to resist 
corrosion for key components such as the fuel cladding 
material. 


 
Another issue to be addressed in design is the 


problem of the relatively high melting temperature 
(327.5°C) of lead which requires that the temperature of 
the coolest regions of the coolant circuit be maintained at 
a sufficiently high temperature to prevent coolant 
freezing. 


 
Finally, the problem of difficulty of performing in-


service inspection and refuelling operations in a coolant 
that is opaque and high in temperature demands careful 
engineering and design.  


 
II.B. Overview of SSTAR 


 
The SSTAR concept of a small transportable reactor 


system was initiated as part of the Generation IV 
advanced reactor program in the U.S. The SSTAR design 
effort sought to achieve the following objectives, which 
are not necessarily unique to the selection of lead as a 
coolant: 


• A sealed core: no on-site refueling or whole-core 
cassette refueling 


• Transportability: the entire core and reactor 
vessel are to be delivered by ship or overland 
transport 


• Long-life Core: 15-30 year core life is the target 
• Autonomous load following with simple 


integrated controls: minimum operator 
intervention or maintenance required 


• Local and remote observability: rapid 
detection/response to perturbations 


• Very small operational (and security) footprint  
 
The current reference concept for the SSTAR small, 


modular, fast reactor is shown in Fig. 1 [4]. This pre-
conceptual design represents a small shippable reactor 
(12 m X 3.2 m vessel), with a 30-year open-lattice 
cassette core and large-diameter (2.5 cm) fuel pins held 
by spacer grids welded to control rod guide tubes. The 
design integrates three major features: primary cooling by 
natural circulation heat transport; lead (Pb) as the coolant; 
and transuranic nitride fuel in a pool vessel configuration.  


 
The main purpose of the 20 MWe (45 MWth) 


SSTAR is to provide electrical energy generation to 
match the needs of developing nations and remote 
communities that are not connected to major electrical 
grids, situations that may exist in places such as Alaska or 
Hawaii, island nations of the Pacific Basin, and 
elsewhere. Design features of the reference SSTAR 
include autonomous load following without control rod 
motion, and the use of a supercritical CO2 (S-CO2) 
Brayton cycle energy conversion system. The 
incorporation of inherent thermo-structural feedbacks 
imparts walk-away passive safety, while the long-life 
sealed or cartridge core provides strong proliferation 
resistance. If these technical innovations can be realized, 
the LFR will provide a unique and attractive nuclear 
energy system that meets Generation IV goals. [2] Note 
that many of these features may not be unique to systems 
cooled by lead. Nevertheless, the characteristics of lead 
(especially its low vapor pressure and chemical inertness) 
make it a good choice over other liquid coolants for small 
modular systems. 
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FIGURE 1 
Conceptual 20 MWe (45 MWth) SSTAR system. 


 
Some of the key parameters of SSTAR are summarized in Figure 1 and Table II. 
 


TABLE II 
Key parameters of SSTAR 


 
Power (MWe) 19.8 
Conversion Ratio ~1 
Thermal efficiency (%) 44 
Primary coolant Lead 
Primary coolant circulation (at power) Natural 
Primary coolant circulation for DHR Natural 
Core inlet temperature (°C) 420 
Core outlet temperature (°C) 567 
Fuel Nitride 
Fuel cladding material Si-Enhanced F/M Stainless Steel 
Peak cladding temperature (°C) 650 
Fuel pin diameter (mm) 25 
Active core Height/diameter (m) 0.976/1.22 
Primary pumps None 
Working fluid Supercritical CO2 at 20 MPa, 552 °C 
Primary/secondary heat transfer system N°4 Pb-to- CO2 HXs 
Safety grade DHR Reactor Vessel Air Cooling System 


+ 
Multiple Direct Reactor Cooling Systems 


 
II.C. Overview of ELSY 


 
 


The European Lead-cooled System (ELSY) is the 
result of a large effort conducted by European 
organizations to design an innovative reactor system 


featuring a primary system that is as compact as possible, 
with a correspondingly short-height reactor vessel, the 
latter being a design feature considered basic for a robust 
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design against seismic loads. The result is a reactor with 
very short vessel (~ 9 m high), whose feasibility has been 
confirmed by preliminary mechanical analyses. This 
result, in addition to the elimination of the need for an 
intermediate coolant loop, is considered to be essential to 
the feasibility of an economically competitive LFR. 


 
ELSY is considered to be an “adiabatic” reactor, 


meaning that it has a fissile material conversion ratio of 
about 1 and consequently burns its self-generated minor 
actinides. In addition, the option exists for its operation in 
a burner mode to consume externally-generated minor 
actinides that are the legacy of the existing fleet of LWRs. 


 
Table III and Figure 2 show the parameters and 


features of ELSY the key characteristics of which are: 
• A pool-type reactor configuration in which all major 


primary system components, including the core and 
lead-to-working fluid heat exchangers (SGs and Dip 
Coolers), are installed inside of the reactor vessel 
which is surrounded by a guard vessel. 


• The cylindrical inner vessel of circular cross section 
which is supported in the upper part by the roof, 
provides for lateral restraint of the core and is a 
removable for replacement if necessary. 


• A new-design, short-height steam generator (SG) 
with integrated mechanical primary pump. 


• A SG tube bundle composed of a stack of spiral-


wound tubes in which the inlet and outlet ends are 
connected to the feed water header and steam header, 
respectively, both arranged above the reactor roof. 
Hot lead flows radially through the perforated inner 
shell and, past the tube spirals, through the outer 
shell. Consequently, the SG unit can be positioned at 
a higher level in the downcomer and the reactor 
vessel shortened accordingly. 


• Fuel elements which extend well above the free lead 
surface level, with their heads directly accessible for 
handling from the above-reactor enclosure. The fuel 
elements are withdrawn from, and driven into the 
core using a simple handling machine that operates in 
the cover gas at ambient temperature, under sight 
control, to avoid operation in lead.  


• DHR systems which, thanks to the compatibility of 
lead with water, can rely on air (Reactor Vessel Air 
Cooling System (RVACS), or on stored water as 
emergency coolant (akin to the PWR safety-related 
DHR system). 


• Open fuel elements each containing fuel pins in 
square pitch (similar to the fuel elements of the 
PWR), surrounded by reflector-assemblies, a 
configuration that presents reduced risk of coolant 
flow blockage. 


 
TABLE III 


Main characteristics of ELSY. 
 


Power, MWth 1500 
Thermal efficiency, (%) 42 
Primary coolant Lead 
Primary coolant circulation (at power) Forced (however, important fraction of natural 


circulation) 
Core inlet temperature, (°C) 400 
Core mean outlet temperature, (°C) 480 
Fuel U-Pu MOX 
Peak cladding temperature, (°C) 550 
Fuel pin diameter, (mm) 10.5 
Active core dimensions 
Height/equivalent diameter,  (m) 


0.9/4.32 


Power conversion system working fluid Water-superheated steam at 18 MPa, 450°C 
Primary/secondary heat transfer system Eight Pb-to-H2O SGs 
Fuel column height. (mm) 900 
N° Fuel Elements (FE) 162 
FE geometry Open square 
FE pitch,  (mm) 294 
N° fuel pins / FE 428 
Fuel pins pitch (at 20°C, (mm) 13.9 square 
Fuel pins outer diameter,  (mm) 10.5 
Enrichment, (%wHM)  14.54/17.63/20.61 Pu, three radial zones 
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FIGURE 2 


Primary system configuration of ELSY  
 
The high density of lead previously described as a 


unique advantage in terms of safety for a LFR, has been 
conversely considered as a disadvantage in some previous 
projects because of the perception that it would result in 
unacceptable mechanical loads. ELSY has instead 
demonstrated that seismic loads can be made acceptable 
thanks to the innovative short-height reactor vessel 
and support system.  


 
Refueling is a difficult operation in sodium and even 


more challenging in lead which not only is opaque as is 
sodium, but also requires the handling of fuel at higher 
temperatures. Additionally, because of the buoyancy of 
fuel elements, they would normally be mechanically 
anchored to the core support plate. The ELSY project has 
transformed this apparent drawback of buoyancy into an 
advantage by relying on it to support the fuel elements 
which, extended with a stem well above the lead free 
surface level, are fixed in the upper part, thus permitting 
the refueling of the core with a simple machine 
operating in gas. Thus, in ELSY the structures which fix 
the fuel element heads can be easily inspected and 
additionally, for the first time, it has been shown that is 
possible to design a FR where all components internal 
to the reactor vessel can be replaced. 


 
One of the most important technical issues related to 


the development of a LFR is the problem of corrosion of 
structural materials.  In order to minimize the need for 
development of new materials prior to LFR deployment, 
in ELSY, the use of available industrial materials such as 
AISI 316L and ferritic-martensitic T91 has been 
proposed. This is made possible by limiting corrosion 
potential by implementing a low-temperature thermal 
cycle with 400°C as the core inlet temperature and only 
480°C as the mean core outlet temperature. [6] 
 


III. CURRENT STATUS OF DEVELOPMENT 
 


III.A. European Initiatives 
Euratom continues to be strongly involved in the 


development of the LFR technology with a coherent 
program initiated in the 5th Framework Programme (FP) 
directed toward ADS systems and following in the 6th and 
7th FPs with extended scope to include critical systems. In 
particular, within the recently initiated FP7, several new 
projects related to LFR development are supported by 
Euratom, including the following: 


 
 The project GETMAT (Generation IV and Trans-
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mutation Materials), a project consisting of cross-
cutting materials-related research activities started on 
February 2008, with the following overall objectives: 
• improvement and extension of 9-12 Cr F/M 


steels qualification (a PIE program to evaluate 
relevant irradiation experiments); 


• ODS alloys development and characterisation; 
• joining and welding procedures qualification 


(relevant for both ODS and F/M steels); 
• development and definition of corrosion 


protection barriers; 
• improved modelling and experimental 


validation. 
 


 The Central Design Team with the mission to design 
a Fast Spectrum Transmutation Experimental Facility 
(FASTEF/MYRRHA) to operate in subcritical and 
critical modes with the following objectives: 
• operate as a flexible and high flux fast spectrum 


irradiation facility; 
• serve as an experimental device to provide a test 


bed for transmutation 
• contribute to the demonstration of LFR 


technology 
 


 The Lead-cooled European Advanced DEmonstration 
Reactor (LEADER) project with the objective to 
finalize the design of a large-size LFR and to develop 
the conceptual design of a scaled demonstrator 


 
Euratom has also promoted coordination network 


known as the Heavy Liquid Metal network (HeLiMnet). 
The HeLiMnet coordination actions include the creation 
of a large and strong network for the diffusion of 
information on HLM technologies; the identification and 
assessment of existing heavy liquid metal knowledge; the 
harmonization of research in the field of HLM 
technology; and the coordination of efforts to implement 
the Strategic Research Agenda (SRA) for LFR, ADS and 
SFR development.  


 
Additional European efforts are ongoing to finalize a 


European Sustainable Nuclear Energy Technology 
Platform.  One of these efforts is the European 
Sustainable Nuclear Industrial Initiative (ESNII) which 
has the prime objective to develop nuclear technology to 
improve nuclear energy sustainability making more 
efficient use of uranium resources through recycling of 
plutonium. The LFR option is included in this program. 


 
An indication of the European interest in LFR 


technology is the fact that Belgium intends to host the 
MYRRHA plant, that other European countries are 
evaluating the possibility of hosting the Demo of the 


LFR, and that there are initiatives of private industrial 
companies to participate in and promote the development 
of LFR systems. Euratom and Japan recently signed a 
MOU on LFR cooperation under the framework of the 
Generation IV International Forum. 


 
III.B. US Initiatives 


 
Following the initial efforts to develop the SSTAR 


design concept, LFR development activities in the US 
have proceeded at a relatively low pace due principally to 
priority emphasis of other reactor types. The principal 
activities carried out by national laboratory organizations 
have been consideration of design alternatives to the 
SSTAR reference design and evaluation of options for an 
LFR Demonstration reactor carried out, in part, through 
collaborative research between US and Italian research 
organizations. 


 
In addition to these efforts, the Massachusetts 


Institute of Technology (MIT) has pursued materials 
development efforts of potential importance to the design 
of LFRs. These efforts are yielding promising results 
through the development of functionally graded 
composite materials that are expected to be capable of 
industrial fabrication while providing a high level of 
corrosion resistance with use in heavy liquid metal 
environments. [7] 


 
In the industrial sector, there is also growing interest 


in LFR systems, particularly in small, modular reactors. 
For example, the Hyperion Power Generation Company is 
promoting its concept for a small, LBE-cooled reactor 
known as the Hyperion Power Module (HPM). [8] Other 
commercial organizations are also considering variations 
on existing LFR design concepts. 
 


III.C. Asian Initiatives 
 
In Japan, the Tokyo Institute of Technology 


(TokyoTech) is active in conducting several LFR reactor 
system research activities as well as in the development of 
technology for the use of heavy liquid metal coolants and 
associated structural materials.  Included among these are 
the work on the CANDLE reactor [9] (a breed-and-burn 
reactor concept) and the LBE Cooled Direct Contact 
Boiling Water Fast Reactor (PBWFR) [10].  


 
CANDLE reactors do not need control rods. They 


incorporate a burning region of the reactor core that 
moves along the direction of the core axis, at a slow but 
variable speed proportionate to the power output, without 
changing the spatial distribution of the nuclide densities, 
neutron flux and power density. Very high neutron 
economy is required to realize the CANDLE burning 
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process for the fast reactor case. From previous studies, 
only fast reactors with a very hard neutron spectrum can 
realize this burning process. However, reactors with lead 
or LBE coolants, especially with a high content of Lead-
208, can achieve the ideal CANDLE reactor performance. 
Once the CANDLE process is realized, natural or 
depleted uranium can be used for replacement fuel with 
conversion and burn up levels of 40%. The CANDLE 
reactor addresses the problems of a) resource 
sustainability, b) safety, c) waste management and d) 
proliferation prevention as follows: 


a) Resource sustainability: In comparison with a 
LWR, with fuel enrichment is 4%, that has been operated 
for 40 years, a CANDLE reactor could produce the same 
energy output for more than 2000 years by using the 
associated depleted uranium. 


b) Safety: The CANDLE reactor is so simple that 
operator errors can be considerably reduced. The 
possibility and magnitude of the expected most severe 
accident, a re-criticality at CDA, are considered very 
small.  


c) Waste Management: The amount of spent fuel per 
unit produced energy from a CANDLE reactor is one 
tenth of the amount from a LWR and one quarter that 


from a typical fast reactor. The amount of minor actinides 
is also considerably reduced compared with these 
reactors. The amount of secondary wastes associated with 
the fuel cycle is drastically reduced. 


d) Proliferation prevention: the CANDLE reactor can 
be operated without enrichment or reprocessing 
indefinitely, once it starts. Therefore, the CANDLE 
reactor shows excellent features on physical protection 
and non-proliferation. 


 
The plant system of a 150MWe PBWFR is shown in 


Fig. 3. The LBE core outlet temperature is 460˚C. The 
LBE temperature rise across the core is 150˚C. The 
conditions of the secondary coolant steam are as the same 
as those of conventional BWRs with thermal efficiency of 
33% and steam pressure of 7 MPa. Higher thermal 
efficiency may be achieved with the development of 
corrosion-resistant material at higher temperature. The 
PBWFR plant system is equipped with decay heat 
removal systems, RVACS and PRACS. Hydrogen is 
dissolved in a feed water to keep oxygen concentration in 
LBE coolant around 10-5wt.%. The hydrogen is supplied 
at the rate of 0087-0.43 kg/h with water electrolysis. 
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FIGURE 3  


LBE-cooled Direct Contact Boiling Water Fast Reactor (PBWFR) plant system 
 
In the Republic of Korea, two systems are under 


development and study: the proliferation-resistant, 
environment-friendly, accident-tolerant, continual and 
economical reactor (PEACER) [11] and the BORIS [12]. 


 
Finally, in Indonesia, a small LBE-cooled modified 


CANDLE reactor is being designed at the Bandung 


Institute of Technology [13]. 
 
 


III.D. Russian Initiatives 
 


Having led the early development of LFR 
Technology, Russia continues to demonstrate strong 
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interest and commitment to LFR concepts. Two principal 
designs are being pursued, the SVBR and the BREST 
reactors. 


 
In a recent press release [14], it was announced that 


by Russian Prime Minister Putin that an allocation of 53 
billion rubles ($1.77 billion) was being committed toward 
the construction of new nuclear power beginning in 2010.  


 
In addition to funding for new reactor construction, 


the Russian government also confirmed its position that 
fast neutron reactors will become a technological priority 
in the next decade. Plans call for the continuation of the 
existing large (800 MWe) sodium-cooled fast reactor 
program, with additional support for the 100 MWe LBE-
cooled fast reactor with oxide fuel, known as SVBR 
(Svintsovo-Vismutovyi Bystryi Reaktor) to be built by 
2015. Following this, the lead-cooled, nitride-fueled 300 
MWe BREST fast reactor would be built by 2020.  
 


IV. SUMMARY AND CONCLUSIONS 
 


Current efforts toward the development of LFR 
concepts, though limited in scope, continue to receive 
broad and increasing interest in the international 
community. Due in part to the favorable characteristics of 
lead as a coolant material, but also due to the innovation 
that has been exhibited in reactor concept development, 
the LFR appears to provide a promising alternative to 
other fast reactor options. 


 
The efforts to develop LFR reactors in Europe and 


Russia are well under way, and this continues to draw 
widespread interest. Although the LFR concepts under 
consideration differ considerably among themselves, 
there is a high degree of commonality in the problems and 
issues the designers face. Consequently, LFR 
development offers the strong prospect of international 
collaboration either through the Generation IV 
International Forum or through other arrangements.  


 
REFERENCES 


 
1. United States Department of Energy's Nuclear 


Energy Research Advisory Committee (NERAC) and 
the Generation IV International Forum (GIF), “A 
Technology Roadmap for Nuclear Energy System,” 
Report GIF-002-00, December 2002 


 
2. L. Cinotti, C. F. Smith, C. Artioli, G. Grasso and G. 


Corsini, “Lead-Cooled Fast Reactor (LFR) Design: 
Safety, Neutronics, Thermal Hydraulics, Structural 
Mechanics, Fuel, Core, and Plant Design,” Handbook 
of Nuclear Engineering, Springer, 2749-2840 (2010) 


 


3. Generation IV F LFR Provisional System Steering 
Committee (PSSC), “Draft System Research Plan for 
the Lead-cooled Fast Reactor (LFR),” May 2007. 


 
4. C. F. Smith, W. G. Halsey, N. W. Brown, J. J. 


Sienicki, A. Moisseytsev and D. C. Wade, “SSTAR: 
The US lead-cooled fast reactor (LFR),” Journal of 
Nuclear Materials, Vol 376, Issue 3, pp 255-259 
(2008) 


 
5. L. Cinotti, G. Locatelli, H. Ait Abderrahim, et al., 


“The ELSY Project,” International Conference on 
the Physics of Reactors (PHYSOR2008), Interlaken, 
Switzerland, September 2008 


 
6. L. Cinotti, C. F. Smith, H. Sekimoto, “Lead-cooled 


Fast Reactor (LFR) Overview and Perspectives”, GIF 
Symposium 2009, Paris, France September 9-10, 
2009 


 
7. R. Ballinger et al., “Development of a Functionally 


Graded Composite Alloy for Corrosion Resistance in 
Pb‐Bi Environments: NERI Project,” NUC/IUC 
Symposium, Idaho Falls, May 21‐22, 2008 


 
8. Hyperion Power Generation Company, “A New 


Paradigm for Power Generation,” press release at: 
http://www.hyperionpowergeneration.com/news/news
releases/Hyperion_Fact_Sheet_March2010.pdf 


 
9. H. Sekimoto, “Light a CANDLE,” 2nd ed., ISBN978-


4-905205-00-5 C3053 E, CRINES, Tokyo Institute 
of Technology, Japan (2010) 
 


10. T. Nakazawa, A. K. Rivai, K. Hata, V. Dostal and M. 
Takahashi, “Study Plan for Material Corrosion Test 
in Lead and Bismuth Eutectic at High Temperature,”  
14th International Conference on Nuclear 
Engineering (ICONE14), Miami, Florida, July 17-20, 
2006 
 


11. Hwang, I.S., “A Sustainable Regional Waste 
Transmutation System: PEACER”, International 
Congress on Advances in Nuclear Power Plants 
(ICAPP06), Reno, NV, June 4-6, 2006 
 


12. Kim, W.J., et al., “Supercritical Carbon Dioxide 
Brayton Power Conversion Cycle Design for 
Optimized Battery-Type Integral Reactor System”, 
International Congress on Advances in Nuclear 
Power Plants (ICAPP06), Reno, NV, June 4-6, 2006 
 


13. Zaki S., Imam T and H. Sekimoto “Optimization of 
Small Pb-Bi Cooled Modified CANDLE Burnup 
Based Long Life Fast Reactors,” 3rd International 


470







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11167 
 


 


Symposium on Innovative Nuclear Systems (INES-3), 
Tokyo, Japan, October 31-November 3, 2010 


 
14. JSC Atomenergoprom, “Putin Approved FTP 


Concept on New Nuclear Power Technologies,” press 
release: 
http://www.atomenergoprom.ru/en/press/monitor/200
9/07/item320.html, July 30, 2010 


471












Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11450 


 


 


Source term computation with ASTEC code 
 


 
1F.Cousin, 1L. Cantrel, 1C. Seropian, 1K. Chevalier-Jabet 


 
1Institut de Radioprotection et de Sûreté Nucléaire (IRSN) 


 
Tel : (+33)4-42-19-94-79, Fax : (+33)4-42-19-91-67, email: frederic.cousin@irsn.fr 


 
• Abstract –- The ASTEC integral code is jointly developed by IRSN (Institut de 


Radioprotection et de Sûreté Nucléaire, France) and GRS (Gesellschaft für anlagen und 
Reaktor Sicherheit, Germany). The aim of this code is to compute the progression of severe 
accidents and the release of fission products into the environment (the source term) on 
nuclear power plants, covering all important in-vessel and ex-vessel phenomena. An example 
of source term evaluation with the current reference version ASTEC V2.0 is presented for a 
complete accident scenario of several days on a model reactor close to the French PWR 
1300MWe.The selected scenario is the loss of feed-water of steam generator, called H2 
accident sequence with venting of the containment (French U5 ultimate venting procedure). 
Results of this computation with ASTEC V2.0 is compared to results obtained using an 
advanced version of ASTEC including improved models of heterogeneous chemistry for the 
fission products in the containment. This highlights the capitalization in ASTEC of the state of 
the art of the R&D on source term modelling. 


 
 


I INTRODUCTION 
 
The ASTEC integral code (Accident Source Term 


evaluation Code) is commonly developed by IRSN (Institut 
de Radioprotection et de Sûreté Nucléaire – France) and 
GRS (Gesellschaft fur anlägen und Reaktor Sicherheit). 
The aim of ASTEC is to simulate an entire severe accident 
sequence on a nuclear power plant from the initiating event 
through to the possible release of fission products (FPs) out 
of the containment. Models implemented in ASTEC cover 
all the accident sequence relevant phenomena including 
both the in-vessel phase and the ex-vessel phase: 
thermohydraulics of the reactor cooling systems (RCS); 
degradation of the fuel rods, of the structural materials and 
vessel failure; fission products release from the fuel and 
transport through the RCS to the containment; melt core 
entrainment to the containment and interaction with the 
reactor basemat; thermalhydraulics of the containment and 
isotopic and physicochemical evolution of FPs before they 
can be released to the environment through filtered or 
direct leakages. To this extend and especially regarding FP 
physico-chemistry, ASTEC capitalizes the results of the 
R&D strategy launched by IRSN to reach predictive 
modelling of source term. This strategy includes results 
from experimental international programs like PHEBUS-
FP and more recently the International Source Term 
Program (ISTP) with its parts ISTP/VERDON for FP 
release from high burn-up and MOX fuels, ISTP/CHIP8 for 


FP chemistry in the primary circuit or the ISTP/EPICUR9 
program for iodine chemistry under radiation in 
containment. Moreover ASTEC is one of the elements of 
this R&D strategy as it is also used coupled to a sensitivity 
analysis tool to determine on which models additional 
modelling efforts must be about and directly to interpret 
experimental results. Each new version of ASTEC 
integrates up-to-date validated models of fission products 
behaviour.  
So ASTEC has been conceived to easily integrate new 
models, but also accounting for additional requirements 
such as the possible definition of all plant safety systems 
and procedures, a user-friendly coupling with a sensitivity 
analysis tool or a computation time lower or close to 
physical time. Development of validated models in those 
different domains implies important efforts, and IRSN and 
GRS benefit from the support of the SARNET (Severe 
Accident Research NETwork)1 network of excellence, 
gathering 42 partners. 


Current version of the code is ASTEC V2.0 that was 
delivered in June 2010. It is used for a broad set of 
applications including as already mentioned the 
interpretation of experiments, safety plant analysis, the 
assessment of accident management procedures, source 
term evaluations, level 2 probabilistic safety assessment 
(PSA2). In short future, ASTEC will be one of the tools 
available for the crisis management teams of IRSN. 
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This article starts with a description of the ASTEC 
code mainly focused on the modules dedicated to FP 
behaviour modelling detailing the way modules need to be 
coupled  to each other. Then an example of source term 
computation with the current version of ASTEC V2.0 for 
an accident sequence on a model nuclear reactor close to 
the French PWR 1300MWe is presented. Results of this 
source term evaluation are analysed in light of the 
knowledge of the level of accuracy of FP behaviour 
models. Finally they are compared with results obtained by 
computing the same accident sequence but with an 
advanced version of ASTEC that includes the first kinetic 
chemistry models for iodine in the RCS developed in the 
frame of the ISTP/CHIP program. This version also 
extends the domain of application of SOPHAEROS not 
only to the RCS but also to the containment so that 
heterogeneous interactions of FPs in both aerosols and 
vapour phase in the containment are considered.  
 


II. DESCRIPTION OF ASTEC CODE 
 


ASTEC2 is composed of a set of modules, as 
illustrated in Fig. 1; each module is dedicated to model a 
region of the reactor or a set of phenomena. 


 


 
Fig. 1 : ASTEC overview 


 


II A RCS thermal hydraulics: 


The CESAR module describes the two-phase thermal 
hydraulics in the RCS. CESAR simulates the whole front-
end phase in the vessel (with a simplified core modelling 
without relocation of molten materials). The physical 
models were derived from the reference French CATHARE 
thermal hydraulics code. Two phases are considered: water 
and gas (steam + non-condensable gases). Evolution of the 


following state variables is modelled: total pressure, void 
fraction, gas enthalpy, water enthalpy, partial pressure of 
non condensable gases, and gas velocity. The RCS is 
nodalized in volumes (one mesh), either homogeneous or 
with a swollen level, in axial meshed volumes and in 
junctions.  


 


II B Core degradation and fission product release 


The ICARE module3 is in charge of in-vessel core 
degradation. It computes the behaviour of in-vessel 
structure, the formation and evolution of liquid and solid 
mixtures, the chemical reaction between materials and the 
thermal hydraulics of water and non condensable gas 
(hydrogen) in the vessel. During the advanced degradation 
phase, debris and molten pool and crust can be formed 
inside the core. Specific models (porous media approach, 
axial radiation in cavities) are activated dynamically. 
Molten materials can also be relocated in the lower head. 
Fragmentation of corium slump into the water is calculated. 
Evolution of molten pool and debris is also modelled as 
well as the melt-through and creep or plastic rupture of the 
vessel lower head. 


 


II C Fission product and aerosol behaviour in RCS 


The ELSA module evaluates the FPs release from 
degraded fuel depending on thermal hydraulics conditions. 
ELSA calculates the release of FPs, actinides, and 
structural materials (Ag, In, Cd, Sn, etc.) from the core. 
The semi-empirical models of ELSA consider FPs into 
three different classes (volatile such as I or Cs, semi-
volatile such as Ba or Mo, and non-volatile such as U or 
La) for solid fuel (intact rods, debris). The module also 
simulates the release of structure materials such as Sn, Fe, 
and Ni. Release from a corium molten pool is also 
modelled. 


The SOPHAEROS module4 models the FPs behaviour 
through the RCS. The involved phenomena depend on the 
nature of the compounds which can be present either in 
vapour/gas forms or on aerosols form. In the vapour phase, 
speciation is computed assuming a thermodynamic 
equilibrium with around 800 species. Vapour 
condensation/revaporisation and chemisorption on walls 
are also computed. The aerosols are formed by 
homogeneous and heterogeneous nucleation of saturated 
vapours. SOPHAEROS computes aerosol transport. A 
sectional approach is used to give the aerosol size 
distribution. All main mecanisms governing aerosol 
behaviour are modelled. Aerosol size distribution can be 
modified by agglomeration processes (brownian, 
gravitational and turbulent). Aerosol retention is computed 
taking account of all major aerosol deposition mecanisms 
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(gravitational settling, brownian and turbulent diffusion, 
turbulent impaction, bend and contraction impaction, 
thermophoresis and diffusiophoresis). Aerosol resuspension 
is also modelled. Recently, kinetic reactions were 
introduced in SOPHAEROS.Those kinetics limitations 
have been identified after the PHEBUS program to have 
the strongest effect on the partition of iodine in between 
aerosol and gaseous form of iodine at the RCS breach. 
More details are provided in the fifth section devoted to 
prospects; indeed this part of the R&D on source term 
modelling is still in progress and the source term 
computations presented in this paper have been made 
assuming thermodynamical equilibrium for all the reactions 
in the RCS. 


 


II D  IODINE CHEMISTRY IN THE CONTAINMENT 


In the containment, FP chemistry is computed by the 
IODE module7. IODE is devoted to radiochemistry of 
fission products resulting from both β and γ radiation 
effects in the containment. Two specific elements are 
considered for radiological releases, iodine and ruthenium, 
due to their abilities to form volatile compounds. Iodine is 
a high contributor to the dose at short and mid-terms 
whereas ruthenium is at mid-term; the hazardous isotopes 
are respectively 131I for iodine and 103Ru plus 106Ru for 
ruthenium.  


For the accident sequence computed here, ruthenium 
reactions are not activated because in absence of air-ingress 
condition the mass of ruthenium able to reach the 
containment remains low as Ru metal and RuO2 are quite 
refractory. 


For iodine, a reactive scheme is modelled based on main 
global reactions, which can affect the overall behaviour of 
iodine. Three kinds of reaction are taken into account: the 
thermal reactions, the radiolytic reactions and finally the 
mass transfer phenomena. Hereafter a brief description of 
models used is provided.  


 


Thermal Reactions 


The aqueous reactions implemented are: 


- hydrolysis of I2 and RI (organic iodides) ; 


- disproportionation of HOI into I- and IO3- ; 


- oxidation of I- by O2 into I2 ;  


- oxidation of silver metal into Ag2O and next 
reactions between I- and I2 with Ag2O and Ag to 
form AgI ; 


- release of organic iodine from immerged paints. 


The gaseous reactions are the oxidation of I2 by ozone 
(O3) and release of organics from paints located in gas.  


 


 Radiolytic Reactions 


Radiolysis of water and moist air lead to the formation 
of radicals, OH° for instance or molecules, H2O2 for 
instance, which are very reactive with respect to iodine 
compounds. 


In liquid phase, iodide coming from the solubilisation of 
iodine aerosols settled is oxidised into molecular iodine, 
the reduction of IO3- into I2, the oxidation of organics 
radicals and next reaction between these radicals and I2 to 
form organic iodides assumed to be only methyl iodide 
(CH3I); and the radiolytic oxidation of methyl iodide into 
molecular iodine. 


In gas phase, the ozone formation, the heterogeneous 
formation of organic iodides from I2 adsorbed onto paints 
and the iodine the oxidation of CH3I and I2 into iodine 
oxides (IxOy). 


 


Mass Transfer 


The mass transfer phenomena considered are: 


- the transfer of volatile species (I2 and CH3I) 
between liquid and gas phases; 


- the adsorption/desorption of I2 onto paints; 


- the adsorption of O3 onto paints and steel walls; 


- the deposits of iodine oxides onto inner walls; 


- the capture of I2 in gas by alkaline droplets when 
the spray system is running. 


This reactive scheme has been validated on a large 
experimental database. It is illustrated on Fig. 2 
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Fig. 2 : Iodine chemistry overview 


  


II E Containment Thermal Hydraulics, FP/Aerosol 
behaviour 


The CPA (Containement Part of ASTEC) module 
simulates the containment thermal hydraulics and aerosol 
behaviour based on a lumped parameter approach. The 
containment can be nodalized with several 0-D zones 
connected by junctions and surrounded by walls. In each 
compartment, mass and energy balances are solved for 
water, steam and non-condensable gases, giving partial 
pressures, liquid and gas temperature, wall thermal gradient 
temperature. A specific module COVI is called by the 
module CPA to compute H2 and CO combustion and 
inflammability limit . 


CPA describes aerosol and FP transport and depletion 
through models based on the MAEROS approach6. The 
decay heat of gaseous and particulate FPs and their 
transport/depletion by the different hosts like water or walls 
in atmosphere or in sump are also calculated. 


All the systems like the CSS (Containment Spray 
System), recombiners, flap, rupture disk, present in a 
containment are also modelled. 


 


II F Decay Heat and Isotopes 


The ISODOP module simulates decay of FPs and 
actinide isotopes in different zones of the reactor. It starts 
the calculation with an initial isotope inventory provided by 
any other ASTEC module so that decay heat and activity in 
the core, in the RCS, in the containment, in auxiliary 
building and in the environment are computed in ASTEC. 


It is based on the database JEFF 3.1 containing the 
description and decay chains of 3800 isotopes  


The DOSE module is dedicated to the computation of 
the DOSE rate in the gas phase and due to FP deposited on 
walls of a compartment, using the location of the isotopes 
(in gas, in water or deposited on walls). This dose rate is 
used in the IODE module for the computation of radiolytic 
reactions. 


 


II G Direct Containment Heating 


The RUPUICUV module aims at evaluating direct 
containment heating (DCH). After vessel lower head 
rupture, corium is discharged at high temperature driven by 
primary pressure into the cavity. A part of corium could be 
entrained into the containment. This corium is oxidised by 
steam and air in the containment. The resulting H2 
production can induce a combustion which can lead to the 
failure of the containment.  


The CORIUM module simulates the behaviour of 
corium droplets in the containment atmosphere and sump. 


 


II H Molten Corium Concrete Interaction 


The MEDICIS module5 simulates molten-core concrete 
interaction (MCCI) with a lumped-parameter approach for 
corium layers and crusts. A multilayered concrete basemat 
can be represented. Corium remaining in the cavity 
interacts with substrate concrete leading to concrete 
ablation and release of incondensable gases (H2, CO, CO2) 
and steam into the containment. Most heat transfer 
correlations available in the literature between corium and 
concrete and between corium layers are implemented. 
Water injection upon the corium surface is accounted, 
including water ingression and melt eruption through the 
upper crust.  


II I  SYSTEMS 


All the systems involved in a nuclear plant are modelled 
in ASTEC and managed by the SYSINT module: 
accumulator, safety injection, refueling tank, valves, 
rupture doors, containment spray system. SYSINT allows 
to manage sequence scenarios by activating any kind of 
systems according to the evolution of any kind of sensors 
or parameters. 


 


 


 


 


III. COUPLING BETWEEN MODULES 
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One of the main advantages of the ASTEC structure is 
its high modularity. Indeed, modules can be used in a stand 
alone or coupled with other modules. In a coupled 
computation, modules are synchronised on a Macro-Time 
step ; for example, in case of a CESAR/CPA computation, 
CESAR needs the containment pressure for the evaluation 
of the mass flow rate at the break and CPA needs water, 
steam and H2 sources for the evaluation of the containment 
pressure. In this case, the containment pressure is used by 
CESAR in an explicit way on the macro-time step. 


Depending of the importance of the feedback, the 
modelling of the coupling is different. In case of 
CPA/MEDICIS coupling, in dry cavity, the heat exchange 
of the corium depends on the thermal hydraulics of the 
cavity, which links the corium exchange with the cavity 
atmosphere. Several types are available, depending on the 
nodalization of the radiation, but in all cases, a prediction 
of thermal hydraulics in cavity pitch is done in MEDICIS. 


A data base is used for the transferred variables between 
all the ASTEC modules. Modules store information in the 
database for other modules, restart, batch post-processing 
or on-line visualization. At the beginning of each macro-
time step, modules get information into the data base 
coming from the previous module. 


 


III A Coupling SOPHAEROS/CPA/IODE 


The SOPHAEROS module provides to CPA module the 
aerosols distribution and the amount of fission products 
entering into the containment. Basically, it is assumed that 
all FPs entering into the containment are in aerosol form. 
Therefore, CPA module computes aerosol behaviour and 
thus FPs behaviour. The amount of elemental iodine which 
reaches the sump part of containment due to aerosol 
settling and wall washing is the iodine source (I-) for the 
IODE module. Same computation is done for the silver. 


 


III B Coupling SOPHAEROS/CPA/ISODOP 


The SOPHAEROS and CPA module are in charge of 
element transport modelling i.e. without consideration of 
isotope. The ISODOP module computes the decay chains 
of all isotopes. Basic assumption of ISODOP is that two 
isotopes of the same FP element have the same transport 
rate; FPs transport rates being provided by SOPHAEROS 
and CPA. Mass evolution due to decay chain has been 
evaluated to remain negligible in the overall mass of each 
element (only a few percents) and no correction is made in 
SOPHAEROS and CPA due to radioactive decay. 
Nevertheless, it is essential to compute the radioactive 


decay of each isotope to evaluate its contribution to the 
specific activity of the element it belongs to. 


 


III C Coupling CPA/ISODOP/DOSE 


To compute the dose rate in a compartment of the 
containment, the DOSE module needs for the type and 
amount of elements deposited on walls, floors and 
remaining in the gas phase. Those values are provided by 
the CPA module whereas the ISODOP module furnishes the 
isotope inventories of each considered element.  


 


IV. SOURCE TERM EVALUATION IN A LOSS OF 
FEEDWATER IN STEAM GENERATOR (LFWSG) 


SEQUENCE ACCIDENT ON FRENCH PWR1300 MWe 


 


In this section, an integral severe accident computed by 
ASTEC is presented. A focus is done on iodine behaviour 
in the containment. First the accident scenario is detailed. 
Then one computation using the current reference version 
ASTEC V2.0 is done assuming thus that all FP’s are in 
aerosol form in containment. Results are compared taking 
into account the early iodine release from the RCS with a 
future version of ASTEC currently under development. 


 


IV. A LFWSG sequence scenario 


The accident transient is initiated by a failure of the 
steam generator (SG) feed-water at the secondary side. As 
a direct consequence on the primary circuit, the scram 
happens on the alarm signal “SG low level”. Given the 
supposed failure of the auxiliary feed-water system, the 
SGs empty out under the effect of the decay heat 
transmitted by the primary circuit. After their total 
emptying, the SGs do not cool anymore the reactor core. 
From this time, as the decay power is no longer evacuated, 
the primary fluid temperature increases, and consequently 
its volume mass. This leads to a pressurization until the 
threshold opening pressure of the Pressurizer Operated 
Relief Valve (PORV) is reached. The primary circuit then 
starts to empty out into the pressurizer relief tank. After this 
stage, the accident is similar to a loss of coolant accident 
through a pressurizer break which cannot be balanced 
neither by SG cooling nor by water injection, since the 
active emergency core cooling systems are supposed to be 
unavailable. In order to decrease primary pressure, the 
French procedure “H2” asks the operators to fully open the 
PORV (approximately 10 000 s after the initial event). 
From this time, the primary pressure goes on decreasing, 
until the accumulator discharge. The accumulators are 
isolated when the primary pressure becomes less than 15 
bars, in order to prevent nitrogen intrusion inside the 
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primary circuit. The water injected by accumulators allows 
re-watering of about half of the reactor active part of the 
core. However, after their isolation, irreversible core 
dewatering occurs, leading to core damage (Fig. 3). 


 


Fig. 3 : Primary pressure evolution 


The pressure in the containment increases due to water 
steam and H2 released by the primary circuit, and to the 
production of incondensable gases due to MCCI (see Fig. 
4):  


 


Fig. 4 : Containment pressure evolution 


 


The in-vessel H2 production is 900 kg. During MCCI, 
H2 produced is around 2500kg for 10 days but the high 
efficiency of recombiners does not allow reaching the 
inflammability limit. The CSS is not available in this 
scenario. 


The vessel rupture occurs around 23600s. There is no 
DCH due to a low vessel pressure The amount of corium 
which reaches the cavity is around 100t. The cavity 
basemat concrete is a limestone concrete. The evolution of 
axial and radial erosion is shown on Fig. 5. There is no 
basemat rupture after 10days. 


To prevent the containment rupture by a controlled 
depressurization, the opening of venting line on top of the 
dome including a sand bed filter is provided a soon as the 
containment pressure exceeds 5 bars (U5 French 
procedure). For this scenario, ASTEC predicts the U5 
venting line opening after 4.5 days. 


 


Fig. 5 : Axial and radial erosion during MCCI 


 


 


IV B LFWSG accident leakages 


In French PWR1300, several leakages paths from the 
containment to the environment are possible for FPs. FPs 
can be released by : 


- the direct unfiltered leak to environment due to wall 
porosity 


- the direct leak to auxiliary building and then to 
environment. Part of FPs is filtered , the rest being 
directly released due to auxiliary building leakages. 
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- the leak to the volume that exists in French 
PWR1300 between the two walls of the 
containment. In this case, FPs are filtered. 


- after U5 procedure, FPs are released and filtered 
from U5 sand bed filter. 


- after basemat rupture, a direct leak is possible in the 
environment through the ground water. 


All possible FP leakages paths are illustrated in Fig. 6. 
Filter efficiencies are user-defined parameters except for 
the sand bed filter for which aerosol filtration is computed 
using a specific model. 


 


 


 


Fig. 6 : Possible FP leakages in PWR1300 accident 


 


IV C Standard ASTEC Source Term computation 


In the standard ASTEC source term calculation of this 
scenario, all iodine arriving in the containment is assumed 
to be in aerosol form. Computing deposition and 
sedimentation, a part of aerosol is transferred into sump 
and converted into iodide. This iodide is a direct source for 
IODE module that computes all iodine reactions that 
depend on various parameters such as temperature, pH, 
dose rate as already detailed in section II. 


The evolution of the distribution of iodine species is 
computed; as illustrated in Fig. 7, in the first hours most of 
the iodine is in the gas phase but a rapid depletion of 
aerosols occurs. Then the main fraction of iodine is 
founded in the sump, either in liquid phase or adsorbed 
onto immerged paints.  


 


 


Fig. 7: Distribution of iodine inside the containment, 
(GAS : gas phase, SUMP : all sumps, PDRY : walls painted 
and dry; CDRY : dry concrete, PWET : wall painted and 
wet, AERO : aerosol phase) 


 


The species present in gas phase are shown on Fig. 8. 
Due to a rapid and efficient oxidation of molecular iodine 
and methyl iodide into iodine oxides, this last species is 
dominant in the atmosphere. The observed decrease of 
iodine oxides results from the nucleation of these species 
supposed to be non-volatile and next the fine particles that 
are formed are progressively deposited onto inner walls or 
settled. 


It is worth noticing some issues remain opened:  


• the kinetics of the oxidation reaction of molecular 
iodine and methyl iodide into iodine oxides have 
been determined but the characterization and 
especially the volatility of those oxides are currently 
the subject of R&D programs at IRSN and VTT 
(Finland).  


• CH3I formation from adsorbed iodine is the main 
source of organic iodine in the containment. Both 
the ISTP/EPICUR and ODCE/BIP programs are 
partly devoted to this issue. Experimental data is 
still expected from those programs on long term 
behaviour of adsorbed iodine; it will be used in the 
next future to develop a model in light of theoretical 
considerations of reactivity of paint molecule 
functions with iodine11. 
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Fig. 8: Standard source term computation: evolution of 
masses of molecular iodine I2, organic iodide CH3I and 
iodine oxides IOx in gas phase 


 


IV D Improved Source Term computation 


A first recent development in SOPHAEROS was to 
consider the iodine speciation at the break, i.e. a distinction 
is made between gas/vapours and aerosols at the break. As 
in standard version, the part of iodine aerosol is considered 
of the same manner whereas the fraction under gas form, 
HI and I mainly, represents a source of gas at the break. 
Hydrogen iodide and mono-atomic iodine in the 
atmosphere are supposed to be rapidly oxidised into I2,.  


In the standard computation, around 18kg of iodine is 
released at the break and considered in aerosol form in the 
containment. In this computation with this new 
SOPHAEROS development, the same value of 18kg of 
iodine is still transferred into the containment, but with the 
following speciation: 1.4kg under gaseous form (I, HI, I2, 
CH3I), 5.7kg under vapour form (CsI, Cs2I2, etc.) and 10.9 
kg under aerosol form. As expected, it leads to a 
significantly higher fraction of iodine in the containment 
gas phase during the early phase of the accident as 
displayed in Fig. 9.  


 
Fig. 9: Improved source term computation: evolution of 


masses of molecular iodine I2, organic iodide CH3I and 
iodine oxides IOx in gas phase 


 


In the environment, the iodine species mass ratio is also 
modified with an increase of iodine released (3 to 6 higher 
than in standard computation) . (Fig.10) especially at the 
beginning of the accident when a direct source of gaseous 
iodine is given at the break and can be immediately 
released in the environment.  
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Fig. 10 : molecular iodine I2, organic iodide CH3I and 
iodine oxides IOx mass ratio in the environment between 
standard and improved source term computation 


 


V PERSPECTIVES  


As already mentioned, determination of the kinetics of the 
chemical reactions involving iodine in the RCS is a key 
issue for the source term R&D that is the subject of the 
ongoing ISTP/CHIP program. The kinetic constants of the 
reactions of the {I,O,H} chemical system have been 
computed at IRSN using quantum chemistry tools and 
partly validated on both the PHEBUS and the ISTP/CHIP 
programs data. They have been introduced in a version 
under development of SOPHAEROS. This version 
computes vapour speciation using kinetic limitations for the 
{I,O,H} system which is fundamental for iodine whereas 
rest of the chemical reactions assumes that the 
thermodynamic equilibrium is reached. With this version 
under development of SOPHAEROS, computations of the 
PHEBUS tests have shown that the tendencies of iodine 
speciation between gaseous and aerosols form depending 
on the test conditions are well reproduced. Additional work 
of model development and validation is necessary to 
confirm those tendencies. More complex chemical systems 
including Cs, B and Mo are currently under investigation 
using quantum chemistry at IRSN and are the subject of 
experiments of the ISTP/CHIP program. With all these 
phenomena especially vapour-aerosol interaction, 
SOPHAEROS will include state of the art models for FP 
transport processes. Others perspectives on R&D 
modelling of FP behaviour during accident sequence are in 
the next future the interaction of iodine with paint and the 


characterisation (size, volatility, solvatation) of iodine. 
Others issues have been raised quite recently such as the 
stability of iodine aerosols under radiation, the release of 
FP deposits at long term when some plant accident 
management procedure has led to modify the chemical 
equilibrium, the behaviour of ruthenium during it transport 
in the RCS or improved models for filtration efficiency. 
They will be the subject of a new R&D program called 
STEM12 for Source Term Evaluation and Mitigation that 
has been proposed in the OECD framework with the IRSN 
as operating agent. 


 


 


Regarding ASTEC code, it has been demonstrated 
through that example that a source term calculation using 
all of ASTEC modules package was feasible, although one 
can choose not to activate  all of them ; regarding the 
present source term calculation, the CESAR and ICARE 
modules (devoted to core degradation and thermal 
hydraulics in the RCS), have been run once and their 
results used afterwards as boundary conditions for the FP 
behaviour modules (SOPHAEROS, CPA, ISODOP, IODE) 
and MCCI (MEDICIS) module.  


This enabled long term computations in reasonable 
amounts of time (7 hours CPU for 10 days simulated),  


In the case of a source term evaluation, the final relevant 
variable is the amount and the type of FPs that can be 
released to the environment, allowing further evaluation of 
effective doses outside the plant in order to elaborate 
optimized emergency plan and long term post accidental 
strategies.  


The final release on FP in the environment, as we saw 
previously, is the result of the multiple physical 
phenomena, among which there may be strong interactions. 
All the models have some uncertainties, which must 
therefore be taken into account in order to achieve high 
confidence level in the source term assessment for a given 
code degradation sequence. The reasonable CPU time 
necessary to ASTEC to perform one source term 
calculation allows uncertainty assessment, which will be 
performed in near future, by using SUNSET, the IRSN 
uncertainty propagation tool, recently coupled to the 
ASTEC code. SUNSET provides the ability to generate 
uncertain variable sampling, to launch the ASTEC code 
using this generated sampling, and to perform the relevant 
post-processing in order to get, for example, the percentiles 
of the relevant variables.  
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VI CONCLUSION 


The five experiments conducted during the PHEBUS-FP 
program have confirmed that the series of phenomena 
occurring during an accident in a nuclear plant is complex 
and must be considered globally to reach predictive 
evaluations of the amount, the type and the activity of 
fission products that can be released to the environment. 
Those values are crucial for safety assessment and 
emergency planning and management. Developing and 
validating accurate models for so many different 
phenomena required during the past decades and will still 
require in the next future wide international efforts. This 
also implies to maintain a numerical tool able to integrate 
models at the same time they are developed so that model 
improvement can be assessed in light of the gain in 
accuracy it provides on the whole source term evaluation, 
PHEBUS-FP results being a reference to do so. ASTEC 
code clearly benefits from the strong investment of IRSN in 
the source term evaluation problematic. It integrates 
models for all those phenomena, most of them being at the 
available state-of-the-art. Moreover user-friendly coupling 
of ASTEC with the uncertainty assessment tool SUNSET 
allows optimizing the R&D strategy of IRSN by directly 
determining on which models modelling efforts must be 
about in priority. The source term computations proposed 
in this presentation highlight those ASTEC capabilities but 
another interest is to emphasize the last fundamental issues 
that are still opened and are the subject of the programs 
ISTP and BIP and of the future STEM, BIP2 and THAI2 
programs proposed by France, Canada and Germany 
respectively in the OEDC framework. 
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Abstract – A steam explosion may occur when the molten material comes into contact with the 
coolant. Steam explosion experiments revealed important differences in the energy conversion 
efficiency among the melts. The differences observed in the experiments are due to the differences 
in the jet fragmentation, the melt droplet solidification and the void production. These are limiting 
processes in the steam explosion phenomenon and have to be modelled adequately in fuel-coolant 
interaction codes. The paper focuses on the modelling of the solidification effect. 


The solidification influence modelling in fuel-coolant interaction codes is strongly related to 
the modelling of the temperature profile inside the melt droplets and to the modelling of the 
mechanical effect of the formed crust on the fine fragmentation process. The aim of the performed 
research was to introduce an improved temperature profile modelling and a fragmentation 
criterion for partly solidified droplets. The fragmentation criterion was introduced with the 
modified Weber number and was validated on the experimental data. This dimensionless number 
considers the crust stiffness as a stabilizing force acting to retain the crust under the presence of 
hydrodynamic forces. 


A purpose of the research was to enable an improved solidification influence modelling in 
Eulerian fuel-coolant interaction codes. Two additional transported quantities based on the most 
important melt droplet features regarding the steam explosion phenomenon were introduced. 
Firstly, the crust stiffness was considered to be an important property. This enables the correct 
prediction of the amount of droplets participating in the fine fragmentation process during the 
explosion phase. Secondly, the heat flux from the droplet interior to the surface was considered to 
be an important feature because it enables to improve the surface temperature determination and 
reflects the history of the droplet cooling. Thus the void fraction prediction is improved. 


Finally, the general applicability of the proposed improved modelling and its potential for 
reliable extrapolations of experimental findings to reactor conditions was assessed. The 
simulations support the key role of the solidification in the steam explosion phenomenon. The use 
of the improved modelling enhances the geometrical extrapolation capabilities of fuel-coolant 
interaction codes to cover reactor cases. 


 
 


I. INTRODUCTION 
 
A steam explosion is a type of a fuel-coolant 


interaction (FCI), which results from the rapid and intense 
heat transfer that may follow the interaction between the 
molten material and the coolant1. The steam explosion 
phenomenon is divided into the premixing and the 
explosion phase. The premixing phase covers the 
interaction of the melt with the coolant prior the steam 
explosion. At the interaction the coolant vaporizes around 
the melt-coolant interface, creating a vapour film. The 
system may remain in the meta-stable state for a period 
ranging from a tenth of a second up to a few seconds. 


During this time the jet is fragmented into the melt droplets 
of the order of several mm in diameter, which may be 
further fragmented by the coarse break up process into 
melt droplets of the order of mm in diameter. If during the 
meta-stable state a local vapour film destabilization occurs, 
then the steam explosion may be triggered due to the melt-
coolant contact. The destabilization causes the fine 
fragmentation of the melt droplets into fragments of the 
order of some 10 µm in diameter. The fine fragmentation 
process rapidly increases the melt surface area, vaporizing 
more coolant and increasing the local vapour pressure. 
This fast vapour formation due to the fine fragmentation 
spatially propagates throughout the melt-coolant mixture 
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causing the whole region to become pressurized by the 
coolant vapour. Subsequently, the high pressure region 
behind the propagation front expands and performs work 
on its surrounding. The time scale for the steam explosion 
phase itself is in the order of ms. 


A steam explosion may occur during a hypothetical 
core melt accident in a nuclear power plant, when the 
molten corium interacts with water. Potentially severe 
dynamic loadings can jeopardize the containment integrity 
and can lead to radioactive material release into the 
environment. The understanding of the steam explosion 
phenomenon is therefore very important for nuclear safety. 


Steam explosion experiments have revealed important 
differences in behaviour among melts2. For example the 
steam explosion experiments performed in the KROTOS 
facility have shown that the explosion energy conversion 
efficiency for the corium melt (~0.1 %) is significantly 
lower than for the alumina melt (~1 %)3,4. Differences in 
the physical material properties are one of the probable 
reasons for the observed differences in the efficiency5. The 
differences in the material properties are causing 
differences in the jet fragmentation, the melt solidification 
and the void production during the premixing phase. The 
crust formation is believed to be one of the most decisive 
consequences of the material properties regarding the 
limitation of the steam explosion strength. The crust 
inhibits the fine fragmentation process of the melt droplets 
during the explosion phase and if the crust is thick enough 
it completely prevents it. The crust formation during the 
premixing phase in combination with the void production 
and the jet fragmentation could explain the observed 
differences in the explosion energy conversion efficiency 
between the alumina and corium melts. The scope of the 
study was to model the crust formation and the effect of 
the crust on the fine fragmentation process based on the 
knowledge of physical material properties. 


In the frame of the EU SARNET (Severe Accident 
Research NETwork of Excellence)6 and the OECD 
SERENA (Steam Explosion Resolution for Nuclear 
Applications)7 programmes, the role of solidification is 
identified as one of the major contributors to the 
uncertainties in FCI codes. Generally, homogeneous 
cooling of the melt droplets is used in FCI codes. The melt 
droplet solidification influence is then simply modelled by 
the comparison of the droplet bulk temperature with the 
melt solidification temperature. It is believed that in reality 
the temperature profile inside a melt droplet is not flat. 
Therefore, such simplified modelling is not accurate 
enough to examine the effect of the solidification on the 
steam explosion strength. Consequently, such FCI codes 
are not able to predict the observed differences in the 
explosion energy conversion efficiency among melt 
materials. 


Evidently, more accurate solidification influence 
models related to the modelling of the temperature profile 


inside the melt droplet and to the computation of the 
critical conditions for fine fragmentation are needed for 
FCI codes. The aim of the presented research was 
therefore: 
• to develop an improved solidification influence 


modelling (ISIM), 
• to develop an approach for the integration of ISIM 


into the Eulerian code MC3D8, which is being 
developed by IRSN, France, and it is a reference FCI 
code in the SARNET and SERENA programmes, 


• to asses the applicability of the developed ISIM 
approach on experimental data.  
 


II. IMPROVED SOLIDIFICATION INFLUENCE 
MODELLING 


 
In ISIM the temperature profile modelling and fine 


fragmentation criterion is considered. The purpose of the 
temperature profile modelling is to improve the knowledge 
about the melt droplet crust thickness and the surface 
temperature. The surface temperature defines the heat flux 
from the droplet to the surrounding and it is therefore 
influencing directly important FCI parameters, as the crust 
formation, the void fraction and the stability of the film 
surrounding the droplet surface. Further, the presence of 
the crust influences the ability of the droplet to fragment 
already before the droplet is significantly solidified. The 
comparative review of the FCI codes used for the 
SERENA calculations showed that none of the codes is 
computing the mechanical effect of the solid layer on the 
fragmentation9. 


 
II.A. Temperature Profile Modelling 


 
The melt droplet quenching depends on the processes 


of heat transfer inside the melt droplet and from the droplet 
to the surrounding. A typical droplet in the FCI 
experiments may be considered to be opaque for thermal 
radiation, i.e. the droplet is cooled by radiation only from 
its surface. In the mathematical-physical model it was 
considered that the heat transfer among the droplets is 
insignificant as compared to the local heat transfer from 
individual droplets and that the heat transfer inside the 
melt droplet is by heat conduction only. Also, it was 
assumed that the materials are eutectic and that the 
material properties are constant. 


By solving the equations of the mathematical-physical 
model, the temperature profile may be calculated. 
Analytical solutions exist only for specific initial and 
boundary conditions, which in general do not represent 
situations during the FCI phenomena. On the other hand a 
direct numerical solution of the model would increase the 
computational requirements of FCI codes too much. 
Therefore, it was suggested to apply the temperature 
profile approach. In the temperature profile approach, the 
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temperature profiles in different droplet layers are 
prescribed and the time development of the temperature 
profile parameters is analytically calculated. 


As seen in Fig. 1, the approach named melt droplets 
heat transfer model for opaque droplets (HTMOD), was 
introduced. The melt droplet with radius R was divided 
into the liquid part, where the temperature profile Tl is 
above the melting temperature Tm, and into the solid part, 
where the temperature profile Ts is below the melting 
temperature. The liquid part was further divided into a 
central and a boundary layer. 


 


 
 
Fig. 1. Temperature profiles used in HTMOD approach. 


 
The droplet with an initial uniform temperature is 


cooled at the droplet surface. The temperature conditions 
are progressing from the surface inside the droplet and 
therefore a temperature profile is being developed in the 
boundary layer. Beyond the boundary layer, inside the 
central layer, the uniform initial temperature profile is still 
maintained. In the δl thick boundary layer, a parabolic 
temperature profile was assumed. The parabolic profile 
represents the solution of the mathematical-physical model 
for a liquid opaque droplet assuming quasi-static 
conditions. With time, a crust is created on the droplet 
surface. The temperature profile in the δs thick crust layer 
on the droplet surface was considered to be linear for 
partly solidified droplets. The linear profile can be justified 
as long the crust is thin. Once the droplet is completely 
solid the parabolic profile was applied in the solid part. 


The temperature profiles are in general a function of 
four HTMOD parameters: the surface temperature Tsur, the 
central temperature Tcen, the crust layer thickness δs and the 
boundary layer thickness δl. To calculate the time 
development of these parameters the following 
mathematically closed system of equations with prescribed 
initial and boundary conditions is used: 
• the heat balance equation, 
• the boundary condition for the temperature profile 


gradient, which has to result in a heat flux equal to the 
surface heat flux, 


• the transient equation for the determination of the 
solid crust growth and 


• the initial droplet temperature. 


The HTMOD approach was validated on an accurate 
finite differences solution of the mathematical-physical 
model10. A qualitatively and quantitatively good agreement 
was achieved. 


 
II.B. Fine Fragmentation Criterion 


 
The steam explosion energy conversion efficiency 


depends on the melt droplet mass, which can be rapidly 
fine fragmented during the explosion process. The fine 
fragmentation occurs essentially due to the velocity 
difference between the melt droplets and the surrounding 
media. The velocity difference causes the growth of 
instabilities, which results in big enough deformations for 
the droplet fragmentation. Experiments revealed that not 
only liquid droplets but also partly solidified droplets can 
participate in the fine fragmentation process11,12. 


The ability of a melt droplet to undergo fragmentation 
depends on its surface conditions. For liquid droplets the 
surface tension is acting to retain the droplets form under 
the presence of hydrodynamic forces. For liquid droplets 
the Weber number is commonly used to characterize the 
ability of a droplet to be fragmented due to hydrodynamic 
forces: 


,
2


σ
ρ Dv


We relc=   (1) 


where ρc is the coolant density, vrel is the relative velocity 
between the droplet and the coolant, D is the diameter of 
the droplet and s is the surface tension. Once a crust is 
created on the droplet surface, the role of the surface 
tension is replaced by the stabilizing force of the crust. The 
application of the Weber number can be therefore extended 
beyond completely liquid conditions to generalize its use 
for characterizing the droplet fragmentation by relative 
flows. For the determination of conditions, when the 
relative flow is sufficient to fragment a droplet with a 
crust, a criterion based on the definition of the Weber 
number was proposed10. 


First, a number of assumptions were made. It was 
assumed that: the crust thickness does not vary across the 
droplet surface, the material properties of the crust are 
constant across the thickness, the deformations of the crust 
are small compared with the crust thickness and the 
relative crust thickness is small. For the crust thickness, 
which is significantly lower as compared with the melt 
droplet diameter, the thin plate approximation can be used 
to assess the mechanical effects of the crust. The crust 
stiffness is13: 
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which depends on the crust thickness δs, the Young 
modulus E and the Poisson ratio μ. The idea of the 
proposed criterion was to replace the stabilizing effect of 
the surface tension of liquids with the stabilizing effect of 
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the crust stiffness of solids. Thus the following definition 
of the modified Weber number was obtained: 


( ).1 2
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32
* μ


δ
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s
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E
Dv


We   (3) 


It is assumed that the use of the proposed modified 
Weber number as a criterion is appropriate for steam 
explosion simulations, because the final limitation of the 
fragmentation presumably occurs already for small relative 
crust thicknesses. The crust thicknesses around 100 µm 
used in the experiments performed by Bürger et al.11 were 
considered to be relevant for the validation of the proposed 
criterion. The experimental results indicate that at high 
enough relative velocities the fine fragmentation of the 
melt droplets is caused by shear flow instabilities. Fig. 2, 
shows the modified Weber number for droplets, which 
were locally or completely fragmented due to shear effects, 
in comparison to the modified Weber number for droplets, 
which were not fragmented at all or were just roughly 
fragmented. Based on the experimental results the critical 
modified Weber number for fine fragmentation is 
estimated to be between 1 and 5. The agreement between 
the modified Weber number and the experiments is not 
conclusive. The reason is in too few experiments and in the 
lack of information about the material properties. An 
additional reason for the discrepancy is the sensitivity of 
the modified Weber number on the crust thickness, where 
the experimental uncertainties were estimated to be the 
largest. New experimental data in the range of relevant 
crust thicknesses would be needed to additionally support 
the use of the modified Weber number as a criterion. 


0.10


1.00


10.00


100.00


70 90 110 130 150
δs [μm]


W
e*


fine no
We*=5 We*=1


 
Fig. 2. Map of modified Weber number for Wood metal droplets. 
The droplets are distinguished on being fine fragmented (fine) 
and on droplets not being fine fragmented (no). 
 


III. APPLICATION TO EXPLORING VERSION OF 
MC3D CODE 


 
The MC3D code is a multi-dimensional Eulerian FCI 


code8. With the Eulerian formulation the melt droplets are 
treated as a phase, which is homogenously distributed in 
each computational cell. Due to the inflow and outflow of 
the droplet phase in the computational cells, droplets with 
different properties are mixed. Droplets with average 


properties are thus present in each cell. The average 
droplet property values (e.g. surface temperature, crust 
thickness, surface area) have to be reconstructed in space 
and time. For the reconstruction the value of quantities 
which are calculated by the corresponding balance and the 
transport equations must be known. 


 
III.A. Transport Quantities 


 
The solidification influence modelling is based on the 


knowledge of the temperature profile inside the melt 
droplet. In ISIM, the HTMOD approach is used to define 
the conditions inside the melt droplets. For the 
reconstruction of the four HTMOD parameters and the 
droplet radius, a mathematically closed system of relations 
and conditions has to be defined and solved in the MC3D 
code. Considering that the temperature in the droplet can 
not exceed the initial melt temperature (i.e. initial 
condition), four relations are necessary for the 
reconstruction. In those relations the balance and the 
transport quantities are linked to the HTMOD parameters 
and the droplet radius. Two quantities are obtained with the 
solution of a given standard set of equations in MC3D, i.e. 
the internal droplet energy and the droplet surface area. 
Two additional transport quantities are required to close 
the system of relations. 


The additional transport quantities must reasonably 
characterize the most important melt droplet features 
regarding the FCI modelling. It was considered that the 
appropriate determination of the steam explosion strength 
is the most important goal of the MC3D code. The strength 
of the steam explosion depends on the mass of melt 
droplets, which can efficiently participate in the steam 
explosion that is the mass of droplets capable to undergo 
fine fragmentation in regions with enough water available 
for vaporization and for enabling the fine fragmentation 
process. Evidently, the introduced transport quantities are 
most appropriately defined: 
• if they improve the prediction of the melt droplets 


capability to be fine fragmented and 
• if they improve the prediction of the void fraction. 


As shown in Fig. 2, the capability of partly solidified 
droplets to undergo the fine fragmentation may be assessed 
with the modified Weber number. The modified Weber 
number considers the crust stiffness as a stabilizing force 
acting to retain the crust under the presence of 
hydrodynamic forces. Thus, one can consider the crust 
stiffness to be an important fundamental melt droplet 
property. The first transport quantity was therefore defined 
based on the crust stiffness definition given in Eq. (2): 
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where Vcell is the computational cell volume, N is the 
number of droplets in the cell. Vd and αd are the single 
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droplet volume and droplet volume fraction, respectively. 
The ability to undergo fragmentation is the highest when 
the transport quantity equals zero. 


In FCI modelling the proper determination of the heat 
transfer between the melt droplet and its surrounding is 
crucial. The heat transfer depends on the droplet surface 
area, the droplet surface temperature and the conditions in 
the droplet surrounding. The conditions on the droplet 
surface, which vary with time, are conducted inside the 
droplet. Consequently, the temperature profile reflects the 
history of the droplet cooling. With the HTMOD approach, 
the temperature profiles are pre-described. With such an 
approach, the gradient of the temperature profile at the 
droplet surface represent a measure of the average heat 
flux between the melt droplet and its surrounding in the 
recent period. The temperature gradient at the droplet 
surface therefore contains information about the droplets 
cooling and was used for the second transport quantity 
definition: 
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where ql and qs are the temperature gradient at the liquid 
and solid droplet surface, respectively. λ is the thermal 
conductivity. A favourable property of the second transport 
quantity is that it enables a stable reconstruction of the 
surface temperature and reflects the droplet recent cooling 
history. The improved surface temperature prediction also 
improves the prediction of the void fraction. 


 
III.B. Implementation of Transport Equations 


 
In MC3D a set of two modules with a common solver, 


one for the premixing phase and one for the explosion 
phase is used. The implementation of the transport 
equations for the introduced transport quantities is 
discussed therefore separately for the premixing and the 
explosion module. 


The premixing phase lasts from a tenth of a second up 
to a few seconds. The corresponding transport equations 
for both introduced transport quantities are: 
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  (6) 


where vd is the droplet velocity field. The considered 
source terms originate from: 
• The melt droplet quenching Γq. The droplet quenching 


source term model considers the cooling of the droplet 
due to the heat transfer. The quenching influences the 


temperature profile inside the droplet and is defined 
with the HTMOD approach. 


• The jet fragmentation  Γj. With jet fragmentation new 
melt droplets are being formed from the jet. In the 
source term model, it was assumed that new born 
liquid droplets are well mixed and therefore have a flat 
temperature profile. 


• The droplet coalescence Γc. Coalescence occurs when 
melt droplets interact among themselves or with the 
continuous jet field. It was assumed in the source term 
model that droplet coalescence is not allowed if a crust 
is present on the droplet surface. 


• The droplet fragmentation Γf. The melt droplet 
fragmentation process occurs once the criterion for 
fragmentation is satisfied. The use of the ordinary and 
modified Weber numbers was considered to be 
suitable for the fragmentation criterion of the 
completely liquid and partly solidified droplets 
respectively. In the source term model it was 
considered that the temperature profile changes 
proportionally to the change of the droplet size. 
The explosion phase itself lasts only about a few ms. 


The duration of the explosion phase is too short to 
influence importantly the temperature profile inside the 
melt droplets. Therefore, the development of the 
temperature profile during the explosion phase was not 
modelled. The main mode of heat exchange during the 
explosion phase is due to the fine fragmentation, which 
rapidly increases the melt surface area and the heat transfer 
from the fragments to water. Consequently, only the 
introduced transport quantity Eq. (4) which is related to the 
droplets fragmentation ability was considered. It is 
calculated by the corresponding transport equation: 


( ) ,ff
t δδ
δ Γ=Φ∇+


∂
Φ∂


dv   (6) 


where now in the source term the fine fragmentation of the 
droplet is taken into account. In the source term model it 
was considered that the fine fragments originate only from 
the surface layer of the droplet. The effect of the crust 
thickness on the fine fragmentation process is calculated 
with the modified Weber number, whereas for liquid 
droplets the Weber number criterion is used. 


 
III.C. Reconstruction Algorithm 


 
The purpose of the reconstruction algorithm is to 


synchronize reasonably HTMOD parameters with: the melt 
droplet internal energy, the melt droplet surface area, both 
introduced transport quantities and the initial melt 
temperature. 


The melt droplet surface area is used to define the 
droplet size. The crust thickness is determined from Eq. 
(4). The gradient of the temperature profile on the droplet 
surface is determined from Eq. (5). Finally, the HTMOD 
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parameters are analytically calculated in a way that the 
reconstructed HTMOD parameters also satisfy the droplet 
internal energy and initial condition. 


The reconstruction algorithm has to check at each time 
step in each computational cell if the reconstructed 
HTMOD parameters reflect physically reasonable 
conditions inside the droplet (e.g. central temperature is 
below initial temperature). Physically reasonable droplets 
are created when droplets exposed to similar histories are 
mixed. But, when mixing of droplets with different 
histories occurs, the reconstruction is not necessarily 
successful. Whenever the reconstruction is not successful, 
a flat temperature profile as the first averaging 
approximation is conservatively prescribed and the crust 
thickness is determined based on the internal droplet 
energy. 


 
III.D. Validation and Verification 


 
The ISIM approach was implemented into the MC3D 


code, version 3.6.1. The MC3D code with the implemented 
ISIM approach was declared as the exploring version of 
MC3D. The implementation of ISIM into the exploring 
version of MC3D required an additional validation and 
verification. The validation and verification was done in 
three steps, which cover numerical, reconstruction 
algorithm capability and physical tests. 


With the performed numerical tests, it was verified 
that the HTMOD approach and the assumptions used to 
define the source terms are appropriately implemented. In 
addition, the ability of the convective terms to transport 
properly the introduced transport quantities was validated. 


With the reconstruction capability tests, the successful 
reconstruction of the melt droplet properties, when 
droplets with similar temperature profiles are mixing, was 
verified. In case that the reconstruction is unsuccessful, 
which may happen if the temperature profiles of mixed 
droplets are too different, the flat temperature profile 
approximation is applied. The problem of the occasionally 
unsuccessful temperature profile reconstruction could be 
minimized by introducing groups of particles, which would 
reduce the possibility of mixing droplets with significantly 
different cooling histories. 


The proper implementation of the fragmentation 
criterion, which is based on the modified Weber number, 
was verified in the physical tests. 


 
IV. APPLICATION TO KROTOS EXPERIMENTS 


 
The KROTOS alumina and corium explosion 


experiments are considered to be relevant for the 
assessment of the ISIM approach. Among the performed 
explosion experiments in the KROTOS test facility (Fig. 
3), the integral alumina K44 and corium K53 experiments 
were chosen. As seen in Table I, these experiments were 


chosen because the energy efficiency in K44 was higher 
than in K53 despite the global void fraction at triggering 
was lower in K53 than in K44. By decreasing the void 
fraction the energy conversion efficiency is in general 
increased. So the weaker explosion with corium can not be 
attributed to the void effect but to the inhibiting influence 
of melt solidification. 


 
Fig. 3. Scheme of KROTOS facility3. 


 
TABLE I 


Initial conditions and main results14,15 


property K44 K53 
melt composition Al2O3 80wt% UO2 


20wt% ZrO2 
 mass 1.5 kg 3.1 kg 
 temperature 2673 K 3129 K 
 release 


diameter 
30 mm 30 mm 


 free fall in gas 0.44 m 0.44 m 
water height 1.105 m 1.105 m 


 temperature 363 K 290 K 
 sub-cooling 10 K 122 K 


vessel pressure 0.1 MPa 0.36 MPa 
 temperature 328 K 295 K 
 gas He He 


results void fraction 10.4 % 3 % 
 pressure up to 60 MPa up to 25 MPa 
 impulse up to 80 kPa.s up to 12 kPa.s 
 efficiency 2.48 % 0.05 % 
 


IV.A. Simulation 
 


The experiments were simulated with the exploring 
version of the MC3D code. Two parallel simulations were 
performed for each experiment to demonstrate the 
applicability of ISIM and its influence on the calculation 
results. The simulations of both experiments were 
performed with the improved (i.e. ISIM) and with the 
standard solidification model. In the standard MC3D 
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model the melt droplets solidification influence is taken 
into account by the comparison of the melt droplets bulk 
temperature with the melt solidification temperature. If the 
melt droplets bulk temperature is higher than the melting 
temperature the melt droplets are treated as liquid, 
allowing droplets fragmentation. For both experiments the 
same MC3D default or recommended numerical and model 
parameters values were reasonably used to focus mainly on 
the ISIM results. 


As seen in Fig. 4, the experiments were modelled in a 
simplified 2D geometry. The mesh was axial symmetrical 
and the cylindrical coordinates were used. The radius of 
the mesh was 0.223 m and the height was 1.68 m to keep 
the experimental free volume 0.23 m3. Based on the 
convergence analysis results the mesh size of 20x80 cells 
was chosen. The typical cell dimension in the test section 
was 7x20 mm2. 
 


 
Fig. 4. Calculation model. 


 
Based on the K44 and K53 experimental setup the jet 


release location in the premixing simulation was set to the 
level at 1.54 m. The diameter of the release was 30 mm 
and the initial jet release velocity was set to 1.5 m/s. The 
initial velocity was estimated from previous KROTOS 
experiments14. The fragmentation of the jet into the 
droplets during the premixing phase was modelled with the 
global model8. The applied constant jet fragmentation rate 
in the global model was deduced from the comparison to a 
standard case, where for the standard case typical 
conditions in the FARO experiments were chosen. The 
user parameter in the jet fragmentation rate calculation was 
estimated based on observation from different KROTOS 
experiments15. The size of the droplets created by the jet 
fragmentation with the global model was based on the 
KROTOS alumina and corium premixing experiments and 
was set to 15 mm for K44 and 2 mm for K5314,15. 


In the K44 simulation, the trigger was activated when 
the melt front penetrated till around 150 mm above the 
bottom of the test vessel, as in the test. In the K53 
simulation, the trigger was activated as in the test at the 
melt-bottom contact. During the fine fragmentation 
process, which follows the triggering, the melt is 
transferred from the droplet field to the fragment field. The 
fragmentation rate and fragments size were kept the same 
in the K44 and K53 simulations and were defined from 
alumina KROTOS simulations performed for the 
validation of the MC3D code16. 


 
IV.C. Results and Discussion 


 
The strength of the steam explosion depends on the 


mass of melt droplets, which can efficiently participate in 
the steam explosion that is the mass of droplets being 
capable to undergo fine fragmentation in regions with 
enough water available for vaporization and for enabling 
the fine fragmentation process. 


In Fig. 5 and Fig. 6 the results are shown for the 
performed premixing phase simulations. The results after 
the melt-bottom contact (~ 1.1 s in K44 and ~0.7 s in K53) 
show a significant decrease of the available mass. The 
decrease in the K44 results is due to the coalescence of the 
liquid melt mass on the bottom of the test section, whereas 
in the K53 results the decrease is due to the strong effect of 
solidification (Fig. 7). This decrease is of significant 
importance for the K53 explosion simulations, which are 
triggered at the melt-bottom contact. As seen in Fig. 6, a 
variation of the triggering time can have an important 
influence on the determination of the available mass. In the 
K53 simulations, the ISIM results show a decrease of the 
available mass if compared with the standard results. 


The explosion was triggered approximately at 1 s and 
at 0.7 s for K44 and K53 respectively. As seen in Fig. 5 
and Fig. 6, at the triggering time all of the melt is already 
totally relocated into the test section. In Fig. 8 the 
calculated pressure loads are given for the performed 
explosion phase simulations. The K44 simulations do not 
show any important difference between the ISIM and 
standard simulations, since at triggering time the crust has 
not started to grow yet (see Fig. 5). This is also in 
agreement with the results of the post-test debris analyses 
of the K44 experiment, where the debris distribution also 
suggested that all the melt mass was participating in the 
steam explosion process14. With the used standard and 
proposed values of the MC3D model parameters, MC3D is 
able to reproduce globally the strong event observed in the 
K44 experiment. The accordance is expected because the 
standard and proposed values were obtained based on the 
KROTOS alumina test simulations used to validate the 
models of the MC3D code16. On the other hand for the 
K53 experiment the ISIM simulation predicts a significant 
reduction of the pressure loads if compared with the  
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Fig. 5. K44 premixing results. Total droplet mass and mass of 
liquid melt droplets for standard (top) and ISIM (bottom) 
simulations. 
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Fig. 6. K53 premixing results. Top: total droplet mass and mass 
of liquid droplets for standard simulations. Bottom: mass of melt 
droplets for different crust thicknesses (e.g. <400: mass of 
droplets with a crust below 400 µm) for ISIM simulations. 


 
Fig. 7. K53 premixing results. Distribution of melt droplets 
(field) and crust thickness in μm (contour) for ISIM simulation. 
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Fig. 8. Explosion results. Comparison of calculated and measured 
pressure impulses for tests K44 (top) and K53 (bottom). 
 
standard results. As seen in Fig. 6, for ISIM calculations 
the available mass for fine fragmentation is significantly 
lower and consequently the loads are lower.  


The agreement of ISIM results with experimental 
measurements is reasonable good, what demonstrates that 
KROTOS alumina and corium experiments may be 
satisfactory simulated with the same set of model 
parameter values if the melt droplets solidification is 
correctly considered. With ISIM the important melt 
solidification effect is considered on a physically sound 
basis, what increases the extrapolation possibility of 
various experimental findings to reactor conditions and 
consequently the reliability of reactor simulations. 
 


IV. CONCLUSIONS 
 


The performed research presents a contribution to 
physically-based solidification influence modelling in the 
Eulerian FCI codes. It also examines the effect that the 
choice of the solidification modelling approach has on the 
simulation results of complex steam explosion 
experiments. 


In the paper the developed physically-based improved 
solidification influence modelling (ISIM) is presented 
ISIM is reasonably complex to consider adequately the 
effect of the melt material properties, but still simple 
enough to be applicable for the implementation into FCI 
codes. The proposed modelling of the temperature profile 
used to define the conditions inside the melt droplet during 
the premixing phase was proven to be adequate enough for 


conditions relevant to the FCI process. The temperature 
profile modelling provides the improved information about 
the most important droplet parameters – the crust 
formation and the surface temperature. The implication of 
the improved surface temperature knowledge into the heat 
transfer modelling improves the prediction of the void 
production during the premixing phase. Further, the 
implication of the improved crust thickness knowledge 
into the mass transfer modelling enables the prediction of 
the droplet mass, which can be fine fragmented during the 
explosion phase. To enable the modelling of the mass 
transfer the modified Weber number was introduced. The 
modified Weber number considers the strength of the crust 
to retain the droplet integrity under the presence of 
hydrodynamic forces. The relevance of the modified 
Weber number was supported by the current available 
experimental data. The introduction of the modified Weber 
number as a suitable fine fragmentation criterion in FCI 
conditions is considered to be an important contribution of 
the performed research. 


The successful application of the developed ISIM in 
FCI codes with an Eulerian description of the melt 
droplets, which is not straightforward, is a significant 
contribution of the performed study. With the Eulerian 
formulation, droplet cell averaging is inherently present 
due to convection and source terms. The average droplet 
property values have therefore to be reconstructed. For the 
reconstruction the balance and the transport quantities 
must be known. The ISIM implementation was optimized 
by the introduction of the transport quantities considering 
the most important melt droplet features regarding the FCI 
modelling. The introduced transport quantities enable an 
improved modelling of the amount of droplets 
participating in the fine fragmentation process during the 
explosion phase and an improved modelling of the void 
production during the premixing phase. To sum up, the 
introduced transport quantities enable an improvement of 
the determination of the steam explosion strength, which 
depends on the mass of the droplets being capable to 
undergo the fine fragmentation in regions with enough 
water available for the vaporization and for enabling the 
fine fragmentation process. With an appropriate choice of 
the transport quantities, the ISIM applicability could be 
also extended to other Eulerian multi-phase codes used to 
describe the processes in which the droplets characteristics 
are similar to the characteristics of the melt droplets used 
in steam explosion experiments. 


The applicability of the developed ISIM approach was 
assessed with the simulation of integral FCI explosion 
experiments. The assessment was performed with an 
exploring version of the MC3D code. From the presented 
simulation results the following conclusions may be 
drawn: the effect of solidification in alumina experiments 
is negligible, whereas for the simulation of corium 
experiments the ISIM approach has to be applied due to 
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the significant solidification. The results of the simulations 
performed in the study present additional evidence 
supporting the key role of the solidification in the steam 
explosion phenomenon. 


The implementation of the physically-based ISIM 
enhances the geometrical extrapolation capabilities of FCI 
codes to cover reactor cases, which is considered to be of 
utmost importance for reliable reactor simulations. 
Consequently, the study presents a step towards an 
improved risk assessment of steam explosions in nuclear 
power plants. 
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Abstract – The science of nuclear power plant accident analysis has progressed 
significantly and it is now possible to enhance the regulatory oversight of 
emergency preparedness through risk information and consequence analyses.  
The staff of the U.S. Nuclear Regulatory Commission has initiated a study to 
identify analytical techniques that could support a new regulatory regimen.  The 
staff has identified a spectrum of accidents that could be used to inform 
regulatory oversight.  Analytical tools and evacuation time estimate information 
would support significance assessment of emergency preparedness programs, as 
well as individual program elements.  


 
 


I. INTRODUCTION 


The science of nuclear power plant accident analysis 
has progressed significantly, and it is now possible to 
enhance the emergency preparedness (EP) regulatory 
structure through risk information and consequence 
analyses.  The staff of the U.S. Nuclear Regulatory 
Commission (NRC) has initiated a study to develop 
analytical techniques that could support a new regulatory 
regimen.  The NRC EP regulatory oversight regimen was 
promulgated in Title 10 of the U.S. Code of Federal 
Regulations in August 1980.  Those rules were drafted, 
offered for public comment, revised, and issued just 18 
months after the accident at the Three Mile Island nuclear 
power plant (NPP).  The rules ensure a high level of EP.  
Each NPP is routinely inspected for compliance with the 
rules and demonstrates biennially the ability to implement 
its plans.  The staff has determined that at each plant there 
is reasonable assurance that protective measures can and 
will be taken to protect public health and safety in the 
unlikely event of a serious nuclear accident.  The staff 
believes that EP at NPPs exceeds that of any other 
commercial enterprise. 


In 2000, the NRC updated the U.S. EP regulatory 
oversight regimen to include performance measures.  The 
NRC Reactor Oversight Process recognized the maturity of 
the industry, performance improvements, and the need to 


modernize oversight.  The update focused inspection on 
risk-significant areas of EP and created a “licensee 
response band” to allow the NPP operator to solve issues 
with low regulatory significance.  Regulatory oversight is 
maintained through critique of performance and review of 
the corrective action system.  Additionally, a significant 
rulemaking effort is currently underway to update 
requirements.  The staff expects the rule changes to be 
finalized in late 2011.  While the existing regulatory 
oversight regimen is protective of public health and safety, 
the staff is considering whether a more analytical treatment 
of the EP regulatory structure would be practical and 
beneficial. 


The NRC is working with Sandia National 
Laboratories to study this issue.  The goal of the study is to 
determine if a technical basis can be developed to support 
a new regulatory regimen that is more risk informed and 
performance based.  The study will identify the benefit of 
EP in terms of consequences avoided.  If successful, this 
technique will quantify the “value” of various elements of 
an EP program in order to focus resources on the most 
risk-significant areas.  The technique could also be used in 
significance determination for noncompliance issues.  An 
additional benefit would be a clearer statement of the 
protection provided by EP.  It may be possible to state 
consequence-based protective goals such as the following: 
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• In a severe nuclear power plant accident, members of 
the public who follow protective action direction will 
experience no early fatalities.  


• In a severe nuclear power plant accident, members of 
the public who follow protective action direction will 
experience no measurable increase in cancer fatalities. 


These statements would be based on consequence 
analyses, evacuation plans within the emergency planning 
zone (EPZ), analysis of the event response, and the 
assumption that the licensee and offsite response 
organizations implement their plans as they have 
repeatedly demonstrated to Federal inspectors in exercises 
(for over 20 years at most sites).  


II. REVIEW OF ACCIDENT SCENARIOS 


The current technical basis for NPP EP in the United 
States harkens back to the WASH-1400, “Reactor Safety 
Study”1.  Guidance documents such as NUREG-06542 and 
NUREG-03963 state that, for EP, NPPs must prepare to 
respond to a spectrum of accidents without specifying 
those accidents.  This basis was prudent given the state of 
knowledge in 1980.  Since then, NPP accident analysis has 
progressed significantly.   


The new study uses a reference boiling-water reactor 
(BWR) and pressurized-water reactor (PWR).  It has 
identified a spectrum of credible accidents for use in risk-
informing EP requirements.  Ideally, EP would be risk 
informed by the performance of a full Level 3 probabilistic 
risk assessment (PRA) for specific plants.  However, 
current Level 3 PRAs do not exist in the U.S.  Information 
from past Level 3 PRAs was combined with more current 
accident frequency and consequence analyses to identify a 
spectrum of severe accidents that is appropriate for use in 
developing an NPP regulatory oversight regimen.  The 
selected accidents include important risk contributors with 
credible frequencies.  The spectrum includes accidents 
initiated by random plant failures, external hazards such as 
earthquakes, and hostile action events.   


The study team reviewed a wide range of documents 
to identify the needed spectrum of accidents.  The 
documentation reviewed includes existing PRA 
documents, Individual Plant Examinations, and the 
Standardized Plant Accident Response models used for 
regulatory compliance issues.  In addition, broader 
perspectives for BWRs and PWRs were obtained from 
NRC and industry studies that generated a list of credible 
accidents for use in establishing emergency response.  
These studies include NUREG/CR-6953,4 EPRI-1015105,5 


and other documents that address consequences from 
severe accidents in existing light-water reactors. 


III. ACCIDENT SEQUENCE SELECTION 
CRITERIA 


Criteria were established for the selection of a 
spectrum of accidents. Probabilistic and deterministic 
related criteria were identified.  Deterministic criteria 
include the timing and magnitude of potential radionuclide 
releases.  Only accidents that result in relatively early 
radiological release are important from an emergency 
response perspective because of the extensive evacuation 
planning around NPPs.  Probabilistic criteria were used to 
eliminate scenarios below a practical frequency of 
occurrence, even though they may result in significant 
releases.  Frequency criteria were established to address 
the frequency of accident initiating events, accident 
sequences resulting in core damage, and the frequency of 
radioactive release.  Random, internal initiating events that 
are very low in frequency were eliminated from 
consideration.  Similarly, extremely unlikely external 
hazards were also eliminated.  Typically, PRAs use an 
initiating event frequency and hazard truncation value of 
1x10-7/year to eliminate initiating events and external 
hazards from consideration.  The American Society of 
Mechanical Engineers/American Nuclear Society 
(ASME/ANS) PRA standard6 indicates that this is an 
acceptable screening value. 


NPPs use many safety systems designed to mitigate 
accident scenarios.  Non-safety systems are also available 
for accident mitigation.  Although an accident initiator may 
have a relatively high frequency of occurrence, mitigating 
systems reduce the potential for core damage and 
radioactive release.  PRAs evaluate the potential for failure 
of mitigating systems following accident initiating events 
that could result in core damage or radioactive material 
release.  Level 1 PRAs evaluate the potential for core 
damage, and Level 2 PRAs extend the analysis to the 
evaluation of radioactive release.  Most existing PRAs are 
Level 1 PRAs and thus only evaluate core damage 
frequency (CDF) and large early release frequency (LERF) 
because these are two metrics used in current risk-
informed regulatory applications.  The NRC uses a CDF 
value of 1x10-6/yr and an LERF value of 1x10-7/yr in 
regulatory guidance, such as Regulatory Guide 1.174,7 as a 
threshold for non-significant changes with respect to CDF 
and LERF, respectively.   


International and U.S. standards were reviewed for 
consideration of an accident frequency truncation value 
appropriate for use in risk-informing EP oversight.  A  
1x10-7/yr criterion was recommended for all levels of 
accident delineation (core damage sequences to accident 
progression bin frequencies).  This relatively low criterion 
is equal to or below most criteria currently in use in the 
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United States and abroad and it was used for eliminating 
accident scenario types from consideration. 


Accident scenarios can be initiated by random failures, 
external hazards, and hostile action (e.g., armed attack).  
These events can occur while the plant is at power, shut 
down, or refueling.  The magnitude of the radioactive 
release, the timing of the release, and the potential for 
affecting emergency response differ for each scenario.  A 
credible spectrum of accident scenarios should encompass 
different plant operating states and hazards.   


The study team undertook a broad review of the types 
of accident sequences that are important with respect to 
various risk measures, including core damage, containment 
failure, and source terms.  The majority of the information 
used is related to the two reference plants chosen, but the 
information provided covers a broader spectrum of plants. 


The set of credible accident scenarios does not 
necessarily bound the worst case imaginable, but 
represents a set of scenarios appropriate for regulatory 
oversight purposes.  A truncation value of 1x10-7/yr was 
used in identifying a spectrum of accidents with early 
release of various magnitudes.  The following additional 
criteria were used in selecting the appropriate accident 
scenarios: 


• Accident sequences that can be caused by random 
failures, external events, or hostile actions should be 
selected to reduce the number of scenarios requiring 
detailed evaluation. 


• Similarly, accident sequences that provide similar 
source terms for both PWRs and BWRs and for 
different operating ranges should be considered in 
order to reduce the number of scenarios requiring 
evaluation. 


• The accident sequences should reflect important 
scenarios for similar plant types and, to the extent 
possible, all PWRs and BWRs. 


• The selected scenarios should reflect the most recent 
information available with regard to frequency and 
importance to risk.   


• Early release sequences should be emphasized as they 
provide the greatest challenge to emergency response. 


• It is desirable to include accident sequences evaluated 
in industry risk-informed EP studies in order to 
compare the results and insights. 


• Accident sequences that have been recently analyzed 
in other evaluations should be selected. 


Table I presents a preliminary set of accident 
sequences recommended for use in a regulatory oversight 
regimen.  All of the sequences selected result in relatively 
early releases.  Long-term scenarios were considered but 
were eliminated as sufficient time would be available to 
complete necessary emergency response actions.  
Similarly, the recommended sequences would result in 
substantial releases of radionuclides because of either 
containment failure or bypass.  Scenarios involving only 
containment leakage were not considered because of the 
small source term.  Each of the selected sequences could 
be caused by multiple hazards or by hostile action.  For 
some of the scenarios, it is recommended that hostile 
action be assumed to change the timing of events. 


A low-power accident sequence involving a drain 
down of the reactor vessel while the containment is open 
may also be considered.  The recommended drain down 
scenarios would occur when the vessel level has been 
lowered and would involve either diversion of the reactor 
coolant system or a break in the Residual Heat Removal 
system (RHR) line.  Of course, emergency core cooling 
system failures would also have to occur. 
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TABLE I  


Recommended Accident Sequences 
 


 


 


Accident Scenario 


Selection Criteria 


Accident 
can be 


caused by 
multiple 
hazards? 


Accident 
applicable 


to other 
plants? 


Scenario 
important 
in recent 
models/ 
studies? 


Sequence 
reflects 
early 


release 
potential? 


Sequence 
included in 


industry 
studies? 


Recent 
MELCOR 
analysis of 
sequence? 


PWR 


Short-term SBO, 
immediate loss of TDAFW, 
consequential SGTR  


Y Y Y Y Y Y 


Large LOCA, failure of 
coolant injection, early 
containment failure 


Y Y Y Y Y Y  


LPSD (drain down through 
RHR system) 


Y Y Y Y Y N 


BWR 


Short-term SBO (with 
SORV), failure of turbine-
driven systems 


Y Y Y Y Y Y 


ISLOCA Y Y Y Y Y N 


LPSD (drain down through 
RHR system) 


Y Y Y Y Y N 
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IV. MODELING OF EMERGENCY 
RESPONSE 


The NRC uses the MACCS2 computer code8 to 
estimate the consequences of reactor accidents.  The code 
estimates dose to groups in the surrounding population and 
allows emergency response to be modeled in some detail.  
The NRC staff (with support from Sandia National 
Laboratories) has advanced consequence modeling through 
the integration of detailed emergency response actions with 
accidental radiological release modeling. 


EP programs for NPPs are designed to protect public 
health and safety in the event of a radiological accident.  
They are a required defense-in-depth measure for use in 
responding to the unlikely event of a serious accident.  
Emergency plans describe the EP infrastructure, response 
actions, and the timing of decision making by the NPP 
staff and the supporting offsite response organizations.  
The NRC and the Federal Emergency Management 
Agency approve these plans and inspect implementation 
regularly.  Demonstration exercises are performed and 
inspected biennially.  This fixed regulatory framework 
provides a reasonable basis for assumptions in emergency 
response modeling.   


Modeling of emergency response was based on site-
specific emergency planning and on research into public 
response to nonnuclear emergencies.  This information was 
used to develop the MACCS2 consequence analyses for 
the identified accident scenarios.  For each accident 
scenario, evacuation of the plume exposure pathway EPZ 
was assessed.  This included consideration of a shadow 
evacuation to a distance of 32 km (20 miles) from the 
plant.  Detailed information found in offsite response 
organizations’ plans and procedures was used to model the 
timing of protective action decision making and the 
response of various population segments. 


Response activities escalate in accordance with a 
classification scheme based on emergency action levels 
that generally reflect the plant damage state or threat.  
Preplanned actions are implemented at each classification 
level including Unusual Event, Alert, Site Area Emergency 
(SAE), and General Emergency (GE).  Public protective 
actions are required at the GE level, but plans commonly 
include precautionary protective actions at the SAE level.  
For example, sirens may be sounded at the SAE level to 
inform the public that an incident has occurred and that 
they should monitor emergency alert system stations for 
updated information. 


Several population cohorts were modeled (a cohort is 
a population group that mobilizes or moves differently 
from other population groups):   


• Cohort 1:  0 to 16 Public.  The public residing within 
the 16 km EPZ. 


• Cohort 2:  16 to 32 Shadow.  The shadow evacuation 
from the 16-to-32-km area beyond the EPZ.  A 
shadow evacuation occurs when members of the 
public evacuate from areas that are not under official 
evacuation orders and generally begins when a large-
scale evacuation is ordered. 


• Cohort 3:  Schools and 0 to 16 Shadow.  Elementary, 
middle, and high school student populations within the 
EPZ.  A shadow evacuation from within the EPZ is 
included with this cohort because it has similar 
movement characteristics.   


• Cohort 4:  0 to 16 Special Facilities.  Residents of 
hospitals, nursing homes, assisted living communities, 
and prisons. 


• Cohort 5:  0 to 16 Tail.  The last 10 percent of the 
public to evacuate from the 16 km EPZ. 


The total population for the 0-to-32 km area was 
obtained from U.S. census data.  NRC regulations require 
that each NPP develop an evacuation time estimate (ETE) 
for the EPZ.  A typical ETE includes many evacuation 
scenarios for normal and off-normal conditions and is used 
to develop evacuation strategies.  The ETE study also 
provides population characteristics, public mobilization 
times, special facilities, transportation infrastructure, and 
other information useful in modeling offsite response.  In 
general, a normal weather, winter weekday scenario was 
used because it presents several challenges (e.g., schools 
are in session and residents are at work).  The ETE 
includes mobilization activities that the public undertakes 
when first notified of the incident, including receiving the 
warning; verifying information; gathering children, pets, 
belongings, etc.; packing; securing the home; and other 
evacuation preparations.  Thus, a 5-hour ETE does not 
indicate that all of the vehicles are en route for 5 hours but, 
rather, that there is a 5-hour period in which the public is 
mobilizing and evacuating the area.  MACCS2 cohorts are 
modeled to begin evacuating at a specific time after 
notification.  


The study identified the elements of emergency 
response, actions to notify the public, and the emergency 
classifications the NPP staff would declare based on the 
accident progress.  Figure 1 depicts these elements.  The 
timing of response events is used to populate MACCS2 
parameters that model the movement of the various 
cohorts.   
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Fig. 1.  Emergency response timeline. 


 
Accident progression, source term, release timing, 


evacuation parameters, and travel times are input to the 
consequence calculation.  MACCS2 output provides the 
risk to individuals of early fatalities and latent cancer 
fatalities conditional upon the accident.   


V. POTENTIAL REGULATORY USES 


This technique may eventually provide a basis for a 
regulatory oversight regimen, but at the least, it allows an 
estimate of the value of EP programs in terms of avoided 


consequences, conditional upon the suite of accidents 
identified.  The NRC has studied9 numerous major 
evacuations within the United States.  Many of these 
evacuations were performed on an ad hoc basis without 
much preplanning.  Ad hoc evacuations can be modeled 
and the data used to populate an MACCS2 calculation for 
the various accident scenarios identified.  A comparison of 
output is an estimate of the avoided consequences (or more 
plainly the benefit) provided by an EP program.   
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Fig 2.  Ad hoc emergency response model. 
 


Another potential use for the technique would be in 
the significance determination of noncompliance issues.  
For example, if sirens were not maintained in a given area, 
the impact on timely alerting of the population and 
subsequent evacuation could be estimated and measured.  
While all sirens must be operational, the difference in risk 
value between those close to the plant and those further 
away could be quantified.  Other elements of the EP 
program could be similarly parsed.  Although estimating 
the impact of some elements would not be as 
straightforward as the public alert and notification 
capability, weighting factors could be developed.  If 
responders are not trained and drilled, they would be less 
effective in response.  Perhaps a delay factor could be 
assessed to estimate the impact.  The consequence analyses 
would be performed and compared with the baseline case 
of total compliance.   


The benefit or detriment of adding or subtracting 
program elements could be similarly assessed to determine 
the significance of changes.  This could replace the current 


process for determining the acceptability of EP plan 
changes with a more analytical method. 


Although the suite of accidents would be specified 
nationwide, the technique would be based on site-specific 
emergency plans and ETEs.  This would allow regulatory 
determinations to be informed against the actual 
population at risk, the effectiveness of the evacuation plans 
and alert and notification systems, and the efficacy of the 
roadway network supporting evacuation.   


VI. CONCLUSIONS 


The NRC staff is pursuing methods to analytically 
determine the value of NPP EP programs and to consider 
improvements in regulatory oversight by calculating 
relative consequences.  No changes to regulatory oversight 
are immediately planned, and the study’s goal is to 
determine the feasibility of analysis techniques to affect the 
regulatory structure.  
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Abstract – The prevention of fatigue damages is to be considered as a crucial issue in the view of changing boundary 
conditions: modification of the code based approaches, lifetime extension, new plants with scheduled operating periods of 60 
years (e.g. ATMEA1™, EPR™ and KERENA™) and improvement of disposability. The AREVA fatigue concept (AFC) 
provides for a multi-step and multi-disciplinary process (process engineering, fatigue monitoring, fatigue analyses, etc.) 
against fatigue in the design and construction phase and also during the entire operation cycle of nuclear power plants 
(NPPs). The ensuing fatigue analyses are based on the real operational loads measured continuously on site in the plant. The 
entire process of fatigue design is based on an installed fatigue monitoring system, the FAMOS. This way, realistic load data 
are available. This system enables a reliable and realistic fatigue assessment of stressed components. FAMOS, as the central 
module of the AFC, contributes critically to the management of the component ageing problem and enables the identification 
of operating modes unfavorable to fatigue. Moreover, code conforming fatigue usage factors can be determined for the 
lifetime of the plant.  


The direct processing of the measured temperatures is immediately used for a fast fatigue evaluation (FFE). By means of 
FFE, the inverse thermal field at the inner surface of the pipe is calculated and transferred from measuring location to the 
component of concern for stress calculation. Then, a real time fatigue evaluation of the cumulative usage factor (CUF) can 
be performed after every operational cycle. This procedure is highly automated and gives a first fatigue status of the power 
plant.  


In the framework of the periodic safety inspection (PSI), a detailed fatigue calculation conforming to the code rules is 
carried out in order to determine the current state of the plant. This detailed fatigue check is based on the real loads 
(specification of thermal transient loads) and finite element analyses (FEA) in connection with the local strain approach to 
design against fatigue. These FEA always include transient thermal determination of the temperature field and subsequent 
determination of stresses and strains. The latter analyses may consist of simplified elastic or of fully elastic-plastic analyses.  


As a conclusion, the AFC is a modern lifetime management concept for fatigue assessment based on realistic plant data 
retrieved by FAMOS. It enables the realistic estimation of service loads, follow up of fatigue tendencies and code compliant 
fatigue checks. The essential benefits for the customer to apply the AFC are readily recognized. Locations of potential fatigue 
failure are reliably identified and all efforts can be concentrated on these fatigue critical components. Thus, costs for 
inspection can be essentially streamlined with the prerequisite of implementing the temperature measurement system FAMOS 
in the power plant.  


8







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11027 


 


I. INTRODUCTION 


Within the continuously accompanying licensing process 
for NPPs until the end of their operational lifetime, the 
ageing and lifetime management plays a key role. Here, one 
of the main tasks is to assure structural integrity of the 
systems’ components. With the help of the AFC, a powerful 
method is available. The AFC provides different code 
conforming fatigue analyses based on realistic loads. In 
light of the tightening fatigue codes and standards, the urge 
is clearly present that, in order to still be able to comply 
with these new boundaries, margins which are still 
embedded within most of the fatigue analyses in use, have 
to be reduced. Moreover, thermal conditions and chemical 
composition of the fluid inside the piping system influences 
the allowable fatigue levels, which have come under 
extensive review due to the consideration of 
environmentally assisted fatigue (EAF) as proposed in the 
report [ 3]. Therefore, for highly loaded components, some 
new and improved stress and fatigue evaluation methods, 
not overly conservative, are needed to meet the 
increasingly stringent allowable fatigue levels. In this 
context, FAMOS, hub of AFC, is able to monitor and 
record the real local operating loads. Moreover it 
establishes a basis for reproducing realistic fatigue 
scenarios of components as indicated in [ 8].  


The different modules of the AFC, are schematically 
represented in Figure 1. 


 


Figure 1: Modules of the AREVA fatigue concept (AFC) 


 
II DESIGN ANALYSIS BEFORE OPERATION 


Before commissioning and operation of the plant, a 
catalogue of thermal transients is compiled. These thermal 
transients are considered as design transients in contrast 
with the real transients based on temperature measured 
during operation. In the past, the anticipated transients were 
covering 40 years of plant operation. Now, the period to be 
covered is 60 years. Moreover, the specification is done for 


normal, upset, emergency and testing conditions. The 
design thermal transients are specified according to 
different plant models and experiences. They should be 
always conservative concerning frequency of occurrences, 
temperature range, rate of temperature change and load 
type (thermal stratification, thermal shock). Due to this 
conservatism, the usage factor calculated in the design 
phase, under normal circumstances, will be more severe 
than the results of the detailed fatigue calculation 
performed at a later operation stage taking into account the 
real operational thermal loads. As a consequence, usage 
factors around 1.0 are still tolerable in the design phase. 
They indicate the fatigue sensitive positions. These 
locations are selected for future instrumentation and non-
destructive testing. Some components design 
improvements, depending on the calculated fatigue usage 
factors, can also be taken into account at this early stage. 
Optimization of operating modes can also be considered. 


Thermal transients with low influence on fatigue behavior 
are identified as well. Depending on the different design 
codes [ 2], [ 6] and [ 9], some procedures can allow the 
exemption of non significant loads. In the end, the 
predicted fatigue usage factors, which were calculated with 
design transients, shall be verified and the fatigue status 
shall be updated during lifetime operation. 


 
III. FATIGUE MONITORING SYSTEM 


 
III.A. Development of FAMOS 


The acquisition of realistic operational data in the power 
plant is one essential pillar of the AFC. Its function is to 
determine the realistic thermal loads. The FAMOS was 
developed in the early eighties. At that time, German 
licensing authorities demanded for the realization of a 
comprehensive measurement program in the NPP 
Grafenrheinfeld. This was in order to get detailed 
information on the real component loadings during plant 
operation. This proved that the real operating conditions 
differed from the design data. It should be pointed out, that 
all measured data fell into admissible limits. At this 
occasion, the advantages of monitoring real operating loads 
and using the measured data as an input for fatigue analyses 
became obvious. Therefore, a sophisticated fatigue 
monitoring system was developed. As a consequence, many 
NPPs in Germany and all over the world were equipped 
with FAMOS, see also [ 5]. Table 1 gives the list of the 
power plants equipped with FAMOS. 
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Plants Power Country Location 


912 MWe Germany Isar 1 BWR 
926 MWe Germany Philippsburg 1 
1200 MWe Germany Biblis A 
1300 MWe Germany Biblis B 
485 MWe Netherlands Borssele 
1440 MWe Germany Brockdorf 
1400 MWe Germany Emsland 
970 MWe Switzerland Goesgen 
1345 MWe Germany Grafenrheinfeld 
1300 MWe Germany Grohnde 
1485 MW Germany Isar 2 
1395MWe Germany Neckarwestheim 2 
357 MWe Germany Obrigheim 
1468 MWe Germany Philippsburg 2 
672 MWe Germany Stade 
1066 MWe Spain Trillo 


PWR 


1410 MWe Germany Unterweser 
PHWR 750 MWe Argentina Atucha 2 


950 MWe Russia Kalinin 1 
440 MWe Russia Kola 1 
440 MWe Russia Kola 2 
440 MWe Bulgaria Kozloduy 4 
1000 MWe Bulgaria Kozloduy 5 
1000 MWe Bulgaria Kozloduy 6 
440 MWe Slovenia Mochovce 1 
440 MWe Slovenia Mochovce 2 
 Russia TACIS 91 


WWER 


 Russia TACIS 94 
1600 MW Finnland Olkiluoto 3 
1600 MW China Taishan 1 EPRTM 


1600 MW China Taishan 2 


Table 1: NPPs equipped with FAMOS 


Depending on each power plant a FAMOS manual is 
developed to identify the locations relevant to fatigue in the 
NPP. The instrumentation of these locations is specific for 
each plant and depends on the customer requirements. In 
the end, since 1988 FAMOS was installed in more than 20 
NPPs over the world. Depending on the plants, between 20 
and 50 measurement sections are instrumented with a 
specific amount of thermocouples. On the EPRTM Olkiluoto 
3 for example, 168 thermocouples are spread among 36 
measurement sections. 


Figure 2 shows the typical locations of measurement 
sections in a pressurized water reactor (PWR). Indeed, 
FAMOS gathers measurement sections, which are mostly 
located: 


• on the primary loops 
• on the surge line  
• on the spray lines  
• close to the regenerative heat exchanger (RHE) 


nozzles of the chemical and volume control system 
(CVCS) 


• close to the high pressure (HP) cooler nozzles of the 
CVCS 


• on the residual heat removal system (RHRS) lines 
• on the safety injection system (SIS) lines 


• close to the feedwater system (FWS) nozzles of the 
steam generator (SG) 


• close to the emergency feedwater system (EFWS) 
nozzles of the SG 


 
Figure 2: FAMOS measurement sections in a PWR 


The objectives of FAMOS are summarized here below: 
• To determine the fatigue status of the most highly 


stressed components 
• To identify and optimize the operating modes which 


are unfavourable to fatigue 
• To improve the catalogue of transients used at the 


design phase 
• To establish a basis for fatigue analysis based on 


realistic operating loads 
• To use the results for lifetime management and 


lifetime extension 
 


III.B.FAMOS Technology 


In the following, the technical bases of FAMOS are 
described. Figure 3 shows how the application of 
thermocouples at the outer surface of a pipe is performed.  


 


Figure 3: FAMOS principle 


    
Thermocouple  


Measuring tape    
Protection shell  


Measurement 
section 
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The FAMOS technology evolved over the years. In this 
regard, several FAMOS types were designed. Figure 4 
gives a radial representation of them, type 1, type 1+, type 
2 and type 3.  


 


Figure 4: FAMOS types 


Type 1 consists in a standard configuration and is made up 
of 2 metal tapes which have a width of 1.0 mm. One tape, 
called “carrier tape”, is supporting the thermocouples by 
means of slot weld. Whereas the other tape is pressing and 
tightening the thermocouples extremities close to the pipe 
surface. Currently, type 1 is installed in most of the German 
power plants. Some recent research and development 
(R&D) activities have enabled the development of an 
upgraded version of this type, the so called “type 1+”. This 
technology is optimized by means of an insulation layer, 
located between the thermocouples’ extremities and the 
pipe surface. This enables the reduction of heat dissipation 
through the pressing tape. Concerning the EPRTM, type 3 
will be installed. This type is made of a wider measuring 
tape on which the thermocouples are welded until their 
extremities. This technology proved an excellent thermal 
sensitivity during R&D tests. 


The different FAMOS measurement sections can be 
composed of seven or more thermocouples if some thermal 
events like stratification are suspected. However, in case of 
plug flow the application of only two thermocouples is 
sufficient, as represented in Figure 5. 


 


Figure 5: Measurement section depending on thermal event 


The engineering of FAMOS in a NPP starts with the 
generation of a FAMOS manual. This process contains a 
deep analysis to identify components relevant to fatigue in 
the primary, secondary, auxiliary and safeguards systems. 
To do so, design documents, operating experience and 
feedback from similar plants are considered. A 
measurement point plan is elaborated and all activities are 
coordinated with the plant operator and, if required, with 
independent experts. Then, the visual evaluation of the 
measurement is available online by means of the advanced 
“data viewer software”. This one allows not only to display 
temperature measurements but also to classify the 
corresponding gradients and to build up a so called “class 
transition matrix” relying on the Rainflow algorithm. 


Moreover, it is important to note that FAMOS should be 
installed in the power plant from the very beginning of 
operation, meaning the commissioning phase. Indeed, this 
phase is often characterized by the highest loads of the 
entire lifetime of the power plant. Getting the real 
measurements at this stage implies a consequent reduction 
of the fatigue usage factor when the later detailed fatigue 
calculation is required as explained in Figure 6. 


 


Figure 6: Development of fatigue usage factor considering 
local monitoring and improvements 
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By the use of realistic load data measured by FAMOS, 
several ways of stress and fatigue assessment are possible 
within the AFC methods. Indeed, three graded methods 
were developed fulfilling the different requests in terms of 
fatigue and this, with different means. The choice of one 
method depends on the expected degree of fatigue 
relevance and the expected grade of details in fatigue 
calculation. 


In the end, FAMOS is proved to be a reliable basis for the 
integrity concept, inspection plans and lifetime extension 
considerations. 
 


IV LOAD DATA EVELUATION 


The link between the measurements and the fatigue analysis 
is the specification of the thermal loads in order to compile 
the catalogue of transients. Therefore, the specific 
knowledge of system and process engineers is used in order 
to identify the relevant loads. This procedure consists also 
in a plausibility check of the available data. Indeed, 
through this process, implausible data are detected and 
adjusted. What is more, the plant staff is sensitised to the 
consequences of certain operational modes starting with the 
commissioning phase and over the whole operation of the 
plant. Besides, transients can significantly differ from one 
power plant to another due to the influence of many 
parameters and operation uncertainties. An overall load 
case compilation was carried out in German power plants 
for the different components belonging to primary, 
secondary, safeguard and auxiliary systems. 


The first step to specify thermal loads is the identification 
of operational events leading to relevant pressure or 
temperature transients. For these events, an appropriate 
number of model transients, which are conservative, is 
selected. Usually, these model transients are split up into 
subclasses. The next step consists in allocating all the 
relevant events of the considered lifetime period to the 
specified model transients. All the factors defining the 
model transients are also specified conservatively. This 
way, all allocated events must be covered. 


As the location of the measurements can not exactly 
coincide with the maximum stress locations, it is necessary 
to translate the measured temperature at the outer surface 
of the pipe to the inner surface of the pipe, at the exact 
fatigue sensitive location. Appropriate heat transfer 
coefficients need to be determined. Specific tools are used 
for the determination of these parameters. If hypothetical 
load cases must be considered as well, the experience of 
normal events must be transferred to these theoretical 
boundary conditions. Knowledge of the processes and the 
operation of the systems are essential. A spray event under 
emergency conditions, as an example, can be derived from 
a spray event during start-up of the plant. Obviously, the 


exchange of experiences and information between similar 
plants is synergetic and is a valuable aid in the permanent 
improvement of the entire process of load data evaluation. 
If the conditions are not identical, it is still possible to 
acquire additional information by transfer and rescaling to 
hypothetical boundary conditions. In the end, the quality 
and accuracy of the thermomechanical and fatigue analyses 
highly depends on the plausibility of the specified transient 
loads.  
 


IV SIMPLIFIED FATIGUE ESTIMATION 


The results of the temperature measurement are to be 
processed quickly in order to get a first estimation of the 
fatigue state. One important task before the simplified and 
automated evaluation is the verification of the acquired 
data. Detection and adjustment of implausible data are 
parts of this process. These plausibility and quality checks 
of the measured data have to be done by experienced 
specialists. The result is a preprocessed database for data 
evaluation and fatigue assessment. 


In the very first step of the simplified fatigue estimation 
(SFE), the changes of temperatures are subject to a 
Rainflow cycle counting algorithm, see [ 7]. In this process 
the temperature ranges at the locations of measurement are 
identified, counted and classified. These thermal load 
cycles are input data for a stress and fatigue assessment of 
the monitored components based on conservative analytical 
computation formulae. This rough real time fatigue 
estimation is done after every operational cycle and allows 
for a direct comparison of thermal loads and an evaluation 
of the current fatigue usage factor. The result of this SFE 
provides a qualitative tendency. Although the correlation of 
the real temperature ranges is fairly simple, it is suitable for 
a comparison of different real sequences of loads and 
allows for a qualitative evaluation of the mode of operation 
and the detection of fatigue critical locations. Furthermore, 
the investigation of the results allows for the detection of 
anomalies. 


 
V FAST FATIGUE EVALUATION 


With the help of the fast running SFE method, an overview 
of the fatigue level for every monitored component is 
given. For highly loaded components a more detailed 
method, the FFE, can be used to calculate the load factors 
in a more realistic way as indicated in [ 4]. This method 
uses FAMOS measured data from the outside surface of a 
pipe and can evaluate a fatigue level of the component for 
different thermal loads (plug flow, stratification). 


The measuring location of FAMOS is chosen close to a 
fatigue relevant component and the measurement sections 
installed at the outer surface of the pipe. Nevertheless, the 
points of interest are at the inner surface of the component. 
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Therefore, the calculated temperature at the inner surface 
of the pipe will be transferred to the inner surface of the 
component. The thermal load cycles are well known after 
that step and the stress time history are calculated with the 
Green’s function approach. This approach deals with 2 unit 
transients of +/- 100 K, which are used to scan the original 
temperature time history at each time step. By means of 
unit transients, stresses are calculated in all fatigue relevant 
locations, which are monitored with FAMOS. Pressure 
cycles will also be evaluated with the Green’s function 
approach.  


After the calculation of the equivalent stresses, the 
mechanical load cycles can be classified by the use of the 
Rainflow algorithm. Then, comparisons with the fatigue 
curve results in fatigue levels are performed for all relevant 
locations. 


Compared with the SFE, the conservatism is reduced. 
Moreover, an enveloping fatigue level can still be 
calculated. In other words, for highly loaded components, 
using the FFE method can provide a more realistic stress 
calculation and enveloping fatigue level calculation. 
Depending on the real number of load cycles, the new and 
more stringent code requirements can also be complied 
with. 


In the end, if the calculated fatigue usage factor is lower 
than the allowable limit, the fatigue check will be 
successfully finished. If not, further analyses will be 
performed, according to the detailed fatigue calculation. 


 
VI DETAILED FATIGUE CALCULATION 


The detailed fatigue calculation is usually carried out after 
a certain time period of plant operation, every ten years for 
instance. These analyses are performed in the framework of 
the PSI. Loading data of the operational period as well as 
anticipated loads of future operation are used as essential 
input parameters. Hence, usage factors are calculated for 
the current state of the plant and some prognoses are taken 
into account to get results until the end of life.  


The simplified elastic-plastic fatigue analysis based on 
elastic FEA and plasticity correction (fatigue penalty or 
strain concentration factors Ke) e.g. according to paragraph 
7.8.4 of [ 6] or equally NB 3228.5 of [ 2] is known to yield 
often overly conservative results. In the practical 
application this may yield high calculated usage factors. As 
a consequence, the less conservative elastic-plastic fatigue 
analysis method based on non-linear FEA will often be 
used for fatigue design within the commercial finite 
element code ANSYS [ 1]. This is associated with an 
increased calculation effort. Computing times for complex 
3D geometries and numerous transients may be significant. 
Under these circumstances the specified transients have to 


be rearranged in a small set of covering transients, 
approximately 10, for calculation purposes. 


The possible modification of design codes in respect of 
more severe fatigue curves and the consideration of 
environmental, surface, load sequence and other effects 
will significantly influence the code based fatigue design. 
Of course, these developments are attentively followed and 
actively accompanied; see “supporting functions” in Figure 
1. For the practical fatigue calculation process, 
conservative assumptions will have to be examined in order 
to compensate the more severe fatigue assessment 
approach. 


 
VII. CONCLUSIONS 


The AREVA integrated and sustainable concept of fatigue 
design expresses the importance of design against fatigue in 
NPPs. Actually, new plants with scheduled operating 
periods of 60 years, lifetime extension, the modification of 
the code based approaches and the improvement of 
operational availability are driving forces in this process. 
Therefore, applying the AFC is an expression of 
responsibility sense, as well as an economic requirement. 
Moreover, the fatigue concept is widely supported by 
measured data. Indeed, the results of the fatigue monitoring 
can be the basis for decisions of optimized operating modes 
and thus influence the fatigue usage factors.  


The main modules are the FAMOS, the first design analysis 
before operation, the load data evaluation, the SFE, the 
FFE and the detailed fatigue calculation. As all modules are 
closely connected, it is reasonable to apply the approach as 
a whole, with an additional cost reduction effect, compared 
to separate solutions. Thus, the integrated fatigue approach 
makes a significant contribution to the safety margins 
monitoring, the operational availability and the protection 
of investment. 
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NOMENCLATURE 


- AFC  AREVA Fatigue Concept 
- ASME American Society of Mechanical Engineers 
- CUF Cumulative Usage Factor 
- CVCS  Chemical and Volume Control System 
- EAF Environmentally Assisted Fatigue 
- EFWS  Emergency FeedWater System 
- FAMOS  FAtigue MOnitoring System 
- FEA  Finite Element Analyses 
- FFE  Fast Fatigue Evaluation 
- FWS  FeedWater System 
- HP   High Pressure 
- NPP  Nuclear Power Plant 
- PSI  Periodic Safety Inspection 
- PWR  Pressurized Water Reactor 
- R&D Research and Development 
- RHE  Regenerative Heat Exchanger 
- RHRS  Residual Heat Removal System 
- SFE Simplified Fatigue Estimation 
- SIS  Safety Injection System 
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Abstract – A conceptual design study and related R&D on a commercial-base large-scale Japan 
sodium-cooled fast reactor (JSFR) have been carried out in the framework of the fast reactor 
cycle technology development (FaCT) project. As a next generation plant, JSFR adopts a number 
of innovative technologies in order to achieve economic competitiveness, enhanced reliability and 
safety. This paper describes the current results of the ongoing conceptual design study on the 
JSFR core.  The most important point in the core design is to achieve a high core average burn-up 
around 150GWd/t, assuming the ODS steel utilization as the cladding material.  Another design 
target for the breeding ratio is intended to have some flexibility and is set at from around 1.0 to 
1.2 under the design philosophy of the compatible fuel assembly among them.  Also, the fuel 
composition is considered to have some variation based on the wide variety of the spent fuel 
composition expected to be treated during the LWR to FBR transition period.  The core design 
study performed in the FaCT project Phase-I during FY2006-2010 has clarified the feasibility of 
the JSFR core concept, which is based on the high internal conversion ratio type core using a 
large fuel rod diameter around 10 mm and satisfies a number of design targets and requirements 
including ones mentioned above.  


 
 


I. INTRODUCTION 
 
Since 2006, in Japan, a conceptual design study and 


related R&D on a commercial-base large-scale Japan 
sodium-cooled fast reactor (JSFR) have been carried out in 
the framework of the fast reactor cycle technology 
development (FaCT) project1.  As a next generation fast 
breeder reactor (FBR) plant, JSFR adopts a number of 
innovative technologies in order to achieve economic 
competitiveness, enhanced reliability and safety.  This 
paper describes the main results of the conceptual design 
study on the JSFR core with the Pu mixed oxide (MOX) 
fuel.  This study was performed during the FaCT Phase-I 
5-year period of FY2006-2010.   


The most important target from the core design point 
of view is to achieve a high core average burn-up around 
150GWd/t.  In order to realize this very high core burn-up, 
the oxide dispersion strengthened (ODS) steel has been 
developed as the cladding material.  Another important 
design target is the breeding ratio, which is intended to 
have some flexibility and is set at from around 1.0 to 1.2 
under the design philosophy of using the compatible fuel 


assemblies among them.  Although the breeding ratio of 
1.1 was set as a reference value, a higher breeding ratio of 
1.2 was also considered to be able to answer a possible 
high Pu demand in the future.  On the other hand, the Pu 
demand will decrease when FBR installation becomes the 
saturated situation by replacing all the light water reactors 
(LWRs) with FBRs.  In such a situation, a low breeding 
ratio around 1.0 is enough to sustain FBR fuel cycle.   


Also, the fuel composition of the core is one of the 
main concerns, because it is considered to have some 
variation in the supplied fuel composition based on the 
wide variety of the LWR spent fuel composition, from 
which necessary Pu for FBR installation is obtained.  
Therefore, the fuel composition variation should be 
necessarily treated during the expected LWR to FBR (L-F) 
transition period.  In our design study, some typical fuel 
compositions are assumed in addition to the equilibrium 
composition under multiple recycling in the FBR, and the 
core characteristics have been investigated based on these 
fuel composition range.   
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II. DESIGN CONDITIONS FOR JSFR CORE Table I   Major design conditions for JSFR core 
  
At the beginning of the FaCT project, the development 


targets and requirements were reviewed and established2 
for both the commercialized fast reactor and the fuel cycle 
facilities.  Design conditions, targets, requirements and 
limits in the present core design study are summarized in 
Table I.  


Item Value 


Plant conditions 
Power output [MWe/MWt]  
Coolant temp. [K] (outlet/inlet) 
Shielding region diameter [m] 


 
1500 / 3530 


823 / 668 
< about 7.0 


Core performance targets 
Breeding ratio (HBC/LBC) 
Discharge burn-up [GWd/t] 
     core 
     total a (HBC/LBC) 
Operation cycle length [month] 


 
1.2 / 1.1~1.0 


 
150 


> 60 / > 80 
> 24 


Safety requirements 
Sodium void reactivity [$] 
Core height [m] 
Average core specific heat 
[kW/kg-MOX] 
Subassembly concept for re-
criticality free 


 
< about 6 


< 1 
> about 40 


 
FAIDUS 


 


Fuel specifications 
Fuel composition 
 
 
Fuel smear density [%TD] 
Cladding material 


 
Low-decontaminated 


TRU fuel with 
residual FPs 


82 
ODS steel 


Thermal hydraulic conditions 
Max. cladding temp. [K] 
Bundle pressure drop [MPa] 


 
< 973b  


< about 0.2 


Fuel integrity limits 
Max. linear heat rate [W/cm] 
CDF (steady state) 
Max. fast neutron fluence      
(En > 0.1 MeV) [n/cm2] 


 
< about 430 


< 0.5 
< about 5×1023 


 


 
i) Plant conditions 


In this study, a commercial-base large-scale reactor of 
1,500 MWe / 3,530 MWt is evaluated as the standard JSFR. 
The core outlet and inlet temperatures are 823K (550°C) 
and 668K (395°C), respectively.  This high core outlet 
temperature results in a high thermal efficiency of 42.5 %.   
The envelope diameter of radial shielding is about 7.0 m or 
less. 


 
ii) Core performance targets 


Two breeding types of core are considered for efficient 
utilization of nuclear fuel resources, that is, the high 
breeding core (HBC) and the low breeding core (LBC). 
Flexible breeding ratios from 1.03 to 1.1 are requested for 
LBC, which is needed for smooth transition from LWRs to 
FBRs and for sustainability after the L-F transition.  
Higher breeding ratio of 1.2 is requested for HBC, in 
which the uncertainty of transition scenario and the 
possibility of wider needs of Pu utilization are taken into 
account.  It is assumed as a design philosophy that LBC 
and HBC can be compatibly adapted to the same reactor 
plant. 


The target value of the core average discharge burn-up 
is around 150GWd/t, and those of the total average 
discharge burn-up (including blanket) are more than 60 
GWd/t and 80 GWd/t for HBC and LBC, respectively. 
They are very important targets, because the high total 
average discharge burn-up effectively contributes to reduce 
the fuel cycle cost.   


 
a including blanket     b  mid-wall temperature     iii) Safety requirements 


Based on the safety consideration, the design 
requirements for the MOX fuel core are as follows: the 
sodium void reactivity is about 6$ or less, the core height 
is 100 cm or less, and the average core specific heat is 
about 40 kW/kg-MOX or more. These are preliminary 
target values to prevent the prompt criticality in the 
initiating phase of the core disruptive accident (CDA) 
based on the results of sodium-cooled reactor core safety 
evaluation3. In addition, the fuel assembly with inner duct 
structure (FAIDUS) shown in Fig. 1 is adopted as a 
measure for early discharge of the molten fuel to prevent 
re-criticality in the transition phase of CDA.  Also, a 
passive safety system of the self actuated shutdown system 
(SASS) is installed in the backup control rods. 


 
iv) Fuel specifications 


Low-decontamination trans-uranium (TRU) MOX 
fuel is applied from the economical and non-proliferation 
viewpoints.  The fuel contains certain amount of Minor 
actinides (MAs), which shall be from 1 to about 5 wt% 
(percent in heavy metal weight) for uranium resource 
utilization and environmental burden reduction. The TRU 
composition will change during the L-F transition period.  
Therefore, three representative compositions were selected 
in this study.  One is the FBR multi-recycle composition 
and this is the reference composition in this design study.  
The other two are determined to represent the variation of 
the core average fuel composition during the L-F transition 
period to some extent, including the consideration on the  
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various LWR spent fuel composition.  As a result, one 
composition has relatively higher fissile Pu and Pu-241 
ratio with lower MA ratio, and the other has relatively 
lower fissile Pu and Pu-241 ratio with higher MA ratio,  
which are named “high fissile composition” and “low 
fissile composition”, respectively and shown in Table II. 
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Residual fission products (FPs) are contained in the 
fresh fuel corresponding to the decontamination factor for 
the applied reprocessing system.  The content of residual 
FPs in FBR multi-recycle stage was estimated as 0.2% in 
volume for MOX fuel.  That for the transition stage 
depends on the recycle condition of LWR spent fuel.  ODS 
steel is selected as the fuel cladding material, because it 
can withstand high neutron fluence and has excellent 
strength characteristics at high temperature 4,5. 
 
v) Thermal hydraulic condition 


The maximum cladding mid-wall temperature of the 
MOX fuel core is limited to 973K (700°C) or less in 
accordance with the development target of ODS steel.  
Fuel pin bundle pressure drop is as low as about 0.2 MPa, 
which facilitates the natural circulation core cooling 
capability of the plant primary coolant system during the 
accident. 


 
Fig. 1. Conceptual view of FAIDUS type fuel assembly 


 
 


III. CORE DESIGN RESULTS  
 vi) Fuel integrity limits 


III.A. Reference Core Concept The design limit of linear heat rate for the MOX fuel 
core is about 430 W/cm.  The fuel cladding cumulative 
damage fraction (CDF) in steady state operation is 0.5 or 
less.  The current target of the fast neutron fluence (En > 
0.1 MeV) of ODS steel is about 5×1023 n/cm2. 


 
The reference MOX fuel core is based on the “high 


internal conversion” type core concept.  This advanced 
concept has an economical advantage by achieving a high 
total average discharge burn-up (including blanket) and 
simultaneously a sufficient breeding ratio with a small 
amount of blanket6. 


 


Table II   TRU compositions used in this study (in wt%)  As an actual measure in design, large diameter fuel 
pins (10.4 mm) are applied to increase the internal 
conversion ratio, and hence, to reduce the amount of 
blanket as much as possible.  Moreover, the high internal 
conversion type core enables to extend the operation cycle 
length due to its high internal conversion ratio, which is 
also an economical advantage in operation. 


 


Nuclide 
FBR multi-


recycle 
composition 


High fissile 
compositio


n 


 Low fissile 
composition


Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 


1.7 
55.9 
30.5 
3.4 
3.3 


3.1 
 49.9 
 23.7 
5.8 
6.3 


3.3 
49.1 
23.9 
2.2 
6.3 


Np-237 
Am-241 
Am-242m 
Am-243 
Cm-244 
Cm-245 


0.3 
3.0 
0.1 
1.0 
0.6 
0.2 


4.0 
4.9 
0.1 
1.5 
0.6 
0.1 


4.4 
8.5 
0.2 
1.5 
0.5 
0.1 


MA total 5.2 11.2 15.2 


As for breeding capability, a breeding ratio of 1.1 can 
be obtained with axial blanket and only one layer of radial 
blanket subassemblies.  It is possible to change the 
breading ratio to 1.03 easily by replacing the radial blanket 
with steel shielding, when the FBR equilibrium period is 
established.  Those core configurations are illustrated in 
Fig. 2.  Therefore, the high internal conversion type core 
can flexibly comply with the changes in plutonium 
breeding requirement covering from the L-F transition 
period to the FBR equilibrium period. 


The core introduces an innovative fuel subassembly 
named FAIDUS.  FAIDUS subassembly was designed7 as 
a measure of early discharge of molten fuel to prevent re-
criticality in the transition phase of CDA.  As illustrated in 
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Fig. 1, an inner duct is installed at a corner of the 
subassembly, and a part of upper shielding is removed.   
Molten fuel enters the inner duct channel and goes out into 
outside through the upper shielding area.  FAIDUS 
subassembly is expected to have superior performance for 
the discharge of molten fuel to prevent the core 
compaction situation with a lot of fissile material. 


The design results of the reference core for 1,500 MWe 
are summarized in Table III.  The core height is 1 m with 
the upper and lower axial blankets of 0.2 m each.  The fuel 
rod diameter is 10.4 mm based on the high internal 
conversion type core concept.  The number of fuel rod in a 
fuel assembly is 255 and the space corresponding to 16 
fuel rods are occupied by the inner duct structure as shown 
in Fig. 1.  The core is a homogeneous two-region type 
design, and consists of 288 inner core and 274 outer core 
fuel assemblies.  There is the radial blanket region with 96 
assemblies.  They are surrounded by two layers of the 
stainless steel and the zirconium hydride shielding 
assemblies as shown in Fig 2.  The gas plenum length in 
the fuel rod is 1.2 m, with the upper and the lower sections 
of 0.1 and 1.1 m high, respectively. 


+
+
+


+
+


+ +


+++
+
+


+
+


++


+
+
+
+
+
+
+
+
+
+


+ + +


+++


+++
+


+ + +
+ +


+++
++


+++


+
+
+
+
+
+
+
+
+
+


+
+++


+++


+
+
+


+
+


+
+


+
+


+ + +
+ + +


++
+++


++++


+
+ + + + +


+++++


++
+++


+
+


+
+


+
+


+
+


++++
+++


+++


+
+
+
+
+
+
+
+
+
+
+
+


+ + + + + + +


++++++++++++


+ + + + + + +


+++++


+++++


+
+
+
+
+
+
+
+
+
+
+
+


++++++++++++


+
+
+
+
+
+
+
+
+


+ + + + + +


+++++++++


+ + + + + +


+++


+++


+
+
+
+
+
+
+
+
+


+++++++++


+
+
+
+


+ + + +


++++


+ + + +


+
+
+
+


++++


B


B


B


B


B


B


B


B


B B


B


B


B


B


B


B


B
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(Primary) 
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Shielding 
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Fig. 2.   Configurations of large-scale high internal conversion type JSFR core 


Core neutronics analysis methods are as follows: An 
adjusted 70-group cross section set ADJ2000R8 is used 
based on the JENDL 3.2 nuclear data library.  Diffusion 
calculations are performed in 3-dimentional core geometry 
with a 7-group cross section set for criticality and burn-up 
calculations, and in 2-dimensional RZ geometry with a 70-
group cross section set for end of equilibrium cycle 
(EOEC) reactivity coefficient calculations.  


 As for the core performances, the breeding ratio is 1.1 
as required.  The average discharge burn-up is 145 GWd/t 
for the core and 89 GWd/t for the total core including the 
blanket.  Required Pu enrichments are 19 and 20 wt% for 
the inner and the outer core, respectively.  The Puf 
inventory is 5.8 kg/GWe.  Also, the burn-up reactivity is 
2.7 %k/kk’. 


III.B. Design of Reference Core  
 
The reference core design for the FaCT project has 


been performed based on the high internal conversion type 
core concept to achieve the reference breeding ratio of 1.1 
and other design targets summarized in Table I.  Also, the 
FBR multi-recycle equilibrium TRU composition is set to 
the reference MOX fuel composition.  In this reference 
composition, the fissile Pu (Puf) ratio is 59.3% and MA 
fraction is 5.2% as presented in Table II.  Since the Pu 
content in the MOX fuel of a large-scale FaCT core is 
generally around 20%, the MA content in MOX is around 
1%. 


The sodium void reactivity is 5.2 $ and less than the 
required value of about 6 $ as shown in Table I.  The 
Doppler coefficient is -5.7 x 10-3 Tdk/dT.  The maximum 
linear heat rate is 406 W/cm.  The average core specific 
heat is 40 kW/kg-MOX.  The maximum fast neutron 
fluence is 5.5 x 1023 n/cm2.  The bundle pressure drop is 
0.2 MPa. 
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Table III   Major core design specifications and characteristics (1) 
 


Item 
Reference 


core 
High breeding 


core 


Power output [MWe/MWt] 
Core height [m] 
Axial blanket thickness [m] (upper / lower) 
Number of fuel subassembly (inner core / outer core / radial blanket) 
Operation cycle length [month] 
Fuel exchange batch (core / radial blanket) 


1,500 / 3,530 
1 


0.2 / 0.2 
288 / 274 / 96 


26 
4 / 4 


← 
0.75 


0.4 / 0.5 
← 
21 
← 


Fuel pin diameter [mm] 
Number of fuel pin per subassembly 
Gas plenum length [m] (upper / lower) 


10.4 
255 


0.1 / 1.1 


9.3  
315  


0.1 / 0.85 


TRU composition (see Table II) 
 
Pu enrichment [wt%] (inner core / outer core) 
MA content [wt%] (inner core / outer core) 
Pu fissile inventory [t/GWe] 


FBR multi- 
recycle 
19 / 20 


1.0 / 1.1 
5.8 


← 
 


22 / 24 
1.2 / 1.3 


5.1 


Burn-up reactivity [%k/kk’] 
Breeding ratio (total) 
     (core / axial blanket / radial blanket) 
Average discharge burn-up [GWd/t] (core / total) 


2.7 
1.1 


0.8/ 0.2/ 0.1 
145 / 89 


3.6 
1.2 


0.7/ 0.4/ 0.1 
149 / 60 


Average core specific heat [kW/kg-MOX] 
Sodium void reactivity (EOEC) [$] 
Doppler coefficient (EOEC) [10-3 Tdk/dT] 


40 
5.2 
-5.7 


52 
4.6 
-4.7 


Max. linear heat rate  [W/cm] 
Max. fast neutron fluence [n/cm2] 
Max. cladding mid-wall temperature [K] 
Bundle pressure drop [MPa] 
Max. CDF value 


406 
5.5×1023 


973 
0.2 
0.5 


424 
5.0×1023 


973 
0.2 
0.5 


 
 
 
 


III.C. Design of High Breeding Core As shown in Table III, it is found that a breeding ratio 
of 1.2 can be obtained with the following specifications: 
The axial blanket thickness is 0.9 m and the core height is 
0.75 m.  The number of fuel pin per subassembly is 315 
and the fuel pin diameter is 9.3 mm.  Since the lower gas 
plenum length is also decreased to 0.85 m along with the 
decrease of the core height, we can make the total fuel pin 
length be the same as that of the reference core. 


 
A high breeding core, which is possible to attain a 


breeding ratio of 1.2, has been investigated under the 
condition that it could be used in the same reactor plant of 
the reference core.  Starting from the reference core design, 
the high breeding core design was obtained by the 
following design procedure:  Since an effective method to 
increase the breeding ratio is to increase the amount of 
blanket, we chose to increase the axial blanket thickness 
and to reduce the core height so that the subassembly 
arrangement would not be changed, because of the 
requirement that the high breeding core can be replaced 
with the reference core in the same reactor plant.  At the 
same time, it was necessary to increase the number of fuel 
pin per subassembly with smaller pin diameter due to the 
limitation of the maximum linear heat rate. 


However, some core characteristics are found to be 
getting worse compared to those of the reference core. 
That is, the total average discharge burn-up is decreased by 
33% and the operation cycle length is decreased by 20%.  
They indicate the economical disadvantage of the high 
breeding core.  The merits are, however, the high breeding 
ratio of 1.2 and the smaller Pu fissile inventory, which may 
contribute to reduce FBR introduction period. 
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III.D. Core Design for High Fissile and Low Fissile 
Composition 
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High fissile composition 
As mentioned in Chap. II iv), two fuel composition are 


determined as shown in Table II to represent the variation 
range of the core average fuel composition during the L-F 
transition period.  These compositions are compared 
through their burn-up reactivity values in Fig. 3 with the 
results of a FBR scenario study performed in JAEA 
including the L-F transition period.  This comparison 
indicates that the fuel composition range covered with 
these compositions is well corresponding to the range 
expected by the scenario study in the transition period after 
2060.  This Figure also shows that the reference FBR 
multi-recycle composition is in good coincidence with the 
scenario study results for the FBR equilibrium period after 
about 2100. 


Core design was performed with these compositions 
under the same core configurations as in the reference core. 
The design results are summarized in Table IV.  They 
indicate that the design requirements shown in Table I can 
be satisfied even under these compositions.  For the high 
fissile composition core, the design results are similar in 
general to those for the reference core.  However, the burn-
up reactivity and the maximum linear heat rate are higher 
reflecting the higher fissile composition characteristics.  
For the low fissile composition core, on the other hand, the 
burn-up reactivity and the maximum linear heat rate are 
lower, reflecting the characteristics of the lower fissile 
composition with the relatively higher MA content.  Also, 
the necessary Pu enrichment is a little bit lower in this core. 


 


The sodium void reactivity is higher and the absolute value 
of the Doppler coefficient is smaller for the low fissile 
composition core.  They are considered to be caused by its 
higher MA content, which tends to result in a harder 
neutron spectrum.   


Although the variation range of the core average fuel 
composition during the L-F transition period has been 
considered in the present core design, the composition is 
not assumed to be changed in each fuel loading.  However, 
it is further necessary to consider to include such a 
situation. 


 
Table IV   Major core design specifications and characteristics (2) 


 


Item 
Reference 


core 


High fissile 
composition 


core 


Low fissile 
composition 


core  


TRU composition (see Table II) 
 
Pu enrichment [wt%] (inner core / outer core) 
MA content [wt%] (inner core / outer core) 
Pu fissile inventory [t/GWe] 


FBR multi- 
recycle 
19 / 20 


1.0 / 1.1 
5.8 


High fissile 
composition 


19 / 20 
2.4 / 2.6 


5.8 


Low fissile 
composition 


18 / 20 
3.3 / 3.7 


5.6 


Burn-up reactivity [%k/kk’] 
Breeding ratio (total) 
     (core / axial blanket / radial blanket) 
Average discharge burn-up [GWd/t] (core / total) 


2.7 
1.1 


0.8/ 0.2/ 0.1 
145 / 89 


2.9 
1.1 


0.8/ 0.2/ 0.1 
145 / 89 


1.8 
1.1 


0.8/ 0.2/ 0.1 
146 / 89 


Average core specific heat [kW/kg-MOX] 
Sodium void reactivity (EOEC) [$] 
Doppler coefficient (EOEC) [10-3 Tdk/dT] 


40 
5.2 
-5.7 


40 
5.4 
-5.1 


40 
5.7 
-4.8 


Max. linear heat rate  [W/cm] 
Max. fast neutron fluence [n/cm2] 


406 
5.5×1023 


414 
5.5×1023 


402 
5.5×1023 


Fig. 3. Comparison of selected fuel compositions through 
their burn-up reactivity values with those obtained 
from FBR scenario study. 


 


Low fissile composition


Reference 
composition
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IV. INVESTIGATION ON CORE DESIGN TO 
ENHANCE PROLIFERATION RRSISTANCE 


 
As one of the design activities on the JSFR core, an 


investigation to enhance the proliferation resistance has 
also been performed9,10, because Pu generated in the FBR 
blanket contains more than 90 % of 239Pu in general.  Such 
a high grade Pu has a possibility to be used for the military 
purposes.  Although the nuclear non-proliferation is kept 
basically by the safeguards and the nuclear security in the 
current nuclear fuel cycle, there might be a possibility in 
the future when a number of commercial FBRs are 
introduced that an intrinsic material barrier is additionally 
requested for the Pu produced in the blanket.   


Based on the various proposals or criteria to increase 
and evaluate the material barrier level of Pu, following 
three design approaches have been investigated in our 
design study to treat Pu generated in the blanket: 
i) Add a few % of low grade Pu to the blanket in order to 
increase 240Pu isotopic composition.  This approach is 
aiming at attaining the “Reactor Grade” Pu, which is 
defined by Pellaud9 and has 240Pu isotopic composition 
more than 18 %. 
ii) Add a few % of MA to the blanket in order to increase 
238Pu isotopic composition.  This approach is aiming at 
attaining the 238Pu isotopic composition more238Pu isotopic 
composition than is defined by Pellaud11 and has 240Pu 
isotopic composition more than 9 % as proposed by 
Kessler12. 
iii) Remove the radial blanket, since the axial blanket is 
basically reprocessed together with the core. 


Investigation results are presented in detail in another 
paper presented by Ohki et al.10 in this conference and are 
presented only briefly here.  The main result obtained by 
this investigation is that every three core design approach 
is feasible to attain the requirements to the core design and 
is effective to enhance the proliferation resistance.  The 
impacts on the core design and the core performances are 
also clarified. 
 


 
V. CONCLUSIONS 


 
A conceptual design study and related R&D on a 


commercial-base large-scale JSFR have been carried out in 
the framework of the FaCT project.  As a next generation 
plant, JSFR adopts a number of innovative technologies in 
order to achieve economic competitiveness, enhanced 
reliability and safety. The current results of the ongoing 
conceptual design study on the JSFR core are described in 
this paper.   


The most important point in the core design is to 
achieve a high core average burn-up around 150GWd/t, 
assuming the ODS steel utilization as the cladding material.  
Another important design target for the breeding ratio is 


intended to have some flexibility and is set at from around 
1.0 to 1.2 under the design philosophy of the compatible 
fuel assembly among them.  Also, the core average fuel 
composition is considered to have some variation based on 
the wide variety of the spent fuel composition expected to 
be treated during the LWR to FBR transition period.  The 
core design study performed in the FaCT project Phase-I 
during FY2006-2010 has clarified the feasibility of the 
JSFR core concept, which is based on the high internal 
conversion ratio type core using a large fuel rod diameter 
around 10 mm and satisfies a number of design targets and 
requirements including the discharge burn-up and the 
breeding ratio mentioned above. 


Also, an investigation to enhance the proliferation 
resistance has been performed.   Based on the various 
proposals or criteria to increase and evaluate the material 
barrier level of Pu, three design approaches have been 
investigated to treat Pu generated in the blanket.  The main 
result obtained by this investigation is that every three core 
design approach is feasible to attain the requirements to the 
core design and is effective to enhance the proliferation 
resistance. 
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Abstract – Within the framework of the French programme on future Generation IV Sodium Fast Reactors, current studies 
are focusing on different options for reactor designs and energy conversion systems. The main design objectives are to 
improve safety, and ensure maintainability and In-Service Inspection and Repair (ISI&R), while reducing costs. 
 
Among studied reactor designs, an integrated pool-type reactor concept is proposed with the objective of   


− Simplifying the structure separating the hot and the cold plenum which is called the ‘redan’, 
− Protecting the decay heat removal exchangers in normal operation and in case of core disruptive accident (CDA), 
− Protecting the core support structures, 
− Decreasing the primary sodium average temperature (maximisation of the cold plenum volume), 
− Improving accessibility to the bottom vessel structures. 


  
This concept involves replacing the single conical’ redan’ of the PHENIX reactor inner vessel by a cylindrical inner vessel 
whose shape is naturally less complex than the PHENIX one. 
Coolant pumps, intermediate heat exchangers (IHX) and decay heat removal exchangers are located around the inner vessel 
in the cold plenum. 
 
Innovative technological solutions were developed for this concept to improve its compactness and a series of studies have 
been conducted to validate the concept: 


− Preliminary design approach and methodology, 
− Overall design including new technological solutions, 
− Analysis of In-Service Inspection and Repair (ISI&R) and decay heat removal capabilities, 
− CDA calculations, 
− Thermal-hydraulic and thermo-mechanical calculations. 


 
This paper describes the status of the studies focusing on this reactor design and the methodology used. 
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I. INTRODUCTION 
 


Within the framework of the French programme on future 
Generation IV Sodium Fast Reactors, current studies are 
focusing on different options for reactor designs and energy 
conversion systems. The main design objectives are to 
improve safety and ensure maintainability and In-Service 
Inspection and Repair (ISI&R) capabilities while reducing 
costs. 
 


Among studied reactor designs, an integrated reactor 
concept has been proposed based on a cylindrical inner 
vessel that ensures separation between the hot and cold 
pools (see figure 1). 


 
II. DESIGN OBJECTIVES  


 
The design objectives were as follows: 


− Simplifying the reactor internals for economical 
reasons 


− Protecting internal components important for 
safety (i.e. direct heat exchangers) in case of a core 
disruptive accident (CDA) 


− Improving the expected life of the intermediate 
heat exchangers (IHX) and direct heat exchangers 
(DHX) by placing them in the cold collector. 


− Increasing the cold sodium volume to benefit from 
an overall lower reactor temperature in case of 
protected and unprotected transients. 


− Improving access to all internals for In-Service 
Inspection and Repair (ISI&R). 


 


 


 
 


IHX going through the 
conical ‘redan’  


 


 
Cylindrical inner vessel: 
IHX/PP components are  


located around the inner vessel 


Fig. 1. Conical redan and cylindrical inner vessel 
 


The sodium contained in the hot collector flows through the 
connection between the inner vessel and the IHX. It is 
cooled in the IHX and sucked by the pump before passing 
through the core.  


The DHX are located in the cold plenum. 


 


III. METHODOLOGY 
 


The design was first optimized in terms of dimensions: 
innovative technological solutions were developed for this 
concept to improve its compactness. 


Specific studies were then carried out to check that there 
were no unacceptable points and quantify the expected 
benefits: 


− Study of collectors thermal-hydraulics 
(stratifications, gas entrainment) 


− Study of  the thermomechanics of the inner vessel  
− Safety transients calculations 
− Study of the behaviour of the primary containment 


in case of mechanical energy release due to a Core 
Disruptive Accidents (CDA) 


− In-Service Inspection and Repair (ISI&R)  
− Operability and Safety. 


 


A final critical review was made with regards to the initial 
design objectives and the advantages/drawback identified. 


 


IV. DESIGN 
 


The major difficulty lies in finding a means of connection 
between the inner vessel and the IHX:  


− It must be compatible with the differential 
displacements of the intermediate heat exchanger 
sustained by the roof slab and the inner vessel 
joined to the core support structure. The IHX 
moves with the roof (120°C), whereas the inner 
vessel moves with the diagrid (about 400°C). A 
preliminary estimate of the corresponding 
displacements is about 50 mm in the radial 
direction,and 25 mm in the axial direction.  


− A small permanent sodium leak through the 
connection is possible. It is limited to a few kg/s 
per IHX.  


− The connection must not hinder IHX maintenance, 
nor should it be a source of potential inspection 
problems. It must also be removable in case of  a 
problem (leak, break, jamming), and inspectable/ 
repairable using the available technologies. All 
this must be possible throughout the whole reactor 
life (60 years).  


 
In the past, several configurations of inner vessels and 


connections have been studied by the CEA, AREVA and 
EDF within the scope of specific projects: MIRA (1971 - 
1976), Superphénix 2 (1981), and ECRA (1986). 


 


Core 


 


 


IH


Core 


IH
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 The ‘siphon’ solution (pipe connected to the 


intermediate heat exchanger and plunging into the 
hot collector by passing above the cylindrical inner 
vessel) had the advantage of avoiding thermal 
stresses and positioning problems during the 
installation and removal of the IHX. However, the 
risk of siphon failure is a safety problem (gas 
entrainment, loss of decay heat removal, etc.) and 
the axial dimensions of the system leads to an 
increase of the overall height. 


 
 Other solutions made it difficult to remove the 


intermediate heat exchanger, were too bulky or long-
term thermo mechanical behaviour was not demonstrated. 


 
 
New solutions illustrated on figure 2 were considered 


when studies were resumed on the cylindrical inner vessel 
concept. 


 


 


 
Solutions with kidney-shaped IHX  


 


 
 


 
 
Sealing is ensured in hot conditions. 


 
Fig. 2. New solutions for connection between the inner vessel 


and IHX 
 


Two alternative solutions were eventually selected for the 
studies presented below. 


 
IV.A. First set of design options  


 
First option of connection:  
 
 
 
 
 
 
 
 
 
 
 


Fig. 3. Connection with inverted pipes 
 
Inverted pipes are welded onto the inner vessel (see 


figure 3). At the other end, they are connected to the IHX 
casing by means of a special mechanism acting as a seal. 
This mechanism fulfills the same requirements as the 
junctions developed to insert the IHX through a conical 
‘redan’.  


 
This option combined with fuel handling in sodium 


pots with a rotor located inside the CIVi led to a large 
primary vessel, although the dimensions of the rotor inside 
the inner vessel had been reduced : an innovative rotor has 
been developed for this concept (see patent reference 3).  


 
This option complicates the handling of the IHX which 


must be removed together with its casing.  
 


IV.B. Second set of design options  
 
Second option of connection: sleeves are welded onto the 
CIVi. The IHX are inserted into the sleeves. Conventional 
sealing must be provided at the lower part. 
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Compared to the connection with inverted pipes, this 
solution simplifies IHX handling. This solution also reduces 
mechanical stress on the IHX shell: the warm upper part is 
immersed in warm sodium coming from the hot collector 
while the cold lower part is immersed in the cold collector. 
 


This second option for connection between the inner vessel 
and the IHX, combined with fuel assembly transfer via a 
ramp, makes it possible to significantly reduce the vessel 
diameter compared to the solution that includes a rotor 
inside the inner cylindrical vessel. 


The fuel handling system includes: 
- handling equipment in the reactor vessel (two 


rotating plugs with a fixed-arm charger machine), 
- a transfer system in a sodium pot via a ramp plus a 


rotating chamber to exchange an irradiated sub-
assembly with a new sub-assembly.  


 
IV.C. Overall dimensions 


Table I gives overall dimensions of a 3600MWth 
concept compared with a pool-type concept with a conical 
‘redan’.  


The dimensions are related to a design based on the 
options presented in section IV.B. 


The other structures such as the core support structure 
and the upper closures, including the roof slab, the rotating 
plugs and the above-core structure (ACS), are similar to 
those of other pool-type reactor projects like EFR 
(European Fast Reactor project). 


 
The design includes an integrated diagrid strongback 


(IDS) which is one of the core structure options considered 
for future SFRs (see reference 6). 
 


The design is based on the SFR V2B core (see reference  2). 


For a 3600 MWth reactor, the primary system includes three 
primary pumps, six intermediate heat exchangers and six 
direct heat exchangers placed in the cold collector. 


 
TABLE I 


Overall dimensions of the concept for a 3600MW thermal 
power  reactor 


 With conical 
redan 


With cylindrical 
inner vesssel 


Main vessel 
diameter (m)  17.6 m 17,4 m 


Main vessel 
height (m) App. 17.5m 18,6 m 


 


The increase in height comes from the significant level 
variation in the hot collector between normal operating and 
the shutdown states. This is intrinsic to the concept. 


Hot level variation at the primary pumps shutdown: 


S
HS


H
HP


poolColdCP


poolHot


Δ×
Δ =


.


.
 (1) 


SCP = Surface of the cold pool 


SHP = Surface of the hot pool 


Compared to other concepts, in a concept with CIVi the 
ratio SCP / SHP is higher. 


The difference between the hot level and the cold level 
when the primary pumps are operating at nominal flow is 
round 2m. 


Recall of the constraints related to sodium levels that must 
be taken into account for the axial dimensioning: 


– Core cooling with IHX in case of leak of the main 
vessel,  


– Fuel assembly (fissile part) under sodium during 
handling  in case of leak of the main vessel, 


– Sodium level above the IHX income (with a margin) at 
the actuating of primary pumps. 


 
 
V. DETAILED ANALYSIS OF A1500MW THERMAL 


POWER DESIGN 
 
All the calculations presented thereafter concern a 1500 


MW thermal power reactor with a cylindrical inner vessel 
and the options described in section IV.A. 


 
TABLE II 


Characteristics  of the 1500MW thermal power reactor with a 
cylindrical inner vessel 


Main vessel 
diameter (m)  15.7 m 


Core inlet 
temperature 395°C 


Core outlet 
temperature 545°C 


Core nominal 
flowrate 8000 kg/s 


 
 


V.A. Collectors thermal-hydraulics  
 


CFD calculations were performed with the STAR-CD code 
to provide – for a given geometry – realistic temperature 
gradients on the CIVi to be used as input data for the 
thermomechanical calculations of the structure with the 
inverted pipes of the intermediate heat exchanger.   
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Configuration studies were conducted by marginally 
modifying the reference geometry with the aim of 
minimising both mechanical loads on the components (CIVi, 
diagrid, and main vessel) and the risk of gas entrainment. 
The objective was to obtain the following results:  
For the CIVi: - A regular temperature gradient on both the 


hot and cold side, 
- No thermal stress fracture of the connection 
between the inner vessel and the intermediate 
heat exchanger. 


For the diagrid: - A homogeneous low temperature (400°C). 
For the main vessel: - A uniform low temperature (400°C) 
thanks to the main cooling vessel system. 
For the free sodium levels: - Minimised velocities and 
vorticities on the surface. 
 
These results were obtained by adjusting the length and 
position of the intermediate heat exchangers, by changing 
the main cooling vessel system characteristics, and by 
adding both a baffle at the bottom of the hot collector and a 
leak at the foot of the sub-assemblies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Inverted pipe 


 
 


Fig. 4: Velocity fields and temperatures 


To conclude this study, the geometry of the vessel internals 
significantly affects the flow of sodium and its mixing, thus 
provoking stratification in the cold collector and the 
stagnant zone under the baffle. The geometry must be 
adapted to improve the flow of sodium and minimise the 
excessive velocities resulting in excessive mixing.  Adding a 
leak at the base of the sub-assembly seems necessary to 
correctly cool the diagrid (a baffle is also necessary but 
insufficient). The geometry of the main vessel cooling 
system must also be studied to ensure that the entire outer 
vessel is cooled correctly.  
 
The surface velocity fields are used to assess the risk of gas 
entrainment by vortex. The lack of components in the hot 
collector, the increased sodium height above the core during 
operation, and the low position of the connections to the 
intermediate heat exchanger all limit the risk of gas 
entrainment.  


 
V.B. Thermomechanics of the inner vessel  


 
The mechanical resistance of the CIVi must be 
demonstrated for a service lifetime of 60 years. 
This component is subjected to significant temperature 
gradients that can vary during the different transients during 
reactor operation. Owing to the specificity of the concept 
that provokes significant variations in the hot sodium free 
level, a study was carried out which focused on the area of 
fluctuation. 
This study provided some information by using the RCC-
MR code (reference 4) to analyse P-type damage (resulting 
from “imposed force” type loads) and damage related to 
ratcheting deformation. 
The preliminary results obtained with the CASTEM code 
showed that P-type damage is not likely to raise any design 
issues.  
As for S-type damage, the ‘start-up/ nominal power/ 
emergency shutdown’ cycle investigated seems to be 
acceptable for the CIVi in terms of resistance to ratcheting 
deformation, on the condition that the transient durations are 
adapted (particularly the nominal power ramp-up). 


 


Baffle 


Diagrid 


Hot plenum 


Cold plenum 


Dead zone 


400°C 
395°C 


440°C 545°C 


400°C 


500°C 
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Fig. 5: Operating period used to analyse ratcheting 


deformation: (a) sodium temperature variations in the hot 
collector, (b) temperature variations of the vessel on the 


cold collector side, and (c) sodium level variations in each 
collector 


 
It is nonetheless necessary to define and check other 
operating cycles, as well as to continue creep-fatigue 
analysis.   
 


V.C. Transients behaviour 


 
The calculation of a PLOSSP (loss-of-supply-station-power 
accident) makes it possible to judge the ability of the 
concept to ensure the safety function of decay heat removal 
by natural convection. The calculation is performed with the 
CATHARE code. 
The initiator is the loss of power supply to the primary 
pumps and the secondary pumps while the plant is operating 
at full rated power. The power removed by the secondary 
loops is null in the case, for example ,where they would be 
emptied.  
The assumption for primary mechanical pumps inertia leads 
to pumps halving time of 10s. 
In this sequence, the reactor is tripped. 
Emergency decay heat removal is provided by the direct 
reactor auxiliary cooling system (DRACS), a specific 
system that removes heat by means of heat exchangers 
(DHX) immersed in the hot or the cold plenum. In a concept 
with a cylindrical inner vessel, the DHX are immerged in 
the cold plenum whereas they are immersed  in the hot 
plenum in concepts with a conical redan. 
 
The core decay heat is removed by DRACS while the heat 
losses through the main vessel by conduction and radiation 
can be high. 


 
 
 
 


 


 


 


 


 
Fig.6. PLOSSP : IHX power, core power, DHX power and 


power removed through the main vessel  
 
The triggered DHX remove between 8 and 12 MW 
according to the temperature in the cold plenum. 
The power removed through the main vessel reaches 5 MW.  
 
The core flow by natural convection between the DHX and 
the core settles round 1.4% of the core nominal flow. 


 


 


 


 


 


 


 
 


Fig. 7. PLOSSP : Na temperatures 


With the assumption of mechanical inertia considered for 
the primary pumps, the maximum core outlet temperature is 
about 550°C. 


With the DHX located in the cold pool, the core support 
structures are well cooled and their temperature is limited to 
430°C (see ‘Cold pool temperature’ on fig. 9). 


 
Results can be interpreted in terms of the hydraulic motor 
height representative of the position of the hot source and 
cold well in the vessel for these operating conditions. It is a 
criteria of comparison between different concepts that gives 
information about the robustness of the natural convection: 
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Fig. 8. PLOSSP: Hydraulic motor height 
 
• w : core reduced power 
• q: core reduced flow rate 
• n: head losses exponent (ΔP = Kq . Qn) = 1.8 
• Kq: coefficient of head losses (ΔP ~ 3.4 bar) 
• β: Na expansion coefficient =  
• g: gravitation constant = 9.81 m/s2 
• ΔTNom: nominal  inlet/outlet core temperature 


difference = 150°C 


 
V.D. CDA calculation 


 
This section discusses the preliminary behaviour analysis of 
a 1500 MWth reactor block in the event of a core disruptive 
accident (CDA). This analysis is necessary to determine the 
impact of designing a CIVi close to the core. To quantify 
this phenomenon, the recommended method involves 
comparing the behaviour of a 1500 MWth reactor block 
both with and without a CIVi. 
 
This analysis was performed using the EUROPLEXUS fast 
dynamics software (structure and fluids). ADC is 
represented in the calculation by the expansion of a 1m3 
vapour bubble at the pressure of 250 bar. 
 


 
a) Structures with CIVi                     b) Fluids 


Fig.9. Structures and fluids modelling 
 
CIVi thickness : 5cm 
Main vessel thickness : 5cm 
 


     
a) with CIVi b) without CIVi 


Fig. 10: Plastic deformation of the main vessel at 300 ms at 
the end of the simulation   


 
TABLE II 


Maximum deviation of roof slab during transient 


 With CIVi Without CIVi 
Maximal deviation of 


the roof slab 
2.66 cm  


at 170 ms 
7.18 cm  


at 130 ms 
 
According to the simplified model used, the CIVi is 
beneficial in terms of main vessel deformation because it 
absorbs some of the energy emitted. The direct heat 
exchangers (DHX) located behind the CIVi will be 
protected and will therefore be available to continue 
operating after a core meltdown accident.  


It was feared that this concept could produce a ‘canon’ 
effect induced by the CIVi which would be capable of 
provoking excessive deviation in the roof slab and thus 
damaging the secondary system that it is supporting. This 
effect was not demonstrated. 


V.E. ISI&R 
 
Periodical inspection of nuclear reactors is part of the safety 
demonstration: it deals with non-destructive testing which 
are performed during shutdown periods in order to check 
that the structures and components are in good condition 
and free of any problems (detection/sizing of cracks, 
location of targets). 
These inspections focus on the most  ‘sensitive’ structures. 
A ‘Risk-Informed’ method is used to determine the 
thermomechanical damage to the structures during its 
service life and the consequences in case of a break. 
Periodical inspection in SFRs implies a number of specific 
techniques such as ultrasonics: specific sensors have to be 
developed to operate in sodium and under high 
temperatures . ISI&R is now strongly linked to design and is 
taken into account through five main criteria: 
  - Size of the plant, length of welding joints to be controlled, 
material and geometrical conditions, 
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  - Access to the structures / removability of components, 
  - Modularity design for the pooling of tools and teams, 
  - Inspection conditions : sodium coolant, sodium medium 
leaktightness, temperature, dose rate, etc., 
  - Inspection process complexity, applicability and rapidity. 
At the pre-conceptual phase of the design, the capability of 
inspecting the following components was studied: main 
vessel, above-core structure and the core support structure. 
An iterative process is needed to determine the best design 
associated with the best periodical inspection capability. 


In theory, the cylindrical inner vessel concept provides 
better accessibility and inspectability to the inner vessel and 
lower internals due to the absence of a ‘redan’. 
A minimum of three inlet ports have to be provided on the 
roof so as to insert inspection poles at different locations: 
inspection of the strongback inside the inner vessel is not 
improved compared with the redan-based solution. However, 
practically the entire inner surface of the inner vessel can be 
inspected with an inspection pole hooked onto the rotating 
plug. 


 
 


VI. CONCLUSIONS 
 


This paper presents a design methodology from an 
example of an integrated pool-type SFR concept with a 
cylindrical inner vessel, and its preliminary evaluation. 


 
Many criteria are involved in the assessment of a new 
design. 


 
For a 1500 MWe reactor design, the diameter of the main 
vessel is comparable to that of a concept with a conical 
‘redan’. However, it appears that this inner vessel concept 
increases the height of the reactor vessel by around 1.5 
metres.  


These studies demonstrated at this stage of design that the 
concept does not reveal any unacceptable behaviour in 
terms of the CIVi design, the collector thermohydraulics and 
the behaviour of the reactor block in case of a CDA.  
Natural convection possibilities were checked with the 
CATHARE computer code (preliminary results to be 
confirmed). 
In terms of an overall assessment of the concept, the strong 
points are: 


• Positive behaviour in the event of a CDA (protection 
of the main vessel and DHX), 


• Risk of gas entrainment is limited. 


• Core support structure is cooled when the DHX ensure 
decay heat removal. 


• Redan design is simplified. 
 


The potential advantages have not yet been quantified: 


– The relatively direct flow path between the DHX 
and the core-catcher does not go through the 
potentially plugged core following a CDA, 


– The increased volume of the cold collector may 
provide a potential gain during transients. 


 
The weak points are:  
 
• Increased height of the reactor block which increases the 


size of the main vessel, the secondary vessel and the 
above-core structure, 
The increased size of the above-core structure 
particularly has an impact of the manufacture and 
handling of the component. 


 
• Significant variations in the hot sodium level which 


could be disadvantageous to operation, 
 


• Poor maturity of the IHX feed system. 
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NOMENCLATURE 
 


CIVi: Cylindrical Inner Vessel internal to the components  
ACS: Above-Core Structure 
CDA : Core Disruptive Accident 
DHX: Decay Heat eXchanger 
EFR: European Fast Reactor 
IHX: Intermediate Heat eXchanger 
ISIR: In-Service Inspection and Repair 
SFR: Sodium Fast Reactor 
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Oversight Program for the Assurance of Quality in the 


Construction of Nuclear Power Plants in the US 
 


John Tappert 
Deputy Director, Division of Construction Inspection & Operational Programs 


Office of New Reactors 
U.S. Nuclear Regulatory Commission 


 
Abstract-The U.S. Nuclear Regulatory Commission (NRC) conducts inspections of nuclear power plant 
construction activities to verify compliance with the agency’s regulations and ensure that the new plants are 
constructed to protect public health and safety and the environment. Safetyrelated construction officially began at 
Vogtle Unit 3 with the start of engineered backfill operations authorized under the limited work authorization 
(LWA) under 10 CFR Part 52. The NRC has developed and has in place an inspection program that incorporates 
the elements in 10 CFR Part 52, such as inspections, tests, analyses, and acceptance criteria (ITAAC) to conduct 
the new reactor construction oversight activities. The NRC staff continues to refine concepts for ITAAC closure, 
and maintenance of closed ITAAC and is currently pursuing a proposed rulemaking to codify ITAAC maintenance 
related requirements. The NRC has continued to conduct oversight of manufacturers and suppliers of safety-
related components through the NRC vendor inspection programs. This paper will focus on the regulatory 
activities conducted in the US to oversee construction activities. 
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Abstract –The kinetics of fission gas atoms in nuclear fuel are much different from those 
discussed in academic fields such as statistical mechanics and/or statistical thermodynamics 
established by Ludwig Boltzmann. The field of movement should have unique microstructure such 
as pore, grain boundary, and especially plutonium enriched zone (Pu spot) in case of Uranium 
Plutonium Mixed Oxide (MOX). The mechanism of fission gas release has been studied by many 
researchers for these nearly fifty years since Booth first set down the simple approximations to 
fission gas release from irradiated UO2. However, there is still no general agreement what 
mechanisms are responsible for observed coalescence of intergranular bubbles during their 
growth. It might be due to the complexity of the kinetics of gaseous atoms in nuclear fuel pellet 
having unique microstructure, temperature gradient and irradiation damage. The objectives of 
this paper are to introduce brief review of fundamental process of kinetics of gaseous atom in 
nuclear fuel and to develop effective fission gas release model. The fission gas release 
mechanism for MOX fuel which has heterogeneous microstructure including Pu spot is 
introduced based on the result of post-irradiation examination with MOX having high plutonium 
content.   


 
 


I. INTRODUCTION 
 
Kinetics of gaseous atoms are generally treated in the 


field of academics such as statistical mechanics and/or 
statistical thermodynamics established by Ludwig 
Boltzmann. Movement of only gaseous atoms is 
considered and heat capacity, entropy and enthalpy of 
gaseous atom are derived and discussed. Kinetics of 
fission gas atoms in nuclear fuel are, however, much 
different from those discussed in academics fields. Field of 
the movement should have unique microstructure such as 
pore, grain boundary, and especially plutonium enriched 
zone (Pu spot) in case of Uranium Plutonium Mixed 
Oxide (MOX). When fission gas behavior is discussed, 
movement of gaseous atom in the particular field shall be 
taken into account.  


Mechanisms of fission gas release have been studied 
by many researchers for these nearly fifty years since 
Booth first set down simple approximations to fission gas 
release from irradiated UO2. However, there is still no 
general agreement what mechanisms are responsible for 
observed coalescence of intergranular bubbles during their 
growth. It might be due to complexity of kinetics of 
gaseous atoms in particular field which corresponds to fuel 


pellet having unique microstructure, temperature gradient 
and irradiation damage. 


The objectives of this paper are to introduce brief 
review of fundamental process of kinetics of gaseous atom 
in fuel pellet and effective fission gas release model. The 
fission gas release mechanism for MOX which has 
heterogeneous microstructure including Pu spot is also 
introduced based on the result of post-irradiation 
examination with MOX having high plutonium content. 


Three MOX rods with high plutonium content have 
been irradiated in BR-3 and BR-2 in Belgium and post-
irradiation examination was done with one of them.1, 2  


 
II. FUNDAMENTAL PROCESS OF KINETICS IN 


NUCLEAR FUEL  
 
Fundamental process of kinetics of gaseous atoms in 


fuel pellet is considered as follows; Single fission 
generates 0.3 gaseous atoms and 104 vacancies. A large 
amount of vacancies are annihilated with interstitial atoms 
depending on degree of temperature. Un-annihilated 
vacancies play an important role on migration of gaseous 
atoms and stabilization of gaseous atoms. Gaseous atoms 
generated at intragranular region are in forms of single 
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gaseous atoms and/or gaseous atom clusters, so called as 
gas bubbles accompanied with some vacancies. Single 
gaseous atoms continue to migrate to intergranular sinks 
(i.e., grain boundary and intergranular pore) and form gas 
bubbles at grain boundary and intergranular pore with 
appropriate mobility. Numbers of gaseous atoms and 
vacancies are depended on the size of gas bubble. Gas 
bubbles existing at grain boundary have a possibility to 
release from fuel pellet considered. Some of single atoms 
migrate to open pores and are directed to free surface and 
they can be released. Key issue is mobility of single gas 
atoms and gas bubbles at intragranular and intergranular 
regions because mobility of single gaseous atom and gas 
bubbles can control fundamental process of the kinetics. 


Mobility is corresponded to diffusion coefficient in 
fuel pellet. Diffusion coefficient of fission gas atoms in 
fuel pellet was studied by C. A. Friskney and J. A. 
Turnbull using UO2 single crystal.3 Other workers have 
also measured diffusion coefficient with UO2 and they are 
shown in Fig. 1.4-8 Diffusion coefficients of gaseous atoms 
estimated by Davies & Long and Matzke are also shown 
in Fig. 1 as solid line and dotted line, respectively. Data 
obtained with single crystal UO2 is shown in Fig.1 as blue 
arrow. Self diffusion coefficients of U and Pu are also 
shown here. As shown in Fig. 1, activation energy of gas 
atom diffusion corresponds to that of self diffusion of U 
and Pu. The data are scattered between two kinds of 
estimations. But activation energy and causes of scattering 
have not been examined. Thus, it is still key issue to 
determine mobility of single gas atoms and gas bubbles. It 
might be expected that mobility is determined based on 
approach with atomic scale kinetics. 
 


 


self diffusion coefficient 
of U and Pu


diffusion coefficient 
of Xe and Kr 


in single crystal UO2


self diffusion coefficient 
of U and Pu


diffusion coefficient 
of Xe and Kr 


in single crystal UO2


 
Fig. 1 Typical diffusion coefficients of gaseous atoms in UO2  


As a result of migration of single gaseous atoms to 
grain boundary, these atoms can form gas bubbles at grain 
boundary. Forms of gas bubbles at grain boundary are 
different. Typical example is obtained by G. L. Reynolds 
and G. H. Bannister 7 and is shown in Fig. 2, which shows 
small discrete gas bubbles and coalescence of 
intergranular gas bubbles. Difference is probably due to 
different grain sizes of adjacent grains feeding faces. Gas 
bubbles can be observed by use of Scanning Electron 
Microscope (SEM). Mechanism of coalescence of 
intergranular gas bubbles shown in right hand side of Fig. 
2 has not yet been clearly solved. This point is also key 
issue.  
 


 
 


Fig. 2 Fission gas bubbles at grain boundaries 
 


III. FISSION GAS RELEASE MECHANISMS IN 
GENERAL  


 
Fission gas release occurs based on the following 


three mechanisms. The most important mechanism is 
random diffusion. Two residual ones are recoil and 
knockout. It might be considered that very small fraction, 
maybe less than 1%, of generated fission gas is released 
due to the last two mechanisms.  


Random diffusion of gaseous atoms to grain boundary 
and pellet surface is major process in fission gas release in 
random diffusion model. Since possibility of random 
diffusion direct to pellet surface is much less than that to 
grain boundary, it is very important to consider the 
mechanism that single gaseous atoms diffuse to grain 
boundary and aggregate into gas bubbles, and that gas 
bubbles further grow and interlink in grain boundary and 
finally release from pellet surface.  


It is generally considered that kinetics of growth of 
intergranular gas bubbles dominantly determine fission 
gas release from irradiated fuel pellet. However, there is 
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still no general agreement what mechanisms are 
responsible for observed coalescence of intergranular 
bubbles during their growth. Several concepts have been 
proposed and some of them are explained for an example 
here.  


M. V. Speight10 proposed that the current of gaseous 
atoms to grain boundary was disturbed by a reverse 
current away from grain boundary as a result of irradiation 
induced re-solution process. This process corresponded to 
the splitting gas bubbles at grain boundary into single 
gaseous atoms due to track of fission fragments. However, 
it might be considered that the proposal by M. V. Speight 
was not perfect and not intrinsic. 


Very recently V. Tikare, E. Holm and P. Medvedev11 
demonstrate a model in order to study fission gas release 
in LWR fuels based on some existing models. According 
to the model, fission gas atoms accumulate in individual 
bubbles that are pressurized both within grains and at 
grain boundaries. Grain boundary bubbles grow as more 
fission gas atoms form and diffuse. As these bubbles at 
grain boundaries grow, they reach some threshold at 
which they become percolating and thus release 
pressurized fission gas to the gap between fuel pellet and 
cladding. Following the release, grain boundary bubbles 
close back up to form isolated bubbles and the process is 
repeated. This new concept of threshold at which 
intergranular gas bubbles become percolating and release 
fission gas to free surface shall be underlined. They also 
introduce re-dissolution of gas atoms from gas bubbles due 
to local disruption of bubble and surrounding crystal 
lattice by fission fragment. They finally simulate these 
processes totally. It might be suspected that percolating 
might occur when intergranular gas bubbles are connected 
and form rigid path or tunnel where gas atoms in gas 
bubbles can easily diffuse. 


Y. Kobayashi12 also proposes percolation model.  He 
names it as bond percolation which does not need 
connection of intergranular gas bubbles. According to his 
model, bond layer should exist between one gas bubble 
and the neighboring gas bubble, and bond layer is 
considered to have effective high mobility of gaseous 
atoms where type of diffusion might be gaseous diffusion 
rather than solidus diffusion. Detail phenomena cannot be 
clarified at present. However, unconnected and isolated 
intergranular gas bubbles are observed on irradiated 
sample having heat treatment after irradiation also the 
sample shows significant fission gas release.13 Thus, it 
might be possible to interpret fission gas release in LWR 
fuels based on percolation models.  
 
IV. FISSION GAS RELEASE MECHANISMS IN MOX  


 
Fission gas release mechanism in UO2 fuel has been 


studied from mechanistic point of view and mechanistic 


models have already been indicated above. The 
corresponding mechanism in MOX, on the other hand, 
has not yet been clarified because of existence of Pu spot. 
Many Pu spots exist in MOX especially in MIMAS-MOX. 
Figure 3 shows typical microstructure of MIMAS-MOX. 
As shown in this figure, MIMAS-MOX consists of three 
regions. They are Pu spot zone, intermediate zone 
surrounding Pu spot and UO2 matrix zone. Plutonium 
enrichment of Pu spot zone is about 30 wt%, and depleted 
uranium is used. Therefore, burnup characteristic and 
microstructure of each zone are much different from each 
other. Thus fission gas release from each region shall 
behave differently. Fraction of accumulated fission gas of 
Pu spot zone and UO2 matrix zone is preliminarily 
estimated by us and it is shown in Fig. 4 as a function of 
averaged burnup of MOX. In this calculation plutonium 
content of Pu spot zone and 235U enrichment are set to be 
30 and 0.3 wt%, respectively. Average plutonium content 
is set to be 14 wt% which corresponds 9 wt% of plutonium 
fissile content. . Thermal neutron flux is 2x1014 n/cm2 sec. 
As shown in this figure almost fissions occur at Pu spot 
zone even at high burnup of 60GWd/t. Fraction of fissions 
at Pu spot zone is gradually decreased and the fraction of 
fissions at UO2 matrix zone is, on the other hand, 
gradually increased from 0.05 to 0.1 with increasing 
averaged MOX burnup due to conversion of 238U to 239 Pu 
by neutron capture. This kind of result is recently reported 
by F. Lemoine.14 This indicates that fission gases are 
mainly generated at Pu spot zone. It should be considered 
that fission gas release mechanisms from both UO2 matrix 
zone and intermediate zone are almost same as 
mechanisms referred with genuine UO2 fuels cited above. 
But the amount of fission gas atoms generated in both 
zones is much less than that in genuine UO2 fuels. Thus, 
only fission gas release from Pu spot zone is important 
with MOX. 
 


Microstructure shall be discussed based on Fig. 3. As 
shown in this figure, there are many Pu spots and size of 
Pu spots varies from a few of m to 100m. Though we 
do not have grain etched photograph of Pu spot region, it 
is estimated that there are a certain number of grains in Pu 
spot because grain size of UO2 matrix zone is estimated to 
be about 4-5 m with MOX sample shown in Fig. 3. 
There are also many pores in MOX and it is observed that 
almost all pores are closed ones and they exist in both 
intragranular and intergranular zones. 
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Fig. 3 The typical microstructure of MIMAS-MOX  
(Plutonium enrichment of MOX is about 14 wt%.) 
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Fig. 4 The fraction of accumulated fission gas as a function of 


averaged burnup of MOX fuel (Preliminary results) 
 


Fission gases generated in Pu spot zone migrate to 
grain boundary in Pu spot zone and grain boundary in Pu 
spot zone might be occupied with fission gas atoms very 
quickly since fission density in Pu spot zone is very high 
because of high plutonium enrichment. If Pu spots are 
connected each other and the connection continues to 
pellet surface, a large amount of fission gases release is 
expected. However, such connection is not observed with 
fresh MOX fuel pellet and surrounding intermediate zone 
and UO2 matrix zone might block fission gas release. Thus 
fission gas atoms might be confined in Pu spot zone. If the 
distance between neighboring Pu spots is very short or Pu 
spots disappear due to inter diffusion of uranium and 


plutonium under high temperature, intergranular gas 
bubbles originally existed at grain boundary of Pu spot 
zone might percolate and thus fission gas atoms in gas 
bubbles might release to free surface when intergranular 
gas bubbles reach the threshold which is discussed in more 
detail below. 


 Single gas atoms generated by fission can move from 
intragranular zone to intergranular zone but some of them 
are trapped with intragranular sinks such as vacancies and 
as fabricated pores. Single gas atoms arriving at 
intergranular, i.e., grain boundary can move to pellet 
surface because of high diffusion velocity at grain 
boundary. But almost single gas atoms should be trapped 
with intergranular sinks such as at first vacancies and re-
entrant caves and secondary gas bubbles. Therefore, 
fission gas release does not occur and gas bubble 
formation is dominant until the threshold. Since pressure 
and volume of gas bubble are followed by Boyle-Charle’s 
law, these parameters increase depending on number of 
single gas atoms absorbed in gas bubble. If the pressure 
exceeds surface tension of gas bubble, single gas atoms 
can leap and move along grain boundary and reach to 
pellet surface. This mechanism supports those proposed by 
Tikare et al., and Kobayashi, and is not necessary gas 
bubble connection such as bubble tunnel. It is then 
considered that the threshold corresponds to balance 
between internal pressure and surface tension of gas 
bubble. It is also expected that pressure of gas bubble and 
mobility of single gas atom are strongly depended on 
temperature. If temperature is enough high to increase 
pressure and mobility, a remarkable fission gas release 
should be observed.  
 
V. PIE RESULT SUPPORTING FISSION GAS RELEASE 


MECHANISM OF MOX FUEL PROPOSED HERE 
 


In order to support and/or certificate the hypothesis 
for fission gas release of MOX the result of Post-
Irradiation Examination (PIE) is very useful. The objective 
of this section is to clarify the irradiation behavior shown 
below: 


- fission gas atoms in Pu spot, which exists in low 
temperature region and is surrounded by 
intermediate zone and UO2 matrix zone, cannot 
release, 


- fission gas atoms in Pu spot, which exists in high 
temperature region and is not surrounded by 
intermediate zone and UO2 matrix zone, can release, 


- Pu spot zone disappears in high temperature region 
and the phenomenon induces fission gas release, 


- isolated gas bubbles are observed on grain boundary 
even when fission gas release occurs. 
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Three MOX rods having plutonium content of about 
14 wt% and fabricated using MIMAS process have been 
irradiated under Pressurized Water Reactors (PWR) 
conditions in the Belgian power reactor, BR3 and test 
reactor, BR-2. One of them was taken out from reactor 
core and served for Post-Irradiation Examination (PIE). A 
destructive PIE (D-PIE) consists of a puncture of the fuel 
rod to measure its fission gas release and by observing the 
microstructure of cut samples using an Optical Microscope 
(OM), a Scanning Electron Microscope (SEM), and an 
Electron Probe Micro Analyzer (EPMA).  


In view of studying fission products behaviour, two 
samples were selected as follows: 


- sample CT1 from high power zone, to observe pellet 
microstructure when fission gas is released, 


- sample CT2 from medium power zone, to observe 
pellet microstructure at the onset of fission gas 
release. 


Burnup, linear heat rate and estimated fuel centerline 
temperature with CT1 and CT2 are shown in TABLE I. 
The PIE methods and results have already been presented 
in the previous papers.1, 2 


TABLE I 
Burnup, linear heat rate and estimated fuel centerline 


temperature with CT1 and CT2 samples 
 


After BR3 
Irradiation 


After BR2 
03/2001 Cycle 


 


CT1 CT2b CT1 CT2b 
Burnup 


(GWd/t-HM) 
15.4 14.9 34.9 27.1 


LHR 
(W/cm) 


214 210 298 186 


Estimated 
Fuel 


Centerline 
Temperature 
(̊C) 


1020 990 1600 980 


 
Pellet microstructure changes after irradiation are 


observed using OM and SEM on samples CT1 and CT2 in 
grain-etched conditions.  


The results of OM observation are shown in Figs. 5-8. 
In the zones R/R0 = 4/4 (pellet periphery) and R/R0 = 3/4 
of sample CT1, U-rich particles appear as darker zones 
with defined grain boundaries. Pu-rich particles can be 
identified by a brighter zone or region. (cf. Fig. 5) When 
going towards the pellet centre, the number of well-
defined U-rich particles decreases, at the benefit of bigger 
un-affected zones corresponding to Pu-rich islands. As the 
fuel temperature reaches higher values, the UO2 
agglomerates shrink due to the increasing inter-mixing of 
U and Pu. Fission gas bubbles (black parts) are observed at 


grain boundaries of high temperature regions from R/R0 = 
2/4 to the pellet centre of CT1. (cf. Fig.6) On the other 
hand, no noticeable changes of pellet microstructure are 
observed in sample CT2. (cf. Figs.7-8) 


 


 
Fig. 5 Result of optical microscope observation with CT1 at 


R/R0=3/4 in grain-etched conditions 
 


 
Fig. 6 Result of optical microscope observation with CT1 at 


R/R0=0/4 (center) in grain-etched conditions 
 


 


 
Fig. 7 Result of optical microscope observation with CT2 at 


R/R0=3/4 in grain-etched conditions 
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Fig. 8 Result of optical microscope observation with CT2 at 


R/R0=0/4 (center) in grain-etched conditions 
 


The results of SEM observation are shown in Figs. 9-
10. Many gas bubbles can be observed at Pu spot zone in 
pellet periphery as shown in Fig. 9. The gas bubbles in Pu 
spot zone are confined in Pu spot zone and fission gas 
cannot release. On the other hand, no Pu spot zones are 
observed in pellet center as shown in Fig. 10. Many gas 
bubbles exist at grain boundary and some of them are 
connected. It causes remarkable fission gas release. 
 


 
Fig. 9 Result of SEM observation with CT1 at pellet periphery 


 


 
Fig. 10 Result of SEM observation with CT1 at pellet center 


 


The results of EPMA mapping data analysis are 
shown in Figs. 11-12 for the samples CT1 and CT2 at 
pellet periphery and center, respectively. The Pu content 
distribution of sample CT1 at pellet periphery shows two 
Pu content peaks like in the case of fresh fuel, but at lower 
Pu content. The Pu-rich islands coming from the primary 
blend agglomerates have been depleted under the effect of 
irradiation. Then, from the pellet periphery to the pellet 
centre, the effect of the fuel homogenization can be 
observed: the low and high Pu content peaks tend to merge 
to give a narrower single Pu content peak corresponding 
to a homogenized phase of inter-mixed UO2 and PuO2. 
The same phenomena occurred for the Pu content 
distribution of sample CT2 at the pellet periphery as at the 
periphery of sample CT1 as compared to the fresh fuel: 
Pu-rich islands depletion due to irradiation. Nevertheless, 
the Pu content distributions from pellet periphery to pellet 
centre do not change: two peaks can still be observed for 
the sample CT2 as its burnup and temperature are too low 
to observe significant changes.  
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Fig. 11 Result of EPMA mapping data analysis with CT1 and 


CT2 at the positions of pellet periphery 
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Fig. 12 Result of EPMA mapping data analysis with CT1 and 


CT2 at the positions of pellet center 
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The result of the EPMA radial scans of sample CT1 
and CT2 is shown in Figs. 13-14. The Nd concentration is 
taken as an indicator for local burnup, as this fission 
product is known not to migrate in oxide fuel. Therefore, 
its concentration is directly proportional to the local 
fission density or burnup and then follows the Pu content. 
The Xe and Cs concentrations gradually decrease and 
become very low from roughly R/R0 = 0.4, indicating that 
fission gas and Cs release certainly occurred in this region. 
The plot of the ratios Xe/Nd and Cs/Nd further confirm 
this observation (cf. Figs. 15-16). The estimated ratios of 
Cs/Nd and Xe/Nd, calculated by the ORIGEN 2.2 code, 
are displayed by a dashed line. In the fuel areas where no 
release has occurred, a good agreement is found between 
the experimental ratios and the estimated ones. The onset 
of Xe FGR is located at R/R0 = 0.7 and the onset of Cs 
release at R/R0 = 0.6-0.7. On the other hand, no 
remarkable fission gas release is observed in the sample 
CT2 as shown in Fig. 14. The ratios of Xe/Nd and Cs/Nd 
are shown for the sample CT2 in Figs. 17-18 where a very 
small amount of fission gas release can be observed only 
near the pellet center of CT2. 


 


 
Fig. 13 Result of EPMA radial scan with CT1 


 


 
Fig. 14 Result of EPMA radial scan with CT2 
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Fig. 15 Radial evolution of the ratios of Xe/Nd derived from the 


radial scans of CT1. The dashed horizontal line 
corresponds to the production ratio given by ORIGEN 


2.2 calculation. 
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Fig. 16 Radial evolution of the ratios of Cs/Nd derived from the 
radial scans of CT1. The dashed horizontal line 
corresponds to the production ratio given by ORIGEN 
2.2 calculations.  
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Fig. 17 Radial evolution of the ratios of Xe/Nd derived from the 
radial scans of CT2. The dashed horizontal line corresponds to 


the production ratio given by ORIGEN 2.2 calculation. 
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Fig. 18 Radial evolution of the ratios of Cs/Nd derived from the 
radial scans of CT2. The dashed horizontal line corresponds to 


the production ratio given by ORIGEN 2.2 calculation. 
 


In order to examine the fission gas release behavior in 
the Pu spot, EPMA local scans are performed and are 
shown in Figs. 19-20 at the positions R/R0=0/4 ( center) 
and 3/4 for the sample CT1. At R/R0 = 3/4, the Xe and Cs 
distributions follow Nd, which shows the local variations 
in burnup resulting from the Pu distribution. Xe and Cs 
are present in the Pu spot and in the UO2 matrix in 
concentrations corresponding to the local burnup. Xe 
exists under the form of microscopic bubbles, which 
produce the important scatter in the quantitative 
distribution. Indeed, during sample preparation, bubbles 
intersecting the sample surface are opened and their gas 
escapes. As a result, the volume probed by the EPMA 
(roughly 1 µm deep) will contain a reduced amount of Xe, 
sometimes even no Xe at all for the larger bubble sizes.15 
In the centre of the fuel pellet (Fig. 20), the local linescan 
performed in this area indicates that nearly all the fission 
gases and the volatile fission products such as Cs have 
been released, as was already concluded from the radial 
scans. 
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Fig. 19 Quantitative local linescan with CT1 at R/R0 = 3/4 
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Fig. 20 Quantitative local linescan with CT1 at the position of 


pellet center 
 


The PIE results are summarized in view points of 
comparison of the mechanism and the irradiation behavior 
cleared by the PIE as follows: 
(1) Fission gas atoms in Pu spot, which exists in low 


temperature region and is surrounded by intermediate 
zone and UO2 matrix zone, cannot release. (cf. Fig. 9) 


(2) Fission gas atoms in Pu spot, which exists in high 
temperature region and is not surrounded by 
intermediate zone and UO2 matrix zone, can release. 
(cf. Fig. 10) 


(3) Pu spot zone disappears in high temperature region 
and the phenomenon induces fission gas release. (cf. 
Figs. 6, 10, 12, 13, 15, 20) 


(4) Isolated gas bubbles are observed on grain boundary 
even when fission gas release occurs. (cf. Figs. 6, 10) 


 
VI. CONCLUSIONS 


 
Kinetics of fission gas release in MOX is proposed 


based on the published understanding of fission gas 
release in UO2. The proposed kinetics has some following 
unique aspects concerning MOX: 
(1) Fission gases in Pu spot existing at low temperature 


region should be confined and those at high 
temperature region should be released. The latter 
phenomenon should be caused by disappearance of Pu 
spot due to interdiffusion of uranium and plutonium 
under high temperature.  


(2) The threshold of significant fission gas release is 
controlled by balance of internal gas pressure and 
surface tension of gas bubble. 


(3) The connection of gas bubbles at grain boundary is 
not necessarily needed for significant fission gas 
release.  
 
The results obtained in PIE should support the 


kinetics of fission gas release in MOX proposed in this 
paper. The first aspect should be supported by PIE results 
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shown in Figs.9 and 10. The third one should be supported 
by those shown in Figs. 6 and 10. However, the second 
one should not be supported by any PIE results.  


The kinetics of gaseous atoms in MOX is explained 
qualitatively not quantitatively. Thus, the quantitative 
modeling is expected in future.  


 
In addition, further studies are needed in order to 


prove the rationality of the kinetics proposed here from the 
following points of view:  
１． The mechanism for the behavior of single gas atoms 


and gas bubbles at grain boundary shall be clarified. 
２． The mobility of the single gas atoms and gas bubbles 


at intragranular and intergranular zones shall be 
clarified. 


３． The condition and/or threshold, at which the fission 
gas release remarkably occurs, shall be clarified 
quantitatively. 


４． The kinetics of the fission gas release is 
mechanistically modeled in more detail. 


５． The numerical equation which can correspond to the 
model shall be established and validated by use of a 
lot of irradiation data. 
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Abstract –The pressure suppression pool was designed to have the capability as a heat sink to 
cool and condense steam released from the core vessel and/or main steam line during loss of 
coolant accident (LOCA) or opening of safety relief valve in normal operation of BWRs. For the 
case of small flow rates of steam influx, thermal stratification could develop on the part above the 
blowdown pipe exit and significantly impede the pool’s pressure suppression capacity. Once steam 
flow rate increases significantly, momentum introduced by the steam injection and/or periodic 
expansion and collapse of large steam bubbles due to direct contact condensation can destroy 
stratified layers and lead to mixing of the pool water. Accurate and computationally efficient 
prediction of the pool thermal-hydraulics in the scenarios with transition between thermal 
stratification and mixing, presents a computational challenge. In this paper the effect of steam 
injection on the mixing and stratification is provided by the effective heat source (EHS) model and 
the effective momentum source (EMS) model. The POOLEX experimental facility (Lappeenranta 
University of Technology in Finland) data is used to develop and validate the EHS and EMS 
models. The comparison of simulation results to experimental data are discussed in the paper. 


 
 


I. INTRODUCTION 
 
The pressure suppression pool (PSP) is a paramount 


part of containment of BWRs as passive safety system. It 
was designed to have the capability as a heat sink to cool 
and condense steam released from the core vessel and/or 
main steam line during loss of coolant accident (LOCA) or 
opening of safety relief valve in normal operation, to limit 
the increase of containment pressure. However, it is 
observed that for the case of small flow rates of steam 
influx, thermal stratification could develop in the upper 
layer of the pool above blowdown pipe exit. During steam 
blowdown, the steam condenses rapidly in the pool and the 
hot condensate rises in a narrow plume above steam 
injection plane and spreads into a thin layer at the pool’s 
free surface. The increasing temperature of the surface 
defining the steam partial pressure in the vapor space 
causes increment of containment pressure. Therefore 
formation of the hot layer on top can significantly impede 
the pool’s pressure suppression capacity. It is also noted 


that once steam flow rate increases significantly, 
momentum introduced by the steam injection and/or 
periodic expansion and collapse of large steam bubbles due 
to direct contact condensation can destroy stratified layers 
and lead to mixing of the pool water. 


 
It is important to develop understanding of the PSP 


behavior during long transients with steam blowdown flow 
rate changing in time with and without activation of 
systems for mixing and cooling of the pool. 


 
Numerous experimental and analytical studies have 


been executed in the past to develop tools for prediction of 
basic phenomena of steam condensation, thermal 
stratification and mixing in a pool. Separate effect 
experimental studies of mixed convection flow phenomena 
have received considerable attention since the late 1970s. A 
review of the early woks is given by Incropera and Dewitt1. 
Discussions of experimental results with analytical 
interpretations for transient stratification of SPs were 
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reported by Fox2 and Smith et al.3 It was claimed that 
experimental results for transient stratification of BWR 
pressure suppression pools could be predicted using 
numerical solutions of one-dimensional differential 
equations describing the effect of buoyant jets on the 
vertical temperature distribution. Experiments and 
analytical studies on mixed convection have been 
performed by Peterson and coworkers at the University of 
California, Berkeley. Experimental studies on transient 
thermal stratification in pools with shallow buoyant jets 
and plumes were presented by Peterson et al.4 Peterson5 
provided a criterion for assessing when the momentum 
injected by forced jets would break up stratification in 
large enclosures. A method for reduction of the governing 
conservation equations for mass, momentum, energy to 
simpler one-dimensional forms under stratified conditions 
in an enclosure has also been proposed. Niu et al.6 studied 
mixed-convection and heat transfer augmentation by 
forced jets inside a large enclosure with a vertical cooling 
surface in order to support validation of the BMIX++ code 
(Berkeley mechanistic MIXing code in C++) 6, 7. The 
BMIX++ code uses one-dimensional Lagrangian transient 
flow and heat transfer. The code is only used when 
Archimedes number (ratio of square of Reynolds number 
to Grashof number) is low and stratification can develop, 
but for high Archimedes number, the enclosure is assumed 
to be well mixed lumped volume. 


 
Integral test facilities POOLEX8 at Lappeenranta 


University of Technology, Finland, and PUMA9 at Purdue 
University, US, were designed to study effect of steam and 
non-condensable gas injection on thermal stratification and 
mixing in a large volume of a suppression pool. 


 
A lot of efforts also have been spent on development 


of computational approaches to investigation of the 
phenomena related to steam injection through a submerged 
pipe. Gamble et al.10 discussed the analysis of stratification 
tests performed in the Pressure Suppression Test Facility 
(PSTF) for a SBWR (simplified boiling water reactor) with 
the modified TRACG code. In the modified TRACG code 
the mass and energy deposited by the jet in a cell is 
modeled with a ‘source’ while entrained liquid from a cell 
is modeled with a ‘sink’. A generally good agreement with 
the test data is reported. However, proposed computational 
model has quite a high degree of freedom in selection of 
parameters and configuration of ‘sinks’ and ‘sources’. 


 
Results of experiments in a scaled-down PSP designed 


to study condensation and mixing phenomena for a LOCA 
event in a SBWR design are also reported11. Analysis of 
the experiments performed with the TRACE code12 
indicated that the code is deficient in predicting thermal 
stratification. 


 


Experimental investigation of steam condensation and 
CFD analysis of thermal stratification and mixing in 
subcooled water of In-containment Refueling Water 
Storage Tank (IRWST) of the Advanced Power Reactor 
1400 (APR1400) were performed by Song et al.13, Kang 
and Song14 and Moon et al.15. The IRWST is, in fact, a 
BWR SP technology adopted in a PWR designs to reduce 
the risk of containment failure due to overpressure by 
condensing steam in a subcooled pool. Contemporary CFD 
codes generally do not have a standard model for direct 
contact condensation analysis. Therefore a lumped volume 
condensation region model14 was used to provide boundary 
conditions for temperature and velocity of the condensed 
water and the entrained water in the CFD simulations. 
However, only stable flow condensation regime was 
addressed. Similar approach to modeling of steam injection 
was initially proposed by Austin and Baisley16. 


 
A review of previous work shows that accurate and 


computationally efficient prediction of pool thermal-
hydraulics in scenarios involving transition from thermal 
stratification to mixing and vice-versa still presents a 
computational challenge. 


 
Li and Kudinov17 used GOTHIC code to simulate 


thermal stratification development and cooling of stratified 
pool under the POOLEX STB-20 test conditions. Effect of 
steam injection was simulated by an equivalent heat source 
as steam was completely condensed inside the blowdown 
tube in the STB-20 test. It was concluded that GOTHIC 
code is capable and computationally efficient in predicting 
development of thermal stratification and cooling of the 
pool during long (dozens of hours) transients (Li and 
Kudinov17). 


 
Li and Kudinov18 proposed an approach for simulation 


of mixing in a stratified pool with GOTHIC code. The 
momentum deduced by steam injection was modeled with 
pump which can supply the equivalent momentum value. It 
was shown that the mixing process of stratified layers can 
be predicted once correct value and direction of 
momentum is imposed by pump. 


 
The goal of this paper is further development and 


validation of the simulation tools for prediction of thermal 
stratification and mixing dynamics in the pressure 
suppression pool. In this paper the effect of steam injection 
on the mixing and stratification is provided by the effective 
heat source (EHS) model and the effective momentum 
source (EMS) model. The POOLEX experimental data is 
used to develop and validate the EHS and EMS models. 
On one hand, we derive the effective injected momentum 
rate and heat rate based on the experimental data. On the 
other hand, parametric studies are performed with 
GOTHIC to identify the value of effective momentum rate 
that provides best agreement with the experimental data on 
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the time scales of the mixing in different pool layers. The 
relations between effective momentum rates obtained with 
different techniques are discussed in the paper. 


 
II. CHUGGING PHENOMENON 


 
Direct Contact Condensation (DCC) of steam in 


subcooled water as a common phenomenon in many two-
phase systems. It has been a subject of extensive research 
since the 1970s. Experimental and theoretical studies are 
focused on three closely related topics (i) steam jet 
penetration length (e.g. Kerney et al.19; Weimer et al.20), 
direct contact condensation heat transfer (Chun at al.21; de 
With22), and (iii) hydrodynamic regimes of steam injection 
(Chan and Lee23; Liang and Griffith24; Cho et al.25; Youn et 
al.26; Petrovic-de With et al.27). 


 
One of the main reasons for studying steam injection 


flow regime was that in the chugging oscillation 
regime23, 24 pressure impulses may be strong enough to 
threaten containment integrity. 


 
In the chugging regime, steam bubbles are collapsed 


around the pipe outlet. There is no bubble plum injected 
into the pool above the pipe outlet. Oscillations of pressure 
in the pipe occur due to periodic steam injection, 
overexpansion and bubble collapse. Water level is moving 
quasi-periodically inside pipe. In this case, all steam can be 
assumed to be condensed inside the pipe and thus latent 
heat is mostly transfer through the pipe wall. As shown 
in Fig. 1, the fluid motion inside the pipe during each cycle 
of the chugging can be separated into two parts: water 
injection in downward direction during steam blowdown, 
and then sucking of the water in upward direction during 
steam condensation phase. We assume that both phases of 
the quasi-periodic motion introduce momentum that affects 
large scale circulation flow in the pool. 


 
The experimental investigation of thermal 


stratification and mixing phenomena is performed in 
POOLEX Facility (LUT)8. POOLEX is a top-open 
cylindrical tank initially filled with cold water. The steam 
is injected at controlled flow rate through a vertical 
submerged pipe. In the STB-21 test of POOLEX 
experiment a transient mixing of initially stratified layer 
was obtained when steam was condensed in the chugging 
regime. 


 
Fig. 2 showed injected steam flow rate in STB-21 test. 


Before 4200 s, the steam flow rate is kept low in order to 
develop the thermal stratification in the pool. The chugging 
phenomenon is observed when steam flow rate starts to 
increase from 0.04 kg/s at about 4200 s.  At about 4900 s, 
the steam flow rate reaches to 0.21kg/s and the pool is well 
mixed. Three thermocouples are installed in the central line 
of the discharge pipe at 0.1 m, 1.0 m, and 1.9 m above the 


bottom of pipe to detect the water level inside the 
pipe. Fig. 3 shows temperature measurements during 
chugging regime. 


 


 
a) jet 


 
b) sucking phase 


 
Fig. 1: Separate effect during chugging regime when steam 


is injected through vertical pipe. 
 


 
 
Fig. 2: Injected steam flow rate in STB-21 test of POOLEX 


experiment8. 
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a) 


 
b) 


 
Fig. 3: Temperature trend in the pipe in STB-21 test when a) 


steam flow rate starts to increase; b) steam flow rate reaches 
highest value of 210 g/s. 


 
The frequency and amplitude of the oscillations inside 


the discharge pipe are defined by the parameters of the 
steam injection and by pool water temperature. Aya studied 
experimentally and analytically the frequency and pressure 
amplitude in chugging regime of steam injection28. 
Proposed model for one-dimensional motion of water 
column in the vent tubes was able to reproduce 
satisfactorily wave shape of pressure oscillation and the 
interface movement at the time of chugging.  


 
For STB-21, the chugging phenomenon is complicated 


since the injected steam flow rate is increased step by step. 
However, the frequency of chugging oscillations can be 
estimated on the base of the temperatures monitored inside 
the pipe at different levels. The amplitude of water velocity 
through the pipe for both upward and downward directions 
can also be calculated according to the variation of 
temperature of thermocouples located at different 
elevation. Basically, the water velocity through the pipe 
can be estimated simply by,   


t
lvi Δ


Δ
=   (1) 


Where: 
lΔ : distance between two thermocouples, m; 
tΔ : time interval when thermocouples have same 


value for monitored temperature in one cycle, s; 
 


Once the water velocity through the pipe is calculated, 
the momentum rate induced by the motion of water can be 
estimated by, 


AvM ili
2ρ=  (2) 


Where: 
lρ : water density, kg/m3. 


iv : water velocity out of and into the pipe, i  indicates 
downward/upward, m/s, and 


A : flow area through by water, here we assume it is 
cross section area of pipe, m2. 


 


 
a) 


 
b) 


 
Fig. 4: Calculated water velocity through the pipe in STB-21 


test: a) steam flow rate increases from 60 g/s;      b) steam flow 
rate reaches highest value of 210 g/s. 


∆t 
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Fig. 4 showed the water velocity calculated according 
to the temperatures measured in the middle and at the top 
of the pipe. Since there are only three thermocouples in the 
pipe with 900 mm distance each, experimental temperature 
measurements are not enough for accurate calculations of 
the water velocity. However, maximum water velocity in 
the upward and downward directions still can be 
estimated. Fig. 4a shows calculated velocity between 4540 
s and 4600 s when injected steam flow rate is about 0.06 
kg/s. Fig. 4b shows calculated velocity from 4860 s to 
4900 s when injected steam flow rate is about 0.21 kg/s. It 
can be seen that frequency of the oscillations and water 
velocity amplitude is different due to changes in steam 
flow rate. Fig. 5a) shows time period for one cycle of 
oscillations at different steam flow rates. Generally, the 
period for one cycle decreases with increasing steam flow 
rate. At low steam flow rate, the period for chugging is 
about 9 s. The time period of water sucking phase changes 
between 1 s to 2 s. The water velocity during water 
injection phase increases with increasing steam flow rate. 
However, the maximum value is still lower than that for 
water sucking phase, as shown in Fig. 5b). 


 


 
a) 


 
b) 


 
Fig. 5: Time period and maximum water velocity for one 


cycle of chugging oscillations as functions of steam flow rate. 
 


We estimate that the averaged water velocity in water 
injection phase is about 1 m/s and cycle time period is 
about 4 s. The averaged water velocity in water sucking 
phase is about 2.5 m/s and cycle time is about 2 s. The 
cross-section area of submerged pipe in POOLEX 
experiment is 0.036 m2. The water coming out from the 
pipe outlet is saturated condensate with density of about 
958.6 kg/m3. Therefore, the averaged downward 
momentum rate introduced by steam injection in chugging 
regime is about 34.51 kg-m/s2 and the averaged upward 
momentum rate is about 215.69 kg-m/s2. 


 
III. GOTHIC SIMULATION 


 
In GOTHIC simulations, the effect of steam injection 


on the mixing and stratification is provided by the effective 
heat source (EHS) model and the effective momentum 
source (EMS) model. Proposed models are based on the 
experimental observations and analysis which suggest that 
the heat flux through the blowdown pipe and the 
momentum injected through the pipe outlet are the two 
driving factors that affect stratification and mixing process. 
The EMS model provides the effect of steam injection in 
terms of momentum responsible for the establishment of 
large scale circulation in the pool, while the aim of the 
EHS model is to simulate the thermal effect of steam 
injection by the effective heat transferred to the pool. Fig. 6 
shows a sketch of EHS/EMS models implementation in 
GOTHIC. One thermal conductor in GOTHIC is used to 
supply the equivalent heat flux through the pipe wall. One 
pump is used in GOTHIC to impose effective momentum 
into the water pool. 


 


 
 
Fig. 6: Sketch of implementation in GOTHIC. 


 
Fig. 7 shows temperature history measured in the test 


STB-21 of POOLEX experiment at different elevation in 
the pool. The experiment has five phases for different 
phenomenon. In phase A, mixing was observed before 
1800 s (line 0 in Fig. 7). At 1800 s of phase B, thermal 
stratification began to develop in the layer above the pipe 
outlet. In phase C at 3250 s (line 1 in Fig. 7), the 
temperature of the layer below pipe was stabilized at a 


0


2


4


6


8


10


12


0 50 100 150 200 250


Ti
m
e 
(s
)


Steam flow rate (g/s)


Period for one cycle


Time for water injection


Time for water sucking


0


1


2


3


4


5


6


0 50 100 150 200 250


M
ax
xi
m
um


 v
el
oc
it
y 
(m


/s
)


Steam flow rate (g/s)


For water injection


For water sucking


EHS/EMS:
1)Steam is condensed in the pipe 
(Condenser)
2)Steam latent heat is imposed as 
heat flux on the outer wall of the. 
3)Saturated water is flowing our of 
the pipe.
4)Effective momentum is simulated 
by EMS and implemented by 
Pumpmomentum


EHS/EMS:
1)Steam is condensed in the pipe 
(Condenser)
2)Steam latent heat is imposed as 
heat flux on the outer wall of the. 
3)Saturated water is flowing our of 
the pipe.
4)Effective momentum is simulated 
by EMS and implemented by 
Pumpmomentum


EHS/EMS:
1)Steam is condensed in the pipe 
(Condenser)
2)Steam latent heat is imposed as 
heat flux on the outer wall of the. 
3)Saturated water is flowing our of 
the pipe.
4)Effective momentum is simulated 
by EMS and implemented by 
Pumpmomentum


   


2025







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11256 


constant value. The second mixing phase caused by 
chugging started at about 4200 s (line 2 in Fig. 7) in phase 
D when injected steam flow rate was rapidly increased. 
The complete mixing was obtained in phase E at about 
4900 s (line 3 in Fig. 7) when the topmost layer of the pool 
reached the same temperature as the other layers. This is 
the time that steam flow rate reaches 210 g/s. The mixing 
time scale is considered to be 700 s long, that is, from 4200 
s to 4900 s. 


 


 


Fig. 7: Time for mixing and stratification phenomena in 
STB-21 test. (Phase A: First mixing. Phase B: Onset of 
stratification. Phase C: Stratification. Phase D: Onset of second 
mixing. Phase E: second well mixing.) 


 


Fig. 8: Heat rate through the pipe wall in GOTHIC 
calculation 


The second mixing phase of the stratified layers is of 
special interest because it provides specific experimental 
data needed for code validation. From 3250 s, steam flow 
rate is small and all of the steam is condensed inside the 
pipe according to the experimental observations. In the 
EHS model, we assume that all latent heat of steam 
condensation is distributed uniformly along the pipe wall 


and transferred to the pool. From the experimental data it 
can be seen that at 3250 s the temperature at the bottom of 
the tank is about 34.5 ℃ and the temperature at the top is 
about 40 ℃. These experimental values of the temperatures 
measured at different elevations are imposed as initial 
conditions in GOTHIC simulations. The heat rate through 
the pipe wall is calculated according to injected steam flow 
rate and enthalpy as shown in Fig. 8. 


 
Fig. 9 shows the sketch of POOLEX experiment 


facility and GOTHIC model. The details of modeling 
approach are also described in the previous study18. It was 
concluded that the best agreement with the experimental 
data for the mixing time scales can be achieved when 
effective momentum is directed downwards. In the present 
GOTHIC simulation, only downward pump is used in the 
modeling. The grid resolution for the pool is 48 cells in 
horizontal direction and 114 cells in vertical direction. The 
mass influx due to steam injection is ignored in the 
simulation. 


 


      
a)                                   b) 


Fig. 9: (a) Sketch of the POOLEX experimental facility, and 
(b) GOTHIC code model used for simulations. 
 


IV. ANALYSIS OF RESULTS 
 


Fig. 10 shows results of GOTHIC simulation for the 
first 950 s and comparison with experimental data from 
3250 s to 4200 s of phase C. Since injected steam flow rate 
is low and induced momentum is not sufficient to break the 
stratified layers, the thermal stratification continues to 
develop during this period. Fig. 10a) shows temperature 
history in the part below the pipe exit. It can be seen that 
the GOTHIC simulation can predict well the temperature 
in this part which is relatively flat close to the level of 35 
℃. Fig. 10b) shows temperature change in the part above 
the pipe exit. Stratification is formed at the beginning. The 
GOTHIC simulation still can predict well temperature for 
most of the horizontal layers. There is about 1 ℃ 
difference between the experimental and simulation data 
for the layer at T108. There are several possible reasons for 
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the under-prediction of the temperature. One reason is that 
global circulation present in the experiment is ignored in 
the simulation and pool is assumed to be at zero velocity as 
initial conditions. In the experiment, the thermal 
stratification actually started from 1800 s and the global 
circulation flow has already formed at that time. This 
global circulation will affect both thermal stratification 
development and mixing process. In GOTHIC simulation, 
it is impossible to model this kind of global circulation as 
initial conditions. This is also one reason to start the 
simulation from 3250 s, and not from 4200 s, which is the 
start of the mixing process. It is assumed that this global 
circulation can be formed after 950 s in the simulation. 


 
a) 


 
b) 


Fig. 10: Temperature distribution in GOTHIC calculation 
with grid of 48×114 and compare to data in experiment from 
3250s to 4200s. a) Part below pipe; b) part above pipe exit 


Fig. 11a) shows temperature changes in one of the 
GOTHIC simulations for phase D with downward 
direction of the pump. In comparison to the experimental 
data in Fig. 11b), temperature change in the simulation has 
the same trend as in the experiment. The only difference is 
that mixing time for the top layer in the simulation is 
shorter than that observed in the experiment. In the 


previous work we found that it is possible in principle to 
reproduce correctly mixing time scale if appropriate 
momentum rate of the pump is defined. 


 
a) 


 
b) 


Fig. 11: Mixing process a) in the GOTHIC simulation with 
downward pump of 0.0777 m3/s with 48×114; b) in experiment. 
 


To provide quantitative comparison between 
experimental and simulation data on the effective 
momentum source we introduce two time scales of mixing 
in the layers below and above the pipe outlet respectively. 
In Fig. 12 the mixing time scales predicted by GOTHIC for 
upper and lower layers of the pool are presented as a 
function of the momentum rate provided by the pump. 
Experimentally observed in the STB-21 test (two 
horizontal lines) time scales are also shown in the figures 
for comparison. As can be seen in Fig. 12, the mixing time 
scale increases exponentially if the pump momentum rate 
is smaller than some threshold value. If downward 
direction of the effective momentum is used then time 
scale for mixing of the bottom layers is smaller than that 
for the upper layers. Analysis of the results suggests that 
the best agreement with the experimental data for the 
mixing time scales can be achieved in case of the 
downward direction of effective momentum rate about 
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89.379 kg-m/s2 and with grid resolution of 48×114. In this 
case both time scales of mixing in the top and bottom 
layers can be reproduced in the GOTHIC simulation 
simultaneously. The density of water is 993.148 kg/m3, 
since the water through the pump is under pool 
temperature with 35 ℃ to 40 ℃.  
 


 
Fig. 12: Momentum rate vs. mixing time scale. The 


momentum rate on the red line is about 89.379 kg-m/s2. 
 


With chugging regime when steam is injected into 
stratified water pool, we propose that the relation between 
downward/upward induced momentum and effective 
momentum causing mixing can be expressed by following 
equation, 


( ) ( )[∫
Δ


+
Δ


=
T


upupdowndowneff dttMtM
T


M
0


1 rrr
αα ]   (3) 


downup αα ,
 
are coefficients that have to be 


determined from experimental data. According to the 
estimates the average cycle period for chugging in STB-21 
is about 6 s, in which 4 s for water injection phase with 
downward momentum and 2s for water sucking phase with 
upward momentum. Since downward momentum and 
upward momentum are estimated from experimental data 
and effective momentum is obtained from GOTHIC 
simulation, the above equation can be expressed as, 


[ upupdowndowneff MMM
rrr


αα 24
6
1


+= ]  (4) 


9.31.3 += updown αα   (5) 
This is a preliminary estimate based on the available 


poorly resolved in space and time data about water level 
oscillations inside the pipe. More relevant and more 
accurate experiment data is necessary to quantify


downup αα , . However, it is clear that weighting 
coefficient for downward component of the momentum in 
the blowdown phase is higher than that for the upward 
direction of the momentum in the sucking phase. A 


physical explanation for such difference between 
 can be that entrainment of liquid in the 


downward motion during the blowdown phase is more 
efficient for creation of the large scale circulation in the 
pool than point sink-type flow during the sucking phase. 


downup αα ,


 
V. SUMMARY AND OUTLOOK 


 
The effective heat source (EHS) model and the 


effective momentum source (EMS) model are developed in 
the paper for prediction of thermal stratification and 
mixing dynamics in the pool. The models are used in the 
GOTHIC containment code for modeling of the effect of 
steam condensation phenomena on the large scale 
circulation in the pool. The experimental data from the 
POOLEX STB-21 test is analyzed to estimate the velocity 
and period of free surface oscillations in the blowdown 
pipe in the chugging regime. The averaged momentum rate 
induced by water motion downward and upward is then 
estimated. A feasibility study has been performed with 
GOTHIC simulations to estimate the value of the effective 
momentum rate and direction. An equation for the effective 
momentum is proposed and two coefficients for upward 
and downward momentum rates are introduced. 
Unfortunately, available experimental data is insufficient to 
uniquely determine these coefficients. Thus, the approach 
warrants additional data for validation and preferably with 
more temperature measurement points inside the 
blowdown pipe. In addition, the measurement frequency of 
1 Hz also has to be increased for higher accuracy in the 
estimation of the water velocity. The abrupt increase and 
non-constant steam influx in the experiment caused 
significant variations in the amplitude and period of 
chugging oscillations which makes accurate estimations of 
the effective momentum difficult. Thus, an experiment 
with relatively constant steam flow rate is highly desirable 
for better estimation of the effective heat and momentum 
sources. 
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Abstract - The process instrument channels have been calibrated during refueling outage in the 
Nuclear Power Plants(NPPs). This means that the failed sensors or incorrect sensors could be 
continually operated for the operation periods up to the calibration. As result of this policy, there 
could be unaccuracy in the instrument measurement which reduces the operation margin from the 
instrument setpoints at operation condition. When NPPs operation period is lengthen by the 
longer fuel cycle, or the Power Uprate [Streached Power Uprate(SPU) or Extended Power 
Uprate(EPU)] of the NPPs is adopted, the instrument uncertainties of the Reactor Protection 
System(RPS) setpoints and the Control System(CS) setpoints should be evaluated. 


The instrument uncertainty is consist of Primary Element Accuracy(PEA), Process 
Measurement Accuracy(PMA), Sensor Accuracy(SA), Rack Accuracy(RA) and Environmental 
Allowance(EA). Where the Sensor Accuracy is consist of Sensor Reference Accuracy(SRA), Sensor 
Drift(SD), Sensor Calibration Accuracy(SCA), Sensor Pressure Effect(SPE), Sensor Temperature 
Effect(STE), Sensor Measurement and Test Equipment(SMTE), etc. The SRA, SD, SPE and STE are 
specified in the manufacture specification, and SCA, SMTE in the plant operation procedure for 
calibration of the instruments. The random, normally distributed and independent uncertainties 
are combined by square root sum of squares(SRSS) method. The nonrandom uncertainty, not 
normally distributed and dependent uncertainties are combined by algebraic method.  


For the power uprate project of Ulchin 1&2 Nuclear Power Plants, the Nuclear Steam Supply 
System(NSSS) setpoints evaluation is needed to guarantee actuation of the Reactor Protection 
System(RPS) and Engineering Safety Feature Actuation System(ESFAS). 


Eventhough drift is supplied by the manufacture’s specification, the plant calibration data of the 
instrument was analyzed to identify the actual drift for uncertainty calculation. The drift is 
evaluated by As Found minus As Left(AFAL) method at the 0%, 25%, 50%, 75%, 100% span of 
the instrument. The resulting drift is divided by the span of the instrument to convert to %span. 
Attempts to utilize as Left and as Found data for drift analysis, the five successive calculation data 
of the protection system were collected from Ulchin NPP unit 1 & 2. 


At this study for the NSSS setpoint evaluation, the drift type has been studied and analyzed with 
the calibration data, as zero shift, span shift, combined shift and nonlinear. And the size and trend 
of the instrument drift has been analyzed for uncertainty calculation of the Plant. If there is 
significant outlier, the causes should be analyzed and the problems should be resolved for 
adoption of the results. And the general drift value can be determined by the probability and 
confidence level with calibration data. 


 
I. INTRODUCTION 


 
For power uprate of the Nuclear Power Plants, the 


Nuclear Steam Supply System setpoints should be 
evaluated to guarantee actuation of the Reactor Protection 
System(RPS) and the Engineering Safety Feature 


Actuation System(ESFAS). The each setpoint is consists of 
many instrument uncertainty factors, Primary Element 
Accuracy, Process Measurement Accuracy, Sensor 
Accuracy, Rack Accuracy and Environmental Allowance. 
The Sensor Accuracy and Rack Accuracy have drift factor 
which is an undesired change in output over a period of 
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time during plant operation. It is the trend that the long 
cycle fuels are loaded in Nuclear Reactor such as 18 
months.  


The plant calibration data of the instrument is good for 
the accurate evaluation of the NSSS setpoints, although the 
drift data are supplied in the manufacture’s specification 
manual. 
 


II. Instrument drift characteristics 
 
When a plant operates at nearly constant power for an 


extended period of time, the process variations for many 
parameters tend to be relatively small. Although the 
monitored instruments appear to be in calibration at the 
monitored point, the user does not know the instrument are 
still in calibration elsewhere in the span. This section 
describes drift types, characteristics and their examples. 


 
II.1 Zero shift drift 


 
Zero shift appears to be about 45–50% drift type, a type 


of instrument drift characterized by a change in the 
instrument zero point and the desired calibration curve is 
shifted from the zero point. If a sensor drifts only by a 
change of zero shift, then any drift will be detected 
regardless of the monitored point. Figure 2-1 shows 
characteristic[1] and Figure 2-2 shows an example of zero 
shift drift[3].  
 
II.2 Span shift drift  


 
Span shift appears to be about 20–25% drift type, a type 


of instrument drift characterized by a change in the 
instrument span as compared to the desired span, and 
typically results in the instrument being in calibration at 
some point along the instrument’s span and out of 
calibration at some other point along the instrument’s span.  
 


 
 


Fig. 2-1 Zero shift drift 


 


 


 


Fig. 2-2 Zero shift examples 
 


 
 


Fig. 2-3 Span shift drift 
 


 
 


Fig. 2-4 Forward span shift examples 
 


The span shift can occur either as forward span or 
reverse span shift. If a sensor drifts only by a change of 
span shift, the drift might or might not be detectable, 
depending on the nature of the span shift and the monitored 
point. Figure 2-3 shows characteristic[1], Figure 2-4 and 2-
5 show examples of span shift drift[3]. 
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Figure 2-5 Reverse span shift examples 
 
II.1 Combination of zero and span shift 


 
Combination of zero and span shift appears to be about 


15–30% drift type, which is a type of drift characterized by 
a simultaneous change in both the zero and span of the 
instrument, and generally increasing in proportion as the 
magnitude of drift increases. These drift combinations tend 
to make drift detection more likely, regardless of the 
monitored location. Figure 2-6 shows characteristic[1], 
Figure 2-7 and 2-8 show examples of combination of zero 
and span shift[3]. 


 


 
 


Fig. 2-6 Combination of zero/span shift 
 


 
 


Fig. 2-7 Forward span with zero shift examples  


 
 


Fig. 2-8 Reverse span with zero shift examples 
 


II.4 Nonlinear drift 
 
Nonlinear drift is relatively rare, and appears to be about 


5% drift type, which is a type of drift that is not clearly 
zero shift, span shift, or a combination of the two types, in 
which the degree of calibration varies with no obvious 
pattern along the calibration curve. The drift detection 
depends on the specific instrument performance at the 
monitored point. Figure 2-9 shows characteristic[1] and 
Figure 2-10 shows an example of nonlinear drift[3]. 


 


 
 


Figure 2-9 Nonlinear drift effect 
 


 
 


    Fig. 2-10 Nonlinear drift effect examples 
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II.5 Single outlier 
 
 Single outlier is a special case of nonlinear shift in 


which one point is significantly larger than the other AFAL 
points. The Single outlier cases are most likely attributed to 
data entry or transcription errors; a physical explanation for 
a single aberrant point could not be developed and Figure 
2-11 shows an example of Single Outlier[3]. 


  


  
 


Fig. 2-11 Single Outlier effect examples 
 


III. Instrument drift analysis  
 


The instrument drift analysis is done with plant 
instrument calibration data of the safety system for 
setpoints evaluation of Ulchin Nuclear Power Plant Unit 
1&2. 


The drift is the deviate value from previous state in 
successive calibration of the process instrument. 


The as-found minus as-left (AFAL) values for the 
calibration of span points are used for drift analysis. 


1i i
i


AF ALDrift
span


−−
=


    
••••••••••••••••••••••••    


(Eq. 1) 


where 


iDrift  :  Drift between i and i-1 


iAF   :  As Found Value of the i’s calibration 


1iAL −  :  As Left Value of the (i-1)’s calibration 


 
III.1 drift type 


 
The results of instrument drift analysis are shown in 


Figure 3-1. For this study, the safety related instrument 
calibration data are collected of 55 instruments, their 3 
calibrations (total 165 calibrations), 5 individual 
calibration checkpoints(0, 25, 50, 75, 100%, total 825 


points) of the instruments from the Ulchin NPP Units 1&2 
Safety Protection System. The table 3-1 shows used sensor 
numbers and collected dated of the calibration, and  table 
3-2 shows instrument types and model which were used to 
evaluate the drift.  


 
Table 3-1 Instrument and calibration data 


instruments no of sensor calibration
Data* 


Pressurizer Level 4 1,2,3** 


Pressurizer Pressure 6 1,3,4 
RCS Flow 9 1,3,4 
Steam Generator Level 15 2,3,4 
Steam Line Pressure 9 3,4,5 
Main Steam Flow 6 3,4,5 
Main Feedwater Flow 6 3,4,5 
*     Preventive Maintenance Period 
**   Based on the data used to analysis  
 


Table 3-2 Instrument Model 


*       Preventive Maintenance Period 
**     General Name of manufacture and model  
***   Based on the data used to analysis  
 


 
 


Fig. 3-1 Drift analysis result 


instruments 
initial replacement 


Man. Model Man. Model Date* 


PZR Level 


HB** 


AXF** 


RM** 


HH** 4*** 


PZR Pressure AXC SH 2 
RCS Flow AZF HH 2 
S/G Level AXF DH 1 
STM  Line Pressure AZC SH 2 
Main Steam Flow AXF DH 2 
Main Feedwater 
Flow AZF DH 2 
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As shown in Figure 3-1, the Forward span shift is major 
cases, Reverse span with zero shift is least for out of the 
calibration > 0.2%. 


The span shift drift and Nonlinear drift might or might 
not be detectable, depending on the nature and the 
monitored point. But only 36% of the calibration data get 
over the 0.2% drift value and most of the them are below 
the limits specified in the manufacture manual on 95% 
probability with 95% confidence level during the operation 
cycle.  


 
III.2 drift analysis 


 
The instruments initially installed were replaced to 


other model as table 3-2 for reliability. 
The figures from 3-2 to 3-11 show the drift trends 


which are based on the calibration data of the consecutive 
Preventive Maintenance. The instruments were replaced at 
second maintenance period for refueling outage and there 
are no data at second maintenance period. The figures from 
3-2 to 3-11 show the drift trend. 


Although all of the instruments were replaced to other 
manufacture model, figures 3-2 to 3-5 show that there is no 
significant drift change to affect the uncertainties of the 
instruments. 


The figures 3-6 to 3-11 show that the fourth steam 
pressure and flow instrument drift data are larger than 
those of other calibration data. There are no special reason 
why the steam pressure and the steam flow instrument 
drifts of the fourth calibration data are different from other 
case. And the consecutive calibration data show that the 
sensor drift charistrictics is good for setpoints analysis. It 
can be supposed that there may be error during third 
calibration process(as drain or vent of the instrument 
sensing line) because all of the fourth drift data show the 
same trend. So the fourth steam pressure and flow 
instrument drift data should be discarded . 


 


 
 


Fig. 3-2 Pressurizer pressure sensor drift(1) 


 
 


Fig. 3-3 Pressurizer pressure sensor drift(2) 
 


 
 


Fig. 3-4 RCS flow sensor drift(1) 
 


 
 


Fig. 3-5 RCS flow sensor drift(2) 
 


 
 


Fig. 3-6 Steam flow sensor drift(1) 
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Fig. 3-7 Steam flow sensor drift(2) 
 


 
 


Fig. 3-8 Steam pressure sensor drift(1) 
 


 
 


Fig. 3-9 Steam pressure sensor drift(2) 
 


 
 


Fig. 3-10 Feedwater flow sensor drift(1) 


 
 


Fig. 3-11 Feedwater flow sensor drift(2) 
 


The Drift is limited as 0.2% Upper Range Limit for 
thirty months in the manufacture’s specification manual.  
So the limiting value should be recalculated with upper 
range limit and span of the instrument. But the calibration 
period was not corrected because it was within the limit 
calculation period in specification manual. 


 
DriftLIMIT=0.2% * URL / span     •••••••••••••••• (Eq. 2) 


where 
DriftLIMIT :  recalculated drift limit of instruments 


 
 Table 3-3  Drift limit 


 
 As can be seen in figure from 3-2 to 3-11 and table 3-3, 


most of the drift data are below the 0.2% URL except the 
steam pressure and the steam flow. Some of the steam 
pressure and the steam flow drift data in fourth calibration 
data are over the limit. 


The calibration data drift analysis results are satisfied 
with the draft limit on 95% probability with 95% 
confidence level during the operation cycle.  If the fourth 
data of the steam pressure and the steam flow are discarded, 
the probability is over 99%.  


 


f
xP
n


=                                          ••••••••••••••••  (Eq. 3) 


Instruments unit URL span 0.2%
URL 


Pressurizer Level bar 206.84 69.98 0.59
Pressurizer Pressure bar 1.87 0.38 0.97
RCS Flow bar 1.87 0.74 0.51
Steam Generator Level bar 1.87 0.27 1.38
Steam Line Pressure bar 206.84 85.01 0.49
Main Steam Flow bar 1.87 0.88 0.42
Main Feedwater Flow bar 1.87 0.72 0.52
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where 


fP  : proportion of failures 


x  : number of values exceeding the pass or fail 
criteria 


n  : total sample size 
 


1 fP P= −                •••••••••••••••• (Eq. 4)  


1 (1 )lP P z P P
n


= − × × × −
 
•••••••••••••••• (Eq. 5) 


1 (1 )uP P z P P
n


= + × × × −    •••••••••••••••• (Eq. 6) 


where 
Pl   : minimum probability what will pass the  criteria 
Pu  : maximum probability what will pass the criteria 
Z : standard normal distribution value corresponding 


to the desired confidence level. z = 1.96 for 95% 
confidence level. [1] 


 
 


IV. CONCLUSIONS 
 


The drift type analysis shows that the span shift drift and 
nonlinear drift take a large portion of probability. But the 
out of calibration limit(0.2% span) is below the drift limit 
and most of the drifts are below the limits in the 
manufacture specification on 95% probability with 95% 
confidence level during the operation cycle. So it is 
insignificant matter even though the probability of 
nonlinear, single outlier and span shift is relatively high 
compared with research of Electric Power Research 
Institute. 


It is supposed to be calibration error during third 
calibration process of the steam pressure and the steam 
flow. So it that of fourth calibration data are discarded, the 
drift limit satisfy the limit over 99% probability.  


It is conservative to apply 2.0% drift uncertainty for the 
instrument setpoints analysis because it is higher than  
maximum drift value and the calibration data satisfy the 
limit with 95% confidence level for the power plant. 
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NOMENCLATURE 
 


As Found : the condition in which a channel is found after 
a period of operation and before recalibration 


As left : the condition in which a channel is left after 
calibration or final setpoint device setpoint 
verification 


Drift : an undesired change in output over a period of time 
where change is unrelated to the input, environment, 
or load 


Instrument Channel : an arrangement of components and 
modules as required to generate a single protective 
action signal when required by a plant condition. 


Random : describing a variable whose value at a particular 
future instant cannot be predicted exactly but can 
only be estimated by a probability distribution 
function 


Sensor : the portion of a channel that responds to changes 
in a process variable and converts the measured 
process variable into an instrument signal 


Span  : the algebraic difference between the upper and 
lower values of a calibrated range 


URL   : Upper Range Limit of instruments 
Uncertainty : the amount to which an instrument channel’s 


output is in due to possible errors, either random or 
systematic, that have not been corrected for. 
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Abstract – The definition of innovative requirements for SFR are guided by significant 
improvements on economy, safety, environment, waste management and proliferation resistance. 
CEA, AREVA and EdF have achieved an extensive experience and significant expertise in Sodium 
cooled Fast Reactors over the past 40 years of R&D and feedback on experiments. Some 
improvements are needed on the SFR to reach the GEN IV objectives. 
The reactor refueling system provides the ways of transporting, storing and handling reactor core 
fuel assemblies. The Fuel Handling System (FHS) impacts directly the general design of the 
reactor vessel, the reactor building and the nuclear island, their construction cost and the 
availability factor. Fuel handling design must take into account various items and in particular 
operating strategies such as core design and management, and core configuration. 
In addition, the feasibility of the Whole Core Discharge (WCD)is studied and consequences in 
terms of usability and availability are detailed. 
The various studies carried out in the framework of the R&D programs and for the construction of 
prototypes have led to the definition of two types of FHS: 


- A sodium route: this route is very interesting for operation flexibility but requires 
an external storage (filled with sodium) which should penalize the investment 
cost. 


- A gas route: this route allows a reduction of investment cost but operation gets 
more complicated and possibilities of fast Whole Core Discharge are limited. 


In the framework of the tripartite project (CEA, EdF and AREVA), we have then considered a 
“Mixed”route mainly answering to the following objectives: 


- Reduction of the investment cost compared to the sodium route 
- Ability to make a Whole Core Discharge within a few months 


After dealing with main constraints and assumptions linked to the SFR’s Fuel Handling System, 
we will detail in this paper the maximum fuel assemblies power acceptable for the various ways of 
FHS in order to comply with safety rules and maximum temperatures of pins, then we will also 
present the different considered routes (sodium, gas and mixed route), in order to compare them 
on technical and economic aspects. Finally, we will analyze their flexibility regarding Minor 
Actinides management.  
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I. INTRODUCTION 
 


CEA, AREVA and EDF have an extensive 
experience and significant expertise in Sodium cooled Fast 
Reactors over the past 40 years of R&D and feedback on 
experiments [1]. However, some improvements are needed 
on the SFR to meet the GEN IV goals, and in particular the 
reduction of investment and operating costs: the Fuel 
Handling System (FHS) can be considered as an essential 
step in the reactor design. 


The reactor refueling system provides ways of 
transporting, storing and handling reactor core fuel 
assemblies. The Fuel Handling System (FHS) impacts 
directly the general design of the reactor vessel, reactor 
building and the nuclear island, their construction cost and 
availability factor. That’s why fuel handling design must 
take into account various items and in particular operating 
strategies such as core design and management, and core 
configuration. 


In addition, the Whole Core Discharge (WCD) has 
to be considered to keep the possibility of reactor structures 
exceptional inspection. 
The various studies carried out in the framework of the 
R&D programs and for the construction of prototypes have 
led to the definition of two types of FHS: 


- A sodium route: this route is very interesting for 
operation flexibility but requires an external storage 
(with sodium) which should penalize the investment 
cost. 


- A gas route: this route allows a reduction of 
investment cost but operation gets more complicated 
and possibilities of fast Whole Core Discharge are 
limited. 


In the framework of the tripartite project (CEA, EdF and 
AREVA), we have then considered a “Mixed” route mainly 
answering to the following objectives: 


- Reduction of the investment cost compared to the 
sodium route 


- Ability to make a Whole Core Discharge within few 
months 


After a reminder of the main constraints and 
assumptions linked to the SFR’s Fuel Handling System, we 
will detail in this paper the maximum fuel assemblies 
power acceptable for the various ways of FHS in order to 
comply with safety rules and maximum temperatures, and 
then present the different considered routes (sodium, gas 
and mixed route), in order to compare them on technical 
and economic plans. Finally, we will analyze their 
flexibility with respect to Minor Actinides. 


 
 
 


II. GENERAL DESCRIPTION OF A FUEL HANDLING 
ROUTE IN A SFR 


 
The reactor refuelling system provides the means 


of transporting, storing and handling reactor core fuel 
assemblies, including fuel, blanket, control, and shielding 
elements. The system consists of the facilities and 
equipments needed to accomplish the scheduled refuelling 
operations. 


The main tasks that have to fulfil a FHS are the 
following (including the loading and unloading of Fuel 
Assembly (FA) – see Figure 1): 


- Arrival of new assembly (1), 
- New Fuel Storage (2), 
- Preparation of loading (with potential 


conditioning) (3), 
- Loading (using the same handling route as the 


unloading) (4), 
- Internal transfer (including the internal storage) 


(5), 
- Unloading (can include an External Vessel Storage 


Tank: EVST) (6), 
- Out of vessel transfer (7), 
- Evacuation (can or not include a cleaning 


operation) (8), 
- Storage for fuel cooling (in sodium, gas or water) 


(9). 
The different operations are synthesized within figure 1: 


 
Fig. 1. General description of a FHS (including loading and 


unloading routes) 
 


Based on this very general principle, several 
technological options summarise in Figure 2 can be 
chosen and have been applied on reactors. This list is not 
exhaustive but is considering the main options. 
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Fig. 2. List of different technical options for the FHS route 
 


 
III. MAIN CONSTRAINTS FOR THE FUEL 


HANDLING 
 


III.A. Constraints Related to Safety 
• Handling of the most powerful assembly in the reactor 


vessel: To avoid fuel handling mistake (thermal error), 
we consider that it is always the hottest assembly in the 
reactor vessel which is moved. The beginning of the 
handling is authorized when the most powerful 
assembly reaches the limit value authorized by the fuel 
handling route. This imperative impacts directly the 
"starting signal" of the refueling campaign in the case of 
a normal refueling, or a Whole Core Discharge (WCD). 
This requirement is very impacting for a reactor 
operating with Minor Actinides. In the future, this 
strong requirement could be alleviated, provided that 
adequate SA thermal power measurements means be 
developed. 


• No fusion of fuel pins with a passive cooling during an 
unlimited time: The criterion of no fuel pins fusion must 
be warranted in passive cooling and in all handling 
configurations. This criterion imposes a maximum 
temperature on fuel pins (this temperature may evolve 
according to materials - approximately 1400°C) and 
limits the power of the handled fuel assemblies. 


• Time of assembly transfer in fuel handling route: In 
case of loss of the active cooling system, the time 
required to transfer the fuel assembly in a backup safe 
position must be short enough so that the increase of 
temperature on fuel pins remains acceptable. This 
requirement limits the power of the handled assemblies. 


 
 


III.B. Thermal Constraints: Maximum allowable fuel 
pin cladding temperature 


Thermal criteria are defined to guarantee the pin’s 
integrity, first safety barrier, during all the fuel handling 
operations. More precisely, these criteria are issued from 
materials studies in order to prevent from pin’s failure 
because of irreversible modifications on material structure-
properties and / or thermo-mechanical damages. Generally, 
a unique criterion, also called maximum allowable fuel pin 
cladding temperature, is considered for the whole fuel 
handling sequence. As referenced in the literature [2], this 
temperature is comprised between 600 and 700 °C for the 
most sodium-cooled reactors.  


 
III.C. Decay heat level of spent fuel for defuelling 


The fuel handling route and the associated cooling 
systems have to be designed in order to guarantee, during 
each step of the handling process, such level of temperature 
comprised between 600 and 700°C. So thermal calculations 
are conducted for each handling situation in order to 
determine the maximum decay heat level of spent fuel in 
accordance with safety considerations. This one is directly 
linked to the efficiency of the cooling, which depends 
principally on the mechanisms involved in heat transfers, 
and consequently, on the coolant fluid considered. From 
this view, different situations can be distinguished, namely:  


1. In-Vessel Fuel Handling which consists in internal 
transfers of sub-assemblies immerged in sodium in a 
range of temperature between 180 and 250°C. 
During handling operations, after the reactor 
shutdown, heat transfers are governed mainly by 
radial conduction and natural convection in sodium,  


2. Sodium pot for fuel transfers between the reactor 
vessel and ex-vessel storage facilities. In this case, 
the spent fuel is immerged in a sodium filled pot 
surrounded by a gas environment, in general argon. 
So heat transfers between the pot and the gas, 
mainly due to radiation and natural convection, have 
also to be considered,  


3. Finally Gas-cooled handling systems, used also for 
external handling operations, involve other 
mechanisms which are principally conduction and 
radiation phenomena in gas environment. 


 
III.C.1. Feedback of previous reactor  


The Table 1 summarizes the maximal residual power 
allowable for such handling operations in the case of 
Phenix and Superphenix. These results indicate clearly that 
sodium has to be privileged to handle assemblies with high 
residual power. Indeed, because of its thermal 
characteristics, the use of sodium as a coolant improves 
greatly heat transfers between the fuel assembly and the 
surrounding environment. As a contrary, gas handling 
operations appear as rate limiting for heat transfer. 
Moreover the absence of Ex Vessel Storage Tank for 
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Superphenix was also limiting because the maximal 
residual power was the same for the whole defueling 
sequence: indeed it was imposed by the most limiting step, 
namely gas transfer, and fixed to 7,5 kW. As it can be 
noticed in the Table 1, the level of residual power for 
external transfers in sodium pots is very different for 
Phénix and Superphénix. In the first case, only passive 
cooling was considered and consequently limited the 
maximal residual power to 10 kW. Whereas in the second 
case, an active cooling was preferred if the assembly would 
get blocked, leading to a residual power about three times 
higher. 


 
TABLE I 


Maximal Residual Power issued from the Feedback of 
previous reactor 


 
  


III.C.2. Application to SFR 
New calculations have been conducted for SFR in 


order to optimize the maximum residual power for each 
handling situation described previously in respect to 
thermal criteria, and consequently to optimize the reactor’s 
availability. 


The maximal power allowable for internal transfers in 
sodium is comprised between about 40 and 50 kW to limit 
pin’s temperature respectively to 600 and 700°C. These 
results are illustrated on the Figure 3 Such decay heat level 
can also be envisaged for external transfers in sodium filled 
pot if handling systems are designed to guarantee a sodium 
temperature maintained constant during all the time of this 
operation. However such considerations have to be 
confirmed by further investigations. 


For external transfers in gas environment, the residual 
power is limited to 2,2 kW if only passive cooling is 
considered. These results, presented on the Figure 4 are in 
coherence with Phenix’s ones. However, in order to 
optimize the handling system, the use of external cooling 
devices can be envisaged. Such systems lead to higher 
power as illustrated previously in Table 1 on the base of 
historical data. As an example, a gas flow rate of about 60 
Nm3.h-1 through an SFR’s assembly of 7,5 kW decrease 
from 1200°C to 500°C the maximal pin’s temperature. 
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Fig. 3. Maximum allowable power of spent fuel during in 


vessel fuel handling – Step 1 
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Fig. 4. Maximum allowable power of spent fuel during in 


Ex-vessel fuel gas handling – Step 3 
 
 Thus, in gas configuration, it is possible to handle 


SFR’s assemblies with heat decay level comprised between 
7.5kW and 10kW in regards to safety criteria defined in the 
paragraphe III.A 


 
III.D. Assumption for the WCD 


For Safety and ISIR objectives of the future SFR the 
feasibility of the Whole Core Discharge (WCD) is studied 
to determine its consequences for the Fuel Handling 
Systems. Indeed, the WCD might be envisaged to access to 
specific internal structures of the reactor for inspection or 
in case of accidental situation in order to justify a safe 
back-up position.    


Two types of WCD can be considered: 
- WCD – In Service Inspection and Repair (ISIR) 


(WCDi): In case of ISIR objectives, the WCD could 
be required to inspect inner structures of reactor, 
related with a complete draining of sodium. Those 
operations are carried out in a short delay, 
compatible with SFR availability objective. After 
Inspection, the capability of reloading the core with 
the same subassemblies is considered in order to 
preserve the core investment 


- WCD Safety (WCDs): In case of proven default, the 
WCD would be considered only for safety rules. 
This operation is done without consideration of 
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reversibility and the time usually accorded is several 
months up to one year. 


 
 Fig. 5. Maximum residual power SFR V2B (20% 


incertitude) 
 


Assuming a duration of one month for the operation 
of all the subassemblies discharge, the delay for the WCD 
is directly related to the maximum power compatible with 
the fuel handling system. Considering the above graph of 
subassemblies heat decay, the table below describes the 
maximum power handled in terms of of WCD. 


 
TABLE II 


Maximum subassembly power handled 


 
 
Thus, the choice of a short time for WCD can be a 


determining factor for the fuel handling system solution.  
The reversibility of WCD means the possibility of 


reloading the reactor core with the same subassemblies. 
This reversibility can be obtained in different ways, like 
external storage after non-aggressive cleaning or external 
storage in neutral gas or in sodium without cleaning. Then, 
the problem of reversibility of WCD becomes a 
consideration of external storage capacity. According to an 
external storage (ES) used during the normal operation of 
the fuel handling system, its capacity should be increased 
from about 3/5 locations of subassemblies present in core 
to 6/5 locations (for a frequency of reloading core of 5). 
The consequences are then an increase in dimensions of 
ES, a more powerful decay heat removal system and thus a 
higher investment cost. 


Whole Core Recharge (WCR) induces also 
engineering problems, which have to be evaluated, such as 
the capability of recharging subassemblies without dummy 
core (positioning of the subassembly by the adjoining 


ones). In this case, a self positioning of the subassemblies 
into the core has to be implemented (orientation at the 
bottom of subassemblies or with the handling machine for 
instance). Some safety cases have also to be analysed, such 
as the consequences of a seism during refuelling operation 
or the possible needs of primary circuit and core 
requalification tests. 


A last point to be considered is the case of the 
subassemblies loaded with Minor Actinides. The high 
residual power of this sort of subassemblies after 
irradiation will require a high power fuel handling systems 
with an external storage. This point on Minor Actinides 
impact on fuel handling system will be presented in 
paragraph 7. 


 
 


IV. MAIN CHARACTERISTICS OF THE SODIUM 
FUEL HANDLING ROUTE 


 
The sodium route is mainly characterized by the 


following elements: 
- Handling equipments in reactor vessel (rotating 


plugs, Fixed Arm Charge Machine, Rotor…) 
- A transfer system in sodium pot between the reactor 


and the external storage (for example a sodium flask 
with a power capacity between 35 and 40 kW per 
fuel assembly)  


- An external sodium storage allowing the decrease of 
assemblies’ residual power until it reaches 
compatible power with gas transfers and cleaning 
process 


- A transfer system in gas between the external 
storage and the washing pits (for example a gas 
flask with a power capacity about 7.5kW) 


Consequently, the sodium handling route is common 
and unique for the normal unloading (new assemblies, 
failed assemblies, irradiated assemblies, Minor Actinides) 
and for the WCD. 


 


 
 
 Fig. 6. Sodium Fuel Handling Route 
 
Main advantages: 


- No need of internal storage thus there is no impact 
on the diameter of the reactor vessel  


- Possibility of WCD in one month 
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- After the unloading, there is a possibility of 
reloading the fuel assemblies (storage in sodium 
thus no risk of corrosion or oxidation of fuel pins). 


- During outage of the reactor, the number of 
operations is limited. The cleaning of the assemblies 
is made during the operation of the reactor  


- Only few modifications of the design are necessary 
to realize a coupling of unit.  


 
Main drawbacks: 


- The external storage in sodium requires the 
implementation of numerous auxiliary systems 
(decay heat removal system, purification, 
inspection)  


- The external storage involves an important 
investment cost (it can be however shared for 2 
units) 


 
 


V. MAIN CHARACTERISTICS OF THE GAS FUEL 
HANDLING ROUTE 


 
The gas route (EFR fuel handling system) is mainly 


characterized by the following elements: 
- Handling equipments in reactor (two rotating plugs 


with a Fixed Arm Charger Machine, a Direct Lift 
Charge Machine and a rotor) 


- An internal cooling area (Internal Storage) 
- A transfer system in gas between the reactor, the 


washing pits and “casking” pit (for example a gas 
flask with a power capacity of about 7.5kW)  


- Two washing pits operating in parallel to enhance 
the unloading rate 


- Set of sodium storage casks to do the WCD 
Consequently, the gas handling route requires two 


different lines of evacuation: the normal gas route in 
operation and a specific WCD route.  


 


 
Fig. 7. – Gas Fuel Handling Route 
 
Main advantages: 


- The gas route limits the number of sodium circuits 
compared to sodium route 


- The investment costs for the gas route seems to be 
lower than for the sodium route. There is no external 
storage except specific casks for the WCD 


- Only few modifications of the design are necessary 
to realize a coupling of unit 


 
Main drawbacks: 


- The duration of WCD (approximately 7 months) is 
too long with regard to our expectations 


- The washing of the assemblies is realized in series 
during unit outages. There are thus more risks to 
impact availability factor of the unit 


- Sort of sub-assemblies with Minor Actinides may be 
very difficult to integrate (see §8) 


- It is necessary to have an internal storage for the 
decay heat removal of FA until compatible handling 
power which can have an impact on the diameter of 
the reactor vessel. 


 
 


VI. MAIN CHARACTERISTICS OF THE “MIXED” 
HANDLING ROUTE 


 
In the perspective to reduce the drawbacks of the 


previous routes, it is then decided to work on a “mixed” 
route mainly answering to the following objectives: 
reduction of the investment’s cost compared to the sodium 
route and ability to make a Whole Core Discharge within a 
few months. 


The design retained for the “mixed” route is an 
optimization of the gas route with a reduction of the 
duration of WCD. It imposes to increase the acceptable 
handling power of assemblies compared to the fuel 
handling gas route and to allow a return of assemblies in 
reactor after WCD. To answer to these needs, two ways of 
handling are implemented at the exit of the reactor. 


• A gas route (type EFR) for the normal operations 
mainly characterized by the following elements: 
- An internal decay heat removal area (Internal 


Storage) 
- A transfer system in gas between the reactor and the 


washing pits (for example a gas flask with a power 
capacity about 7.5kW)  


- Two washing pits operating in parallel to enhance 
the defuelling rate 


 
• Specific equipments for the WCD mainly characterized 


by the following elements: 
- A transfer system in sodium pot between the reactor 


and the casking pit (for example a sodium flask with 
a power capacity about 15 kW)  


- A set of storage casks in which we can store sodium 
pot to do the WCD 
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Fig. 8. “Mixed” Fuel Handling Route 
 
Main advantages: 


- Advantages with regards to the sodium route: reduce 
the number of sodium circuits and the cost of 
investment 


- Advantages with regards to the gas route: reduce the 
time for the WCD 


 
Main drawbacks: 


- Drawbacks with regards to the sodium route: it 
imposes a management of irradiated fuel assemblies 
and pots in reactor and there is more operations 
during the outage (in series) 


- Drawbacks with regards to the gas route: it imposes 
to bring out more primary sodium of the reactor 
vessel, requires an additional sodium flask and 
additional casks (since the number of FA per cask 
must be smaller due to higher heat power per FA. 


- Still a difficulty to integrate sub-assemblies with 
Minor Actinides (see §7) 


 
 


VII. MINOR ACTINIDES IMPACT 
 
The Minor Actinides impact must be measured during 


the 2 main situations that perform fuel handling system 
operations on a nuclear plant.  


The first situation is the new element delivery to the 
plant. The following tables 3 indicate power and neutron 
source for several types of NEW FA. It seems obvious that 
the delivery procedure will be rather different depending on 
the power level.  


 
TABLE III 


New Fuel Assemblies 


MA 20% equilibrium 7,86 kW 3,75 10
10


 n/s


Am 20% equilibrium 2,62 kW 7 10
7
 n/s


MOX 3% MA - 2035 1,97 kW 3,01 10
9
 n/s


MOX 3% Am- 2035 1,13 kW 4,68 10
7
 n/s


SFR V2B New fuel element POWER NEUTRON SOURCE


MOX 0,75 kW 3,71 10
7
 n/s


 


 
The above table shows that the power level varies 


greatly depending on the new fuel element considered and 
the delivery procedure must take into account these 
characteristics. Today, our studies have not yet shown that 
it will be possible to carry MA 20% fuel elements between 
the fuel plant and the NPP even with a specific cask.  


We must also focus our attention on the fuel residual 
power during the unloading. The Table 3 shows that the 
residual power does not decrease with the same slope for 
different types of fuel element after the reactor’s shut down. 
Presently we are focusing our studies around 2 limit 
temperatures depending on layout design and fuel design. 
One limit is linked to handling inside the reactor and the 
other limit is related to fuel handling in gas.  


As indicated previously in the paragraph 3.3, during 
fuel handling inside reactor vessel with sodium we consider 
that we don’t have a natural convection because the fuel 
head may be below the sodium level. In this case, the fuel 
energy can only be transferred by convection through the 
hexagonal fuel tube. We want to limit the clad temperature 
under 700°C to prevent it being damaged. With the current 
fuel design, the fuel power is limited to 40kW.  


Another limitation is related to gas handling operations 
conducted in order to transfer assemblies to the washing 
pits to put over sodium. In this case we take into account a 
loss of gas cooling. At that time we must immediately reach 
a cold spot to cool down the fuel element before clad 
melting. With Creys-Malville design, the time allowed in 
the worst situation to reach a cold spot is 17 minutes. In 
this case the fuel power limit is 7.5 kW.  


We have shown that the power limit must take into 
account fuel design and plant layout. The curves on the 
below Figure 9 show  that Minor Actinides increase the 
time between shut down and start of fuel handling.  Design 
specification must prevent this requirement but probably 
with an increasing cost.   


 


 
Fig. 9. – Fuel assembly power after shut down 
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Minor Actinides bearing fuel handling requires specific 


devices such as a sodium pot to carry the fuel assembly. 
Our studies show that it is impossible to carry these fuel 
elements in gas for extensive periods of time. During the 
core unloading, specific sodium storage is required to 
remove fuel element. A storage carousel for new and spent 
fuel is required before fuel element cleaning. It is 
impossible to directly clean the fuel elements after 
removing them from reactor 


 
 


VIII. COST EVALUATION OF THE AM 
 
Minor Actinides additional investment cost must be 


evaluated in comparison with a reference design. We 
consider that the fuel handling system reference is the EFR 
system. But with MA fuel, this system cannot be used for 
the following 3 reasons.  


- It is a requirement to be able to perform a reversible 
Whole Core Discharge (WCD) for an exceptional 
situation. With EFR handling system the time before 
starting the fuel removal process would be longer 
than reasonably acceptable. This requirement 
excludes a fuel cleaning solution before storage in a 
spent fuel pool. At the moment we consider that we 
have not enough guaranties to reload fuel in sodium 
after it has been cleaned.  


- The requirement also concerns plant’s availability. 
The availability target is high. With EFR design the 
core fuel removal with MA fuel is delayed, in 
accordance with the previous Figure 9 data.  


- Another point is the time before MA fuel element 
cleaning. This time is larger with MA than without 
(see Figure 9). A specifically designed storage area 
must be fitted located either inside or outside the 
reactor vessel. For these 2 situations the number of 
devices and component is increased, and in the same 
time the cost increases.  


At the moment from the project we cannot give the 
additional cost between EFR and the reach design need to 
insert MA fuel element in a plant.  Some specific studies 
are required to value the possibility to carry fuel assembly 
in gas. These studies will be available in 2011. At this 
moment we could take into account the results to design 
fuel handling design. At that time it will be possible to 
compare EFR fuel handling design with the new design. 


 
 


IX. SYNTHESIS 
 
Numerous solutions and options have been envisaged 


for the SFR Fuel Handling Systems and routes. The design 
of this system must be considered at the early stage to take 
into account several parameters such as: 


- The reactor design, 
- The core design and its policy in terms of breeding 


ratio, Minor Actinides burning, etc…, 
- The targeted availability factor identified for the 


reactor: usually a value of 90 % is given, 
assumption for the WCD, 


- The safety requirements (WCD, assemblies’ 
power…). 


One has to admit that no SFR built and drawn has the 
same fuel handling route. So, there is not one single 
solution but several FH routes that are most suitable to the 
concept and strategy chosen. If we focus our thoughts on 
two criteria, duration of the WCD and recycling of Minor 
Actinides, we can have the following conclusions: 


• Case 1 - No WCD and no Minor Actinides: all routes 
seem possible and the most economical route seems to 
be the gas route 


• Case 2 – WCD with a short duration and no Minor 
Actinides: all routes seem possible (the WCD duration 
for the gas route is longer than for the others) and the 
most economical route depends on the number of 
nuclear plants built 


• Case 3 - WCD with a short duration and Minor 
Actinides: the gas route is unthinkable. The sodium 
route seems to be the less expensive and provides high 
operational flexibility. 
 


NOMENCLATURE 
 
ACS: Above Core Structure 
EFR: European Fast reactor 
EVST: External-Vessel Storage Tank 
FA: Fuel Assembly 
FHM: Fuel Handling Machine 
FHS: Fuel Handling System 
IVFH : In Vessel Fuel Handling 
MA : Minor Actinides 
LRP: Large Rotating Plug 
PFR : Prototype Fast Reactor (Dounreay, UK) 
RV: Reactor Vessel 
SFR: Sodium cooled Fast Reactors 
SPX : Superphénix reactor 
WCD : Whole Core Discharge 
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Abstract – The 4S (Super-Safe, Small and Simple) reactor is a small-sized sodium cooled fast 
reactor with a reflector-controlled core. To achieve these concepts, the reactor of 4S has long 
cylindrical and small diameter shape, and this structural feature is one of the unique aspects of 4S. 
Above the outlet of reactor core, there is a long cylindrical and small diameter plenum area. In 
this area, thermal stratification may occur and affect the natural circulation in the reactor vessel. 
For the purpose of expanding the knowledge of these phenomena, the thermal hydraulics test in 
water and analysis with Computational Fluid Dynamics (CFD) has been performed. The obtained 
knowledge has been used for the validation of safety analytical code ARGO. The characteristics of 
thermal stratification have been confirmed for the validation of ARGO and the analysis of ARGO 
thermal stratification has been validated by the hydraulics tests with utilizing CFD.  


 
 


I. INTRODUCTION 
 


I.A. 4S Plant Description 
 
Toshiba Corporation and CRIEPI (Central Research 


Institute of Electric Power Industry) have jointly 
developed the Super–Safe, Small and Simple (4S) sodium-
cooled reactor (Fig.1) [1]. Since the 4S design is intended 
for application to a site in areas without a well-developed 
grid, like Alaska in the U.S., features of the reactor design 
include no refueling for 30 years to reduce the burden of 
fuel transportation to these remote areas, and passive 
safety features reduce the demands on the operator’s 
support. 


A pool type fast neutron reactor, the 4S, has a primary 
electrical output of 10MWe (30MWt). Fig.1 shows a 
schematic drawing of the overall 4S based on power 
generation facility depicting its major components. The 
reactor vessel is located below grade, and includes the 
intermediate heat exchanger (IHX), electromagnetic pumps 
(EMPs), internal structures, core and shielding, and 
containment system (consisting of the top dome and guard 
vessel). The primary heat transport system is enclosed 
within the reactor vessel. Fig.2 shows the heat transport 
system flow diagram. Heat from the single loop of the 
intermediate heat transport system (IHTS) is exchanged in 
a steam generator (also located below grade) to produce 
steam. Heat transport system flow diagram is shown in 
Fig.2 
 
 


 
Fig.1  Schematic drawing of 4S facility 


 
The system design of the 30MWt version is completed 


and the licensing activities have commenced. In licensing 
activities, safety analyses using ARGO have been planed. 
To improve the understanding of phenomena which should 
be validated, CFD is utilized as supplement of tests. In this 
report, validation procedure of ARGO stratification is 
described as the one of examples which utilizes the CFD. 


 
 


 
Steam 
generator 


Turbine 
generator 
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I.B. Analysis Model of ARGO Code 
 


ARGO is TOSHBA self-developed safety analysis 
code and it is a kind of one dimensional flow network code 
(Fig.3). ARGO 4S plant scale model include from reactor 
core to steam generator (SG). The reactor core consists of 
core element such as Shutdown rod, Inner core, Middle 
core, Outer core, and reflector. Above the outlet of reactor 
core, there is a long cylindrical and small diameter plenum 
area and primary coolant sodium flow through those core 
elements are converged in this plenum area. The converged 
flow is modeled by one pass model of flow network and it 
is connected with intermediate heat exchanger (IHX). 


The first point of the validation is the mesh number of 
the plenum area. If the mesh number isn’t enough, it makes 
numerical diffusion. The numerical diffusion may make  
the temperature valiant of primary coolant sodium gradual. 


The second point of the validation is the mesh number 
of the radial direction. The upper plenum mesh of ARGO 
has not been separated in radial direction because the 4S 
reactor diameter is small and heat conductivity of sodium 
is high, so that the radial temperature distribution of 4S is 
supposed to be flat. 
 


Primary heat transport 
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Fig.2  Heat transport system flow diagram 
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Fig.3  ARGO model 


 
 


I.C. Thermal Stratification 
 


In the design bases accident (DBA), since low-
temperature coolant flows from the core region into the 
upper plenum where the high-temperature coolant remains, 
there is a possibility of causing thermal stratification. The 
thermal stratification may affect natural circulation in the 
reactor vessel. On the other hand, the 4S is applied to the 
passive safety design and decay heat is removed by natural 
circulation of primary coolant sodium, intermediate 
coolant sodium and reactor vessel auxiliary cooling system 
(RVACS). So, for the purpose of expanding the knowledge 
of the thermal stratification phenomena with 4S feature 
such as long cylindrical and small diameter and low flow 
rate, the thermal hydraulics test and analysis with 
Computational Fluid Dynamics (CFD) has been performed. 
   


 
II. VALIDATION METHOD 


 
The targets of ARGO validation are selected from 


important phenomena of PIRT (Phenomena Identification 
and Ranking Tables) which are ranked medium or high 
importance. The phenomena of thermal stratification is 
ranked medium in the PIRT. The description of thermal 
stratification in the PIRT is summarized in chapter I.C. 


To validate the result of ARGO transient behavior 
with thermal stratification, the ARGO is evaluated by 
comparing with hydraulic test in water. Since scale and 
physicality of hydraulic test are different from the 4S plant, 
CFD has been used for adminicle of the validation of 
ARGO. To validate ARGO, following models are built: 
 
 
 


- ARGO Test Scale Model 
    - 9 meshes model 
  - 27 meshes model 


    - 45 meshes model 
 
- ARGO 4S Plant Scale Model 
    - 9 meshes model 
  - 27 meshes model 


    - 45 meshes model 
 
-CFD Test Scale Model  
-CFD 4S Plant Scale Model  
 


The relationship of those models is shown in Fig.4. 
This report mainly describes the Code validation phase in 
this Figure. The results of ARGO Test Scale Model are 
compared with the results of the tests and CFD for the 
purpose of the validation of mesh number. To validate the 
influence of mesh number for the natural circulation, 
ARGO has been evaluated with the temperature axial 
distribution of the test. The results of CFD Test Scale 
Model are compared with the tests and the mixing flow 
behavior at the core outlet is supposed to be validated. The 
validated CFD will help the validation of the ARGO radial 
mesh separation. In the applicability phase, with ARGO 4S 
Plant Scale Model, the effects of the scale up and 
difference of physicality are supposed to be confirmed. 
CFD 4S Plant Scale Model has been used for adminicle of 
these effects. In addition, the CFD has been also used to 
confirm if there is three-dimensional flow such as axial 
vortex. 


 


Hydraulic TEST ARGO TEST Scale Model
-Scale


- 1/3 Scale, 60 deg.
-Fluid


Water
-Mesh Parameter


-9 meshes
-27 meshes
-45 meshes


CFD TEST Scale Model CFD 4S Full scale Model
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Replicate Scale Up


Scale Up


Replicate


Evaluate
-Scaling Factor
-3D flow
-Physicality


Evaluate
-Mixing Effect
-3D flow
-Temperature gradient  in 


boundary of stratification


Code validation phase Applicability demonstration phase


 
Fig.4  Validation flow 


 
 
To conserve the similarity, the expressions for 


dimensionless numbers from balance equations of the 
plenum area are developed. 


 
The equations are described as follows: 


 
Equation of continuity 
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Equation of energy conservation 
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Dimensionless numbers of plenum hydraulic behavior are 
as follows: 
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where + symbol of superscript notation means 
characteristic parameter. 


To establish the test condition, the Ri number, which is 
expressed by fraction of natural convection force and 
fictitious force, is simulated.  
 
 


III. TEST MODELS 
 


III.A. Test Apparatus 
 


The 4S upper plenum is located above the reactor core 
(Fig.5). The hydraulic test facility has been simulated the 
frame surrounded area in Fig.5 by 1/3 scale, 60 deg. sectors. 
The thermocouples are set on the wall by 100 mm intervals. 
In addition, to measure the temperature gradient of thermal 
stratification, the movable thermocouples tree is set in 
plenum. The   interval of the thermocouples of the tree is 5 
mm.  


To use the Particle Imaging Velocimetory (PIV), the 
observation ports are set in the wall. 


The system of test equipment is shown in Fig.6. With 
hot tank, plenum test area is kept in about 50 degree C. To 
simulate the thermal stratification, the circulating water line 
shifts from hot water line to cool water line immediately 
with constant flow rate. Then the about 10 deg. C cooled 
water is flowed into core region and thermal stratification is 
to be simulated. The core region, Shutdown rod, Inner core, 
Middle core, and Outer core are modeled. System of Test 
facility is shown in Fig.7 
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Fig.5  Target of hydraulic Test 
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Fig.6  Test facility 
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Fig.7  System of Test facility 


 
III.B. Test Method and Condition 


 
The Ri parameters of the tests are estimated by 4S 


design basis accident (DBA) analysis. The EMP of primary 
heat transfer system immediately shifts to the flow coast 
down mode after the plant trip. After EMP flow coast 
down, the primary coolant is flowed by natural circulation 
force. The example of the DBA analysis (Loss of Offsite 
Power) is shown in Fig.8 and Fig.9 [2]. In natural 
circulation phase, the flow rate is supposed to be 5 - 20 %. 
The temperature difference is, at the most, 110 deg. C (510 
to 400 deg. C). In this condition, Ri range is 4500 - 72000. 
To include this Ri number, the test condition should be 
established as  shown in Table I. 
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Fig.8  Example of safety analysis temperature  


(Loss of Offsite Power) 


0


0.1


0.2


0.3


0 600 1,200 1,800


Time(s)


F
lo


w
 R


at
e
 (


-
)


Natural Circulation


EMP Flow Coast Down


 
Fig.9  Example of safety analysis flow 


(Loss of Offsite Power) 
 


TABLE I 


Target Condition of the Test 


Case
NO.


Flow
rate [%]


Flow
[ ℓ/min]


Th


[℃]


Tc


[℃]
Ri
[-]


Re
[-]


Pe
[-]


1 20 6.75 55.0 7.0 4500 680 3600


2 10 3.38 55.0 7.0 18000 340 1800


3 5 1.69 55.0 7.0 72000 170 900  
 
 
 
 
 
 
 


IV. TEST RESULTS 
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The test results of Case1-3 are shown in Table II. The 


nondimensional numbers are compared with 4S’s 
parameter.  
 


TABLE II 


Parameter Comparisons of 4S and Tests 


Case
NO.


Flow
Rate
[%]


Plant
Scale


Flow
[ ℓ/min]


Th


[℃]


Tc


[℃]
Ri
[-]


Re
[-]


Pe
[%]


4S 2160 510 400 4500 74000 400


TEST 6.7 52.8 9.4 4100 700 4000


4S 1080 510 400 11000 43000 200


TEST 3.0 50.2 9.9 19000 300 2000


4S 540 510 400.00 72000 18000 100


TEST 1.7 53.0 8.8 68000 200 1000
3


1


2


20%


10%


5%


 
 
 
 


IV.A. The speed of Thermal Stratification Interface Move 
 


The locations of the thermocouples are shown in 
Fig.10. The temperature shifts of Case1-3 are shown in 
Fig.11-Fig.13. These results mean the speeds of thermal 
stratification interface move are constant.  


The comparisons of temperature shift in same height 
are shown in Fig.14. These results mean that radial 
temperature distribution is flat. 
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Fig.10  The number of Thermocouples 
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Fig.11  Temperature shift of Case1   
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Fig.12  Temperature shift of Case2 
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Fig.13  Temperature shift of Case3 
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Fig.14  Comparisons of temperature shift in same height 


(Case2) 
 
 


IV.B. The Vertical Temperature Gradient of Thermal 
Stratification Interface 


 
The picture of thermal stratification interface is shown 


in Fig.15. The region of the picture is near the 
thermocouples tree. The thermal stratification interface is 
visible. The temperature results of thermocouples tree are 
shown in Fig.16-Fig.18. The numbers in the Figs. indicate 
the time from the test start. The Y-axis corresponds to the 
position of thermocouples tree which is shown in Fig.10. 


These graphs show that the gradient of the temperature is 
over 2000 deg.C/m.  This result indicates the gradient of 
4S thermal stratification is shaper than that of the other 
plant of hydraulic test in water [3]. 
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Fig.15  Picture of thermal stratification interface 
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Fig.16  Vertical Temperature Gradient of Thermal 


Stratification Interface (Case1) 
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Fig.17  Vertical Temperature Gradient of Thermal 


Stratification Interface (Case2) 
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Fig.18  Vertical Temperature Gradient of Thermal 


Stratification Interface (Case3) 
 


 
V. ANALISYS RESULTS 


 
V.A. ARGO Results 


 
To replicate the test, ARGO test scale model applies 


the test results of temperature of core outlet as the interface 
condition. To confirm the influence of mesh number for 
the speed of thermal stratification interface move, the mesh 
parametric analyses have done. The temperature shift 
results of mesh parametric analyses are shown in Fig.19. 
These results mean that make finer the mesh, the result of 
ARGO get closer to that of test. 


Fig.20 shows the example of vertical temperature 
distributions of test and ARGO at 2000 sec, 3000 sec and 
4000 sec. The results of ARGO have a good agreement  
with the test, so the effect of natural circulation is 
supposed to be simulated. 
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Fig.19  The influence of mesh number (Case1) 
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Fig.20  The example of the vertical temperature 


distributions of test and ARGO. 
 
 


V.B. CFD Results 
 


To improve the understanding of hydraulic behavior, 
the test had been modeled by CFD as shown in Fig.21. The 
mesh number of CFD is about 300,000 and it is modeled 
from the inlet to the outlet. The comparison of Case2 
temperature shift is shown in Fig.22. This result shows the 
temperature distribution of CFD has a good agreement 
with that of the test.  


The comparison of temperature gradient which is 
measured by the thermocouples tree is shown in Fig.23. 
There is a good agreement between the gradient of 
thermal stratification of CFD and that of test. These 
results mean that the CFD well replicate the test of the 
temperature distribution in upper plenum. 


The comparisons of flow speed distribution at core 
outlet in the flow of rated operation are shown in Fig.24 
and Fig.25. Fig.25 data is measured at the line of Fig.24. 
These results mean the hydraulic behavior of CFD near 
the core outlet have a good agreement with that of test. 
However, these results are not in condition of thermal 
stratification but rated operation. To make sure the mesh 
influence of core outlet, the PIV test in the condition of 
stratification would be required. Although the evaluation 
of mesh influence is not enough, the temperature 
distribution and flow distribution are supposed to be valid. 
With this CFD model, the three-dimensional flow and 
temperature distribution has not been observed in 
simulation of case2. The example of flow distribution and 
temperature distribution are shown in Fig.26.  
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Fig.21  CFD model 
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Fig.22  Temperature shift of CFD (Case2) 
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Fig.23  Temperature gradient of thermal stratification 
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Fig.24  Flow distribution above the core outlet  


(rated operation) 
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Fig.25  Flow distribution above the core outlet  


(rated operation) 
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Fig.26  The example of CFD flow distribution and 


temperature distribution (Case2)  
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v: velocity in the y direction Ⅵ. CONCLUSION 
w: velocity in the z(height) direction  
u+: Characteristic velocity  Above the results, the experiments of the thermal 


stratification, which are required by validation of ARGO, 
have been performed. The capability of simulating thermal 
stratification of ARGO has been confirmed. The tests have 
been performed in the condition of 4S plant Ri number and 
it is confirmed that the radial temperature distribution is 
flat. So, the thermal stratification of 4S can be simulated 
by one dimensional flow network, ARGO.  


(mean flow velocity of the plenum) 
l+: Characteristic distance  


(hydraulic equivalent diameter of the plenum) 
τ: Non-dimensional time 
t: Time 
ν: Kinematic viscosity 
g: Gravity factor 


The parametric analyses of mesh influence of ARGO 
have been done and there is a good agreement between the 
temperature shift of ARGO and that of the tests.  Also there 
is a good agreement between the vertical temperature 
distributions of ARGO and that of the test. It means that 
the effect of natural circulation can be simulated by ARGO. 
To confirm the effect of Re number, the parametric tests of 
Re number will be performed.  


β: Thermal expansion coefficient 
θ: Non-dimensional temperature 
ΔT: Temperature difference between hot water and cool 


water 
Tref: Reference temperature (cool fluid temperature) 
ρ: Density 
P: Pressure 
Cp: Fluid specific heat 


The CFD simulation, the three-dimensional flow has 
not been observed and the radial temperature distribution 
has been flat.  


k: Thermal diffusivity 
 


Therefore, the characteristics of thermal stratification 
have been confirmed for the validation of ARGO and the 
analysis of ARGO thermal stratification has been validated 
by the hydraulics tests with utilizing CFD. 
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Abstract – The AP1000 is an 1100-MWe pressurized water reactor (PWR) with passive safety 
features and extensive plant simplifications that enhance construction, operation, maintenance 
and safety. The design of the AP1000 has incorporated a standardization approach, which results 
in a single plant design that can be constructed in multiple geographical regions with varying 
regulatory standards and expectations. 


 
One of the key design approaches in the AP1000 is to use passive features to mitigate design basis 
accidents. In addition to redundancy, these features incorporate diversity based on PRA insights. 
Active defense-in-depth features reduce the demands on the passive features and support the PRA. 
The passive features are classified as safety-related in the US and safety Class 1 in the UK. The 
active defense-in-depth features are classified as non-safety-related (with supplemental 
requirements) in the US and safety Class 2 in the UK. 


 
In the United Kingdom, the application of diverse International Atomic Energy Agency (IAEA) 
safety Class 1 systems, structures, and components (SSCs) is a requirement for transients of a 
frequent periodicity. This requirement is imposed to provide additional assurance that frequent 
faults, which can challenge the reliability of safety functions, will not compromise the health and 
safety of the public. The AP1000 has been evaluated in response to the UK regulatory 
requirements and has been demonstrated to include significant diversity in the response to 
frequent transients. 


 
Although the AP1000 uses passive safety features to respond to transients of varying frequency, 
the AP1000 also contains active systems which can be utilized to reduce the consequences of, or 
mitigate, plant transients and to minimize the demand of the passive Class 1 systems. These 
systems are functionally similar to active safety systems contained in current active-PWR 
proposals and legacy-PWR plants. 


 
The AP1000 passive safety design has been implemented to provide both the primary and diverse 
methods of response to various transients. The result is a plant design with integral passive safety 
diversity and active defense in depth capability for use in the response to frequent transients. 
Furthermore, the AP1000 is able to demonstrate diversity in response to frequent transients using 
Class 1 SSCs in accordance with IAEA safety classification guidance. Therefore, the AP1000 
active systems are IAEA Class 2, and are applicable to best-estimate design principles and 
associated codes and standards, which maintains the simple, cost-effective, AP1000 plant design.  
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I. INTRODUCTION 
 
The AP1000 is an 1100-MWe pressurized water 


reactor (PWR) with passive safety features and extensive 
plant simplifications that enhance construction, operation, 
maintenance and safety.   


The AP1000 has been designed to utilize both passive 
and active safety features as principle and significant 
contributors, respectively, to the plant safety case. Passive 
technologies have been designed based on extensive 
industry experience, testing, and probabilistic risk analysis 
(PRA) insights. The results are principle safety features 
with integral redundancy and diversity independent of the 
active plant systems. 


Although the AP1000 uses passive safety features as 
the principle means of maintaining nuclear safety, active 
systems are also provided as a defense-in-depth measure to 
reduce the consequences of, or mitigate, plant transients 
and to minimize the demand on the passive systems. These 
systems are functionally similar to active safety systems 
contained in current active-PWR proposals and operating 
legacy-PWR plants. 


In the United Kingdom, it is required that diversity be 
demonstrated for safety Class 1 systems and functions that 
are required to respond to events of a frequent periodicity, 
i.e., ≤ 10-3/year. This requirement is imposed to provide an 
additional level of assurance that the health and safety of 
the public is maintained. 


 
 


II. AP1000 DESIGN 
 
The AP1000 passive safety design is contained within 


three plant-level systems, the Passive Core Cooling System 
(PXS), the Passive Containment Cooling System (PCS), 
and the Automatic Depressurization System (ADS). The 
ADS is designed as a subset of the Reactor Coolant System 
(RCS). A simplified representation of the arrangement of 
the AP1000 passive safety features is shown in Figure 1 
and Figure 2. 


The design of the AP1000, including the operation of 
the passive systems and the analysis of the improved levels 
of defense, have been presented in several technical papers 
including: 


 
 “Development of the PRA for AP1000,” 


ICAPP 2003 (Reference 4). 
 “Westinghouse AP1000 Advanced Passive Plant,” 


ICONE 2005 (Reference 5). 
 


II.A Passive Core Cooling System 
 
The AP1000 PXS is comprised of several sub-systems, 


which operate to maintain the plant in a safe condition. The 
sub-systems include: 


 
 Passive Residual Heat Removal (PRHR): The 


AP1000 design utilizes a natural circulation heat 
exchanger as the principle means of removing 
decay heat. The heat exchanger is submerged in 


 
 
Fig. 1. AP1000 Passive Core Cooling and Automatic Depressurization Systems.
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the In-containment Refueling Water Storage Tank 
(IRWST). 


 Core Makeup Tanks (CMTs): The AP1000 is 
equipped with two redundant CMTs, which satisfy 
the primary roles of long-term shutdown through 
boration and high-head RCS injection. These 
tanks operate through natural circulation and 
gravity injection to deliver borated inventory to 
the RCS. 


 Accumulators: Similar to legacy-PWR designs, 
the AP1000 is equipped with intermediate 
pressure, 5 MPa gauge (700 psig), accumulators 
designed to supply a borated volume to the RCS 
in the event of a faulted loop event (i.e., LOCA). 
There are two redundant Accumulators aligned in 
parallel with the CMTs. The CMTs and 
Accumulators inject directly into the reactor 
vessel. 


 IRWST: The IRWST serves the purpose of decay 
heat removal through support of the PRHR and 
low-head RCS injection. The IRWST, similar to 
the CMTs, utilizes gravity as the injection 
mechanism. Additionally, when inventory is 
available in the IRWST, the IRWST serves as a 
quench volume for the discharge of the RCS 
safety/relief valves and the ADS. 


 Containment Recirculation Sump: In-line with the 
passive plant concept, the AP1000 will support 
long-term safe shutdown through the use of 
natural circulation and gravity injection. The PCS 
serves as the heat rejection pathway for the PXS, 
resulting in the condensation of water vapor & 
steam inside of the containment vessel. 
Condensation returns to the IRWST and 
containment sump, which are located at a height 
above the core to promote long-term recirculation 
through the fuel assemblies. 


 
In addition to the sub-systems of the PXS, the ADS is 


required to operate in order to facilitate proper injection 
flows. The ADS is a portion of the RCS, and consists of 
remotely operated valves that function to: 


  
 Reduce RCS pressure  
 Equalize pressure in the RCS relative to the 


containment atmosphere  
 
Proper RCS venting is required to prevent 


backpressure and enable the gravity injection mechanism 
of the IRWST to facilitate long-term cooling and low-head 
injection. 


 


II.B Passive Containment Cooling System 
 
The AP1000 PCS is designed to remove heat from 


inside the containment to the environment by using the 
steel containment vessel as a heat transfer surface.  Under 
accident conditions, heat is conducted through the shell 
and rejected to air inside flow passages built into the shield 
building.  To augment heat removal, water is applied to the 
top of the containment, which promotes evaporative heat 
transfer.  The combination of convective heat transfer to 
the air and evaporative heat transfer from the water film 
effectively removes heat from the containment. 


 
 


 
 
Fig. 2. AP1000 Passive Containment Cooling System. 
 
 


II.C Passive System Diversity 
 
Through testing and the application of PRA insights, 


the design of the AP1000 passive systems have been 
completed to include diversity within and between sub-
systems, which results in increased levels of safety. 
Discussion of the diversity inherent in the AP1000 passive 
design is included below. The description of these safety 
functions is based on an intact-circuit fault (non-LOCA), 
since these transients are expected to occur more 
frequently. 


It should be noted that the passive and active systems 
have been designed to interface resulting not only in 
diversity within the passive system design, but diversity 
between passive and active system responses. Interactions 
between the passive and active features are discussed in 
Subsection II.D. 
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 Short-Term Reactivity Control 
 
The mechanism for the control of short-term reactivity 


is the insertion of the control rods by gravity, similar in 
application to legacy-PWR designs. The insertion of the 
control rods is initiated by the removal of power from the 
control rod drive mechanism (CRDM) solenoid coils, 
which are normally energized to maintain the control rods 
withdrawn from the fuel. 


Safety Class 1 diversity is provided by means of the 
instrumentation utilized as input into the reactor trip 
control and instrumentation (C&I). The selection of reactor 
trip instrumentation (for example, pressurizer pressure, 
pressurizer level, and steam generator water level) is 
thermal-hydraulically coupled and results in multiple, 
diverse, indications during plant transients. 


In addition to C&I diversity, the AP1000 has been 
designed to respond to anticipated transients without trip 
(ATWT) events. In this case, a “Ride-Out” approach, 
utilizing thermal-hydraulic and reactivity feedback 
mechanisms, is used to control reactivity. This type of 
analysis is a feature of Westinghouse-designed PWRs. 


 
 Decay Heat Removal 
 
The AP1000 utilizes a passive natural circulation 


mode of decay heat removal using the PRHR sub-system. 
The PRHR heat exchanger is submerged in the IRWST at 
the beginning of a transient, with the IRWST volume 
acting as a heat sink. Long-term decay heat removal will 
be accomplished through the boiling of the IRWST, 
transfer of the decay heat to the PCS through the 
containment vessel, and reconstitution of the IRWST by 
condensation. 


Similar to legacy-PWR designs, the secondary mode 
of decay heat removal is “Feed & Bleed” cooling of the 
RCS. “Feed & Bleed” cooling of the RCS requires venting 
the RCS in a controlled manner to remove energy from the 
primary loop. Primary coolant inventory is replaced 
through means of an injection system. In legacy plants, this 
mode of operation is manually aligned and controlled using 
active water injection sources. However, due to the 
availability of passive systems, the operation of “Feed & 
Bleed” cooling in the AP1000 is automatic. This mode of 
operation is referred to as “Passive Feed & Bleed”. 


If the PRHR sub-system were unavailable, reactor 
pressure would rise and lift the pressurizer safety/relief 
valves, discharging high-energy coolant, which is 
quenched in the IRWST. As RCS inventory is reduced 
through this venting, gravity injection of the CMTs will be 
enabled. As the CMT volume is depleted, the ADS would 
be automatically actuated. This function reduces RCS 
pressure and allows the injection of accumulator and 
eventually IRWST inventories as required.  


 


 Long-Term Reactivity Control 
 
Long-term reactivity control is completed through the 


boration of the RCS coolant. Safety Class 1 boration is 
performed by the recirculation of the CMTs by means of 
natural circulation. During non-LOCA events, the CMTs 
are hydraulically coupled to the RCS by means of a cold-
leg balance line. This balance line is normally water-solid 
and promotes natural circulation of the borated CMT 
volume through the RCS. In the event that RCS inventory 
is reduced, the balance line will equalize CMT pressure 
with the RCS to allow for gravity injection of the CMT. 
Each CMT is provided with enough boron to affect a plant 
shutdown, if needed. 


If the CMT recirculation mode is unavailable, boration 
of the RCS is still possible through alternate water sources. 
All PXS water volumes are borated; therefore, RCS 
injection will result in long-term reactivity control. 
Injection of alternate water sources is achieved through the 
Passive Feed & Bleed mechanism described in the 
preceding section. 


 
 Reactor Coolant System Pressure Control 
 
The AP1000 RCS is equipped with two pressurizer 


safety/relief valves, which are required to prevent over-
pressurization of the RCS equipment in accordance with 
the ASME code. These safety/relief valves are the primary 
mode of RCS pressure control, similar to legacy-PWR 
designs. 


The diverse mechanism for the control of RCS 
pressure is the thermal-hydraulic design of the AP1000 
RCS itself. The AP1000 is equipped with a larger 
pressurizer, as compared to legacy-PWRs, which allows 
for increased surge volume to facilitate removal of the 
pressurizer power-operated relief valves. The AP1000 has 
been analyzed to “Ride-Out” over-pressure transients, 
similar to the short-term reactivity control analyses. The 
Ride-Out analysis accounts for core characteristics (i.e., 
negative reactivity feedback), without the operation of the 
safety/relief valves, and has not exceeded ASME code 
limitations.  


 
 Reactor Coolant System Inventory Control 
 
As discussed in the preceding subsections on decay 


heat removal and long-term reactivity control, the AP1000 
is designed to use the CMTs to control RCS inventory. 
During non-LOCA faults, the fluid volume required will 
not exceed the capacity of the CMTs.  


As a diverse measure, the plant will automatically 
enter the Passive Feed & Bleed mode of operation, 
aligning the alternate injection sources of the Accumulators 
and IRWST to the RCS in the event that there is a 
reduction in RCS inventory and a coincident loss of CMT 
capability. 
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 Containment Heat Removal & Ultimate Heat Sink 
 
The AP1000 ultimate heat sink for all safety Class 1 


systems is the atmosphere by means heat transfer through 
the containment vessel. The PCS optimizes this heat 
transfer through the use of evaporative cooling. Due to the 
high reliability of the conduction of heat through steel, 
convective air-cooling, evaporation, and natural draft 
circulation, diversity of ultimate heat sink is not supplied. 
Rather, diversity is designed into the AP1000 in terms of 
the mechanisms that promote proper containment heat 
removal and the availability of the ultimate heat sink. 


The PCS operates using gravity injection of a 72-hour 
water supply located above containment vessel. This water 
supply is actuated using three redundant flow paths 
utilizing two valve actuation technologies in parallel 
(pneumatic and electric motor operators). Therefore, there 
is no common mode failure potential that can affect the 
operation of the PCS or the ultimate heat sink.  


Additionally, the PCS is designed with safety Class 1 
interconnections to allow alternate water sources to be 
aligned from any available on-site or off-site supply. This 
diversity claim is deemed appropriate since the passive 
cooling of the AP1000 will continue to function 
independent of the presence of water. Convective air-
cooling of the containment vessel will occur as a function 
of the containment vessel surface temperature. Analysis 
has shown that, due to the large containment free volume 
and the effects of air-cooling of the containment vessel, the 
resulting pressurization response from an intact-circuit 
fault will not challenge design limits for several hours 
following the initiating event. 


 
Table I details primary and diverse safety Class 1 


features for a loss of main feedwater intact-circuit fault as 
an example of passive system diversity. 


 
II.D Interface with Class 2 Systems 


 
As stated previously, the AP1000 is designed around 


the use of passive technologies as the principle means of 
ensuring the safety of the public. However, the AP1000 
does also implement many active features, whose 
performance is considered a significant contributor to 
nuclear safety. In fact, in many instances, the safety Class 2 
active systems represent the preferred method to respond to 
plant transients as these systems will reduce demands on 
the safety Class 1 passive safety features and are designed 
using best-estimate assumptions for investment protection. 


Table II details the levels of diversity in passive and 
active systems, grouped by function, for intact-circuit 
faults. A summary of the these features and the functional 
relationship between safety Class 1 and Class 2 systems is 
presented herein: 


 


 Short-Term Reactivity Control 
 
The mechanism for short-term reactivity control is the 


insertion of control rods into the core by removal of the 
electrical power from the CRDMs. The principle means of 
implementing this function is through the opening of the 
reactor trip circuit breakers by means of the safety Class 1 
reactor trip C&I systems. 


Safety Class 2 features are provided in the AP1000 by 
the application of diverse circuit breakers located in the 
field excitation circuit of the rod position control motor-
generator (M-G) sets. Opening the M-G set field breaker 
results in the disruption of power to all CRDM solenoids. 
Class 2 short-term reactivity control is implemented 
through the use of Class 2 plant C&I.  


Safety Class 2 short-term reactivity control features 
are designed for some anticipated transient without trip 
(ATWT) events and are not normally expected to operate 
during plant transients. 


 
 Decay Heat Removal 
 
Safety Class 2 decay heat removal is similar in 


application to safety systems in legacy-PWRs. With 
temperatures in the RCS elevated, decay heat is removed 
through the steam generators by means of steam dumps. 
Steam generator inventory is replenished and controlled 
through the use of motor-driven Startup Feedwater (SFW) 
pumps, which are functionally similar to auxiliary/ 
emergency feedwater pump application in legacy-PWRs. 
With RCS temperatures and pressures reduced, the Normal 
Residual Heat Removal System (RNS) can perform decay 
heat removal. This system is capable of removing decay 
heat from the RCS and transferring it to the atmosphere by 
means of the Component Cooling Water System (CCS) and 
the Service Water System (SWS). 


These systems are designed to be the preferred method 
of response for the removal of decay heat. Proper operation 
of the safety Class 2 systems negates the need for the use 
of the safety Class 1 passive features. This functional 
interface prevents unnecessary demands upon the passive 
features and improves plant safety.  


Alternately, the application of safety Class 2 active 
systems also permits for the performance of an “Active 
Feed & Bleed” cooling mode. Similar to legacy-PWRs, the 
AP1000 active systems can be used to provide the injection 
flow instead of the passive injection sources. Venting is 
still performed through the ADS. This mode is considered 
an alternate to the Passive Feed & Bleed mode, as the 
Passive Feed & Bleed is automatic, can inject at any RCS 
pressure, and has a higher reliability. An example of the 
levels of defense provided in the AP1000 is shown in 
Table I. 


All safety Class 2 systems utilized to support the 
removal of decay heat are aligned with standby diesel 
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generator-backed buses to ensure functionality is available 
in the event of a loss of ac power. 


 
 
 Long-Term Reactivity Control 
 
Another example of the AP1000 safety Class 2 design 


principle is the Chemical and Volume Control System 
(CVS). The CVS is provided with redundant high-head 
injection pumps that are functionally similar to the high-
head safety injection pumps used in legacy-PWRs. These 
pumps are motor-driven, with a diesel-generator backed 
power supply, and take suction from the boric acid storage 
tank. The operation of the CVS pumps represent the 
preferred plant response to ensure the long-term reactivity 
control function is maintained and are significant 
contributors to nuclear safety. Proper operation of the CVS 
pumps will remove the requirement for recirculation of the 
CMTs and the resulting thermal cycling of the passive 
boration features. 


 
 Reactor Coolant System Pressure Control 
 
The control of RCS pressure is performed by the 


manipulation of pressurizer heaters and sprays. These 
functions are considered safety Class 2 in the AP1000 
since they do not represent the principle means of 


performing this safety function. Heaters are located in the 
bottom of the pressurizer and are supplied by plant ac 
buses. Some heaters are associated with diesel-backed 
power supplies to remain available in response to a loss of 
ac power. Pressurizer sprays are recirculated from the RCS 
cold legs, with driving head supplied by the reactor coolant 
pumps. This arrangement is typical of a PWR. Proper 
control of plant thermal-hydraulic parameters, including 
RCS pressure, will reduce the demands on the principle 
safety systems. 


 
 Reactor Coolant System Inventory Control 
 
RCS inventory control can be performed through 


different means based on the plant conditions. Normal RCS 
inventory control is a function of the CVS through the use 
of letdown and makeup flow paths. The CVS pumps are 
the high-head injection pumps and are designed to respond 
to RCS leaks and breaks up to nominally 0.95 cm 
(0.375 in).  


Alternate injection paths are available through the 
RNS, which can be aligned as a low-head injection source. 
The RNS pumps inject directly into the reactor vessel 
through the PXS injection piping. The PXS injection lines 
are designed such that the RNS pumps will develop 
sufficient backpressure in the piping to close the CMT 
check valves. This is a significant design feature as the 


TABLE I 


AP1000 Intact-Circuit Fault Summary – Loss of Main Feedwater 


Short-Term Reactivity Decay Heat Removal Long-Term Reactivity 
Primary Diverse Other Primary Diverse Other Primary Diverse Other 


Reactor Trip 
Circuit 
Breakers 
(Class 1) 


Rod 
Control 
MG Set 
Field 
Breaker 
(Class 2) 


Ride-Out 
See Note 


PRHR 
(Class 1) 


Passive 
Feed & 
Bleed 
(Class 1) 


Startup 
Feedwater 
with Steam 
Dump 
(Class 2) 


CMT 
Recirculation 
(Class 1) 


Passive Feed 
& Bleed 
(Class 1) 


CVS 
Boration 
(Class 2) 


         
RCS Pressure Control RCS Inventory Control Containment Heat Removal &  


Ultimate Heat Sink 
Primary Diverse Other Primary Diverse Other Primary Diverse Other 


Pressurizer 
Safety/Relief 
Valves 
(Class 1) 


RCS 
“Ride-
Out” 
(Class 1) 


Pressurizer 
Sprays 
(Class 2) 


CMT 
Injection 
(Class 1) 


Passive 
Feed & 
Bleed 
(Class 1) 


CVS 
Makeup 
(Class 2) 


Containment 
Vessel with 
PCS Motor-
Operated 
Valve 
Actuation 
(Class 1)  


Containment 
Vessel with 
PCS Air-
Operated 
Valve 
Actuation 
(Class 1) 


Normal 
Residual 
Heat 
Removal 
(Class 2) 


 
Note: Diversity is maintained for safety Class 1 short-term reactivity control through the use of diverse reactor trip 
instrumentation for the actuation of the mechanisms described herein. For example, reactor trip resulting from a loss of 
main feedwater event can be initiated by several thermodynamically-coupled parameters, such as steam generator level, 
pressurizer level, and pressurizer pressure. Additional levels of diversity are provided through means of the ATWT Ride-Out 
analyses, which utilize thermodynamic and reactivity feedback mechanisms to control reactivity. 
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TABLE II 


Summary of AP1000 Functional Diversity 


Diversity Group Primary Diverse Backup / Other 


IAEA Safety Classification Class 1 Class 2 Class 2 Active 


Supporting Systems (C&I, Electrical, HVAC) PMS 1E dc DAS 
non-1E 


 dc PLS ac CCS SWS HVAC 
Reactor Shutdown, Short Term                 


 Control rod insertion, reactor trip breakers x             


 Control rod insertion, MG set field breakers     x x         


 Ride-Out x             


 Ride-Out     x x         


                   
Reactor Shutdown, Long Term                 


 CVS Boration       x x x x x x 


 CMT Recirculation x             


 CMT Recirculation     x x         


 Passive Feed & Bleed x x            


 Passive Feed & Bleed     x x         


 Active Feed & Bleed x x   x x x x x x 


                   
RCS Inventory Control                 


 CVS Make-up       x x x x x x 


 CMT Injection x             


 CMT Injection     x x         


 RNS Low-Pressure Injection x x   x x x x x x 


 Passive Feed & Bleed x x            


 Passive Feed & Bleed     x x         


                   
RCS Pressure Control                 


 Safety Valves N/R             


 Plant characteristics N/R             


                   
RCS Heat Removal                 


 SFW       x x x   x 


 RNS shutdown cooling       x x x x x x 


 PRHR HX x             


 PRHR HX     x x         


 Passive Feed & Bleed x x            


 Passive Feed & Bleed     x x         


 Active Feed & Bleed x x   x x x x x x 


                   
Containment Heat Removal                 


 PCS AOVs x             


 PCS AOVs     x x         


 PCS MOVs x x            


 PCS MOVs     x x         


 RNS Cooling  x x   x x x x x x 


 Containment Air-Cooling N/R               
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 operation of the RNS not only substitutes for the PXS, but 
will halt PXS injection if it has already commenced. 
Therefore, operators retain the ability to align a preferred 
injection source even after the PXS has initiated. However, 
consistent with the principles of nuclear safety, the PXS 
remains the principle means of RCS inventory control. 


 
 Containment Heat Removal & Ultimate Heat Sink 
 
As described previously, the ultimate heat sink of the 


AP1000 is the atmosphere. This is true for the passive and 
active systems used to maintain nuclear safety. Passive 
safety Class 1 systems utilize natural circulation, 
evaporation, and condensation to transfer heat to the 
atmosphere through the containment vessel within the 
confines of the shield building.  


Active safety Class 2 systems that can perform the 
function of containment heat removal are the RNS, CCS, 
and SWS. Heat is removed from the IRWST, which is the 
quenching volume for steam releases and the collection 
point for condensation inside containment. Ultimately, heat 
is rejected to the atmosphere by means of mechanical draft 
cooling towers by the SWS. 


 
Table I includes an example of a loss of main 


feedwater intact-circuit fault to demonstrate the interface 
between safety Class 1 and Class 2 functions. 


 
 


III. UK APPLICATION OF AP1000 
 


Westinghouse has supported efforts to introduce and 
license a passive PWR design in Europe for several years. 
Descriptions of these efforts have been documented in 
several technical publications including: 


 
 “Ability of AP1000 to meet UK Licensing 


Requirements,” ICAPP 2003 (Reference 6). 
 “European Utility Requirements (EUR) Volume 3 


Design Assessment for AP1000,” ICAPP 2004 
(Reference 7). 


 “European Passive Plant (AP1000 - Europe) 
Design Status,” ICAPP 2008 (Reference 8). 


 
As these references pertain to the application of the 


AP1000 technology to the UK, many aspects of the UK 
licensing process are supported throughout Europe. One 
such aspect of the licensing process is the application of 
IAEA safety categorization and classification standards. 
Additionally, the UK regulating authority has imposed a 
requirement that diversity be demonstrated for all safety 
Class 1 functions that are used in response to a frequent 
fault. Frequent faults are defines as transients with 
probabilities of ≤ 10-3/year. 


As discussed in preceding sections of this paper, the 
AP1000 application of passive technologies is well suited 


to the demonstration of diversity. Furthermore, this 
diversity is applied by passive systems only, and do not 
rely on the safety Class 2 defense-in-depth systems that are 
also provided in the design. Table I contains a 
demonstration of functional diversity for a frequent fault, 
in this case a loss of main feedwater event. Table II 
provides a tabulation of passive and active diversity 
grouped by safety function. It is clearly shown that the 
primary and diverse mechanisms for performance of 
specific safety functions are functionally diverse within the 
safety Class 1 systems. 


 
 


III. CONCLUSIONS 
 


The AP1000 passive safety design has been 
implemented to provide both the primary and diverse 
methods of response to various transients. The result is a 
plant design with integral passive safety diversity and 
active defense in depth capability for use in the response to 
frequent transients. Furthermore, the AP1000 is able to 
demonstrate diversity in response to frequent transients 
using Class 1 SSCs in accordance with IAEA safety 
classification guidance. Therefore, the AP1000 active 
systems are IAEA Class 2, and are applicable to best-
estimate design principles and associated codes and 
standards, which maintains the simple, cost-effective, 
AP1000 plant design.   


An analysis was performed to demonstrate the 
diversity provide by the use of the AP1000 passive system 
design approach. The result of this assessment is that the 
AP1000 application of passive systems provides for 
diversity within the passive features that has been 
demonstrated to meet the expectations of the UK 
regulatory body. Additionally, the application of safety 
Class 2 active systems provides for additional diversity that 
is effectively utilized to improve plant safety and minimize 
demands on the safety Class 1 systems and components. 
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NOMENCLATURE 
 


ac Alternating Current 
ADS Automatic Depressurization System 
ASME American Society of Mechanical Engineers 
ATWT Anticipated Transient without Trip 
C&I Control & Instrumentation 
CCS Component Cooling Water System 
CMT Core Makeup Tank 
CRDM Control Rod Drive Mechanism 
CVS Chemical Volume Control System 
dc Direct Current 
GDA Generic Design Assessment 
HVAC Heating, Ventilation, and Air Conditioning 
HX Heat Exchanger 
IAEA International Atomic Energy Agency 
IRWST In-containment Refueling Water Storage Tank 
LOCA Loss of Coolant Accident 
M-G Motor-Generator 
N/R Not Required 
PCS Passive Containment Cooling System 
PLS Plant Control System (non-1E) 
PMS Protection & Safety Monitoring System (1E) 
PRA Probabilistic Risk Assessment 
PRHR Passive Residual Heat Removal 
PWR Pressurized Water Reactor 
PXS Passive Core Cooling System 
RCS Reactor Coolant System 
RNS Normal Residual Heat Removal System 
SDG Standby Diesel Generator 
SFW Startup Feedwater 
SSC System, Structure, and Component 
SWS Service Water System 
UK United Kingdom 
US United States 
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Abstract – This paper summarizes the reactor licensing process under 10CFR Part 52 and addresses keys to success of the 
ESBWR design certification. This paper outlines key organizational structures and operating philosophies that resulted in an 
ESBWR design certification Final Safety Evaluation Report (FSER).  Some of the keys to success discussed are: a strong 
belief in ESBWR technology, strong project management, knowledgeable and experienced engineers, dedicated regulatory 
affairs engineers and specialists working closely with their NRC counterparts and potential customers, and early and 
frequent interaction between GEH, potential customers, and the NRC.   These factors contributed to success of the ESBWR 
design certification review and effective and efficient resolution of first-of-a-kind technical issues.  The paper also outlines 
the remaining steps and expected schedule for the ESBWR Design Certification Final Rulemaking by the NRC. 


 


I. INTRODUCTION 


The U.S. Nuclear Regulatory Commission (NRC) 
established 10 CFR Part 52 regulations in 1989 (as 
amended) as a new regulatory process for standard design 
approvals and certification, with additional provisions for 
early site permitting and a combined construction and 
operating license.  General Electric Company, acting 
through its GE Nuclear division, was the original applicant 
for the first action issued under 10 CFR Part 52, which was 
the design certification rule for the GE Advanced Boiling 
Water Reactor (10 CFR Part 52, Appendix A), in May 
1997.   


GE Hitachi Nuclear Energy Americas LLC (GEH) 
now looks forward to NRC publication of a design 
certification rule for the Economic Simplified Boiling 
Water Reactor (ESBWR), which is a Generation III+ 
4,500-MWt plant design that uses natural circulation for 
core cooling, employs passive safety features, minimizes 
the use of safety-related pumps and valves, and establishes 
a design framework for a fully digital control room that 
can be modernized as technology advances without 
modification to the certified design.  


The ESBWR design certification application, which 
included a Design Control Document (DCD), was 
submitted on August 24, 2005, and accepted by the NRC 
for docketing and review on December 1, 2005.   


Funded in part by the U.S. Department of Energy as a 
demonstration project under its Nuclear 2010 Program, the 
ESBWR DCD and supporting documents have undergone 
a comprehensive review by the NRC.  The Advisory 
Committee on Reactor Safeguards (ACRS) began 
reviewing the NRC Staff’s advance Final Safety 
Evaluation Report (FSER) in August 2010 and the NRC 
issued the Final SER and Final Design Approval in March 
2011. The NRC published a proposed rule for the ESBWR 
certified design in March 2011, and expects to publish the 
final rule in September 2011.   


Once the ESBWR design is certified by rulemaking 
under 10 CFR Part 52, a Combined License applicant may 
reference the certified design rule in an application for a 
nuclear power plant.  By resolving the majority of 
technical issues through rulemaking, and not in the 
Combined License application review, a US applicant has a 
high degree of regulatory and schedule certainty for 
licensing nuclear power plants in the future.  


II. OVERVIEW OF US NRC NPP LICENSING 
PROCESS1 


For a commercial nuclear power plant to be 
constructed and operate in the US, it must obtain 
authorization from the NRC through a permitting and 
licensing process. Among other things, the NRC is 
responsible for licensing and regulating the operation of 
nuclear power plants in separate licenses.  
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Plants in the current fleet of 104 operating nuclear 
power plants were licensed under a two-step licensing 
process (10 CFR Part 502). This process required both a 
construction permit and an operating license.  


In 1989, the NRC established an alternative licensing 
process that essentially combines a construction permit and 
an operating license, with certain conditions, into a single 
license.  Under either process, before an applicant can 
build and operate a nuclear power plant, it must obtain 
approval from the NRC.  


Other licensing alternatives established in 1989 are 
early site permits, which allow an applicant to obtain 
approval for a reactor site and “bank” it for future use, and 
certified standard plant designs, which can be used as pre-
approved “off-the-shelf” designs. Public involvement is a 
key element of the NRC’s reactor licensing processes. 
Consequently, the NRC holds numerous public meetings 
during the course of the licensing processes.   


Within this licensing framework GEH elected to seek 
a design certification for the ESBWR design. 


ADDITIONAL LICENSING PROCESSES 
(10 CFR PART 523) 


The new alternatives for nuclear plant licensing under 
10 CFR Part 52 includes a combined licensing process, an 
early site permit process, and a standard plant design 
certification process.  These processes are illustrated in 
Figure 1, which highlights the relationship between the 
three processes.   


The combined licensing process and early site permit 
process are discussed briefly and the design certification 
process is described in more detail in the sections below. 


EARLY SITE PERMITS 


The NRC can issue an early site permit for approval of 


one or more sites separate from an application for a 
construction permit or combined license. Such permits are 
effective for 10 to 20 years and can be renewed for an 
additional 10 to 20 years. The permits address site safety 
issues, environmental protection issues, and plans for 
coping with emergencies, independent of the review of a 
specific nuclear plant design.  


The early site permit also has provisions for limited 
work authorization (LWA) to perform nonsafety-related 
site preparation activities, subject to redress, before a 
combined license is issued. 


STANDARD DESIGN CERTIFICATION 


The NRC may certify a reactor design for 15 years 
through the rulemaking process, independent of a specific 
site.  


An applicant submits a Design Control Document 
(DCD), which is in effect the Safety Analysis Report 
content for the standard design features and which forms 
the licensing basis to the extent that it is referenced in a 
license.  An application for a standard design certification 
must contain information and proposed tests, inspections, 
analyses, and acceptance criteria (ITAAC) for the standard 
design. 


The NRC staff and their consultants technically 
review the DCD.  The staff will request additional 
information from the applicant if the DCD is not detailed 
enough to answer questions raised during their review.  
The applicant must respond to these Requests for 
Additional Information (RAIs) and the DCD is revised as 
required and the RAI response becomes part of the design 
basis for the plant. 


This review process is expected to last for several 
years until all issues are resolved and closed to the 
satisfaction of the NRC staff and their consultants.  Once 
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Figure 1 –  
Relationships Between Combined Licenses, Early Site Permits, and Standard Design Certifications1 
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all issues are closed the staff will issue a Final Safety 
Evaluation Report (FSER) on the design. 


The Advisory Committee on Reactor Safeguards 
(ACRS), an independent advisory group of technical 
experts, reviews each standard design certification 
application and the NRC’s related safety evaluation in 
public meetings.  The ACRS reports the results of its 
reviews to the NRC’s five-member Commission and issues 
an independent evaluation of the design.  The ACRS must 
conclude that there is reasonable assurance that the NPP 
design can be built and operated without undue risk to the 
health and safety of the public for the design certification 
to proceed to rulemaking.   


If the design is acceptable to the ACRS and NRC 
staff, the NRC staff can then certify it through a 
rulemaking.  Rulemaking provides a high degree of finality 
for the design certification application.  Under this process, 
the NRC publishes a public notice of the proposed rule in 
the Federal Register seeking public comments.  The NRC 
reviews the comments and makes any changes to the final 
rule, which is then published in the Federal Register and 
becomes an appendix to 10 CFR Part 52 of the regulations.  


Four Design Certification Rules have been issued as 
of 12/2010: 
• 10 CFR Part 52, Appendix A – ABWR (05/12/1997)  
• 10 CFR Part 52, Appendix B–System 80+ (05/21/97) 
• 10 CFR Part 52, Appendix C – AP600 (12/23/1999) 
• 10 CFR Part 52, Appendix D – AP1000 (01/27/2006) 


The issues that are resolved in a design certification 
rulemaking are subject to a more restrictive change process 
than issues that are resolved through the issuance of a 
license.  The NRC can only change certified design 
requirements in limited circumstances. 


 


COMBINED LICENSE 


A combined license authorizes construction and 
conditional operation of a nuclear power plant in the US in 
a single regulatory proceeding.  By combining these two 
regulatory actions, the license provides greater regulatory 
certainty and improves the chance that a plant, once 
constructed, will eventually be operated in accordance with 
the license.  


The application for a combined license must contain 
essentially the same information required in an application 
for an operating license issued under 10 CFR Part 50.  The 
application must also describe the inspections, tests, 
analyses, and acceptance criteria (ITAAC) that are 
necessary to ensure that the plant has been properly 
constructed and will operate safely.  The ITAAC becomes 
part of the Combined License.  NRC will conduct 


inspection activities throughout construction to follow 
completion of ITAAC to assure that the plant is 
constructed in accordance with the license.  Under its 
regulations, the NRC must find that acceptance criteria are 
met before it may authorize plant operation.  


An application for a combined license may 
incorporate by reference a standard design certification, an 
early site permit, both, or neither. This approach allows 
early resolution of safety and environmental issues. The 
issues resolved by the design certification rulemaking 
process and during the early site permit hearing process are 
not reconsidered during the combined license review.  


If the application references a standard design 
certification, the applicant must perform the ITAAC 
identified in the certified design, as well as ITAAC that 
may address site-specific design features or emergency 
planning.  


III. KEYS TO THE SUCCESSFUL ESBWR DESIGN 
CERTIFICATION 


In March 2011, the NRC published a proposed design 
certification rule for the Economic Simplified Boiling-
Water Reactor (ESBWR), after a comprehensive and 
successful design certification review.  The final rule is 
expected to be published in the third quarter 2011.  This 
culminates a detailed technical review of the ESBWR 
Design Control Document (DCD) that was first submitted 
to the NRC in August 2005.  The successful conclusion of 
the ESBWR review by the NRC and ACRS can be 
attributed to several key factors.  


First, experience gained from the ABWR Design 
Certification was a major factor in the successful 
development and review of the ESBWR design.  
Certification of the ABWR and the NRC review of the 
ABWR DCD was the initial proof-of-concept for the 10 
CFR Part 52 design certification process.  The ABWR 
design certification established the framework for future 
design certification application documents, including the 
DCD with Tier 1 and Tier 2, and the format and content of 
the design certification (“DC”) rules.  


The ESBWR team drew from this experience while 
developing the ESBWR DCD, which expedited DCD 
development and assisted the NRC’s review.  NRC 
requests for additional information (RAIs) that were 
resolved for  the ABWR design and were applicable to 
ESBWR, were incorporated into the ESBWR DCD.  
Working closely with potential customers and GEH 
engineers with plant operating experience, many design 
features incorporate operational experience from the 
existing fleet to ensure the final design is more economical 
to operate and maintain. 
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Another key to the success of the ESBWR design 
certification was the establishment of a strong GEH project 
organizational structure of dedicated professionals who 
believed in the unique characteristics of this reactor design.  
The organization evolved over time to become more 
efficient and more focused on schedule milestones, as 
timely responses to RAIs became critical to maintaining 
certification schedule.  In addition, strong corporate 
backing, which was necessary to apply critical resources to 
a business critical project contributed to the success of the 
project. 


Engineers involved in the certification effort perfected 
unique passive safety features, eliminated high cost and 
high maintenance safety-related pumps and valves and 
developed a unique digital control room design. Many 
engineers were involved in the design and development of 
the reactor from its inception in the early 1990s, having 
worked on developing the SBWR (which is a smaller 
reactor design, upon which the ESBWR design is based).  
They saw the ESBWR as not just an evolutionary design 
but a revolutionary design in which the Core Damage 
Frequency (CDF) is an order of magnitude lower than 
current operating reactors and where operator action is not 
necessary to maintain plant safety and to keep the reactor 
core covered for at least 72 hours following an accident.  
The ESBWR at power CDF for all internal events is ~ 1.70 


x 10-8 events/year.  Table 1 summarizes the PRA results for 
the key ESBWR events analyzed. 


Table 1 ESBWR PRA Results4 
 Internal 


Events 
Fire Flood High 


Winds 


At-Power CDF 1.65E-08 1.25E-08 6.95E-09 8.51E-09 


Shutdown CDF 1.70E-08 9.56E-09 5.21E-09 3.95E-08 


At-Power LRF 1.38E-09 1.56E-09 4.09E-09 1.24E-09 


Shutdown LRF 1.70E-08 9.56E-09 5.21E-09 3.95E-08 
CDF = Core Damage Frequency, LRF = Large Release Frequency 


Figure 2 is a 3D cut away of the ESBWR and 
illustrates the location of the Reactor Building/Fuel 
Building, Control Building and Turbine Building.  It also 
shows the relationship of the various passive ECCS 
systems inside containment with respect to the RPV and 
suppression pool and the location of the below grade spent 
fuel pool.  


Another key to success of the ESBWR design 
certification effort was establishing a team of 
regulatory/licensing engineers and specialists, each 
assigned to follow specific topic areas and to work with 
ESBWR engineers to prepare high-quality submittals to 
the NRC.  These dedicated Regulatory Affairs engineers 
maintained close and frequent communications with their 
NRC counterparts in their assigned areas.  In addition to 


 
Figure 2 – 3D Cutaway of ESBWR 
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subject-matter experts, GEH maintained regulatory 
expertise for following generic new plant activities, which 
could impact the ESBWR design certification review.  
Both the GEH Regulatory Affairs engineers and their NRC 
counterparts were sensitive to the fact that the NRC 
reviewer’s primary focus is on public safety of nuclear 
power and therefore successful resolution of safety issues 
ensures safety of the ESBWR design.  


The Regulatory Affairs and Engineering teams 
promptly addressed NRC concerns to resolve issues as 
quickly and efficiently as possible.  As part of the early and 


frequent communication to address complex safety issues, 
for each issue an action plan and schedule was developed, 
including teleconferences with NRC technical reviewers to 
keep them informed of the progress toward issue 
resolution.  The action plan facilitated closing complex 
safety issues and moved the certification process forward.  
Figure 3 illustrates the volume of RAIs received from the 
NRC, the time frame over which GEH received these 
requests and the progress towards closing these RAIs.  
Also superimposed on this graph are the dates when the 
ESBWR DCD revisions were issued incorporating the 
changes necessary to close out the ~6000 RAIs received by 
GEH.   


 


ESBWR DESIGN REVIEW: TECHNICAL AND 
LICENSING CHALLENGES 


During the time period between the original 
submission of the ESBWR DCD and NRC issuance of its 
Final Safety Evaluation Report, GEH addressed a number 
of technical challenges.  On a generic basis, the NRC 
revised its regulatory guidance and a number of RAIs 
related to evolving NRC positions, in both regulations and 
guidance, regarding various technical issues.  Other 
technical challenges related to design features that are not 
addressed in NRC regulatory guidance.  Examples of these 


technical and licensing challenges include the following: 


Design Acceptance Criteria ITAAC:  As GEH 
described in Appendix 14.3A of the ESBWR DCD, Design 
Acceptance Criteria are a special type of ITAAC and 
consist of a set of prescribed limits, parameters, 
procedures, and attributes upon which the NRC may rely 
in making a final safety determination to support a design 
certification.5   


The ESBWR includes Design Acceptance Criteria in 
the areas of piping, digital instrumentation and controls 
(I&C), and human factors engineering (HFE).  The Design 
Acceptance Criteria are identified in Tier 1 as Design 
Acceptance Criteria ITAAC (the designation used is 
{{Design Acceptance Criteria}}), which are established to 


0


1000


2000


3000


4000


5000


6000


7000


Q1
-2


00
5


Q2
-2


00
5


Q3
-2


00
5


Q4
-2


00
5


Q1
-2


00
6


Q2
-2


00
6


Q3
-2


00
6


Q4
-2


00
6


Q1
-2


00
7


Q2
-2


00
7


Q3
-2


00
7


Q4
-2


00
7


Q1
-2


00
8


Q2
-2


00
8


Q3
-2


00
8


Q4
-2


00
8


Q1
-2


00
9


Q2
-2


00
9


Q3
-2


00
9


Q4
-2


00
9


Q1
-2


01
0


Q2
-2


01
0


Q3
-2


01
0


RA
Is


Period Submitted Period Received Cumulative Submitted Cumulative Received


DCD Rev 7


Mar 10
DCD Rev 6


Aug 09DCD Rev 5


Jun 08


DCD Rev 4


Sep 07DCD Rev 3


Feb 07
DCD Rev 2


Nov 06


DCD Rev 1


Mar 06DCD Rev 0


Aug 05


Key Milestones
Application submitted 8/2005
ACRS review completed 10/2010
Final SER 2/2011
Final rule 9/2011


DCD Rev 8


Oct 10


0


1000


2000


3000


4000


5000


6000


7000


Q1
-2


00
5


Q2
-2


00
5


Q3
-2


00
5


Q4
-2


00
5


Q1
-2


00
6


Q2
-2


00
6


Q3
-2


00
6


Q4
-2


00
6


Q1
-2


00
7


Q2
-2


00
7


Q3
-2


00
7


Q4
-2


00
7


Q1
-2


00
8


Q2
-2


00
8


Q3
-2


00
8


Q4
-2


00
8


Q1
-2


00
9


Q2
-2


00
9


Q3
-2


00
9


Q4
-2


00
9


Q1
-2


01
0


Q2
-2


01
0


Q3
-2


01
0


RA
Is


Period Submitted Period Received Cumulative Submitted Cumulative Received


DCD Rev 7


Mar 10
DCD Rev 6


Aug 09DCD Rev 5


Jun 08


DCD Rev 4


Sep 07DCD Rev 3


Feb 07
DCD Rev 2


Nov 06


DCD Rev 1


Mar 06DCD Rev 0


Aug 05


Key Milestones
Application submitted 8/2005
ACRS review completed 10/2010
Final SER 2/2011
Final rule 9/2011


DCD Rev 8


Oct 10


 
Figure 3 ESBWR Certification RAI History 
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demonstrate that the design is completed to the level that 
would have been necessary if it had been completed for 
certification.6   


Following completion of the Design Acceptance 
Criteria ITAAC, the aspects of the related structure, 
system, or component will be verified through an as-built 
ITAAC, which will be performed to demonstrate that the 
as-built facility conforms to the design as completed 
through the Design Acceptance Criteria ITAAC.  Appendix 
14.3A of the ESBWR DCD addresses regulatory options 
for closing DAC ITAAC. 


ITAAC Development:  Following Revision 3 of the 
DCD, GEH made a decision to reformat the Tier 1 
material, which includes the ITAAC, to be consistent with 
NRC guidance.  GEH reorganized the information that was 
included in Revision 3, but removed information that was 
extraneous to the development of the ITAAC.  Detailed 
system descriptions were reformatted such that the 
descriptions now relate directly to the ITAAC.  This top-
level design information in Tier 1 is extracted from the 
more detailed ESBWR design information presented in 
Tier 2.  Limiting the Tier 1 contents to top-level 
information reflects the tiered approach to design 
certification consistent with NRC guidance in NUREG-
08007 and in Regulatory Guide (RG) 1.206.8 


ITAAC are provided in tables with the following 
three-column format. 


 


Design 
Commitment 


Inspections, 
Tests, Analyses 


Acceptance 
Criteria


1.  [Design 
commitment 
description.] 


[Inspection, test, 
or analyses that 
is to be 
performed.] 


[Acceptance 
criteria that are 
to be confirmed.] 


During NRC review of the ESBWR ITAAC, the focus 
was on ensuring clarity as to what would be required to 
meet the acceptance criteria at the time of validating 
completion of work associated with the ITAAC.  The NRC 
included past NRC construction inspectors in its review of 
the ITAAC.  GEH modified a number of ITAAC for 
improved clarity based on feedback from the NRC review.  
The NRC used this review process as a good practice for 
subsequent design certification reviews. 


Regulatory Treatment of Non-Safety-Related 
Systems:  In a design-bases accident, the ESBWR relies 
on passive safety features, which preclude the need for 
operator action for the first 72 hours post-accident, with 
only a limited number of automatic actions using battery 
power.  Thus, there is a limited scope of structures, 
systems, and components that are safety-related, as 
compared to active plants.  However, active systems and 


components are relied upon for mitigative actions after the 
first 72 hours post-accident.  The NRC established a level 
of regulatory oversight for these active systems and 
components that is commensurate with safety, referred to 
as “Regulatory Treatment of Non-Safety-Related Systems” 
(“RTNSS”).  


The NRC and GEH coordinated on the level of 
treatment and the scope of the RTNSS systems and 
components and Chapter 19 of the ESBWR DCD 
describes the categories of RTNSS, depending upon the 
relationship to plant safety and risk, as determined through 
the use of probabilistic risk assessment. 


Electrical Power:  The ESBWR design employs DC 
power for safety-related functions post-accident, as noted 
above.  Ancillary diesel generators and emergency diesel 
generators also are included as design features to provide 
power to certain systems and components under specific 
circumstances.  The ESBWR is designed to operate in an 
“island” mode in the event of an unstable grid or a loss of 
offsite power.   


GEH worked through the associated licensing 
challenges of defining the type of batteries, including 
development of a test plan for qualifying batteries for a 72-
hour discharge capacity without recharging. 


Seismic Design:  As described in Section 3.7 of the 
DCD, for seismic design purposes, all structures, systems, 
and components of the ESBWR standard plant are 
classified into Seismic Category I, Seismic Category II, or 
Seismic Category NS in accordance with the requirements 
to withstand the effects of the safe shutdown earthquake.  
For those Seismic Category I and Seismic Category II 
structures, systems and components (SSCs) in the Reactor 
Building (RB) complex, the effects of other dynamic loads 
caused by Reactor Building vibration (RBV) and 
suppression pool dynamics are also considered in the 
design.  


Standardized plants envelop the most severe 
earthquakes that affected a great number of sites where a 
nuclear plant may be located, with sufficient margin 
considering the limits of accuracy, quantity and period of 
time during which historical data have been accumulated.   


GEH used bounding site parameters from three Early 
Site Permits for site enveloping seismic design of the 
ESBWR Standard Plant, but GEH applied further 
bounding parameters.  For example, the ESBWR standard 
plant SSE design ground motion is rich in both low and 
high frequencies.  The low-frequency ground motion 
follows RG 1.60 ground spectra anchored to 0.3 g.  The 
high-frequency ground motion matches the North Anna 
ESP site-specific spectra as representative of most severe 
rock sites in the Eastern US.  These two ground motions 
are considered separately in the basic design.   
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To verify the basic design the two separate inputs are 
further enveloped to form a single ground motion as the 
design basis ground motion for ESBWR.  While this 
approach may encompass a broader scope of potential 
plant sites, its complexity created certain challenges during 
NRC reviews. 


Aircraft Impact Assessment:  During the NRC 
review of the ESBWR DCD, NRC amended its regulations 
to require an assessment of a potential aircraft impact.  
GEH sought NRC approval to become a holder of 
safeguards information (“SGI”) because the NRC provided 
certain SGI that was necessary to perform the assessment.  
GEH performed the assessment and identified that certain 
design features required modification late in the design 
certification process through NRC inspection of the 
assessment.   


While the assessment and design modifications 
were manageable, the timing of the regulatory amendments 
and identification of necessary modifications was a 
challenge in attempting to maintain the overall review 
schedule without resulting in significant delays.  


Unique Design Features:  There were a number of 
unique design features that represented challenges during 
NRC review of the DCD.  Examples include the BiMAC 
system, which functions to capture ex-vessel core contents 
in the event of a severe accident and the passive 
containment cooling system (PCCS), which is designed to 
withstand hydrogen detonations when operating in a post-
accident condition.  Other passive cooling features include 
core flow driven by natural circulation, isolation 
condensers, the gravity-driven cooling system, uniquely 
designed drywell to wetwell vacuum breakers and a 
Standby Liquid Control system that injects into the core 
using passive stored energy.   


IV. PATH TO NRC ESBWR RULEMAKING 


The ESBWR design certification review is essentially 
complete, RAIs are resolved and the licensing process for 
ESBWR Certification is moving into the rulemaking 
phase.  See SECY-09-00189 for details on the rulemaking 
process for design certifications. 


This phase of the ESBWR certification starts with the 
preparation of the rulemaking package, which was 


published in March 2011.  The rulemaking package 
references the ESBWR DCD Revision 9, the Final Safety 
Evaluation Report (FSER) and the ACRS Letter of Design 
Approval and will include proposed rule language to be 
reviewed by the Commission before publication in the 
Federal Register. 


A public comment period on the Rule will be open for 
75 days.  After this period of review and comment, the 
NRC staff will analyze the comments and if necessary 
make changes to the Rule.   


The last stage of the process is the Rule Finalization.  
In this phase, final staff concurrence is obtained on the 
final rule language.  A legislative-type hearing may be 
conducted at the discretion of Commission to obtain Rule 
Finalization.  This will lead to the publication of the final 
design certification rule by third quarter, 2011. 


Figure 4 outlines the approximate steps and schedule 
for completion of the ESBWR Certification Rule Making 
process. 


V. CONCLUSIONS 


Since August 2005 the ESBWR Design Certification 
Document has undergone extensive technical review by 
the NRC staff and the ACRS.  That review is finally 
coming to a successful conclusion that will lead to the 
Fifth US Reactor Design Certification Rule to be issued as 
an appendix to 10 CFR Part 52.  


This paper has provided an overview of the licensing 
process in the US for Nuclear Power Plants.  The two-step 
licensing process under 10 CFR 50 was briefly discussed 
where a Construction Permit (CP) based on Preliminary 
Safety Analysis Report (PSAR) is issued to an applicant 
and then an Operating License (OL) based on Final Safety 
Analysis Report (FSAR) is issued.    


The alternative licensing process established by the 
NRC in 1989 was summarized.  10 CFR Part 52 
established a process to obtain a combined license, an early 
site permit, and/or a standard plant design certification.  
Each of these processes has been discussed and it has been 
shown how each one fits in the overall licensing process 
under 10 CFR Part 52. 
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The key factors leading to the successful conclusion of 
the ESBWR DCD technical review by the NRC and the 
ACRS have been outlined.  Some of the keys to success 
that were addressed by this paper are: a strong belief in 
ESBWR technology, strong project management, 
knowledgeable and experienced engineers, dedicated 
Regulatory Affair engineers and specialists working 
closely with their NRC counterparts and potential 
customers, and early and frequent interaction between 
GEH, potential customers, and the NRC.  Licensing 
challenges for the ESBWR included definition of 
acceptable Design Acceptance Criteria ITAAC, ITAAC 
development, Aircraft Impact Assessment and impact on 
the ESBWR design, Regulatory Treatment of Non-Safety-
Related Systems, 72 hour DC power, unique seismic 
design criteria and unique passive design features never 
before technically reviewed or licensed by the NRC. 


Finally, the path remaining to achieve ESBWR 
Rulemaking has been outlined and the preliminary 
ESBWR Rulemaking schedule was presented.  This 
schedule will result in the Final ESBWR Design 
Certification Rule being published by September 2011. 
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Abstract – In the hypothetical case of a core melt-down in Water Reactors, severe accident 
scenarios must be considered: the core cooling systems could fail and a very high temperature 


would be reached (up to 3000K). In this case, the materials of the nuclear reactor (nuclear fuel, 
cladding, metallic alloys, structural materials, concrete, etc…) could melt to form complex and 
aggressive mixtures called corium.  In this context, the CEA, French Alternative Energies and 


Atomic Energy Commission (Commissariat à l'Energie Atomique et aux Energies Alternatives) has 
been pursuing a large R&D program on nuclear Severe Accidents (SA) for many years. This 


paper will be focused mainly on corium activities research, and not on the full severe accidents 
activities. Three examples of corium SA research and results are briefly described: LEONAR code, 
a new tool for PSA level 2 analyses, the Fuel Coolant Interaction (FCI) program, and the Molten 


Corium Concrete Interaction (MCCI) program. 
 
 


I. INTRODUCTION 
 
Safety studies are required under accident and severe 


accident conditions for current and future water-cooled 
reactors, so called Gen 2 and Gen3. In the hypothetical 
case of a core melt-down in Water Reactors, Severe 
Accident (SA) scenarios must be considered: the core 
cooling systems could fail and a very high temperature 
would be reached (up to 3000K). In this case, the materials 
of the nuclear reactor (nuclear fuel, cladding, metallic 
alloys, structural materials, concrete, etc…) could melt to 
form complex and mixtures called corium.  


In this context, the CEA has been pursuing a large 
R&D program on nuclear Severe Accidents for many 
years. The scope of possible Severe Accident scenarios is 
very large and a lot of phenomena could occur with a 
ranking for the consequences on the reactor and its 
environment. For these reason, SA Research is focused on 
the main phenomena with the worst consequences. Among 
the SA activities, CEA 1-4 is involved in corium behavior 
research. Understanding corium behavior in the various 
phases envisioned for severe accidents is a key aspect 
required for improving reactor safety. It encompasses the 
development of models and codes, performance of 
experiments in simulant and prototypical materials (i.e. 
with nuclear fuel). Due to the specific characteristics of 
uranium dioxide, experiments with prototypic materials are 


necessary. The current corium Severe Accidents topics on 
which CEA is involved concern In-vessel Retention (IVR), 
Fuel Coolant Interaction (FCI-OECD/SERENA-2 
program), Corium Concrete Interaction (EC-EDF-SUEZ-
IRSN-CCI-program), mechanistic codes and scenario 
codes (LEONAR) coupled with probability. A short 
overview of these activities is presented in this paper.  


 
II. SIMULANT AND PROTOTYPICAL 


MATERIALS FOR SEVERE ACCIDENT EXPERIMENT 
 
In case of a severe accident in a nuclear reactor, very 


complex physical and chemical phenomena could occur. 
Parallel to the development of mechanistic and scenario 
codes, experiments are needed to determine key 
phenomena and coupling, develop and qualify specific 
models, validate codes.  
The phenomena involved in a severe accident are 
extremely complicated, since the main characteristics of 
the severe accident scenarios are the interactions of the 
core melt with the reactor structures and water; and the 
release, transport and deposition of the fission product 
carrying vapors5. The interactions of core melt may lead to 
(i) ablation of structures, (ii) steam explosions, (iii) vessel 
failure, (iv) concrete melting and gas generation, (v) 
spreading/dispersion of heat generating core melt (debris). 
These phenomena involve the disciplines of thermal 
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hydraulics, high temperature chemistry, high temperature 
material interactions, and aerosol physics, among others. 
Predictions of the consequences of a severe accident have 
to be based on experimentation and models whose veracity 
may be limited by the scale at which the information about 
phenomenology is derived. Scaling considerations become 
very important since large scale experiments with 
prototypic melts are expensive and very difficult to 
perform. 
Experiments using low temperature simulant materials 
(such as BALI6-7 for in-vessel pools or PERCOLA8 for 
melt entrainment above the corium crust by the sparging 
gas, released by the concrete ablation)  thanks to lower 
costs and constraints, allow the testing of a larger number 
of configurations and the determination of correlations. 
But some crucial corium phenomena cannot be reproduced 
at low temperatures such as the importance of radiation 
heat transfer or the presence of a large (up to 1000 K) 
liquidus-solidus interval. Consequently, some experiments 
are performed with high temperature simulant materials: 
alumina thermite is widely used (e.g. COMET9 facilities) 
but high temperature salts or mixtures with zirconia and/or 
hafnia are also considered. 


However, it is not feasible to simulate all the aspects 
of corium phenomenology, especially its high temperature 
physico-chemistry. Therefore, even though the use of 
depleted uranium implies a series of protective and 
regulatory measures, we are convinced that experiments 
with prototypic material are absolutely needed. In this 
context, for some years now, the CEA has undertaken a 
large program on severe accidents with prototypic corium 


on the PLINIUS platform4.  
The CEA severe accident programme is developing 


complementary simulant and prototypical material. The 
experimental knowledge is then capitalized in severe 
accident codes. Some examples of he CEA severe accident 
program are described below. 


 
III. LEONAR CODE: A NEW TOOL FOR PSA 


LEVEL 2 ANALYSES 
 


In the frame of Severe Accident, basemat failure must be 
avoided. In current Probabilistic Safety Analyses (PSA) 
studies, the impact of water injection in the pressure vessel 
or in the reactor pit is not well taken into account: all 
scenarios in which the accident cannot be stopped very 
quickly lead to the basemat failure. A better management 
of the water injection would probably increase the safety 
level of current Nuclear Power Plant (NPP) to the one of 
future NPP. The probability of basemat failure should be 
assessed taking into account potential water injection in the 
pressure vessel or in the reactor pit.  


For this purpose the simplified numerical tool LEONAR 
has been developed, that is to say a scenario code and not a 


mechanistic code, coupled with a probabilistic tool. In the 
physical part, all the phenomena must be taken into 
account, with a convenient modeling and with low run 
time, because a high number of simulations is required for 
the statistical constraints. 


The LEONAR10 code is developed on behalf of EdF 
for Probability Safety Analysis (PSA) level 2 applications, 
precisely for the evaluation of the probabilities of vessel 
failure and basemat melt-through. The LEONAR code, 
complementary to integral codes such as MAAP or 
ASTEC, is a new Severe Accident simulation tool which 
can calculate easily 1000 late phase reactor situations 
within ~30 minutes and provide a statistical evaluation of 
the situations. LEONAR can be used for the analysis of the 
impact on the failure probabilities of specific Severe 
Accident Management measures (for instance: water 
injection) or design modifications (for instance: pressure 
vessel flooding or reactor pit flooding), or to focus the 
research effort on key phenomena.  


The starting conditions for LEONAR are a set of core 
melting situations that are separately calculated from a 
core degradation code (such as MAAP, which is used by 
EdF). LEONAR describes the core-melt evolution after 
flooding in the core, the corium relocation in the lower 
head (under dry and wet conditions), the evolution of 
corium in the lower head including the effect of flooding, 
the vessel failure, corium relocation in the reactor cavity, 
interaction between corium and basemat concrete, possible 
corium spreading in the neighbor rooms, on the 
containment floor. 


Scenario events as well as specific physical model 
parameters are characterized by a probability density 
distribution. The probabilistic evaluation is performed by 
the URANIE code developed by CEA that is coupled to 
the physical calculations. The calculation results are 
treated in a statistical way in order to provide easily usable 
information. The main result is the probability of basemat 
failure. This tool can be used to identify the main 
parameters that influence corium coolability for severe 
accident late phases. It is aimed to replace efficiently PIRT 
exercises. An important impact of such a tool is that it can 
be used to make a demonstration that the probability of 
basemat failure can be significantly reduced by coupling a 
number of separate severe accident management measures 
or design modifications despite each separate measure is 
not sufficient by itself to avoid the failure. 


As illustration, the possible in-vessel severe accident 
situations are taken into account in LEONAR (see figure 
1). In the reactor core, the corium debris and pool behavior 
is described in reflooded situations. Debris bed coolability 
or melting is calculated, for debris above and under the 
corium pool. Molten corium pool formation and 
propagation is calculated. It includes a maximum corium 
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pool mass that may stay in the core under wet situation, 
deduced from the TMI-2 observations. 


For the lower head the LEONAR models describe the 
debris above the molten pool (coolability and melting), the 
stratified molten pool with a specific description of the top 
metallic layer (partial solidification under water), and a 
heat flux profile in the oxidic pool. 


The lower head vessel wall behavior is simulated. In a 
dry situation, the wall rupture rapidly occurs. In case of a 
scenario with water injection in the reactor pit, the external 
cooling of the vessel is taken into account, which is limited 
by a critical heat flux correlation. 


The variables that are not certain, and for which the 
code user defines a probability density function are for 
instance the reflooding characteristics (time of occurrence 
and mass flow rate), and the debris bed characteristics 
(mean diameter and porosity). In the first LEONAR 
release the fraction of debris that is formed when corium 
flows into the wet lower head was defined by the code 
user, with a probability density function. In the next release 
this fraction results from a model of corium fragmentation. 


The corium interaction with concrete is calculated 
with TOLBIAC-ICB17 code, which is imbedded in 
LEONAR in a rapid version without Gemini coupling. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig.1: In vessel phenomena described by the 
LEONAR models 


 
 


IV- OECD-SERENA: A PROGRAM DEVOTED TO 
FUEL INTERACTION STUDIES 


 
SERENA11 is an OECD program on fuel-coolant 


interaction (FCI), which has the scope of making a status 
of the code capabilities to predict FCI induced dynamic 
loading of the reactor structures (Phase 1), and performing 
the complementary research possibly needed to increase 
the level of confidence of the predictions (Phase 2). Phase 
1 has been completed. It consisted of comparative 
calculations by available tools of selected existing 
experiments and reactor cases, in order to identify those 
areas where lack of understanding induced large 
uncertainties in the predictions of the loads in reactors. 
Phase 2 has the scope of carrying out the confirmatory 
analytical and experimental research needed to reduce 
these uncertainties to acceptable level for risk assessment. 
Phase 1 was the first comparative exercise undertaken 
since ISP-39, which however concerned premixing only. 


During Serena-phase-1, typical generic in- and ex-
vessel FCI situations were simulated. The program 
concluded that in-vessel FCI would not challenge the 
integrity of the containment whereas this cannot be 
excluded for ex-vessel FCI. However, the large scatter of 
the predictions indicated lack of understanding in some 
areas, which makes it difficult to quantify containment 
safety margins to ex-vessel steam explosion. The results 
clearly indicated that uncertainties on the role of void (gas 
content and distribution) and corium melt properties on 
initial conditions (pre-mixing) and propagation of the 
explosion were the key issues to be resolved to reduce the 
scatter of the predictions to acceptable levels. Past 
experimental data does not have the required level of 
details to answer the question. Concerning void content 
and effect, only global data are available on pre-mixing, 
which revealed not to be sufficient to explain the behavior 
of different melts. Concerning material effect, and 
particularly the fact that prototypic corium melts would 
produce rather mild explosions, the limited number of 
geometrical configurations and corium compositions tested 
so far do not allow to generalize the conclusion neither to 
justify the use of specific parameters or models.  
The present programme is formulated to resolve the 
uncertainties on these issues by performing a limited 
number of well-designed tests with advanced 
instrumentation reflecting a large spectrum of ex-vessel 
melt compositions and conditions, and the required 
analytical work to bring the code capabilities to a sufficient 
level for use in reactor case analyses. The objective of the 
experimental programme SERENA is threefold:  
 
1. Provide experimental data to clarify the explosion 
behaviour of prototypic corium melts,  
 


 


oxyde 


eau 


débris


métal 


bain de 
corium  


débris 


débris


 


oxyde 


eau 


débris


métal 


bain de 
corium  


débris 


débris


210







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11268 


   


2. Provide innovative experimental data for validation of 
explosion models for prototypic materials, including 
spatial distribution of fuel and void during the premixing 
and at the time of explosion, and explosion dynamics,  
 
3. Provide experimental data for the steam explosion in 
more reactor-like situations to verify the geometrical 
extrapolation capabilities of the codes.  
 


These goals will be achieved by using the 
complementary features of KROTOS (CEA) and TROI  
(KAERI) corium facilities including fitness for purpose 
oriented analytical activities. KROTOS is more suited for 
investigating the intrinsic FCI characteristics in an one-
dimensional geometry. TROI is more suited for testing the 
FCI behaviour of these materials in reactor-like conditions 
by having more mass and multi-dimensional melt water 
interaction geometry. Validation of models on KROTOS 
data and verification of code capabilities to calculate more 
reactor-oriented situations simulated in TROI, will 
strengthen confidence in code applicability to reactor FCI 
scenarios. 
The KROTOS facility features rather one-dimensional 
behaviour of mixing and explosion propagation. This 
allows a clear characterisation of mixing behaviour (melt 
and void distribution) and escalation and propagation 
behaviour (given path starting from bottom triggering), 
with the respective possibilities of direct checking of code 
results.  
Six complementary tests in each facility are planned. The 
effect of the fuel material properties will be investigated 
with the use of 4 different compositions. The basic oxidic 
corium will be 70%UO2-30%ZrO2, as it revealed to induce 
spontaneous explosions more energetic than with 
80%UO2-20%ZrO2 in TROI conditions. Tests will be 
performed with standard ex-vessel conditions, i.e., a 
pressure of 0.2 MPa and a subcooling of 50 K. 
 
KROTOS tests will be performed with the following 
common conditions (see Figure 2):  


- Corium melt mass ~5 kg  
- Pool depth ≤1.1 m  
- Pool diameter 200 mm  
- Free fall 50 cm  
- New release mechanism and X-Ray radioscopy  
 
The so-called “material effect”12 is one key point for 


FCI studies. Studies are also performed in this field at 
CEA. From the chemical point of view, according to the 
nature of materials used in FCI experiments, different kind 
of chemical reaction can occur:  


•For hydrogen production, two main sources were 
pointed out. Water thermolysis is an effect of high 
temperatures, while chemical reactions between melt and 
water vapour depend on the nature of the melt. The results 


of the thermodynamic calculations show the highest 
hydrogen formation in the case of corium and iron, leading 
to less energetic steam explosion (higher void fraction). 
The amount of generated hydrogen rises up with 
concentration of UO2 in the corium.  


•Alumina reacts with steam producing hydroxides and 
oxo-hydroxides with significantly lower melting point than 
the initial oxide. 


•Corium is oxidized by water yielding over-
stoechiometric compound. 


•Zirconium dioxide is chemically inert. 
The case of iron is rather specific: high concentration 


of hydrogen is formed because of the oxidation of the 
metal.  


Another point concerns the evolution of the liquidus 
and solidus temperatures with the nature of the gas for FCI 
experiments. The corium solidus temperature shifts from 
2940 K (inert atmosphere) to 2640 K (oxygen 
atmosphere), meaning a difference of 300K 


 


 
 


Fig.2: KROTOS test section for Fuel Coolant 
Interaction Studies 


 
 


V. MOLTEN CORIUM CONCRETE 
INTERACTION: A PROGRAMME WITH A LARGE 


SCOPE 
 


In the hypothetical case of a nuclear reactor severe 
accident, the core could melt and form a corium molten 
pool. It could eventually melt through the vessel and 
interact with the pit concrete. So, corium is composed of 
uranium oxide, partly or totally oxidized zirconium, steel 
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and its oxides, fission products, and is mixing with 
concrete decomposition products in the reactor pit. 


In current PWRs, this concrete basemat is the ultimate 
barrier, while in the EPR the reactor pit provides 
temporary melt retention before spreading in the core 
catcher. The two approaches are different from severe 
accidents management points of view. Molten Core–
Concrete Interaction (MCCI) is characterized by intense 
coupling of many complicated phenomena, such as: high 
temperature concrete behavior and its decomposition; 
thermal hydraulics and heat transfer of the corium pool 
agitated by gas bubbles; physico-chemistry of the multi-
component corium melt with a continuously-changing 
composition due to the admixture of molten concrete, and 
wide solidification ranges (of the order of 1000 K); 
oxidation of metals; and partial solidification of the melt 
and the behavior of slurries or interfacial crusts. 
Identification and quantification of these phenomena with 
respect to their importance for accident analysis requires 
an iterative process of integral experiments, separate effect 
tests, and development of models and their verification. 


In this section, we will give examples of prototypical 
corium experiments performed on the PLINIUS platform 
on VULCANO facility.  


The VULCANO13-14 VB test series has been devoted 
to the study of long-term 2D interaction of corium with 
concretes of different prototypical compositions 
representative of the current generation 2 reactors. In order 
to simulate the decay heat of the corium, induction heating 
is used. To follow the ablation front of the corium, a series 
of thermocouples are located inside the concrete.  


 
 
 
 
 


 
 
 
 
 
 
 
 


Fig.3: VULCANO-Scheme of the concrete test 
section -with induction coils. 


The VULCANO tests followed similar procedures: the 
corium was molten in the furnace and poured (Fig. 3) in 
the crucible. Then, induction heating was turned on and 
maintained for at least 2 h. Concrete ablation was 
monitored with consumable thermocouples inside the 
concrete. The concrete ablation has been tracked by the 
destruction of K-type thermocouples around 1200–1300 
°C 


(Fig. 4). Temperature plateaus at 100°C are observed, 
indicating the vaporization of free water. The 
dehydroxylation and decarbonation occurring on larger 
temperature ranges are not directly visible on the 
thermograms. High-temperature type-C (tungsten– 
rhenium) thermocouples embedded inside the concrete 
measure the corium pool temperature for a short period 
after the time they come in contact with the melt. Some of 
these sensors are installed either inside the cavity or below 
1 mm of concrete for initial temperature estimation. Others 
are installed at deeper locations for discrete pool 
temperature measurements during the test. From these 
thermocouples, it is possible to follow the progression of 
the ablation front. 


 


 
 
 
Fig 4: Typical thermocouple readings from VB–U6 


concrete. 
 
Within the VULCANO VB test series, experiments 


have been conducted in which two different corium 
compositions have interacted for more than 2 h with two 
typical reactor pit basemat concretes. The major finding of 
these tests as well as of the tests conducted in parallel at 
ANL15 is that, although the ablation is roughly isotropic for 
limestone-rich concretes, it is significantly more 
pronounced towards the sides than towards the bottom for 
silica-rich concretes. 


In the reactor pit of the generation 3 reactor, 
(European Pressurized Water Reactor-EPR), a special kind 
of sacrificial concrete type is used. The concrete is made of 
both siliceous and hematite (Fe2O3) aggregates (Fig. 5). In 
the frame of the PLINIUS program16, additional 
experiment was conducted at the VULCANO facility in 
Cadarache, France. The VULCANO experiment involved 
sustained interaction between oxidic corium, containing 
corium, and the hematite containing concrete. For this test, 
the ablation was significantly faster in the sidewall than in 
the basemat. This is qualitatively similar to the behavior of 
ordinary siliceous concrete. 
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Fig. 5: VULCANO VBU7 concrete crucible before 
the experiment. 


 
 


VI. CONCLUSIONS 
 
For many years, CEA has been pursuing a large R&D 


program on nuclear Severe Accidents. This program 
concerns the main important phenomena which could 
occur in case of Severe Accidents in nuclear reactors of 
generation 2 and 3.  


Concerning the corium activities, the current CEA 
program has been build according to two main points: 
understanding and modeling of main phenomena, 
capitalization in code for reactor calculation. To reach the 
first point, experiences have been performed in simulant 
and prototypical materials and new modeling have been 
proposed and validated. To reach the second point, 
mechanistic and scenarios codes have been developed. 


The main corium topics on which there are opened 
issues concern In-Vessel Retention, Fuel Coolant 
Interaction and Molten Corium Concrete Interaction. Some 
answers will be given to these opened issues at the end of 
the current SA programs.  


In this paper, it has been seen that CEA is able to 
provide in the field of corium Severe Accident 
understanding new experimental data thanks to specific 
facilities, especially using prototypical corium and thanks 
to scientific team able to develop corium modeling 
behavior. Theses results are applicable for reactors of 
generation 2 and 3. 


In the field of Severe Accident, the better knowledge 
of corium behavior and the modeling capitalized in codes 
is one key point for predictive calculation for safety 
assessment for reactor case application. Another key point 


will concern in the next year the mitigation aspects for 
generation 2 reactors. 
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Abstract-Many evolving nuclear energy technologies use advanced predictive multiscale, multiphysics 
modeling and simulation (M&S) capabilities to reduce the cost and schedule of design and licensing. 
Historically, the role of experiments has been as a primary tool for the design and understanding of 
nuclear system behavior, while M&S played the subordinate role of supporting experiments. In the new era 
of multiscale, multiphysics computational-based technology development, this role has been reversed. The 
experiments are still be needed, but they will be performed at different scales to calibrate and validate the 
models leading to predictive simulations for design and licensing. Minimizing the required number of 
validation experiments produces cost and time savings. The use of multiscale, multiphysics models 
introduces challenges in validating these predictive tools—traditional methodologies will have to be 
modified to address these challenges. 
 
This paper gives the basic aspects of a methodology that can potentially be used to address these new 
challenges in the design and licensing of evolving nuclear technology. The main components of the 
proposed methodology are verification, validation, calibration, and uncertainty quantification—steps 
similar to the components of the traditional US Nuclear Regulatory Commission (NRC) licensing 
approach, with the exception of the calibration step. An enhanced calibration concept is introduced here, 
and is accomplished through data assimilation. The goal of this methodology is to enable best-estimate 
prediction of system behaviors in both normal and safety-related environments. This goal requires the 
additional steps of estimating the domain of validation, and quantification of uncertainties, allowing for the 
extension of results to areas of the validation domain that are not directly tested with experiments. These 
might include the extension of the M&S capabilities for application to full-scale systems. The new 
methodology suggests a formalism to quantify an adequate level of validation (predictive maturity) with 
respect to existing for data, so that required new testing can be minimized, saving cost by demonstrating 
that further testing will not enhance the quality of the predictive tools. 
 
The proposed methodology is at a conceptual level. Upon maturity, and if considered favorably by the 
stakeholders, it could serve as a new framework for the next generation of the Best Estimate Plus 
Uncertainty (BEPU) licensing methodology that the NRC has developed. In order achieve maturity, the 
methodology must be communicated to scientific, design, and regulatory stakeholders for discussion and 
debate. This paper is the first step in establishing that communication. 
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Abstract – Experiences with an advanced spent nuclear fuel management in Slovakia are presented 
in this paper. The evaluation and monitoring procedures are based on practices at the Slovak wet 
interim spent fuel storage facility in NPP Jaslovské Bohunice. Since 1999, leak testing of WWER-440 
fuel assemblies are provided by special leak tightness detection system “Sipping in Pool” delivered 
by Framatome-anp with external heating for the precise defects determination. In 2006 a new 
inspection stand “SVYP-440” for monitoring of spent nuclear fuel condition was inserted. This stand 
has the possibility to open WWER-440 fuel assemblies and examine fuel elements. Optimal ways of 
spent fuel disposal and monitoring of nuclear fuel condition were designed. With appropriate 
approach of conservativeness, new factor for specifying of spent fuel leak tightness is introduced in 
the paper. By using of computer simulations (based on SCALE 4.4a code) for fission products 
creation and measurements by system “Sipping in Pool”, the limit values of leak tightness were 
established.  
 


 
 


I. INTRODUCTION 
 
The Interim Spent Fuel Storage Facility (ISFSF) in 


Jaslovské Bohunice [1, 2] is an important component of the 
spent nuclear fuel management system. The facility has 
been used for storage purposes since 1987. ISFSF is a 
nuclear facility providing for a safe storage of the spent 
nuclear fuel from VVER-440 reactors for the time period 
of 50 years before the fuel is further processed in a 
reprocessing plant or appropriately disposed off.  


It is necessary to keep the concentration of fission 
products in storage pools on the low level for assurance of 
acceptable activity of the coolant. This can be done with 
periodical monitoring of the fuel elements condition, 
defects identification and closing of leaking assemblies or 
fuel elements respectively, in special hermetic caskets. This 
was the main reason for including not only “Sipping in 
pool” system, but also inspection stand “SVYP-440” 
(Fig.1), into the ISFSF operation [3, 4]. 


System “Sipping in pool” was built and implemented 
in the storage facility operation in 1999 and since then, the 
important results have been measured. The system 
increases the temperature of the fuel assembly (by external 
heaters), which cause the increasing of the pressure inside 
fuel elements. If there is any leakage, increased pressure 
will cause higher fission product release. By measurement 
of released activity, the assembly tightness is determined.  


Since December 2006, the new stand for VVER-440 
fuel assemblies‟ inspection “SVYP-440” is in operation. 
By using several modules, it has ability to open and take 
the fuel assembly apart, so it can examine all fuel elements. 
If the defect is found, fuel element with defect is closed 
into the special hermetic case. 


 
 


II. EXPERIMENTAL 
 
Slovakia has more than 20 years of experience with 


spent fuel storage. Since beginning, there were no leakages 
detected during storage conditions. Even though the 
negative effects of fuel cladding are very low, however, 
due to degradation of Zirconium alloys after long periods 
of under water storage, there is a finite possibility of defect 
formation. It is also difficult to estimate the long term 
degradation process. With use of the systems like “Sipping 
in Pool” or “SVYP-440”, the leakages of the fuel assembly 
can be detected.  
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a) Sipping in Pool 


b) SVYP-440
Fig.1. Equipment for VVER-440 spent fuel assemblies 
control in Slovakia. 


In that case, it is necessary to have as conservative 
approach to the extent possible. If we compare the volume 
activity of released fission products around fuel assembly 
AO (measured by “Sipping in Pool”), and the volume 
activity of fission products inside whole fuel assembly AI
(calculated by SCALE code), we could estimate the fuel 
cladding condition. Therefore, we are introducing the fuel 
cladding leak tightness coefficient kFCT:


I


O
FCT A


Ak
A
A


 (1) 


For the calculations of volume activity of fission 
products (in particular, 137Cs has been considered) inside 
whole fuel assembly, sequence ORIGEN-ARP have been 
used (for version SCALE 4.4a) [6]. As a simplification of 
the calculations, one model of fuel assembly has been used 
for all measured assemblies. This model, created by VUJE, 
a.s. company (December 2002), is a standard model of 
VVER-440 fuel assembly, with the UOX fuel and 4,2% 
enrichment of 235U. Only burnup, power, effective days 
during operation and days during shut downs were unique 
for every assembly. 


III. RESULTS 


After SCALE calculations of volume activity of 137Cs
inside the fuel assemblies, and measurements of volume 
activity of 137Cs outside the fuel assemblies by “Sipping in 
Pool”, 36 values of the fuel cladding leak tightness 
coefficients kFCT have been obtained (Table1.). All values 
were described by distribution function (Fig.2) to 
determine the mean value μ and standard deviation σ. It 
means, that all fuel assemblies with kFCT=1.1.10-10±6.5.10-


11, or (μ+1.σ), are without any leakages. Fuel assemblies‟ 
producer criteria for the released γ activity of fission 
products are 10-4Ci/l (3.7.106 Bq/l). Because there were 
only small differences (less the 101) between the measured 
summary gama activity and the separated cesium activity, 
we compared these two activities. 
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TABLE I 
Measured and calculated values of AO and AI and final 


calculation of kFCT. 
Nmb.


of AO AO


AI to
1kgU AI to 1 FA kFCT


FA [Bq/l] [Bq] [Ci] [Bq]


1 639 63900 82,7 3,678E+14 1,73736E-10
2 609 60900 82,7 3,678E+14 1,65579E-10
3 527 52700 115 5,11451E+14 1,0304E-10
4 563 56300 113 5,02556E+14 1,12027E-10
5 535 53500 113 5,02556E+14 1,06456E-10
6 609 60900 118 5,24793E+14 1,16046E-10
7 421 42100 86,4 3,84255E+14 1,09563E-10
8 584 58400 81,3 3,61574E+14 1,61516E-10
9 483 48300 102 4,53635E+14 1,06473E-10


10 539 53900 86,4 3,84255E+14 1,40271E-10
11 484 48400 80,8 3,5935E+14 1,34688E-10
12 536 53600 80,8 3,5935E+14 1,49158E-10
13 627 62700 100 4,4474E+14 1,40981E-10
14 135000 13500000 103 4,58082E+14 2,94707E-08
15 6740 674000 109 4,84767E+14 1,39036E-09
16 74000 7400000 109 4,84767E+14 1,52651E-08
17 372 37200 79 3,51345E+14 1,05879E-10
18 366 36600 79 3,51345E+14 1,04171E-10
19 277 27700 122 5,42583E+14 5,10521E-11
20 441 44100 122 5,42583E+14 8,12779E-11
21 461 46100 125 5,55925E+14 8,29249E-11
22 288 28800 132 5,87057E+14 4,90583E-11
23 437 43700 77,7 3,45563E+14 1,2646E-10
24 310 31000 77,7 3,45563E+14 8,97087E-11
25 505 50500 111 4,93661E+14 1,02297E-10
26 346 34600 111 4,93661E+14 7,00885E-11
27 854 85400 114 5,07004E+14 1,68441E-10
28 238 23800 114 5,07004E+14 4,69425E-11
29 320 32000 75,6 3,36223E+14 9,51748E-11
30 182 18200 75,6 3,36223E+14 5,41307E-11
31 278 27800 126 5,60372E+14 4,96099E-11
32 150 15000 118 5,24793E+14 2,85827E-11
33 366 36600 119 5,29241E+14 6,91557E-11
34 105 10500 124 5,51478E+14 1,90398E-11
35 2030 203000 74,5 3,31331E+14 6,1268E-10


36 3880 388000 74,5 3,31331E+14 1,17103E-09


There were two limit values calculated:
a) kFCT = 3.10-10, 
b) kFCT = 8.10-7.


The first value, kFCT=1.1.10-10±1.95.10-10=3.10-10, or 
(μ+3.σ) is from the statistical dispersion of distribution 
function of continuous kFCT, and means, that 99,73% of the 


values are within 3 standard deviation. In other words, 
kFCT=3.10-10 means, that with the probability of 99,73% 
will be all measured and calculated assemblies tight.  


The second value is calculated with use of fuel 
assemblies‟ producer criteria AOP=3.7.106 Bq/l.  


7
14


8


10.06.8
10.4655.4


10.7.3 78
4 Bq


Bq
A
Ak


I


O
FCT


(2) 


where AO=AOP*VS, 
VS - volume of the Sipping casket [3, 4], 
AI - average value of the calculated AI (Table1.). 


With considering of this value, we set the final limit 
intervals: 
1. (0 – 3.10-10> - values of the fuel cladding leak tightness 
coefficient for tight fuel assembly – kFCT(T), 
2. (3.10-10 – 8.10-7> - values of the fuel cladding leak 
tightness coefficient for fuel assembly suspicious from 
leakage – kFCT(SL), 
3. (8.10-7 – 1) - values of the fuel cladding leak tightness 
coefficient for fuel assembly with leakage – kFCT(L)). 


  
Fig.2. Distribution function of continuous variable kFCT. 


Fig.3. Limit values for the fuel cladding leak tightness coefficient 
kFCT. 
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The optimal use of the cladding leak tightness 
coefficient kFCT is its application during periodical 
monitoring of fuel assemblies. Because of the low level of 
summary γ activity in the coolant, monitoring of 6 fuel 
assemblies at ISFSF in Jaslovské Bohunice is provided 
once per year. Two assemblies are marked as reference, 
other 4 assemblies are chosen randomly. For those two 
reference assemblies, values of the cladding leak tightness 
coefficient kFCT were calculated. For both assemblies 
(Fig.4, 5), the values of kFCT are about 1.2.10-10. Only 
during last measurement, few deviations have been 
observed. The deviation for first assembly is +7.73.σ, and 
for second assembly is +16.3.σ. This means, that both fuel 
assemblies are susceptible to the leak tightness. However, 
during measurements in 2007, values of kFCT increased for 
every measured assembly. So, the “jumps” can be caused 
by incorrect measurements by “Sipping in Pool”.  
 


 
 


Fig.4. Values of kFCT for reference FA number 1. 
 
 


 
 


Fig.5. Values of  kFCT for reference FA number 2. 


 
 


IV. CONCLUSIONS 
 


From the nuclear safety point of view, it is necessary 
to keep the fission products inside the fuel elements and to 
prevent their escape into environment not only during 
reactor operation or fuel transport, but also during the long 
term storage of spent nuclear fuel. Therefore, the effective 
leak tightness monitoring system at all fuel interim 


storages is necessary. The designed system from 80„s at the 
Slovak wet interim storage facility did not assure this task 
at the desired level, so the system “Sipping in Pool” was 
implemented in 1999. After several years of its operation, 
performed measurements showed, that this system is 
highly effective equipment for fuel cladding defects 
detection. Since 2006 a new inspection stend “SVYP-440” 
for monitoring of spent nuclear fuel condition is used as 
well. 


New factor for specifying of spent fuel leak tightness 
has been introduced. Using the computer simulations 
(based on SCALE 4.4a code) for fission products creation 
and measurements by the system “Sipping in Pool”, the 
limit values of the cladding leak tightness coefficient kFCT 
has been defined. It is a tool, which is used as additional 
information, describing fuel cladding leak tightness 
criteria. Forward-looking, the authors expect that the mean 
value of kFCT will oscillate about 10-10. Contingent 
deviations could be caused by incorrect measurements by 
“Sipping in Pool”, or using of incorrect fuel assembly 
model for SCALE calculations. Also, the leak tightness 
coefficient kFCT will depend on the pool water cleaning 
system. Depending on the residual activity in the pool, the 
values of kFCT will change. Therefore, further research is 
needed. 


ACKNOWLEDGMENTS 
 
Financial contributions from the grant VEGA 


1/0129/09 and EC-6FP COVERS are acknowledged. 


 


REFERENCES 
 


 
1. M. ŠELIGA, EE-Odborný časopis pre elektrotechniku 


a energetiku, 4, 5, 50-51 (1998), (in Slovak). 
 


2. V. SLUGEŇ, V. et al., Long-term storaging of the 
spent nuclear fuel in Slovakia. [Research report], FEI 
STU Bratislava, 66pp. (1998), (in Slovak). 


 
3. V. SLUGEŇ, et al., Acta Montanistica Slovaka, 12, 


187-191, (2007). 
 
4. V. SLUGEŇ, Nucl. Eng. Int. 39, 479, 29-31 (1994). 
 
5. Report: SCALE: A Modular Code System for 


Performing Standardized Computer Analyses for 
Licensing Evaluation. NUREG/CR-0200, Rev. 6, 
ORNL/NUREG/CSD-2/R6, (1998). 


 
6. S. M. BOWMAN, L.C. Leal, ORIGEN-ARP, 


NUREG/CR-0200, 1998, Revision 6, Vol. 3, S.D1, 
ORNL/NUREG/CSD-2/V3/R6. 


0


1E-10


2E-10


3E-10


4E-10


5E-10


6E-10


7E-10


2002 2003 2004 2005 2006 2007


Years


K
tp


p


0


2E-10


4E-10


6E-10


8E-10


1E-09


1,2E-09


1,4E-09


2002 2003 2004 2005 2006 2007


Years


K
tp


p


2139












Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11160 


 


 


Analysis of Small-Break Loss-of-Coolant Accident Test 9.1b at BETHSY 
facility with TRACE and RELAP5 


 
 


Andrej Prošek, Ovidiu-Adrian Berar 
Jožef Stefan Institute 


Jamova cesta 39, SI-1000 Ljubljana 
Tel: +386 1 5885-450, Fax: +386 1 5885-377, Email: Andrej.Prosek@ijs.si, Adrian.Berar@ijs.si 


 
 


Abstract – Recently, several advanced computational tools for simulating reactor system behavior 
during real and hypothetical transient scenarios were developed. The TRAC/RELAP Advanced 
Computational Engine (TRACE) is the latest in a series of advanced, best-estimate reactor systems 
codes developed by the U.S. Nuclear Regulatory Commission. The purpose of the present study 
was to assess the accuracy of the TRACE calculation of BETHSY 9.1b test comparing to RELAP5 
calculation. The TRACE input deck was semi-converted (using SNAP and manual corrections) 
from the RELAP5 input deck and then some adaptations were needed too. The TRACE V5.0 Patch 
1 and RELAP5/MOD3.3 Patch 3 were used for calculations. The BETHSY 9.1b test (International 
Standard Problem no. 27 or ISP-27) was 5.08 cm equivalent diameter cold leg break without high 
pressure safety injection and with delayed ultimate procedure. In general, the TRACE code 
calculation is in good agreement with the BETHSY 9.1b test. The calculation results are as good 
as or better than the RELAP5 calculated results until low pressure injection period. It should be 
mentioned that the RELAP5 developed animation model was of great help in investigating the 
calculated physical phenomena and preparing the preliminary TRACE analysis. 


 
 


I. INTRODUCTION 
 
Recently, several advanced computational tools for 


simulating reactor system behaviour during real and 
hypothetical transient scenarios were developed. The 
TRAC/RELAP Advanced Computational Engine (TRACE) 
is the latest in a series of advanced, best-estimate reactor 
systems codes developed by the U.S. Nuclear Regulatory 
Commission. The advanced TRACE comes with a 
graphical user interface called SNAP (Symbolic Nuclear 
Analysis Package). It is intended for pre- and post-
processing, running codes, RELAP5 to TRACE input deck 
conversion, input deck database generation etc. 


The TRACE code is still under development and it 
will have all capabilities of RELAP5. The developers 
stated that TRACE has superior capabilities and accuracy 
for most applications compared to RELAP5. Our aim is to 
smoothly switch from RELAP5 to TRACE computer code. 
In the past the Jožef Stefan Institute (JSI) activities in the 
area of RELAP5 analyses has been aimed also to extend 
the experiences in simulations of small break loss of 
coolant accidents (LOCA) and two-phase natural 
circulation cooling. Therefore its own RELAP5 model of 
BETHSY facility has been developed. The on BETHSY 
experiences based improved modeling methods has been 


used in simulations of real plant transients and evaluation 
of plant accidents management procedures1-3. 


The BETHSY 9.1b test has been analyzed with three 
different versions of RELAP5 code (MOD2, MOD3.1 and 
MOD3.1.2 without any modification of the codes and with 
guidelines consideration) using experimental data4. 


Since much experience has been gained on BETHSY 
and the data were available to JSI, and the legacy input 
deck of BETHSY for RELAP5 existed, the BETHSY 9.1b 
test was selected as first integral test facility experiment for 
calculation with TRACE. The TRACE input deck was 
semi-converted (using SNAP and manual corrections) from 
the legacy RELAP5 input deck4. This means that the 
geometry used is basically the same (except some 
renodalization), what gives very good basis for the 
comparison of the codes. The purpose of the present study 
was therefore to assess the TRACE calculation of 
BETHSY 9.1b test against RELAP5/MOD3.3 Patch 03 
calculation and experimental data. The simulation 
capability of the TRACE code was assessed for the 
phenomena occurring during the small break LOCA 
experimental test, particularly for the large core uncover 
and fuel heat-up, requiring the implementation of an 
ultimate procedure. 
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II. METHODS 
 
The BETHSY 9.1b test (International Standard 


Problem no. 27 or ISP-27) was 5.08 cm equivalent 
diameter cold leg break without high pressure safety 
injection and with delayed ultimate procedure. BETHSY 
facility was a 3-loop replica of a 900 MWe Framatome 
pressurized water reactor. For calculations the 
RELAP5/MOD3.3 Patch 3 and TRACE V5.0 Patch 1 were 
used. 


 
II.A. BETHSY Facility Description 


 
BETHSY facility was located at Centre D'Etudes 


Nucleaires de Grenoble (France). It was a scaled down 
model of the three loop 2775 MWt (900 MWe) Framatome 
PWR power plant, which is designed to simulate most 
PWR accidents of interest and to study accident 
management procedures. Six important choices have been 
made which characterize indeed the general design of the 
BETHSY facility. They concern: the number of loops, the 
rated pressure of both the primary and the secondary side, 
the maximum core power level, the maximum flow rate of 
primary pumps, the general scaling factors and the 
connected circuits and systems. Volume, mass flow and 
power were scaled to 1/100 full plant size5. The correct 
Froude number was also maintained in the reactor coolant 
system (RCS) piping. 


 
II.B. BETHSY 9.1b Test Scenario Description 


 
The BETHSY 9.1.b test is a scaled 5.08 cm cold leg 


break without high pressure safety injection (HPSI) and 
with delayed operator action for secondary system 
depressurization6. This transient leads to a large core 
uncovery and fuel heat-up, requiring the implementation of 
an ultimate procedure. The scenario of the test started at 
10% nominal power. At time 0 s the break was opened 
(initiation of the transient). The scram signal was obtained 
when pressurizer pressure dropped below 13.1 MPa and 
was delayed 17 s. The safety injection (SI) signal is 
triggered at 11.9 MPa. However, high pressure safety 
injection, turbine bypass and main feedwater were assumed 
to be off. Thirty seconds after SI signal the auxiliary 
feedwater started. Three hundred seconds after SI the 
reactor coolant pump started to coast down. When the 
maximum core cladding temperature reaches 723 K, the 
ultimate procedure was started, i.e. full opening of three 
steam dumps to atmosphere. Accumulators were available 
in the intact loops only. They started to inject when 
pressurizer pressure dropped below 4.2 MPa and were 
isolated at pressurizer pressure 1.5 MPa. The low pressure 
safety injection system started at pressurizer pressure 0.91 


MPa and injected in the two intact loops. When stable 
residual heat removal system operating condition prevail 
(core outlet fluid temperature < 450 K, primary pressure < 
2.5 MPa, saturation margin > 20 K), the transient was 
terminated. 


 
II.C. RELAP5 Input Model Description 


 
The RELAP5/MOD2 input model was developed and 


initialized according to the specified data for each test. 
Each of the three coolant loops is represented explicitly 
without taking into account the small asymmetry between 
the loops. The base RELAP5/MOD2 model of BETHSY 
facility for pre-test calculations contained 196 volumes, 
207 junctions and 191 heat structures. This base 
RELAP5/MOD2 input model was further upgraded to 
RELAP5/MOD3.1 and RELAP5/MOD3.1.2. Also, during 
post-test analyses, the base input model was renodalized, 
increasing the number of nodes in reactor coolant system 
piping, reactor coolant pumps, core bypass section, reactor 
vessel downcomer and steam generators. The elevations of 
parallel volumes of the reactor downcomer in bypass 
reactor core, hot leg and cold leg were preserved. 
Nodalization of the reactor core, pressurizer, reactor head, 
upper plenum and lower plenum remained the same. This 
model consisted from 398 volumes, 408 junctions and 396 
heat structures. This model was then used separately for 
BETHSY 6.9c7 and BETHSY 6.2TC8 calculations by 
RELAP5/MOD3.2. Therefore in 2000 a common 
RELAP5/MOD3.2 model was developed for all available 
BETHSY tests consisting from 398 volumes, 408 junctions 
and 402 heat structures9-10. This model was adapted for the 
use with RELAP5/MOD3.3 with no changes to the 
geometry and the number of hydrodynamic components 
and heat structures. The hydrodynamic view generated by 
SNAP from RELAP5 input model (in ASCII) and then 
arranged manually using Model Editor of SNAP is shown 
in Fig. 1. All three loops of the BETHSY facility were 
modeled.  


 
II.D. TRACE Input Model Description 


 
The TRACE input model converted from 


RELAP5/MOD3.3 input model is shown in Fig. 2. The 
layout of the loops and reactor vessel is slightly different. 
However, one may note components are mostly preserved 
and that steam generator U-tubes are shown as side view. 
There are 157 hydrodynamic components and 57 heat 
structures. The converted input model needs several 
manual corrections, adaptations of components and 
introduction of components needed for transient. The final 
view of adapted TRACE input model for transient 
calculation is shown in Fig. 3. 
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Fig. 1: SNAP hydrodynamic component view for RELAP5 input model of BETHSY facility. 


 
Fig. 2: SNAP hydrodynamic component view for converted TRACE input model of BETHSY facility. 
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Fig. 3: SNAP hydrodynamic component view for adapted TRACE restart input model of BETHSY facility. 
 


All converted hydraulic diameters were replaced 
manually with the hydraulic diameters obtained from 
RELAP5/MOD3.3 output file. The nitrogen vessel 
represented by an Accumulator component in the 
RELAP5 input model was automatically converted to 
Pipe component - Liquid separator type instead of 
Accumulator type. It was manually changed to 
Accumulator type of pipe. SNAP 1.2.6 conversion tool 
failed short in the respect of converting the wall-
roughness for some hydraulic components from RELAP5 
to TRACE. The data for the wall-roughness for these 
components were manually added to the TRACE input 
model. Problem were also with Separator component – 
RELAP5 liquid carryover and carryunder value were 
converted to minimum and maximum barrel void fraction, 
while to liquid carryover and carryunder other values 
were assigned. 


In TRACE the calculated area of adjacent volumes 
are also compared. If the volumes differ by more than a 
user-modifiable ratio, the volumes are determined to 
involve an area change. An error is reported if the 
intervening edge between the two volumes does not have 
either friction defined, or the abrupt area change model 
enabled. Solution was to input very small values of loss 


coefficients. This was needed for areas of components 
converted from RELAP5 servo valves and accumulators. 


Several important side junctions resulting from 
RELAP5 BRANCH components converted to PIPE 
components were renodalized using TEE components 
(e.g. break, accumulator injection point, steam generator 
dome). These specific adaptations were important for the 
calculation results. The break modeled by originally 
converted side junction produces different results. Similar 
is true for accumulator injection. In the case of RELAP5 
time dependent junctions converted to TRACE PUMP 
(type mass flow controlled single junctions) such 
adaptation was not needed. 


Also, much of adaptation was needed for heat 
structures. In RELAP5 the source of heating was realized 
by control variables. In TRACE therefore several 
POWER components were created. Unfortunately, by 
POWER components only positive power can be 
modeled, while to model heat losses the heat structures 
should be powered by negative power. Therefore negative 
heat flux was assigned to the outer surface (the desired 
negative power divided by heat structure outer surface 
area), while POWER components were deleted except the 
one representing core heating. 
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Fig. 4: SNAP animation BETHSY core model view for RELAP5 at time 0 s. 
 
 
Finally, the RELAP5 restart input model consisting of 


break, safety systems and controls needed during transient, 
and also deleting some components could not be converted 
by SNAP to TRACE restart input model. Therefore this 
part was converted manually. The added and deleted 
components may be seen by comparing steady state 
TRACE input model shown in Fig. 2 and transient TRACE 
input model shown in Fig. 3. The version of SNAP 1.2.6 
does not have capability to separately build restart input 
decks.  


 
II.E. Animation model 


 
Based on the experience in developing RELAP5 


animation model for Krško nuclear power plant, BETHSY 
animation model was also developed11-12 using SNAP. 
Besides whole facility view special attention was paid to 
core and steam generator view. Fig. 4 shows the core 
model view for RELAP calculation. 


 
III. RESULTS 


 
The TRACE V5.0 Patch 1 and RELAP5/MOD3.3 


Patch 3 were used for calculations of BETHSY 9.1b test. 
Steady-state and transient calculations were performed. 


 
III.A. Steady-state calculation 


 
Table I shows initial and boundary conditions for 


BETHSY 9.1b test. The RELAP5 model was initialized to 
cold leg temperature; therefore the secondary pressure is 


not exactly matched. The difference comes from the 
geometry and the code models. The steam generator levels 
and masses were matched to average measured values. The 
pressurizer pressure and level were also matched to 
average measured values. The core power was input value. 
In the experiment the electrical trace heating system was 
installed of the power of 107.5 kW and was operating till 
ultimate procedure start. In the calculations the heat losses 
were modeled only after the electrical heat system was off. 
Before ultimate procedure start there were no heat losses, 
what is equal to experiment which compensates the heat 
losses by electrical heat system. The RELAP5 initial 
conditions in the core may be seen also from Fig. 4. 


The TRACE input model was converted before the 
RELAP5 input model was finely initialized to the values in 
Table I. Therefore TRACE input model was initialized 
separately. However later it turned out that to preserve 
nodalization mask, the TRACE need to be exported and 
imported as ASCII, and as such model was not working 
(only fatal error reported without further diagnostic), we 
performed our first TRACE analysis with the RELAP5 
model used for conversion, which was not finely 
initialized. To estimate this influence, two RELAP5 
calculations were performed with slight differences of cold 
leg temperature, the pump speed and the steam generator 
level, resulting in negligible differences during transient. 
Therefore we decided to perform TRACE transient with 
already verified restart input model after conversion. The 
lesson learned will be built into the RELAP5 to TRACE 
conversion procedure, which is being developed. 
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TABLE I 


Comparison of initial conditions for BETHSY 9.1b test 


Parameter Measured RELAP5 TRACE 
core thermal power  2864 ± 30 kW 2864 kW 2864 kW 
cold leg temperature (per loop) 559.9 ± 0.5 K 559.9 K (core inlet) 559.4 K (core inlet) 
downcomer mass flow rate 150.0 ± 5.0 kg/s 155.2 kg/s 155.2 kg/s 
reactor coolant pump speed (per loop) 2940 ± 30 rpm 2940 rpm 2970 rpm 
pressurizer pressure  15.51 ± 0.09 MPa 15.51 MPa 15.51 MPa 
pressurizer level  4.08 ± 0.1 m 4.08 m 4.08 m 
reactor coolant system mass 1960 kg 1948 kg 1948 kg 
secondary side pressure (per SG) 6.91 ± 0.04 MPa 6.77 MPa 6.77 MPa 
steam generator level (per SG)  13.45 ± 0.05 m 13.41 m 13.18 m 
feedwater temperature 491.1 ± 2.0 K 491.0 K 491.0 K 
secondary coolant mass (per SG)  820 ± 30 kg 820 kg 804 kg 


RCS trace heating  
107.5 kW no heat losses considering 


the trace heating system on 
no heat losses considering 
the trace heating system on 


 
 


III.B. Transient calculation 
 
The main sequence of events is shown in Table II. As 


can be seen the RELAP5 calculation using standard 
BETHSY input model is in a good agreement with the 
experiment in the initial phase, while in later phase the 
preliminary TRACE calculation using converted model 
has better agreement. The reason is the break flow. For 
RELAP5 original Ransom-Trapp break flow model the 
values of 0.8, 1.0 and 1.1 were used for subcooled, two 
phase and superheated discharge coefficients, 
respectively. For TRACE break model the values of 1.0 
and 1.1 were used for subcooled and two phase discharge 
coefficients, respectively. The values for TRACE were 
selected after some sensitivity studies and the aim was to 
use the values as close as possible to the default vales. 
Decreasing of discharge coefficients delays the ultimate 
procedure initiation. To match the initial period the 
TRACE subcooled discharge coefficient should be around 
0.85, but this would require larger value of two phase 
coefficient. This also explains why the timing of RELAP5 
calculation was better in the initial phase. Our goal was to 
as closely as possible to match the start of ultimate heat 
procedure. 


In Figs. 5 to 14 are shown the main variables. The 
break mass flow affects core water inventory and heat 
transfer. The heat removal from the core determines the 
time when the maximum heater rod temperature reaches 
the setpoint to initiate ultimate procedure (i.e., 723 K). 
Ultimate procedure actions drive the system response, 
through primary system heat removal by forced 
blowdown of the steam generators. 


In Figs. 5 and 6 are shown the break flow and 
integrated break mass flow, respectively. There are 
periods with some disagreements. In general the 
agreement is satisfactory. TRACE and RELAP5 are 
practically the same until accumulator injection. During 
accumulator injection TRACE is better, while during low 


pressure injection the slightly higher secondary pressure 
calculated by TRACE causes lower injection flow and 
therefore also lower break flow. The pressurizer pressure 
is shown in Fig. 7. Due to selected break discharge 
coefficients the timing of pressure drop is better in 
TRACE, while after ultimate procedure initiation pressure 
drop is slightly slower in TRACE calculation than in 
experiment, what causes lower low pressure injection 
system flow. As can be seen from Fig. 8, the secondary 
pressure is better predicted by TRACE. In the period 
before ultimate procedure initiation the pressure in both 
calculations is constant, because in the experiment the 
pressure was controlled to be constant at 6.91 MPa. The 
maximum heater rod temperature is shown in Fig. 9. The 
heater rods start to heatup when core uncovers, as it is 
shown in Fig. 10. TRACE calculation has very good 
timing, while the peak cladding temperature is slightly 
underpredicted. The core level (see Fig. 10) shows that 
the core level depression occurred twice and the core level 
recovered respectively at about 1940 seconds and 3020 
seconds in RELAP5 calculation, concurring with the first 
and second loop seal reformation. The TRACE 
calculation also predicts the core level depression twice 
with about the same minimum collapsed liquid levels as 
in the test. In the TRACE calculation, the core level 
recovers respectively at about 1820 seconds and 2990 
seconds, corresponding with the times of the first and 
second loop sealing clearings. Both in the test and the 
calculation, there is an instantaneous core level recovery 
at the moment the loop seal clearing occurs. TRACE 
calculation of core level is better than RELAP5 
calculation. 


For quenching the rod the primary depressurization 
was needed to enable accumulator injection. Fig. 12 
shows the accumulator pressure drop due to discharging. 
TRACE calculation is in better agreement. During 
accumulator injection the core recovers. After 
accumulator injection the primary mass start to decrease 
again until the low pressure injections start as shown in 
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Fig. 13. Due to the slightly higher primary pressure 
prediction in TRACE the injection started a bit later and 
the injected flow is also lower. Finally, in Fig. 14 the 
primary system mass is shown. The agreement is good 


both for RELAP5 and TRACE until accumulator injection 
start. Initially is slightly better RELAP5 because of the 
selected subcooled discharge coefficient, however later 
TRACE is superior. 


 
TABLE II 


Main sequence of events 


Time (s) Events Experiment RELAP5 TRACE 
Break opening 0 0 0 
Scram signal (13.1 MPa) 41 31 21 
Safety injection signal (11.9 MPa) 50 54 35 
Main feedwater off, turbine bypass 54 58 39 
Core power decay start (17 s after scram) 58 48 38 
Auxiliary feedwater on (30 s after SI signal) 82 84 65 
Pump coastdown start (300 s after SI signal) 356 354 335 
End of pump coastdown 971 969 950 
Start of the first core level depletion 1830 2020 1820 
Start of second core uncovery 2180 2130 2183 
Ultimate procedure initiation 2562 2508 2573 
Accumulator injection starts (4.2 MPa) 2962 2880 2930 
Primary mass inventory is minimum 2970 2880 2932 
Maximum core clad heatup 3053 3009 3002 
Accumulator isolation (1.5 MPa) 3831 3865 3957 
Low pressure injection system start (0.91 MPa) 5177 5235 5330 
End of test/calculation 8200 to 8330 8330 8500 
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Fig. 5: Break mass flow 
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Fig. 6: Integrated break mass flow 
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Fig. 7: Pressurizer pressure 
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Fig. 8: Steam generator 1 pressure 
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Fig. 9: Maximum heater rod surface temperature 
 


0


2


4


6


8


10


0 2000 4000 6000 8000
Time (s)


Le
ve


l (
m


)


exp
RELAP5
TRACE


Fig. 10: Core level 
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Fig. 11: Loop 1 Seal Downflow Side Differential Pressure 
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Fig. 12: Accumulator pressure 
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Fig. 13: Integrated low pressure injection system mass 
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Fig. 14: Primary coolant mass 
 


III.C. Discussion 
 
The results show that in general the RELAP5 and 


TRACE calculation are comparable, being TRACE slightly 
better. The study also showed that converted input model 
required some adaptations, before correct timing of events 
was obtained. The difficulties are especially by BRANCH 
components of RELAP5 which are not properly converted 
by SNAP (normally to PIPE components). Such PIPE 
components in TRACE had to be replaced by TEE 
components manually (e.g. break location, accumulator 
injection location, steam generators). The heat losses 
defined by tables in RELAP5 were converted to POWER 
components of TRACE. However, it turned out that in 
TRACE power can be only positive value, so negative heat 
losses were set to zero. Therefore heat losses were modeled 
by heat structures through controlled heat fluxes. Based on 
above it was proved that through SNAP conversions some 
90% of conversion is done and that manual corrections are 
unavoidable. Nevertheless, steady state calculation can be 
pretty quickly achieved by automatic SNAP conversion 
and BRANCH components converted to TRACE do not 
cause difficulties. 
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IV. CONCLUSIONS 
 


The BETHSY 9.1b test, which is 5.08 cm equivalent 
diameter cold leg break without high pressure safety 
injection and with delayed ultimate procedure, was 
simulated by TRACE code and compared to both 
experimental data and RELAP5 calculation. The TRACE 
input model was obtained by SNAP conversion of 
RELAP5 input model and several specific adaptations. In 
general, the TRACE code calculation is in good agreement 
with the BETHSY 9.1b test. The calculation results for 
main safety parameters are as good as or better than the 
RELAP5 calculated results. After this preliminary TRACE 
analysis the next step is to optimize the TRACE input 
model, including introducing the 3D vessel component for 
the reactor vessel. Finally, it should be mentioned that the 
developed animation model was of great help in 
investigating the calculated physical phenomena. 
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NOMENCLATURE 
 


ISP International Standard Problem 
JSI Jožef Stefan Institute 
LOCA loss of coolant accident 
RCS reactor coolant system 
SI safety injection 
SNAP Symbolic Nuclear Analysis Package 
TRACE TRAC/RELAP Advanced Computational 
Engine 
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Abstract – Ensuring the exchange of information and fostering the collaboration among its 
Member States on the development of technology advances for future nuclear power plants are 
among the key roles of the IAEA. There is high interest internationally in both developing and 
industrialized countries in the design of SuperCcritical Water-cooled Reactors (SCWRs). This 
interest arises from the high thermal efficiencies and improved economic competitiveness 
promised by this innovative concept. The SCWR is one of the six concepts selected by the 
Generation-IV International Forum (GIF). Following the advice of the IAEA Nuclear Energy 
Department’s Technical Working Groups on Advanced Technologies for LWRs and HWRs (the 
TWG-LWR & TWG-HWR), with the feedback from the Gen-IV SCWR System Steering Committee, 
and in coordination with the OECD-NEA, the IAEA is working on a Coordinated Research 
Project (CRP) in the areas of heat transfer behaviour and testing of thermo-hydraulic computer 
methods for SCWRs. This paper summarizes the current status of the CRP, as well as the major 
achievements to date, with special emphasis on the third Research Coordination Meeting (RCM) 
of the CRP held at the Institute for Physics and Power Engineering (IPPE), in Obninsk, Russian 
Federation in August 2010. It also covers future IAEA initiatives in support of the development 
and deployment of SCWRs. 


 
 


I. INTRODUCTION 
 
Ensuring the exchange of information and fostering 


the collaboration among its Member States on the 
development of technology advances for future nuclear 
power plants are among the key roles of the IAEA. There 
is high interest internationally in both developing and 
industrialized countries in the design of SuperCritical 
Water-cooled Reactors (SCWRs). This interest arises from 
the high thermal efficiencies (44-45%) and improved 
economic competitiveness promised by this innovative 
concept, utilizing and building on the recent developments 
of water cooled reactors (WCRs) and highly efficient 
supercritical fossil fuel-fired power plant (SC-FPP). The 
SCWR is one of the six systems selected by the 
Generation-IV International Forum (GIF) as Generation IV 
nuclear energy systems to be the most promising and 
worthy of collaborative development. 


 
In support of Member States’ efforts in the area of 


SCWR R&D, the IAEA started in 2008 a Coordinated 
Research Project (CRP) on “Heat Transfer Behaviour and 


Thermo-hydraulics Codes Testing for SCWRs”. The CRP 
has been planned on the advice and with the support of the 
IAEA Nuclear Energy Department’s Technical Working 
Groups on Advanced Technologies for Light Water 
Reactors and Heavy Water Reactors (the TWG-LWR & 
TWG-HWR). The GIF SCWR System Steering Committee 
(SSC) provided comments and support in developing the 
CRP Plan. Coordination has been agreed with the 
Organization for Economic Co-operation and 
Development/ Nuclear Energy Agency (OECD-NEA). 


 
The two key objectives of this CRP are: 1) To 


establish accurate databases for heat transfer, pressure 
drop, blowdown, natural circulation, and stability for 
conditions relevant to supercritical fluids, and 2) To test 
analysis methods for SCWR thermo-hydraulic behaviour, 
and identify code development needs. The third Research 
Coordination Meeting (RCM) of the CRP was held at 
Institute for Physics and Power Engineering (IPPE) in 
Obninsk, Russian Federation in August 2010, and it 
become apparent that considerable progress has been made 
during the three years of the CRP towards the attainment 
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of the desired goals. This paper summarizes the current 
status of the CRP as well as the major achievements to 
date. 


 
II. CHARACTERISTICS OF SCWR 


 
The SCWR is a WCR concept that uses water 


pressurized above the thermodynamic critical pressure (i.e. 
22.1 MPa) as reactor coolant. As most commonly 
envisioned, an SCWR would operate on a direct 
thermodynamic cycle as a boiling water reactor (BWR). 
And since it uses supercritical-pressure water, the coolant 
experiences no phase changes, which makes a once-
through reactor as a pressurized water reactor (PWR). The 
use of supercritical-pressure water as coolant enables 
higher thermal efficiency and simpler system configuration, 
the combination of a once-through reactor and a direct 
cycle system, than those of current WCRs. The SCWR is 
primarily designed for efficient and economic electricity 
production. 


 
The SCWR could be a pressure-vessel type reactor as 


current light water reactors (LWRs) or a pressure-tube type 
reactor as CANadian Dutrium Uranium reactors 
(CANDUs). Proposed fuels resemble traditional WCR 
fuels. And it is likely the SCWR will use channelized fuel 
assemblies as in BWRs or CANDUs in order to distribute 
coolant properly and reduce the risk of hotspots caused by 
local variations in core thermal-hydraulic properties. A 
typical SCWR system has operating pressure of 25 MPa 
and average core outlet coolant temperature of around 510 
degrees Celsius. 


 
One of the main advantages of the SCWR is that the 


system is based on existing WCR technology, in which 
there is already extensive worldwide construction and 
operating experience, and on SC-FPP technology, which 
has also substantial experience in constructions and 
operations. Proposed SCWR designs are likely to enjoy 
low capital cost thanks to its high thermal efficiency and 
simplified system configurations. In addition, possibility of 
a fast neutron spectrum core would enable the system to be 
a high converter, or even a breeder, or a burner of minor-
actinides. 


 
On the other hand, to realize the SCWR concept, 


extensive and comprehensive R&D is necessary mainly 
because operating pressure and temperature conditions of 
SCWR core are quite different from those of current 
WCRs, and its flow channel configuration is quite different 
from that of SC-FPPs. Thermal-hydraulics and heat 
transfer behaviour of supercritical-pressure fluid is one of 
the most important R&D items. Precise prediction of fuel 
cladding temperature is indispensable to evaluate the fuel 
rod integrity and safety margin of design basis accidents. 


 
III. IAEA COORDINATED RESEARCH PROJECT 
 
The Coordinated Research Project (CRP) is an 


International cooperative research program established by 
the IAEA in areas that are of common interest to a number 
of its Member States. The CRP would allow a sharing of 
efforts on an international basis, foster team-building and 
benefit from the experience and expertise of researchers 
from all participating institutes. 


 
III.A. Background, Main Objectives and Outcomes 


 
Considering high interest in its Member States in the 


SCWR concept, the IAEA launched the CRP mentioned 
above. The higher coolant temperatures proposed for 
SCWR systems imply fuel cladding temperatures exceed 
the range of current WCR experience. Because of the 
difference between supercritical and subcritical pressure 
water properties, it is necessary to have precise 
information for designing SCWR cores, which has risen 
common interest in thermal-hydraulics behaviour for 
SCWRs. 
 


In developing SCWR designs, experimental databases 
for the convective heat transfer from fuel to coolant and 
pressure drop, covering ranges of flow rate, pressure and 
temperature condition, are required. Collection, evaluation 
and assimilation of existing data as well as conduction of 
new experiments for needed data are necessary to establish 
accurate techniques for predicting heat transfer in SCWR 
cores. 


 
Validated thermo-hydraulic codes are required for the 


design and safety analysis of SCWR concepts. Existing 
codes for water-cooled reactors need to be extended in 
their application and improved to model phenomena such 
as pressure drop, critical flow, flow instability behaviour, 
and transition from supercritical to two-phase conditions. 
The appropriate predictive models for computing the heat 
transfer to supercritical water need to be incorporated into 
the codes, and the codes need to be validated for the 
extended conditions.  


 
As a consequence, the CRP has two main objectives: 1) 


to establish a base of accurate data for heat transfer, 
pressure drop, blowdown, natural circulation and stability 
for conditions relevant to supercritical fluids, and 2) to test 
methods of analysis for SCWR thermo-hydraulic 
behaviour, and identify code development needs. A key 
outcome of the CRP is the publication of IAEA reports 
synthesizing the results and technology advancements 
achieved by the CRP for dissemination to Member States. 
The reports will document the progress achieved through 
the collaboration with regard to heat transfer, pressure drop 
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and critical flow for supercritical conditions considering 
appropriate geometry, flow and pressure conditions for 
SCWRs. It will present the state of the art in predicting 
flow stability, address testing of thermo-hydraulic 
computer codes, and identify areas where further code 
development is required. Additional outputs are anticipated 
to include the publication of joint papers by CRP 
Participants for international meetings and technical 
journals, as well as recommendations for improvements 
and subsequent research (both theoretical and 
experimental, if necessary). The specific activities to be 
conducted collaboratively within the framework of the 
CRP are described in detail in Reference 1. 


 
Figure 1 summarizes the flow chart of the CRP 


including the objectives and outcomes and provides the 
overview of the process. 


 
III.B. Integrated Research Plan 


 
An Integrated Research Plan (IRP) was developed 


during the first RCM and adopted by the CRP participants. 
The IRP identifies specific contributions to the goals of the 
CRP, and the groups that will collaborate to complete the 
various activities of the CRP. The CRP Plan has been 
developed so that heat transfer behaviour for a range of 
pressure vessel and pressure tube SCWR concepts can be 
addressed. 


 
The tasks the IRP currently involves to be carried out 


collaboratively within the framework of the CRP to meet 
these needs are as follows. 


 
Task 1 – Establishment of the Database. One of the 


main outcomes of the CRP is the development of a 
database for properties relevant to supercritical heat 
transfer and pressure drop. The database will include data 
contributed to the CRP on heat transfer, pressure drop and 
critical flow for supercritical conditions. The OECD-NEA 
has agreed to establish the database at the NEA, and the 
database is open to all the organizations participating in the 
CRP. 


 
Task 2 - Collecting and Sharing Typical SCWR Core 


Design Parameters. In order to ensure that the conditions 
studied under the framework of this CRP are as inclusive 
and comprehensive as possible, the key design parameters 
associated with the principal SCWR designs currently 
under development worldwide are being compiled in an 
organized manner. 


 
Task 3 - Collecting, Sharing and Analyzing Existing 


Heat Transfer Data. In order to assist in establishing 
appropriate relationships for heat transfer in proposed 
designs of SCWR cores, CRP participants collaborate to 


collect and share information on existing heat transfer 
measurements with water and other fluids and share results 
from previously un-published experiments. 


 
Task 4 - Collecting, Sharing and Analyzing Existing 


Pressure Drop Data. Similarly as in Task 3, CRP 
participants collaborate in the collection and analysis of 
existing and unpublished pressure drop measurements with 
water and other fluids to establish appropriate relationships 
for the behaviour of SCWR concepts. 


 
Task 5 - New Experiments on Heat Transfer and 


Pressure Drop at SC Conditions. CRP participants 
collaborate in the design of new experiments with 
supercritical fluids to cover additional conditions or 
geometries. 


 
Task 6 - Develop New Correlations and Prediction 


Methods for Heat Transfer and Pressure Drop. Using the 
data collected in Tasks 3, 4 and 5, CRP participants 
assimilate the data into models for predicting heat transfer 
and pressure drop for coolants at supercritical conditions.  


 
Task 7 - Critical Flow during Blowdown from SC 


Conditions. The objective of this task is to investigate any 
particularities specific to supercritical fluids during a 
depressurization event involving critical flow conditions.  


 
Task 8 - Instability and Natural Circulation in SCWR 


Systems. CRP participants conduct experimental and 
analytical investigations of supercritical natural circulation 
and power-flow instability, with the goal of achieving the 
ability to predict the onset of instabilities as well as the 
amplitude of unstable oscillations. 


 
Task 9 - Thermo-hydraulics Code Testing for SCWR 


Conditions. To test thermo-hydraulic computer code 
performance and accuracies for supercritical conditions, 
standard problems are defined for simple conditions in 
which codes used in different countries are used to model 
the same physical problems. These include some classic 
cases where analytical solutions are possible, and some 
where they are not. For example, blowdown from 
supercritical conditions requiring the codes to predict the 
transition from supercritical to subcritical conditions and 
critical flow; flow behaviour in a heated test section (e.g., a 
small rod bundle and multi-dimensional flows) operating 
at different power levels, and in a fuel assembly with 
moderating water rods and coolant channels under full 
power conditions.  These problems are completely 
specified (geometry, boundary conditions, materials) such 
that extraneous assumptions are eliminated as a source of 
differences in results. This also requires the use of 
common agreed or standard property routines, to reduce 
the sources of error due to approximations in the variations 
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in thermo-physical properties, particularly through the 
critical point. Comparisons of results of predictions (code-
to-code as well as code-to-experiment) and examination of 
the areas of disagreement will help identify areas where 
further development is required.  


 
Task 10 - Documentation of Results. This task 


involves the preparation of a report synthesizing the 
knowledge acquired through the joint activities performed 
for the CRP. 


 
III.C. Research Coordination Meetings 


 
The Research Coordination Meeting (RCM) is a 


meeting of scientists participating in a CRP to review the 
progress of the program, to outline plans for future 
investigations, and/or to prepare a report on the results 
achieved during the course of the program. 


 
The first RCM of the CRP was held at IAEA 


Headquarters, Vienna, Austria, 22-25 July 2008. During 
this first RCM the participants developed an IRP that 
indicated how the participating organizations were to 
collaborate during the CRP and that specified their 
contributions to the various activities of the CRP. 


 
The second RCM took place on 25-28 August 2009 


also at the IAEA Headquarters in Vienna, Austria. The 
objective of this RCM was to review the progress on the 
IRP and to update it as needed for the remainder of the 
CRP. In addition, the RCM evaluated several proposals 
such as the development of a course on SCWRs, the 
establishment of a young researched exchange program, 
and the organization of an IAEA Technical Meeting. 


 
The third RCM was held at Institute for Physics and 


Power Engineering (IPPE) in Obninsk, Russian Federation 
in August 2010. The following institutions participated in 
the RCM: 


 
• OECD/NEA, Paris 
• Atomic Energy of Canada, Ltd. (AECL), Canada 
• China Institute for Atomic Energy (CIAE), China 
• Shanghai Jiao Tong University (SJTU), China 
• VTT Technical Research Centre, Finland 
• Bhabha Atomic Research Centre (BARC), India 
• University of Pisa, Italy 
• Korea Atomic Energy Research Institute (KAERI), 


Rep. of Korea 
• EC/JRC/Institute for Energy, Petten, Netherlands 
• Gidropress, Russian Federation 
• IPPE, Russian Federation 
• University of Manchester, UK 
• University of Wisconsin, USA 


 


In addition, several observers from some of the above 
and other institutions participated in the RCM. 


 
The large portion of the RCM was devoted to 


reviewing work done. Each task leader summarized the 
status of the activities performed at each institute. The 
progress of the each task included in the IRP, in particular 
the compilation of the CRP report, was reviewed, and the 
IRP was updated accordingly. A timeline and responsible 
parties for the completion of each chapter was established 
and agreed upon. It appears that the CRP is in schedule to 
complete the CRP report before the end of the 2011.  


 
The results of the two benchmark exercises performed 


in 2009 were reviewed, and plans were developed for the 
compilation of conference/journal papers summarizing 
both benchmark exercises and their conclusions 3, 4. 


 
Special emphasis was focused on the compilation of 


the database, Task 1, which is one of the key outcomes of 
the CRP. The CRP database, hosted by OECD/NEA, has 
been established. It is expected that more data will be 
added in the near future. 


 
CRP participants and observers presented SCWR 


related research activities being carried out at their 
institutes. Valuable discussions were initiated among RCM 
participants during the presentations and contributed to the 
update of the IRP for coordinated work among 
participating organizations to accomplish the various goals 
and activities of the CRP. 


 
The fourth RCM is scheduled to be held in Toronto, 


Canada, in September, 2011 to finalize the CRP report and 
to discuss the possibility of the extending the CRP. Many 
participants support the extension, which would not only 
incorporate more data into the database and execute more 
benchmarking exercises but also expand networking for 
collaboration by providing opportunities other institutions 
to participate in the CRP. 


 
IV. FUTURE IAEA INITIATIVES 


 
In addition, RCM participants discussed the various 


initiatives proposed to further enhance the 
accomplishments of the CRP. 


 
IV.A. Joint ICTP-IAEA Course 


 
As a means to disseminate the knowledge gathered 


through the work performed under the framework of the 
CRP, the IAEA is in the process of developing a one-week 
course on the "Science and Technology of SCWRs". This 
course is organized by International Centre for Theoretical 
Physics (ICTP) in cooperation with the IAEA, and is 
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scheduled to be taught for the first time at ICTP in Trieste, 
Italy on June 27 - July 1, 2011. 


 
The course will provide a comprehensive and up-to-


date review of the science and engineering of SCWR 
concepts, including thermodynamics, thermal-hydraulics 
and heat transfer, neutronics and core designs, materials 
and chemistry, system design and safety, and a description 
of various SCWR concepts currently under development in 
the world. The course will also explore the opportunities 
and challenges associated with the SCWR concept, and 
will unveil opportunities for research and development 5. 


 
IV.B. Technical Meeting on Materials and Chemistry 


 
The IAEA is organizing a Technical Meeting (TM) on 


materials and chemistry for SCWRs to be hosted by the 
Institute for Energy, Joint Research Centre of the European 
Commission (EC/JRC), Petten, the Netherlands, on July 18 
- 22, 2011. 


 
The purpose of the TM is to provide a platform for 


detailed presentations and technical discussions leading to 
exchange of results, the fostering of world-wide 
collaboration in research activities, improved 
communications between industry (utilities, vendors etc.), 
regulatory organizations and research organizations, and 
the review and updating of the science and engineering in 
the areas of materials and chemistry of SCWR concepts. 


 
The meeting will have the following main objectives 


with an emphasis on application and design issues: 
- To review progress in the international initiatives and 


national programs related to the R&D of materials for 
key components of SCWR reactors; 


- To exchange recent information related to testing 
methodologies as well as experimental setups for 
examination of candidate materials for SCWR 
components; 


- To review progress in international and national 
programs related to the development of water 
chemistry control strategies for the SCWR; 


- To support further pre-normative research and code 
qualification activities and their coupling with 
numerical predictions models for the SCWR; and 


- To identify the need for a new IAEA Coordinated 
Research Project related to SCWR materials and 
water chemistry. 


 
V. CONCLUSIONS 


 
One of the IAEA’s key roles is to foster collaboration 


among its Member States on advances in technology for 
future nuclear power plants. The SCWR could promise 
enhanced economics compared to other advanced LWRs 


and HWRs, and several Member States are interested in 
the development of the SCWR concepts. Therefore the 
IAEA has established a CRP on Heat Transfer Behaviour 
and Thermo-hydraulics Code Testing for SCWRs. The 
SCWR CRP Plan has been developed by obtaining advice 
from experts in various organizations, and in cooperation 
with the OECD-NEA. The OECD-NEA will cooperate on 
the establishment of the heat transfer and pressure drop 
database. 


The third RCM was held at Institute for Physics and 
Power Engineering (IPPE) in Obninsk, Russian Federation 
in August 2010. Thirteen institutions participated in the 
RCM. In the RCM, each task leader summarized the status 
of the progress of the each task included in the IRP, and the 
IRP was updated accordingly. The results of the two 
benchmark exercises performed in 2009 were reviewed, 
and plans were developed for the compilation of 
conference/journal papers. Special emphasis was focused 
on the compilation of the database, which is one of the key 
outcomes of the CRP. 


 
It become apparent that considerable progress has been 


made during the three years of the CRP towards the 
attainment of the desired goals. 
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Figure. 1. Flow Chart for IAEA CRP on Heat Transfer Behaviour and Thermo-Hydraulics Code Testing for SCWRs 
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thermo-hydraulic behaviour, and identify 
code development needs. 
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Abstract –A fuel-self-sustaining boiling-water-cooled thorium-dioxide-fueled core design concept 
was identified. The core features stationary fuel and relatively uniform fuel assemblies. It uses the 
tight lattice, radial dimensions and coolant outlet void fraction as of the Hitachi RBWR-AC core 
and could fit within an ABWR pressure vessel. The core analyzed is made of a ~1 m long zone 
initially loaded with a mixture of 233UO2 (7.5%) and ThO2 with a ThO2 blanket on top and bottom 
of it. The fuel life is 7.1 years when using a 5 batch fuel-management scheme. The peak linear 
heat rate in the average fuel pin is 310 W/cm for a core power of 4000MWt. The void reactivity 
coefficients are negative throughout the fuel life, for both the 1st and the equilibrium recycles. One 
safety issue that has not been resolved yet is in an insufficient shutdown reactivity margin at cold 
zero power conditions. Design modifications are being examined to address this issue. 


 
 


I. INTRODUCTION 
 


The purpose of this study is to investigate whether 
breeding with thorium as fertile material and light water as 
coolant can be achieved and maintained in a practical 
configuration using stationary fuel and relatively uniform 
fuel assemblies. The closest designs arrived at in the past 
are the so called “seed-and blanket” designs in which the 
thorium and 233U fuels were spatially segregated – the 233U 
fuel was loaded into “seed” fuel rods and/or fuel 
assemblies and most of the thorium was loaded into 
“blanket” fuel rods and/or fuel assemblies. In the only 
design concept that was able to be fuel-self-sufficient – 
that tested at the Shippingport reactor [1], the seed fuel 
assemblies had to be axially moved out and into the core in 
order to achieve sustainability. No such complications are 
needed for implementing the design presented in this work, 
which features thorium as fertile material, light water as 
coolant, no movable fuel parts and a conversion ratio 
larger than 1 throughout the whole fuel life, for an infinite 
number of recycles. The idea of using Th as primary fertile 
material in LWR has been extensively investigated in the 
past [1, 2, 3, 4, 5, 6], and the potential of the use of Th in 
BWR with tight lattice has been recognized before [2, 3]. 
In particular, in [2] the authors provide a comprehensive 
overview of the properties of the 233U-Th systems for 
BWR in tight lattices using a 2-D single pin/assembly 


model with the lattice code Helios. The main conclusion of 
the work in [2] is that Th-based fuels for BWR in 
intermediate spectra require a higher fissile content than 
238U-based fuels to achieve the same cycle length, but 
generally feature a higher conversion ratio. However, a 
configuration that could achieve a conversion ratio as high 
as 1 or higher was not found in [2], mostly because the 
investigation was limited to homogeneous configuration. 
Despite a maximum conversion ratio lower than 1, it was 
recommended in [2] that Th-based fuels in tight lattice 
BWR would be further investigated with 3-D simulations 
for their reduced reactivity swing, negative void 
coefficients and enhanced proliferation resistance 
properties.  


The core proposed in the present paper features the same 
tight lattice radial dimensions and the same outlet void 
condition of the Hitachi RBWR-AC — a BWR breeder 
based on the U-Pu fuel cycle [7]. The core is compatible 
with the current ABWR plant design (see Table 1, from 
[7], for a comparison of the Hitachi RBWR-AC and the 
ABWR). The primary differences, other than in the fuel 
and core designs, are in the reactor vessel internals and in 
the control rods design and locations. As the Thorium-
breeder core is approximately 2 m shorter than that of the 
contemporary ABWR, the reactor vessel length may be 
accordingly reduced. It thus appears that the thorium-
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breeder BWR could be deployed in the relatively near-term 
at a cost similar to that of current ABWRs. 


 
Table 1 


Comparison of RBWR and ABWR characteristics, from [7] 
 


 
 


After a description, in Section 2, of the methodology 
used for this analysis, the neutronic properties of Th-233U 
fueled compact high void-fraction boiling light water 
lattices are explored in Section 3. Section 4 describes the 
reference core design examined in this study, while the 
performance of the 1st cycle and of the equilibrium cycle of 
this core are analyzed in, respectively, Section 5 and 
Section 6.  


 
II. METHODOLOGY 


 
A 3-D pin cell is used for the studies presented in this 


work. The computations are performed with the SCALE 
code system using TRITON for the driver code and the 
KENO-V Monte Carlo code with 238 energy groups for an 
accurate axial representation of the pin cell. The active fuel 
portion of the fuel pin is divided into fifty five axial 
depletion zones − 10 in the lower blanket, 30 in the fissile 
area and 15 in the upper blanket. The preliminary scoping 
analysis (in Section 3) is done using the 2-D deterministic 
module NEWT of SCALE. 


The axial zone-dependent water density is determined to 
be consistent with the axial power distribution using an 
energy and mass-balance model, described in the 
Appendix. Although rather simple, the model can capture 
the main physical phenomena by iterating between the 
neutronics and thermal-hydraulics results.  


 
III. NEUTRONIC PROPERTIES OF THORIUM 


AND 233U IN LIGHT WATER 
 


The neutronic properties of the 233U-Th-H2O system 
were investigated parametrically using a 2-D single pin 
modeled with NEWT.  


Fig. 1 and Fig. 2 show the 233U η dependence on the 
233UO2-to-ThO2 volume fraction and on the water density, 


respectively. It is observed that, with one exception, 
η(233U) is an increasing function of the 233UO2 volume 
fraction and of the water void fraction (the void fraction 
increases as the water density decreases). The exception is 
at high water densities when the 233UO2 concentrations are 
smaller than ~5%, in which regime η is decreasing as the 
233UO2 volume fraction increases. 
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Fig. 1  η of 233U as a function of the 233UO2 volume % for 


the inlet and outlet H2O density. 
 
 


2.38
2.39


2.4
2.41
2.42
2.43
2.44
2.45
2.46
2.47
2.48


0 0.2 0.4 0.6 0.8


H2O density (g/cc)


et
a 


U
23


3


U233 100%


 
 
Fig. 2  η of 233U as a function of the H2O density for 100 % 


233UO2. 
 
Fig. 3 shows that η(233U) > η(239Pu) and that 


η(233U) > 2 for most of the epithermal energy range, but 
η(233U) < η(239Pu) for E > 100 keV. The latter feature is 
particularly helpful for achieving core designs that feature 
negative void coefficient of reactivity. Also contributing to 
the feasibility of achieving a negative void coefficient in a 
hard spectrum 233U-Th core is the fact that 232Th fast 
fission probability is significantly smaller than that of 238U. 


Fig. 4 shows that, for a unit cell of the Hitachi RBWR-
AC geometry designed (by adjusting the fissile-to-fertile 
atom ratio) to have an initial conversion ratio of 1.01: (a) 
k∞(233U-Th) < k∞(238U-Pu) over most of the water density 
range except for liquid water density; (b) it may be 
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possible to obtain criticality of 233U-Th fueled cores if 
designed to have a low water density. Although the k∞ of 
the 233U-Th fueled systems is lower than that of the 238U-
Pu system, it is not necessary to design the 233U-Th core to 
have a high neutron leakage probability in order to assure 
negative void coefficient of reactivity, as is the case for the 
238U-based RBWR-AC [7]. The negative void reactivity 
feedback of the 233U-Th based core enables designing the 
active core to be significantly longer than that of the 
RBWR-AC (which are about 20 cm long) thus reducing 
the neutron-leakage probability while achieving fuel-self-
sustainability and also reducing the maximum linear heat 
generation rate for a given power per fuel pin. 
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Fig. 3  η of 233U and 239Pu for a Hitachi RBWR-AC fuel cell 


geometry [7]. 
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Fig. 4 k∞ at BOC with initial breeding ratio (BR) of 1.01 


(right) for a Hitachi RBWR-AC fuel cell geometry [7]. 
 


IV. REFERENCE CORE 
 


The reference core examined in the rest of this study is 
composed of a bottom ThO2 blanket, a fissile zone – about 
one meter long, made of a mixture of 233UO2 and ThO2, 
and an upper ThO2 blanket ( 


Fig. 5). To reduce the power spiking in close proximity 
to the bottom blanket region in which the water is at its 
liquid density, the bottom 3.7 cm of the fissile zone is 
loaded with half the amount of 233U than the remaining 
fissile zone – 7.5%. The fuel pellet diameter is 0.885 cm 
and the distance between the centers of the rods (or pitch) 
arranged in a hexagonal lattice is 1.135 cm. The inlet water 
density is 0.735 g/cm3 and the water density at the exit is 
0.087 g/cm3. The coolant flow rate is adjusted to match the 
outlet average density for the desired core power level. It is 
also assumed that the core has 5 fuel batches and that the 
radial leakage probability from the ~7.5m in diameter [7] 
core is 2.5%. The above specifications are, by no means, 
the optimal. They are used for assessing the feasibility of 
attaining a fuel-self-sustaining design that meets the major 
design constraints.  


 


 
 
Fig. 5  Reference Th-based core layout, with axial water 


density variation for several burnup levels. 
 
 


V. REFERENCE CORE PERFORMANCE – 1ST 
CYCLE 


 
The core performance is estimated from a single pin-


cell burnup analysis assuming a 5-batch fuel-management 
scheme and a linear-reactivity model, described in detail in 
Ref. [8] – the core average keff is taken as the arithmetic 
average of the keff of each batch at the same time in the 
cycle. The core average end-of-cycle keff has to be equal to 
1.025, to account for the 2.5% radial neutron leakage 
probability. Fig. 6 shows the keff evolution during the first 
cycle; the excess reactivity will need to be compensated by 
the use of control rods or burnable absorbers. The burnup 
achieved in one cycle is 8.64 GWD/MTiHM and the cycle 
length is 1.4 years. The average discharge burnup (after 5 
cycles in the core, for a total fuel life of 7.1 years) is 43.2 
GWD per metric ton of all the heavy-metal (HM), 
including that in the blankets. The discharge burnup of the 
HM loaded in the core (excluding blankets) is more than 
twice as large. The peak burnup is estimated at ~109 
GWD/MTiHM. 
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Fig. 6 keff evolution during a cycle. 
 
Fig. 7 and Fig. 8 show the evolution of the total fissile 


inventory − from charge to discharge from the core − of 
the average pin cell as well as of the primary fissile 
isotopes: 233U, 235U and 233Pa. 233Pa is included since it will 
decay entirely to 233U in the time between discharge and 
reprocessing. It is observed that the total fissile mass 
increases at every point throughout the cycle; that is, this 
core is a net breeder. 233U makes most of the fissile 
inventory. Its inventory decreases only slightly at the 
beginning of irradiation, when the 233Pa concentration 
builds up towards equilibrium, but after ~2 years has 
regained parity with the loaded amount and its EOC 
inventory is larger than that of the BOC.  
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Fig. 7 Mass evolution of 233U and of the total fissile (i.e. 


233U, 233Pa and 235U in the average pin cell as a function of the 
fuel irradiation time. 


 


0 1 2 3 4 5 6 7 8
0


0.1


0.2


0.3


0.4


0.5


0.6


0.7


0.8


0.9


1


EFPY


To
ta


l m
as


s 
in


 a
 p


in
 (g


)


 


 


U-235
Pa-233


 
 


Fig. 8 Mass evolution of 233Pa and 235U in the average pin 
cell as a function of the fuel irradiation time. 


 
Fig. 9 shows the linear heat rate as a function of the 


core axial position for at the beginning, middle and end of 
the fuel life in the core. It is observed that the linear heat 
rate (never exceeding 310 W/cm) is substantially smaller 
than the maximum value of 470 W/cm recommended by 
Hitachi as an upper bound for the RBWR-AC core. The 
highest linear heat generation rate is obtained at BOL at 
the bottom part of the fissile zone. With burnup, the axial 
power shape flattens as the fissile concentration at the 
lower part of the fissile zone is depleted and 233U and, 
hence, linear heat rate, builds up in the blankets. 
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Fig. 9 Axial variation of linear heat rate for selected burnup 
steps. 


 
Table 2 shows the void reactivity coefficients of the 


first core at 0, 3.55 and 7.1 years of fuel irradiation, 
identified as Beginning, Middle and End of Life 


2241







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11236 


   


(respectively BOL, MOL and EOL). The axial water 
density distribution for the voided condition is obtained by 
increasing the core power by 10%; the corresponding axial 
void distribution is then used to calculate the voided keff. It 
is observed that the void coefficients of reactivity are 
negative and large in absolute value, and becoming less 
negative with burnup. 


 
Table 2 


Void reactivity coefficients of the first core 


 keff 
nominal 


stdev 
(pcm) 


keff void stdev 
(pcm) 


RC 
(pcm)


BOL 1.11136 30 1.10029 31 -905.3 
MOL 1.04271 29 1.03473 24 -739.6 
EOL 1.01513 27 1.00944 27 -555.3


 
Table 3 shows the core keff in fully voided and cold 


zero power conditions at BOL, MOL and EOL. In both 
cases the coolant density (0 or 1 g/cm3) is extended across 
the core and the reflectors; both upper and lower. It is 
observed that in the voided conditions the core is strongly 
subcritical even without the use of control rods, indicating 
that this core is very safe against such a scenario. On the 
other hand, at cold zero power there is a large insertion of 
reactivity that is challenging to control even with control 
rods. In fact, preliminary calculations performed using our 
full core Keno VI model, show that the reactivity worth of 
the standard RBWR-AC control rods is not sufficient to 
obtain sub-criticality. Design modifications being 
examined to address this issue include (1) An increase in 
the number of control rods; (2) The use of enriched boron; 
(3) The insertion of a thermal absorber (such as Cd) in the 
upper part of the core and (4) the use of an internal 
blanket.  


 
Table 3 


keff in fully voided and cold zero power (CZP) conditions 


 keff full void keff CZP  
BOL 0.95599 1.55126 
MOL 0.93975 1.34888 
EOL 0.94298 1.24928 


 
VI. PERFORMANCE OF THE EQUILIBRIUM 


CORE  
 


Multi-recycling studies were performed to establish 
the equilibrium core composition and assess its neutronic 
performance. After each pass through the core, the fuel is 
cooled for 3 years and then reprocessed. All the actinides 
(up to 248Cm) are recycled and thorium oxide is added for 
makeup. Only ThO2 is loaded in the blankets. Reprocessing 
losses were ignored so as to obtain a theoretical upper 
bound on the equilibrium concentration.  


Fig. 10 shows that the 233U inventory increases rapidly 
in the first few recycles, in which the conversion ratio is 
larger than 1, before saturating at around recycle #15. The 
larger mass of 233U increases the value of keff with the 
number of recycles as shown in Fig. 11. 


After 7-8 recycles, keff gets close to the equilibrium 
core value. Since keff at the end of equilibrium cycle is 
larger than the design goal of 1.025, the cycle length could 
be extended or the core could be designed to have a 
somewhat smaller breeding ratio. It should be realized, 
though, that in the real core the breeding ratio will be 
somewhat smaller than the one predicted in our single pin 
analysis, since there will be some fuel loss in the 
recycling/refabrication processes and neutron losses to 
radial leakage and to parasitic absorption in the control 
elements. Alternatively, the excess mass of 233U may be 
extracted from the system for starting new thorium self-
sustaining cores. 
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Fig. 10 Evolution of 233U and of total uranium mass per fuel 


pin. 
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Fig. 11 Evolution of keff for the first 7 recycles along the fuel 


life (i.e. from loading in the 1st batch to discharge after the 5th 
batch). 
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Fig. 12 shows that the equilibrium concentration of the 
Minor Actinides (MA) concentration of 0.31% of the total 
HM mass is reached after about 40 recycles. In this paper, 
the MA is taken to include the Pu isotopes. The evolution 
of the inventories of Pu, Am and Cm in the average fuel 
pin, relative to their equilibrium value, is shown in Fig. 13. 
As expected, each isotope reaches saturation after its 
predecessor does. 
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Fig. 12 MA concentration evolution as a fraction of total 


HM  
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Fig. 13 MA concentration evolution as a fraction of the 


relative inventory of Pu, Am and Cm 
 
Fig. 14 shows a comparison of the mass of the 


transmutation products of 232Th and 233U that are 
downloaded after the 1st recycle and at the equilibrium 
recycle. It is observed that at the 1st recycle the vast 
majority of transmutation products is made of 231Pa, 
followed by 237Np and Pu – mostly 238Pu (see Fig. 15) and 
230Th. At equilibrium the most abundant transmutation 
product is Pu – mostly 238Pu (see  


Fig. 16), followed by 237Np and 231Pa. The mass of 
230Th at equilibrium is similar to the mass of Cm. 
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Fig. 14 Total Mass of MA per fuel pin after the 1st recycle 


and at equilibrium.  
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Fig. 15 Total Mass of the Pu isotopes per fuel pin after the 


1st recycle.  
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Fig. 16 Total Mass of the Pu isotopes per fuel pin at 


equilibrium. 
 


The equilibrium isotopic composition of Am and Cm 
is shown in Fig. 17 and Fig. 18, respectively. The Am is 
made primarily of 241Am followed by 243Am, while 242mAm 
is present only in a relatively small amount. 244Cm is the 
most abundant Cm isotope, followed by Cm isotopes in 
order of increasing mass. 


Fig. 19 shows the isotopic composition of uranium, 
excluding 233U, after the 1st recycle and at equilibrium. In 
both cases the most abundant isotope is 234U, followed by 
235U. At equilibrium, 236U is present in a similar amount to 
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235U, while 238U and 232U constitute a negligible fraction of 
the total U mass. 
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Fig. 17 Total mass per fuel pin for the equilibrium cycle of 


the Am isotopes. 
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Fig. 18 Total mass per fuel pin for the equilibrium cycle of 


the Cm isotopes. 
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Fig. 19 Total mass per fuel pin for the equilibrium cycle of 


the U isotopes, excluding 233U  
 
Fig. 20 and Fig. 21 show how the mass of 232Th and 


233U, respectively, is redistributed during the fuel life for 
the equilibrium recycle. By definition, the total core mass 
of each actinide, except thorium, is the same at the 
beginning (BOL) and at the end (EOL) of the fuel 
irradiation. The axial concentration distribution, though, 
varies over the life of the fuel due to (1) axial variation in 
the BOL composition, primarily between the seed and the 


blanket, and (2) in the neutron spectrum that strongly 
depends on the water density.  
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Fig. 20 Distribution of 232Th along the core axis at BOEC 


and EOEC  
 


0.00E+00 5.00E-04 1.00E-03 1.50E-03 2.00E-03 2.50E-03


1


4


7


10


13


16


19


22


25


28


31


34


37


40


43


46


49


52


55


ax
ia


l c
or


e 
zo


ne


N (at/b cm)


U-233 BOL
u-233 EOL


 
 
Fig. 21 Distribution of 233U along the core axis at BOEC and 


EOEC  
 
It is seen that 233U is consumed mostly in the bottom 


part of the fissile zone, and is produced preferentially in 
the top blanket. 235U, in Fig. 22, is created preferentially in 
the bottom part of the fissile zone and in the bottom 
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blanket. A more complete account of the spatial 
distribution of the different actinides at the EOEC will be 
presented, along with an analysis of the physics behind the 
observed trends, in a follow-up paper. 
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Fig. 22 Distribution of 235U along the core axis at BOEC and 
EOEC  
 


Table 4 gives the void coefficients of reactivity at the 
BOL, MOL and EOL for the equilibrium core. It is 
observed that the void coefficients of reactivity are 
negative and becoming less so with burnup, but smaller in 
absolute value than for the 1st core (see Table 2). This is to 
be attributed to the higher concentration of 233U and 232Th 
transmutation products in the equilibrium core. Also noted 
is the fact that, since by definition, the total mass of the 
actinides, except Th, is the same at BOL and EOL, the less 
negative value of the void coefficient of reactivity at EOL 
has to be attributed mostly to the redistribution of actinides 
from the fissile region to the blanket, making the “core” at 
EOL effectively larger, or less leaky upon voiding, than the 
core at BOL.  


 
Table 4 


Void reactivity coefficients of the equilibrium core without 
control rods 


  keff 
nominal 


stdev 
(pcm) 


keff void stdev 
(pcm) 


RC 
(pcm)


BOL 1.14169 6.1 1.13849 5.8 -246.3
MOL 1.09157 6.1 1.08952 5.8 -172.4 
EOL 1.05167 5.7 1.04996 5.4 -154.2 


 


Table 5 gives the keff value in the fully voided and cold 
zero power (CZP) conditions at BOL, MOL and EOL, all 
without control rods, for the equilibrium core. The coolant 
density in the core (0 and 1 g/cm3, respectively) is 
extended to the reflector, both upper and lower. It is 
observed that in the voided conditions the core is less 
reactive than in the nominal condition, but still 
supercritical. This is contrary to the case of the 1st recycle 
core in which voiding made the core subcritical (Table 3). 
However, this excess reactivity could be readily 
compensated by the control and/or safety rods. On the 
other hand, at CZP conditions the insertion of reactivity, 
while large, is not as large as for the 1st core, but is still 
very challenging to control. As for the case of the 1st 
recycle core, design modifications are being examined to 
address this issue.  


 
Table 5 


keff in fully voided and cold zero power (CZP) conditions 
without control rods 


  keff nominal  keff full void  keff CZP 
BOL 1.141693 1.082013 1.425882 
MOL 1.091570 1.053434 1.293276 
EOL 1.051665 1.031985 1.205056 


 
VII. CONCLUSIONS 


 
A fuel-self-sustaining boiling-water-cooled thorium-


dioxide-fueled core design concept was identified. The 
core features stationary fuel and relatively uniform fuel 
assemblies. It uses the tight lattice, radial dimensions and 
coolant outlet void fraction as of the Hitachi RBWR-AC 
core [7] and could fit within an ABWR pressure vessel. 
The core analyzed is made of a ~1 m long zone initially 
loaded with a mixture of 233UO2 and ThO2 with a ThO2 
blanket on top and bottom of it. The 233U weight % in the 
fissile zone is 7.5 except for the lowest 3.7 cm that is 
loaded with half the 233U concentration in order to reduce 
the initial power spiking in the proximity of the high water 
density region. The fuel life is 7.1 years when using a 5 
batch fuel-management scheme. The peak linear heat rate 
in the average fuel pin is 310 W/cm for a core power of 
4000 MWth. The void reactivity coefficients are negative 
throughout the fuel life, for both the 1st and the equilibrium 
recycles.  


One safety issue that has not been resolved yet is the 
insufficient shutdown reactivity margin at cold zero power 
conditions. Design modifications are being examined to 
address this issue.  
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APPENDIX: MODEL DESCRIPTION FOR THE 


SIMPLIFIED THERMAL-HYDRAULIC ANALYSIS 
 
The thermal-hydraulic analysis is based on a simple 


energy and mass balance methodology described in this 
section. We define the following mass flow rates:  
Γ0: flow rate through the core at equilibrium;  
Γs0: Steam flow rate at the exit of the core. 
 


A.1 Liquid phase zone 
 


In the liquid phase, the power generated is  
 


PL0= Γ0(hsat-hin).  (Eq. 1) 
 
This allows the evaluation of the boiling front, based on 
the linear heat rate in the lower part of the core. 
 


A.2 Bi-phase phase zone 
 
In the bi-phase zone it is possible to write an energy 
balance for a core “slice” of thickness dh at height h with 
power density q (W/cm3): 
 
[Γs0(h+dh)- Γs0(h)] hvap+[ΓL0(h+dh)- ΓL0(h)] hliq=q A dh     (Eq. 2) 
 
Additionally, at equilibrium the mass flow rate of 
refrigerant is conserved 
 


ΓL0(h)+ Γs0(h)= Γ0 (Eq. 3) 
 
Additionally, we can make the following approximation: 
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And 
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Substituting Eq. 4 and 5 into Eq. 2, and after proper 
simplifications, it is found the following: 
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Further, substituting Eq. 3 and noting that hvap-hliq (=Δe0) is 
the “latent heat of vaporization”, Eq. 6 becomes: 
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Where P0 is the core power and H is the core height. 
 
If x(h) is the steam title in weight, defined as Γs0/Γ0, then 
Eq. 7 becomes: 
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which can be solved for x.  
 
Next, it is desired to express the steam volume fraction as a 
function of x. The volume fraction of steam is, by 
definition, expressed in Eq. 9, where VV0 and VL0 are the 
volumes of vapor and liquid respectively, in the height dh 
at position h: 
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And x(h) can be expressed by Eq. 10: 
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Combining Eq. 9 and 10, and defining α according to Eq. 
11 
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We can finally express x0(h) as in Eq. 12: 
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 (Eq. 12) 


 
This allows to estimate the average water density at 
position h, using its definition in Eq. 13: 
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(Eq. 13) 
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Abstract – Nuclear energy is back on the agenda worldwide. Third generation nuclear reactors 
are under construction. On the other hand, the fourth generation of nuclear reactors is on the 


drawing board. Obviously, one of the most important parameters, influencing the market 
penetration of any new reactor, is it’s economic performance. However, as the fourth generation 
concepts are often in a preliminary stage, a thorough bottom-up cost estimate cannot be made.  


 
This paper will demonstrate a cost estimating approach that has been developed to provide a top-
down cost estimate for future nuclear reactors and their associated fuel cycles. This approach is 
based on a structured accounting system as applied in the G4Econs model which is developed by 
Economics Modeling Working Group of the Generation IV International Forum (GIF-EMWG). 


 
The developed approach will be illustrated based on Generation IV nuclear reactor designs, like 
e.g. HTR and SFR. The focus will be on deployment of such reactors in a European context. The 


approach is largely based on comparative analysis of the prelimary Generation IV nuclear 
systems with more matured Generation III nuclear systems which are under construction today.  


 
 


I. INTRODUCTION 
 
Nuclear energy is back on the agenda worldwide. 


Third generation nuclear reactors are under construction all 
over the world (NEI, 2010). On the other hand, the fourth 
generation of nuclear reactors is on the drawing board 
(GIF, 2010). Obviously, one of the most important 
parameters, influencing the market penetration of any new 
reactor, is it’s economic performance. However, as the 
fourth generation concepts are often in a preliminary stage, 
a thorough bottom-up cost estimate is extremely difficult 
or cannot be made. 


 
This paper will demonstrate a novel cost estimating 


approach that has been developed to provide a top-down 
cost estimate for future nuclear reactors and their 
associated fuel cycles. This approach is based on a 
comparative analysis using a structured accounting system 
as applied in the G4Econs model which is developed by 
Economics Modeling Working Group of the Generation IV 
International Forum (GIF-EMWG).  


 
The developed approach will be illustrated based on a 


selection of two different Generation IV nuclear reactor 


designs. The approach is largely based on comparative 
analysis of the prelimary Generation IV nuclear systems 
with more matured Generation III nuclear systems which 
are under construction today. 


 
The following section will introduce shortly the two 


selected Generation IV reactor designs. After that, the third 
section provides a short introduction to the G4Econs 
economic assessment model developed by the GIF-
EMWG. Section four describes the cost accounting system 
used for the newly developed approach which is presented 
in section 5. Illustrative examples of this novel approach 
are presented in section 6. Finally, conclusions are 
described in section 7. 


 
II. CONSIDERED SYSTEMS 


 
Within the current paper, two Generation IV reactor 


designs are considered to illustrate the developed cost 
estimating approach. The two selected reactor systems will 
be shortly introduced hereafter. 
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II.A.HTR 
 


The High Temperature Reactor (HTR) is one of the six 
selected nuclear systems within the Generation IV 
International Forum (GIF, 2010). This reactor uses helium 
gas as a coolant, and the moderator function is taken by 
carbon in the form of graphite. An important feature of this 
reactor type is the high coolant temperature and therefore 
high electric efficiency. This also brings a high suitability 
for coupled cogeneration.  


Within the current assessment, a 210 MWe HTR is 
considered. Such concepts are e.g. the HTR-PM (HTR-
Pebble Modular) under construction in China (Zhang et al., 
2009) and the Pebble Bed Modular Reactor (PBMR) until 
recently in South Africa (Varley, 2006). The HTR-PM as 
described by Zhang et al. (2009) and shown in figure 1 is 
based on the modular pebble bed reactor (HTR-Modul) of 
German origin. The main features of the HTR-PM are 
presented in table 1. 
 
Table 1: Main features of the HTR-PM 
Feature Value 


Thermal Power 2x250MW 


Electric Power 200 MW 


Net Efficiency 40% 


Primary Loops 2x1 


Availability 90% 


Plant Design Lifetime 40 yr 


 
Characteric for this design is the pebble fuel element 


which was developed in Germany from the ‘60s as an 
alternative to the traditional pellet-with-cladding fuel 
element, enabling to reach significantly higher 
temperatures. The fuel pebbles are loaded and unloaded 
continuously during operation. Once every fifteen minutes 
a pebble is added on top of the core, whereas at the same 
time one is removed from the bottom.  


 
II.B. SFR 


 
The Sodium-cooled Fast Reactor (SFR) is also one of 


the six selected nuclear systems within the Generation IV 
International Forum (GIF, 2010). This reactor uses liquid 
sodium as a coolant. The most important advantage of this 
reactor type is the possibility to breed plutonium which 
minimises the required uranium resources and burn 
(minor) actinides and fission products which determine the 
waste characteristics. Experimental and demonstration 
SFRs have been operating all around the world (IAEA, 
2006). However, within the context of Gen IV, the sodium 


cooled reactor should improve mainly in safety and 
economics. 


 


 
Figure 1: Drawing of a 200 MWe HTR-PM 
 


Within the current assessment, a large scale (about 
1500 MWe) commercial sodium cooled fast reactor is 
considered. Such concepts are e.g. the Japanese Sodium 
Fast Reactor (JSFR) under development in Japan (Kotake 
et al., 2010) and the European Sodium Fast Reactor 
(ESFR) under development in the European research 
project ESFR (Fiorini et al., 2009).  


Within the ESFR project, it was recognized that 
important design choices have to be made, e.g. on the 
general lay-out of the core, the energy conversion system, 
and the plant. To this purpose, ‘working horse’ concepts of 
the plant (pool and loop-type) and core lay-outs (oxide and 
carbide) were developed. The main features of the pool 
type ESFR working horse are presented in table 2.  


 
Table 2: Main features of ESFR 
Feature Value 


Thermal Power 3600 MW 


Electric Power 1500 MW 


Net Efficiency 42% 


Primary Loops 3 


Availability 90% 
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Plant Design Lifetime 60 yr 


 
Figure 2 shows a typical 1500 MWe pool-type SFR 


design as presented by Francois et al. (2008). 
Complementary to the ESFR research project, design and 
construction of a prototype Gen IV SFR was initiated in 
France. This ASTRID (Advanced Sodium Technological 
Reactor for Industrial Demonstration) project aims at a 
demonstrator reactor available in France in 2020. The 
construction of this prototype is in line with the goal set by 
the European Sustainable Nuclear Industrial Initiative 
(ESNII) to have a prototype SFR deployed in 2020 
(ESNII, 2010). 


 
Figure 2: Sketch of a 1500 MWe pool type SFR design 
(Francois et al., 2008) 
 


III. G4ECONS 
 


The GIF-EMWG developed a Microsoft Excel-based 
model capable of calculating the Levelized Unit Electricity 
Cost (LUEC) for multiple types of reactor systems being 
developed under the Generation IV Program. This overall 
modeling system is called G4-ECONS (Generation IV-
Excel Calculation of Nuclear Systems). The cost 
estimating methodology and algorithms are explained in 
detail in the Generation IV Cost Estimating Guidelines 
(GIF-EMWG, 2007) and in the G4_ECONS User’s 
Manual (GIF-EMWG, 2008). 


The model was constructed with relatively simple 
economic algorithms such that it could be applied without 
regard to country-specific taxation, cost-accounting, 
depreciation, or capital cost recovery methodologies. It 
was also designed with transparency to the user in mind 
(i.e., all algorithms and cell contents are visible to the 
user).  


The tool allows to calculate LUEC by taking into 
account design characteristics, fuel characteristics, the 
associated fuel cycle and it’s costs, the O&M costs broken 
down in a code of accounts, the capital costs broken down 
in a code of accounts, financing costs, and contingencies. 
In the application of G4Econs, a range of values for every 
account can be specified by providing an optimistic, 
nominal, and pessimistic value. 


 
IV. COST ACCOUNTING 


 
The International Atomic Energy Agency (IAEA) has 


developed a comprehensive account system capable of 
addressing a spectrum of capital, fuel cycle, and operations 
and maintenance costs, from a complete nuclear energy 
plant down to individual systems and components (IAEA, 
2000). Because this accounting system has a high degree 
of flexibility, it can be used with all types of reactors, 
single or dual-purpose energy plants, and various contract 
or deployment approaches. To meet the needs of the 
EMWG and the system designers/estimators, some 
revisions were made to the IAEA account system to create 
the GIF code of accounts (COA). 
 
Table 1: First level of the GIF COA and second level for 
capitalized direct costs. 
Account Title 


1 Capitalized Pre-construction Costs 


2 Capitalized Direct Costs 


21    Structures and Improvements 


22    Reactor Equipment 


23    Turbine Generator Equipment 


24    Electrical Equipment 


25    Heat Rejection System 


26    Miscellaneous Equipment 


27    Special Materials 


28    Simulator 


3 Capitalized Indirect Services Costs 


4 Capitalized Owner’s Costs 


5 Capitalized Supplementary Costs 


 
The GIF COA has multiple levels of detail, the first 


level being the most generic and later levels containing 
increasing details. Table 1 shows the first level of COA. As 
an example, also the second level is presented for the 
capitalized direct costs. 
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V. COMPARATIVE ANALYSIS 
 


Cost accounting systems, like the GIF COA are often 
used to determine a bottom-up cost estimate. The cost 
estimator has to find credible values for every account in 
the accounting system. However, for the premature 
Generation IV nuclear systems, such an approach is very 
difficult, if not impossible. Furthermore, cost estimators 
for the different nuclear systems might use different 
approaches, underestimating or even neglecting certain 
accounts. This makes intercomparison of such bottom-up 
approaches provided from vendors or designers 
impossible. 


Therefore, the following approach is suggested. 
Following the COA that is provided by GIF/EMWG 
(2007) the construction costs of the different reactor types 
are estimated relative to the construction costs of a 
reference plant which are put to 100%. In this case, a 
Generation III nuclear power plant is used as a reference 
plant. Even if no data is available for the separate accounts 
or ultimately for the overall capital costs of the reference 
plant, the approach still provides a qualitative 
intercomparison of different reactor systems. 


 
Following accounts 2 (including 21 through 28), 3, 


and 4, the main contributors to the construction costs have 
been taken into account. For these accounts, several 
references provide the relative distribution of the costs for 
different reactor types. This indicates to what extent a 
specific account contributes to the overnight construction 
costs for a given reactor type. For example, the reactor 
vessel and other reactor plant equipment may be expected 
to pay a larger contribution to the overnight construction 
costs for Generation IV reactors than for Generation III 
reactors because of the application of more expensive 
materials which can withstand elevated temperatures and 
more demanding coolants. 


 
As a next step in the assessment, using these relative 


cost distributions, based on either the second level or the 
third level of accounts, the costs for different accounts are 
determined relative to the reference plant which is put to 
100%. One of the main considerations for each code of 
account may be to scale reactor data to the reference plant 
data with the net electric (or thermal) power. For this, 
scaling relationships like equation (1) can be employed 
based on the data provided in the Nuclear Energy Cost 
Data Base provided from Delene et al. (1988).  


 
a


ref


new
refnew Power


Power
CostCost ⎟


⎟
⎠


⎞
⎜
⎜
⎝


⎛
=  (1) 


 


In which ‘Costnew’ and ‘Costref’ are the costs of the 
considered plant and the reference plant respectively, 
‘Powernew’ and ‘Powerref’ are the power levels of the 
considered plant and the reference plant respectively, and 
‘a’ is the scaling factor. 
 
Table 2: Scaling factors 
COA Small power 


difference 


Large power 


difference 


Buildings & Structures 0.5 0.59 


Nuclear equipment 0.6 0.80 


Conventional equipment 0.8 0.83 


Electrical equipment 0.4 0.39 


Final heat sink 0.8 1.06 


Miscellaneous equipment 0.3 0.59 


Construction services 0.42 0.66 


 
MacDonald & Buongiorno (2002) provide different 


scaling factors for reactors employing a small (up to 20%) 
and a large difference in net electric (or thermal) power. 
These scaling factors are based on the scaling factors 
provided by Delene et al. (1988). The applied scaling 
factors are summarized in table 2. 
 
 


GenIIIref


GenIV1 GenIV2


= 90% Ref


= 100% Ref


= 20% Ref


= 120% Ref


= 120% Ref


= 130% Ref


= 80% Ref


= 110% Ref


= 120% Ref


= 180% Ref


= 70% Ref


= 40% Ref


= 60% Ref


= 80% Ref


= 100% Ref


= 110% Ref


= 80% Ref


= 40% Ref


= 120% Ref


= 120% Ref


= 120% Ref


= 50% Ref


= 90% Ref


= 150% Ref


= 130% Ref


= 90% Ref


= 100% Ref


= 70% Ref


= 110% Ref


= 80% Ref


 
 
Figure 3: Comparative COA based cost assessment 


 
Figure 3 provides an overview of the developed 


comparative COA based approach. On top, the different 
segments in a circle for a (Generation III) reference plant 
visualize it’s cost distribution by the different segments. 
The plants under consideration for a cost evaluation may 
have a different cost distribution as visualised by the two 
circles beneath representing the cost distributions of two 
considered (Generation IV) designs. The bullets below the 
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two smaller circles represent the indivual accounts, 
showing that obviously the evaluation of these individual 
accounts may lead to different conclusions for the designs 
under consideration. 
 


VI. CASES (HTR & SFR) 
 


This section contains a preliminary comparative cost 
analysis of the two very different Generation IV reactor 
systems introduced in the second section of this paper, i.e. 
a 200 MWe HTR and a 1500 MWe SFR. As a reference 
plant, the European Pressurized water Reactor (EPR) is 
considered (Areva, 2009). 


Table 3 presents an overview of the relative cost 
distribution for a Generation III reactor, an HTR, and an 
SFR. Representing a Generation III reactor, the distribution 
of the EPR is taken from Bitterman et al. (2003). The 
distribution for the HTR is taken from Buda (1986). The 
distribution for an SFR is based on Boardman et al. (2002) 
and Williams (2008).  


 
The main differences in the cost distribution can be 


attributed to the more dominant share of costs for nuclear 
equipment in Gen IV reactor systems which is 
compensated e.g. by lower share of building & 
construction costs, conventional equipment, or electrical 
equipment. 


The second step in the comparative analysis contains 
the comparison with the reference design for individual 
accounts. As explained, a main consideration in such an 
evaluation is the influence of scale effects by applying 
equation (1) for many accounts. However, in some cases 
additional considerations are applied. 


 
Table 3: Relative distribution to construction costs 
COA 2nd Level Gen III HTR SFR 


Building & Structures 18% 14% 11% 


Nuclear equipment 25% 35% 41% 


Conventional equipment 14% 18% 10% 


Electrical equipment 11% 5% 6% 


Final heat sink 4% 1% 2% 


Miscellaneous equipment 3% 4% 2% 


Coolant material 0% 0% 1% 


Simulator 1% 1% 1% 


Indirect costs 14% 13% 19% 


Other costs (owner) 10% 9% 7% 


Total 100% 100% 100% 


 


For the HTR, the following main considerations were 
applied: 


• Space requirements, basically the surface area 
required to build the plant which is considered 
relatively large for an HTR-PM. 


• A relatively large on-site radioactive waste 
building 


• A reactor vessel resembling a boiling water 
reactor vessel for which a comparison with an 
EPR is provided by OECD/NEA (2000) 


• The application of relatively cheap passive safety 
measures 


• The installation of a relatively complex fuel 
handling system compared to the EPR. 


For the SFR, the following main considerations were 
applied: 


• Space requirements, basically the surface area 
required to build the plant which is considered  to 
be about 30% larger than the EPR based on a 
comparison of the surface area required for the 
French SFR prototype Superphenix and a 
contemporary PWR. 


• The assumption that the radioactive waste 
buidling will be somewhat smaller 


• The use of sodium which is more costly than 
water and which is furthermore chemically active 


• More expensive nuclear system, because of the 
use of chemically active sodium and elevated 
temperatures compared to the EPR. 


• The fact that fuel handling and maintenance have 
to be performed in opaque sodium, which requires 
non-conventional and more expensive methods 
and tools 


 
This preliminary assessment eventually leads to the 


conclusion that the Generation IV systems are more 
expensive than the EPR. Furthermore, the results show a 
remarkable gap between this analysis and values provided 
by vendors and designers in literature. Zhang (2007) 
calculates a range of 90 to 120% cost increase of the HTR-
PM construction costs compared to a Generation III light 
water reactor. OECD/NEA (2002) and Shropshire (2007) 
present a cost increase of about 20% for large scale fast 
reactors. The comparative cost analysis shows that the 200 
MWe HTR specific (€/kWe) construction costs are more 
than 2 times the specific costs of an EPR. The specific 
construction costs of a 1500 MWe SFR are calculated to be 
about 60% more than the specific costs of an EPR. 


It should be noted that the current evaluation is largely 
based on scaling effects. It may be clear that this is a large 
drawback when the 200 MWe HTR is considered. The 
benefits of modular building (increased standardisation 
and faster learning curves) on the other hand, are not taken 
into account in this preliminary evaluation using the 
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comparative COA based approach. For the 1500 MWe 
SFR, the main cost increase can be ascribed to the more 
expensive nuclear system. From table 3, it is clear that 
nuclear equipment represents the major part (about 40%) 
of the total construction costs of an SFR. A more detailed 
assessment may bring differences. However, when 
compared to cost estimates provided in literature, the 
current analysis will probably still show remarkable 
differences also after more careful evaluation. 


For further analysis of the complete fuel cycle, the 
results of this comparative COA base cost analysis can be 
easily used as input for a reactor system cost analysis in 
G4Econs as a similar accounting system is used in both 
approaches. Subsequently, this G4Econs assessment can 
provide results for the operation & maintenance costs, the 
fuel cycle costs, and eventually the electricity generation 
costs based on a consideration of the complete fuel cycle.  


The G4Econs results for the electricity generation 
costs also show a difference with the values reported in 
literature. A literature review of Shropshire et al. (2009) 
reports costs of 130% for different small modular HTRs 
compared to Generation III light water reactors. The order 
of magnitude of this value is confirmed by the G4Econs 
analysis which shows about 140% compared to the EPR 
with a large uncertainty range. On the other hand, 
OECD/NEA (2009) and the University of Chicago (2004) 
present electricity generation costs of about 115% for 
different SFR designs compared to Generation III light 
water reactors. This value is in contrast with the results of 
the current G4Econs analysis which shows electricity 
generation costs of about 170% for an SFR compared to 
the EPR. The large difference may may be caused by the 
large uncertainty ranges of both estimates, literature and 
G4Econs. The literature data on the one hand often 
originates from the SFR community preferring to show 
competitive electricity generation costs. On the other hand, 
the G4Econs evaluation shows a considerable uncertainty 
range, which overlaps the costs range found in literature. It 
should be mentioned that this large uncertainty range is the 
result of a superposition of many small uncertainty ranges 
which were provided for the many of the separate accounts 
in G4Econs. This simple superposition leads eventually to 
large uncertainty ranges for Generation IV reactors. On the 
other hand, it is well known that the cost estimates for  
Generation III reactors nowadays, also show large 
uncertainties. 


Another possible cause of large differences between 
literature data and the current assessment may be attributed 
to the uncertainty in the applied discount rates in the 
literature. The G4Econs analyses presented were calculated 
with a discount rate of 10%, whereas this value may be 
lower in some of the literature. It is well known that 
differences in the assumed discount rate have large 
impacts, see e.g. OECD/NEA (2005).   


 


VII. CONCLUSIONS 
 


A novel cost estimating approach has been 
demonstrated to provide a top-down cost estimate for the 
construction costs and subsequently for the operation & 
maintenance costs, the fuel cycle costs, and eventually the 
electricity generation costs of future nuclear reactors and 
their associated fuel cycles. This approach is based on a 
structured accounting system as applied in the G4Econs 
model which is developed by Economics Modeling 
Working Group of the Generation IV International Forum 
(GIF-EMWG). 


 
The developed approach is illustrated based on a 


preliminary assessment of two Generation IV nuclear 
reactor systems, i.e. a 200 MWe HTR and a 1500 MWe 
SFR. The costs of the individual accounts are compared to 
the costs for a known system. In the illustrative example, 
the EPR was selected for comparison. 


 
The examples often show a remarkable difference 


between the results of the newly developed approach and 
cost estimates available in literature. On the one hand, this 
may be due to the preliminary nature of the current 
assessment, on the other hand it should be realized that the 
data available in literature is often provided by either a 
vendor or a designer who may profit from a low estimate. 
Therefore, the authors are convinced that this newly 
developed approach will be valuable to intercompare 
future nuclear systems on an objective basis. 
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Abstract – This paper presents the Neutronics Optimized Reactor Analysis (NORA) method that 
can quickly generate conceptual design of battery reactor core by means of principle calculations 
as part of the optimization process for the reactor assembly design. Given the core composition 
and weight fraction data, the MCNP5 code is used to generate a neutron flux spectrum for the 
homogenized geometry that is used with the available cross section library to generate the one-
group constants for the neutron diffusion equation. Next, the bucklings of the critical core from the 
diffusion equation are compared against those obtained by trial and error using MCNP5 over the 
range of design variables to generate a linear relationship which is used for adjusting the buckling 
calculated by the neutron diffusion equation. Finally, the given geometry is rendered to a 
heterogeneous one to initiate thermohydrodynamic evaluation or move on to detailed core design. 
The same procedure can also be applied to fully reflected core geometry. The benefit of adopting 
this NORA method is stated in terms of computational effort and accuracy. 


 
 


I. INTRODUCTION 
 
The fast-spectrum Battery Omnibus Reactor Integral 


System (BORIS) is being designed to cope with distributed 
energy demands and to maintain inherent safety. BORIS 
uses the liquid lead (Pb) coolant for natural circulation heat 
transport to the power conversion circuit of the Modular 
Optimized Balance Integral System (MOBIS). MOBIS 
resorts to supercritical carbon dioxide (SCO2) as working 
fluid to improve thermal efficiency. 


Preliminary design parameters for the BORIS reactor 
vessel1 is shown in Fig. 1 and listed in Table I. 


 


 
  
Fig. 1. BORIS reactor vessel assembly. 


 


TABLE I 


BORIS Specifications 


Parameter Value 
Thermal/electric power [MW] ~22.2/10 
Primary/secondary coolant Pb/SCO2 
Effective full power day [yr] >20 
Fuel composition Pu+MA-U-N 
Cladding material Ferritic-martensitic SS
Core diameter [m] 0.9828 
Active core height [m] 0.8 
Pitch-to-diameter ratio 1.1 
Number of fuel pins 757 
Fuel pin diameter [m] 0.028 
Number of heat exchangers 6 
Number of tubes per unit 1200 
Tube length [m] 1.0 
Tube outer/inner diameter [m] 0.016/0.012 
Primary mass flow rate [kg/s] 1276.32 
Secondary mass flow rate [kg/s] 112.8 
Core inlet/outlet temperature [K] 713.15/833.15 
HX inlet/outlet temperature [K] 663.15/823.15 


 
The preliminary design was principally concentrated 


on thermohydrodynamic consideration of the reactor vessel 
assembly. The focus is now being extended to neutronics 
and structural aspects of the system as well as economics 
and sustainability. A streamlined design methodology was 
proposed in the previous study2 in conceptualizing a reactor 
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vessel assembly, of which the simplified version is shown 
in Fig. 2. 


 


 
 Fig. 2. Design methodology for reactor vessel assembly. 


 
This study is focused on developing a neutronic design 


method that can quickly generate the conceptual battery 
reactor core by way of principle calculations. The proposed 
Neutronics Optimized Reactor Analysis (NORA) method is 
part of the optimization process for the reactor assembly 
design revealed in Fig. 2. 


 
II. NEUTRONIC DESIGN METHOD 


 
In order to simplify the evaluation procedure the one-


group neutron diffusion equation is utilized to estimate the 
critical dimension and neutron flux distribution over the 
core region of the reactor. 


The effective one-group constants are calculated by 
utilizing the nuclear data obtained from the ENDF/B-VII.0 
library over the energy region of interest spanning the fast 
spectrum core, and the MCNP5 code developed at the Los 
Alamos National Laboratory is exercised to generate the 
neutron flux spectrum to be used for the group averaging  
procedure.3,4,5 


To maintain a good level of accuracy, the spectrum has 
to be evaluated each time when geometry or composition 
of the fuel is changed. The high resolution data, however, 
is often obtained at the cost of computational effort which 
might turn out to be quite time consuming, especially when 
it is part of rigorous iteration procedure like in the case of 
design optimization. In NORA, therefore, feasibility is 


evaluated of using the single spectrum data for varying 
geometry with fixed fuel composition. 


 
II.A. Composition Data 


 
First, the fuel composition data are needed to initiate 


the NORA design process. Proper materials have already 
been selected based on extensive literature survey2 and will 
not be repeated here. In this study the composition data for 
Pu+MA(20%)-U-N fuel pellet for actinide burning purpose 
are taken6. The same N-15 is used in the fuel for nitrogen, 
liquid lead is used for gap bonding and coolant, and HT9 is 
used for cladding2. The weight fraction data of constituting 
elements are shown in Figs. 3 and 4. 


 
  
Fig. 3. Fuel composition data. 
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Fig. 4. Cladding composition data. 
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II.B. Test Cases for Fuel Pin Geometry 
 


Table II shows the various test cases for different fuel 
pin geometries with fixed composition. They are generated 
from unions of the extremities of the independent variable 
ranges. The ranges are chosen from engineering judgments 
and constraints2. The fuel pin diameter depends on the fuel 
pellet diameter and cladding thickness by the maximum 
smeared density constraints (80%) to minimize the fuel-
clad mechanical interaction7. The triangular array is used to 
realize a compact geometry. 


 
TABLE II 


Test Cases for Fuel Pin Geometry 


No. Pellet diameter 
[mm] 


Cladding thickness 
[mm] 


P/D 


1 5 0.25 1.1 
2 5 0.25 1.25 
3 
4 
5 
6 
7 
8 


5 
5 
10 
10 
10 
10 


1.0 
1.0 
0.25 
0.25 
1.0 
1.0 


1.1 
1.25 
1.1 


1.25 
1.1 


1.25 
 


II.C. Number Density Calculation 
 


The number density data are needed in calculating 
macroscopic cross sections prior to solving the neutron 
diffusion equation. 


If we let the total number of constituting elements of 
subject compound material as T and number density of the 
compound material as NCM, then the number density of i-th 
element can be written as 


 


;  1 ~A CM
i i CM i


CM


N
N a N a i T


M
ρ


= = =                  (1) 


 
where a is an atomic fraction of the element and by 
utilizing the fact that its total sum is unity, the molecular 
weight MCM of the compound material can be as 


 


( )
1


1


T


CM i T i T
i


M M M a M
−


=


= − +∑                         (2) 


 
Combining Equation (2) with the definition of weight 


fraction r, the relationship between the weight fraction and 
atomic fraction can be obtained as 


 
;  1 ~CM i i iM r M a i T= =                                     (3) 


 
After combining Equations (2) and (3) and simplifying 


with Kronecker’s delta ijδ , the following system of linear 
equations is obtained. 


( )
1


1


;  1 ~ 1


T


i j T j ij i i
j


i T


r M M a M a


r M i T


δ
−


=


⎡ ⎤− −⎣ ⎦


= = −


∑                       (4) 


 
The compound density for fuel pellet was evaluated 


combining the individual actinide densities from literature 
and conservatively 85% of its theoretical value is used7,8,9. 
Figures 5 and 6 exhibit the atomic fraction and number 
density data for fuel and cladding, respectively. 
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 Fig. 5. Atomic fraction and number density data of fuel. 
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Fig. 6. Atomic fraction and number density data of cladding. 
 


II.D. One-group Constants 
 


In this study the flux spectrum from Case 01 is used to 
generate group constants. Figure 7 shows the flux spectrum 
calculated by MCNP5. Note that MCNP5 does not give the 
instantaneous fluxes at the moment. Instead, the volume 
averaged integral over the time and energy is provided as 
default. To transport the results into neutron spectrum data, 
each flux is divided by the corresponding amount of energy 
interval. 
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Fig. 7. Neutron flux spectrum for Case 01. 


 
In processing the new microscopic absorption cross 


sections and macroscopic cross sections, the interpolation 
points are obtained from the superset of the constituting 
independent data points to conserve the resolution of the 
data as shown in Fig. 8. 


 


         
Fig. 8. Generating superset from constituting independent data 
points. 


 
The one-group fission term fνσ  and one-group cross 


section σ  are calculated as 
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Figure 9 illustrates the microscopic one-group fission 
term and absorption cross sections for easy comparison. 
The microscopic constants are mixed by the corresponding 
number density data to yield macroscopic constants and 
later multiplied by volume fractions to generate effective 
constants for the homogenized core geometry. The core is 
assumed to be quasi-homogeneous due to its relatively 
long mean free path length (~120 cm) when compared with 
the dimension of fuel pins. 
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 Fig. 9. Microscopic one-group constants of constituting 


materials. 
 


II.E. Critical Core Dimension 
 


After all the required one-group constants are assessed, 
the buckling can be found given the fuel pin geometry as 


 
2 2


2 2.405
2


B
R R H H


π
δ δ


⎛ ⎞ ⎛ ⎞= +⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠
                   (7) 


 
where Rδ and Hδ are the extrapolation distances having 
values approximately twice the diffusion coefficient D. By 
rearranging and putting the above equation into equation 
for a cylindrical core volume, one obtains the following: 
 


( )
2


2
2


2.405


2


coreV H


H R


B
H H


π δ
π
δ


⎡ ⎤
⎢ ⎥
⎢ ⎥= −⎢ ⎥


⎛ ⎞⎢ ⎥− ⎜ ⎟⎢ ⎥+⎝ ⎠⎣ ⎦


             (8) 


 
Using equation (8), one can obtain the minimum 


critical core geometry. 
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Figure 10 summarizes the NORA evaluation procedure 
described so far. 


 


 
  
Fig. 10. Critical core dimension evaluation procedure by 


one-group diffusion theory. 
 
Figure 11 depicts the bucklings calculated by the one-


group theory for each test case in Table II. As is expected, 
one with the highest fuel pellet volume to cladding and 
coolant ratio (Case 5) shows the largest buckling, which 
generates the smallest core volume, and inclusion of the 
extrapolation length slightly reduced the volume of the 
active core region. 
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 Fig. 11. Buckling from one-group diffusion theory. 
 


III. CALCULATION RESULTS 
 


It is predictable that certain difference would exist 
between the critical core dimension or the buckling from 
solving the one-group diffusion equation and that from 
such more realistic evaluation as MCNP5, due to loss or 


lumping of actual underlying physics such as contributions 
of reactions from different neutron energy groups or spatial 
effects that would affect the reactivity of the core.10 


To assess the difference the effective multiplication 
factor keff is calculated with MCNP5 for the core dimension 
found from the one-group diffusion equation. The code is 
run using at least 20,000 particles for 250 cycles for the 
homogenized geometry. Table III lists the calculated keff 
values for each test case, which gives the subcritical values 
due to underestimated geometries. 


 
TABLE III 


Effective Multiplication Factor for Critical Geometry from One-
group Diffusion Theory 


No. keff  Standard deviation
1 0.96785 0.00028 
2 0.94415 0.00027 
3 
4 
5 
6 
7 
8 


0.90401 
0.87733 
0.97773 
0.95467 
0.94643 
0.92168 


0.00025 
0.00023 
0.00026 
0.00029 
0.00029 
0.00025 


 
Next, the critical core dimension (keff= 1.0±0.001) is 


found using MCNP5 by trial and error. Although it may 
sound rigorous, the approach does not require more than 3 
calculations for each test case as nearly linear relationship 
is maintained between the geometry, or buckling, due to 
the small core. Figure 12 shows the iteration steps for each 
case and the arrow corresponds to prediction step. Table IV 
depicts the values of buckling and corresponding keff 
calculated using MCNP5 code for each test case in Table II. 
Here the buckling is used without extrapolation length to 
simplify the procedure. 
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Fig. 12. Trajectory of MCNP5 calculation steps. 
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TABLE IV 


Buckling and Effective Multiplication Factor for Critical 
Geometry from MCNP5 Code 


No. Buckling keff Standard deviation 
1 0.066381 0.99994 0.00028 
2 0.053488 0.99922 0.00024 
3 
4 
5 
6 
7 
8 


0.041663 
0.032282 
0.071446 
0.057651 
0.057336 
0.045765 


1.00057 
0.99927 
0.99939 
1.00018 
1.00018 
0.99962 


0.00023 
0.00022 
0.00029 
0.00029 
0.00028 
0.00021 


 
To correlate between the results from the one-group 


diffusion theory and those from MCNP5, their bucklings 
are plotted together for each corresponding case in Fig. 13. 
The linear relationship is found from regression analysis 
and the residual sum of squares and the adjusted R2 value 
are found to be 9.11762E-6 and 0.99091, respectively, 
which shows good linearity between the two data. This 
relationship is to be utilized for adjusting the buckling 
obtained from the one-group diffusion theory. 
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Fig. 13. Relationship between buckling values from one-group 
diffusion and MCNP5. 


 
Next, several cases are selected from variable values 


between the extremities to check on the applicability of the 
evaluated relationship to other geometries in Table V. 


The same procedure described in Fig. 10 is applied to 
each test case to generate the adjusted bucklings and the 
MCNP5 code is used to calculate keff. Table VI summarizes 
the buckling and effective multiplication factors calculated 
by MCNP5 for each case. The core dimension is found by 
neglecting the extrapolation length as in Fig. 12. Note that 
the estimated dimensions give values quite close to critical. 


In addition, MCNP5 is run over the same cases to find 
the critical core geometry, or critical buckling, to compare 
with previous results. Table VII lists the critical bucklings 
assessed by MCNP5 with their relative difference between 


the adjusted buckling value and critical one, and maximum 
difference for test cases is found to be within 3% which 
may further be reduced when the acceptance level for the 
critical core (keff= 1.0±0.001) is raised in finding the critical 
buckling. 


 
TABLE V 


Test Cases for Fuel Pin Geometry 


No. Pellet diameter 
[mm] 


Cladding thickness 
[mm] 


P/D


9 5 0.25 1.2 
10 5 0.5 1.1 
11 
12 
13 
14 
15 
16 
17 
18 


5 
5 
5 
10 
10 
10 
10 
10 


0.5 
0.5 
1.0 
0.25 
0.5 
0.5 
0.5 
1.0 


1.2 
1.25
1.2 
1.2 
1.1 
1.2 
1.25
1.2 


 
TABLE VI 


Adjusted Buckling and Effective Multiplication Factor for 
Critical Geometry from MCNP5 Code 


No. Adj. buckling keff Standard deviation 
9 0.056568 1.00692 0.00027 
10 0.057955 0.99435 0.00029 
11 
12 
13 
14 
15 
16 
17 
18 


0.048665 
0.044684 
0.035899 
0.060976 
0.066900 
0.056568 
0.052155 
0.048665 


1.00477 
1.01071 
0.99278 
1.00732 
0.99573 
1.00692 
1.01277 
1.00477 


0.00026 
0.00026 
0.00023 
0.00025 
0.00027 
0.00027 
0.00027 
0.00026 


 
TABLE VII 


Critical Buckling and Effective Multiplication Factor for Critical 
Geometry from MCNP5 


No. Buckling keff Relative difference [%]
9 0.057319 0.99976 1.310 
10 0.057336 1.00018 1.079 
11 
12 
13 
14 
15 
16 
17 
18 


0.049163 
0.045765 
0.035194 
0.061752 
0.066381 
0.057319 
0.053457 
0.049163 


1.00023 
0.99956 
0.99906 
0.99959 
0.99994 
0.99976 
0.99994 
1.00023 


1.012 
2.361 
2.003 
1.255 
0.781 
1.310 
2.436 
1.012 


 
Once the critical geometry is obtained, we have to 


transport this back to heterogeneous one before moving on 
to next design stages. This is done as follows. 


The allowable total number of fuel pins is calculated 
based on the assumption that the pins with the pitch-to-
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diameter ratio is unity is filling the prescribed circular 
region with triangular arrays as shown in Fig. 14. 11 


 


 
 Fig. 14. Equilateral triangular pin pattern in circular region. 
 
The governing rule is simple enough; however, finding 


the actual number of pins enclosed within the circular 
region defies hand calculation. Numerical computation is 
thus performed following the procedure described below. 
Figure 15 shows the index notation of the pin arrays used 
in calculation. Note that the unit diameter is used to ease 
the calculation of the coordinates. First, each coordinate (x 
and y) of the constituting pin is calculated following the 
rule written below. 


 
Horizontal Coordinate using Row Index ‘i’ (for 


column number 0~N): 


3
4


x i= ×   (9) 


 
Vertical Coordinate using Column Index ‘j’ (for even 


numbered rows 0~N): 
1.0y j= ×                                                          (10) 


 
Vertical Coordinate using Column Index ‘j’ (for odd 


numbered rows 1~N): 
0.5 1.0 ( 1)y j= + × −                                       (11) 


 
Next, their radius, or the distance from the origin, is 


calculated and the number of pins having the same radius 
is counted. Finally, the diameter of the enclosing circular 
region is determined. Figure 16 shows the relationship 
between the number of pins and the minimum diameter 


normalized by the diameter of fuel pin of the enclosing 
circular region. 


 


3
4


3


  
Fig. 15. Index notation for calculation. 
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Fig. 16. Minimum diameter to encircle fuel pins. 
 


After adjusting the critical core geometry by way of 
the one-group diffusion theory aided by MCNP5, we chose 
the second smallest enclosing diameter to evaluate the 
number of required fuel pins for the sake of conservatism. 
The excess reactivity from this assumption can afterward 
be reduced by modifying the fuel enrichment or absorbed 
by placing control rods. Once the heterogeneous geometry 
is obtained from the NORA procedure described above, we 
can move on the more detailed neutronics design or initiate 
thermohydrodynamic calculation. Figure 17 demonstrates 
the NORA design procedure described in this paper. 


781







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11063 


   


  
Fig. 17. NORA core design procedure. 


 
IV. CONCLUSIONS 


 
In this paper, we have discussed the NORA approach 


to obtain the critical core geometry for battery reactor core 
based upon the classic one-group neutron diffusion theory. 


The proposed NORA design procedure may well save 
a lot of time when exercised as part of the optimization 
process in consequence of noticeably reduced spectrum 
generation and effective multiplication factor calculation. 
For example, the number of required MCNP5 run for fuel 
pin design is just 3×23= 24 which is three times the total 
number of test cases generated by mixing the extremity of 
independent design variables, and the computational effort 
and time needed in generating group constants and critical 
geometry from the one-group diffusion theory is nearly 
negligible when compared with the time for single MCNP5 
execution. 


In addition, once the curve for minimum diameter to 
encircle fuel pins is obtained, converting the homogenized 
geometry back to heterogeneous one does not require any 
extra amount of rigorous iteration. The same approach can 
readily be extended to fully reflected core geometry when 
uniform reflector configuration is maintained. 
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NOMENCLATURE 
 
a     atomic fraction                                                    [-] 
B    buckling of the core                                       [cm-2] 
D    fuel pin diameter                                                [m] 
E    neutron energy                                                  [eV] 
H    core height                                                         [m] 
i     index                                                                    [-] 


j     index                                                                    [-] 
k    multiplication factor                                             [-] 
M   molecular weight                                        [g/mole] 
N    number density                                            [#/cm3] 
P    fuel pin pitch                                                      [m] 
R    core radius                                                         [m] 
r     weight fraction                                                     [-] 
V   core volume                                                       [m3] 
x    relative horizontal coordinate                               [-] 
y    relative vertical coordinate                                   [-] 
 
      Greek Letters 
Δ  energy interval                                                   [eV] 
δ  extrapolation length                                            [m] 
ν   average number of neutrons  
      emitted per fission                                   [#/fission] 
ρ  density                                                          [kg/m3] 
σ  microscopic cross section                                [cm2] 
φ   neutron flux                                            [#/cm2-sec] 
 
       Subscripts 
CM compound material 
eff   effective 
f      fission 
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Overview of TRIPOLI-4© version 7
Continuous-energy Monte Carlo Transport Code


E Brun, E Dumonteil, FX Hugot, N Huot, C Jouanne, YK Lee, F Malvagi, A Mazzolo, O Petit, JC Trama, A Zoia
CEA Saclay, DEN/DANS/DM2S/SERMA, 91191 Gif-sur-Yvette, France


ABSTRACT


In this updated overview [1] of the Monte Carlo transport
code TRIPOLI-4©1, we list and describe its current main
features, including recent developments or extended capacities
like ßeff estimation, photo-nuclear reactions or extended mesh
tallies. The code computes coupled neutron-photon propaga-
tion as well as the electron-photon cascade shower. While
providing the user with common biasing techniques, it also
implements an automatic weighting scheme. TRIPOLI-4 has
support for execution in parallel mode. Special features and
applications are also presented.


I. INTRODUCTION


TRIPOLI-4 is a Monte Carlo code written mainly in C++
which computes coupled neutron-photon propagation as well
as the electron-photon cascade shower. Thus the types of
particle taken into account are : neutron, photon, electron and
positron.


It is composed of six software libraries : a geometry library
written in C, a cross-section reading library derived from
NJOY I/O fortran routines, a memory management library
(C++), a simulation library (main part, written in C++) and
two special libraries enabling parallel calculations which we
shall describe in section Parallelism Capabilities.


The code is used essentially for four major classes of
applications : shielding studies, criticality studies, core physics
studies, and instrumentation studies.


TRIPOLI-4 can make use of three different types of cross-
sections representation :
• full pointwise representation of cross-sections produced


by NJOY processing code system. The cross-sections files
are converted into the XDR portable binary format.


• full self-shielded, homogenized multigroup cross-sections
produced by the cell code APOLLO-2 or homogenized
multigroup cross-sections produced by TRIPOLI-4 itself.


• multigroup cross-sections with probability tables (. [3])
representation.


The nuclear data used by TRIPOLI-4 are the following for
neutrons and photons :
• cross-sections versus incident energy (for neutron or


photon interactions and for photon production by neutron
interactions).


• anisotropy and energetic transfers.


1TRIPOLI© is a registered trademark of CEA. We gratefully acknowledge
EDF and AREVA support


• thermal data (for neutrons).
• fission deposited energy (for neutrons).


II. GEOMETRY PACKAGE


The geometry package provides the user with two possible
types of descriptions for the system to be built. It is indeed
either possible to define desired volumes through predefined
shapes, or by means of surface equations. Once the volumes
have been declared, it is further possible to combine them to
create specific parts of the geometry. TRIPOLI-4 offers various
kinds of operators to achieve this : union, intersection, subtrac-
tion, smash. One may also want to use volumes to construct
complex lattices and also lattices of lattices : TRIPOLI-4 offers
this facility too.


III. SOURCE DESCRIPTION


The total source is a list of elementary sources, each one
being given in a factorized form :


S(r, E ,Ω, t) = C × F (r)×G(E)×H(Ω)× T (t) (1)


User’s laws are either tabulated or analytical. For the geo-
metrical part of the description, if the source is not punctual,
a grid is associated to the description (either defined by
the user in the tabulated case, or computed by the code
in the analytical case). The coordinates can be cartesian,
cylindrical or spherical for the geometrical description. The
spectral description gives the choice among rays, band, Watt
spectrum, Maxwell spectrum, any user tabulated law or any
user analytical law.


A global intensity can be imposed by the user. The real
intensity of source for the simulation can be different if the
simulation domain is limited by upper and lower energies.


If a biasing scheme is used the spatial and energetic de-
scriptions of the source really used in simulation are actually
coupled. Moreover a biased norm of the source is used in this
case instead of the natural norm (see the section Simulation
Principles).


IV. BIASING SCHEME


A. Importance Function Definition


TRIPOLI-4 makes use of a certain number of variance re-
duction techniques which lead to a biasing of simulations. For
the general biasing scheme to work, an importance function
has to be defined that will allow us to associate to every
phase space point a corresponding weight (the importance
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function’s inverse). This importance function can be written as
the factorization of a spatial importance Is(r, E), an energetic
importance Ie(E), an angular importance Id(r, E ,Ω) and a
temporal importance It(t) :


I(r, E ,Ω, t) = Is(r, E) × Ie(E) × Id(r, E ,Ω) × It(t) (2)


where : (we set KΩ0 = ∇I/I , with Ω0 a unit vector.
ΩDn


is the actual direction towards the n-th detector among N
detectors; note that these detectors have no physical existence,
their role is to attract particles towards places of interest)


Is(r, E) =
N∑
n=1


In(E) exp


(
−
ˆ sDn


0


ds (KEΩDn
.Ω0)(r + sΩDn


)


)
Ie(E) = Eα


Id(r, E ,Ω) =
Σt(r, E ,Ω)


Σt(r, E ,Ω)− (KΩ.Ω0)(r, E ,Ω)


It(t) = 1 + λt
(3)


In(E) is the importance for each detector; its form is the
same as the one given for Ige in section Inipond Module.


To compute automatically an importance map, we discretize
the phase space in a three-dimensional grid and in several
energy groups. The parameters α are given for each group.
Computing the spatial component Is(r, E) of the importance
function without previous knowledge of the Ω0 function on
phase space, is actually possible through a shortest path
algorithm, provided K is known. Hence we first solve for
K ([2]), then use the latter algorithm based on graph theory
(Dijkstra’s algorithm) to compute Is(r, E) for each cell and
energy group. Further, we derive the Ω0 function, using a
finite difference approximation of the importance’s gradient.
We shall use the following notation for the biased section :


Σ?t (r, E ,Ω) = Σt(r, E ,Ω)− (KΩ.Ω0)(r, E ,Ω) (4)


B. Inipond Module


We have seen that our weighting scheme has first to be
initialized, i.e. K values have to be computed for each material
and energy group (defined for the weighting scheme to be
operational : it has nothing to do with the type of cross-section
representation that has been chosen). In TRIPOLI-4 this step
is based on the importance equation that we can write for I .
Using (2) and (3), we have for each medium [2] :


ΣgstotIe
g =


Σgt
2Kg


ln


(
Σgt +Kg


Σgt −Kg


)∑
g′


Σg→g
′


s Ie
g′ (5)


with :


Ie
g =


1


β + 1


(Egsup)β+1 − (Eginf )β+1


Egsup − Eginf
(6)


where Eginf and Egsup are the bounding values for group g;
s stands for scattering, t for total; β behaves as the global
strength of the biasing and is chosen by the user (typically
between 0 and 1).


C. Importance’s analytical forms
It is sometimes useful to push particles uniformly toward


a surface D, without any energetic considerations. For the
cylindrical case, the user defines a cylinder whose axis is given
by a point C and a unit vector u. The spatial importance value
attached to each cell center M is then : (equation (3))


Is(M, g) = ID(g) exp


(
−
ˆ sD


0


dsKg(rM + sΩD)


)
(7)


And the directions of interest are the following :


Ω(M) =



CM−(CM.u)u
‖CM−(CM.u)u‖ if ρM < ρD,


− CM−(CM.u)u
‖CM−(CM.u)u‖ if ρM > ρD,


0 if Dcrosses the cell M.
(8)


These analytical forms for spatial importance can be effi-
ciently combined with a cylindrical grid.


D. Example of the biasing efficiency
For this study, one eighth of a PWR reactor is modelled


from the core to the primary concrete, including the pressure
vessel, the primary coolant loop and the barrel. The aim
of the calculation is to evaluate the flux of neutrons which
energy is greater than 1 MeV through the entrance of the
vessel. Figure (IV.1) shows the efficiency of the biasing for
this application.


V. SIMULATION PRINCIPLES


On one hand, because of the biasing techniques used,
every particle gets a simulation weight W(r, E ,Ω, t). On
the other hand, the importance sampling technique provides
us with a reference weight Π(r, E ,Ω, t) = 1/I(r, E ,Ω, t).
Thus, w(r, E ,Ω, t) = W(r, E ,Ω, t)/Π(r, E ,Ω, t) measures
the particle’s weight discrepancy during its trajectory through
phase space. The theoretical zero-variance game leads us to
try to prevent w from being too far from 1. For this purpose,
we strive for sampling transport and, when needed, collision
according to importance biasing rules.


A. Source Sampling
When biasing is not used, the source density is the one given


by (1). In a biased simulation, particles are sampled according
to the biased source density :


S?(r, E ,Ω, t) = S(r, E ,Ω, t)× Is(rc, g) (9)


where Is(r, E) is the spatial component of importance
function, defined in (2), and rc is a reference point, either
r itself if the source is ponctual, or the center of the cell
to which r belongs within the grid attached to the tabulated
or analytical geometrical description of the source; g is the
energy group of the biasing scheme to which E belongs.


We see that the geometrical part of the norm of the biased
source is :ˆ
S?(r, E ,Ω, t) dr = C G(E)H(Ω)T (t)


ˆ
F (r)Is(rc, g) dr


(10)
It is worth noting that for the biased source a correlation


between space and energy parts arises. Birth weight for
sampled particles is 1/I(r, E ,Ω, t).


1585



Lynne

Typewritten Text

Proceedings of ICAPP 2011Nice, France, May 2-5, 2011Paper 11381







3


(a) without biasing


(b) with biasing


Figure 1. Collision sites representation for a PWR reactor modelled from
the core to the primary concrete.


B. Transport Sampling


The practical biasing T ? we use for the transport operator
is commonly called exponential biasing. Transport is sampled
through the kernel :


T ?(r → r′; E ,Ω) =
δ
(
Ω. r′−r
|r′−r| − 1


)
|r′ − r|2


×


Σ?t (r
′, E ,Ω) exp


(
−
ˆ |r′−r|


0


Σ?t (r + sΩ, E ,Ω) ds


)
(11)


C. Collision Sampling


The theoretical biasing for the collision kernel is obtained
through an adjoint formulation of Boltzmann equation. If C?
is the biased kernel, we get :


C?(E ,Ω→ E ′,Ω′; r) =


C(E ,Ω→ E ′,Ω′; r)


(
E ′


E


)β (
Σt
Σ?t


)
(r, E ′,Ω′)


× exp


(
−
ˆ sD


0


ds ((KE
′
−KE)ΩD.Ω0)(r + sΩD)


)
(12)


In practice, N fictitious collisions are sampled, the energy
and the direction of the emerging particle (E ′i ,Ω′i) are com-
puted for each collision i. We choose then among these N
collisions by sampling according to the probability density :


I(r, E ′i ,Ω′i)∑N
i=1 I(r, E ′i ,Ω′i)


(13)


This favors directions around Ω0 and secondary energies
leading to a bigger importance. But this kind of biasing
is computationally expensive and therefore rarely used in
TRIPOLI-4 runs.


D. Weight Watcher


During the first five batches of the simulation, the reference
weight values Π(r, E ,Ω, t) are adjusted from group to group.
It takes into account :


• the mean of weight discrepancies w(r, E ,Ω, t) in a group
during the simulation of the batch,


• a possible population explosion in the group (due to
excessive splitting),


• reference weight adjustments in higher energy groups.


We then obtain a scale factor for each group (which is 1 for
the first group). This adjustment requires to compute the norm
of the biased source again; as this can be computationally
expensive, this treatment is carried out only at the beginning
of the simulation.


During computations, the well-known techniques of russian
roulette and splitting are used : just before transport on one
hand and just before collision on the other hand. The goal is
always to keep weight discrepancy of particles close to 1.
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E. Electron-Photon Cascade Shower


TRIPOLI-4 includes an electromagnetic cascade shower that
treats both electrons and positrons [6]. This cascade is based
on Goudsmit-Saunderson multiple scattering formalism that
uses Mott to Rutherford cross sections ratios or EEDL97 cross
sections depending on the energy threshold of the charged
particles. Photon physics includes coherent and incoherent
scattering and the photoelectric effect. Pairs production and
pairs annihilation are also simulated. Validation campaigns are
made with an EU152 source and HPGe detector. The most
recent results are presented in detail in [9].


F. Quantities of Interest and Estimators


For each interesting physical quantity, a Monte Carlo sim-
ulation offers different types of estimators, ie different tallies
(that we will denote by Θ : the actual collected value is then
W×Θ). TRIPOLI-4 enables the user to compute the following
physical quantities : a flux, a multiplication factor, a current,
a reaction rate, a dose equivalent rate as well as deposit of
energy and recoil energies. In the following we describe some
of these quantities of interest with their associated estimators.


G. Flux Estimation


� collision estimator (of integrated flux in a volume) :
for each collision in the specified volume, the inverse
of the total macroscopic cross-section of the medium is
collected. Θ = 1/Σt (note that for low density media the
efficiency of this estimator is poor)


� tracklength estimator (of integrated flux in a volume) :
each time a particle crosses the volume, we collect the
length ` of particle’s track in it.Θ = `


� surface estimator (of integrated flux on a surface) : each
time a particle crosses the surface, we collect the inverse
of the scalar product between particle’s direction Ω and
the surface normal n. This estimator is less stable than
the two above. Θ = 1/Ω.n.


TRIPOLI-4 also offers the possibility of computing a flux at
a given point. In this case a specific collisionless estimator is
used. The broad idea being that for each collision we collect
the probability that the particle will emerge in the direction of
our target small region (a small sphere centered on the point of
interset) as well as the probability that no collision will occur
during the flight toward our region (i.e a deterministic transport
is done toward the point of interest from each collision point
of the simulation).


H. Current Estimation


Here the estimator takes a very simple form : indeed it is
sufficient, in order to compute a current on a surface, to count
every particle that crosses the given surface. Hence, Θ = 1.


I. Reaction Rate Estimation


If we denote by Ri the reaction rate for reaction type i,
from Ri = Σiφ it is readily seen that estimating the reaction
rate amounts to estimating the flux φ.


J. Multiplication Factor Estimation


In a criticality calculation, we are interested in knowing
how the neutron population evolves. This is done through
the computation of the so-called multiplication factor (keff ),
defined as the ratio of number of neutrons between successive
generations. The different estimators implemented for the
computation of the multiplication factor are the following :


1) Kstep : for each fission, the number ν of generated
neutrons is collected. Θ = ν .


2) Kcoll : for each interaction on nucleus (i), the mean num-
ber of fission neutrons is collected. Θ = ν(i)σ


(i)
f /σ


(i)
t .


3) Macro Kcoll : for each interaction in the current
medium, the mean number of fission neutron for the
medium is collected. Θ =


∑
i ν(i)Niσ


(i)
f /


∑
iNiσ


(i)
t =∑


i ν(i)Niσ
(i)
f /Σt.


4) Ktrack : each time a particle crosses a fissile medium
(with tracklength `), we collect Θ = `


∑
i ν(i)Niσ


(i)
f .


5) Kij : this estimator actually solves the eigenvalue problem
associated with the criticality calculation, through the
computation of the fission matrix F(r, r′) that gives the
probability that a neutron coming from a fission at r′


produces a fission neutron at r. The code actually gives
the transposed fission matrix and its first eigenvalue.


K. ßeff estimation


Two algorithms are available to estimate the ßeff factor.
One is based on the comparison of the keff with and without
delayed neutrons, the other on the Nauchy estimator for ßeff.
An example of validation is given in [10].


L. photo-nuclear reactions


Photo-nuclear reactions are taken into account from version
7. An example of validation is available in [11].


VI. PERTURBATIONS


The code has also a wide range of perturbation estimation
capabilities (see also [7]). We use the tools developped for
the weighting scheme (correlated sampling) instead of the
Taylor expansion mechanism which is less straightforward for
criticality problems.


The mechanism is simple. Let P the law of the trajectories
for the unperturbated simulation, and Pλ the law correspond-
ing to a transport process with parameter λ perturbated. In
addition to the weight taking into account survival biasing
and the weighting scheme, we maintain a likelihood factor
l(xi, λ) = P (xi,λ)


P (xi)
which gives the relative probability of


having a trajectory in state xi after transition i if it were
simulated with probability Pλ instead of P . Now if we want to
estimate what would have been a reaction rate or any quantity
of interest, each time we increment the contribution to the
unperturbated score by quantity s we have just to increment
the pertubated score by an amount of sl(xi, λ). If we want to
estimate a differential effect we increment the pertubated score
by an amount of: s(l(xi, λ)− 1). This quantitiy is the analog
of the logarithmic derivative of the transition operator in the
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Taylor scheme. We do not have the problem of deciding the
order of the derivatives to take into account but we can have
an unstability of the variance in case of large perturbation. At
least this appears clearly to the user.


Now this approach is simple and unbiased for fixed source
problems. For criticality problems we have to propagate the
perturbation through generations to take into account the
modification of source distribution due to the perturbation. So
when a neutron of generation n in xni gives birth to a new
neutron xn+1


0 the new neutron inherits the likelihood factor
l(xn+1


0 , λ) = l(xni , λ). It was observed that the variance σ
of the factors l(xn0 ) corresponding to the sources particles of
batch n grows to infinity while iterating through generation,
the likelyhoods split into a group of large values and another
group of very low values as the perturbated and unperturbated
source distribution drift apart. To control this weight dispersion
at the beginning of each batch we compute a dispersion index
σ(li)
E(li)


.
When this index is greater than a threshold we proceed


to a renormalization by resetting all the li to 1 and then let
again the likelihoods evolve through generations until next
renormalization. The greater the threshold is, the less unbiased
the estimation of the pertubation will be but also the larger the
variance of the estimation will be. The lesser the threshold ,
the more stable the variance will be at the expense of a risk of
underestimation of the perturbation. Experiments showed that
a threshold of 0.25 is sufficient to control the variance while
keeping biais on the perturbation estimation within margins of
statistical errors. So this scheme is used for all perturbations
available in Tripoli-4 which consist in compositions density,
nuclear concetrations in a composition and all interaction cross
sections.


VII. PARALLELISM CAPABILITIES


Since in Monte Carlo transport codes, simulation is carried
out by following particles paths that are independent either
for the whole problem (such is the case for radioprotection
calculations) or on a generation basis (criticality calculations),
parallelization of the algorithm appears to be quite natural.
Indeed, it is readily seen that one does not need any algo-
rithm’s modification to achieve parallelism. Furthermore the
communication graph can be made very simple : basically
a master node that controls slaves (with no communication
needed between them) will do. To this configuration we add a
special process, called the collector, which will collect results
obtained by the slaves. Since we assign to each slave node
independent particles histories, our configuration proves to be
very flexible. And provided the number of particles histories
per node is not too low, we expect Tcalculations � Tcommunications,
thus being not far from perfect speed-up for most problems.


However natural such a parallelization may seem, we had
to be careful about the following :
• The random number generator is a vital issue and in


a parallelization context, it must address the following
points : no correlations between calculation nodes, ran-
dom number generation for each node without commu-
nication between them and a sufficiently large period for


common simulations. Within TRIPOLI-4 we opted for the
Generalized Feedback Shift Register’s algorithm ([4]).


• In a criticality calculation, we are interested in computing
the neutron multiplication factor. Parallelism takes place
within each generation. That is for each generation we
manage to reduce the statistical variance. Thus in the
first stages of the simulation, estimating standard devi-
ation cannot be used as a reliable criterion to determine
neutron sources’ convergence. We rather use another test,
namely :


∀n ∈ {1, ..., Ng} 1.− ε ≤
σ2
N+n−1
σ2
N+n


≤ 1.+ ε (14)


The paradigm for the implementation consisted of a distributed
memory architecture with a classical Message Passing scheme.
Two specific libraries were actually designed :


• The Communication library which takes care of pro-
viding processes with communications facilities : mes-
sage’s type and content, storage, send/receive actions in
blocking/non-blocking mode, XDR formatting, ... This
library defines a set of generic methods and classes.


• The Parallelism library which serves three major pur-
poses : implementing communications through the choice
of a specific programmation interface (MPI, PVM, TLI,
BSD sockets), performing processes’ unitary actions and
managing the commands/data flux.


Benchmark calculations showed almost perfect speed-up,
demonstrating in the process that communications overhead
can be neglected.


To use TRIPOLI-4 in parallel mode, the user is only
requested to provide a specific data file from which the
communication’s graph of the specified nodes will be built.
TRIPOLI-4 supports execution on a network of workstations
as well as on massively parallel machines.


VIII. SPECIAL FEATURES


This section describes some additional user functionalities.


A. Conditional Scores


This fonctionality is useful in complex protection cases :
we ask for scores conditionally to specified volumes of user’s
geometry : contributions to such a score are collected only if
particles passed through the volumes mentioned by the user. It
enables him to have an idea of particles preferential way during
simulation. He can then improve the position of detectors
and therefore improve the spatial biasing in a subsequent
simulation.


B. Particles Storage


Characteristics of particles crossing a given border can be
stored. This enables the user to generate sources for another
code or even to do other TRIPOLI-4 simulations in a refined
region of the first simulation’s geometry.
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C. Resuming a Stopped TRIPOLI-4 Run


For long simulations the user has the possibility to split
his TRIPOLI-4 calculation. When the user first stops his
simulation a “keep result” file is created. Then when the user
decides to go further in his simulation, the file is reloaded and
calculation starts again from the last batch of particles, holding
account of the first batches. The state of the random number
generator has also been stored and therefore is not restarted.


D. Collision Bands


Another useful fonctionality is the use of collision bands.
During the simulation, characteristics of particles crossing
given volumes of the geometry are stored in a binary file.
This file can then be exploited to compute new scores in the
same volumes, without having to fully resimulate the histories
of particles.


E. Green’s functions


A Green’s function module is dedicated to source parametric
studies. It is based on the pre-calculation of Green’s functions
between the source point and the response scoring area. Once
computed by a direct biased Monte Carlo transport, these
functions are stored. With these values, for each new source
configuration the tallies are recombined, without any new
particle history simulation. Results concerning flux estimation
from a PWR ex-core chambers are given in [8].


F. Using an entropy criterion to assess source convergence in
criticality mode


To better assess the source convergence process in the
criticality mode, the user can define a dedicated mesh on
which are computed Shannon and Boltzmann entropies of the
source distribution[12]. Important variations of entropy can
reveal source convergence problems in criticality studies.


G. Mesh tally


The 3D mesh tally of TRIPOLI-4 was designed to have
an independent score geometry for tally purpose [13]. It is
helpful for fission neutron source convergence study, power
map calculation, flux distribution and radiation dose map
applications. Both collision estimator and tract-length esti-
mator are available for mesh tally of TRIPOLI-4. Cartesian,
cylindrical, spherical and hexagonal mesh tally options have
been implemented and they can be used on various fuel and
geometry conditions. Mesh tally is easy to use in input data
preparation and the post-processing of simulation results to
construct the power map is also user-friendly.
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Abstract – This paper presents an experimental investigation on the liquid film dynamics by a 
confocal optical measurement system and the bubble dynamics by a high-speed camera. The tests 
are carried out to quantify boiling phenomena in a thin horizontal water film with thickness less 
than 1 mm under various heat fluxes up to 1 MW/m2. The results show that under a constant water 
supply, the waving of the liquid film is gradually amplified with increasing heat flux before the 
onset of boiling. Nucleate boiling and bubble dynamics further intensifies the amplitude and 
chaotic nature of the waving interface of the liquid film. When heat flux increases to 250 kW/m2, 
there forms a large bubble adhered to and hovering over the whole heater surface. Small bubbles 
grow and rupture in the base of the large bubble. Further increasing the heat flux, the hovering 
vapour clot disappears, and regular bubble cycles (nucleation, growth and rupture) take place 
without the observation of bubble departure due to the lack of buoyancy. For the heat flux up to 1 
MW/m2, dry spots are observed under some bubbles but rewetted after bubble rupture. At the 
relatively high heat flux, while the influence of heat flux on the distribution of bubble rupture 
diameter is negligible, the bubble rupture frequency increases approximately linearly with heat 
flux from 266 kW/m2 to 938 kW/m2. 
 


 
I. INTRODUCTION 


 
Presently a general consensus for fully developed pool 


nucleate boiling on a flat plate is the existence of a thin 
liquid layer (so-called macrolayer) immediately adjacent to 
the heater surface and accordingly some analytical models 
for boiling heat transfer have been developed. Thus, the 
understanding and prediction of the bubble and liquid film 
dynamics related to the macrolayer are of great importance 
to the mechanisms of boiling heat transfer.  Nevertheless, it 
is a challenge to quantify the macrolayer dynamics, due to 
the micro-scale nature of the problem and the existence of 
overlay two-phase pool which hinders measurement and 
direct observation on the near-wall liquid layer. 


Sadasivan et al.1 reviewed a few pioneer investigations 
on macrolayer thickness measurement and some physical 
models for the prediction of macrolayer dynamics (its 
formation and its thickness evolution). They concluded 
that the model of lateral bubble coalescence is promising to 
describe the macrolayer evolution while the Helmholtz 
instability is not responsible for the macrolayer stability. 


Recently, a lot of new boiling experiments using novel 
designs of test setup and instrumentation were carried out, 
taking advantage of the progresses in both fabrication (e.g., 


MEMS) and diagnostic technologies (e.g., high-speed 
infrared imaging). Auracher and Marquardt2, 3 used a micro 
optical probe to measure the void fraction distribution 
among the range from 8 μm to 2 mm above the heater 
surface and found that the peak distance of void fraction 
from the heater surface is likely the reflection of the bubble 
departure diameter. Ono and Sakashita4, 5 measured the 
macrolayer thickness through analyzing the signal obtained 
by a conductance probe. The experimental data showed the 
macrolayer thickness was approximately less than 300 μm 
for pool boiling of water and the dry area fraction on the 
heater surface remains very small, around 5~15% even at 
the CHF (critical heat flux) condition.   


High-speed visualization methods were also exploited 
to directly observe the void pattern and bubble dynamics 
adjacent to the heater surface. Nishio & Tanaka6 observed 
the dry pattern of boiling on a transparent ITO film heater 
from the bottom, for different working fluids of ethanol, 
R113 and R 141b. Diao et al.7 studied the behaviors of 
bubble growing on a ITO film heater by the bottom view 
of a high speed camera. Bang et al.8 developed a diagonal-
inside visual system to observe the dry pattern and liquid 
film behavior at heat fluxes near the CHF.   
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In addition to point measurement of various probes 
and high-speed photography, Theofanous et al.9, 


10 used 
infrared high-speed camera and X-ray to obtain the thermal 
pattern on the heater surface and the void fraction pattern 
for boiling pool, respectively. These are two-dimensional 
measurement of temperature field and void fraction. Based 
on their experimental results they proposed the “scale 
separation” concept which suggests that the heat transfer 
and CHF of pool boiling are governed by the micro-
hydrodynamics of a near-wall liquid layer sitting and 
evaporating on the heater surface, and irrelevant to the 
hydrodynamics of the overlay two-phase pool. As a result, 
the studies on the mechanisms of boiling crisis (CHF) can 
be carried out on a thin liquid layer, which facilitates the 
visualization and measurement of boiling in more detailed 
level, but does not lose the key physics of boiling. This 
provides the rationale to perform BETA-B experiment11 


investigating boiling phenomenon in a thin water film by 
synchronized high-speed photography and IR imaging. 


To further quantify the dynamics of the liquid layer, a 
measurement system equipped with confocal optical sensor 
was developed to record the instantaneous thickness of the 
liquid film under various thermal-hydraulic conditions12-14. 
It was found14 that for a liquid layer of thickness less than 
2 mm, the bubble of boiling at low heat flux (< 60 kW/m2) 
will stick on the heater surface for a relative long period 
due to disappearance of buoyancy, and a dry spot appears 
under the bubble but is rewetted after bubble rupture. An 
irreversible dry spot appears when the film approaching a 
minimum thickness from 1.21mm to 1.9mm corresponding 
to heat flux from 26 kW/m2 to 52 kW/m2. 


The present study is a follow-up of our previous14 by 
extending the experiment to high heat flux boiling in a thin 
liquid layer. The focus is placed on the dynamics of the 
bubbles and the liquid film under intensive boiling. An 
experimental setup is developed for boiling in a thin liquid 
film with thickness less than 1 mm. A high-speed camera is 
used to observe the bubble dynamics from the top and the 
confocal optical sensor measurement system is employed 
to record the liquid film thickness and evolution.  


 
 


II. EXPERIMENT METHOD 
 


II.A. Test Facility 
 
The test facility, as shown in Fig. 1, is designed and 


developed to achieve high stability and high accuracy for 
liquid film thickness measurement at micro meter level. It 
consists of an optical table, liquid supply and temperature 
control system, power supply and heating system, high-
speed visual system, confocal optical sensor system, an 
one-dimensional linear manipulator, a three-dimensional 
micro-manipulator and its control system, lighting system, 
and a test section for boiling on a titanium film heater 
coated on a piece of glass sheet. The optical table provides 
the required vibration isolation for both the test section and 
the instrumentation mounted on the platform. Water is pre-
heated in a stainless steel water tank by band heater to a 
desired temperature and its level is maintained with a 
temperature controller; the hot liquid is then supplied to 
the test section through a micro pump capable of accurate 
flow control. 


 
Fig. 1. Schematic of the test facility.
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II.B. Test Section and Instrumentation 
 
The test section for boiling in a liquid film is as shown 


in Fig. 2, where a Teflon support is manufactured to hold 
the film heater and its electrodes. The structure is fixed on 
the optical table through screws and can be regulated to 
reach a horizontal orientation of the film heater surface. 
Fig. 3 shows the SEM image of the film heater (made of 
titanium) surface. The fabricating process of the film 
heater is as follows: on a piece of cleaned quartz glass (40 
mm × 30 mm) with thickness of 1 mm, first sputtering a 
titanium film on an area of 40 mm × 8 mm with thickness 
of 150 nm, then sputtering 300-nm-thick gold films over 
the titanium film at two sides, while leaving an area of 8 
mm × 8 mm uncovered in the middle to be used as heating 
zone. The gold films with the area of 16 mm × 8 mm at 
each side are then tightly connected to two pieces of gold 
blocks (30 mm × 6 mm × 3 mm) serving as the electrodes 
to the DC power supply as well as the boundaries of water 
film formation. The channel accommodating the liquid 
film between the electrodes is 16 mm wide and 30 mm 
long, with the heating zone (8 mm × 8 mm titanium film) 
situated at the center of the channel. Under the heating 
zone, a T-type thermocouple is mounted to the downward 
wall of the quartz glass to measure the wall temperature. 
Saturated water is supplied to the channel from one side 
where a piece of glass with height of 3 mm is fixed as a 
physical boundary preventing water from flowing out. On 
the opposite side a height-adjustable glass sheet is used to 
regulate the water layer thickness. When the height of the 
glass sheet is set to be 1 mm, the thickness of an adiabatic 
liquid film in the channel is 1 mm ± 20%, depending on 
the locations. The working fluid is de-ionized water which 
is preheated by band heaters and kept saturated in the 
water tank. After degassing the water is delivered to the 
test section by the micro pump which has accurate step 
control with the resolution of 0.0142 ml/s.  The tube from 
the pump to the test section is heated by coiled electrical-
resistance wires so as to maintain water temperature near 
saturated at the outlet of the tube. The water tank and all 
tubes are thermally insulated.  


The confocal optical sensor system employed in 
present study is made by the Micro-Epsilon Company in 
Germany (www.micro-epsilon.com). As illustrated in Fig. 
1, the sensor is incorporated with a controller which is also 
connected to a special Xenon light source. The controller 
optoNCDT2431 is chosen here, which is communicated 
with the computer through a software package. The sensor 
IFS2431-3 selected has maximal sampling rate of 30 kHz, 
measurement range of 3 mm, spatial resolution of 0.12 µm, 
and maximal measurable tilt angle of ± 22˚. The principle 
and calibration of the confocal optical sensor system was 
documented in the previous study12, showing a good 
agreement with the measured results of a micro conductive 
probe, and a promising capability to capture film dynamics. 


In the current experiment, the confocal optical sensor is 
fixed onto a 3D micro manipulator (with a µm resolution) 
to precisely position the sensor above the heating zone, 
with the sampling rate of 2000 Hz. 


 
Fig. 2. Test section. 


 


 
Fig. 3. SEM image of titanium film. 


 
A high-speed CMOS digital camera (DRS Lightning 


RDT plus) with a recording speed up to 100,000 frames 
per second and a tungsten spot light (DedoCool) are used 
for the visualization of the bubble and liquid dynamics. 
For the present tests, the recording speed of 5000~10000 
frames per second is used. The camera and the light are 
placed as illustrated in Fig. 2, and adjusted to have a good 
contrast of the interfaces between phases (water, vapor and 
air) so as to see their movements. In this study the top view 
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is arranged to record the bubble dynamics. When the high-
speed camera is recording, the confocal optical sensor is 
moved out of the visual field by the 1D manipulator.  
 


II.C. Test Procedure 
 


De-ionized water is heated by the band heaters to 
saturated temperature more than half an hour, and then 
opens the gas discharge valve for degassing purpose. 
Water is then pumped to the test section through a tube 
which is heated by the coiled heater to reduce heat loss 
along the tube. Prior to water supply to the test section, the 
film heater surface is regulated to be horizontal by using 
the displacement mode of the confocal optical sensor12. 
After the channel is flooded, turn on the DC power supply, 
and gradually regulate the water supply flow rate as well as 
the heating power to desired values. The water supply is 
controlled by the micro-pump. The flow rates are selected 
in such a way that they are comparable to evaporating rates 
at boiling condition. This way the extra water flowing out 
the channel is minimized while a stable water film is 
formed on the heater surface. In other words, the shear 
force due to film flow should be negligible. Two mass flow 
rates are applied in this study: one is 0.0994 ml/s for low-
heat-flux conditions (less than 500 kW/m2); the other is 
0.1278 ml/s for high heat flux conditions (500~1000 
kW/m2). 


Following the establishment of steady-state boiling in 
the liquid film, the high-speed camera and the confocal 
optical sensor are brought into operation subsequently. At a 
given heat flux, the high-speed camera is used to observe 
and record the boiling phenomena at first, and then the 
confocal optical sensor is moved into position to measure 
the liquid film thickness at the centre of heating zone. 


 
 


III. RESULTS AND DISCUSSION 
 


III. A. Liquid Film Dynamics 
 
Due to capillary force, the water surface in the channel 


is not flat (cf. Fig. 4), with a pronounced curvature near the 
vertical walls. To quantify the influence of capillary force, 
the thickness profile of the liquid film on the heater surface 
is measured along the X direction for the positions of A, B 
and C along flow direction (see Fig. 4a). Fig. 4b shows the 
time-averaged thickness profile of the liquid film under 
non-heating condition. One can see that the liquid film is 
quite flat within the region 1 mm away from the center of 
the heating zone. The maximum thickness difference 
between the center and the boundary is around 200 µm in 
the measured area (8 mm × 7 mm) of the heating zone. The 
blue line of Fig. 5a shows the instantaneous thickness of 
the liquid film at the center of the film heater. 
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Fig. 4. Thickness profile of an adiabatic liquid film with 
flowrate of 0.0994 ml/s: (a) measurement positions; (b) 


time-averaged thickness profile. 
 
Fig. 5 also shows the development of waving surfaces 


with increasing heat flux. Fig. 5a is for three cases prior to 
inception of boiling, whose heat fluxes are 0, 47 and 78 
kW/m2, respectively. One can see that the amplitude of the 
interfacial wave amplifies significantly, with the standard 
deviation (SD) of the thickness from 8.9 µm under the 
non-heating condition to 39.3 µm under heat flux of 78 
kW/m2. This illustrates that the heat source enhances the 
natural convection in the vertical direction. When 
continuing to increase the heat flux, boiling initiates and 
further enlarges the waving of the liquid film. Fig. 5b 
shows the liquid film dynamics under low heat flux boiling 
conditions. The zero thickness values are invalid signals 
mainly because the curvature of the waving liquid film at 
the measuring point exceeds the maximum measurable tilt 
angle of the confocal optical sensor. Between 0 ~ 400 µm, 
the scattered signals of the liquid film thickness indicate 
the thickness variation of the liquid film near the bubble 
foot or beneath the bubble after bubble rupture. Beyond 
400 µm, the signals reflect the waving characteristics of 
the bulk liquid film. Further increasing the heat flux, both 
the nucleation sites and the bubble rupture frequency 
increase, and the liquid film dynamics becomes more and 
more chaotic as shown in Fig. 5c.  
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At heat flux of 468 kW/m2, the rupture of the liquid 
film occurs downstream after the heating zone and the 
rivulet flow appears near the channel edges, although the 
heating zone is still well wetted. This implies the 
operational condition is approaching the balanced point of 
water supply rate and evaporation rate. Fig. 5d shows at 
such a condition the measured thickness of the liquid film 
at the center of the heating zone. Again, a waving liquid 
film is observed, and its thickness is less than 400 µm. 
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Fig. 5. Dynamic thickness of liquid films at the center of 
the heater (water supply rate of 0.0994 ml/s): (a) non-


boiling; (b), (c), (d) boiling. 
 


III.B. Bubble Dynamics 
 


In addition to the liquid film dynamics measured by 
the confocal optical sensor, the corresponding bubble 
dynamics is also recorded through the high-speed camera. 
Boiling in the liquid film initiates at heat flux of ~100 
kW/m2. At low heat flux a few bubbles sticks on the heater 
surface for a relative long period and then ruptures14. With 
the increase of the heat flux, bubble density per unit area 
will gradually increase and lateral coalescence occurs 
between neighbouring bubbles, resulting in a large bubble 
(see Fig. 6a) adhered to the heating zone for a relatively 
long time (several seconds). Interestingly, such an adhered 
large bubble appears only within a narrow heat flux range; 
Exceeding a certain value of heat flux (266 kW/m2 in this 
study), the adhered bubble will burst and no longer appear. 


From the images of boiling at heat flux of 250 kW/m2 
as shown in Fig. 6a, another phenomenon is that there is a 
small bubble (called sub-bubble hereafter) initiated under 
the adhered large bubble, which gradually grows (marked 
by the red rings) and finally ruptures at time of 1.6 ms. The 
sub-bubbles generated in the base of the adhered bubble 
are usually smaller than the bubbles nucleated in the liquid 
layer without a adhered larger bubble (Fig. 6b vs Fig. 8). 
One hundred successive sub-bubbles are analyzed and the 
distribution of their rupture diameters is shown in Fig. 6b. 
In this case, the majority of the sub-bubbles is smaller than 
2mm, and half of the sub-bubbles have the diameter within 
1.5~1.75mm. 


The thickness dynamics of the liquid film at the base 
of the adhered large bubble is measured as shown in Fig. 
6c which is quite similar to Fig. 5c where no adhered large 
bubble appears. This might be interpreted to confirm the 
“scale separation” hypothesis9, 10 that the near-wall liquid 
film dynamics is irrelevant to the overlay vapour clouds.  
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(c) 


Fig. 6. Boiling under a large adhered bubble at heat flux of 
250 kW/m2: (a) growth of a sub-bubble under the large 


bubble (16mm×16 mm view window); (b) diameter 
distribution of the sub-bubbles; (c) liquid film dynamics 


under the large bubble. 
 
With the increase of heat flux, the averaged liquid film 


thickness gradually decreases while the waving of liquid 
film is magnified greatly. As mentioned above, beyond the 
heat flux 266 kW/m2 (inclusive) there is no adhered large 
bubble over the heat zone, and boiling bubbles in the liquid 


film follow the conventional life cycle: nucleation, growth 
and rupture; over and over. Dry spots are observed beneath 
the bubbles.  


Fig. 7 shows a typical case of bubble growth and 
rupture process under the operational condition of 266 
kW/m2 heat flux and 0.0994 ml/s water supply rate.  Also, 
the formation of a dry spot and its rewetting procedure are 
shown clearly. The images with the size of 3.2mm×3.2mm 
are extracted and cropped from a video with recording rate 
of 10 kHz. The distance between two adjacent white dotted 
lines is 0.32 mm. The nucleation of a bubble begins in the 
frame #2 and it ruptures in the frame #36. In the frame #39, 
the rupture hole on the bubble is large enough to enable a 
direct observation of the dry spot. The initiation of the dry 
spot can be traced in the frame #13. After bubble rupture in 
the frame #36, the rewetting of the dry spot occurs due to 
the collapse and receding of the water dam around the 
bubble base, and the dry spot disappears in the frame #60. 
The maximum diameter of the dry spot is around 0.65 mm 
corresponding to the frame #39 after bubble rupture. The 
diameter of the bubble at its rupture corresponding to the 
frame #36 is 3.2 mm.  


From the high-speed video, the dry spots are observed 
only for a small percentage of bubbles, and the remaining 
bubbles (majority) do not show a clear sign of dry spots 
during their whole bubble life cycles under heat flux range 
from 266 kW/m2 to 1 MW/m2 chosen in the experiment. 
The dry spots are all rewetted after a shot period following 
bubble rupture (tens of microseconds) and the maximum 
area fraction of dry spots on the heater surface is quite low 
(less than 5%) even under high heat flux of 1 MW/m2, 
which is close to the conclusion of Ono and Sakashita4, 5.  


It should be noted that the formation and evolution of 
the dry spots are governed by many parameters and their 
interactions, such as heat flux, bubble diameter, bubble 
lifetime, averaged liquid film thickness and heater surface 
properties. More investigations are required to characterize 
the dry spot behaviour, and further understanding on the 
formation and rewetting of the dry spots are essential to 
address the physical mechanisms of critical heat flux, since 
departure from nucleation boiling or dryout in boiling heat 
transfer may occur when the dry spots are irreversible. 


Similar to the case in Fig.6b, 100 successive bubbles 
at a given heat flux are analyzed to obtain the distribution 
of their rupture diameters which are measured from the 
images. Among all the analyzed data, the maximum bubble 
rupture diameter is 3.84 mm. The distributions of bubble 
rupture diameters at different heat fluxes are as shown in 
Fig. 8. It can be seen the distributions of the bubble rupture 
diameters are similar for all heat fluxes from 266 kW/m2 to 
938 kW/m2, while the bubble rupture frequency per unit 
area gradually increases approximately linear with heat 
flux, as illustrated in Fig. 9. 
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Fig. 7. Bubble dynamics under heat flux of 313 kW/m2 (sampling frequency: 10 kHz; view window: 3.2 mm × 3.2 mm). 
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Fig. 8. Distribution of the bubble rupture diameters under 


different heat fluxes. 
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Fig. 9. Bubble rupture frequency vs. different heat flux. 


IV. CONCLUSIONS 
 


An experimental study is carried out to investigate 
nucleate boiling phenomena in a liquid film over a titanium 
film heater with the heating zone of 8 mm × 8 mm. The 
bubble dynamics and the liquid film dynamics under the 
boiling condition are obtained via high-speed photography 
and diagnosis of a confocal optical measurement system, 
respectively.  


Given a water supply rate (say, 0.0994 ml/s in the 
present work), the amplitude of the interfacial wave of the 
liquid film is gradually amplified with increasing heat flux, 
even prior to inception of boiling - the standard deviation 
of the liquid film thickness, for instance, increases from 
8.9 µm under the non-heating condition to 39.3 µm under 
the heat flux of 78 kW/m2. Nucleate boiling and bubble 
dynamics further intensifies the amplitude and chaotic 
nature of the interfacial wave.  


When heat flux is up to 250 kW/m2, a large bubble 
adhered to the heating zone forms and sustains several 
seconds within which period some small bubbles grow and 
rupture in the base of the large bubble. Further increasing 
heat flux, the vapour clot disappears, and regular bubble 
cycles (nucleation, growth and rupture) take place without 
the stage of bubble departure. At the relatively high heat 
flux, while the influence of heat flux on the distribution of 
bubble rupture diameter is negligible, the bubble rupture 
frequency increases approximately linearly with heat flux 
from 266 kW/m2 to 938 kW/m2. 
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The time-averaged thickness of liquid film decreases 
with increasing heat flux because of elevated evaporation 
rate and entrainment. At heat flux higher than 469 kW/m2, 
the integrity of the liquid film behind the heating zone in 
the flow direction no longer exists, while the heating zone 
is still well wetted. This implies that the bubbles’ behavior 
(growth and rupture) and their interactions in particular are 
of paramount importance to the integrity of a liquid film 
under nucleate boiling.  


Dry spots beneath the bubbles are observed starting 
from heat flux of 266 kW/m2, but all of them are rewetted 
until heat flux of 1 MW/m2 within tens of microseconds 
after bubble rupture. The maximum occupation fraction of 
the dry spots within the heating zone is no more than 5%.  
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Abstract – Toshiba’s EU-ABWR includes some mitigation systems to assure the containment 
integrity during severe accidents. The core catcher is a key system in them and has an important 
role to arrest and stabilize the core melt. The core catcher features a round basin structure with 
underneath inclined cooling channels axisymmetrically arranged. The core catcher is in a dry 
condition initially, and flooded after collecting the core melt by the water injection from the 
suppression pool via the passive flooders. Boiling in the cooling channels brings natural 
circulation of water. After the core catcher flooding, the core melt is cooled by both the overlaying 
water and the lower cooling channels in a passive manner. 
Some analytical and experimental works including heat transfer test with the full-scale cooling 
channel are conducted to qualify the core catcher performance. The goal is to show that the core 
catcher withstands all thermal loads and structural loads in short term and long term. 
Some estimations to the key loads in them have been conducted, including jet impingement, FCI, 
jet impaction during relocation and thermal load in long term. This paper outlines the estimation 
results. Through these works, we concluded that the core catcher has the capability of core melt 
retention. 


 
 


I. INTRODUCTION 
 
The enhanced severe accident mitigation systems 1 are 


included in Toshiba’s EU-ABWR to fulfill the safety 
requirements in the European market. Their function is to 
protect the containment integrity and avoid containment 
venting in passive manner during severe accident (SA). 
The core catcher and the Passive Containment Cooling 
System (PCCS) are the key systems as shown in Figure 1. 
The core catcher can arrest and stabilize the ex-vessel core 
melt due to cooling. The cooling of the core melt yields 
much steam in the drywell of the containment. The PCCS 
can protect any excessive steam pressurization to condense 
the steam in the drywell, and the condensate is returned to 
the core catcher. The core catcher combined with the 
PCCS forms a gross heat removal circuit in the 
containment. Consequently, the core catcher combined 
with the PCCS can maintain containment integrity in 
passive manner, which could prevent releasing radioactive 


nuclide to the environment as long as accident terminated. 
This paper concerns about the core catcher in the systems. 


In order to qualify the capability of the core catcher, 
we are conducting the experimental and analytical works14. 
This paper outlines our strategy to verify performance of 
the core catcher, and the experimental and analytical works.  
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Fig. 1. The Core Catcher Concept Combined 


with PCCS for EU-ABWR. 
 


II. CONCEPT OF THE CORE CATCHER 
 
The core catcher concept is shown in Figure 2 


schematically. The core catcher is installed on the bottom 
floor of the reactor pedestal area below the reactor pressure 
vessel (RPV) in the containment, and covers all pedestal 
floor to capture and contain the ejected core melt. The core 
catcher consists of a round basin, lower inclined cooling 
channels axisymmetrically arranged, an annulus riser, an 
annulus downcomer and a central water chamber. This 
axisymmetrical structure contributes the uniform 
accumulation and cooling of the core melt. The core 
catcher has a comparatively large diameter of 10m. It helps 
the effective cooling performance to increase the large 
surface-to-volume ratio of the core melt. 


The refractory layer is installed on the surface of the 
basin to prevent failure of the steel basin due to the over-
temperature and the invasion. The material of the 
refractory layer will be selected some kind of metallic 
oxide like alumina. 


The core catcher functions in passive manner as 
following typical scenario and has no active components 
inside the containment. When the core melt is ejected into 
the pedestal area from the RPV, the core melt will first fall 
on the sump floor above the core catcher. The core melt 
with the high temperature (higher than 2500K) will 
penetrate the floor in a few minutes, and flow onto the core 
catcher. When the core melt contacts to the core catcher, 
the core catcher is dry, thereby any destructive fuel-coolant 
interaction (FCI) will be unlikely. 


The cooling water is initially supplied from the 
suppression pool via the passive flooders, and from PCCS 
condensate drain in the long term. Each passive flooder is 
connected to each drywell-wetwell connecting vent pipe, 
and has a fusible valve at the end. The passive flooder will 
not open until the core melt ejection. The fusible valves 
will open when the temperature in the pedestal area 


increases and subsequently reaches the melting 
temperature of the fusible material. The fusible material 
will be selected with the sufficiently high melting 
temperature (typically grater than 450K) to avoid 
unnecessary opening during design basis LOCA, and the 
sufficiently low melting temperature (typically less than 
540K) to avoid over-temperature in the containment. After 
the core melt ejection, the fusible valves of the passive 
flooder will open in several minutes, and suppression pool 
water will flow in the peripheral annulus downcomer of 
the core catcher. 


After the core catcher flooding, the core melt will be 
cooled passively from the top and bottom by the upper 
flooding water and the lower inclined cooling channels 
respectively. The water in the inclined cooling channels 
will boil by the heat conduction from the core melt, and 
natural circulation will be established between the two-
phase channels and the downcomer. The natural circulation 
will contribute the effective cooling capability of the core 
catcher. 


 
Passive FlooderPCCS Drain Line


Cooling Channel
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Downcomer
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Fig. 2. The Core Catcher Concept. 
 
 


III. DESIGN STRATEGY 
 


When the core melt is relocated onto the core catcher, 
the core catcher would get various kinds of load. The core 
catcher should be robust against such loads. Table I shows 
the expected loads and the correspondent design strategies. 
The goal of the design is to show that the core catcher 
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withstands all thermal loads and structural loads in short 
term and long term. 


In the short term, jet impingement, jet impaction and 
steam explosion are major loads. These loads could be 
coped with the structural design. In the long term, melt-
through, creep failure and thermal stress are major loads. 
In order to confirm the integrity against the long term loads, 
we have to know the temperature profile in the core melt 
and the core catcher structure. The integral thermal 
analysis code is developed for it, including thermal 
transient models for heat conduction, heat transfer, crust 
growth/shrink and thermal erosion in crust and structure. 
The findings of each estimation and analysis are described 
in the following. 
 


TABLE I 


Major loads to the core catcher and the design strategy 


Load Design Strategy 


Jet 
Impingement 


Jet impingement with a high speed 
melt jet in the case of High Pressure 
Melt Ejection (HPME), can be 
excluded by the management of RCS 
depressurization. So, the jet 
impingement during the low pressure 
melt ejection will be estimated and 
considered in the design of the 
refractory layer. 


Jet impaction 


When the core melt is ejected from 
RPV, the melt jet will not free-fall 
onto the core catcher because there 
are the platform and the sump floor. 
But, a free-falling melt jet is 
conservatively assumed in the jet 
impaction analysis using FEM. The 
impaction load will be considered in 
the structural design to avoid any 
mechanical failures. 


Short-
term 


Steam 
explosion 


Chance of steam explosion could be 
minimized because of “dry cavity” 
policy. But, there can be a few 
chances during a wet cavity sequence 
or occasion of long term melt 
draining after the flooding, so that the 
expected steam explosion load is 
considered in the structural design. 


Melt-through 


If the structure temperature including 
the refractory layer and the steel 
basin reaches to the melting 
temperatures, the structure would be 
eroded and melted through. The 
refractory layer will be designed to 
avoid any melt-through. Thermal 
analysis is available to verify the 
prevention of this failure mode.  


Long-
term 


Burnout 


If a burnout occurs in the boiling 
cooling channels, a rapid increase of 
the channel wall temperature could 
cause physical damage to the heat 


Load Design Strategy 
surface. The cooling configuration 
will be designed to have a sufficient 
thermal margin against burnout under 
expected thermal conditions. 


Creep failure


If the temperature of the steel basin 
reaches to the creep temperature, the 
structure would lose its strength and 
breach in long term. The refractory 
layer will be designed to avoid any 
creep failure of the steel basin. 
Thermal analysis is available to 
verify the prevention of this failure 
mode. 


Thermal stress


The high temperature core melt could 
cause mechanical failure of the 
structure due to thermal stress. The 
thermal stress and thermal 
deformation will be evaluated by 
FEM analysis and considered in the 
structural design to avoid any 
mechanical failures. 


 
 
IV. EVALUATION TO SHORT TERM LOADS 


 
IV.A. Jet Impingement 


 
According to the former studies on In-Vessel-


Retention and failure mechanism of the reactor vessel 
during BWR sever accident scenario, the core melt, which 
is deposited in the lower plenum of the reactor vessel, 
would weaken weld of penetration tubes such as CRD 
guide tube jointed on the vessel wall, and would induce the 
tube ejection. If tube ejection occurs, the core melt 
deposited in the lower plenum would flow out through the 
penetration hole of the vessel, and relocate onto the core 
catcher. 


The stream of the core melt would give extremely 
high heat flux on the contact surface and induce thermal 
erosion. If the erosion process is very aggressive, the core 
catcher would fail due to melt-through of the structure. For 
this reason, jet impingement is considered as one of critical 
short term failure modes. The objective of this section is to 
know how deep erosion of the core catcher structure would 
be occurred. 


If the fusion temperature of the core melt jet exceeds 
that of the refractory material of the core catcher, melting 
of the refractory layer and freezing of the core melt can 
take place simultaneously. 


Epstein, et al. presented the physical model on 
simultaneous melting and freezing in the impingement 
region of a liquid jet2. Figure 3 shows the model 
schematically. 
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Fig. 3. Schematic diagram presented by Epstein 2. 


 
A round jet of hot liquid impinges on a solid of 


different material. Upon the contact, the temperature of the 
jet falls down to its solidification temperature resulting in 
the crust formation. In contrast, the temperature of the 
structure wall rises rapidly as high as its melting 
temperature resulting in thermal erosion. A layer of frozen 
jet material (crust) is assumed to build up and float on the 
underlying melting surface. Under steady state condition, 
the crust stops growing and divides the flow field into two 
separates. The melt film would be expelled radial by the jet 
thrust on the opposite side of the crust. The thrust is 
considered so strong that the melt film never thickens. 
Epstein adopted governing equations on the jet region and 
the melt layer region separately. 


In the jet region, the flow field satisfies the governing 
equations for axisymmetric stagnation flow. In the 
neighborhood of the stagnation point, the heat flux through 
the upper surface of the crust is given by 


 


)0(
2


)( θ
ν


′⋅−= ∞
∞ D


w
TTkq mp


  (1) 


 
where 


k  : thermal condctivity of the jet 
∞T  : temperature of the jet 


mpT  : solidification temperature of the jet 


∞w  : main flow velocity of the jet 
ν  : kinematic viscosity 
D  : nozzle diameter 


)0(θ ′  : dimensionless temperature gradient 
 at contact surface 


 
In the melt layer region, the flow field was considered 


as laminar axisymmetric flow with some assumptions. 
Especially if the liquid melt film is very thin, creeping flow 


can be considered. Under this consideration, all heat 
through frozen jet material (crust) contributes to raise the 
solid temperature and supply the latent heat of melting. 
Therefore, Heat conservation can be formed as below. 


 
{ })( , OSmpSSSm TTCLVq −+= ρ   (2) 


 
where 


mV  : melting velocity (erosion speed) 


sρ  : solid density 


SL  : latent heat of the solid 


SC  : specific heat of the solid 


SmpT ,
 : melting temperature of the solid 


OT  : initial temperature of the solid 
 
In this estimation, it is assumed that the degree of 


superheat of the core melt flowing out of the vessel is 
ranged 1 Kelvin to several hundred Kelvin. Thermal 
conductivity and kinematic viscosity of the melt are 
assumed to be 17.8 (W/m/K) and 4E-7 (m2/sec) 
respectively. And the diameter of the jet is equivalent to 
one of CRD penetration hole (~0.27m). The gravitational 
falling velocity of the melt is estimated as fast as 5.1 
(m/sec) in case of the low pressure scenario. 


The dimensionless temperature gradient at the contact 
is a function of the Prandtl number of the liquid jet. 
According to exact calculation of dimensionless 
temperature gradient at stagnation point conducted by 
Stewart and Prober3, the dimensionless temperature 
gradient is estimated to be 0.2195 at Pr=0.1. 


The refractory material of the core catcher is assumed 
alumina (Al2O3). Its reference property is described below. 
Initial temperature of the structure is assumed to be 373 
(K). 


 
・ Density : 3800 (kg/m3) 
・ Latent heat : 1.07E6 (J/kg) 
・ Specific heat : 1172 (J/kg/K) 
・ Melting temperature : 2302 (K) 
 
The numerical estimation considering BWR 


conditions described above was carried out. 
The heat flux through the surface of frozen jet material 


was estimated from 0.04 MW/m2 (1K of superheat) to 11 
MW/m2 (300K of superheat). These heat fluxes would 
yield 2.9E-6 (m/s) and 8.8E-4 (m/s) of erosion velocity 
respectively. As the results, the erosion depth would be 
10cm in case that the core melt temperature is 300 K 
higher than its solidification temperature during the melt 
draining phase (around 2 minutes). 


The current design of the core catcher has 20cm 
thickness of Alumina on the steel channel as the refractory 
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layer. This is thicker than the estimated erosion depth, so 
that it can be concluded that the core catcher can endure 
thermal erosion by jet impingement and melt-trough failure 
doesn’t occur. 


This estimation is based on several simple assumption 
such as laminar jet flow, and there are much uncertainty in 
the given parameters such as melt temperature, jet velocity 
and thermal property of the melt. So, farther studies would 
be required on the structural optimization. 


 
IV.B. Jet Impaction 


 
When the core melt is ejected from RPV, the melt jet 


will not free-fall onto the core catcher realistically because 
there are the maintenance platform and the sump floor 
between RPV and the core catcher. But, a free-falling melt 
jet is conservatively assumed in the analysis. Deformation 
of the cooling channel during the jet impaction was 
evaluated by FEM analysis. In this evaluation, the velocity 
of the melt is estimated as fast as 45.5 m/s in case of high 
pressure scenario and shock-absorbing effect of the 
refractory material is not credited conservatively for the 
structural design. The steel basin is assumed 10 mm thick 
and the rib spacing between the cooling channels is 500 
mm. From the results (See Figure 4), vertical displacement 
of the cooling channel increases approximately in 
proportion to the rib spacing. And the displacement was 
within 80 mm in the case of the 500 mm rib spacing. 
Though the impaction area of the channel was locally 
deformed, the blockage of the cooling channel didn’t occur. 
The results show that the cooling structure was maintained 
even if the conservative conditions are assumed. 


 


 
Fig. 4. Vertical displacement of the cooling channel. 


 
IV.C. Steam Explosion 


 
In the core catcher, chance of steam explosion is 


minimized because of “dry cavity” policy. However, 
considering the complexity of the accident scenario, 
possibility of steam explosion can not be excluded 
completely. Therefore, the effect of steam explosion is 


taken into account and the cooling channel structure will 
be designed to withstand expected steam explosion load. 


According to the former studies, the typical impulse 
load was estimated to be 0.6 kbar and 3ms pulse (90 kPa-s). 
LS-DYNA code was used for a preliminary evaluation. 
when this impulse was applied on the top plate of cooling 
channel with 10 mm thickness and 500 mm rib spacing, 
the plastic deformation was observed. 


To optimize the top plate thickness and rib spacing, 
more detailed evaluation using mechanistic models will be 
carried out in the future work. 


 
V. EVALUATION TO LONG TERM LOADS 


 
V.A. Heat Transfer on Melt Pool Boundaries 


 
When the core melt relocates onto the core catcher as 


fully molten, the core melt would form a natural 
convective melt pool by internal decay heat on the core 
catcher. The natural convection flow and heat transfer in 
the core melt pool were analyzed by using CFD code 
(STAR-CD code) modeling the core catcher configuration. 
The correlations of the heat flux to the crust on the melt 
pool boundaries were developed from the analysis results. 
Figure 5 shows the boundary condition of the CFD 
analysis. The decay heat power is assumed 4.0E5 to 1.6E6 
W/m3 (equivalent to decay heat at about 1 hr to 7 days 
after shutdown), and the surface of the core melt is 
assumed isothermal at 2400 K which presents the 
solidification temperature of the core melt. Table II shows 
the thermophysical properties of the core melt used in the 
analysis. 


We analyzed the natural convection heat transfer to the 
boundary crust in the configuration of the core catcher by 
3-D turbulent flow model. 


Figure 6 and Figure 7 show the analysis results of the 
temperature distribution and the convection velocity 
distribution inside the core melt pool respectively. The 
lower stratified layer slightly falls into disorder and a 
conspicuous down flow is generated in the upper region. 
Nu number distribution along the melt to the boundary 
crust is shown in Figure 8. 


The heat transfer correlations on the melt pool 
boundaries are developed, which provide local heat 
transfer rate to the boundary crust corresponding to the 
core melt accumulation height. (See Equation (3)~(9)) 


Several experimental and computational analyses have 
been carried out for the melt pool natural convection with 
turbulent flow so far5, 6, 7. These studies were for the melt 
pool in the configuration of semicircular or semispherical 
geometry as the lower plenum of the reactor pressure 
vessel. The heat transfer correlations for the core catcher 
are compared with the former correlations 8,9 as a reference. 
Figure 9 and Figure 10 show the comparison of heat 
transfer correlations for the upward boundary and the 
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sideward/ inclined/downward boundary respectively. The 
upward heat transfer correlation of the core catcher is close 
to that of Mayinger for a rectangular melt pool. The 
sideward/inclined boundary heat transfer correlation of the 
core catcher is close to those for semispherical 
configuration. These results suggest that the natural 
circulation flow pattern in the core catcher is not so 
different from those in a rectangular or hemispherical melt 
pool. 
 


TABLE II 


Thermophysical properties of the core melt 


Density (kg/m3) 8200 (at 2900K) 
Specific heat (J/kg-K) 470 
Thermal conductivity (W/m-K) 3.6 
Thermal diffusivity (m2/s) 9.3E-7 
Kinematics viscosity (m2/s) 4E-7 
Expansion factor (/K) 1.4E-4 
Ra number 6.4E-14 


 
2297.0181.0 RaNuup =   (3) 


2657.00643.0 RaNuside =   (4) 
2934.00171.0)( RameanNuinclined =   (5) 


2791.00036.0 RaNubottom =   (6) 


4184.0)/(403.1
)(/)(


+= tot


inclinedinclined


zz
meanNuzNu   (7) 


( )λναβ ・・／・・・ 5LqgRa v=   (8) 
 


g  : Acceleration of gravity  
β  : Expansion factor 


vq  : Volumetric power  
L  : Characteristic length 
α  : Thermal diffusivity 
ν  : Kinematics viscosity 
λ  : Thermal conductivity 


up  : Top surface of core melt 


dwm
  : Side, inclined and bottom surface of core 
melt 


side
 : Side surface of core melt 


inclined
 : Inclined surface of core melt 


bottom
 : Bottom surface of core melt 


mean  : Average value 
z  : Local height 


totz  : Maximum height of core melt 
 


)( crustmelt TTL
qNu
−⋅⋅


=
λ


  (9) 


 
meltT   : Core melt temperature 


crustT  : Core melt solidification temperature 
 


 
Fig. 5. CFD analysis boundary condition. 


 


 
Fig. 6. Temperature distribution inside the melt pool 


predicted by 3-D turbulent flow analysis. 
 


 
Fig. 7. Convection velocity distribution inside the melt pool 


predicted by 3-D turbulent flow analysis. 
 


 
Fig. 8. Nu number distribution predicted 


by 3-D turbulent flow analysis. 
 


1285







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11414 


   


Toshiba CC (Up)


NuUP
Toshiba CC (Up)Toshiba CC (Up)


NuUP


 
Fig. 9. Comparison of heat transfer correlations for the upward 


boundary of the melt pool 
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Fig. 10. Comparison of heat transfer correlations for the sideward 


and downward boundary of the melt pool 
 


V.B. Boiling Heat Transfer in Cooling Channel 
 
Focusing on the boiling heat transfer in inclined 


cooling channel with downward heating, several 
experiments have been carried out to investigate the flow 
regime and heat transfer behavior and to get the validation 
data for the thermal hydraulic analysis code4, 10. We 
conducted two types of experiments. One is the basic heat 
transfer test to investigate the local boiling heat transfer 
under the inclined downward heating. The other is the 
natural circulation loop test by using the full size sector 
cooling channel to investigate the boiling heat transfer 
under the natural circulation. 


Figure 11 shows the basic test facility. The basic 
thermal hydraulic test results show that nucleate boiling 
heat transfer coefficient in the inclined cooling channel is 
well predicted by the existing heat transfer model for 
forced flow nucleate boiling using in the thermal hydraulic 
analysis code. Figure 12 shows the comparison between 
the experimental data and the analysis results of boiling 
heat transfer coefficient in the inclined cooling channel 
with 10 degrees inclination. 


Figure 13 and Figure 14 shows the natural circulation 
test facility. The cooling channel is a 1/64 sector model 
with the actual length and height of the core catcher. The 
experiments are carried out in atmospheric pressure. The 
heat flux is simulated by electrical heating, and controlled 
parametrically to investigate various natural circulation 


conditions. A natural circulation mass flux measured in the 
experiment is shown in Figure 15. The inclined channel 
downward heat flux is 105 kW/m2 uniformly, that is 
equivalent to 350 kW/m2 at 0.5 MPa with same void 
fraction at the channel exit. Figure 16 shows the analysis 
result of the natural circulation mass flux of the core 
catcher at 0.5 MPa. The natural circulation mass flux at the 
inlet is predicted about 1500 kg/m2s when the heat flux is 
350 kW/m2, it is consistent in the experimental result. The 
experimental result shows that the natural circulation flow 
rate is sufficient enough to maintain the nucleate boiling in 
the cooling channel. Figure 17 shows the experimental 
data of relation between heat flux and the superheat of the 
heat surface of cooling channel at the outermost 
circumferential location in the cooling channel. It shows 
nuclear boiling status up to 450 kW/m2 of heat flux.   


The thermal margin against burnout is preliminary 
evaluated. CHF data in inclined boiling channel with 
downward heating was experimentally investigated under 
various conditions in SULTAN experiment9. The cooling 
channel dimensions and the thermal hydraulic conditions 
of the core catcher are close to those of SULTAN 
experiment as shown in Table III. The SULTAN data can 
be used in this study. The CHF values along the cooling 
channel of the core catcher are predicted by using 
SULTAN experimental correlation as shown in the 
following integral thermal analysis. 


 


 
Fig. 11. Basic test facility on local boiling heat transfer 


under the inclined downward heating. 
 


 
Fig. 12. Boiling heat transfer coefficient 


in the inclined cooling channel. 
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Fig. 13. Diagram of the natural circulation test facility. 
 


 
Fig. 14. Photo of the natural circulation test facility. 


 


 
Fig. 15. Experimental result of natural circulation mass flux 


at inlet of the inclined channel 
(0.1MPa, 105kW/m2; equivalent to 350 kW/m2 at 0.5MPa with 


same void fraction). 
 


 
Fig. 16. Analysis result of natural circulation mass flux 


at inlet of the inclined channel of the core catcher (0.5MPa). 
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Fig. 17. Experimental data on heat flux vs superheat of the 


heat surface of cooling channel 
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TABLE III 


Comparison of major parameters of SULTAN experiment 
and Toshiba Core Catcher 10 


Parameter SULTAN 
experiment 


Toshiba 
Core Catcher 
(Temporary 


values) 
Heated Length [m] 4 4 
Channel Gap [cm] 3~15 10 
Inclination [degree] 0~90 10 
Heat Flux [kW/m2] 100~1000 ~200 
Mass Flow Rate [kg/s-m2] 5~4400 ~2000 
Pressure [MPa] 0.1~0.5 0.2~0.7 
Inlet Subcooling [deg-C] 0~50 0~70 
Channel Geometry Rectangle Sector 


 
V.C. Integral Thermal Analysis of Core Melt and 


Structure 
 
As described in former sections, we obtained heat 


transfer correlation from core melt pool to the boundary 
crust by analytical works. In additions, through 
experimental works, we confirmed that stable nucleate 
boiling heat transfer in cooling channel. The integral 
thermal analysis model is developed reflecting these yields. 


In this section, we will show the integral thermal 
analysis of the core melt and the structure. Followings are 
assumed in the analysis. 


(1) Steady-state relationship can be applicable for 
heat transfer 


(2) Melt pool mixture is homogeneously mixed 
(3) Melting part has same temperature all over the 


pool, so that thermophysical properties are also 
same in it 


(4) Crust always exist on the melt pool boundaries 
(5) The crust can grow or shrink due to heat 


unbalance at the interface between melt pool and 
crust 


(6) The crust has same composition as the melt pool 
(7) The crust temperature profile can be obtained by 


applying 1-dimensional steady state heat 
conduction model with internal heating 


(8) Thermal resistance between crust and structure is 
considered 


(9) Upward heat transfer from the upper crust to 
overlaying water pool is modeled as pool boiling 
curve12 


(10) Temperature profile in the structure is calculated 
by applying 2-dimensinal transient heat 
conduction model 


(11) Melting of the structure at the contact surface is 
estimated with its latent heat when the estimated 
temperature would exceed the melting point 


(12) Nucleate pool boiling heat transfer in cooling 
channel can be applicable if the heat flux is less 
than the CHF 


 
Figure 18 shows the configuration of the integral 


thermal analysis model for the core catcher, showing heat 
transport path and thermal interaction in this study. 


 


 
Fig. 18. Integral thermal analysis model for the core catcher. 


 
We carried out the integral thermal analysis using 


above mentioned models in order to make sure the thermal 
feasibility of the core catcher. We considered whole core 
melted and drained on the core catcher including molten 
steel of the structures placed in lower plenum. The 
conditions of the integral thermal analysis are listed in 
Table IV. The analysis carried out for 24 hours after the 
core melt ejected from the RPV. 


In the analysis of this paper, 4300 MWt rated power is 
assumed. According to the analysis by MAAP code 
(version 4.0.4)13 for a typical low pressure accident 
scenario in which all loss of feed water is initiated, the core 
melted and relocated into the lower plenum of RPV 2.2 
hours after accident initiated, and be temporally retained in 
it for several hours, and be finally released after the failure 
of the lower head of RPV. It took 6.3 hours till RPV failure. 
So, the initial heating rate of the core melt is assumed 
equivalent to decay heat at 6.3 hours after shutdown. 


It is assumed that metal oxidation doesn’t occur in the 
core catcher because of no steam supply into the core melt. 


Figure 19 shows accumulated mass of core melt on the 
core catcher assumed in accordance with the analysis by 
MAAP code. And the core melt was also assumed to be 
released at the center of the RPV. This picture also shows 
rapid melt draining for around 50 seconds in which the 
passive flooder would actuate after core melt draining out 
completely. Therefore, any effects on the melt jet in the 
water (i.e., jet-breakup, solidification etc.) were not 
considered. 


The core melt accumulated on the core catcher will 
give thermal load to the structure and induce temperature 
increase in the structure. On the other hand, the core melt 
will start solidification. 
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TABLE IV 


Conditions of the integral thermal analysis. 


Categories Description 
Dimension 
of core 
catcher 


-Radius of horizontal section : 0-1 m 
-Radius of inclined section : 1-5 m 
-Height from bottom : 5.0 m 
-Angle of inclined section : 10 degree 


Layer 
structure 


[2-layers] 
-Alumina (refractory layer) : 0.20 m 
-Carbon Steel (channel structure) : 0.01 m 


Carbon steel
10 mmＷａｔｅｒ


Corium
Alumina
200 mm


 
Layered structure 


Noding Number of Radius node(J) : 50 
-horizontal : 5 (J=1-5     ) 
-inclined : 25  (J=6-30   ) 
-vertical : 20   (J=31-50) 
Number of thickness node(I) : 50 
-layer of alumina : 45(I=1-45) 
-layer of carbon steel : 5(I=46-50) 
 
 


Horizontal
#1⇒#5


Ve
rt
ic
al


#3
1⇒


#5
0


Radius Node


 
          Radius node                    Thickness node 


Initial 
condition 


-Ambient pressure : 0.5MPa 
-Temperature of structure : 425K 


Melt 
condition 


-Total mass : 355 ton 
(assumed whole core including metal 
equipment in lower plenum) 


-Temperature : 2500K 
(melting temperature of U-Zr-O eutectic) 


-Composition 
172ton(UO2)+16ton(Zr)+88ton(ZrO2)+ 
79ton(Stainless Steel) 


-Thermal power 
Decay heat 6.3 hours after shutdown 
(ANS ANSI 5.1-1979) 


-Draining rate 
Continuous draining shown in Fig.19 


Cooling 
condition 


-Saturated water pool on upper crust 
-Saturated water in cooling channel 


Other 
condition 


-Control volume is maintained in constant 
pressure : 0.5 MPa 
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Fig. 19. Mass of the core melt accumulated on the core catcher. 


 
Figure 20 shows upper crust thickness and lower crust 


thickness along radius node (node #1 means center of the 
core catcher). The thickness of lower crust becomes 
thinner along the radius node going up. That is why heat 
flux from the melt pool to the crust increases in accordance 
with the melt accumulation. In the region where radius 
node is greater than 8 (excluding highest node:#40) , lower 
crust is not growing so long as 24 hours, which means all 
heat from the core melt pool going into structure of core 
catcher. It enhanced thermal erosion. Figure 21 shows 
thickness change of the structure resulted from thermal 
erosion. You can see that the structure of upper radius node 
was much more eroded than that of lower radius node. 
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Fig. 20. Upper crust and typical lower crust thickness transient. 
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Fig. 21. Thickness change of the structure. 


 
Figure 22 and Figure 23 show typical temperature 


transient of the structure around inclined section (at node 
#15) and vertical section (at node #35) respectively. Each 
colored curve in these pictures indicates temperature of 
each thickness node at radius node #15and node #35. 


Figure 22 shows the surface temperature increased 
rapidly, so that the surface node was rapidly lost due to 
thermal erosion. The lost of the contact node means that 
next deeper thickness node was exposed by the core melt. 
Consequently, the structure from thickness node #1 to node 
#3 was lost. Figure 23 also shows that the structure from 
thickness node #1 to node #12 was lost in the same manner. 


 Figure 22, 23 also shows that temperature of the steel 
structure of cooling channel is much lower than the creep 
temperature. 
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Fig. 22. Temperature transient in the structure 


(at node #15). 
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Fig. 23. Temperature transient in the structure 


(at node #35). 
 
Figure 24 shows transient of mass of each phase of 


core melt; melt pool or crust. This picture shows around 
11% of the core melt has been solidified for 24 hours. It 
indicates that it requires much more time to all core melt 
solidified. 


Figure 25 shows decay heat and heat removal rate 
from the core melt. This figure shows heat removal due to 
boiling on the upper crust is much higher than that in lower 
cooling channel. This is because upward heat transfer rate 
from the melt pool is higher than downward heat transfer 
rate. In addition, alumina as a refractory layer has low 
thermal diffusivity compared to metallic materials and 
limits downward heat conduction. This figure also shows 
that downward heat condition reached in quasi-steady state 
till around 3 hours analysis started. 
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Fig. 24. Mass of core melt (crust or melt-pool). 
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Fig. 25. Heat removal rate from the core melt. 


 
Finally, we estimate the thermal margin on the cooling 


channel using SULTAN experimental correlation 9 as noted 
above. The SULTAN presents a CHF correlation with 
parameters of pressure, cooling water mass flow rate, 
height of cooling channel, channel inclination and steam 
quality. 


According to the former work on heat removal 
capability of the core catcher conducted by Suzuki et al.10, 
mass flow rate in cooling channel is as much as 237 kg/sec 
at 64 kW/m2. This value was used in this analysis as an 
reference flow rate. Steam quality was evaluated by 
accumulating heat transfer along water flow in cooling 
channel assuming that inlet water is saturated. 


Figure 26 shows comparison between heat flux 
estimated by the integral thermal analysis and CHF 
expected by SULTAN correlation at 5 hours after analysis 
initiated. This figure indicates that the sufficient thermal 
margin is expected all over the cooling channel and the 
riser. 
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Fig. 26. Comparison between heat flux and critical heat flux 


along the cooling channel at 5 hours after execution. 
 
 
 
 


VI. CONCLUSIONS 
 
The core catcher concept combined with PCCS is 


included as the SA mitigation systems in EU-ABWR 
design. The core catcher is a key system and functions as a 
non-penetrable boundary to retain and stabilize the core 
melt within the containment boundary. 


Some analytical and experimental works are 
conducted to show that the core catcher withstands the 
expected loads to retain and stabilize the core melt. 
Through these works, we concluded that the core catcher 
has the capability of core melt retention. We need some 
additional works in the structural design of the core catcher 
to be more robust against jet impingement and dynamic 
loads from steam explosion especially. 


ACRONYMS 
 
CFD : Computational Fluid Dynamics 
CHF : Critical Heat Flux 
DWCV : Drywell Wetwell Connecting Vent 
FCI : Fuel Coolant Interaction 
FEM : Finite Element Method 
HPME : High Pressure Melt Ejection 
LOCA : Loss of Coolant Accident 
PCCS : Passive Containment Cooling System 
RCS : Reactor Coolant System 
RPV : Reactor Pressure Vessel 
SA : Sever Accident 
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A new approach to determine sodium boiling onset occurrence during 
ULOF transients. 
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Abstract – Advanced Sodium-cooled Fast Reactors (SFR) are currently investigated by CEA, AREVA and EDF in the 
framework of a joint French collaboration. The treatment of unprotected transients is one of the key safety issues in the design 
approach for advanced SFR systems. From that point of view the main objective is to design a reactor so that, by reliance of 
its intrinsic response, it brings itself to a safe shutdown condition and removes decay heat. Particularly, it is necessary to 
develop an in-depth understanding of such accidents so that an appropriate methodology can be implemented within the core 
optimization process. 
 
Initial works by D.C. Wade et al. [1,2] upon core physics of inherent shutdown allow to address issues related to the core 
asymptotic state. The authors define a very powerful method based on a quasi-static approach of the reactivity balance 
equation. Particularly, by introducing 3 integral reactivity coefficients, they manage to address the boiling of sodium, the 
integrity of fuel and clad at the end of an unprotected transient. Such a method is thus performed to improve the core safety 
approach before an in-depth analysis of its dynamic behavior with a dedicated code. 
 
However, that method does not give access to maximal sodium, fuel and clad temperatures such that one can not ensure the 
core integrity during the chosen transient. To overcome those concerns, one considers a new method based on a simplified 
reactivity balance equation. That method is applied to unprotected loss-of-flow (ULOF) transients and allows us to address 
specifically the boiling onset of sodium. 
 
Five core designs, a reference design developed by CEA called SFR V2B, an other core derived from the SFR-V2B concept 
and, three cores derived from an annular concept developed by EDF are tested with this new simplified approach. First results 
are compared to the MAT4DYN dynamic code. Maximal outlet sodium temperature and corresponding normalized thermal 
power discrepancies are about 3%. 
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I. INTRODUCTION 
 


Since 2007, large R&D efforts have been engaged in 
France in a R&D program shared by CEA, EDF and 
AREVA in order to develop a new generation of Sodium-
cooled Fast Reactors (SFR) complying with the Generation 
IV forum requirements. A prototype, ASTRID, is planned 
to diverge by 2020. Commercial deployment could take 
place around mid-century. 
In this context, innovative core designs are being 
developed. Main objectives are to increase the safety and 
competitiveness level with respect to previous generation 
core designs like SuperPhénix or the European Fast 
Reactor (EFR). 
 
In this framework, the SFR V2b design, emerged in 2009 
as a the reference core design. The SFR V2b design 
presents a very low-burn up reactivity swing, and thus 
behaved well during control-rod withdrawal transients. 
However, and despite further improvements, the sodium 
void worth effect remained very large (5.2$) leading to a 
large power/flow increase, and thus to the onset of sodium 
boiling, during short-term unprotected loss of flow 
transients. 


As a consequence: 
• new studies began in 2010 and focused on 


reducing the total sodium void effect to negative 
values [3,4], 


• the need to have a more robust safety 
demonstration at the early core design phase has 
been reinforced. 


 
Initial work by D.C. Wade et al. [1] upon core physics 


of inherent shutdown allow to address issues related to the 
core asymptotic state. The authors define a very powerful 
method based on a quasi-static approach of the reactivity 
balance equation. Particularly, by introducing 3 integral 
reactivity coefficients, they manage to address the boiling 
of sodium, the integrity of fuel and clad at the end of an 
unprotected transient. 


 
That approach, called quasi-static, give access to 


maximal sodium, fuel and clad temperatures so that one can 
only ensure the core integrity at the end of such a transient. 
To overcome those concerns, a new method based on a 
simplified reactivity balance equation is presented. That 
method is applied to ULOF transients and allows us to 
address specifically : 


• the occurrence of an outlet temperature overshoot, 
• the boiling onset of sodium. 
 
 


Five core designs, including SFR-V2b design, are quickly 
introduced. The objective is not to present these designs 
but to test that new simplified approach within a wide range 
of performance reactor. 
 


II. THE QUASI-STATIC APPROACH 
 
The system reactivity at any time may be expressed as 


the sum of the initial (steady state), the external and the 
feed-back reactivity: 


)()()( ...0 ttt BFext ρρρρ ∆+∆+=  


where feed-back reactivity results from Doppler effect 
and combination of claddings, fuel pins, coolant, diagrid, 
control  rods and vessel thermal expansion so that: 


VesselDiagridCoolant


FuelCladDopplerBF


ρρρ
ρρρρ
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∆+∆+∆=∆ ..


 


Doppler feed-back reactivity can be written as: 
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ln
Fuel


Fuel
DDoppler T


T
Kρ , 


while other feed-back reactivity contributions (claddings, 
fuel pins, coolant, diagrid, etc.) depend linearly on change 
from their respective nominal temperature: 


( )0,iiii TTK −=∆ρ , 


where KD, Ki, Ti and Ti,0 respectively refer to Doppler 
constant, the feedback reactivity coefficient, the average 
temperature at time t and t0 (steady state) of the i-th 
element. 
 


D.C. Wade et al.[1,2] adopted a quasi-static approach 
and rewrite the following reactivity balance equation into: 


)1(0100
0


0 =+∆+=−
P


P
hTgTk Nainlet


δδδρρ  


where k, g and h are integral safety coefficients. k 
(pcm/°C) is the reactivity insertion resulting from a 1°C 
increase of δTinlet, the change from nominal sodium inlet 
temperature, g is the reactivity insertion resulting from a 
1°C increase of δ∆TNa, the change from nominal sodium 
heating through the fissile height, and h is the reactivity 
insertion resulting from a 1% increase of total thermal 
power. P. 


 
Despite the large number of hypothesis needed to 


derive such an equation: single-phase sodium, point kinetic 
and quasi-static reactivity evolution, and Fick’s first law 
assumption (to connect temperatures described above), the 
so called quasi-static approach is very powerful and can 
thus be used to : 


• discern the desirable relationships between the 
k,g,h reactivity parameters for the different kind of 
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unprotected transients that can affect the reactor 
core. 


• select a core design that achieve “the best” trade-
off between safety concerns and sustainability [4]. 


 
Particularly, when considering ULOF event, the 


asymptotic normalized power can be written as: 


hqTg


hTgTk


P


P


Na


Nainlet


100


100
1


0,


0,,


0 +∆
+∆+−


= −
∞∞


∞δ
δδ


 


where P refers to the power generated by fission, q  to the 


relative mass flow, the 0 and the ∞  subscript refers 
respectively to initial and asymptotic values. 
 
From that relationship, and by use of the enthalpy balance  
equation, the asymptotic sodium outlet temperature can be 
expressed as: 


0


0,
,, P


P


q


T
TT Na


inletoutlet
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∆
+=


δ
 


It thus gets easy to address the boiling onset of sodium after 
at the end of the ULOF transient. 
 
Assume k g h coefficients to be negative and consider the 
ULOF event from the quasi-static approach. The negative 
reactivity resulting from sodium heating and inlet cooling is 
immediately compensate by a positive reactivity by power 
reduction such that total reactivity is 0 and equation (1) 
only address cores asymptotical states. 
 
Indeed, the short term ULOF transients involves dynamics 
effects that leads net reactivity to depart from equilibrium 
and equation (1) is temporarily invalidate. 
 
In such conditions one can not address the occurrence of an 
outlet temperature overshoot, and thus the boiling onset of 
sodium, during an ULOF transient.  
 


III. A SIMPLIFIED DYNAMIC APPROACH 
 


As a very first approximation, the pump flow 
coastdown time constant, τ, is generally of the same order 
than the delayed neutron time constant, 1/Λ. Thus when the 
power/flow increases and causes a negative reactivity, the 
compensating power reduction is not realized immediately 
because of delayed neutron holdback of the power 
decrease. The power/flow mismatch is thus amplified, 
potentially causing an outlet temperature overshoot which 
relaxes out after several delayed neutron lifetimes as the 
reactivity becomes less negative, returns to zero, and 
establishes the asymptotic result given by equation (1). 
 
To overcome the quasi-static approach, a new method 
based on a simplified reactivity balance equation is 


considered. That method is applied to unprotected ULOF 
transients and allows us to address specifically the boiling 
onset of sodium. 


 
That new approach is based on the following 


hypothesis: single-phase sodium, point kinetic core 
including one group of delayed neutron, linear reactivity 
insertion (total), simplified thermal inertia of the core and 
reactor elements. 


 
III.1 The point kinetics equation 
 
The point kinetics assumption is that the shape 


function of the flux is constant in time. With such an 
hypothesis, the kinetics equation for neutrons with one 
delayed group becomes: 
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where β the delayed neutron fraction, Λ the neutron 
generation mean time, λ the decreasing constant of delayed 
neutron precursors and C is proportional to the total 
number of delayed neutrons precursors in the core. 


 
Assuming that the power and its first derivative are 


continuous, one finds the exact expression of the power 
evolution [5]: 
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Expression (2) thus represents the power response to a 
reactivity insertion of ∆ρ in the core system where P0 is the 
power preceding that insertion. 
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The power diverges if one of the two values ω0 and ω1 is 
greater than zero. In fact, a few calculation shows that ω1 is 
always negative, while ω0 has the same sign than ρ [5]. 
 


III.2 The reactivity balance equation: 
 


In the short term ULOF transients involves dynamics 
effects. The power/flow ratio increase, leads to sodium 
heating and subsequently to claddings, and fuel pins 
heating. Depending on the respective strength of feed-back 
coefficients of sodium KNa, claddings KClad., fuel pins KFuel. 
and Doppler KD/TFuel,0, the power : 


• goes through a maximum if: 
)3(,0/ 0,. >+++ FuelDFuelCladNa TKKKK  


• decreases continually if: 
)4(,0/ 0,. <+++ FuelDFuelCladNa TKKKK  


In the mid/long term transient, the interplay between 
feedbacks reactivity drives power to decrease until its 
asymptotic value. 
 
The treatment of unprotected transients is one of the key 
safety issues in the design approach for advanced SFR 
systems. From that point of view the main objective is to 
check whether a reactor could be designed so that, 
following an unprotected transient  and by reliance of its 
intrinsic response, it brings itself to a safe shutdown 
condition. The ULOF due to the primary pumps coast-
down due to the loss of the electrical supply, is a typical 
example of unprotected transient that can be considered in 
this framework. 
 
A first analysis [4] of primary SFR designs shows that 
condition (4) is always been respected. Moreover, the total 
reactivity insertion is find to decrease linearly during short 
term ULOF transients. 
 
Under such conditions we decide to address the outlet 
temperature overshoot of sodium by modelling the 
reactivity balance equation such that: 


)5(
)(


)(100)()()()()(
0P


tP
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δδδρ +∆+=
 


where ρ is choose to be linear in time: 


tt 0)( ρρ =
 


where ρ0<0 is the reactivity insertion after 1s 


such that t is expressed in seconds. 
 
k, g and h coefficients are time dependent since they take 
into account thermal inertias of reactor components relative 
to δTinlet,(t), δTNa(t) and δP(t)/P0. 
 
 
 
 


III.3 Physical analysis: 
 
To go further in our analysis one makes the assumption 


that SFR reactors are such that: 
• the delayed neutron fraction, β ≈ 350 pcm, 
• the minimal total reactivity during an ULOF 


transient, ρ ≈ -10 pcm, 
• the decreasing constant of delayed neutron 


precursors λ ≈ 0.1 s-1, 
• the neutron generation mean time Λ ≈ 10-6 s. 


 
In such conditions, and to a first approximation, one finds  
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Particularly, one finds: 


001 <<< ωω
 


so that the power response to a reactivity insertion is 
characterized by: 


• a very fast multiplication from 1 to 1+A1 within 
several lifetime of |1/ω1| seconds 


• a slow multiplication from 1+A1 to (1+A1)(1+A0) 
within several lifetimes of |1/ω0| seconds.  


 
To express the power response to a linear negative 
reactivity insertion one makes the assumption that, starting 
from ρ=0 at t=t0; the reactivity rises suddenly from ∆ρ<0 at 
times t= t0+N∆t where N is a natural integer and ∆t=|1/ω1|. 
 
At time t=1s, one gets from (2) the normalized power : 


( )( )11
0


0


1 1exp −−= −= e
P


P st λβρ  


At time t=Ts, where T>1, and considering that reactivity 
decrease linearly, one finds: 


( ) )6(exp~ 2


0


T
P


P Tst γ=  


where ( ) ( )11
0 12 −− −= eβλργ  


 
III.4 Determining the γ parameter: 


 
Remember that our goal is to determine the occurrence 


of an outlet temperature overshoot, and thus the boiling 
onset of sodium, during an ULOF transient.  
 
The reactivity balance equation (5) can be expressed in 
term of the pump flow coastdown time constant, τ and the  
γ parameter. The τ constant is supposed to be fixed. 
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To determine the γ parameter, one makes the proposal to 
complete the reactivity equation with the following one: 


)7(0=
∆
dt


Td
Na


δ
 


The above equation refers to the occurrence of an outlet 
temperature overshoot or to an asymptotic outlet 
temperature value. 
 
Considering the mass flow rate ratio is following an 
exponential decrease from 100% to q∞ so that: 


∞∞ +−−= qtqq q )exp()1( ω  


where ωq is defined so that mass flow rate decrease by 
50% after τ seconds: 
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Then, equation (7) can then be rewritten as: 
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IV. VALIDATION WITH SEVERAL CORE DESIGN 
 


IV.1 Core designs 
 
Five core designs are tested: 
• a reference design developed by CEA called SFR-V2B 


(named V2B), 
• a core derived from the SFR-V2B concept (named A), 
• three cores derived from an annular concept developed 


by EDF (named B,C,D). 
 
The performances of those five designs are presented in 
Tab.1.  
 


 
Tab.1: Feed-back reactivity coefficients allows to review design 
performances. 
 
Basic idea is to show the reader that a wide range of design 
performances has been tested to justify the following results.  
 


IV.2 The MAT4DYN code 
 
The MAT4DYN code [6] is used to simulate unprotected 
transients such as ULOF events. To validate our approach, 
results are then compared to those obtained with the quasi-
static k,g,h method and those with the dynamic method. 


 
MAT4DYN is based on a very simplified thermo-hydraulic 
model coupled with a point-kinetic solver fed with 6 groups 
delayed neutrons. MAT4DYN is limited to a single channel 
description. Sodium is single-phase. 
 
During a transient, one generally consider the peak pin 
power evolution so have to get a direct access to the 
maximum outlet sodium temperature. 


 
For all designs, one has considered the following 
hypothesis: 


• the initial sodium inlet temperature is 395 C, 
• the mass flow configuration is found to obtain 


a 150 C nominal sodium heating through the 
whole core. 


• the mass flow decreases exponentially and the 
the pump flow coastdown time constant is set 
to τ=30s, 


• the gap conductance is fixed to get a 2400 C 
maximal inner fuel temperature in the hottest 
channel. 


• the fuel thermal dilatation follows the 
cladding thermal dilatation. 


• the reactivity insertion due to control rod 
differential expansion is set to – 0.509 pcm/C. 


 
Two scenarios have been tested. In the first case, one 
consider the mass flow rate ratio to follow an exponential 
decrease from 100% to 27%. In the second one, one 
consider the mass flow rate ratio to follow  an exponential 
decrease from 100% to the 13.5%. 
 
 


IV.3 Asymptotic sodium outlet temperature 
 


Asymptotic outlet sodium temperatures obtained by: 
• direct calculation with the k,g,h approach (see 


equation (1)), 
• direct numerical simulation with MAT4DYN, 


are compared within Table 2.  
 
Power and temperature relatives errors between the 
asymptotic state calculated through the k,g,h approach and 
the one computed with MAT4DYN are then plotted on 
Figure 1. 
 


As expected for the V2B case, power and temperature 
relatives errors are lower than 3%. 
 
Consider then, as a very first approximation, that 
asymptotic outlet temperature given by MAT4DYN is 
about 1000 C. Thus, k,g,h approach allows to estimate such 
a temperature with a ± 30 C uncertainty (such an analysis is 
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confirmed by Table 2). It does confirm that k,g,h a method 
is very powerful and can applied to a wide range of design 
performances. 
 
In other terms, equation (1) gives a simple and efficient 
way to compare intrinsic cores safety characteristics. It can 
be used to improve safety approach at the early core design 
phase to select a core design that achieve “the best” trade-
off between safety concerns and sustainability [4]. 
 


 
Tab.2: Asymptotic outlet sodium temperatures obtained by direct 
calculation with the k,g,h approach and direct numerical simulation with 
MAT4DYN (different designs and ULOF scenarios are considered here). 


 


Fig.1: Power and temperature relatives errors between the asymptotic 
state calculated through the k,g,h approach and the one computed with 
MAT4DYN (different designs and ULOF scenarios are considered). 
 


IV.4 Occurrence of an outlet temperature overshoot 
 


The dynamic approach is currently limited to ULOF 
transients when power will decrease continually. 
 
A first analysis of core designs to be tested shows that, 
except for the V2B case, condition (4) is respected (see 
Table 3). Such an analysis is confirmed by MAT4DYN 
simulations. 


 


 
Tab. 3: Feed-back reactivity coefficients for coolant, claddings and fuel 
dilatation (plus Doppler effect) are presented. Constant decrease of power 
during an ULOF transient is ensured for design A to D but not for design 
V2B (see criteria defined by equation  (4)). 
 
Maximal outlet sodium temperatures obtained by: 


• direct calculation with the dynamic approach 
(see equations (5) and (7)), 


• direct numerical simulation with MAT4DYN, 
are compared within Table 4.  


 
Power and temperature relatives errors between the 
asymptotic state calculated through the dynamic approach 
and the one computed with MAT4DYN are then plotted on 
Figure 2. 
 


Expect for the V2B case (not represented on Fig. 2): 
• temperature relatives errors are lower  than 3%, 
• temperature relatives errors are lower  than 5%. 


 
As a very first approximation, and similarly to k,g,h 
approach, the dynamic approach allows to estimate such a 
temperature with a ±30 C uncertainty. Such an analysis is 
confirmed by table 4. 
 


 
Tab. 4: Overshoot outlet sodium temperatures obtained by calculation 
with the dynamic approach and direct numerical simulation with 
MAT4DYN (different designs and ULOF scenarios are considered here). 
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Fig. 2: Power and temperature relatives errors between the  overshoot 
outlet temperature state calculated through the dynamic approach and 
the one computed with MAT4DYN (different designs and ULOF 
scenarios are considered). 


 
Similarly to Table 4, time of occurrence of the maximal 
outlet sodium temperatures obtained with the dynamic 
approach and MAT4DYN are compared (see Table 5).  
 
Expect for the V2B case, time of occurrence discrepancies 
are about 30-40 seconds.  
 


 
Tab. 5: Time of occurrence of the overshoot outlet sodium 


temperature obtained by calculation with the dynamic approach and 
direct numerical simulation with MAT4DYN (different designs and 
ULOF scenarios are considered here). 


 
 


The dynamic approach gives access to the following 
quantities: 


• power, temperature and time of occurrence of  the 
overshoot outlet sodium temperature, 


• power, temperature of  the asymptotic outlet 
sodium temperature (deriving from k,g,h 
approach). 


 
Such quantities are presented for the B case on Figure 3 
where a  ULOF transient with a 13.5% asymptotic flow rate 
is considered. 


 
Fig 3: MAT4DYN simulation (blue line) versus dynamic and asymptotic 
approach. The simulation was made on design B for a ULOF transient 
with a relative asymptotic mass flow of 13.5%. 


 
The originality of the dynamic approach is to give access to 
ULOF transients and allows us to address specifically : 


• the occurrence of an outlet temperature overshoot, 
• the boiling onset of sodium, 


at the early core design phase. 
 
Previous results put into evidence that dynamic method is 
powerful and can applied to a wide range of design 
performances. Indeed, maximal and asymptotic outlet 
sodium temperature discrepancies between MAT4DYNand 
respectively the dynamic, k,g,h approach are about 3%. 
 
Similarly to equation (1), equations (5) and (7) give a 
simple and efficient way to compare intrinsic cores safety 
characteristics.  
 
Next step is to implement such a method in the SHADOC-
based Design Development System (SDDS) [7] to scan 
among a large design parameters space and select a core 
complying with a set of requirements on, among other, the 
occurrence (or not) of boiling onset of sodium during a 
selected ULOF scenario. 
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V CONCLUSIONS 
 
Dynamic and quasi-static approaches have been tested  


with five core designs. First results are compared to the 
MAT4DYN dynamic code. Maximal outlet sodium 
temperature discrepancies are about 3%. Such a result is 
very satisfying since: 


• asymptotic outlet sodium temperature 
discrepancies are about 3% (also). 


• a wide variety of core design has been tested 
(from homogeneous to annular design) 


 
The originality of the dynamic approach is to give access to 
ULOF transients and allows us to address specifically : 


• the occurrence of an outlet temperature overshoot, 
• the boiling onset of sodium, 


at the early core design phase. 
 


That approach is currently limited to ULOF transients 
when power will decrease continually and thus need to be 
extended. 
 
Next step is to implement such a method in SDDS [4,7] to 
scan among a large design parameters space and select a 
core complying with a set of requirements on, among other, 
the occurrence (or not) of boiling onset of sodium during a 
selected ULOF scenario. 
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Abstract – Alloy 617 is the one of the leading candidate materials for Intermediate Heat 
Exchangers (IHX) of a Very High Temperature Reactor (VHTR). System start-ups and shut-downs 
as well as power transients will produce low cycle fatigue (LCF) loadings of components. 
Furthermore, the anticipated IHX operating temperature, up to 950°C, is in the creep regime so 
that creep-fatigue interaction, which can significantly increase the fatigue crack growth, may be 
one of the primary IHX damage modes. To address the needs for Alloy 617 codification and 
licensing, a significant creep-fatigue testing program is underway at Idaho National Laboratory. 
Strain controlled LCF tests including hold times up to 1800s at maximum tensile strain were 
conducted at total strain range of 0.3% and 0.6% in air at 950°C. Creep-fatigue testing was also 
performed in a simulated VHTR impure helium coolant for selected experimental conditions. The 
creep-fatigue tests resulted in failure times up to 1000 hrs. Fatigue resistance was significantly 
decreased when a hold time was added at peak stress and when the total strain was increased. The 
fracture mode also changed from transgranular to intergranular with introduction of a tensile 
hold. Changes in the microstructure were methodically characterized. A combined effect of 
temperature, cyclic and static loading and environment was evidenced in the targeted operating 
conditions of the IHX. This paper reviews the data previously published by Carroll and co-
workers in references 10 and 11 focusing on the role of inelastic strain accumulation and of 
oxidation in the initiation and propagation of surface fatigue cracks.  


 
 


I. INTRODUCTION 
 
Alloy 617 is the leading candidate material for 


Intermediate Heat eXchangers (IHX) of helium-cooled 
Very High Temperature Reactor (VHTR) systems. 
Conceptual design requires an outlet temperature of greater 
than 850°C to efficiently co-generate hydrogen and 
electricity, with a maximum expected temperature of 
950°C1. The IHX will operate at the reactor outlet 
temperature of up to 950°C. 
Reactor start-ups and shut-downs as well as power 
transients will produce low cycle fatigue (LCF) loadings of 
components. Furthermore, the anticipated IHX operating 
temperature is in the range where creep deformation occurs 
so that interaction between a growing fatigue crack and the 
bulk creep damage, which can significantly increase the 


fatigue crack growth rate, may be one of the primary IHX 
damage modes. However, in the draft code case that was 
developed in the 1980s to have Alloy 617 approved in 
ASME Code section III for nuclear use at high 
temperature2, creep-fatigue was not sufficiently addressed. 
This calls for a more complete database for creep-fatigue 
behavior of Alloy 617; for a better understanding of the 
coupled influence of aging, fatigue, creep and corrosion; 
and for a better life prediction of components under creep-
fatigue deformation.  


A significant testing program is underway at Idaho 
National Laboratory to address the needs for codification 
and licensing. To reproduce the expected deformation in a 
laboratory setting, creep-fatigue testing introduces a hold 
time in a strain-controlled fatigue cycle. Previous work on 
Alloy 617 has suggested that a hold time during the tensile 
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portion of the fatigue cycle is more damaging3-5 than 
compressive holds or both a tensile and compressive hold. 
Therefore holds at peak tensile strain were investigated.  


The helium coolant in the primary circuit of a VHTR 
system is expected to contain low levels of impurities6 such 
as H2, H2O, CO, CO2, CH4, etc, that can react toward 
metallic materials at high temperature. As far as corrosion 
of Alloy 617 is concerned, the optimum coolant chemistry 
will enable the alloy to be oxidized in service for the 
formation of a surface, continuous and dense, chromia 
scale which would protect the bulk alloy and has little 
influence on the mechanical properties7. This corrosion 
behavior is similar to oxidation in air at the same 
temperature8,9. Hence, experiments were performed in air 
as well as in controlled VHTR-simulated helium to account 
for any possible environmental effect. To enhance the 
understanding of creep-fatigue deformation mechanisms at 
950°C, the fatigue and creep-fatigue behavior of Alloy 617 
is presented with systematic microstructure characterization 
of the alloy surface, the specimen bulk and the vicinity of 
the cracks. This paper reviews the creep-fatigue data 
presented in two previous references by Carroll et al.10, 11 
with an emphasis on the role of inelastic strain 
accumulation and the effect of oxidation in the initiation 
and propagation of surface fatigue cracks. 


 
 


II. EXPERIMENTAL 
 


II.A. Material 
 


Cylindrical creep-fatigue specimens, 7.5 mm diameter 
in the reduced section and a gage length of 12 mm, were 
machined from Alloy 617 annealed plate; the long axis of 
the specimen aligned with the rolling direction. The 
composition of the investigated heat of Alloy 617 is given 
in Table I. 


 
TABLE I 


Alloy 617 chemical composition in wt.%. 


Ni C Cr Co Mo Fe Al Ti Si Mn Cu 
bal 0.08 21.9 11.4 9.3 1.7 1.0 0.3 0.1 0.1 0.04 


 
 


II.B. Apparatus 
 


Cyclic testing was conducted on servo-hydraulic test 
machines in axial strain-control mode in accordance with 
the ASTM Standard E606-0412. Radio-frequency induction 
heating was used to heat the specimens. Temperature 
control was achieved using a combination of spot-welded 
thermocouples on a shoulder of the specimen and a 
thermocouple loop at the center of the gage section. The 
temperature gradient was measured with a specimen 


instrumented with spot-welded thermocouples along the 
gage length and was found to deviate by less than 1% 
within the gage section. 


For the cyclic tests in controlled chemistry helium, a 
servo-hydraulic test frame equipped with a gas-tight 
chamber was used. A gas system was developed to feed 
VHTR simulated coolant to the chamber. It comprises a 
manifold containing bottles of helium with controlled 
partial pressures of CO, CH4, and H2; mass flow controller 
to regulate the helium flow; and pressure controllers. Small 
quantities of H2O are added to control the partial pressure 
of water vapor in the helium flow (P(H2O) as low 
as 5µbar). A gas chromatograph and two solid-state 
hygrometers record the gas chemistry at the inlet and outlet 
of the chamber. Feedback is employed on the inlet 
hygrometry. 


 
II.C. Testing methods 


 
Fully reversed strain controlled low cycle fatigue and 


creep-fatigue testing was completed on Alloy 617 at a total 
strain range of 0.3% and 0.6% in air and a simulated 
VHTR helium at 950°C. A triangular waveform and a ramp 
rate of 10-3/s were used for low cycle fatigue testing. 
Creep-fatigue testing followed a trapezoidal waveform with 
a tensile hold imposed at the maximum tensile strain.  
Tensile holds of 180, 600, and 1800 sec were investigated. 
The number of cycles to failure, Nf, is defined as the point 
at which the ratio of the peak tensile stress to the peak 
compressive stress initially deviated from its level slope 
and the point at which the ratio was 80% of the value at 
deviation12. Test completion was prior to actual specimen 
separation. 


For testing in helium, a gas mixture was selected to 
roughly simulate the controlled VHTR coolant. It contained 
50 µbar CO and 350 µbar H2 in addition to approximately 
8 µbar H2O at 1.1 bar total helium pressure to be oxidizing 
with respect to Alloy 617. 


 
II.D. Specimen characterization 


 
After creep-fatigue deformation, the gage sections of 


the deformed specimens were cut along the stress axis 
through the largest surface crack. The specimen was then 
coated with a thin layer of gold followed by nickel plating 
to ensure retention of the surface oxide. The coated 
specimens were mounted in phenolic, polished to a mirror 
finish, and then etched with a 2% bromine solution in 
methanol. Metallurgical evaluation was conducted with 
optical microscopy and Field Emission Gun-Scanning 
Electron Microscopy (FEG-SEM) equipped with an EDX 
spectrometer. 
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III. RESULTS 
 


III.A. Low cycle fatigue behavior 
 


Continuous low cycle fatigue (LCF) testing was 
completed at 950°C to provide a baseline for the creep-
fatigue behavior. Two total strain ranges were investigated, 
0.3% and 0.6%, in air and in helium. The number of cycles 
to failure and the total test time are included in Table II.   


 
TABLE II 


Fatigue and creep-fatigue tests completed at 950°C and a 
strain rate of 10-3/s. 


Strain range 
(%) 


Hold time 
(s) 


Environment 
Nf 


(cycle) 
Time 
(h) 


0.3 


0 air 9641 16 
0 air 7133 12 
0 air 5867 10 
0 air 9000 15 
0 helium 8000 13 
0 helium 7333 12 


180 air  3989 210 
180 air 2485 130 
180 air 4486 230 
180 helium 3004 155 
180 helium 3373 174 
600 air  4096 690 
600 air 2623 440 
600 air 4361 735 
600 air 4430 745 
600 helium 3130 530 
1800 air 4805 2410 
1800 air 4650 2330 


0.6 


0 air 1722 6 
0 air 1390 5 
0 air 1480 5 


180 air 950 51 
180 air 922 49 
600 air  686 117 
600 air 634 108 
1800 air 661 333 


 
The peak tensile and compressive stresses observed in 


the LCF tests at 0.3% and 0.6% total strain were relatively 
symmetrical, i.e. the peak tensile and compressive stresses 
were of the same magnitude, as shown in Figures 1a and 
2a, respectively. Furthermore, a steady state stress was 
reached in approximately 10 cycles and remained constant 
until macrocrack initiation or just prior to failure. Also, 
note that the steady state peak stress in the 0.6% total strain 
test was similar in magnitude to the 0.3% total strain test. 
This is consistent with the shape of the hysteresis loops 
shown in Figures 1b and 2b for the 0.3% and 0.6% total 
strain conditions, respectively.  The hysteresis loops were 
relatively unchanging for cycles 9, 99, and 999 and thus the 


inelastic strain also did not change significantly as a 
function of cycle. 


 
III.B. Creep-fatigue behavior 


 
Creep-fatigue testing was also conducted at 950°C and 


at 0.3% and 0.6% total strains with tensile hold times of up 
to 1800s. A list of the creep-fatigue conditions and fatigue 
life is shown in Table II; total test times were as long as one 
month. 


The peak tensile and compressive stresses are also 
shown as a function of cycle for the creep-fatigue tests 
(Figures 1a and 2a). The creep-fatigue peak stresses versus 
cycle profiles were similar regardless of the duration of the 
tensile hold. The creep-fatigue peak stresses versus cycle 
profiles were also relatively symmetric, although the 
magnitude of the stresses in compression were slightly 
greater than in tension. The peak stresses did not achieve a 
steady state value, instead the peak stresses slowly 
decreased with cycle and had two transition points 
following which a more rapid decrease was observed. The 
hysteresis loops shown in Figures 1c and 2c illustrate this 
cyclic softening. The loops shown for cycles 999 and 499 
demonstrated a lower peak stress magnitude versus cycle 
99, although the width of the loops at zero stress, the 
inelastic strain, did not vary greatly. 


 
III.C. Creep-fatigue life in air and in helium 


 
Figure 3 and Table II give the cycles to failure for LCF 


and creep-fatigue testing at 950°C in air and in helium.   
The continuous cycle fatigue lives were longer than 


corresponding creep-fatigue lifetimes. For example in the 
case of the 0.3% total strain range, the addition of a 180s 
hold time reduced the number of cycles to failure by a 
factor of 2. However, the increasing duration of tensile hold 
did not further decrease the creep-fatigue life at least at a 
total strain range of 0.3%, i.e. the cycle life with a 180s 
hold was comparable to the cycle life with a 1800s hold. 
The influence of the hold duration on the fatigue life at a 
0.6% total strain still needs to be ascertained.  


For continuous fatigue testing as well as for creep-
fatigue at 950°C, the cycle life of Alloy 617 in air and in 
VHTR simulated helium was within the same scatter band, 
as shown in Figure 3. Similar peak tensile stresses were 
also observed in air and impure helium (see Figure 4). 
Again in continuous cycle fatigue, the peak stresses 
achieved a steady state value while cyclic softening was 
observed in creep-fatigue. 
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a.  


b.  


c.  
 
Fig. 1. LCF and creep-fatigue tests in air at 950°C and a 


0.3% total strain: a) peak tensile and compressive stresses as a 
function of cycle; b) hysteresis loops for a LCF test and c) 
hysteresis loops for a 60s hold creep-fatigue test. 


a.  


b.  


c.  
 
Fig. 2. LCF and creep-fatigue tests in air at 950°C and a 


0.6% total strain: a) peak tensile and compressive stresses as a 
function of cycle; b) hysteresis loops for a LCF test and c) 
hysteresis loops for a 60s hold creep-fatigue test. 
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Fig. 3. Cycles to failure as a function of hold time for LCF 


and creep-fatigue tests in air and in helium at a 0.3% and 0.6% 
total strain. 


 


 


 
 
Fig. 4. Peak tensile stresses as a function of cycle in air and 


in helium at a 0.3% total strain for a) LCF and cb) reep-fatigue 
with a 180s hold time. 


 
Typical stress relaxation curves at mid-life are shown 


in Figure 5 for creep-fatigue tests with a hold time up to 
1800s with a 0.3% and 0.6% total strain. During the hold 
period at constant strain, the stress relaxed at the same rate 
for all hold durations: it initially decreased rapidly and was 
almost completely relaxed after approximately 180s into 
the hold.  


a.  


b.  
 
Fig. 5. Stress relaxation at mid-life during the tensile hold 


for creep-fatigue specimens tested in air a) at 0.3% total strain 
with a 180s, 600s, and 1800s hold time and b) at 0.6% total strain 
with a 180s, and 600s hold time. 


 
III.D. Failure mode 


 
No noticeable difference was observed in specimen 


cracking after cyclic testing in air and in helium. Hence in 
the following, results from both environments are presented 
together.  


In continuous cycling tests, the primary crack (most 
likely initiated and) propagated in a predominantly 
transgranular manner, perpendicular to the stress axis. 
Figure 6 shows longitudinal cross sections through the 
specimen gage after LCF. The edges of the cracks were 
slightly oxidized and there was little indication of an oxide 
having formed on the surface of the specimens. A few wide 
but short intergranular secondary cracks were observed 
perpendicular to the stress axis in the specimens tested at a 
0.6% total strain. 


The addition of a hold time resulted in multiple larger 
or primary cracks originating from the specimen surface as 
well as an evolving microstructure, particularly at the 
specimen surface. For the specimens tested in creep-
fatigue, all of the grain boundaries close to the specimen 


a. 


b. 
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surface and perpendicular to the stress axis were oxidized 
(the intergranular oxide was mainly Al-rich). A majority of 
these surface internal oxides have initiated intergranular 
cracks (after opening, the edges of these small secondary 
cracks have oxidized and eventually the cracks were fully 
filled by the Cr-rich oxide) as can be seen in Figure 7a. It is 
difficult to determine on the initiation mode of the primary 
crack (or cracks) because of the evolving microstructure at 
the surface and surrounding the cracks. However, based on 
the many shorter secondary cracks which started at 
oxidized grain boundaries, it is likely that the primary 
cracking also initiated intergranularly. 


 


     
 
Fig. 6. Cracking in continuously cycled specimens deformed 


in air at a) a 0.3% total strain and b) a 0.6% total strain. The 
stress axis is horizontal and in the plane of the page. 


 
The crack propagation was intergranular. In Figure 7a, 


the primary crack was open and an oxide, rich in Cr and 
containing Ti, has formed along the flanks. Grain 
boundaries intersecting with the main crack exhibit fine 
carbides and Al-rich precipitates, most certainly alumina. 
Figure 7b illustrates oxidation at the crack tip. Alumina was 
detected ahead of the main crack tip as fine intergranular 
veins.  


 
III.E. Surface evolution 


 
The surface microstructure in the specimens cycled in 


air was qualitatively similar to those cycled in impure 
helium. Therefore, the results reported in this section do 
not differentiate between testing environment. In addition 
the microstructure of deformed specimens was consistent 
with statically exposed specimens8,13 with the exception of 
occurrence of secondary and primary cracking.  


a.  


b.  
 
Fig. 7. Cracking in creep-fatigue specimens deformed in air 


at a 0.3% total strain with a) a 600s hold and b) a 180s hold 
(close up of the crack tip). The stress axis is horizontal and in the 
plane of the page. 


 
Figure 7a exemplifies the basic features of the surface 


evolution:  
- A Cr-rich oxide scale has formed which covers the 


entire surface. Variations in the scale thickness were 
related to the total time exposed at 950°C: after 
continuous cycle fatigue, the oxide was relatively 
thin (approximately 2µm), while after creep-fatigue 
deformation a thicker oxide had formed (up to 
10µm). 


- Internal Al-rich oxides, precipitated beneath the 
chromia scale and at grain boundaries close to the 
surface. In continuously cycled specimens, the 
intergranular oxides were thin and finger-like. In 
creep-fatigue deformed specimens, the depth of 
grain boundary oxides was greater, and as 
previously explained, some had evolved into 
secondary cracks filled with a Cr-rich oxide. 


Cr-rich oxide 


Al-rich 
precipitates 


hole 


intergranular 
crack 


b. a. 


100 µm 


40 µm 


317







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11284 


 


- An area free of grain boundary carbides has evolved 
in the subsurface. Such a carbide-depletion was also 
evidenced in the region surrounding the primary 
creep-fatigue cracks. Carbide dissolution was 
related to the diffusion of chromium to the surface 
(of the specimen or of the crack) to form the 
chromia scale. Chromium removal then may have 
destabilized the grain boundary Cr-rich carbides in 
the subsurface area.   


 
III.F. Bulk evolution 


 
For pure fatigue specimens (and oxidized coupons 


without loading as well), the material bulk was clean from 
cracking. On the contrary, cracks were observed in the bulk 
of the creep-fatigue tested specimens. Examples of these 
cracks are shown in the images in Figure 8.  


 


a.  


b.  
 
Fig. 8. Grain boundary damage observed in the bulk material 


of specimens deformed at a 0.3% total strain range with a) a 180 s 
hold in impure helium and b) a 600 s hold in air. The stress axis is 
horizontal and in the plane of the page. 


 
The cracks were relatively thin and typically followed 


grain boundaries perpendicular to the stress axis. Their 
length varied, from several micrometers to several grain 
diameters in length. In some cases, there were boundaries 
with multiple small cracks. Although this type of damage 
was randomly distributed in the bulk, most of the grain 
boundaries were completely free of cracking and these 
intact grain boundaries did not exhibit cavitation and 


instead microscopically appeared free of grain boundary 
damage (at magnifications of up to 100,000 times). The 
bulk cracks were absent of any oxide and thus it can be 
concluded that they were not surface connected and 
exposed to the environment. 


 
IV. DISCUSSION 


 
IV.A. Effect of an air or helium environment 


 
The cycle lives of continuous cycle and creep-fatigue 


of Alloy 617 in air and in VHTR simulated helium were 
within the same scatter band at 950°C, as shown in 
Figure 3. This tendency is rather consistent with the small 
number of previous studies on the influence in fatigue of air 
compared to impure helium. Nagato and coworkers14 
observed that the fatigue life of Hastelloy X, a nickel base 
alloy rich in Cr, was longer in impure helium than in air but 
the effect of environment was less remarkable at 
temperatures above 800°C and for creep-fatigue. At 
temperatures of 750°, 850° and 950°C, Meurer and 
coworkers5 observed a slight increase in the fatigue life of 
Alloy 617 tested in impure helium compared to air at a 
total strain of 0.3%; this difference was not evidenced at 
higher strain ranges. Strizak and coworkers15 observed that 
a helium environment was not detrimental to fatigue life of 
Alloy 617 at temperatures of up to 704°C and Rao and 
coworkers3 concluded that at 950°C the influence of 
environment, if any, is strongly reduced for longer hold 
times. In addition to an equivalent fatigue life, the 
tensile/compressive peak stress versus cycle, the hysteresis 
loop, and the stress relaxation during the peak tensile hold 
were similar under both atmospheres (see Figure 4). No 
difference in the crack initiation behavior, propagation 
mode, or oxidation of the cracks was evidenced between 
the air and impure helium cycled specimens. Finally, 
metallurgical characterization of the specimens cyclically 
deformed in air and in helium failed to reveal any 
significant differences in the oxidation products or surface 
morphology. The corrosion product development and the 
surface evolution are consistent with the general corrosion 
behavior of Alloy 617 under a high temperature oxidizing 
environment as is air or controlled VHTR helium coolant 
(helium with significant water vapor and carbon monoxide 
partial pressures at 950°C). In an atmosphere with a 
sufficient oxidation potential, Alloy 617 forms a chromia 
surface scale and aluminum oxidizes internally9,13. These 
similarities in the overall behavior of the specimens cycled 
in air and in simulated impure VHTR helium allow for the 
joint discussion of the results for both environments 
without specific reference to the testing atmosphere.   


 
 
 
 


50 µm 


50 µm 
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IV.B. Basis for creep-fatigue interaction  
 


Creep-fatigue interaction is a combination of creep 
damage and fatigue damage which accelerates the 
deformation process. Typically three types of failure are 
defined: fatigue-dominated, creep-dominated, and creep-
fatigue interaction16-18. Fatigue dominated failures are 
typically observed at lower to intermediate temperatures 
and transgranular crack initiation and propagation is 
observed. On the contrary, creep dominated failures occur 
at high temperatures and intergranular crack initiation and 
propagation with extensive creep cavitation occurs. Creep-
fatigue interaction is illustrated as mixed-mode crack 
propagation and the presence of creep cavitation on the 
grain boundaries in the bulk material. Cavity formation and 
fatigue crack initiation and propagation independently 
develop, then interaction occurs if one mode accelerates the 
other damage process. The creep and fatigue failure modes 
interact through cavitation accelerating the crack initiation 
or propagation process or fatigue deformation enhancing 
cavitation18. Identifying the dominant failure mode and the 
influence of environment is important for life prediction 
and modeling efforts. 


 
On the one hand, the creep-fatigue specimens did not 


fail in a fatigue-dominated manner at 950°C. The primary 
crack in the continuously cycled specimens initiated and 
propagated in a transgranular manner (fatigue dominated 
manner). Oxidized grain boundaries were occasionally 
present but did not result in specimen failure. For all cases 
in creep-fatigue, several longer cracks likely initiated and 
did propagate intergranularly. Rao and coworkers3 also 
reported transgranular cracking of Alloy 617 at 950°C in 
fatigue cycled specimens and the addition of a 60s tensile 
hold resulted in the cracking initiating transgranularly and 
propagating by a mixed mode. Besides, at lower strain rates 
in a helium environment: approximately 10-4/s, the crack 
propagation mode switched to intergranular.  


On the other hand, massive cavitation which would 
have caused creep dominated failure was not observed in 
any of the creep-fatigue specimens deformed at 950°C with 
holds as long as 1800s. Grain boundary cavities were 
depicted for many alloys in the regime of creep-fatigue 
interaction3,16,18-20. A detailed assessment correlated the 
size and number of grain boundary cavities and the 
accumulated creep damage for 316 stainless steel16. It was 
also found that a critical amount of deformation was 
required before creep cavities nucleated. Recent work by 
Lillo and co-workers21 suggested that significant creep 
cavitation did not occur in Alloy 617 until greater than 
10% creep strain during creep deformation in the 
temperature range from 900°C to 1000°C. Inelastic strain 
was evaluated by integrating the stress relaxation data from 
Figure 5 [this calculation was done by S. Sham from Oak 
Ridge National Laboratory]. The total inelastic strain was 


calculated by integrating the stress relaxation curve at a 
mid-life cycle. The accumulated creep strain was estimated 
to be less than 2.5% and 0.5% for respectively the 0.3% 
and the 0.6% total strain tests,. Therefore, creep cavities 
are not expected to be formed in the present testing of 
Alloy 617 at 950°C.  


 
IV.C. Effect of a hold period in tensile strain 


 
Similar to what has been observed for stainless steels 


and nickel base alloys, the introduction of hold times at 
peak tensile strain in continuous cycle fatigue reduces the 
fatigue life of Alloy 617 (Figure 3). For example at a 0.3% 
total strain, the introduction of a 180s hold period at peak 
tensile strain decreased the life by approximately a factor 
of 2. A greater decrease in cycles to failure at lower strain 
ranges was also observed, consistent with the results on 
Nimonic PE-16, a Ni-Cr superalloy19.  


The drop in cycle life is likely associated with the 
change in the cracking mode. The shift in crack 
propagation mode from transgranular to intergranular may 
be a result of grain boundary damage from creep processes 
that accelerates intergranular crack propagation (see 
paragraph IV.B) but may be also influenced by the 
environment accelerating grain boundary crack propagation 
and promoting intergranular failure.     


Interestingly, the increasing duration of the peak 
tensile hold at 0.3% total strain did not further decrease the 
number of cycles to failure; that is to say, the 180s hold 
creep-fatigue life was similar to that of the 1800s hold. The 
amount of creep damage, estimated by the accumulated 
inelastic strain, is relatively similar with increasing hold 
periods as the stresses during the tensile hold were almost 
completely relaxed by the end of the first 180s. 


This suggests creep-fatigue interaction in the current 
testing. Although creep intergranular cavities were not 
observed, bulk cracking was evidenced in all of the creep-
fatigue deformed specimens as illustrated in Figure 8. 
Because intergranular crack was not found in the 
continuously cycle fatigue specimens (or in unloaded 
material), it was assumed that bulk cracking was caused by 
creep deformation.  


The amount of bulk material cracking was quantified 
to determine if a relationship existed between the duration 
of the hold time and the amount of grain boundary damage. 
The total number of cracks, total length of cracks, and the 
average length of the cracks were determined for a 
(0.5mm)² area at five locations, as shown schematically in 
Figure 9.  


The areas analyzed were 1mm in each direction (in the 
plane of the page) from the primary crack tip and 3mm in 
each direction along the stress axis (in the plane of the 
page) from the primary crack tip. For all specimens, the 
cracking was statistically similar among the five areas and 
no general trends were observed. In particular, the amount 
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or length of the bulk cracking did not appear to be related 
to location relative to the primary crack. Hence, the 
cracking features (number, average length, cumulated 
length of the cracks) were calculated for the all of the areas 
combined.  Figure 10 shows the results graphically as a 
function of hold time. As mentioned previously, there was 
no cracking observed in the continuous cycle fatigue 
specimens. It was also evidenced that increasing hold times 
induced relatively similar amounts of grain boundary 
cracking. Additionally, whatever the environment, air or 
impure helium, the material exhibited a similar degree of 
bulk grain boundary cracking.   


 


 
 
Fig. 9. Schematic of the statistical method used to quantify 


damage in the LCF and creep-fatigue deformed specimens. The 
stress axis is horizontal and in the plane of the page. 


 
It is believed that creep-fatigue interaction may be 


caused by bulk cracking accelerating the surface fatigue 
crack propagation. Equivalent creep strain accumulated for 
a 180s hold and a 1800s hold (because of the rapid 
relaxation) would produce similar amount of grain 
boundary cracking, resulting in the same reduction of the 
creep-fatigue life. Although the main factor in the drop in 
the fatigue life when a hold is introduced may be the creep 
damage promoting intergranular crack propagation, 
oxidation may also play a role.  


 
IV.D. Role of oxidation 


 
One faces a challenge in discussing the role of 


environment at elevated temperature. In an ideal case, 
comparable creep-fatigue testing performed under an inert 
atmosphere would be used as a baseline, exemplifying the 
effect of oxidation on fatigue life. However, creep-fatigue 
in inert conditions is not practically achievable at high 
temperature. 
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Exposure at 950°C in vacuum and in (never 
completely) pure helium or argon is accompanied by 
decarburization. Dissolution of intergranular carbides to an 
increasing depth fosters grain boundary sliding and the 
formation of cavities and wedge-cracks in the carbide-free 
region3,18. These metallurgical instabilities contribute to the 
fatigue crack initiation and/or growth, and the fatigue life 
may be significantly lower than observed in air3. Therefore, 
characterization of the cycled alloy microstructure on the 
surface and in the surrounding of the cracks will be used to 
get an insight of the possible role of oxidation in the fatigue 
crack initiation and growth. 


Close examination of cross sections of the creep-
fatigue tested specimen revealed that surface grain 
boundaries were either cracked or showed precipitation of 
finger-like alumina (see Figure 7a). Intergranular alumina 
precipitates are typical of Alloy 617 oxidized in air or in an 
impure but oxidizing helium (as is the process gas in the 
present study): the oxygen potential at the scale/alloy 
interface, set by the dissociation of chromia, is very low but 
high enough for aluminum as well as silicon to be 
oxidized8. Precipitation is preferred at grain boundaries 
which are short diffusion pathways for oxygen. It is 
believed that the alumina veins may act as preferential sites 
for crack initiation. Once initiated the cracks will open, 
exposing new metal surfaces to the gas phase and oxidation 
of the crack edge would occur with growth of a chromium-
rich oxide. Eventually, the chromium oxide may fully fill 
the crack, forming a large region filled with chromium 
oxide. 


Following an equivalent process, formation of 
intergranular alumina was observed at grain boundaries 
intersecting with main oxidized cracks, including ahead of 
the crack tip, as shown in Figure 7b. Cracks are likely to 
propagate preferentially through these brittle alumina 
precipitates and the crack growth may be accelerated.  


Therefore, internal oxidation of alumina first below the 
external chromia scale and then ahead of the crack tip may 
increase both crack initiation and propagation rate. This 
hypothesis is consistent with the observed intergranular 
cracking and may account for at least a portion of the 
reduction in the fatigue life with a tensile hold 


 
 


IV. CONCLUSIONS 
 


This paper reviews two previous publications by 
Carroll and co-workers10,11 on creep-fatigue testing of Alloy 
617 in air and in a VHTR simulated impure helium at 
950°C at total strain ranges of 0.3% and 0.6%. This work 
supports acceptation of Alloy 617 in the nuclear section 
(section III) of the ASME code for application at high 
temperature as well as licensing of VHTR systems with 
IHX. The creep-fatigue behavior of Alloy 617 at 950°C 
may be influenced by both the environment and the creep 


deformation that occurs during the tensile hold. The shift in 
crack initiation mode from transgranular during fatigue 
deformation to intergranular during creep-fatigue 
deformation likely results from the environmental 
influence. Oxidation may also play a role in determining 
the crack propagation mode, tending the creep-fatigue 
crack propagation to intergranular as opposed to 
transgranular. However, longer hold times did not result in 
the further decrease in cycle life suggesting that the 
environmental influence on creep-fatigue crack propagation 
is not the controlling factor. Measurements of the oxidation 
phenomena are planned for a more quantitative approach. 
Constant accumulated creep damage despite an increasing 
hold time agrees well with the experimental tendency of 
cycles to failure saturating. The creep damage in the alloy 
bulk, in the form of grain boundary cracking, may have 
accelerated the crack propagation. The amount of grain 
boundary cracking was similar among all of the hold times 
due to the rapid saturation during the stress relaxation. 
Creep-fatigue testing will be performed under another 
helium environment producing different microstructure and 
corrosion products to determine any change in the 
deformation mechanisms. 
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Abstract – During a hypothetical severe accident on a Pressurized Water Reactor (PWR), 
iodine is one of the most hazardous fission products that can be released from the nuclear fuel into 
the reactor containment and to some extent to the environment. The strong radiological impact of 
iodine on human health and environment, mostly through its 131I isotope, has made it a key point 
for the study of potential fission product release from a Nuclear Power Plants (NPP) in case of a 
severe accident.  


The evolution of the volatile iodine concentration in the containment is determined by a 
balance between formation and deposition or destruction processes. Released from the fuel as a 
gaseous form and being cooled down in the Reactor Coolant System (RCS), iodine enters the 
containment in gaseous or particulate form and undergoes deposition processes that eventually 
trap it to the containment surfaces (mostly painted surfaces) and sump. In balance with these 
deposition processes, volatile iodine formation processes are involved in the medium and long 
term. Volatile molecular iodine (I2) can be produced under radiation either from soluble iodine 
species dissolved in the sump [1], or  from iodine deposited on painted surfaces or from 
suspended aerosols. Organic iodide compounds (RI) can be produced from iodine (under 
molecular or aerosol forms) deposited on painted surfaces present in the containment atmosphere 
or in the sump. 


The main formation and destruction routes were already identified [1]; however, uncertainties 
in quantifying some of these processes remain large to make reliable iodine source term 
evaluations for various accident scenarios, in particular for organic iodide production and 
destruction from painted surfaces in contact with the containment atmosphere or in the sump. To 
complete the existing database, the extensive experimental program EPICUR has been performed 
by the French “Institut de Radioprotection et de Sûreté Nucléaire” in collaboration with many 
international partners to obtain data concerning iodine volatilization and particularly to provide 
on-line measurements of iodine volatilization during irradiation. Results obtained in EPICUR on 
the molecular iodine volatilization from the sump have been presented in an earlier paper [2]. 
Results obtained in EPICUR on the organic iodide volatilization from the painted coupons placed 
in the containment sump have been presented in another earlier paper [3]. 


The present paper describes the experimental study carried out to investigate the formation of 
organic iodide from painted surfaces in the containment atmosphere under various conditions. 
The paper presents the EPICUR facility and gives an overview of the experiments performed, 
simulating severe accident conditions. Experiments were performed using painted coupon, 
representative of the NPP painted surfaces, loaded with labeled molecular iodine (131I) and placed 
in the atmosphere of the irradiation vessel. Gamma spectrometers were used to measure on-line 
and after the irradiation phase the quantity of molecular iodine and organic iodide volatilized 
from the painted coupon under radiation. The impact of the initial concentration of iodine 
deposited on the painted coupon, of the irradiation temperature and of the relative humidity (RH) 
of the irradiation atmosphere was investigated. The results are presented and discussed. These 
experimental results will be used to validate the IODE module of the ASTEC code [13] developed 
by IRSN in collaboration with GRS and used in water reactor safety analysis. 
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I. INTRODUCTION 
 
In the improbable event of a loss-of-coolant accident 


in a NPP, leading to core melt-down, iodine is one of the 
most hazardous fission products that can be released from 
the nuclear fuel. The amount and kinetics of iodine release 
to the environment due to containment leakage or venting 
following the accident depends to a large extent on its 
volatility in the containment. The evolution of the volatile 
iodine concentration in the containment is determined by a 
balance between formation and deposition or destruction 
processes.  


The understanding of these processes considerably 
evolved after the performance of the series of Phébus 
Fission Products integral tests that were undertaken to 
investigate key phenomena involved in NPP severe 
accidents and particularly the iodine chemistry in the 
containment [4-6]. Phébus test results showed that iodine 
may enter the containment in gaseous and particulate forms 
in various proportions depending on the accident scenario 
[7-10]. In the containment, it undergoes deposition 
processes on the containment surfaces (mostly painted 
surfaces) and sump which reduces the overall airborne 
iodine concentration. After some hours, the containment 
airborne iodine concentration finally reaches a steady state 
level, lower than concentration levels observed on the short 
term.  


Current explanations for the rather fast disappearance 
of the gaseous iodine fractions observed on the short term 
in Phébus tests are that gaseous iodine may react with 
species such as OH. radicals and ozone that are formed by 
irradiation of moist air, yielding soluble iodine oxides that 
are then transferred to the sump [11], and that gaseous 
iodine also reacts chemically with painted surfaces. 
Concerning particulate forms of iodine, the decrease in 
airborne concentration on the short term is due mainly to 
deposition by sedimentation and diffusiophoresis 
processes. Depending on the presence of silver in the sump 
(originating from control rod degradation) and its oxidation 
state, soluble or insoluble iodine species may be formed.  


In balance with these deposition processes, volatile 
iodine formation processes are involved in the long term: 
organic iodide (RI) compounds can be formed from iodine 
deposited on painted surfaces and from reactions in the 
sump and volatile molecular iodine (I2) can be formed 
under radiation from soluble iodine species dissolved in the 
sump [1].  


The main formation and destruction routes were 
identified; however, remaining uncertainties in quantifying 
some of these processes are considered as too large to 
make reliable iodine source term evaluations for various 
accident scenarios, in particular for organic iodide 
production and destruction from painted surfaces in contact 
with the containment atmosphere or in the sump.  


To complete the existing database, the EPICUR 
program was launched by IRSN and experiments have been 
performed in the frame of the International Source Term 
Program (ISTP) to provide on-line measurements of iodine 
volatilization during irradiation at elevated representative 
temperatures. 


Results obtained in EPICUR on the molecular iodine 
volatilization from the sump were presented in a earlier 
paper [2]. Results obtained in EPICUR on the organic 
iodide volatilization from the painted coupons placed in the 
containment sump have been presented in another earlier 
paper [3]. The present paper presents a description of the 
EPICUR facility and gives an overview of the experiments 
carried out so far to investigate the formation of organic 
iodide from painted surfaces in the containment atmosphere 
under various conditions. 


 
 
 


II. EPICUR EXPERIMENTS  
II.A. Experimental set-up 


The experimental set-up used to study the formation 
of organic iodide consists of an electro-polished stainless 
steel irradiation vessel (4.8l), connected through electro-
polished stainless-steel tubes to an iodine filtration system.  


The temperature in the irradiation vessel can range 
from 40 to 130°C. The volatile species produced in the 
irradiation vessel are transferred to the iodine filtration 
system with a gas flow. The iodine filtration system, called 
May-pack, can contain different species-selective filters for 
the retention of iodine aerosols (quartz fiber filter); 
molecular iodine (Knit-mesh filter with silver clad copper) 
and organic iodide (KI impregnated charcoal filter). On-
line γ measurements are provided by 4 NaI counters placed 
above each filtration stage of the May-pack device.  


Six 60Co sources are used as the radiation source and 
deliver average dose rates of about 2.0 kGy.h-1 in the 
gaseous phase and 1.5 kGy.h-1 at the level of the painted 
coupon.  


At the end of the irradiation, the iodine filtration 
system is recovered. The different filters, the loaded 
coupon and the rinsing solutions of the irradiation vessel 
and of the experimental loop are also counted after the test 
for comparison with on-line γ measurements and for the 
iodine mass balance. 


A schematic view of the facility is shown in Fig. 1. 
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Fig. 1: Scheme of the EPICUR experimental loop 


 
 
 


II.B. Experimental conditions 
Eleven tests were performed on the formation of 


organic iodide from painted coupons loaded with iodine 
and placed in the containment atmosphere.  


The painted coupons were 56 mm in diameter and 3 
mm thick (total geometrical surface of 50 cm2). They were 
made of black steel and recovered with an epoxy type 
paint, which is used in the French nuclear plants. The 
painted coupon was preheated at 130°C in a dry 
atmosphere for 96h prior to the labeling phase and the 
irradiation phase. 


For these tests, during the labeling phase the painted 
coupons were loaded with molecular iodine from the 
gaseous phase. Molecular iodine was produced from the 
Dushman reaction (1) in presence of radioactive iodine 
(131I) at room temperature using a sodium iodide and a 
sodium iodate solution: 


OH3I3H6I5IO 223 +→++ +−−  (1) 


 
Then the 131I loaded coupon was placed in the 


irradiation vessel. The EPICUR tests were carried out in 
the experimental set-up described before, in various 
experimental conditions in order to study the effect on 
experimental parameters on the formation of organic iodide 
from painted coupons placed in the containment 
atmosphere.  


The experimental conditions of the tests are detailed 
in Table I. 


The gas used for the experiments (to transfer volatile 
species produced in the irradiation vessel towards the May- 
pack) was high purity air. For the 8 tests with 8 hours of 
irradiation phase: the gas flow in the irradiation vessel was 
regulated at  0.25 l.min-1 during the first 4 hours and then at 
0.5 l.min-1 during the last 4 hours. These values were 


chosen to investigate the potential effect of this parameter 
on the volatile iodine transfer to the May-pack. The main 
aims of these tests were to study the impact of the initial 
concentration of iodine on the coupon ([I]i in mol of iodine 
per m² of paint), of the temperature and of the relative 
humidity (R.H.) in the irradiation vessel, on the formation 
of organic iodide.  
For the 2 tests with 30 hours of irradiation phase: the gas 
flow in the irradiation vessel was regulated at 0.25 l.min-1. 
The aim of theses tests was to investigate the impact of a 
long irradiation duration, in order to check if there is still 
release from the coupon after 8h of irradiation.  
The last test (11) was carried out in a closed irradiation 
vessel, not connected to the May-pack during the 
irradiation phase. The aim was to study the effect of 
residence time in the irradiation vessel on the nature and 
proportions of volatile species obtained (resulting from 
formation and destruction). This test consisted in 
irradiating a loaded coupon for 4 hours in the closed 
irradiation vessel, not connected to the May-pack, then the 
irradiation phase was stopped and the atmosphere of the 
vessel was swept towards the May-Pack for gamma-
counting of the volatile species produced. Both steps 
(irradiation with closed vessel and sweeping to the May-
Pack) were repeated to obtain a total irradiation duration of 
8 hours (as in most of other tests) with an experimental 
point after 4 hours of irradiation. 


 
TABLE I 


Experimental conditions of the tests with iodine loaded 
coupon placed in the atmosphere of the irradiation vessel. 


 


III. RESULTS AND DISCUSSION 
 


The aim of the tests was to study the effect of 
experimental parameters on the formation of organic iodide 
(RI) from painted coupons placed in the containment 
atmosphere. These results are presented below; together 
with the results on the formation of molecular iodine (I2) 


Test T (°C) [I]i (10-4mol(I).m-2) R. H. (%) 
Irradiation duration: 8h 


1 0.17 ± 0.01 
2 0.35 ± 0.02 
3 1.1 ± 0.1 
4 1.2 ± 0.1 
5 3.2 ± 0.2 
6 9.2 ± 0.5 


60 


7 


80 


0.5 ± 0.1 20 
8 120 3.3 ± 0.2 60 


Irradiation duration: 30h 
9 120 0.8 ± 0.1 15 
10 80 1.7 ± 0.2 60 


Irradiation in closed irradiation vessel: 4h + 4h 
11 80 0.29 ± 0.02 60 
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and on the global volatilization from painted coupons. The 
global volatilization of iodine species is defined as the 
difference between the initial quantity on the coupon before 
irradiation and the quantity of iodine remaining on the 
coupon after irradiation. The iodine activity balance is also 
indicated in the results below, in order to estimate the 
comparability of the tests. This activity balance takes into 
account the amount of iodine recovered after the irradiation 
phase on each filter, on the coupon but also in the rinsing 
solutions of the irradiation vessel and of the experimental 
loop (results not presented below), compared to the initial 
activity on the coupon before the irradiation phase. 
Fig. 2 shows the general trend of on-line γ measurements 
obtained on each filter during the irradiation phase (the 
quantity of iodine species trapped on the quartz Fiber filter 
is measured and given in Fig. 2 but not discussed in this 
paper). Fig. 2 highlights that there is no impact of the gas 
flow increase (0.25 to 0.5 l.min-1) in the irradiation vessel 
after 4 hours of irradiation. This non-effect of this 
parameter is similar for all tests in the investigated range. 
The final values measured on line after the irradiation 
phase could be slightly different from the results of post-
test measurements on each filter. As post-test measurements 
are more reliable (on-line measurements could be disturbed 
by the radiations emitted from the 60Co sources and from 
labeled iodine species deposited on neighboring filters), 
these values are used for the result analysis.   
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Fig. 2: General trend of the on-line measurements 


 
 
III.A. Study of the effect of Iodine concentration on the 
coupon 
Six tests have been performed in order to study the effect of 
the initial iodine surfacic concentration on the coupon 
(from 0.17×10-4 mol(I).m-2 to 9.2×10-4 mol(I).m-2) on the 
RI, I2 and global volatilizations. The results of the post-test 
measurements are presented in Table II. 
 


TABLE II 
Organic Iodine, Molecular Iodine and Global 


volatilizations for various initial iodine surfacic 
concentrations on the coupon 


*The Activity balances are not fully closed, the iodine loss is 
probably due to I2 trapped irreversibly on the stainless steel 
surfaces of the device. Thus the I2 volatilization indicated in the 
table is certainly underestimated. 


 
 


Fig. 3 shows the evolution of RI, I2 and global 
volatilizations as a function of the initial iodine 
concentration on the coupon. According to measurement 
uncertainties and reproducibility of the measurements, the 
main comments on the results are:  


- The organic iodine volatilization decreases when the 
initial iodine surfacic concentration on the coupon 
increases. This point should be confirmed by some tests of 
the OECD/BIP program. 


- The molecular iodine volatilization increases when 
the initial iodine surfacic concentration on the coupon 
increases (this trend is mainly highlighted above a value 
between 1 and 3×10-4 mol(I).m-2).  


- The global volatilization increases when initial iodine 
surfacic concentration on the coupon increases (this trend is 
mainly highlighted above a value of 3×10-4 mol(I).m-2).  
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Fig. 3: Organic Iodine, Molecular Iodine and Global 
volatilizations versus initial Iodine concentration on the 


coupon  
 
 


Test [I]i 
 (10-4mol.m-2) 


*Activity 
balance 


(%) 


RI volat. 
(%) 


*I 2 
volat. 
(%)  


Global 
volat. 
(%) 


1 0.17±0.01 84.4±3.4 11.9±1.0 25.0±2.8 58.8±4.1 


2 0.35±0.02 71.9±2.7 11.4±1.1 15.5±2.0 62.1±4.5 


3 1.1±0.1 81.9±2.9 8.9±0.7 26.2±2.9 65.9±3.7 


4 1.2±0.1 79.0±4.4 11.4±1.5 25.8±2.9 61.8±4.9 


5 3.2±0.2 78.7±3.5 5.7±0.9 28.5±3.1 66.0±3.6 


6 9.2±0.5 78.2±2.4 3.2±0.6 41.2±4.4 76.7±5.0 
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III.B. Study of the effect of Temperature 
Two sets of two tests have been performed in order to study 
the effect of the temperature (80 and 120°C) on the RI, I2 
and global volatilizations. The two tests (5 and 8) of the 
first set were performed respectively at 80°C and 120°C 
with the same R.H. (60%) and thus a different amount of 
steam in the irradiation vessel during the test. The two tests 
(4 and 9) of the second set of tests were performed 
respectively at 80°C and 120°C with the same amount of 
steam (PH2O = 0.29 bars) and thus with different R.H (60% 
at 80°C vs 15% at 120°C) in the irradiation vessel during 
the test. Considering the effect of iodine concentration on 
the coupon on the volatilizations, the tests to be compared 
were chosen with similar initial iodine surfacic 
concentration on the coupons (cf Table I). Test 9 was 
performed during 30 hours, the on-line values of the 
activities trapped on each filter stage after 8 hours of 
irradiation were recovered in order to compare the results 
of this test to the results of Test 4 (in these conditions the 
global volatilization could not be calculated at 8 hours). 
The results of the on-line measurements of Test 9 and the 
results of the post-test measurements of the three other tests 
are presented in Table III.  
 


TABLE III 
Organic Iodine, Molecular Iodine and Global 
volatilizations for various temperatures 


*The Activity balances are not fully closed, the iodine loss is 
probably due to I2 trapped irreversibly on the stainless steel 
surfaces of the device. Thus the I2 volatilization indicated in the 
table is certainly underestimated. 
**N.D.: Not determined 


 
According to measurement uncertainties and 
reproducibility of the measurements, these results show that 
when the temperature increases from 80 to 120°C, the 
molecular iodine and the global volatilizations decrease, 
and this independently of the relative humidity in the 
irradiation vessel. On the other hand, the organic iodide 
volatilization is not affected by the temperature increase. 
 


 
III.C. Study of the effect of Relative Humidity 
Four tests could be compared in the aim to study the effect 
of the relative humidity (R.H.) on the RI, I2 and global 
volatilizations. Test 7 was performed with a R.H. of 20% 
and can be compared to Tests 1, 3 and 4 performed with a 
R.H. of 60%. The initial iodine concentration on the 


coupons used for these tests is less than or equal to 1×10-4 


mol(I).m-2 (cf table I) so the results can be compared 
regardless of the effect of the initial iodine concentration 
on the coupon (cf § III.A). The results of these four tests 
are presented in Table IV.  
 


TABLE IV 
Organic Iodine, Molecular Iodine and Global 


volatilizations for various R.H. 


*The Activity balances are not fully closed, the iodine loss is 
probably due to I2 trapped irreversibly on the stainless steel 
surfaces of the device. Thus the I2 volatilization indicated in the 
table is certainly underestimated. 
 
According to measurement uncertainties and 
reproducibility of the measurements, these results show that 
when the R.H increases from 20 to 60%, the organic 
iodide, the molecular iodine and the global volatilizations 
increase.  
 
 
III.D. Study of the effect of residence time of volatile 
species in the irradiation vessel 
Test 11 was carried out in a closed irradiation vessel, not 
connected to the May-pack during the irradiation phase. 
The aim was to study the effect of residence time in the 
irradiation vessel on the nature and proportions of volatile 
species obtained (resulting from formation and 
destruction). This test consisted in irradiating a coupon 
loaded with iodine for 4 hours in the closed irradiation 
vessel, not connected to the May-pack, then the irradiation 
phase was stopped and the atmosphere of the vessel was 
swept toward the May-Pack for gamma-counting of the 
volatile species produced. Both steps (irradiation with 
closed vessel and sweeping to the May-Pack) were 
repeated to obtain a total irradiation duration of 8 hours (as 
in the most of other tests) with an experimental point after 
4 hours of irradiation. Fig. 4 shows the results of on-line γ 
measurements obtained on each filter after the two 
irradiation and sweeping phases.  
 
 


Test T 
(°C) 


R.H 
(%) 


*Activity 
balance 


(%) 


RI volat. 
(%) 


*I 2 
volat. 
(%)  


Global 
volat. 
(%) 


5 80 60 78.7±3.5 5.7±0.9 28.5±3.1 66.0±3.6 


8 120 60 91.7±5.2 7.8±0.6 18.1±1.9 35.5±2.3 


4 80 60 79.0±4.4 11.4±1.5 25.8±2.9 61.8±4.9 


9 120 15 83.6±3.9 11.3±1.8 15.6±2.1 **N.D. 


Test R.H
(%) 


*Activity 
balance 


(%) 


RI volat. 
(%) 


*I 2 
volat. 
(%)  


Global 
volat. 
(%) 


7 20 86.1±4.0 7.5±0.6 17.4±2.3 50.2±4.3 


1 60 84.4±3.4 11.9±1.0 25.0±2.8 58.8±4.1 


3 60 81.9±2.9 8.9±0.7 26.2±2.9 65.9±3.7 


4 60 79.0±4.4 11.4±1.5 25.8±2.9 61.8±4.9 
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Fig. 4: On-line measurements of Organic Iodine and 


Molecular Iodine volatilizations during Test 11 
 
 
In the experimental conditions of Test 11, the residence 
time of the volatile species in the irradiation vessel was 4 
hours to be compared to 10 or 20 minutes (respectively for 
a gas flow of 0.5 and 0.25 l.min-1) in the case of the other 
tests (1, 3 and 4). The initial iodine concentration on the 
coupons used for these tests are less than or equal to 1×10-4 


mol(I).m-2 (cf table I) so the results can be compared 
regardless of the effect of the initial iodine concentration 
on the coupon (cf § III.A). The results of the four tests 
(post-test measurements after 8 hours of irradiation) are 
presented in Table V.  
 


TABLE V 
Organic Iodine, Molecular Iodine and Global 


volatilizations for various Residence times. 


*The Activity balances are not fully closed, the iodine loss is 
probably due to I2 trapped irreversibly on the stainless steel 
surfaces of the device. Thus the I2 volatilization indicated in the 
table is certainly underestimated. 


 
According to measurement uncertainties and 
reproducibility of the measurements, the main results that 
can be drawn are: 


- The organic iodide volatilization seems not 
significantly affected by the residence time increase from 
10-20 minutes to 4 hours. 


- The molecular iodine volatilization decreases when 
the residence time increases from 10-20 minutes to 4 hours. 
Nevertheless, this effect is probably overestimated because 
at the end of Test 11, 10.1% of the initial activity was 
recovered in the rinsing solution of the irradiation vessel 
(as compared to 4.7% maximum for the other tests). This 
activity in the rinsing solution can be attributed to 
molecular iodine fixed on the surfaces of irradiation vessel 
(due to its known affinity for stainless steel) or to aerosols 
species deposited on the surface of the irradiation vessel. 


- The global volatilization decreases when the 
residence time increases. Nevertheless, as the test was 
carried out in closed irradiation vessel, this low value could 
be attributed to a “re-fixation” of the volatilized iodine 
species on the coupon (the global volatilization is deduced 
from the fraction of iodine remaining on the coupon after 
irradiation). 
 
 
III.E. Study of the effect of long irradiation duration 
Two tests were performed during 30 hours, in order to 
check if there is still a release from the coupon after 8h of 
irradiation (the majority of tests were performed over 8 
hours of irradiation). Fig. 5 shows the results of on-line γ 
measurements obtained on each filter during the irradiation 
phase of 30 hours for Test 9 (the trends are similar for the 
other test during 30 hours, Test 10). 
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Fig. 5: On-line measurements of Organic Iodine and 


Molecular Iodine volatilizations during Test 9 
 


Fig. 5 highlights that there is still a volatilization of RI and 
I2 after 8 hours of irradiation but with a slower kinetics. 
These results are consistent with the ones of the other long 
duration test: Test 10. 


 
IV. CONCLUSIONS 


Test Residence 
time  


*Activity 
balance 


(%) 


RI volat. 
(%) 


*I 2 
volat. 
(%)  


Global 
volat. 
(%) 


11 4 hours 86.5±4.3 8.9±0.7 6.5±0.8 42.9±4.3 


1 10-20 minutes 84.4±3.4 11.9±1.0 25.0±2.8 58.8±4.1 


3 10-20 minutes 81.9±2.9 8.9±0.7 26.2±2.9 65.9±3.7 


4 10-20 minutes 79.0±4.4 11.4±1.5 25.8±2.9 61.8±4.9 
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The experimental results obtained in the frame of the 
EPICUR program allow drawing trends on the effects of 
the investigated parameters on the organic iodide, 
molecular iodine and global volatilizations from a painted 
coupon loaded with iodine and placed in the containment 
atmosphere under radiation: 
- The volatilization of organic iodide decreases when [I]i 
increases and increases when the R.H. increases  from 20% 
to 60%. This volatilization is not significantly affected 
when the temperature increases from 80°C to 120°C. About 
the effect of the increase of residence time (from 10-20 
minutes to 4 hours), the volatilization of organic iodide 
seems not to be affected by this parameter in the 
investigated range. The volatilization of organic iodide 
continues but with a slower kinetics when the irradiation 
duration is longer than 8 hours.  
- The volatilization of molecular iodine increases when [I]i 
increases (above a value between 1 and 3×10-4 mol(I).m-2), 
decreases when the temperature increases from 80°C to 
120°C and increases when the R.H increases from 20 to 
60%. Regarding the effect of the increase of residence time 
(from 10-20 minutes to 4 hours), the volatilization of 
molecular iodine seems to decrease but this can be partially 
due to a molecular iodine fixation on the surfaces of 
irradiation vessel (cf III.D). The volatilization of molecular 
iodine continues but with a slower kinetics when the 
irradiation duration is longer than 8 hours. 
- The global volatilization increases when [I]i increases 
(above a value of 3×10-4 mol(I).m-2), decreases when the 
temperature increases from 80°C to 120°C, and increases 
when R.H. increases  from 20% to 60%. Regarding the 
effect of the increase of residence time (from 10-20 
minutes to 4 hours), it is difficult to conclude on the basis 
of the current results (cf § III.D); these experimental results 
need to be complemented by calculations before to draw a 
conclusion on the effect of this parameter. 
 
These experimental results will be used to help in 
developing a better understanding of the iodine paint 
interaction [12] and to validate the IODE module of the 
ASTEC code [13] developed by IRSN in collaboration 
with GRS and used in water reactor safety analysis.  
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Abstract – Demand on Best-estimate (BE) calculation with uncertainty quantification for the 
emergency core cooling system (ECCS) performance analysis during Loss of Coolant Accident 
(LOCA) is continuously increasing in nuclear industries and regulations. A BE methodology, 
KINS-Realistic Evaluation Model (KINS-REM), has been developed to support the independent 
audit calculation for the regulation of Korean nuclear power plants, and the code accuracy and 
the related statistical method have been improved  for a BE code, RELAP5/MOD3.3 thermal-
hydraulic system code. The MARS (Multi-dimensional Analysis of Reactor Safety) code having a 
multi-dimensional calculation capability was adopted to replace the RELAP5 code and the 
uncertainty evaluation scheme was modified to treat uncertain parameters appropriately using the 
nonparametric statistical method based on the 3rd order Wilks’ formula in KINS-REM. The 
advanced power reactors (APR1400) to be evaluated has the ECCS design features such as four 
separated high pressure injection systems (HPSIs) with direct vessel injection (DVI) and fluidic 
device in safety injection tanks (SITs). Recent research results with MARS code showed that multi-
dimensional (multi-D) reactor vessel model predicted more reasonably and accurately the 
thermal-hydraulic behaviors during LOCA than one-dimensional (1-D) model. Therefore, in 
accordance with KINS-REM, uncertainty evaluation using multi-D MARS models is performed 
and the peak cladding temperature with 95% confidence and 95% probability level is compared 
with that of 1-D model for APR1400 plant. The uncertainty parameters and their ranges 
associated with plant operation and design, heat transfer model in MARS code and etc. are 
selected based on the experience, engineering judgments, and reference documents. Also, the 
sensitivity analysis is carried out in order to identify the influence of loss coefficients on the PCT 
in the internal of reactor vessel and study on the feasibility of an uncertainty parameter in the 
multi-dimensional model.  


 
 


I. INTRODUCTION 
 
Both a conservative method and a best-estimate (BE) 


method are allowable for the performance analysis of an 
emergency core cooling system (ECCS) during loss-of-
coolant-accident (LOCA). Currently a BE calculation with 
uncertainty quantification is broadly used by nuclear 
industries to reduce the excessive conservatism and also by 
regulatory body. However, the available BE method has 
been found to have some technical issues in applying the 
analysis of the design basis LOCA. The issues are on the 
accuracy of the computer code, the method to consider the 
combined phenomena such as ECC bypass and steam 
binding, and the applicability of a BE method on special 
ECCS design such as direct vessel injection (DVI). 


Especially, the understanding for phenomena due to DVI, 
which differ from those in cold-leg injection (CLI), has 
still lacked to analyze the postulated LOCA. Fig. 1 shows 
that the thermal hydraulic behaviors of a DVI plant would 
be considerably different from that of a CLI plant since the 
high pressure safety flow are injected into the specific 
elevation of downcomer (about 2.1 m above the centerline 
of cold leg). The ECC bypass induced by potential 
downcomer boiling is one of the important phenomena to 
be considered in a DVI plant. The ECC bypass occurs due 
to the interaction between steam and injected ECC flow in 
the upper annulus of the dowoncomer during the reflood 
phase of LBLOCA. Also, in post-reflood phase of 
LBLOCA, the safety injection from safety injection tank 
(SIT) is terminated and the safety injected water is reduced 
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significantly. Thereby, the downcomer structures which 
still have high stored energy results in the downcomer 
boiling in the lower downcomer. The downcomer boiling 
can reduce the hydrostatic head and inhibits ECC water 
from flowing into the core. Therefore, the understanding 
for these phenomena is very important to analyze the 
behaviors of flow and temperature during LBLOCA. 
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Fig. 1. Thermal-hydraulic behaviors in DVI plant 
 
KINS performed regulatory audit calculations using 


KINS realistic evaluation methodology (KINS-REM). The 
KINS-REM has developed to evaluate the performance of 
ECCS during LBLOCA since 1991. In 2005, the thermal-
hydraulic code was changed from RELAP5/MOD2 to 
RELAP5/MOD3.31 considering the improvement of code. 
The response surface method based on CSAU method was 
also changed to the non-parametric statistical method using 
the Wilks’ formula4. The use of the Wilks’ formula has an 
advantage that the number of code run can be significantly 
reduced compared with the response surface method. The 
KINS-REM had adopted the 1st order Wilks’ formula at 
that time and performed 59 code runs. However, the 
BEMUSE program found that the 59 code runs have a 
possibility to change the tolerance limit as the random 
sample changed. The BEMUSE program recommended 
that the number of code runs should be increased to 124 
runs based on 3rd order Wilks’ formula instead of 59 code 
runs5. Therefore, the 124 code runs have been applied in 
recent audit calculations using the KINS-REM. 


RELAP5/MOD3.3 has been used in the KINS-REM 
because the capabilities and the applicability of 
computational tools and modeling were proven through the 
assessment of many integral effect tests (IETs) and 
separate effect tests (SETs). However, one-dimensional 
code may not be sufficient to describe the complex 
thermal-hydraulic behaviors in the reactor vessel, 
especially for the DVI plants. It is known that the 
computer codes such as TRACE2 and MARS3 have been 


developed with multi-dimensional calculation capabilities. 
The MARS computer code is a multi-dimensional thermal-
hydraulic system analysis code of light water reactor 
transient developed by KAERI. The applicability of the 
code has been demonstrated by assessing many SETs and 
IETs3. The latest version of MARS-KS-002 is used in this 
work. 


In this study, therefore, BE calculation and uncertainty 
evaluation with multi-D MARS models are performed. The 
peak cladding temperature (PCT) with 95% confidence 
and 95% probability level is compared with that of 1-D 
model. Also, the sensitivity analysis is carried out in order 
to identify the influence of loss coefficients on the PCT in 
the internal of reactor vessel and study on the feasibility of 
an uncertainty parameter in the multi-D model.  


 
II. BE CALCULATION METHOLOGY 


 
II.A. Multi-D Modeling 


 
APR1400 nuclear power plant is a two-loop PWR (4 


cold-legs, 2 hot-legs, 4 RCPs) plant with 3,983 MWt6. The 
input deck has three intact cold-leg loops and one broken 
loop. Each of four safety injection tanks (SITs) and four 
high pressure safety injections (HPSIs) are connected to 
each DVI line. The fluidic device (FD) is installed in the 
SIT to control passively the injected flow as shown in Fig. 
2. 


 


 
 


Fig. 2. ECCS and structure of SIT for APR1400  
 


For 1-D model7 of the APR1400, there are heat 
structures for reactor pressure vessel, core, steam 
generators and etc. The MARS model includes 284 fluid 
control volumes, 383 flow junctions, and 427 heat 
structures. The system nodalization is illustrated 
schematically in Fig. 3. Heat structures for the fuels have 
been implemented with two kinds of assemblies; one hot 
assembly and 240 average assemblies. One hottest rod is 
located in the hot assembly. Core channel is divided into 
two of cylindrical geometry with crossflow junction 
between the hot channel and the average one. The hot 
channel contains the hot assembly and hot rod, while the 
average channel contains remaining average assemblies. 
Vessel downcomer is modeled by six azimuthally 
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cylindrical channels with corssflow junction between each 
channel. It is to describe complex thermal-hydraulic 
behaviors affecting the core coolability.  


 


 
 


Fig. 3. Nodalization of 1-D model for APR1400 
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Fig. 4. Nodalization of multi-D model for vessel of 
APR1400 


 
Multi-D8 model has the same nodalization as 1-D 


except reactor vessel illustrated schematically in Fig. 4. 
The multi-D MARS model of the APR1400 includes 888 
fluid control volumes, 1,804 flow junctions, and 1,207 heat 
structures. 618 MULTID volumes are used in the reactor 
vessel including downcomer, lower plenum, core and 
upper dome as listed in Table I. Guide tubes in the core and 
upper plenum are modeled as a 1-D pipe in each one of 
twelve sectors in the core. The specific modeling of upper 
guide structures inside reactor vessel is needed since they 
influence the temperature of upper plenum and upper head. 
Fig. 4 shows that heat structure of ten averaged assemblies 
is located at each of six sectors for inner ring and that of 


thirty averaged assemblies at each of six sectors for outer 
ring in the core. One hottest rod is placed in the hot zone 
which generates 1.24 times power than other averaged 
assemblies, based on radial peaking factor for condition of 
all rod out (ARO), full power and no xenon condition. This 
zone is believed to correspond to one hot channel in the 1-
D model because the hot channel with one hot assembly in 
1-D model is not valid in multi-D model. The location of 
hot zone is determined by the sensitivity study result from 
using dummy fuels without heat transfer to the 
surrounding channels. 


 
TABLE I 


Multi-D volumes for reactor vessel 


Name Type r θ z 
Downcomer Cylindrical 1 6 10
Lower Plenum Cylindrical 4 6 2 
Core Cylindrical 3 6 27
Upper Dome Cylindrical 4 6 1 


 
For multi-D model, the steady-state for initial 


conditions was achieved for the major parameter within the 
error ranges as listed in Table II.  


 
Table II   


Steady-state Parameters 


Parameter Design Steady 
Core power (MWt) 3983 3983 
Pressurizer pressure (MPa) 15.51 15.51 
SIT pressure (MPa) 4.0314 4.0314 
Hot-leg temperature (K) 598.4 598.6 
Cold-leg temperature (K) 563.7 565.9 
Primary system total loop 
coolant mass flow (kg/s) 20,991 20,999 


SG secondary pressure (MPa) 7.03 6.72 
 
 


II.B. Calculation of Base Case 
 
A base calculation was performed for a 200% double-


ended cold leg break with an immediate reactor and 
primary coolant pump trip. The transient was initiated by 
opening the break valves in the broken loop cold leg. ECC 
injection from the HPSIs began at 10.72 MPa with 40 
seconds delay and SITs at 4.03 MPa setpoint. Containment 
pressure was imposed as a function of time after the break. 


For multi-D model, the time sequence of event was 
listed in Table III and compared with 1-D model. The fuel 
rods began to heat up almost immediately following the 
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break initiation. SIT injection to the intact loop began at 
14.9 seconds. The fuel rod PCT of 919.81 K was attained 
at 9.8 seconds during blowdown phase terminated by SIT 
injection. The lower plenum was filled up and the core was 
reflooded as SIT injection began. The cladding was fully 
quenched at 288.0 seconds. The HPSI injection was started 
at 53.8 seconds, and continued to inject at the end of 
calculation. The overall sequence of event between 1-D 
and multi-D model did not show any significant difference 
except the reflood quenching time.  


 
Table III   


Major Time Sequence of LBLOCA 


Initiation Time(sec)Event 
Multi-D 1-D 


Break initiation 0.0 0.0
Reactor scrammed 0.0 0.0
Primary coolant pumps tripped 0.0 0.0
Maximum cladding 
temperature reached 


9.8 10.0


SIT injection initiated 14.9 16.0
Pressurizer emptied 27.0 28.0
SIP injection initiated 53.8 54.0
SIT emptied 176.0 175.0
Core cladding fully quenched 288.0 159.0


 
The results for the main parameters such as break-


flow on vessel and pump side, safety injection flow, core 
and downcomer collapsed level, and the maximum 
cladding temperature were compared for 1-D and multi-D 
model. There was little difference in safety injection flows 
between 1-D and multi-D because ECCS injection flows 
are dependent on the RCS pressure which is one of global 
parameters to determine the system behavior. However, 
there was a different trend of break-flow on vessel side, 
which is directly affected by model of reactor vessel, and 
1-D model was estimated the higher break-flow on vessel 
side. There are also differences in collapsed levels in core 
and downcomer during reflood phase. The multi-D model 
describes in detail the complicated thermal-hydraulic 
behaviors in each volume of reactor vessel and the 
collapsed levels defined as the summed liquid fraction of 
each volume in downcomer or core. The 1-D model 
predicted the core and downcomer level too low, resulting 
in the higher PCT during reflood phase. In Fig. 5, 
blowdown quenching showed the similar behavior in 1-D 
and multi-D model, while the blowdown PCT of multi-D 
model was lower than that of 1-D model (PCT1-


D=1084.7K). The higher core level in multi-D model made 
the reflood PCT lower and the reflood quenching too late. 
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 Fig. 5. Peak cladding temperature 


 
 


III. UNCERTAINTY EVALUATION 
 


III.A. Uncertainty Calculation 
 
Based on the phenomena identification and ranking 


table (PIRT), all uncertainties corresponding to major 
phenomena are not considered. In this respect, the 
determination of the uncertainty of input parameter is very 
important concern in BE method. Overall calculating 
uncertainty originates from the uncertainties of code 
models and plant conditions. The uncertainties of the code 
models are obtained by the code documents comparing the 
code model with experimental data, while those of plant 
conditions are determined by referencing technical 
specifications, design information and auxiliary 
calculations. If it is not possible to consider particular 
phenomena such as ECC bypass and steam binding, these 
effects are treated by introducing a bias to the final result. 
Code uncertainty parameters and plant uncertainty 
parameters are summarized in Table V.  


In this work, the sampled value of each uncertainty 
according to the distribution function is reflected to each 
code calculation as a kind of multiplier to a calculated or 
inputted physical value. In order to consider the parametric 
uncertainty such as CHF model in the calculation, the 
implementation of a multiplier is needed in relevant 
subroutines. Among 18 uncertainty parameters, 6 
parameters including the Dittus-Boelter heat transfer 
coefficient correlation are related to the heat transfer model 
and they are activated only during the non-reflood phase. 
In the MARS code, the sampled value multiplied by the 
calculated value for these 6 separate models, respectively 
in RELAP5/MOD3.3. The uncertainty of Zuber model 
which was used for CHF phenomena in the reflood phase 
was not considered in this work. The sampled value 
multiplied by the calculated value for the separate regions 
of the boiling curve in MARS. Therefore, the sampled 
uncertainty could be applied to all phases including the 
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reflood phase. The uncertainty range and distribution in 
Table V was determined through the data covering studies 
for the related experiments. Each range and distribution for 
18 uncertainty parameters for multi-D model is same as 
that for 1-D model. 


 
Table V   


Range and distribution of uncertainty parameters 


Models/Parameters   Range(Distribution)
Gap conductance(Clad roughness) 0.4~1.5 (U) 


Fuel thermal conductivity 0.847~1.153 (U) 


Core power 0.98~1.02 (N) 


Decay heat 0.934~1.066 (N) 


Groeneveld-CHF 0.17~1.8 (N) 


Chen-nucleate boiling HT 0.53~1.46 (N) 


Transition Boiling Criteria 0.54~1.46 (N) 


Dittus-Boelter (liquid) 0.606~1.39 (N) 


Dittus-Boelter (vapor) 0.606~1.39 (N) 


Bromley film boiling 0.428~1.58 (N) 


Break CD 0.729~1.165 (N) 


Pump 2-f head multiplier 0.0~1.0 (U) 


Pump 2-f torque multiplier 0.0~1.0 (U) 


SIT actuation pressure (MPa) 4.03~4.46 (N) 


SIT water inventory (m3) 45.31~54.57 (N) 


SIT temp. (K) 294.11~321.89 (U) 


SIT loss coefficient 10.8~25.2 (N) 


HPSI water temp. (K) 283~321.89 (U) 


* Distribution (U : Uniform, N : Normal) 
 
The uncertainty combinations for parameters in Table 


V were obtained by the simple random sampling (SRS) 
process. 124 input sets for steady state and transient were 
calculated by using the amended code dialing the related 
models. Because of the use of the 3rd Wilk’s formula, the 
third highest PCT is considered as the upper tolerance limit 
for a 95% probability with a 95% confidence level 
(PCT95/95). The cladding temperatures for 124 transient 
calculations using multi-D model are shown in Fig. 6 and 
the PCT95/95, multi-D is 1119.3 K at 10.0 seconds in a 
blowdown phase of No. 25 code run. The PCT95/95, multi-D is 
much lower than PCT95/95, 1-D which is 1232.2 K at 10.0 
seconds in No. 11 code run. The Fig. 7 shows the cladding 
temperatures for 124 transient calculations with 1-D model. 


 


 
Fig. 6. Fuel cladding temperatures for 124 code runs using 


multi-D model 
 


 
Fig. 7. Fuel cladding temperatures for 124 code runs using 


1-D model 
 
As shown in Fig. 6 and 7, during the blowdown phase 


the behavior of the cladding temperature for multi-D 
model is similar to that for 1-D model, while during the 
reflood phase the behavior of the cladding temperature 
between two cases is quite different, especially on the 
quenching behavior. The differences of the quenching 
behavior during reflood phase results from the higher core 
level in multi-D model as described above. As shown in 
Fig. 6, the fuel cladding for 57 code runs was not 
quenched till 300 seconds. On the other hand, the fuel 
cladding for 11 code runs was not quenched till 250 
seconds for 1-D model. Non-quenching phenomena in 1-D 
and multi-D calculation may be resulted from the 
application method of the sampled uncertainty related to 
the heat transfer model as described above. The 
appropriate uncertainty range in the heat transfer model of 
non-reflood phase may result in an unexpected 
conservative effect on the reflood phase since the model in 
non-reflood phase is different from that in reflood phase. 
Thereby, the uncertainty range should be revaluated 
carefully for the heat transfer model on a reflood phase. 
Also, from the BEMUSE program it was known that the 
uncertainty effect on the CHF model was significant to the 
PCT behavior in reflood phase of MARS analysis9. Non-


3rd PCT = 1119.3 K 
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quenching phenomena, however, are believed to have little 
effect on PCT in multi-D model. 


 
III.B. Sensitivity Analysis 


 
The sensitivity analyses were performed in order to 


identify the influence of loss coefficients in the internal of 
reactor vessel on the PCT and study on the feasibility of an 
uncertainty parameter in the multi-D model. In this work, 
the Reynolds number independent forward flow energy 
loss coefficient and reverse flow energy loss coefficient of 
each multi-dimensional downcomer junction were changed 
to 90% ~ 110% of original values. To find the influence on 
the direction of multi-dimensional flow in the downcomer, 
the values of loss coefficient were changed those of θ-
direction, z-direction, and both, in turn.  


As sensitivity results, Fig. 8 ~ 10 show PCT behaviors 
for θ-direction case, z-direction case, and both case. Table 
VI and VII show the influence of loss coefficients on the 
PCTs during blowdown and reflood phase, respectively. As 
listed in Table VI, the 90% of the original loss coefficients 
have the maximum PCTs during blowdown phase for all 
cases, i.e., the case of changing the loss coefficients in θ-
direction, z-direction, and both, respectively. And PCT 
calculated in the case of simultaneous changing the loss 
coefficient in θ and z-direction is higher than others. 
Because the blowdown PCT reaches at 10.0 seconds as 
shown in Fig. 8 ~ 10 and the SIT injection initiates at 14.9 
seconds, the PCTs in Table VI may be affected by the 
multi-dimensional flow behavior in the downcomer related 
to the release of the reactor coolant through the break 
during blowdown phase. 
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Fig. 8. Sensitivity analysis results (PCTs) for θ-direction 
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Fig. 9. Sensitivity analysis results (PCTs) for z-direction 
 


0 50 100 150 200 250 300


400


500


600


700


800


900


1000


Te
m


pe
ra


tu
re


 (K
)


Time (sec)


 90%
 95%
 base
 105%
 110%


 
Fig. 10. Sensitivity analysis results (PCTs) for θ & z-


direction 
 
 


Table VI 


The influence on the blowdown PCT (K) 


  θ-dir. z-dir. θ&z-dir. 
Base case 919.69 919.69 919.69 


90% 923.36 925.28 926.97 
95% 919.37 922.94 922.78 


105% 919.25 917.61 917.52 
110% 920.27 913.92 914.25 
 
As shown in Table VII, the trends of PCT during the 


reflood phase, however, are inconsistent with those during 
the blowdown phase. So ECC bypass affecting the core 
cooling during reflood phase is calculated conservatively 
using Eq. (1)8 and the results are shown as Fig. 11. 


 
dtmdtmECC ECC


injECC


vesselbreakbypass ∫∫= /
,


,
           (1) 
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Table VII 


The influence on the reflood PCT (K) 


  θ-dir. z-dir. θ&z-dir. 
Base case 829.35 829.35 829.35 


90% 822.42 815.26 817.22 
95% 825.65 823.10 822.34 


105% 818.48 820.94 828.64 
110% 817.81 821.15 817.10 
 
Fig. 11 shows that ECC bypass ratio behaviors for θ 


and z-direction case. As shown in Fig. 11, the ECC bypass 
ratios calculated at 50.0 seconds for base and 90% ~ 110% 
cases are 98.4%, 86.6%, 88.6%, 94.9%, 83.2%, 
respectively. Comparing with the trend of ECC bypass 
ratios as described above and that of reflood PCTs for θ 
and z-direction case in Table VII, it is found that the 
changes of loss coefficient may give some influence on 
ECC bypass ratio and reflood PCT. 
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 Fig. 11. Sensitivity analysis results (ECC bypass ratios) for 


θ & z-direction 
 
From the above sensitivity results, it can be found that 


the change of loss coefficient gives an effect on the PCT 
and the feasibility of an uncertainty parameter in the multi-
D model is identified. Nevertheless, further studies will be 
needed to assess in detail for a behavior of the multi-
dimensional flow in the reactor vessel including ECC 
bypass induced by the downcomer boiling during reflood 
phase, and to select and determine the uncertainty 
parameter with its range through the experimental 
evaluations of separate effect tests and integrated effect 
tests. 


 
V. CONCLUSIONS and FURTHER STUDIES 


 
In this study, best-estimate calculation and  uncertainty 


evaluation during LBLOCA for APR1400 plant were 
performed with multi-D model and compared with those 


with 1-D model. 124 uncertainty combinations for 18 
parameters were obtained by the SRS process. Using the 
3rd Wilk’s formula, the third highest PCT as the upper 
tolerance limit for a 95% probability with a 95% 
confidence level is 1119.3 K and the PCT is quite below 
the ECCS acceptance criteria, 1477 K. 


To identify the influence of loss coefficients on the 
PCT in the internal of reactor vessel and study on the 
feasibility of an uncertainty parameter in the multi-D 
model, the sensitivity analyses were performed. From the 
sensitivity results, it can be found that the change of loss 
coefficient gives an effect on the PCT and the feasibility of 
an uncertainty parameter in the multi-D model is identified. 
Nevertheless, further studies through the experimental 
evaluations of separate effect tests and integrated effect 
tests will be needed to assess in detail for a behavior of the 
multi-dimensional flow in the reactor vessel including 
ECC bypass induced by the downcomer boiling during 
reflood phase, and to select and determine the uncertainty 
parameter with its range. 
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Abstract – The field of applied neutrino physics has shown new developments in the last decade. 


Indeed, antineutrinos could be exploited for two nuclear reactor monitoring applications: the thermal 


power measurement and the control of the isotopic composition of the reactor fuel. The International 


Atomic Energy Agency (IAEA) has expressed its interest in the potentialities of antineutrino detection as 


a new safeguard tool. Among several projects worldwide, the Nucifer detector, under development in 


France, will be dedicated to non-proliferation and thermal power applications. In parallel, 


sophisticated simulations of reactors and their associated antineutrino flux have been developed to 


predict the antineutrino signature of the fuel burnup and of a diversion. Our first results of diversion 


scenarios with Pressurized Water Reactor (PWR) and CANadian Deuterium/Uranium (CANDU) 


reactors have already been presented to an expert meeting devoted to antineutrino detection technics 


organized by the IAEA. The IAEA expressed its interest in the study of the performances of the 


antineutrino technique for safeguarding actual and especially future reactors, with emphasis on Pebble 


Bed Reactors (PBR) mainly because of the design of their fuel (hundreds of thousands of pebbles in-


core) and their online-refueling mode. Indeed, antineutrino measurements could comprise a unique 


means of providing information on the isotopic composition of the core, non-intrusively and in near 


real-time. To this aim we have started to study PBRs with our simulation tools. We use a package called 


MCNP Utility for Reactor Evolution (MURE), initially developed by CNRS/IN2P3 labs to study 


Generation IV reactors. The MURE package has been coupled to fission product beta decay nuclear 


databases for studying reactor antineutrino emission. As a first step, the simulation of a pebble 


surrounded by He coolant which design is taken from an OECD/NEA benchmark has been performed. 


Simulations of the evolution of a single-cell for three kinds of prospect fuel: uranium, uranium/thorium 


or PuOx, are compared with the results of the OECD/NEA benchmark. Various diversion scenarios 


assuming a 200 MWth reactor are discussed, deduced from our cell calculation, as a first estimate of 


the antineutrino emission characteristics. The emitted antineutrino characteristics depend on the fuel 


type, the mixing of regular fuel and proliferant fuel, the pebble residency time. The influence of the 


hypotheses made on the latter parameters on the emitted antineutrino flux is assessed. 


 


I. INTRODUCTION 
 
In the past few years, the field of applied neutrino 


physics has spread. Indeed, nuclear power plants produce 
large quantities of antineutrinos due to the  decays of the 


fission products (about 1021
e /s are emitted in a 1 GWe 


reactor core). The distribution of these fission products 
depends on the fissile isotopes (235U, 238U, 239Pu and 241Pu 
cf Table 1 or, in the future 233U) and on the neutron energy 
distribution in the core. The released energy per fission, the 
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average number of emitted antineutrinos and their mean 
energy, depend also directly on the fissile isotope that 
undergoes fission. Consequently, all the differences in the 
fissioning tread lead to significant discrepancies in the 
associated antineutrino spectrum which will reflect the 
thermal power emitted by the core and also its 
composition.  
 


TABLE I 
Main characteristics of antineutrinos originating from 235U, 238U, 
239Pu and 241Pu fission, in standard PWR1. 


 235U 238U 239Pu 241Pu 
Released energy per 
fission (MeV) 201.7 205.0 210.0 212.4 
Mean energy of 
antineutrinos (MeV) 1.46 1.56 1.32 1.44 
Number of 
antineutrinos per 
fission (E>1.8 MeV) 


5.58 
(1.92) 


6.69 
(2.38) 


5.09 
(1.45) 


5.89 
(1.83) 


 


Because of these discrepancies, several application 
possibilities such as burnup monitoring for fuel economy 
and safeguards aspects are opened. The International 
Atomic Energy Agency (IAEA) has expressed its interest 
in the potentialities of antineutrino detection as a new 
safeguard tool, which we will develop in section II. 


 
In the past, we have already presented the results of 


our simulations obtained with PWR and CANDU reactors 
(for instance, at the latest IAEA meeting devoted to 
antineutrino detection for safeguards2,3). Comparison of the 
simulations with experimental data from the research 
reactor OSIRIS, are contemplated in the frame of the 
Nucifer experiment4,5. 


In these proceedings, we will first present the tools we 
have used to simulate proliferation scenarii with 
antineutrinos, i.e. the reactor simulation code MCNP 
Utility for Reactor Evolution (MURE) and the nuclear 
decay databases to which it has been connected in section 
III.. In section IV, we will present the results obtained with 
a Pebble Bed Reactor (PBR) cell calculation and the 
characteristics of the antineutrino emission associated to 
first diversion scenarii with a PBR core, deduced from the 
cell calculation. We would like to emphasize that these 
scenarii are designed under a feasibility study, thus are still 
now voluntarily simplistic.  


 
 


II. DETECTION OF ANTINEUTRINOS AND 
SAFEGUARDS ISSUES 


 
The IAEA is the United Nations agency in charge of 


the development of nuclear technologies worldwide, and 
also of the verification of their peaceful use. Checking the 
absence of misuse of nuclear facilities is the task of the 
IAEA’s safeguards department. The 11th symposium of this 


unit which took place in Vienna in November 2010, 
entitled “Preparing for Future Verification Challenges” has 
highlighted the main issues the IAEA will face in near 
future. Indeed, the safeguards inspectors anticipate a 
spread of nuclear power plants to be inspected worldwide 
much faster than their financial support. To cope with this 
increasingly challenging situation, two main concepts are 
put forward: “remote safeguard inspection” (RSI) and 
“safeguards by design” (SBD) in order to achieve the 
“deterrence of the proliferation of nuclear weapons, by 


detecting early the misuse of nuclear material or 


technology, and by providing credible assurances that 


States are honoring their safeguards obligations”. Thus, an 
ideal future safeguard tool would be remote, unattended, 
included during the construction of a nuclear facility, and 
last but not least, accurate enough to detect a diversion of a 
Significant Quantity (SQ – cf table II) of nuclear material 
in a timely fashion. The timeliness depends on the nature 
of the material composition and form and on whether it has 
been irradiated or not. 


 
TABLE II 


Significant Quantities of fissile material and timeliness 
detection (all materials irradiated in-core – source IAEA 


safeguards glossary 2001)) 


Nuclear Material Significant 
Quantity 


Timeliness of 
Detection 


235U from LEU 
uranium (<20%) 


75kg of 235U 1 year 


Pu (238Pu <80%) 8kg 3 months 
233U 8kg 3 months 


 
A worldwide effort concentrated on applied 


antineutrino physics has started a few years ago, in the US, 
France, Brazil, Japan and Russia2 to further investigate the 
feasibility of the use of such detectors for safeguards 
purpose. Recently, with a cubic meter sized antineutrino 
detector using Gd-doped liquid scintillator as a target, it 
was demonstrated that it is possible to monitor precisely 
the thermal power over hour to month-time scales in a non 
intrusive and unattended mode. In addition, it was proved 
that antineutrino detection enables to get information on 
the plutonium content of the reactor core6,7,8.  


 
In October 2008, the New Technology department of 


IAEA organized an international expert meeting on 
Antineutrino Detection for Safeguards applications. 
Discussions between physicists from all the quoted above 
collaborations and the inspectors of the IAEA were carried 
out, defining a list of potential applications of antineutrino 
detectors at reactors if this novel technology is approved2. 
The reactors and cases which should be addressed were 
listed as: on-load reactors such as CANDU and VHTR 
(PBMR) ones, PWR and BWR, research reactors, 
innovative fuel use, future reactors (Generation IV or other 
concepts). 
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To summarize, the IAEA requirements for a reactor 
monitor tool based on neutrino detection constrain to a 
relatively small, portable, cheap, safe and remote 
controlled detector. These detection requirements constrain 
also the sensitivity of the antineutrino probe. Thus, to infer 
to which extent antineutrinos could provide a diversion 
signature, the characterization of the antineutrino source 
associated to different contemporary or future reactor 
designs and fuels is mandatory. This is to be the first step 
of our feasibility study and necessitates the use of 
simulation tools. 


 
 


III. REACTOR AND BETA ENERGY SPECTRUM 
SIMULATION 


 
To characterize the antineutrino source associated to a 


reactor, we need to evaluate the evolution in time of the 
concentration of the fissile nuclei and of the fission 
products in the core. 


 
III.A The MURE simulation package 


 
For that purpose, we use the MCNP Utility Reactor 


Evolution (MURE) package. Designed by CNRS/IN2P3 
laboratories for the simulation of Generation IV reactors, 
MURE9 is a precision, open-source code written in C++ 
which automates the preparation and computation of 
successive MCNP (Monte-Carlo N-Particle) calculations 
and solves the Bateman equations in between, for burnup 
or thermal-hydraulics purpose. Because of these abilities 
this tool is also suitable for our study of the flux and 
energy spectrum of the neutrinos emitted from various core 
designs. MURE is available at NEA (NEA-1845). The 
evolution in time of the isotopic composition of the core is 
driven by the initial fuel composition, the input of the 
thermal power and the refueling scheme. It is perfectly 
adapted to take into account the physics of a reactor core, 
especially the neutronics as neutron capture in various 
nuclei in the core give non-negligible distortion of the total 
energy spectrum10. For our specific purpose, we have 
adapted the code to compute and to store the amount of all 
β- emitters produced over time. The simulated 
antineutrino energy spectrum and flux obtained were first 
compared with pure U and Pu isotope target experiments 
for validation11,3. Some comparisons of the nuclear 
evaluated databases have been performed and new nuclear 
experiments aiming at measuring beta decay properties of 
fission products have been proposed12.  


 
III.B The computation of the antineutrino fluxes 


 
There is no experimental data for the neutrino spectrum 
emitted by a target 233U yet. Nieto et al. have set the beta 
spectrum from ENDFB6.8 database and found that the beta 


spectrum emitted by 233U fissions are very comparable to 
the one emitted by 239Pu fissions.  


 


In these proceedings, the fluxes of antineutrinos 
presented are the multiplication of the reaction rate of each 
fissile nucleus by the number of antineutrinos with an 
energy above 1.8MeV emitted in its fission (from the data 
in table 1). For the case of 233U, we have taken the data of 
239Pu as suggested by Hayes et al. 


This first approach will shortly be refined thanks to the 
MURE package, by building the antineutrino flux from the 
fission products inventories and their beta decay data, from 
ENDFB/VII or JEFF3.1. The procedure we have developed 
for that purpose is described in ref3,11,13. 


 


 


IV SIMULATION OF A SINGLE PEBBLE BED 
CELL FOR DIFFERENT FUELS 


 
Among generation IV prospective nuclear plants, Very 


High Temperature Reactors (VHTR) present the interest of 
being multi-skilled. They operate at very high 
temperatures, improve the efficiency of the reactor for 
electricity supply, but allow also the production of 
Hydrogen or the replacement of petroleum fuel in 
industrial high temperature processes. This concept has 
been of interest since early in the 40’s: in the UK (Dragon), 
USA (Peach Bottom, Fort Saint Vrain), Germany (AVR, 
THTR-300) and Japan (HTTR). South Africa and China 
have also developed studies for such reactors. (PBMR in 
South Africa and HTR-10, HTR-PM in China). Chinese 
research reactor HTR-10 has performed its first criticality 
in 2003. There are two concepts of VHTRs under study 
worldwide: the prismatic or the pebble-bed ones. Both 
variants use small coated particles (CP) of fuel, the coat 
being made of SiC: in the latter, these CPs are packed in 
graphite matrices in the form of pebbles of the size of a 
tennis ball. In PBRs, the pebbles are put in-core from the 
top of the reactor and go down the core by gravity, a given 
number of pebbles being withdrawn every day. At their 
withdrawal, the pebbles undergo a test on their burnup, and 
if the target burnup is not reached, the pebble returns to the 
core for another pass in-core. Thus, each pebble undergoes 
several passes in the core before it reaches its target 
burnup, the number of passes depending on the 
optimization calculations specific to each core. The target 
burnup of a pebble reached in VHTR is higher than in the 
fuel of nowadays PWR, which is another advantage of the 
VHTR concept. 


The study of neutrino detection applied to this kind of 
reactor is of interest for the IAEA as it is on-load refueling 
and the safeguards policy is not yet set, so it would be 
easier and more efficient to include a neutrino detector in 
the whole safeguard system for such reactors than within 
existing and efficient-proved systems for existing reactors.  
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As a first step for our computations, we have 
compared our simulation to a benchmark organized by the 
Nuclear Energy Agency (NEA)14. We have simulated a 
single cell of a pebble containing various types of fuel: 
UOx, PuOx and ThUOx. 


The main difficulty in simulating this kind of reactor is 
the treatment of the so-called “double heterogeneity” due 
to the random distribution of the CPs in the pebble and the 
random distribution of the pebbles in the core. While 
MCNP5 computes random geometries, MCNPX does not. 
An estimation of the errors due to the approximation of a 
random geometry with a regular lattice was published by 
Bomboni et al.


15 and concluded that the errors are 
negligible as long as the initial error in the fuel inventory 
due to the difference in the geometries does not exceed 1%. 


 


 
Figure 1: geometry of a single pebble surrounded by Helium in a 


cubic cell 


In the benchmark, each pebble contains 15 000 CPs of 
fuel (with a radius of 0.025cm for UOx, and 0.012cm for 
PuOx and ThOx) in a fuel zone of graphite of 2.5 cm of 
radius (cf figure 1). Our use of a regular lattice leads to 
14939 CPs in a pebble, which corresponds to an error in 
the initial inventory of less than 1%. Each pebble provides 
556.25W and there are 359548 pebbles in the reactor core 
described in the NEA benchmark. The UOx fuel is 
enriched at 8.2%, and there is 10.21g of UOx (9g of heavy 
nuclei) in the pebble. 


 
Our simulation at 1000K with JEFF2.2 compared to 


WIMS9/JEFF2.2 leads to discrepancies in inventories of 
less than 6% for 235U and 239Pu, and less than 10% for 
241Pu. The discrepancies are larger with the simulation in 
the benchmark using MCNP4B/ENDFB5 (as shown in 
Figure 2).  


 


 
Figure 2: discrepancies in the inventory of 239Pu (in %) between 
WIMS9/JEFF2.2 and MCNPX/JEFF2.2 in green, and between 
MCNP4B/ENDF5 vs the two former (resp red and blue) 


 
From the inventories of the fissile nuclei in core and 


their fission rates, we can compute the evolution in time of 
the flux of antineutrinos emitted (cf Figure 3)  


 


 
Figure 3: Evolution of the flux of antineutrinos as a function of 
burnup for UOx fuel. 


 
The neutrino flux built from the inventories obtained 


with WIMS9/JEFF2.2 differs from the one obtained with 
MURE/JEFF2.2 of less than 0.5%. 


 
We have applied the same procedure to PuOx fuel and 


ThUOx fuel. In these cases, there is 1.129g of reactor 
grade plutonium (resp.ThUOx). Our simulations are in 
good agreement with the benchmark, with discrepancies in 
the main fissile nuclei of less than 1% compared to the 


1593







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11198 


  


participants. In Figure 4, we present the difference of 
antineutrino flux between PuOx pebble or ThUOx pebble 
compared to UOx pebble. 


 


 
Figure 4: evolution as a function of burnup of the difference in 
antineutrino flux emitted by a pebble of PuOx (in grey) and 
ThUOx (in red) compared to UOx. 


 
V GROSS SCENARII OF DIVERSION AND FIRST 


ESTIMATIONS OF THE RESPONSE OF A NUCIFER-
LIKE DETECTOR 


 
V.A Diversion scenario for UOx fuel 


 
From the single mirrored pebble of the benchmark, 


representing an infinite reactor, we need to get a first 
estimate of what would be the flux emitted by a real 
reactor, and, in this first scenario, we will focus on the flux 
at steady state. 


At first, we have to evaluate the neutron leakage from 
the pebbles in order to evaluate the dwell time of each 
pebble in-core. To do so, we follow a procedure used in the 
study of CANDU reactors and described in ref16. A 
simplistic evaluation of the neutron leakage antireactivity 
contribution is given by Eq.1: 


 
       (1) 


 
For a zero burnup the absorptions evaluated thanks to 


MURE put in Eq.1 give leaks of the order of 13.5%. Then 
the dwell-time of pebbles in-core can be deduced from 
Eq.2: 


 
 (2) 


 
Figure 5: In red, the evolution in time of the mean K∞. In grey, 
the number (1+leaks) 


 
From Figure 5, the dwell-time, corresponding to the 


intersection of the K∞ and the 1+leaks threshold, can be 
estimated at 90GWd/t. As this figure does not take into 
account the antireactivity due to inserted control rods, we 
will approximate the dwell-time with 80GWd/t, which 
leads to an average burnup in-core at equilibrium of 
40GWd/t. This estimate has been cross-checked with 
another method proposed in ref16. These approximations 
need refining17 because of the complex pebble 
management in these reactors. In order to assess the 
uncertainty on the antineutrino flux associated to these 
assumptions, we will compute our first scenarii for 
equilibrium at 40GWd/t, and also for 50 GWd/t.  


 
To proceed to our first diversion scenario, we first 


estimate the number of pebbles to divert in order to get a 
SQ of fissile material as a function of burnup, in order to 
check which fuel takes fewer pebbles to divert: the 
diversion of PuOx becomes more “interesting” for a 
burnup of approximately 20 GWd/t (cf Figure 6).  


 


 
Figure 6: number of pebbles to divert to get a SQ for each fissile 
material as a function of burnup. 


1594







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11198 
 


   


From this, we can build the influence of a diversion of a 
SQ of fissile material on the average flux as a function of 
burnup, for the average burnup at 40 GWd/t (Figure 7 ) and 
50 GWd/t (cf. Figure 8). 
 


 


 
Figure 7: influence in flux of a diversion of a SQ for an average 
burnup of 40GWd/t 


 


The dashed areas materialize discrepancies of more 
than 3% from the flux reached at equilibrium. The dark 
green line corresponds to the replacement of fresh pebbles 
by burnt-out ones, and the replacement of any pebble 
containing plutonium by fresh pebbles. 


 
Figure 8: influence in flux of a diversion of a SQ for a burnup at 
50 GWd/t with the same colors used in previous figure. 


 
It is to be noticed that the main distortion on the figure due 
to the shift of average burnup in the core is the steady-state 
flux itself, which is here of 1.8%, while the influence of 
diversions remain ranging from 0% to 3.5%.  
 
 


V.B Diversion scenario for PuOx or ThUOx fuels 


 
PuOx and ThUOx exhibit a different behavior from the one 
of UOx fuel. For ThUOx, there is no appearance of fissile 
nuclei like 239Pu or 241Pu. In the PuOx case, the increase of 
the contribution of 241Pu to the fissions reaches less than 
30%. 
 
A first simplistic scenario would be the diversion of fresh 
PuOx or ThUOx pebbles that would be replaced by fresh 
UOx pebbles, at the startup of the reactor. In this scenario, 
we use the design of pebbles given in the mentioned 
benchmark, in order to present results obtained from 
benchmarked calculations. 
 


 
Figure 9: 8000 fresh pebbles contain a SQ of Pu 


 
During the startup of the reactor, half of the pebbles are 
dummy (graphite) pebbles. As there is about 1g of fissile 
material in PuOx pebbles, it requires 8000 pebbles to get a 
SQ (Figure 9), whereas the mass of fissile material in 
ThUOx is much smaller, implying a diversion of 
significantly increased number of pebbles (Figure 10).  
 


 
Figure 10: 108000 fresh pebbles contain a SQ of 233U 


 
From the discrepancies evaluated in Figure 4, one can easily 
compute that a diversion of a SQ of fresh PuOx pebbles 
replaced by fresh UOx ones would lead to a discrepancy of 
1% to the expected flux of the benchmark reactor.  


1595







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11198 
 


   


As a reverse reflection, assuming that a detector would be 
sensitive to a discrepancy of 3% from any expected flux, 
would lead to impose that there are no more than 64 000 
fresh pebbles at the start of the reactor, which leads to a 
maximum power of 72MWth for this reactor. 
 
The case is slightly improved for ThUOx fuel where the 
maximum power acceptable from the neutrino detection 
point of view would be of 80MWth. 
 
These results obtained from the benchmark pebbles 
characteristics may not be optimized for a realistic design 
of a reactor using these fuels. 
 


V.C Application to the study of a PBMR 


 
Ref18 is a safeguard study from INL lab to IAEA’s 


profit about South Africa PBMR taking into account the 
rescaling of the project from 400MWth to 200MWth: we 
have simulated a PBMR pebble, which contains 9g of 
heavy nuclei, of uranium enriched at 9.6%. The target 
burnup of the pebbles is of 90GWd/t with a steady state of 
the reactor reached at 45GWd/t.  


We have computed the same figures for the 400MWth 
and the 200MWth versions (resp. Figure 11 and Figure 12).  


 
These preliminary figures prove that another key 


parameter to take into account is the ratio of the number of 
pebbles required to get an SQ compared to the number of 
pebbles in core (Figure 13 shows the evolution of this ratio 
for the 400MWth version of PBMR), which is directly 
linked to the thermal power of the reactor, its power 
density, the mass of fuel per pebble and the enrichment of 
the fuel. 


 


 
Figure 11: influence of a diversion of an SQ on the average flux 
for a 400MWth PBMR (equilibrium flux at 45 GWd/t) 


 
For instance, with the technology of detection reached 


today, a detector of 2m3 set at 25m from the core, would be 
able to detect a diversion in a timely fashion (less than 3 


months) at each burnup for the 200MWth one but not for 
the 400MWth one. 


 


 
Figure 12: influence of a diversion of an SQ on the average flux 
for a 200MWth PBMR. 


 
 


 
Figure 13: percentage represented by the pebbles to be diverted to 
get a SQ compared to the number of pebbles in core (400MWth 
core). 


So far, we have considered the simplistic scenario of 
a diversion of all the pebbles at one given burn-up, 
replaced by fresh pebbles (as soon as plutonium is 
diverted) when the reactor is at equilibrium. 
Other data that should be taken into account are the quality 
of the plutonium as a function of burnup (Figure 14), in 
order to determine at which step (which pass of pebble) a 
pebble would be the best compromise to divert, between 
the mass of plutonium and its quality. For instance, in the 
case of the PBMR, the calculation of the inventories show 
that 238Pu remains inferior to 2% until the target burnup. 
These data are to be an input in the calculations of Kessler 
et al.


19 discussing the feasibility of setting an explosive 
device from any reactor-grade plutonium, or in the process 
described by King et al


20. 
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Figure 14: quality of plutonium produced as a function of burnup 


 
 


VI. CONCLUSIONS 
 


The first gross scenarii presented above prove that the 
usefulness of a neutrino detector is very sensitive to the 
power of the reactor and the reactor type itself. For the 
UOx fuel, we have first focused on the reactor at steady 
state, which is the most relevant for a first sight, and found 
that an antineutrino detector of 2m3 placed at 25m from a 
reactor of 200MWth would be sensitive to the diversion of 
1 SQ within 3 months, even without taking into account 
the physics of detection which would enhance the 
discrepancy between the fissions of uranium and 
plutonium. 


 
A point that is also worth studying is the transient 


from the startup of the reactor and its reaching equilibrium. 
During this phase, the dummy pebbles could be replaced 
by pebbles containing targets of natural uranium or 
thorium in order to produce fissile material. The neutrino 
signature of such a proliferating scenario is under study. 


 
To improve the simulation and the accuracy of these 


results, we have undertaken the calculation of the 
antineutrino spectrum and flux from the fission yields 
based on JEFF3.1 database. 
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Abstract – Increasing the nuclear sustainability requires increasing the global efficiency of 
current nuclear systems which only burn 235U and therefore globally consume less than 1% of the 


natural uranium. Promoting Pu mono-recycling in thermal neutron reactors, as it is already 
implemented in France, is clearly a first step in this direction. Near-future improvement for Pu 
mono-recycling will be related to the implementation of the COEXTM process which allows a 


complete co-management of U and Pu within the fuel cycle, reinforcing the prevention of potential 
nuclear material divertion. Going further in terms of resource consumption efficiency requires 


implementing the Pu multi-recycling. This is only possible in fast neutron reactors to allow even 
isotope of plutonium to be fissile and "fertilize” 238U by neutron capture. The Pu multi-recycling, 
with fast neutron spent fuels, has already been proven in Marcoule and in La Hague reprocessing 


plants, but process optimization is still needed to account for the higher Pu-content and the 
presence of large mass of metals of the sub-assemblies. For longer term, since waste repository 
has been proven to be a rare resource, due to the difficulty to manage the social acceptance, any 


option allowing decreasing waste volume, toxicity and residual heat will be of great interest. 
Among others, recycling minor actinides, and particularly americium, could be promising due to 
its major contribution to waste long term toxicity and heat power. Several processes have been 


developed in France since 1991 in the frameworks of two successive waste management Acts and 
offers different options for managing for the long-term the fuel cycle. All these developments have 
to be performed in light of the potential increase on the sustainability of nuclear energy in terms 


of economics, environmental protection and societal acceptance. 
 


 
I. INTRODUCTION 


 
Energy perspectives for the current century are 


dominated by the anticipated significant increase of energy 
needs due to the population growth and the likely 
economic development of emerging countries. 
Furthermore, the global climate change has now been 
proven to be partially related to the industrial activities and 
more specifically the release of green-house gases (GHG). 
Considering that ~80% of our current primary energy 
comes from fossil energies, we have to face in the near-
future a challenging issue: meeting the increasing energy 
needs while decreasing the GHG emissions, which means 
decreasing our dependence to fossil fuels. Nuclear power 
has very low GHG-emissions and could therefore allow 
reducing the amount of GHG emissions while promoting 


energy independence of the different countries. However, 
such a nuclear renaissance will only be accepted if nuclear 
energy meets the main criteria of sustainability. Sustainable 
development has been originally defined by the Bruntland 
commission as a development that "meets the needs of the 
present without compromising the ability of future 
generations to meet their own needs"1. It clearly comes out 
that such a development has to be based on three 
"interdependent and mutually reinforcing pillars"2 which 
are the economic development, the social development and 
the environmental protection.  


Future of nuclear energy will therefore come through 
the enhancement of economic efficiency, environmental 
protection and social acceptance. Among others, efficiency 
of the resources consumption, safety of fuel cycle and 
reactor facilities, acceptability and long-term safety of the 
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waste repository as well as resistance towards proliferation 
are key issues to address. In order to meet these 
requirements, nuclear systems and fuel cycles are 
anticipated to significantly evolve in the current century. 
This paper aims to depict first what could be the main 
evolutions to come and the drivers, second what are the 
current status of the research and the main outcomes. 


 
 


II. FIRST STEP: UPGRADING Pu MONO-
RECYCLING 


 
II.A. Current situation 


 
Increasing the nuclear sustainability requires first of 


all increasing the global efficiency of current nuclear 
systems which mainly burn 235U and therefore globally 
consume less than 1% of the natural uranium. Promoting 
Pu mono-recycling in LWR reactors is clearly a first step 
in the direction of a better natural resources use. France 
chose such a strategy more than 20y. ago  and implements 
it with the AREVA La Hague reprocessing plant and the 
MELOX recycling plant, which both runs with success for 
more than 15y. More than 26,000 tHM of UOX spent fuels 
have been treated in the UP2 and UP3 plants (La Hague), 
and the corresponding Pu inventory has been recycled as 
MOX fuels that are produced in the MELOX plant 
(Marcoule) and which are burnt in 22 PWR French 
reactors (but over 40 reactors worldwide use MOX fuel). 
Over 6,000 MOX fuel assemblies have been produced at 
MELOX alone. 


Treatment and recycling operations are today mature, 
efficient, safe, clean and cost-effective technologies. This 
is testified by the feed-back from more than fifteen years 
of operation of the AREVA La HAGUE and MELOX 
plants. In the La HAGUE plants, where the PUREX 
process is operated, both recovery yields and purification 
levels are very high (up to 99.9 % of uranium and 
plutonium recovered and the decontamination factors 
about 106 or more…). The amount of technological 
secondary waste, the level of radioactivity released, the 
worker’s radiation exposure have been drastically lowered 
during the last two decades, although in the same time 
throughput was significantly increased! 


Such a fuel cycle where a single Pu recycling is 
implemented already contributes to enhance the 
sustainability of nuclear energy by comparison to once-
through open cycle:  


- It allows increasing the efficiency of the natural 
ressources use by saving up to 15% of the natural 
uranium consumed in a once-through cycle; 
- It also allows saving the corresponding enrichment 
energy cost; 
- It drastically decreases not only the volume amount, 
but also the long-term radiotoxicity of the final waste 


(spent fuel radiotoxicity after some centuries is mainly 
caused by its plutonium content); 
- It provides an effective burning of fissile plutonium 
and avoids its accumulation in spent fuel stockpiles. 
- It opens the way to waste form optimization: 
immobilization of fission products and minor actinides 
into glass wasteform is today an international standard 
for high-level and long-lived waste conditioning. The 
lifetime of this confinement material has been 
demonstrated to be more than 300 000y. in French 
future repository conditions. 
 


 
Fig.1: current fuel-cycle with mono Pu-recycling as 


implemented in France. 
 


II.A. Near-future improvement 
 
Near-future improvement for Pu mono-recycling will 


be related to the implementation of the COEXTM process 
which allows a complete co-management of U and Pu 
within the fuel cycle. It will prevent the existence of any 
pure Pu stockpile but requires (i) the production of a 
(U,Pu) flux in the PUREX process and (ii) the production 
by the reprocessing plant of homogeneous UPuO2 powders 
instead of PuO2.  


 


 
Fig.2: near-future COEXTM fuel cycle 


 
Regarding the extraction step, the PUREX extraction 


scheme has been modified to allow part of the uranium to 
follow the Pu flux in the partition step. The efficiency has 
been demonstrated on actual spent fuel dissolution 
solutions in the Atalante hot laboratories in CEA Marcoule. 


Regarding the conversion step, very deepened R&D 
has been performed in the last decade and allows to 
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demonstrate that the current oxalic conversion process can 
be adapted to the production of (U,Pu)O2 thanks to the 
existence of perfect (U,Pu) solid solutions both for the 
oxalates UIV


2-xPuIII
x(M


+)2+x(C2O4)5,nH2O 3,4 and the oxides 
(U,Pu)O2 


5. The conversion can therefore be realized by the 
precipitation of (UIV,PuIII)oxalate which are thereafter 
calcinated to oxides at 700-800°C. Basic R&D focused on 
the determination of the crystallographic structures of the 
different end-members and solid-solution existing between 
PuIII-PuIV-UIV


 and the quantification of the different 
kinetics step (in particular the nucleation and growth). In 
particular, it allows evidencing a pseudomorphic 
transformation in which the morphology of the final oxide 
powders is defined by those of the oxalate powders. 
Similar developments have been performed on the 
calcination steps. All these results allow deriving a global 
mechanistic understanding of the oxalic UPu 
coconversion. It is currently under implementation in a 
predictive modeling tool. It will definitely allow 
optimizing the process chemical conditions as a function of 
the properties of the oxide powders.  


Significant amount of coconverted powders have been 
produced in the Atalante hot laboratory. It allows 
demonstrating that the powder meets the requirement of 
the MELOX fabrication process and is suitable for the 
subsequent MOX fuel fabrication 6. Furthermore, 
experimental pellets have been produced and irradiated in 
the PHENIX sodium reactor in 2008 (COPIX 
experiments). Post-Irradiation Examinations are planned in 
the next years. 


As a conclusion, COEXTM process has been therefore 
demonstrated to be quite effective for co-managing U and 
Pu and is now ready for implementation at the industrial 
scale. Remaining R&D is only related to the research and 
optimization of the technological devices. It will promote 
the mono Pu-recycling with a reinforced protection against 
proliferation by decreasing the attractiveness of nuclear 
materials. As for the PUREX process, it contributes to 
enhance the efficiency of nuclear systems and prepare the 
future deployment of more integrated systems with 
multiple Pu-recycling. 


 
 


III. SECOND STEP: SHIFTING TOWARDS Pu 
MULTI-RECYCLING 


 
III.A. Motivations and state of the art 


 
Going further in terms of resource consumption 


efficiency requires "fertilizing" 238U by neutron capture 
and implementing the Pu multi-recycling. This is however 
not possible in LWR since neutron capture of 238U is not 
efficient enough and the neutron captures of uneven 
isotopes of plutonium is promoted, yielding to the 
formation of minor actinides. On the opposite, fast neutron 


spectra increases the capture of neutrons by 238U, yielding 
to the formation of plutonium isotopes which are all fissile 
in such conditions. For example, ratio of the capture to 
fission cross sections of 238Pu, 240Pu and 242Pu are 
respectively increased by a factor of 22, 250 and 36 by 
comparison to thermal spectra. As a conclusion, fast 
neutrons spectra allow the consumption of 238U to produce 
fissile plutonium isotopes which are therefore fissioned to 
produce energy and electricity. Such reactors are hence 
able to use more than 80% of the natural ressources instead 
of < 1% for LWR. 


However, implementing Fast neutron Reactors (FR) is 
intrinsically linked to the implementation of reprocessing 
and recycling facilities. Indeed, such nuclear systems 
require recycling Pu from spent fuel to be reused in freshly 
fabricated fuel. On the opposite, front-end of the fuel cycle 
can be significantly reduced since no additional uranium 
ore is theoretically necessary, since stockpiles of depleted 
uranium and reprocessed uranium can be used and 
represent very significant reserve, up to several thousands 
years in France for instance (1 GWe only consume 1t of 
238U in FR systems). 


 


 
Fig.3: Pu multi-recycling fuel cycles 
 
Treatment of FR MOX fuels and subsequent Pu multi-


recycling has already been demonstrated at the industrial 
scale in France. Indeed, 27t of FR spent MOX fuels have 
already been reprocessed in APM (Marcoule) and UP2-400 
(La Hague) plants in the 1980's and 1990's. However, the 
reprocessing process still needs to be optimized for larger 
implementation. 


 
III.B. Scientific key issues 


 
As it has already been demonstrated, recycling of FR 


MOX fuels is feasible. However, key scientific and 
technological issues are still to be addressed. On a first 
approximation, they are mainly related to the head-end part 
of the process and not to the extraction scheme. Indeed, 
both the higher Pu content in FR fuels and the larger mass 
of metallic materials in FR fuels will impact the 
mechanical shearing and dissolution steps of the spent 
fuels.  
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First, in order to access the fuel pellets and the nuclear 
materials, structural materials have to be removed. They 
can represent up to 70% of the total spent fuel mass (~30% 
in the case of LWR spent fuels) and are composed on 
stainless steel which is more sensible to corrosion in highly 
concentrated nitric acid than zircaloy as in LWR fuels. The 
technological process therefore needs to be optimized in 
order to allow accessing the oxide fuels while avoiding the 
amount of metallic material sent to the dissolution. In 
previous industrial campaign, a mechanical removing of 
the hexagonal tubes was implemented. Furthermore, 
relevant cladding material for FR fuel is still under study. 
Among others, Oxide Dispersed Steels (ODS) are serious 
candidates since they are more resistant to higher 
irradiation. However, their resistance to corrosion in nitric 
acid still needs to be quantified 7. 


Second, the dissolution kinetics of (U,Pu)O2 is 
strongly dependent on the Pu content, and strongly 
decreases for Pu content higher than 35%. Due to the 
higher Pu content of FR MOX fuels, dissolution can 
locally be kinetically inhered by the local high content of 
Pu. Additional basic R&D on the actual mechanisms 
governing the dissolution of (U,Pu)O2 oxides and 
irradiated fuels still need to be performed. The aim is to be 
able to understand the governing mechanisms and to 
overcome the kinetic limitation and optimize the 
dissolution process. 


Third, when dissolution is achieved, solutions can be 
highly concentrated in cations which can re-precipitate. It 
has already been observed during the reprocessing of LWR 
spent fuels by the PUREX process. Such secondary phases 
are important to identify and to quantify since they can 
incorporate some nuclear materials, modify the global 
nuclear material mass balance, and therefore the criticality 
management and the efficiency of the recovery process. 
Here again, basic studies are necessary to derive the 
thermodynamic and kinetics properties of the relevant 
secondary phases to be considered in such conditions. 


 
In a second priority, R&D is still necessary to adapt 


the extraction scheme to the specificity of the FR MOX 
fuels, in particular, the high Pu content, and the potential 
presence of metallic elements coming from the fuel 
cladding partial dissolution. At this stage, any potential 
innovation for enhancing the global process efficiency and 
implementation easiness of the separation processes are of 
interest, since they can help to the economics of the 
recycling and the nuclear energy. Basic R&D as well as 
process design are under study and could allow significant 
improvement for the next generation plant. 


 
 


IV. THIRD STEP: RECYCLING MINOR 
ACTINIDES TO LIMIT THE WASTE ISSUES 


 


Waste repository is currently the only ultimate solution 
for final waste. However, repository has been proven to be 
a rare resource, due to the difficulty to find a site where it 
is accepted by local population. It has therefore also to be 
efficiently used. Any option allowing decreasing waste 
volume, toxicity and residual heat (which determines 
roughly the waste density within the repository) has 
therefore to be studied. Among others, recycling minor 
actinides, and particularly americium, is of high interest 
due to its major contribution to waste long term toxicity 
and heat power. Several processes have been developed in 
France since 1991 in the frameworks of two successive 
waste management Acts 8 and are detailed below. 


Three main options are considered in the current 
research 9: (i) the DIAMEX-SANEX process which aims 
to recover Am+Cm which correspond to an heterogenous 
recycling strategy, (ii) the GANEX process which aims to 
recover in a single flux all the actinides Pu+Am+Cm which 
correspond to an homogeneous recycling strategy, (iii) the 
new EXAm process which aims to specifically recover the 
sole Am in a dedicated flux. This last and recent option 
would allow specifically recovering and recycling Am, 
which is the main MA contributor to the final waste 
thermal power, contributing therefore to a potential surface 
and subsequent cost decrease of the final repository 


 
IV.A. Heterogeneous recycling: the DIAMEX-SANEX 


process 
 
Minor actinide recycling has been investigated at the 


CEA for the two last decades 10. The technological 
feasibility of the Am and Cm recovery was demonstrated 
in 2005 through the treatment of 13 kg of genuine spent 
nuclear fuel in the ATALANTE facility with actinide high 
yield recovery (>99.9%). For that, two cycles were 
successively implemented: (i) DIAMEX to coextract 
trivalent 4f and 5f elements (respectively Ln(III) and 
An(III)) and (ii) SANEX to selectively strip An(III) thanks 
to polyaminocarboxylate compound used in a buffered 
medium around pH = 3 (citrate buffer for example).  


In order to develop a simpler single-cycle An (III) 
partitioning process, new extracting molecules have been 
investigated at CEA. The TetraOctyl-DiGlycolAmide 
(TODGA) which presents a very high extraction affinity 
towards trivalent actinides and lanthanides appeared very 
promising 11. A simplified flowsheet was designed ; it 
consists of three main steps 12:  


• First trivalent actinides and lanthanides are 
coextracted by TODGA/TBP solvent;  
• Then the selective stripping of the An(III) is feasible 
by a hydrophilic polyaminocarboxylate complexing 
agent (diethylenetriamine-pentaacetic acid DTPA) in a 
buffered solution (malonic acid at pH 2), while the 
Ln(III) remain complexed by TODGA in the organic 
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solvent thanks to a salting-out agent in the aqueous 
phase.  
• Finally, the lanthanides are stripped thanks to diluted 
nitric acid. 
 


 
Fig.4: heterogeneous MA recycling by implementing a 


DIAMEX-SANEX separation process. 
 


A hot test using a genuine PUREX raffinate was 
performed in 2009 in the Atalante facility. Very good 
results were obtained during this counter-current hot test: 
recovery yields of An(III) larger than 99.9% with high 
decontamination factors towards lanthanides(III) (less than 
5%mass of Ln in the An product) 13. 


 
IV.B. Homogeneous recycling: the GANEX process 


 
The GANEX process (Group ActiNide EXtraction) 


aims at the recovery of all transuranium elements from the 
HA spent fuel dissolution solution. It consists of two steps 
(cf. Fig. 5): selective extraction of uranium, and then 
partitioning of actinides from fission products and 
lanthanides. 


 


 
Fig.5: homogeneous MA recycling by implementing a 


GANEX separation process. 
 
The selective separation of uranium(VI) is operated by 


a hydrometallurgical process using a monoamide extractant 
DEHiBA (N,N-di-(ethyl-2-hexyl)isobutyramide) diluted in 
an industrial aliphatic solvent HTP. Based on batch 
experimental results, a physicochemical model was 
developed to describe the extraction of U, (Np), Pu, and Tc 
by DEHiBA. With the help of this model, a flowsheet was 


designed and tested in 28 mixer-settlers (laboratory scale) 
on a genuine High Liquid Waste (HLW) in the CBP hot 
cell (Atalante facility) in June 2008. After running 60 
hours, more than 99.99% of the initial uranium was 
recovered with a good purity versus transuranium elements 
and fission products 14. 


The GANEX 2nd step process consists of a group 
separation of transuranium elements (Np, Pu, Am, and Cm) 
by solvent extraction. The DIAMEX-SANEX process, 
initially developed for the partitioning of trivalent minor 
actinides (Am and Cm), was optimized to handle 
neptunium and plutonium along with americium and 
curium. Based on the experimental distribution ratios of 
actinides and major fission products, the initial DIAMEX-
SANEX process was modified to allow the grouped 
actinide extraction GANEX by adjusting experimental 
conditions (selection of complexing agents, optimization of 
reagent concentrations) 15 


In terms of results, Np, Pu, Am and Cm were 
recovered altogether in a single flux (actinide product) and 
the losses of transuranium in the different outputs and in 
the solvent were estimated at a value lower than 0.5% 
(essentially neptunium) at the end of the test, 
corresponding to a recovery yield of actinides higher than 
99.5%. 


 
IV.C. The sole-Am recycling: EXAm process 


 
The last route investigated in the frame of the 2006 


Act is the recycling of the sole americium since its 
recycling (without curium) could be more easily 
implemented (mainly for fuel manufacturing) while 
allowing a subsequent potential benefit for the geological 
repository. 


The principle of the EXAm process is based on the 
extraction of americium together with some light 
lanthanides having close values of distribution coefficients 
in high nitric acidity, while curium and other lanthanides 
remain in the aqueous phase. The TEDGA amide molecule 
is added in the aqueous phase, in order to increase the 
selectivities Am/Cm and Am/heavy Lns, because of the 
preferential complexation of curium and heavy lanthanides 
by this diglycol-amide: global efficiency of the process is 
largely improved, with a corresponding decrease of the 
number of the necessary separation stages. Then Am is 
selectively stripped from light lanthanides like in the 
GANEX 2 step (see figure 6). 
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Fig.6: the Am sole-recycling by implementing the 


EXAm separation process. 
 


IV.D. The scientific key issues  
 
All these separation processes are based on liquid-


liquid extraction which benefits from the experience 
gained by operating the PUREX process in the AREVA La 
Hague plants. Great experience is available in the field of 
extracting apparatus. However, these processes have 
specificities which have to be considered more in detail 
and a more mechanistic understanding is still necessary. 
Among others, following scientific topics are of high 
interests in the coming years 16: 
– Increase of the mechanistic understanding of the 


chemical and physical reactions involved in the L/L 
extraction processes. What are the relevant chemical 
reactions to consider, what are their characteristics 
(thermodynamics and kinetics)? This knowledge is 
necessary to develop predictive models to be used in 
subsequent simulation. 


– Development of simulation codes, based on a 
phenomenological representation of the chemical and 
physical processes and therefore able to predict the 
whole behavior in various chemical conditions. It will 
help to assess operating tolerances, to perform 
sensitivity studies and calculate transient states ;  


– Definition of the technologically-relevant 
implementation conditions in continuous contactors 
(such as pulse columns), according to the extractant 
physico-chemical characteristics; 


– Optimization and scaling-up of new extractants 
synthesis, facing purity specifications and costs 
estimation ; 


– Solvent clean-up studies to assess long term behaviour 
of the separation systems towards radiolysis and 
hydrolysis: the first question is to assess basic 
scrubbing efficiency to remove acidic degradation 
products (coming from radiolysis and hydrolysis);  


– Liquid waste management: the question is to assess 
the impact of organic reagents introduced in the 
various steps of the flowsheet (especially downstream 
steps). If necessary, complementary treatments will be 
developed. 


Beyond these questions which are directly related to a 
potential implementation in a reprocessing plant, a more 
fundamental question still remains: it aims to understand 
the molecular basis of the selectivity of extracting 
molecules between very similar species, as actinides and 
lanthanides. What are the reasons for such a behavior? 
R&D brings recent interesting insights towards the supra-
molecular aggregations of extracting molecules 17, which 
may be part of the explanation. More fundamental research 
is still of high interest in this direction and could contribute 
to define more selective and efficient molecules and 
processes in the far-future. 


 
 


V. CONCLUSIONS 
 
Nuclear power has the worldwide potential to curtail 


the dependence on fossil fuels and thereby to reduce the 
amount of greenhouse gas emissions while promoting 
energy independence of the different countries. The global 
energy context pleads in favor of a sustainable 
development of nuclear energy since the demand for 
energy will likely increase, whereas resources will tend to 
get scarcer and the prospect of global warming will drive 
down the consumption of fossil fuel. Therefore, retaining 
nuclear power as a key piece of the nation’s energy 
portfolio has the potentiality for strengthening the energy 
security and cost stability, while contributing to preserve 
the environmental quality.  


To meet this ambition, nuclear energy systems will 
have to evolve to increase its global sustainability. Three 
main improvement steps can be defined for the next 
century: 


 For shorter term, implement and optimize the 
mono Pu-recycling by the COEXTM process, 
which requires reprocessing the spent fuel in 
order to recover and recycle Pu and a fraction of 
U in MOX fuels. This process allows saving up to 
15% of natural U ressources, decreasing the waste 
volume and toxicity by a factor respectively of 5 
and 10, while only increasing by <6% the cost of 
electricity (the actual over-cost is probably lower 
due to the long-term cost of storage and disposal). 
In addition, it allows acquiring a benefiting 
experience of recycling processes for further 
steps. 


 For the period 2030-2050, implement the Pu 
multi-recycling which requires fast reactors. It 
will allows to almost completely use the U ore, 
enhancing very significantly the saving of the 
natural ressources and reduce the environmental 
footprint of nuclear energy. Theoretically, with a 
sufficient stockpile of Pu coming from previous 
generation reactors, 1 GWe would only require 1t 
238U, which would already been available in 
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depleted and reprocessed uranium stockpiles 
accumulated during the previous cycle 
generations. It will hence still decrease the 
sensitivity of nuclear energy to external factors 
and will therefore have a very stable and 
predictable cost. Regarding the fuel cycle, the 
main issues to address are related to the recycling 
of FR fuels with a high Pu specific content, which 
requires additional fundamental research and 
R&D in order to optimize the recycling process. 


 For longer term, minor actinides recycling could 
be implemented (requires also FR) with 
DIAMEX-SANEX, GANEX or EXAm processes. 
It mainly helps to reduce the waste long term 
toxicity, lifetime, and heatpower, therefore 
allowing denser geological repositories for the 
final waste and saving the "repository resource". 
It is therefore of prime importance for the global 
societal acceptance of nuclear energy. 
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Abstract – In recent years there has been an unstable supply of the critical diagnostic medical 
isotope 99Tc.  This work lays out a testing and experiment plan for a proposed 2 MW open pool 


reactor fueled by Low Enriched Uranium (LEU) 99Mo targets. The experiments and tests 
necessary to support licensing of the reactor design are described and how these experiments help 


establish the safe operating envelop for a medical isotope production reactor is discussed. The 
experiments and tests will facilitate a focused and efficient licensing process in order to bring on 


line a needed production reactor dedicated to supplying medical isotopes. 
 
 
 


I. INTRODUCTION 
 
The instability in the supply of the medical diagnostic 


isotope 99Tc is well-documented.1,2 Several concepts and 
designs have been proposed to produce 99Mo the parent 
nuclide of 99Tc, at a commercial scale sufficient to stabilize 
the world supply. Historically the only commercially viable 
means to produce 99Mo was through fission. To satisfy the 
half the world demand approximately 220,000 six-day giga 
becquerels (GBq) or 6,000 six-day curies (Ci) must be 
produced per week. To produce this activity a system 
would need to generate about 1.1 MW of continuous target 
fission power, assuming two post-irradiation days for 
processing and shipping. To meet this demand a small, 
passively safe reactor concept based on proven technology, 
using Low Enriched Uranium (LEU) fuel has been 
designed. 


 
The Target Fueled Isotope Reactor (TFIR) design 


concept draws upon the experience gained in executing the 
United States (US) Department of Energy sponsored 99Mo 
medical isotope program in the 1990’s at Sandia National 
Laboratories (SNL).3 The TFIR fuel consists of irradiation 
targets only; there is no separate driver core and target 
region. The quantity of 99Mo produced is directly 
proportional to the power attainable in the target/fuel pins. 
Using this approach, 99Mo can be produced in a cost-
effective manner with little or no additional development 
of new techniques or processes and without uncertain 
licensing issues. 


 


The concept calls for fuel/target material to be similar 
to Light Water Reactor (LWR) fuel consisting of UO2 
enriched to less than 20% 235U clad in Zircalloy or 
stainless steel. The reactor system is in an open pool and 
relies on natural convective heating. The core consists of 
an annular fuel/target region surrounded by a Beryllium 
reflector. In the center of the core annulus is region for 
reactivity control elements.  The effect of the Beryllium 
reflector and the center annulus is to flatten the flux profile 
of the core.4 The flatter flux profile allows for equal 
burnup between fuel/target elements to maximize the 
amount of 99Mo produced per MW of reactor power. The 
safety/control system is simple and can be purchased off 
the shelf from research reactor providers such as those 
used for Training, Research. Isotope, General Atomics 
(TRIGA) reactor systems. The reactor is similar to 
university reactors in terms of power, hardware, and safety 
systems.  Figure 1, is a rendering of the core design. 


 
The likelihood of a successful licensing campaign is 


increased, because the system uses established and 
currently used technology,.  However, calculations of 
several key core parameters will need to be validated.  In 
addition, fuel/target performance tests at anticipated burn-
up and during transients will help establish key operating 
safety limits. These tests can be conducted at existing and 
operational facilities at Sandia National Laboratories in the 
US. 
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Fig. 1. Target Fuel Isotope Reactor Core. 


 
 


II. DESIGN CALCULATIONS 
 
Design analyses were conducted to refine the core and 


fuel design and predict key core parameters.  Using Monte 
Carlo methods,5 parametric studies were conducted by 
varying core geometry, fuel/target dimensions, reflector 
materials, temperature and steady state reactor power.  
From these studies, elements of the design were down 
selected and the current concept was chosen.  Table I lists 
the ranges of key reactor dimensions currently being 
considered.  


 
TABLE I 


Range of Key Reactor Dimensions 


Reactor Design Item Dimension Range 
Active core region diameter 26 – 70 cm 
Fuel/target element diameter 1.0 – 0.6 cm 
Fuel/target element length 
Fuel/target element pitch 
Effective thickness of reflector 
Number of fuel/target elements 


20 – 60 cm 
1.0 – 4.0 cm 


0 – 40 cm 
86 – 150 


 
A critical design criteria for any reactor system is 


reactivity feedback. Reactivity feedback is the inherent 
changes to the nuclear and physical characteristics of a 
system that accompany variations in power levels.6 
Negative feedback is necessary to help ensure the 
controllability and safe operation of the reactor. The 


parametric calculations show a strong relationship between 
negative feedback and fuel/target element pitch. Figure 2 
shows the results of the effect of element pitch on 
reactivity feedback for a core consisting of fuel/target 
elements 0.6 cm in diameter and 40 cm in length with a 8 
cm Be reflector.7 


 
  
Fig. 2. Fuel/Target Pitch Relationship to Reactivity 
Feedback. 
 
Another important reactor parameter is the relative 


fission density.  The relative fission density, both axially 
along the length of the fuel/target element and radially in 
its core position, is critical to optimizing the production of 
99Mo and understanding peak fuel/target element 
temperatures during operation. Figure 3 shows the results 
of calculations of relative radial fission density as a factor 
of the type of reflector present in the outer rows of the 
core.  It can be seen that the type and thickness of the 
reflector has a significant impact on the radial flux profile 
of the core. 


 
Monte Carlo methods have a bias and uncertainty 


associated with the results.  The uncertainty can typically 
be estimated, however, the bias is best measured. To 
support final design choices and establish the calculation 
bias, empirical testing of the core neutronic calculations is 
necessary. 
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Fig. 3. Relative Radial Fission Density. 
 
 
III. APPROACH TO CRITICAL AND LOW POWER 


EXPERIMENTS 
 


As discussed above, the calculations of reactivity of 
various core configurations need to be validated.  
Reactivity worth of various core assemblies and pitch will 
be measured in the Sandia National Laboratories’ Critical 
Experiment (CX) assembly. The CX assembly is a zero or 
low power system designed to collect nuclear criticality 
data on water moderated, low enriched, UO2 critical 
configurations. The assembly consists of a 1 m diameter 
tank that contains upper and lower grid plates that hold 
fuel elements.8 There is a second tank at a lower elevation 
then the core tank that contains the light water moderator. 
A neutron source (241Am Be, or 252Cf) is placed in the 
center or external to the core.  The neutron source allows 
for subcritical multiplication factors(keff) to be measured. 
The fuel is loaded by hand when the core tank is empty, 
personnel exit the area and, moderator is pumped into the 
core tank. Safety and control rods are withdrawn and keff 
measurements are taken. The moderator is then drained 
and additional fuel is dry loaded and the processes repeats 
until a delayed critical condition is achived. Figure 4 
shows the CX assembly. 


 
The tests using the CX assembly will measure the 


reactivity feedback of two key design parameters; 
fuel/target pitch and reflector width and configuration. 
Three sets of grid plates of varying pitch will be fabricated 
and installed. The grid plates have a 1.50 cm, 2.00 cm and 
2.25 cm pitch. Inverse multiplication experiments for each 
of these cores will be conducted to establish the number of 
fuel/target elements needed to achieve a critical state and 


measure the reactivity worth of each fuel/target element 
and the center control elements. 


 


 
 
Fig. 4. Sandia National Laboratories’ Critical Experiment 
Assembly. 
 
Different reflector configurations will also be 


investigated using the CX assembly. Two types of 
reflectors will be installed, a solid Be or BeO reflector and 
Be or BeO reflector elements in grid positions outside the 
active region of the core. The reflector elements consist of 
Be or BeO loaded in Zircalloy or stainless steel cladding 
and will be constructed in two diameters (1.5 cm and 2.0 
cm). For a set pitch the thickness of the solid reflector will 
be varied and approach to critical experiments conducted. 
The size and number of reflector elements will also be 
adjusted and keff measurements taken. 


 
Based on the results of the inverse multiplication 


experiments, a final core configuration will be selected. 
For that selected configuration low power operations will 
be conducted. These low power (500W to 1kW) operations 
will be run to establish the relative fission density across 
the core. After the low power operations, fuel/target 
elements will be removed and counted at a radiation 
meteorology laboratory collocated with the facility housing 
the CX assembly. Radiation metrology measurements of 
fission products will be taken of selected fuel/target 
elements in each row at the same axial position (core 
centerline). These measurements will provide the relative 
radial fission density.  Selected elements at various radial 
row positions will be measured along the axis of active 
fuel region to give the axial fission density. Also, during 
the low power runs, various dosimetry packages will be 
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deployed.  The dosimetry will consist of bare and cadmium 
encapsulated nickel and gold. These activation foils will be 
counted and the neutron energy spectrum will be estimated 
for the core. 


 
The various tests on the CX assembly will help 


establish key operating parameters and limits. The keff 
measurements will determine core excess reactivity and 
shutdown worth of safety rods. Excess reactivity 
measurements establish the bounds of reactivity that could 
be added to the system during reactor transient accidents.  
This is an important parameter for licensing and limiting 
core damage in the unlikely event of an reactor transient 
accident. The maximum reactivity worth of the safety rods 
and control rods establish the shutdown margin of the 
system. The shutdown margin is the reactivity necessary to 
ensure the reactor can be made subcritical from all normal 
operations and credible accident conditions. Shutdown 
margin must be sufficient to overcome the reactivity 
effects of fission product poisons, such as Samarium and 
Xeon. The shutdown margin must also be sufficient to 
overcome negative reactivity feedback that would be a 
factor at power such as Doppler cross-section broadening 
of 238U and the density of the water moderator. The 
experiments on the CX assembly would not be conducted 
at temperatures where these feedback mechanisms are 
significant, but they would determine safety and control 
rod reactivity. These parameters would be established in 
the technical specifications of the reactor system and 
calculated and verified periodically during the operational 
life of the system. 


 
IV. FUEL/TARGET THERMO-HYDRAULIC TESTS 


 
The TFIR design is non-pressurized as it sits in an 


open pool. Thus, the coolability of the fuel/target elements 
is one of the limiting factors for total system power. The 
pool volume, along with standard heat exchangers and 
cooling towers, are more than sufficient to reject the heat 
generated by a 2 MW system. The limiting factor is the 
heat flux from the fuel across the cladding to the coolant.  
Adequate heat rejection is dependent upon limiting the 
boiling to nucleate boiling at the cladding coolant interface 
(i.e. the absence of a steam-filled void at the interface).  
The heat flux, at which a system departs from a nucleate 
boiling condition, is known as the Minimum Critical Heat 
Flux (MCHF). When the MCHF condition is achieved, the 
heat transfer to the coolant becomes inefficient; fuel and 
cladding temperatures will increase rapidly and cladding 
may fail due to the dramatic reduction in element cooling. 


 
Confirming the calculated MCHF can be supported 


experimentally outside of a reactor core. A tri-lattice of 
inert (i.e. no fissile material) fuel/target elements will be 
setup in a deep (~6 m) pool. Sandia National Laboratories 


has several pools available for such tests. The elements 
will be electrically heated to the range of peak element 
power calculated to occur during normal and accident 
conditions. The average fuel/target element power is 
anticipated to be 10 kW per element up to a maximum of 
38 kW.4 Based on calculations this would equate to a fuel 
matrix temperature of about 1200º C. The coolant channel 
inlet temperature will be controlled to simulate a coolant 
loop return and the coolant channel outlet temperature will 
be measured. Optical data will be collected and analyzed to 
estimate outlet channel coolant density. These tests will 
help confirm the MCHF for the system. This will be 
translated into reactor power limits to ensure cladding 
integrity factoring in an adequate safety margin.  


 
V. BURNUP AND TRANSIENT FUEL/TARGET TESTS 


 
The final series of tests involve driving the fuel/target 


elements to maximum fissile material burnup and ramp 
reactivity addition tests. These tests require a research 
reactor capable of power levels similar to that planned for 
TFIR.  The research reactor must also be capable of doing 
transient tests where power levels are increased very 
rapidly. Sandia National Laboratories’ Annular Core 
Research Reactor (ACRR) is licensed up to 4 MW steady 
state operation and capable of short pulse transients.9  The 
ACRR is an open pool reactor system based on a TRIGA 
design. The reactor uses UO2-BeO ceramic fuel pellets in 
stainless steel cladding.  It has a large dry irradiation cavity 
in the center of the core. Figure 5 shows the ACRR core in 
its tank. 


 


 
 
Fig. 5. Sandia National Laboratories’ Annular Core Research 
Reactor. 
 
Understanding the fuel/target mechanical and thermo-


hydraulic properties after prolonged power history or 
burnup is important to safely operate the TFIR.  Since the 
purpose of the TFIR system is to produce 99Mo, and the 
creation of 99Mo reaches equilibrium around 21 days, the 
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expected maximum burnup for a TFIR fuel/target would be 
between 0.30 g 235U and 0.35 g 235U or on the order of 1%. 
Although this is not significant by power reactor standards, 
it is important to understand how the LEU fuel changes 
with burnup. Fuel/target elements will be placed in a 
certified experiment containment vessel and the ACRR 
will be operated at about 1.7 MW for several hours. Once 
the intended burnup has been achieved, the fuel/targets 
will be allowed to decay short lived activation gamma 
emitters and fission products in shielded storage.  The 
elements will then be taken to an auxiliary hot cell facility 
adjacent to the ACRR for post experiment examination. 
The fuel/target element will be examined for evidence of 
fuel swelling, cladding damage and weld integrity. 


 
The burnup, thermo-hydraulic tests and experiments 


on the CX assembly will help provide a basis for normal 
steady-state operating limits. However, for complete 
licensing of the system, fuel/target response during 
accident conditions must be estimated. The most 
significant accident of consequence with the TFIR concept 
is a reactor transient. A transient is the rapid increase of 
reactivity in the system causing rapid fuel heating. The 
reactivity is added so quickly that the thermal response of 
the system lags and is ineffective at dissipating energy 
deposited into the fuel matrix. As a result, fuel material 
may melt, and/or fission product or backfill gases may 
increase the internal element pressure to the point of hoop 
stress failure of the clad.   


 
The ACRR has the capability to drive fuel elements to 


failure by rapidly adding reactivity. Amongst the 12 safety 
and control elements at the ACRR, there are three elements 
that can be pneumatically ejected from the core.  The result 
is a rapid transient or pulse.  The ACRR is capable of 
pulses that exceed 30,000 MW in peak power with a full-
width half maximum pulse width of 70 µsec.  Preparing for 
fuel/target failure tests would be involved and take many 
months. Special experiment containment would need to be 
designed and tested to ensure that the fuel/target elements 
subjected to the transient are safely contained. 
Instrumentation would need to be designed into the 
experiment package so that data on pressure and 
temperature could be collected. Radiation dosimetry would 
also need to be used so that neutron flux and energy 
spectrum could be characterized.  


 
Transient tests would be expensive and only 


undertaken if the regulator required them as part of the 
license application. It would be argued that since similar 
experiments on Light Water Reactor fuel have been 
conducted in the past, no new transient or fuel failure tests 
would be required. 


 


Conducting fuel failure transient tests would establish 
the safety margin between operating limits and fuel/target 
failure. The tests act to confirm results of codes used to 
estimate core and fuel accident behavior. These codes 
typically use extrapolations to predict extreme accident 
behavior since fuel failure tests are not often conducted on 
low-power reactor fuel. 


 
VI. CONCLUSIONS 


 
A thorough and planned testing schedule for the TFIR 


design can be executed at Sandia National Laboratories in 
the US.  The tests laid out in this work will validate design 
calculations, inform the final design choices and support 
the licensing process. Approach to critical and low power 
testing will help establish key operating parameters of the 
reactor system. Out of core thermo-hydraulic tests will 
help establish reactor power limits.  Burnup and transient 
tests can be conducted at Sandia’s research reactor. The 
test plan outlined here can support an efficient and 
relatively inexpensive licensing approach for a low power, 
inherently safe, dedicated reactor for the production of 
medical isotopes.  
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Abstract – Nuclear energy’s role in a sustainable energy future is increasingly embraced by 
various countries around the world. As a technologically mature, economic and safe energy 
conversion technology, nuclear energy provides also an important solution towards abating the 
unsustainable pressure on environment by our fossil-fuel driven economy. Today, there is 
significant deployment of nuclear power reactors especially in Asian countries, i.e. China and 
India, with a variety of newcomer countries already launched or planning in the construction of 
new nuclear power plants. While nuclear on itself may already contribute significantly to the 
sustainability of energy provision to the world, i.e. being a “zero-greenhouse gas emission” 
energy conversion technology, the sustainability of the nuclear option is essentially defined by the 
intranuclear options aimed at reducing the use of non-renewable natural resources, by reducing 
further the waste arising and to assure economic and non-proliferant as well as safe operation of 
nuclear energy systems. Sustainability of the nuclear option is therefore primarily defined by the 
nuclear fuel cycle with reprocessing and recycling playing an essential role to achieve such 
sustainability and this based on industrially proven practices. The paper addresses specifically, in 
more detail, the role of reprocessing and recycling in providing sustainable avenues from a 
resource and a waste management perspective. 
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A New Quality Standard in Nuclear Industry 
 


Thierry ZUMBIHL - Areva,  
Philippe JEANMART - Bureau Veritas 


 
 
A changing environment involves needs 
for new nuclear practices 
 
The Nuclear Renaissance generates new 
needs 


• An increasing demand in the next 
15 years 


• Involving countries having a 
nuclear background as well as 
newcomers in the nuclear energy 
world 


• Supporting the development of 
their local economy 


 
Though a supply chain has to be re-
installed in a global environment 


•  Loss of competencies in traditional 
suppliers due to the lack of new 
constructions in the past years  


•  A more diversified and complex 
supply chain due to globalization 
effects 


•  New supply chain players without 
nuclear experience  


 
Higher expectations from all stakeholders 
have to be faced by engineering companies, 
manufacturers and owners or operators  


• High safety expectations from 
regulators and customers 


• A critical need to better manage 
risks related to the construction of a 
nuclear power plant all along the 


supply chain in particular to secure 
the time schedule 


 
All these key issues demonstrate it is the 
right time for a nuclear oriented quality 
standard without ignoring the quality 
concern of industries from the eighties 
 


• Based upon ISO 9001:2008 
structure: an industry consensus 
quality standard ensuring the 
integration of Nuclear QA 
requirements in well-known 
industrial quality practices 


 
• Integration of two major reference 


nuclear codes 
– IAEA GS-R-3:2006  
– ASME NQA-1-2008 


 
The development process was inspired by 
the approach followed in other industries, 
mainly Aircraft Industry (EN 9100 Quality 
management systems / Requirements for 
Aviation, Space and Defense 
Organizations) 


• Similar context: strong safety 
requirements, high quality and 
industrial expectations combined 
with a product/process and low 
production volume orientation 


• Integration of specific requirements 
into a largely deployed standard 
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The content of this quality standard named NSQ 100 


 


 


N
uc


le
ar


 Q
ua


lit
y


Project Quality


N
uclear Safety


Safety culture 
 Grading application of 


quality requirements 
 Classification of product 


3 main orientations 


 Time management : planning and time 
schedule 


 Risk management and mitigation 
 International environment - language 


5 MANAGEMENT RESPONSIBILITY 
5.1 Management Commitment 
5.2 Customer Focus 
5.3 Quality Policy 
5.4 Planning 
5.4.1 Quality Objectives 
5.4.2 Quality Management System Planning 
5.5 Responsibility, Authority and 


Communication 
5.5.1 Responsibility and Authority 
5.5.2 Management Representative 
5.5.3 Internal Communication  
5.5.4 Communication with Authority 
5.6 Management Review 
5.6.1 General 
5.6.2 Review Input 
5.6.3 Review Output 
 
6 RESOURCE MANAGEMENT 
6.1 Provision of Resources 
6.2 Human Resources 
6.2.1 General 
6.2.2 Competence, Qualification, Training and


 
Basics of ISO 900:2008 dealing 
with quality system replicated 
as is 
 
Slight adaptation to complement 
with nuclear specificities 
 
 
 
 
In depth revision to comply with 
nuclear specificities 


Focus on main requirements  


 Independence of review 
and surveillance activities 


 Control of non conforming 
product and production 
processes 


 Management of 
competencies – 
qualification of personnel 
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What is expected to the implementation 
of this quality standard? Higher quality 
and in time delivery for the supply chain 
 


 Improve understanding of QA 
requirements by the suppliers 


 Translating very general 
requirements and providing 
guidance for 
implementation 


 
 Standardize the requirements  


 Developing a common 
language among the nuclear 
community 


 Integrating the major 
nuclear quality codes and 
standards 


 
 Benefit of existing industry quality 
standards and practices 


 Combining both product 
and production orientations 


 Complemented by nuclear 
quality requirements 
including all safety related 
requirements 


 
 A unique and shared quality 
platform will help suppliers  


 To be better prepared and to 
use external supports to get 
support for developing and 
verifying their level of 
compliance 


 To increase capitalization of 
experience and know-how 
in nuclear quality  


 
This initiative will benefit for the whole 
nuclear industry 
 
All major nuclear industry players will 
work in the same direction with their 


suppliers while it will help increasing the 
safety culture and set a common platform 
to capitalize of know-how and competence 
of supply chain 
 
It is a way to capitalize on industrial 
practices already well understood and 
applied in other industries while 
strengthening the integration of the nuclear 
requirements 
 
And in this time of nuclear renaissance a 
greater attractiveness for suppliers to cope 
with the demand will be more than 
appropriate 
 


A joint AREVA and Bureau Veritas 
initiative 


• AREVA will implement this new 
quality standard up from 1st 
January 2011 


• AREVA Suppliers workshops to 
present this new standard 


• Information/communication to 
nuclear safety authorities and 
operators 


 
An industry association has been created to 
be open to all major nuclear procurement 
organizations: utilities, engineering, major 
vendors. 


 
The objectives of this association is in a 
first step to promote the application of this 
standard, provide a framework for further 
evolutions and set a “nuclear oriented” 
supplier evaluation process and then to 
prepare a new certification scheme. 
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Abstract –The nuclear industry, through the World Nuclear Association (WNA), believes that steady progress 
toward standardization of reactor designs is essential if the world is to achieve success in the decades ahead in 
exploiting the full potential of nuclear power as a large-scale source of clean energy. Industry gave the WNA 
CORDEL group the mandate to work toward this goal. International standardization implies that regulatory 
practice must be harmonized as well on an international level. As the regulators in the MDEP-group work 
together for new build projects CORDEL is the  industry counterpart in this effort. 
 


 
I. INTRODUCTION 


 
The World Nuclear Association, in its role as the 
international organization of the global nuclear industry, 
already for a few years have been focusing on the 
challenge of achieving greater standardization in reactor 
designs. The industry, through the WNA, believes that 
steady progress toward this objective is essential if the 
world is to achieve success in the decades ahead in 
exploiting the full potential of nuclear power as a large-
scale source of clean energy. 


 
 


II. LETTER OF THE CEO’S 
 


 
On 13 April 2010, several major players of the nuclear 
industry pledged support for a cooperative effort between 
the industry and regulatory authorities to achieve greater 
standardization of reactor design and harmonization of 
design requirements across the world. A letter from the 
World Nuclear Association, affirming the intent of the 
global nuclear industry to engage through the WNA in a 
concerted effort to achieve greater international 
standardization in reactor design, was signed by the 
WNA’s Director General jointly with 11 companies’ 
presidents and chief executives representing leading 
reactor vendors and major operators (see below). 
 


Top executives’ signatures reflect a serious commitment to 
supply resources by which the industry is going to 
assemble its relevant expertise so as to contribute its best 
recommendations to a cooperative dialogue directed at the 
standardization goal.   
 
The WNA vehicle for engaging on this topic is its expert 
working group on Cooperation in Reactor Design 
Evaluation and Licensing (CORDEL), which existed since 
2007, but is now gearing up to effectively address the 
challenges.  In particular, the CORDEL Group: 
• Facilitate cooperation among industry players and 


promotes experience feedback in all stages of new-
build, but mainly in design evaluation, certification 
and licensing; 


• Share industry expertise on these topics with inter-
governmental organizations and in support of 
international regulatory initiatives (especially MDEP); 


• Contribute to international cooperation among 
national regulators and standards developing 
organisations in efforts to converge toward design 
standardization and harmonization of national 
regulatory regimes and industrial codes and standards. 
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III. ROADMAP 
 
The CORDEL report, entitled “International 
Standardization of Nuclear Reactor Designs” was 
published in January 2010 (available on the WNA 
website) and was attached to the above mentioned high 
level letter.  The report explains the concept of 
international standardization and envisages three stages by 
which standardization might be achieved.   
 
However, an evolution towards internationally valid 
design approvals, described in the report, would 
necessarily occur in a manner consistent with each 
country's sovereignty over its own regulatory 
framework. Each country's regulator would remain 
responsible for a comprehensive licensing and oversight 
process, with a streamlined design approval simply being 
one part of it. No aspect of the CORDEL proposal is 
meant to imply that any national regulatory process would 
be subordinated or limited by foreign decisions. 
 
The concept of standardization means that vendors 
could build their designs in every country without having 
to adapt the design specifically to national safety 
requirements. Such standardization would have two main 
types of benefits:  


• It would greatly facilitate nuclear new build 
worldwide by giving greater efficiency and 
certainty to the national licensing procedures; by 
taking into account the fact that vendors, and 
nowadays also utilities, are active across borders; 
by helping developing countries to establish their 
nuclear new build programmes; and by reducing 
the strain on human resources on both the 
regulators’ and the industry’s side.  


• The second valuable effect of standardization 
would be to further enhance safety by broadening 
the exchange of construction and operating 
experience among a number of reactors 
belonging to fleets of the same design.  


 
The concept of standardization does not extend to every 
detail in a nuclear plant. Rather, it requires sufficient detail 
to enable: 


a) the operator to prepare specifications for the 
procurement of equipment; and 
b) the regulatory body to determine the adequacy 
of a facility's safety. 


Of course, for each individual nuclear power plant a 
certain degree of adaptation, dictated by site-specific 
conditions and other local factors, would be necessary. 


 
Achieving reactor design standardization will require the 
combined efforts of industry, regulators, policymakers, 
governments and international institutions. 


Signatories  
  
John Ritch 
Director General 
World Nuclear Association 
  
Anne Lauvergeon 
CEO, Areva 
  
Hugh MacDiarmid 
President and CEO, 
Atomic Energy of Canada Ltd. 
  
Henri Proglio 
Chairman and CEO,  
Electricité de France 
  
Wulf H Bernotat 
CEO, E.ON 
  
Christopher Crane 
President and Chief Operating 
Officer, Exelon 
  
Jack Fuller 
CEO, GE-Hitachi Nuclear 
Energy 
 
Masaharu Hanyu 
President, Hitachi-GE Nuclear 
Energy 
  
Akira Sawa 
Director, Executive Vice 
President, Nuclear Systems 
Mitsubishi Heavy Industries 
  
Ichiro Takekuro 
Executive Vice President and 
Chief Nuclear Officer  
Tokyo Electric Power 
Company 
  
Yashuharu Igarashi 
Executive Officer, Corporate 
Senior Vice President, 
President and CEO, Power 
Systems 
Toshiba 
  
Aris Candris 
President and CEO 
Westinghouse 
  


Recipients 
  
Yukiya Amano 
Director General, International 
Atomic Energy Agency 
  
André-Claude Lacoste 
Chairman, Policy Group 
Multinational Design 
Evaluation Program (MDEP)
  
Luis Echávarri 
Director General, Nuclear 
Energy Agency of the OECD 
  
Andrej Stritar 
Chairman, European Nuclear 
Safety Regulator Group 
 
cc: Laurent Stricker 
Chairman, World Association 
of Nuclear Operators (WANO)
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IV. WHAT CAN INDUSTRY DO TO MAKE 
STANDARDIZATION POSSIBLE? 


 
To contribute towards standardization, the nuclear industry 
should: 


• Develop standard reactor designs to a high level 
of detail. 


• Harmonize industry own standards and 
requirements. Efforts should be focused on 
achieving international convergence of industrial 
codes and standards applicable to all components 
that affect safety, as well as of overarching utility 
requirements. 


• For the benefit of operators, expand the use of 
existing feedback-sharing mechanisms during 
construction and operation across utilities and 
national borders. 


• Enhance the role of "Owners' Groups" (a 
cooperation network between a vendor and 
utilities operating that vendor's design) and by 
establishing mechanisms for long-term design 
knowledge management. These actions will 
facilitate information exchange preserving design 
knowledge and stimulating design improvements 
within and across international nuclear power 
plant fleets. 


• With major participation by vendors, develop 
design-specific training material which could aid 
utilities in the operation of standard plants and 
regulators in certification reviews and subsequent 
operation oversight of standardized facilities. 


• Share, with governments and regulators, 
information and expertise relevant to adapting the 
regulatory framework toward standardization. 
Vendors should also share license application 
documents with other applicants and other 
countries' regulatory authorities, insofar as the 
protection of proprietary information allows. 


 
V. WHAT CAN GOVERNMENTS AND REGULATORS 


DO TO FACILITATE STANDARDIZATION? 
 


Governments and regulators should help create 
mechanisms specifically designed to foster cooperation on 
standardization among industry, regulators and law and 
policy makers. This effort should extend from national to 
regional and international levels. Harmonization of 
regulation will provide the essential framework to facilitate 
international standardization of reactor designs. 
 
The CORDEL proposal is a set of actions envisaged in 
three phases: 


1) Share design assessment. Once a design is 
licensed in one country, the approving regulator 
should share information with other national 
regulators, conveying its full experience in the 
safety assessment of the design, and receiving 
regulators should draw upon this experience. 
Additionally, if several regulators are 
concurrently reviewing the same design, they 
could form a collaborative network and discuss 
their assessment methodology (including criteria) 
and share their assessment results. This sharing 
process, which can be undertaken without any 
change in existing regulatory frameworks, may 
itself foster tendencies toward harmonization of 
licensing standards and procedures. 


2) Validate and accept design approval. Once a 
design is licensed in certain countries, such design 
approval could be taken by other countries' 
authorities after validation as sufficient for 
licensing there.  Although using this simplified 
validation procedure would heighten efficiency 
for industry and regulators, it may require some 
adjustments in existing national regulatory and 
legislative frameworks. 


3) Issue international design certification. By 
international agreement, a procedure could be 
created whereby a design could be certified by a 
team of national regulators (from countries with a 
direct interest in the design). Under the 
agreement, participating countries would accept 
this certification. Alternatively, such international 
certification could be facilitated by a designated 
international organization. Of course, national 
regulators would remain responsible for assessing 
the adaptation of the internationally certified 
design to local circumstances and for the 
supervision of construction, commissioning and 
operation. 


 
Expanding regulatory harmonization has to be 
simultaneously facilitated by alignment of licensing 
processes and by harmonization of national safety 
requirements, which currently vary significantly from 
country to country. 
 


VI. ONGOING REGIONAL AND INTERNATIONAL 
INITIATIVES 


It should also be recognized that there is already some 
movement in this direction, exemplified by the following: 


• Efforts are in hand to identify differences and 
develop aligned international codes and standards 
in various domains such as mechanical codes and 
instrumentation and control (I&C) through such 
organizations as ASME and AFCEN, and IEEE 
and IEC. 
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• Overarching utility requirements for new reactor 
designs have been developed by EPRI-URD in 
the US and EUR in Europe. 


• A number of multinational regulatory initiatives 
have been created, the most promising in the area 
of harmonization being the Multinational Design 
Evaluation Programme (MDEP). One of its 
objectives is to establish convergent reference 
regulatory practices. CORDEL proposes that 
MDEP should be given a more important and 
formally enhanced role, working closely with the 
IAEA, as a major driver and forum for 
governments to coordinate the initiatives outlined 
above. 


• Regional initiatives have been taken by regulators 
and utilities (such as the Western European 
Regulators' Association (WENRA) and the 
European Nuclear Installations Safety Standards 
(ENISS) initiative in Europe). WENRA has 
established common reference levels for reactor 
safety to be implemented in member countries 
and which will lead to further harmonization. 


• The IAEA's Integrated Regulatory Review 
Service (IRRS) provides reviews of national 
regulatory systems to identify and spread best 
practices in licensing and oversight. 


• The IAEA also provides a reference point for 
states seeking to establish a nuclear infrastructure. 
The IAEA Safety Standards specify safety 
requirements and guides representing best/good 
practices, which are increasingly used as 
reference for review of national safety standards 
and as a benchmark for harmonization in all 
countries utilizing nuclear energy for peaceful 
purposes. 


 
VII. CURRENT ACTION PLAN OF THE CORDEL 


GROUP 
 


The conference presentation will describe the actual work 
done by the industry in the framework of the CORDEL 
working Group of the WNA.  The current outline of the 
Action Plan for the short-term perspective is the following: 


 Interaction with MDEP and other regulatory initiatives 
is one of the main priorities.  


 Participation in IAEA safety standards revision 
process is an ongoing initiative, active since early 
2008. 


 A CORDEL Task Force entitled “Design Change 
Management” works to analyse and develop 
institutional mechanisms in the industry which would 
enable compliance with standardization throughout 
standard fleet’s lifetime. 


 A new Task Force to promote harmonization of 
standards and codes is in the process of establishment.  


 Another Task Force monitors developments in the area 
of probabilistic safety goals with the potential aim to 
promote harmonisation of probabilistic values and 
methodologies in the industry. 


 A Task Force to develop guidance and best practices 
in licensing and permitting regimes, especially in 
support of emerging markets, was also established in 
2010 jointly with the WNA Nuclear Law and 
Contracting Working Group.  Licensing challenges for 
Small and Medium sized reactors have also being 
analysed. 


 The group encourages international cooperation in 
design reviews, mutual acceptance of design approvals 
and (in the long term) international certification of 
designs by conducting a dialogue with industry’s 
stakeholder on benefits of standardization and ways to 
achieve it. 


 
 


VIII. CONCLUSION 
 


The international standardization of reactor designs is 
essential for achieving increased attractiveness in nuclear 
investment and for capitalizing on the major opportunity to 
enhance safety that is necessary if the full potential of 
nuclear power is to be realized in the decades ahead. 
Because standardization cannot be achieved by industry 
alone, the WNA's CORDEL group - representing the 
coordinated views of the global nuclear industry - strongly 
recommends a determined joint effort of industry, 
governments and regulators to achieve the standardization 
goal. 
 
Only such a joint effort - extending from the national level 
to cooperation internationally - can produce the changes in 
the worldwide nuclear regulatory and industry landscape 
necessary to attain the acceptance and application of 
common safety standards. 
 
WNA director John Ritch stresses the importance of the 
industry's collective effort: "Momentum toward the 
important objective of reactor design standardization will 
be achieved only with active stimulus and expertise from 
major nuclear companies acting together. The CORDEL 
group is mandated to perform that role. We see in this 
WNA effort a paradigm for collective industry action to 
shape the future of civil nuclear power." 
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Abstract – FPT3 was the last of the five in-pile integral experiments in the Phébus FP 
programme, whose overall purpose was to investigate fuel rod degradation and behaviour of 
Fission Products (FPs) released via the primary coolant circuit into the containment building. The 
results contribute to validation of models and computer codes used for calculation of the source 
term in case of a severe accident with core meltdown in a Light Water Reactor (LWR). Unlike the 
previous tests, FPT3 used boron carbide as absorber material in the pre-irradiated 
(24.5 GWd/tU) fuel bundle, while featuring a steam-poor period as in the previous test FPT2, that 
used silver-indium-cadmium absorber material. This paper summarises the main experimental 
results of FPT3, highlighting the effect of the boron carbide on degradation of the fuel rod bundle, 
transport and deposition of fission products and structural materials in the hot leg part of the 
circuit up to the steam generator entrance. In the bundle, a strong effect of the boron carbide in 
promoting bundle degradation and material relocation was seen; unlike the previous tests no 
remnant molten pool was observed, but instead substantial refrozen low melting point material 
below the bottom of the heated section. Carbonaceous gas production (CO, CO2) accounted for 
~77% of the carbon in the absorber material, while the hydrogen production was consistent with 
~73% oxidation of the Zircaloy present. Fission product and structural material releases were 
broadly similar to those in previous Phébus FP tests, taking account of the different control rod 
materials, with high releases of the volatile FPs such as Cs, I, Te, Cd and Ag with the noble gases 
Xe and Kr, medium release of Mo, and low releases of Rh, Ba, Pa, Tc, Ru, Ce, Sr, Y, Eu and Nb. In 
the circuit hot leg (700°C), iodine was mainly present in gaseous/vapour form, whereas it was 
mainly in vapour form in FPT2. In contrast to FPT2, Cs was mainly observed in aerosol form. 
Strong depositions of fission products were observed in the hot leg, as well as in the upper part of 
the bundle, and the aerosols transmitted were characterized in terms of morphology and size. 
Material behaviour downstream (steam generator, cold leg, and containment) and comparison of 
results amongst the Phébus FP experiments will form the subject of future publications. 


 
 


I. INTRODUCTION 
 
The in-reactor integral Phébus FP tests 1 studied bundle 


degradation and release, transport and deposition of fission 
products, structural and control rod materials in the model 
primary circuit and containment building, under steam-rich 
or steam-poor atmospheres, and under low pressures 
(~0.2 MPa), with specific attention to the behaviour of 
fission products. The final test FPT3 2, 3, studied especially 
the impact of a B4C control rod on fuel degradation, fission 
product (FP) transport/deposition in the circuit and 


behaviour in the containment, using fuel irradiated to 
24.5GWd/tU, and featuring a steam-poor period. This 
paper summarises the test transient, degradation of the fuel 
bundle, transport of fission products and structural 
materials in the hot leg of the circuit leading up to the 
steam generator, and deposition of these materials in the 
bundle and circuit up to this point. Particular attention is 
paid to iodine behaviour, on account of its radiological 
importance. Similar material for the steam generator, 
circuit cold leg, and in the containment, will form the 
subject of a separate publication. 
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Fig. 1. Schematic diagram of the Phébus FP facility 
Key: fuel bundle (1), hot leg of circuit (2), non-condensing steam generator (3), cold leg of circuit (4), containment building (5) with 
condensers (6) and sump (7) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Schematic diagram of the degradation phase of the FPT3 test transient 
 


II. DESCRIPTION OF THE FPT3 EXPERIMENT 
II.A. Phébus FP Facility 


The Phébus FP facility has been extensively described 
in the literature, for example 1. It was designed to be 
representative of a French 900MWe PWR scaled down 
1:5000 in the frame of a low-pressure cold-leg break 
scenario, as illustrated in Fig.1. The Phébus FP test matrix 
comprised five in-pile tests successfully performed during 
the period 1993 to 2004. The particular objective of FPT3 
was to investigate: 


• Degradation of 20 Zircaloy-clad UO2 fuel-rods (2 
fresh fuel rods and 18 pre-irradiated at an average 
burn-up of 24.5 GWd/tU; with 1 m fissile length) 
with a central stainless-steel-clad control rod. All 
rods were housed in the in-pile test device 1. In 
FPT3, the control rod was made of Boron Carbide 
(B4C) instead of Silver-Indium-Cadmium (SIC) as 
in the previous tests. The Phébus driver core 
provided neutron flux heating for the degradation 
of the test bundle. Upward fluid flow was 
continuously sustained through the rod bundle 
(steam injection ~0.5 g/s), during the degradation 


Test device:
• 2 fresh fuel rods
• 18 irradiated fuel rods
• 1 boron carbide control rod


Upper plenum + vertical line


Steam generator wall fixed at 150°C


Circuit hot leg fixed at 700°C


Circuit cold leg fixed at 150°C


Sump filled with acid water (pH~5) 
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phase. A fraction of the injected steam was 
converted into hydrogen (H2) during the oxidation 
phases; 


• FP release, deposition and transport from the bundle 
to the containment via an upper-plenum and an 
experimental circuit that simulated the RCS 
(reactor coolant system), including a model steam 
generator. The latter, which consisted of one 4-
metre-high inverted U-tube 3, ensured a 
temperature transition between the circuit hot leg 
2, regulated to 700°C, and the circuit cold leg, 
regulated to 150°C 4. Released materials 
conveyed with the fluid flow through the fuel 
bundle and the experimental circuit, end up in a 
10 m3 vessel 5 simulating the containment 
building; 


• Material behaviour in this containment vessel in the 
long term, emphasising iodine behaviour; the 
vessel includes a sump 6 and condensers 7; 
further details of these aspects and of recombiner 
testing are given in reference 2. 


 
II.B. Experimental Scenario and Main Events 


The experimental sequence was as follows: 


• The first phase concerned fuel re-irradiation (8.4 days) 
that recreated a short-lived FP inventory representative 
of reactor fuel. Then, a transition period (37 hours) 
took place, to deplete the reactor xenon poisoning and 
to adjust the circuit thermal hydraulic conditions; 


• The beginning of the test, strictly speaking, started 
from the gradual step-increase in the core power, to 
ensure a thermal calibration period and then to initiate 
the actual bundle temperature escalation (Fig. 2). This 
gradual heat-up lasted ~5 hours to obtain significant 
fuel bundle degradation and FP release. The main 
events during this degradation phase are: 


- First fuel clad rupture estimated at ~4870 s from 
both the first FP traces detected in the circuit hot 
leg and from temperature perturbations measured 
in the middle part of one fuel rod located at 
~500 mm/BFCa; 


- First hydrogen detection from the Zircaloy clad 
oxidation during the P3 power plateau (see Figure 
1). The first oxidation phase (H2 fraction 
>10 vol%) ranges between 8940 s and 12300 s 
(including a 17 min period where the hydrogen 
fraction is higher than 70 vol.%). Control rod 
rupture occurred in this phase at ~9680s and 
carbon monoxide was released rapidly. Indeed, 
the total CO release was almost complete by the 
end of this phase (~12300 s) corresponding to 


                                                           
a Bottom Of Fissile Column; the fuel pellet stacks were 1 m long. 


~49% of the carbon from the B4C control rod. 
Carbon dioxide was released later (from 10500 s) 
and its containment accumulation regularly 
increased up to reactor shutdown. The 
carbonaceous gas production kinetics indicated 
that CO and CO2 production are favoured 
respectively under reducing and steam-rich 
conditions. These carbon oxides accounted for 
~77% of the total available carbon from the 
control rod; 


- After the first oxidation phase, a succession of 
power plateaus was performed to reach the fuel 
bundle degradation objectives. In this phase, the 
hydrogen fraction relative to steam remained 
approximately constant (5 - 10 vol.%); 


- From ~16600 s the second oxidation phase (H2 
fraction peaked to 20%) occurred and lasted up to 
reactor shutdown (~17340 s). It corresponded to 
hot material relocation below the lower grid of the 
test bundle. The final hydrogen production was 
consistent with ~73% oxidation of the Zircaloy 
present. 


• After the reactor shut down, the long-term phase 
started. The containment was isolated from the test 
bundle and the experimental circuit. The ~37 hour 
“aerosol phase” that followed, was dedicated to the 
analysis of aerosol settling mechanisms in the 
containment (gravitational settling and wall 
deposition). Through the aerosol phase, the 
containment humidity decreased; 


• Then, a washing operation (~13 minutes; the so-called 
“washing phase”) of the elliptic floor was performed, 
using the sump water, to drain aerosols deposited on 
the containment bottom elliptic floor into the sump 
and to increase the dose rate in the aqueous phase; 


• The last experimental phase (~49 hours; the 
“chemistry phase”) was essentially devoted to iodine 
radiochemistry under different conditions. In 
particular, the forced evaporation/condensation cycles 
between the sump and the painted condenser surfaces 
favoured iodine exchanges. 


III. FINAL STATE OF BUNDLE 
 
The bundle final state is known thanks to X-ray 


imaging (radiography and tomograms) performed all over 
the bundle. Fig. 3 shows some tomograms together with 
fission product activity distribution along the bundle. 


The fuel rods have globally kept their initial position 
above the upper grid, even if distorted and elongated. From 
their top to level 920 mm/BFC, the fuel pellets are intact 
and clads do not seem to have failed. Downwards, 
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reduction of apparent density is visible for the irradiated 
rods fuel pellets, maybe due to swelling. Some inner rod 
pellets begin to be fragmented and clads may be opened. 


The upper grid is much oxidised but has kept the 
initial geometry of the bundle. Inner rods are more 
damaged than external ones. The fresh fuel rods seem to 
have resisted from their tops down to the upper grid. 
Below the upper grid, inner rods are severely degraded, 
their pellets being significantly fragmented or eroded and 
their clads having disappeared. External rod pellets have 
been significantly damaged. Around level 550 mm/BFC, 
all the rods are pushed against the shroud. Below, the 
bundle is tightened and fragments of the inner rods are still 
visible in the centre of the bundle. A residual cavity 
spreads from 310 to 225 mm/BFC. It is of very restricted 
dimension, with boundaries eaten away, sign of the 
formation of a molten pool during the transient. Peripheral 
rods are well conserved outside the cavity edges. 


Fig. 3. FPT3 bundle post-test non-destructive examinations: X-
ray imaging and γ-scanning results 


 


There is no remnant molten pool as seen in the earlier 
experiments, but a dense corium mass is nevertheless 
observed from level 225 to level 150 mm/BFC in the 
central zone of the bundle. Lower down, external rods as 
well as internal ones are clearly identifiable, with relocated 
materials in between them. These materials have 
accumulated over the support plate, and even passed 
through it down to the foot valve filter. 


The guide tube of the control rod is intact from its top 
to level 920 mm/BFC. Below that, it is failed and opened 
down to the upper grid. Below that grid, it has disappeared. 
It is seen again from level ~130 mm/BFC and might be 
intact below level 60 mm/BFC. B4C pellets seem to be 


present from 1006 to 960 mm/BFC and are still seen from 
level 124 to 0 mm/BFC in the lower part. 


IV. FISSION PRODUCT BEHAVIOUR IN THE 
BUNDLE 


 
The γ-spectrometry measurements performed over the 


bundle zone give the final distribution of fission products 
and their released and retained fractions in the bundle. 
Comparing normalised activities of an isotope and a fuel 
tracer allows estimation of the fraction released from the 
fuel but kept inside the bundle. 


As expected, zirconium, cerium and europium are 
linked to the fuel and not released from the bundle zone. 
Their activity profiles confirm the final degradation state 
observed with the tomograms, showing much relocation of 
materials in between the lower rods, over the support plate 
and below it, over the foot valve filter. Barium is also only 


weakly released from the bundle, but 
has been significantly released from 
the fuel. It has relocated in the lower 
zones, with fuel-linked elements, 
and also has strongly interacted with 
oxidised Zircaloy of the upper grid 
and of the upper rods cladding. 


Tellurium, iodine and caesium 
show a volatile behaviour, almost 
totally released from the central 
zone. They were not relocated in the 
lower zone with fuel materials but 
have been taken away downstream 
by the steam flow. Caesium has been 
deposited significantly over the 
upper rods, whereas Te has been 
deposited more downstream, in the 
vertical line and in the horizontal 
line. Iodine was only weakly 
deposited, consistent with the 
significant gaseous fraction 
observed in the circuit and in the 


containment. 
Molybdenum shows an intermediate behaviour. It is 


significantly released from the central zone, then both 
found in the lower zone with fuel-linked elements and 
deposited over the upper rods such as volatile elements. Its 
deposition zone corresponds to that of Cs, indicating most 
probably an interaction such as Cs2MoO4 formation.  


The ruthenium fraction released from the bundle is 
negligible, but ruthenium has been partly released from the 
fuel. It has been less relocated in the lower zone than fuel 
tracers, and shows a significant deposition zone from 600 
to 800 mm/BFC. Apart from this, Ru follows more or less 
the fuel distribution. Silver is detected in the bundle only 
above level 900 mm/BFC. It seems to have significantly 
deposited onto the upper parts of the rods. 
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Deposition zones in the upper rod region, in the upper 
plenum and in the vertical line are shown in Fig. 4. For the 
upper plenum, and the vertical line to a lesser extent, the 
presence of numerous perturbations in the geometry that 
disturb the gas flow and the presence of instrumentation 
parts are factors contributing to strong depositions. In the 
plenum, difficulty in controlling the temperature is another 
complicating factor for interpretation. Not surprisingly, the 
regions with the strongest deposits were the upper part of 
the rods above the fissile column (where there is a 
possibility of interaction between the fission products and 
the cladding), and the exit bend (where impaction is a very 
likely cause). The two narrowing cones also caused 
significant deposition. Isotopes linked to the fuel, such as 


Ru, Ba and Zr, are not or only weakly detected. Iodine and 
Te behave similarly, except for a stainless steel deposition 
coupon where Te is not seen. The deposits observed in the 
upper plenum and the vertical line (both made of Inconel) 
are significantly greater in FPT3 than in FPT2 4, 5, especially 
for Te. 


Comparison of the final bundle state with that of FPT2 
(which used a SIC control rod) indicates that the presence 
of the B4C control rod influenced the bundle degradation 
and melt progression towards the bottom of the test device, 
as described in reference 2, with further discussion of boron 
effects in references 6, 7


. 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 4. Deposition of fission products in the upper part of the bundle, the upper plenum and the vertical line 
 


V. FISSION PRODUCT TRANSPORT AND 
DEPOSITION IN THE HOT LEG 


V.A. Transport 
Measurements were performed to quantify fission 


product, control rod, structural and fuel material behaviour 
in the hot and cold legs, distinguishing between vapour 
and aerosol forms in the hot leg in the degradation phase 8. 
Eight samplings were taken from the start of runaway in 
the first oxidation phase (mean sampling time 10072 s) to 
just after reactor shutdown (mean time 17674 s). The 
samples involved 7 sequential aerosol filters (named FIPF) 
maintained at 700°C, one impactor at 700°C, 4 sequential 
aerosol/zeolite filters (named FZPF) maintained at 150°C 
(primarily dedicated to gaseous iodine analysis, see 
below), 4 sequential sampling lines (Lint) covering the 
thermal transition between the FIPF and the FZPF filters, 
with one further transition line leading from a FIPF filter 
with no FZPF filter downstream. The samples were post-
test counted using γ-spectroscopy, with additional chemical 


analysis for non γ-emitters. In addition, the inner tube of 
the circuit hot line was post-test γ-scanned to obtain data 
on integral deposits (some information was also obtained 
during post-test decontamination operations). Also, the hot 
leg was scanned on-line by two γ-spectrometers 
(designated P2 and P3) that gave information on 
transmission and deposition of the principal γ-emitters, 
useful for example in determining the times of first 
appearance in the circuit. For the noble gases, which do 
not deposit in the circuit, data from γ-station P11, that 
viewed materials entering the containment, were used to 
characterise their movement in the hot leg too. 


As in the previous Phébus FP tests such as FPT2 4, 
release and transport of the FPs were correlated with 
degradation of the bundle, with release of most materials, 
especially more volatile ones, starting during the first 
oxidation peak, with increased release during the oxidation 
runaway, with in many cases material being added in the 
second oxidation peak. The materials released and 
transported are: 
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• Noble gases, with high releases - Xe, Kr; 
• Volatile FPs - Cs, I, Ag and Cd (these two are FPs 


in FPT3 as opposed to mainly absorber material in 
FPT0/1/2), Te, Mo, Rb, Sb (marginal case); 


• Low-volatile FPs - Ba, Ce, Pd, Rh, Ru, Sr, Tc, La; 
• Absorber material- B; 
• Structural materials - Sn (from Zry4 cladding), W, 


Re (both from thermocouples); 
• Fuel materials - U, Pu. 
The releases started between 9200 and 9800 s (slightly 


later for 132Teb, similar remarks apply to 99Mo, which was 
not released during reducing conditions, see Fig. 5), 
increase significantly after ~10650 s, keeping a rather 
constant slope up to ~14250 s, the time of first material 
movement in the bundle. After, the releases are lower for 
these FPs even during the heat-up phase. Sn was only 
released after the end of the reducing phase, as in FPT2. 
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Fig. 5. On-line P3 γ-station measurements on the hot leg 


 


The release of Xe is illustrated in Fig. 6. Most occurs 
up to ~14500 s, with a short additional peak during the late 
oxidation phase. The non-detection in the hot leg after 
~13000 s is probably due to a high background due to 
short-lived isotopes; apart from this the containment and 
hot leg data are consistent. The small early release after 
~4500 s occurs on first rupture of fuel rod cladding (gap 
release). The total release of Kr, not shown here, was 
similar to that of Xe, within experimental uncertainty. 
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Fig. 6. Xenon release in the degradation phase 
 


Typical behaviour for volatile FPs is shown in Fig. 7. 
Cs, Te, Mo, Sb and Rb are transmitted only in aerosol form 
in the hot leg with no vapour seen above the detection 
                                                           


b Possibly due to interaction with cladding material, e.g. Sn 


limit. The differences amongst elements are related to the 
deposition, as discussed below, and to the dependence of 
release on temperature and oxygen potential. Release rates 
increase steadily from 10650 s onwards, reaching a peak in 
the ange 14000-15500 s, with the peak for Te occurring 
slightly later; again for Te there is a slight increase in the 
late oxidation phase. Silver, Fig. 8, shows significant 
transmission in vapour form in the hot leg, amounting to 
about 8.5% of the total transmitted there, with a higher 
vapour fraction in the final heat-up than elsewhere, while 
Cd shows even more volatile behaviour, with ~80% of the 
total hot leg transmission in vapour form. 
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Fig. 7. Volatile FP and Sn release in the degradation phase 
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Fig. 8. Ag and Cd FP release in the degradation phase 
 


Barium, an example of a low volatile FP, shows hot 
leg evolution similar to that for Ag, with less at the end of 
the first oxidation phase, and a similar small peak in the 
late oxidation phase, Fig. 9. Ruthenium and cerium show 
on the other hand evolutions like that of Sn, with more 
transmission in the first oxidation phase and P4 plateau. 


While boron is not a fission product, it can have a 
strong effect on their transport and speciation. Degradation 
of the B4C leads to the formation of carbon oxides and 
boron-containing aerosols. Carbon combustion, Fig. 10, 
reaches 77% of the total by the end of the degradation 
phase, and should lead to large B release. However, only 
low amounts of B are measured in the hot leg relative to 
the C gas transport, particularly during the first oxidation 
peak (note that the sampling at ~11800 s may not be 
reliable). There is strong evidence 7, 8 of large deposition of 
B-containing material between the hot and cold legs, 
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forming a partial blockage; this will need to be considered 
in future analysis of deposition in the whole circuit. 
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Fig. 9. Lower volatile FP release in the degradation phase 
 


The fuel bundle degradation led to extensive iodine 
release in the circuit (tens of % initial inventory) in 
agreement with its volatile FP behaviour. First iodine 
release from the bundle occurred at ~9600 s (as detected 
from γ-spectrometry targeting the circuit hot leg, see Fig. 
11) which is consistent with the first release of Cs and Xe 
observed at this time. 
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Fig. 10. B and C release in the degradation phase 
 


Contrary to Ba, Te, Cs, Mo, Sb and Rb, iodine was 
found to co-exist in the circuit hot leg under three forms: 


• iodine aerosols which are agglomerated particles 
containing some iodine compounds (gaseous and 
vapour forms of iodine are excluded from this 
category); 


• iodide vapour which consists of gaseous iodine 
species condensing between 150°C and 700°C, 
such as CsI or AgI; 


• gaseous iodine which consists of gaseous iodine 
species present at 150°C and thus condensing at 
temperature lower than 150°C, such as I2 and HI. 


Four sampling channels triggered throughout the test 
transient consisted of successive filtering stages allowing 
discrimination amongst these iodine forms. Indeed: 


• iodine aerosols were trapped in Poral/quartz filters 
at 700°C; 


• iodide vapours were quantified by their deposits on 
the intermediate line surface connecting the aerosol 
filters at 700°C and at 150°C plus iodine (which 
being initially transported in vapour form in the hot 


leg) trapped in aerosol form in Poral/quartz filters at 
150°C; 


• gaseous iodine was trapped in Zeolite filters at 
150°C. 


Only about 13% of the total iodine transmission 
through the hot leg is in aerosol form while about 42% and 
45% are transported respectively in vapour and gaseous 
forms. Fig. 11 shows the mass flow rates against time in 
the circuit hot leg for iodide aerosols, iodide aerosols + 
vapours and total iodine (the total iodine mass flow rate at 
700°C was obtained by adding the contribution of iodide 
aerosols, vapours and gaseous iodine mass flow rates). As 
regards iodine aerosols, very low during the first oxidation 
phase, the release increases after and remains constant up 
to ~13918 s, then the sampling triggered at ~15086 s 
indicates a very low iodine aerosol release. Finally, a small 
peak is noticed during the late oxidation phase before the 
reactor shutdown. 
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Fig. 11. Iodine behaviour transiting through the circuit hot leg 


 


As regards the gaseous iodine and iodide vapour, the 
same mass flow rate variation was observed (not shown 
here) i.e. some marked release during the early oxidation 
runaway followed by a roughly steady mass flow rate until 
the end of the transient. 


Several notable pieces of information about the 
speciation of iodide vapours are given by γ-emitter 
condensation profiles measured on the four intermediate 
lines connecting the aerosol filters at 700°C and at 150°C 
of four sampling channels triggered throughout the 
degradation phase. 131I-emitter deposition profiles achieved 
on the four connecting lines are considered to be only 
vapour species condensed during the sampling. Several 
iodide vapour deposition peaks were evidenced in all the 
lines. Fig. 12 presents deposits as measured on the second 
intermediate line sampled at ~10595s. Four major iodide 
vapour condensation peaks without any other major γ-
emitter peak can be noted; this makes species identification 
difficult. The measurement of one small Cs peak at the 
transition line inlet concomitant with one small iodine peak 
indicates that, contrary to expectations, only a very small 
amount of caesium iodide vapour was formed. 
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As displayed in Fig. 11, contrary to the caesium which 
is mainly condensed in the circuit hot leg, the sampling 
mass flow rates of total iodine are very close to the signal 
of the P2 γ-station that monitored the hot leg, normalised 
to the material transport, indicating that iodine deposition 
at this location is negligible. This observation is consistent 
with the very low value of iodine deposit estimated in the 
circuit hot leg after the test. 
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Fig. 12. I and Cs deposition profiles along one hot-leg 
intermediate line 


 


V.B. Material Retention 
Measurements were made of deposition in the bundle 


itself, upper plenum, vertical line (see section IV for details 
on these three parts), hot and cold legs, and in the steam 
generator. This section summarises data up to the end of 
the hot leg. The integral data are summarises in Table I, 
which groups the deposits for key elements in the three 
main regions, normalised to the average transmission in 
each region. This indicates the propensity for each element 
quoted to deposit in each region. 


Very significant deposition is seen in the very hot 
regions for all elements quoted here, with the exception of 
the volatile iodine and to a lesser extent caesium. 
Significant deposition is seen downstream up to the steam 
generator entrance, in the vertical line and especially in the 
hot leg, for all elements, noting in particular the very large 
relative deposition of Te in both these locations. The 
caesium deposits in the hot leg were rather larger in FPT3 
than in FPT2. 


The deposition processes in the upper plenum, vertical 
line and hot leg probably involved vapour condensation on 
cooler surfaces, possibly followed by chemical interactions 
with the surfaces or with the deposited elements, aerosol 
impaction, thermophoresis and aerosol settling processes. 
As for FPT2, the low steam injection rate in FPT3 (0.5 g/s) 
favoured significant deposition of volatile and semi-
volatile fission products in the upper section of the 
degraded test bundle, above the upper grid at the level of 
the remaining upper fuel rods. This contrasts with results 
from FPT0 9 and FPT1 10, each with a higher steam injection 
rate (~2 g/s), where deposition rather occurred in 


downstream sections of the circuit (in the upper plenum 
above the bundle and in the steam generator). 


 


TABLE I 


Relative Deposits in the Bundle and Hot Leg 


Deposits/local transmission (%)  
Region/ 
Element


 


Very hot regions (top of 
bundle + upper plenum) 


– 2800-700°C 


Vertical 
line - 
700°C 


Hot leg 
-700°C 


Cs 16.9 2.7 4.9 
I 4.4 1.5 0.2 


Te 30.8 54.8 35.8 
Ag 31.3 n.d. n.d. 
Mo 52.9 1.6 4.1 
Ba 62.1 1.5 5.9 
Ru 90.2 0.5 5.9 
Ce 50.8 2.2 5.6 


n.d. = not determined 
 


V.C. Aerosol Characterisation 
One impactor device was implemented in the circuit 


hot leg which was triggered during the first oxidation 
phase. Aerosol morphology and local composition were 
examined for two impactor stages. The particle size and 
morphology were visually obtained on two impactor plates 
from the Scanning Electron Microscopy (SEM) while their 
particle local composition was gained from Energy 
Dispersive Spectroscopy (EDS). 


Examination of the impactor indicates that the deposit 
was particulate with no notable morphology: the structure 
of the aerosol particles is predominantly ball-shaped, with 
diameters typically ranging from 0.1 to 2 μm. Observations 
showed that these very fine particles may be agglomerated 
to form particles of diameter up to 20 μm. These 
agglomerates observed are of different sizes but all seem to 
consist mostly of smaller spherical particles. On the other 
hand, large particles of about some 10 μm observed in this 
sampling (see Fig. 13), look like debris on which fission 
products could condense. 


The mass fraction measurements of caesium (137Cs) 
obtained by γ-spectrometry on the 8 impaction plates and 
the outlet filter are reported in Fig. 14 (blue colour). It is 
worth noting the severe loading of stage 1, which indicates 
that large particles were transported in the hot leg over this 
period, as observed by SEM examinations. 


The Aerodynamic Mass Median Diameter (AMMD) 
for Cs determined using the cumulative mass fraction (see 
red curve on Fig. 14) is equal to 2.3 µmc. Nevertheless, the 
shape of this curve (i.e. non-symmetric) indicates a 
significant spreading out of the aerosol particle size. 


 


                                                           
c Value of the aerodynamic diameter obtained for a cumulative mass 


fraction equal to 50%. 
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Fig. 13. SEM examination of aerosols trapped in hot leg impactor 
(first oxidation phase) 
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Fig. 14. Cs (137Cs) aerosol sizing in the hot leg during the main 
oxidation phase 


 


The experimental mass fraction profile clearly shows 
the existence of two aerosol populations which could 
characterise the impactor sampling performed in the hot 
leg: one population composed of small particles with an 
AMMD centred on stage 7 (~1 µm) and a second 
population characterised by a higher AMMD value 
(≥5 µm). It seems that FPs in aerosol form in the hot leg 
were either condensed in small aerosol particles, as already 
observed in the previous tests (AMMD of 1-2 µm), or 
condensed on the surface of the coarse particles (≥ 10 µm). 


Post-Test Analysis (using ICP-MS) by dissolution of 
the collected aerosols shows that aerosols were transported 
in the hot leg as mixed elements (see Fig. 15). Their mass 
composition was dominated by fission products (Cs and 
Mo with 16% and 10%), control rod materials (B 14%) 
and of the structural materials Sn (23%), Re (19%) and W 
(4%). The other volatile fission products (Rb, Te, I, Cd) are 
minor components of the aerosols: they represent each less 
than 4% of the aerosol mass, owing to the fact that their 
mass in the fuel bundle is lower than those of Cs and Mo. 
Low volatile fission products recorded are Ba at about 


0.5%, Ru and Tc at 0.1-0.2%, and Sr at 0.1%. A very 
striking feature is the large U fraction (10.3%) which was 
mainly released during the late oxidation phase. This 
release is consistent with the bundle temperatures reaching 
a maximum during this period. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 15. Overall aerosol mass composition transiting through the 
hot leg 


VI. CONCLUSIONS 
 


The main experimental results of Phébus FPT3 
concerning degradation of the fuel rod bundle, transport 
and deposition of fission products and structural materials 
in the hot leg part of the circuit up to the steam generator 
entrance have been summarised. A strong effect of the 
boron carbide in promoting bundle degradation and 
material relocation was seen; unlike the previous tests no 
remnant molten pool was observed, but instead substantial 
refrozen low melting point material below the bottom of 
the heated section. Carbonaceous gas production (CO, 
CO2) accounted for ~77% of the carbon in the absorber 
material, while the hydrogen production was consistent 
with ~73% oxidation of the Zircaloy present. 


Fission product and structural material releases were 
broadly similar to those in previous Phébus FP tests, taking 
account of the different control rod materials, with high 
releases of the volatile FPs such as Cs, I, Te, Cd and Ag 
with the noble gases Xe and Kr, medium release of Mo, 
and low releases of Rh, Ba, Pa, Tc, Ru, Ce, Sr, Y, Eu and 
Nb. In the circuit hot leg (700°C), iodine was mainly 
present in gaseous/vapour form, whereas it was mainly in 
vapour form in FPT2. Cs was observed predominantly in 
aerosol form, whereas in FPT2 some vapour was seen. 


Strong depositions of fission products were observed 
in the upper part of the bundle, upper plenum, vertical line, 
and in the hot leg; heavy deposition of Te in all these 
regions is a particular feature. The strong deposition in the 
upper part of the bundle, seen also in FPT2, is consistent 
with the lower steam flow used in these two tests, in 
contrast to observations in FPT0 and FPT1, which used a 
higher steam flow. 
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Hot leg impactor deposits were particulate with no 
notable morphology: the structure of the aerosol particles 
was predominantly ball-shaped, with diameters typically 
ranging from 0.1 to 2 μm. Large particles of about 10 μm 
size also observed here look like debris on which fission 
products were condensed. The mass fraction profile clearly 
shows the existence of two aerosol populations which 
could characterise this impactor sampling. Fission products 
in aerosol form seem to be either condensed in small 
aerosol particles, as already observed in the previous tests, 
or condensed on the surface of coarse particles. In terms of 
mass composition, the aerosols were dominated by fission 
products (Cs and Mo), control rod materials (B) and of 
structural materials (Sn, Re and W). Low volatile fission 
products recorded are Ba, Ru, Tc, and Sr. A large U 
fraction was mainly released during the late oxidation 
phase, consistent with the fact that the bundle temperatures 
reach a maximum during this period. 


Material behaviour downstream (steam generator, cold 
leg, and containment) and general comparison of the 
results of all the Phébus FP experiments will be the 
subjects of future publications. 
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Abstract – Boiling heat transfer is a very efficient heat transfer mode due to the existence of 
latent heat and bubble-driven convection or turbulence. Thus, many applications of boiling heat 
transfer phenomena exist, such as thermal power plants and microscopic heat transfer devices. 
But the performance of boiling heat transfer mode has an upper limit, called critical heat flux 
(CHF). Therefore, the enhancement of CHF has been a key issues for a long times in thermal 
engineering. In specific, CHF is strongly related to the safety problem of nuclear power plant, 
such as light or heavy water reactors. In this work, we suggest the use of magnetite-water 
nanofluid or magnetic nanofluid as a working fluid. As in the alumina-water nanofluid cases, 
CHF would be enhanced due to the deposition of magnetite nanoparticles on the surface. 
Furthermore, the existence of external magnetic field would help the deposition of magnetite 
nanoparticles on the surface, which results in an additional CHF enhancement. 


To quantify how much the CHF enhancement exists in the case of our suggestion, series of flow 
boiling CHF experiments are performed. All experiments are conducted under low pressure and 
low flow (LPLF) conditions, which is the accident conditions of light water reactors (LWR) and 
normal or transient conditions of research reactors. Three different working fluids – pure water, 
magnetic nanofluids and alumina-water nanofluids – are used with concentration variations. 
Permanent magnets are used to make an external magnetic field. The use of magnetite-water 
nanofluid as a working fluid improves the CHF characteristics drastically, even though no 
additional magnetic field applied externally. 


 
 


I. INTRODUCTION 
 
Boiling heat transfer is very efficient heat transfer 


method due to the existence of latent heat and bubble-
driven convection or turbulence. Therefore, there exist 
many applications, such as power plants or microscopic 
heat transfer devices, which use boiling heat transfer 
method. But the performance of boiling heat transfer 
phenomena has upper limit, called as critical heat flux 
(CHF), and the enhancement of CHF has been a key issues 
for a long times. In specific, CHF is strongly related to the 
safety problem of nuclear power plant, such as light or 
heavy water reactors. Therefore, many nuclear engineers 
have researched this topic. 


To improve the CHF characteristics, many attempts 
have been tried, and using nanofluid as working fluid is 
regarded as a one promising candidate in this research area. 
Use of nanofluid as a working fluid can improve the CHF 


characteristics drastically. And the main reason of CHF 
enhancement would be the incensement in wettability of 
heater surface due to the deposition of nanoparticles on 
heater surface. 


In this paper, magnetite-water nanofluids or magnetic 
nanofluids are used as a working fluid. Since the magnetic 
nanofluids have higher thermal conductivity with respect 
to the other nanofluids and the existence of external strong 
magnetic field which helps the deposition of magnetite 
particles on heater surface, more improvement would be 
expected in the CHF characteristics. 


To prove these hypotheses, series of flow boiling CHF 
experiments are conducted. 


 
II. EXPERIMENTS 


 
Including the tube test section, detailed descriptions of 


experimental apparatus are provided here. Appropriate test 
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matrix has been designed. Most of experimental cases in 
designed test matrix are conducted in the manner of 
experimental procedure, which are explained in detail 
below. 


 
 


II.A. Experimental Loop 
 


A schematic of experimental loop used in this study is 
shown in Fig. 1. Centrifugal pump makes working fluid 
flow through the test section. In combination with a needle 
valve, centrifugal pump controls the mass flux of working 
fluid. Electromagnetic flow meter measures the mass flux 
of working fluid. Condenser and pre-heater make a balance 
of experimental loop. Working fluid temperatures at the 
inlet and outlet of test section are measured with in-stream 
K-type thermocouples. Working fluid pressure is estimated 
by measuring the difference of water level between a surge 
tank and overhead reservoir. 


 
 


 Fig. 1. Schematic of flow boiling CHF test loop 
 
 


II.B. Test Section 
 


In this study, 1/2 inch SS316 tube is used as the test 
section for flow boiling CHF measurement experiments. A 
brief description of test section is tabulated in Table I. To 
ensure a fully-developed flow condition at the inlet of 
heated region, entrance length of 550.00 mm (or fifty times 
of tube inner diameter) is assured. The length and electrical 
resistance of heated region is 250.00 mm and 5.61 m-ohm, 
respectively. 


Vertically installed test section is heated uniformly by 
means of direct current Joule heating with 100 kW (25V 
4000A) capacity DC rectifier. Electric heating power and 
corresponding heat flux are estimated by measuring the 
electric current and potential difference values between 
two electrodes. Also, K-type thermocouples are attached 


onto the outer surface of tube test section to measure the 
tube wall temperature and to detect the onset of CHF. 


In general, magnetic fields are generated around the 
electric current. Most CHF experiments use very strong 
electric current to heat up the heater, and, as a result, very 
strong magnetic field is generated near the heater surface. 
Therefore, it is very hard to investigate the effect of 
working fluid itself on the CHF characteristics. 


 


 
Fig. 2. Tube test section – permanent Neodymium magnets 
installed at the end of heating surface region 


 
However, there are no electricity-induced magnetic 


fields inside the tube test section. This is well-known fact 
and is based on the principle of symmetry. Therefore, the 
effect of working fluid itself and the effect of magnetic 
field on the CHF characteristics can be de-coupled and 
investigated respectively. To make a strong magnetic field 
inside the tube test section, permanent Neodymium 
magnets are used. Installation position of these permanent 
Neodymium magnets is just below the upper electrode, at 
which CHF would occur. Fig. 2. 


 
TABLE I 


Description of Test Section 


Uniformly Heated Tube (SS316) 
Outer Diameter 12.70 mm 
Inner Diameter 10.92 mm 


Entrance Length 550.00 mm 
(L/D = 50.0) 


Heated Length 250.00 mm 
(L/D = 22.9) 


Electric Resistance 5.61 m-ohm 
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II.C. Test Matrix 
 


All experiments are conducted under low pressure and 
low flow (LPLF) condition, which is the accident 
condition of light water reactors (LWR) and normal or 
transient conditions of research reactors. Experimental 
conditions are summarized in Table II. 


 
TABLE II 


Test Matrix 


Working Fluid 
Nanoparticle Fe3O4, Al2O3 
Concentration 0, 1, 10 ppmv 


Fluid Flow Conditions (Vertical Upward Flow) 
Mass Flux 100, 300, 500 kg/m2s 
Pressure about 1 bar 
Inlet Subcooling 50 K (208.05 kJ/kg) 


Magnetic Field Condition 
Intensity 0, 300 G 


 
In this study, magnetite-water nanofluid or magnetic 


nanofluid (MNF) is used as a working fluid with 
concentration variations from 0 to 100 ppmv. (ppmv – part 
per million volume) Magnetic nanofluid is a colloidal 
suspension of magnetite (Fe3O4) nano-particles in DI water. 
Average particle size of magnetite nano-particles is 25 nm 
and magnetite nano-particles are dispersed in DI water by 
means of ultrasonic wave, which is generated by 
commercial ultrasonic cleaner. To certain the degree of 
dispersion of magnetite nano-particles in DI water, more 
than 6 hours are needed as ultrasonic wave dispersion time. 
Well-dispersed magnetic nanofluids with concentrations of 
1 to 100 ppmv are shown in Fig. 2. 


 
 


 
 
Fig. 2. Well-dispersed magnetic nanofluids with concentrations of 
1, 10 and 100 ppmv (from left to right) 


 
Working fluid flows through the vertical tube test 


section in upward direction. Mass flux of working fluid 
flow varies from 100 to 500 kg/m2s, which are relatively 
low mass flux range. All experiments are conducted under 
about atmospheric pressure and 50 K (or 208.05 kJ/kg) 
inlet sub-cooling condition. Considering the hydraulic 


head of experimental loop, the actual local pressure of tube 
test section would be in the range from 1.1 to 1.2 bars. 


As mentioned above, permanent Neodymium magnets 
are used to make the strong magnetic fields on the tube test 
section. In this study, the direction of magnetic fields is 
perpendicular to the flow direction of working fluid in the 
tube. The magnitude of applied magnetic fields varies from 
0 to 600 gausses by using different number of permanent 
Neodymium magnet pairs. For example, 1 pair of magnets 
generates 300 gausses and 2 pairs of magnets generate 600 
gausses at the center position. 


 
 


II.D. Experimental Procedure 
 


At first, the experimental loop is filled with prepared 
working fluid, that is, magnetic nanofluid. And then, the 
working fluid flows in the experimental loop for 30 
minutes with relatively high mass flux of about 1,500 
kg/m2s, to mix and disperse the working fluid further. After 
that, mass flux and inlet sub-cooling values are adjusted to 
the experimental conditions, and those two are maintained 
as constant values during the experiment – it can be done 
by controlling the output dials of both pump and pre-heater 
simultaneously. Especially, to control the low mass flux is 
much difficult mainly due to the existence of natural 
circulation – which are depends on the heat flux level. 


During the experiment, electric heating power and 
corresponding heat flux are gradually increased by 
controlling the output dial of DC rectifier in constant 
voltage mode. Since the magnetic nanofluid is used as a 
working fluid, the increasing history of electric heating 
power should be controlled for every experiment – it is 
related to the deposition phenomena of nano-particles on 
the heater surface when nucleate boiling occurs. In this 
study, increasing history of electric heating power is varied 
to investigate the kinetics of flow boiling CHF for 
magnetic nanofluid, with and without the existence of a 
strong magnetic field. 


CHF onset point is detected with the observation of 
sudden rise in tube wall temperature. Knowing CHF onset 
point with electric current and potential difference values 
between two electrodes, CHF is calculated according to the 
simple equation, Eq. (1) 


 
q'' = V I / π ID L (1) 
 
In Eq. (1), q'' is the heat flux value in Watt. V and I are, 


respectively, electric potential difference and current 
values between two electrodes in Volt and Ampere. ID is 
tube inner diameter and L is length of heated region both in 
meter. 
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III. RESULTS AND DISCUSSION 
 
The experimental results and discussion are followed 


in three parts: 1) effects of magnetic nanofluids itself on 
the flow boiling CHF characteristics, 2) comparison of the 
flow boiling CHF characteristics – magnetite-water 
nanofluids vs. alumina-water nanofluids and 3) effects of 
magnetic fields on the flow boiling CHF characteristics for 
magnetic nanofluids. 


 
III.A. Effects of Magnetic Nanofluids 


 
To investigate the effects of magnetic nanofluids itself 


on the flow boiling CHF characteristics, flow boiling CHF 
experiments are conducted under a zero-strength magnetic 
field condition: the results are summarized in Fig. 4. 


For the case of magnetic nanofluids concentration of 0, 
that is, for the case of pure water, the value of flow boiling 
CHF is almost linearly proportional to the mass flux of 
working fluid. The values of exit quality are varied with 
the mass flux of working fluid, from 0.07 for mass flux of 
500 kg/m2s to 0.31 for mass flux of 100 kg/m2s. Every 
case in this study corresponds to the annular flow regime, 
based on the Hewitt and Roberts map for vertical upflow 
in a tube. For annular flow regime, liquid film dryout 
(LFD) type CHF occurs, rather than departure from 
nucleate boiling (DNB) type CHF. Therefore, we can 
conclude that LFD type CHF occurs in all cases of this 
study. 


 


 
Fig. 4. Effects of magnetic nanofluids itself on the flow boiling 
CHF characteristics 


 
By using the magnetic nanofluids as a working fluid, 


the flow boiling CHF characteristics is improved 
drastically. The degree of flow boiling CHF enhancement 
is higher when the magnetic nanofluids of higher 
concentration are used as a working fluid. 


The reasons of improvement in the flow boiling CHF 
characteristics for the magnetic nanofluids are summarized 
as followed: 1) when nucleate boiling occurs on the heater 


surface, magnetite nanoparticles in the magnetic nanofluids 
are deposited on the heater surface. And the deposition of 
magnetite nanoparticles results in the improvement of 
wettability and rewetting characteristics of heater surface. 
As a consequence, the flow boiling CHF characteristics is 
improved by using the magnetic nanofluids as a working 
fluid. It seems that the amount of deposited magnetite 
nanoparticles on the heater surface depends not only on the 
concentration of magnetic nanofluids but also on the 
amount of magnetic nanofluids evaporation on the heater 
surface. Therefore, the history of heater power should be 
controlled for the impartial comparison. 2) Compared with 
the pure water, magnetic nanofluids has better wettability 
and rewetting characteristics for the heater surface – which 
are made of SS316. Contact angle measurement result 
supports this statement. 


In summary, the use of magnetic nanofluids itself 
improves the flow boiling CHF characteristics drastically, 
and this promising result comes from the improvement in 
the wettability and rewetting characteristics of both a 
working fluid and the heater surface. As a further work, we 
should explain the reason of flow boiling CHF 
enhancement in detail, by considering the mechanism of 
LFD-type CHF occurrence. 


 
III.B. Comparison to the Alumina-Water Nanofluids 


 
The mechanism of flow boiling CHF enhancement for 


magnetic nanofluids, described in section III.A, is very 
similar with that for alumina-water nanofluids. The only 
difference between those is a raw material of nanoparticles 
– magnetite (Fe3O4) for magnetic nanofluids and alumina 
(Al2O3) for alumina-water nanofluids. In this study, the 
comparison of flow boiling CHF characteristics between 
magnetic nanofluids and alumina-water nanofluids is given 
based on the experimental results, shown in Fig. 5a and 
Fig. 5b. 


 


 
Fig. 5a. Comparison of the flow boiling CHF characteristics: 
magnetite-water nanofluids vs. alumina-water nanofluids with 
concentration of 1ppmv 


1695







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11172 


   


 


 
Fig. 5b. Comparison of the flow boiling CHF characteristics: 
magnetite-water nanofluids vs. alumina-water nanofluids with 
concentration of 10ppmv 


 
In fact, there is no difference in the flow boiling CHF 


values between two nanofluids – magnetic nanofluids and 
alumina-water nanofluids – with concentration of 1ppmv. 
However, as you can see in Fig. 5b, the flow boiling CHF 
values of magnetic nanofluids are slightly higher than 
those of alumina-water nanofluids, when the concentration 
of two nanofluids is 10ppmv. Therefore, we can conclude 
that a magnetic nanofluid is better than alumina-water 
nanofluids, in terms of boiling heat transfer capability on 
the heater surface. As a further work, we should explain 
the reason of difference in the boiling heat transfer 
capability between two nanofluids – magnetic nanofluids 
and alumina-water nanofluids. 


 
 


III.C. Effects of Magnetic Field 
 


To investigate the effects of external magnetic fields 
on the flow boiling CHF characteristics for magnetic 
nanofluids, a series of flow boiling CHF experiments were 
conducted under external magnetic fields condition: about 
300 gausses. The results are summarized in Fig. 6a and Fig. 
6b. 


 


 
Fig. 6a. Effects of magnetic fields on the flow boiling CHF 
characteristics for magnetic nanofluids with concentration of 
1ppmv 
 


 
Fig. 6b. Effects of magnetic fields on the flow boiling CHF 
characteristics for magnetic nanofluids with concentration of 
10ppmv 


 
For magnetic nanofluids with concentrations of both 1 


and 10ppmv, the effects of magnetic fields are negative in 
terms of flow boiling CHF characteristics. This pessimistic 
result comes from the suppression of bubble mobility in 
very near heater surface region, where the concentration of 
magnetic nanofluids is very high due to the existence of 
the very strong external magnetic fields of 300G. 
Compared with the pure water case, however, the flow 
boiling CHF characteristics for magnetic nanofluids are 
improved drastically, whether the very strong external 
magnetic fields exists or not. 
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IV. CONCLUSIONS 
 


 
Flow boiling CHF experiments were performed for 


magnetite-water nanofluids or magnetic nanofluids of 
various concentrations with and without the strong external 
magnetic fields. The enhancement in the flow boiling CHF 
values exists for magnetic nanofluids with respect to that 
of pure water cases, whether the strong external magnetic 
fields exist or not. As the further work, kinetics of flow 
boiling CHF characteristics should be examined, with and 
without the external magnetic fields. 
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NOMENCLATURE 
 
q’’ =  heat flux [W/m2] 
V =  electric potential difference [V] 
I 
P 


=  electric current [A] 
=  electric power [W] 


ID =  tube inner diameter [m] 
OD =  tube outer diameter [m] 
L =  heated length [m] 
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Abstract – The heat transfer from fuel rods to steam in an uncovered light water reactor core 
affects fuel rod cladding heat up during a Loss of Coolant Accident (LOCA).  Steam cooling test 
data can be reasonably correlated as a function of Reynolds number for relatively high steam 
velocity conditions where convective heat transfer is dominant.  However, the heat transfer data 
have large uncertainties and show inconsistencies at low Reynolds number steam flow conditions. 
 
This paper analyzes test data from rod bundle tests focusing on low steam velocity conditions.  A 
Computational Fluid Dynamics (CFD) program is used to benchmark test data and to investigate 
details of the flow field and heat transfer. 
 
Data uncertainties and inconsistencies at low steam velocities are considered to be due to the 
following: 
 
1. Buoyancy flow near hot rod walls affects the steam flow velocity field and therefore the 


heat transfer mechanism. 
2. The noncircular shape of the steam flow channel in a rod bundle causes circumferential 


variations in heat transfer from the cylindrical rod surface. 
 
The buoyancy effects and the circumferential heat transfer variations must be properly accounted 
for to understand the heat transfer and to utilize test data correctly under low steam flow rate 
conditions. 
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I. INTRODUCTION 
 
Heat transfer from fuel rods to steam in an uncovered 


light water reactor core is an important phenomenon in 
analyzing fuel rod cladding heat-up during a LOCA.  
Examining the heat and flow distributions surrounding a 
heated rod will help determine rod and coolant behavior 
during a LOCA.  Examination of these results could 
improve existing models used for safety analysis. 


Steam cooling data has been reasonably well 
correlated to Reynolds number under high flow conditions.  
However, low flow conditions result in a large spread and 
high uncertainties of steam cooling data.  The large data 
spread and high uncertainties at low Reynolds numbers are 
caused by a combination of buoyancy forces near the rod 
and the noncircular steam flow channel.  These factors 
affect the flow and temperature profiles near the rod, 
altering the heat transfer characteristics. 


A CFD program was used to analyze heat transfer and 
flow behavior at low Reynolds numbers.  The CFD model 
was first benchmarked against the heat flux and steam 
temperature data from the uncovered-bundle heat transfer 
tests under high pressure and low heat flux conditions at 
the Oak Ridge National Laboratory (ORNL) Thermal 
Hydraulic Test Facility (THTF) [Reference 1].  This model 
was then used to examine results for thermal hydraulic 
behaviors at different steam flow rates and heat fluxes in 
more detail, specifically determining the heat and flow 
distributions surrounding the rod. 


 
II. STEAM COOLING CORRELATIONS AT LOW 


REYNOLDS NUMBERS 
 
Several studies have been conducted to correlate the 


Reynolds number of a fluid to the heat transfer 
characteristics.  However, correlations at low Reynolds 
numbers produce data with a large scatter range and high 
uncertainties.   


Reference 1 presents comparisons of Reynolds number 
to the Nusselt number divided by the Prandtl number to the 
power of 0.4 for liquid conditions, vapor conditions, and 
modified wall conditions.  These results are presented in 
Figures 29 through 31 in Reference 1.  These figures show 
that the correlation between the Reynolds number and heat 
transfer behavior is weak under low flow conditions.  
Similarly, Reference 4 shows that flow with a Reynolds 
number below 5,000 is not modeled well by existing 
correlations.  Figure 31 from Reference 1 was chosen to 
show the large data spread and high uncertainties at low 
Reynolds number and is included as Figure 1.  Please see 
Reference 1 for more details on this figure. 


 


 
Figure 1: Nu/Pr0.4 versus Remw  


(Figure 31, Reference 1) 


The poor correlation between Reynolds number and 
heat transfer behavior under low flow conditions has been 
shown to be due to two factors (Reference 1): 


1. Buoyancy forces near the heated rod change the 
velocity profile of the fluid. 


2. The non-circular shape of the steam flow channel 
causes variations in the temperature profile of the 
fluid. 


To account for buoyant effects on heat transfer 
behavior, either the Grashof (Gr) or Rayleigh (Ra) number 
must be considered.  Test data from Tests I, K, L, and N in 
Appendix B.1 of Reference 1 was used to determine how 
the Grashof number affects the correlation between the 
Reynolds number and heat transfer behavior.  Tests K and 
N were conducted under low flow conditions (mass flux of 
3.1 and 4.6 kg/m2-s, respectively).  Tests I and L were 
conducted under higher flow conditions (mass flux of 29.7 
and 29.1 kg/m2-s, respectively) as shown in Table 1.   


 
TABLE 1 


Test Conditions (Reference 1, Table 3) 


 3.09.10I 3.09.10K 3.09.10L 3.09.10N 
System 
Pressure 
(MPa) 


4.5 4.0 7.5 7.1 


Power 
(kW/m) 


2.22 0.32 2.17 0.47 


Mass Flux 
(kg/m2-s) 


29.7 3.1 29.1 4.6 


ReV* 16,600 1,900 17,700 3,000 
ReV** 12,200 1,100 13,000 1,600 
Steam  
Cooling 
Region (m) 


3.02-
3.62 


2.42-
3.62 


3.02-
3.62 


2.42-
3.62 


*Beginning of steam-cooling region 
**End of steam-cooling region 
 
Figure 2 shows the McEligot heat transfer coefficient 


divided by the Prandtl number to the 0.4 versus the 
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modified wall Reynolds number for low and higher flow 
test conditions (Tests K and N and Tests I and L, 
respectively).  The McEligot correlation is the following, 
with all vapor properties evaluated at the mean temperature 
(Reference 1): 


 
NuV = 0.021 · ReV


0.8 · PrV
0.4 · (TV/TW)0.5           [1] 


 
 
As can be seen in Figure 2, the data from the low flow 


conditions (Tests K and N) have a significant vertical 
spread as expected. Even though the spread is smaller, 
Tests I and L data also show significant variations. 


 
Figure 2: HTCMcEligot/Pr0.4 versus ReMW, Tests I, K, L, 


and N (data from Reference 1) 


Figure 3 shows the McEligot heat transfer coefficient 
divided by the Prandtl number to the 0.4 versus the 
modified Reynolds number divided by the Grashof number 
for low and higher flow test conditions (Tests K and N and 
Tests I and L, respectively).  This data shows a correlation 
between the modified wall Reynolds number divided by 
the Grashof number and heat transfer behavior for both 
low and higher flow conditions. This comparison shows 
that accounting for buoyant forces improves the correlation 
between flow behavior and heat transfer behavior. 


 
Figure 3: HTCMcEligot/Pr0.4 versus ReMW/Gr, Tests I, K, 


L, and N 


III. CFD ANALYSIS OF HEAT TRANSFER AND 
FLOW BEHAVIOR AT LOW REYNOLDS NUMBERS 


 
III.A. Model Development 


 
The purpose of this Computational Fluid Dynamics 


(CFD) model was to simulate the steam cooling tests at the 
THTF at ORNL (Reference 1).  This simulation was 
performed to investigate the heat transfer to steam from the 
heated rod and to demonstrate how more information from 
test data can be obtained with the aid of CFD calculations. 


A rod-centered 0.508m long sub-channel model was 
set up for flow calculations with CFX Version 11 
(Reference 2) as shown in Figure 4.  Figure 5 shows a 
portion of the side view of the model. This model assumes 
an ideal condition of no inter-channel mixing and heat loss. 
This model has three distinctive zones: a heater zone at the 
core of the heater rod which is surrounded by the cladding 
zone and the steam flow zone outside of the rod.  The 
central heater and cladding zones were modeled as Boron 
Nitride and Stainless Steel 316, respectively. 
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Figure 4: Cross-sectional view of heated rod CFD mesh 


 


 
Figure 5: Side view of heated rod CFD mesh 


       The meshing was created by the ICEM CFD Hexa 
program (Reference 3) to produce about 4 million (2 
million in the steam zone) hexahedral elements. 


 
III.B. CFD Simulations 


 
The four tests summarized in Table 1 were selected to 


perform CFD calculations.  These four tests have variations 
in mainly two variables: flow rates and pressures. 


The problems were set up by imposing boundary 
conditions of mass flow rates at the inlet to the model 
based on the mesh generated as described in the previous 
section.  The outlet boundary conditions were set as 
opening to allow both in-flow and out-flow.  The four outer 
sides of the model were set at symmetry conditions.  The 
heat generation was modeled as heat flux applied to the 
inside of the cladding.  


The turbulence model was the standard k-Epsilon 
model with scalable wall function. The buoyancy model 


was activated to capture natural convection aspects of the 
steam flow near the heater wall. 


Quasi-steady state results were obtained by observing 
the residuals and monitoring points to observe cladding 
temperatures at several axial locations.  All cases resulted 
in calculating constant temperatures at the monitoring 
points and the residuals were very small to indicate the 
solutions converged for the cases. 


 
III.C. CFD Results 


 
Figures 6 through 9 compare the calculated bulk steam 


temperatures and heat fluxes at the cladding outer surfaces 
to the test data for Tests I, L, K and N, respectively. It is 
observed that for the higher mass flow rate tests (Tests I 
and L), the heat fluxes along the steam flow direction are 
fairly constant as expected and match the data from 
Reference 1 very well.  The calculated steam temperatures 
match the data reasonably well for the higher flow cases 
due to some heat loss at the test facility.  For the low mass 
flow rate tests (Tests K and N), the heat fluxes along the 
steam flow direction take approximately 0.15m to stabilize 
to relatively constant values.  These heat fluxes match the 
data from Reference 1 very well. The calculated steam 
temperatures are higher than the data for the lower flow 
cases which again is considered to be due to the heat loss at 
the test facility.  This leads to the conclusion that the 
overall model and simulations provide a reasonable 
representation of the tests. 


 


 
Figure 6: Bulk steam temperature and heat flux (Test I) 


Heat Flux at Cladding Surface 


1804







 Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11066 
 


   


 
Figure 7: Bulk steam temperature and heat flux (Test 


L) 


 


 
Figure 8: Bulk steam temperature and heat flux (Test 


K) 


 
Figure 9: Bulk steam temperature and heat flux (Test 


N) 


 
 
 
 


The simulation results show that there are significant 
variations in the heat transfer in both the azimuthal and 
axial directions as shown in Figures 10 and 11 for the 
higher flow cases.  The figures show the heat flux maps at 
the interface between the cladding and steam.  It is also 
observed that the tests with higher and low mass flow rates 
experience different heat transfer behaviors. As shown in 
Figures 10 and 11, the heat fluxes at the lower axial part 
vary azimuthally and the variation is amplified as the 
steam flows further up.  However, for the low flow cases 
(Tests K and N), there are large azimuthal variations in the 
lower axial zone which are dampened as the steam flows 
further up (Figures 12 and 13).  These behaviors are 
graphically presented in Figures 14 through 17. 


Heat Flux at Cladding Surface 


Heat Flux at Cladding Surface Heat Flux at Cladding Surface 
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Figure 10: Simulated wall heat flux (Test I) 


 
Figure 11: Simulated wall heat flux (Test L) 


 
Figure 12: Simulated wall heat flux (Test K) 


 
Figure 13: Simulated wall heat flux (Test N) 


 


 
Figure 14: Azimuthal heat flux variations (Test I) 
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Figure 15: Azimuthal heat flux variations (Test L) 


 
Figure 16: Azimuthal heat flux variations (Test K) 


 


 
Figure 17: Azimuthal heat flux variations (Test N) 


 
Figures 18 and 19 show temperature profiles in both 


the gap (0° and 90° from horizontal in Figure 4) and 
diagonal (45° from horizontal in Figure 4) directions at a 
representative high elevation for lower pressure tests (Tests 
K and I).  As expected, the temperatures in the gap region 
stay higher than those of the diagonal region.  The 
difference in the radial and diagonal temperature profiles 
does not change much at different elevations for the low 
steam flow test (Test K).  However, the differences grow as 
the elevation increases for the higher steam flow case (Test 
I).  The same phenomena are observed for the tests at 
higher pressures (Tests N and L). 
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Figure 18: Temperature profile in gap and diagonal 
directions (Test K) 


 


 
Figure 19: Temperature profile in gap and diagonal 
directions (Test I) 


Figures 20 and 21 show velocity profiles in both the 
gap and diagonal directions at a representative high 
elevation for low flow tests (Tests K and N).  Note that the 
diagonal direction profiles show that the maximum 
velocities occur near the wall and not at the center of the 
channel.  This is due to the buoyancy flows near the wall in 
both tests. Figures 22 and 23 show velocity profiles in both 
the gap and diagonal directions at a representative high 
elevation for high flow tests (Tests I and L).  Note that the 
diagonal direction profile for Test I shows that the 


maximum velocity occurs at the center of the channel.  
However, Test L shows that the maximum velocity occurs 
somewhere between the wall and center of the channel.  
Although Tests I and L have about the same Reynolds 
number, Test L was performed under a higher pressure, 
resulting in a relatively low overall steam flow velocity. 


 
Figure 20: Velocity profile in gap and diagonal 


directions (Test K) 


 


 
Figure 21: Velocity profile in gap and diagonal 


directions (Test N) 
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Figure 22: Velocity profile in gap and diagonal 


directions (Test I) 


 


 
Figure 23: Velocity profile in gap and diagonal 


directions (Test L) 


 
 
 


 


IV. CONCLUSIONS 
 


The results of the analysis presented can be 
summarized as follows: 
1. Correlations using the Reynolds number and 


Prandtl number are not sufficient to characterize 
heat transfer for a wide range of steam flow rates 
and system pressures. 


2. Heat flux variations in both azimuthal and axial 
directions are significantly different for higher 
and low steam flows. 


3. A significant distance from the steam entry (top of 
water-continuous phase) is required to reach a 
stable heat flux condition for low steam flow 
rates. 


4. Flow velocity profiles across the channel cross-
section indicate that the buoyancy effect plays an 
important role for low steam flow conditions.  For 
these cases, measured or calculated channel bulk 
temperatures may not be sufficient to characterize 
the heat transfer behavior. 


5. It is shown that the THTF test data could be 
reasonably correlated as a function of Re/Gr. 


 
From the evaluation of heat transfer to steam flow 


in a rod channel with CFD analyses, it is found that a 
CFD analysis may complement experimental data to 
help understand the physics involved in the heat 
transfer to the flow.  This type of analysis may help in 
designing experimental tests by pinpointing 
instrumentation needs to properly characterize the 
phenomena. 


NOMENCLATURE 
 
CFD       Computational Fluid Dynamics 
Gr          Grashof number 
HTC      Heat Transfer Coefficient 
ICEM    Integrated Computer-aided Engineering and  
              Manufacturing 
LOCA    Loss of Coolant Accident 
MW       Modified Wall 
Nu          Nusselt number 
ORNL    Oak Ride National Laboratory 
Pr           Prandtl number 
Ra          Rayleigh number 
Re          Reynolds number 
T            Temperature 
THTF    Thermal Hydraulic Test Facility 
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V            Vapor 
W           Wall 
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Abstract – Potential (non-nuclear) energy stored in reactor facility coolant is a crucial factor 
determining the NPP safety/hazard characteristics as it is inherent property of the material and 
cannot be changed. Enhancing safety of the NPP with traditional type reactor facilities, in which 
potential energy is stored in large quantities, requires buildup of the number of safety systems and 
in-depth defense barriers, which reduce the probability of severe accidents (but do not exclude the 
opportunity of their realization) and seriousness of their consequences. Keeping the risk of 
radioactivity release for different type reactor facilities at a same level of social acceptability, the 
number of safety systems and in-depth defense barriers, which determine essentially the NPP 
economical parameters, can be reduced with diminishing the potential energy stored in the 
reactor facility.  
To analyze the effect of potential energy on reactor facility safety/hazard, a diagram of reactor 
facility hazard has been proposed. It presents a probability of radioactivity release as a function 
of radioactivity release values for reactor facilities with identical radiation potential, which differ 
by values of potential energy stored in coolant. It is proposed to account NPP safety/hazard effect 
on economics by adding a certain interest on the electricity cost for making payments in a special 
insurance fund assigned to compensate the expenses for elimination of consequences of a possible 
accident. 


 
 


I. INTRODUCTION 
 
Reactor facility (RF) coolant very much defines its 


engineering design, safety and economic characteristics of 
the nuclear power plant’s (NPP) power-unit. There is no 
ideal coolant that exists in nature. Each coolant used or 
proposed to be used possesses the own specific features, 
which seriousness is determined by the reactor purpose 
and external conditions. During a long process of 
mastering the different coolants their drawbacks were 
compensated (in case it was possible and expedient) by 
technical means and organizing measures that in different 
ways affected their technical and economical parameters. 


Some of the inspected coolants did not pass practice 
tests (mercury, N2O4, organic coolant, CO2). Finally, option 
for coolant is determined by requirements to the RF, and is 
depending on a degree of mastering the coolant with 
reference to the conditions of usage.  


The crucial coolant characteristic is a value of 
potential energy stored in a volume unit of coolant. This 
parameter defines a safety level of the RF and NPP power-
unit.  


In the system approach safety and hazard are 
considered as interconnected concepts. Therefore, in order 
to understand better how to achieve a high safety level, the 
nature of hazard peculiar to a nuclear power facility (NPF) 
should be analyzed.  


The hazard from the NPF is determined by two 
factors: 


1) radiation potential accumulated, i.e., total 
radioactivity (more exactly, radiotoxicity) 
contained in the reactor facility, 


2) probability of radioactivity release into the 
environment for different initial events. 


The first factor does not depend strongly on the RF 
type, because total radioactivity contained in the RF and 
determined mainly by the amount of fission products is 
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associated primarily with thermal power of the reactor and 
duration of its operation at this power level, i.e., by energy 
production. 


The second factor depends on the RF type much 
stronger and is determined by reactivity margin, feedbacks, 
design features, and potential energy accumulated in the 
RF (nuclear energy, internal thermal energy, coolant 
compression energy, chemical energy), which in an event 
of its release can cause exhaust of radiotoxicity into the 
environment. Therefore, the hazard associated with the RF 
(for identical power levels and operation time) will be 
determined by the second factor.  


The nuclear fission energy which can be released 
under conditions of reactivity accidents, must be 
minimized in principle, as early as at the reactor design 
phase by limiting the reactivity margin, use of feedbacks, 
and by various engineering solutions to exclude a 
possibility of insertion of positive reactivity exceeding the 
delayed neutrons fraction. 


Otherwise, potential (non-nuclear) energy stored in the 
RF primary circuit coolant is an inherent coolant property 
and cannot be changed by engineering solutions. 


In the presented report the major advantages and 
drawbacks of different type coolants are compared, effect 
of potential (non-nuclear) energy stored in the RF coolant 
on NPP safety is considered. Along with this, the 
consideration is given to the certain related economic 
aspects of safety and issues of insurance against risks.  


 
II. COMPARISON OF DIFFERENT COOLANTS  
 
The major specific features peculiar to different 


coolants and conditioned by their natural properties are 
considered below.  


Water coolant.  
Owing to the fact that water has been mastered in 


traditional power, in the nuclear power (NP) water coolant 
is dominating. Heat can be well removed by water, water is 
available and cheap. Drawbacks of water coolant are as 
follows: high pressure in the primary circuit is required; 
being exposed to radiation and chemical interaction in 
emergency conditions with zirconium, water is 
desintegrating with release of hydrogen; water cannot be 
used in fast reactors (FR) because of hydrogen that is a 
good moderator of neutrons. 


Sodium coolant. 
Thermal and physical properties of sodium are very 


high and, therefore, as for sodium coolant, there is no 
alternative for fast breeder-reactors because of short 
doubling time of plutonium. The advantage of sodium and 
other liquid metals is that there is no necessity to maintain 
high pressure in the primary circuit. There are no limits on 
raw material resources. Drawbacks of sodium coolant are 
as follows: high chemical activity while reacting with air 
and water that is possible in accidental events, high 


induced gamma-activity hampering the access to the 
maintenance and repair equipment for a long time (2-3 
weeks).  


Lead-bismuth coolant (LBC). 
Advantages of LBC are as follows: chemical inertness 


to water and air, lack of the necessity to maintain high 
pressure in the primary circuit, high nuclear-physical 
characteristics. LBC was mastered in conditions of 
operating the nuclear submarines’ (NS) reactors [1]. 
However, for civilian NPPs this experience needs to be 
verified by operating the experimental-industrial reactor. 
The specific feature of LBC is that alpha-active polonium-
210 is accumulated in the process of operation. Along with 
this, operating experience has revealed that the personnel 
and environment safety is assured not only in normal 
operating conditions but in events of accidental leaks of 
LBC as well. Bismuth resources are limited but sufficient 
enough for real scale development of LBC cooled reactors.  


Lead coolant. 
Lead coolant possesses the same advantages as LBC 


and a lower level (by 4 orders of magnitude) of induced 
polonium activity. It is cheaper than LBC and its raw 
material resources are more available. The specific feature 
of lead coolant is higher melting temperature (327 ºС), that 
is by 200 ºС higher than that of LBC (123,5 ºС). That 
drawback of lead will hamper operation of the RF. It will 
require use of robotic technologies for maintenance and 
repair with their development at non-reactor facilities and 
in conditions of full-scale tests. 


Helium coolant. 
The advantage of helium is that it is a noble inert gas 


compatible with all structural materials in a large range of 
temperatures. The specific features of helium are as 
follows: to remove effectively heat it requires high 
pressure in the primary circuit, to provide safety in an 
event of a LOCA type accident it requires low power 
density in the core, it requires special fuel and technology 
of its reprocessing.  


Coolants’ technology. 
All coolants need quality control in order to eliminate 


accumulation of solid deposits and assure corrosion 
resistance of selected structural materials for a given 
resource for the required temperature range. These tasks 
have been solved or can be solved.  


For water it is necessary to maintain approximately 10 
quality parameters within the required interval. For sodium 
it is necessary to maintain oxygen concentration to be 
lower than the given level. For LBC it is necessary to 
maintain concentration of dissolved oxygen in the given 
range to be within two orders of magnitude. Lead coolant 
needs fine control of dissolved oxygen concentration 
within a very narrow range. For helium fine purification 
from fly grit is required.  


In Section IV the basic coolants are compared by a 
value of stored potential energy.  
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III. LIMITATIONS OF PROBABILISTIC APPROACH 
TO SUBSTANTIATION OF SAFETY  


 
Upgrades of safety of the NPP with traditional type 


RFs require build up of the number of safety systems and 
defense-in-depth barriers, which diminish the probability 
of severe accidents and weight of their consequences. 


While assessing this probability, failures of the 
equipment, safety systems, protection barriers, and 
personnel’s errors are considered as random events. 


However, because of the variety and high 
complication of the developing processes and lack of some 
initial data necessary for calculation, there are many 
uncertainties in the results of safety substantiation by the 
probabilistic safety analysis (PSA) methods as applicable 
to severe accidents, their probability being very low (~ 10-6 
per reactor-year and less). Therefore, these results do not 
possess the cogency value as required. Moreover, the PSA 
methods make no sense if we consider the pre-planned 
initial events, for example, hijacking of the NPP by 
terrorists, when the safety systems, which are in a standby 
mode, and protection barriers can be disabled on purpose, 
and after a certain series of actions the exhaust of 
radioactivity can achieve a disastrous level.  


While keeping the risk of radioactivity release from 
different type RFs at a similar, socially acceptable level, 


the number of safety systems and defense-in-depth 
barriers, which strongly determine the NPP technical and 
economical characteristics, can be reduced with a decrease 
of the potential energy accumulated in the RF, mainly in 
coolant. At this point, it is important that the high safety 
level at low value of potential energy stored in coolant can 
be achieved, mainly, due to elimination of the causes of 
severe accidents, i.e., deterministically.  


 
IV. POTENTIAL ENERGY  


IN DIFFERENT TYPE COOLANTS  
 
The issues of accounting for potential (non-nuclear) 


energy, which can be released in external events (those 
considered to be beyond the design basis), were studied 
earlier [2, 3] in the analysis of nuclear installations’ safety. 
The importance of the analysis of such scenarios is verified 
by the fact that they also have been addressed by the IAEA 
[4].  


The values of the specific (per a volume unit) stored 
potential energy for different coolants Epot, which could be 
released in events of severe accidents, are summarized in 
Table I (the reference data were used in computations). 


 


 
TABLE I  


 
The values of specific (per a volume unit) stored potential energy for different coolants 


Coolant Water Sodium Lead,  
LBC 


Parameter Р = 16 MPa,  
Т = 300 ºС Т = 500 ºС Т = 500 ºС 


Maximum potential energy, 
GJ/m3, including: ~ 21,9 ~ 10 ~ 1,09 


Thermal  
energy ~ 0,90 ~ 0,6 ~ 1,09 


Including potential 
compression energy ~ 0.15 None None 


Potential chemical energy  
of interaction 


With zirconium  
~ 11,4 


With water  
~ 5,1 


With air 
~ 9,3 


None 


Potential chemical energy  
of interaction of hydrogen 
released with air 


~ 9,6 ~ 4,3 None 


 
 
When analyzing the consequences of potential energy 


release, we should keep in mind the following:  
1) for water coolant some amount of stored thermal 


energy (potential compression energy) can be 
converted into kinetic energy of steam expansion 
(assessment in Table I is performed for adiabatic 
process) that cause mechanical destruction of the 


equipment and loss of core cooling. Moreover, in 
an event of the severe accident while steam 
chemically interacts with zirconium, thermal 
energy and hydrogen are released in large 
quantities; hydrogen, in turn, is a high-rating 
source of hazard;  


   


2628







 


2) for sodium coolant while contacting with air, the 
release of stored chemical potential energy can 
cause fire and, in an event of an unfavourable 
scenario, also loss of core cooling; while 
contacting with water, thermal energy and 
hydrogen will be released in large quantities;  


3) for heavy liquid metal coolants (lead-bismuth 
alloy, lead) the stored thermal potential energy 
cannot be converted into kinetic energy, there is 
no significant release of energy in an event of 
coolant contacting with air, water, structural 
materials, there is no loss of core cooling in an 
event of tightness failure in the gas system, i.e. the 
LOCA type accident cannot occur.  


 
V. SAFETY DIAGRAM  


 
As an illustration of the above postulates, Fig. 1 


presents a diagram showing the quality dependence of the 
probability of radioactivity release and its values for 
reactor facilities with identical radiation potentials, which 


differ by values of internal potential energy stored in 
coolant.  


On a vertical axis of the diagram a negative logarithm 
of probability of radioactivity release W is shown. On the 
horizontal axis a negative logarithm of radioactivity release 
in relative units R is shown (in case R=1, the whole 
amount of radioactivity contained in the RF is released into 
the environment). The value of the stored potential energy 
is designated as Еpot for the corresponding curves.  


In the part of the diagram designated as А, reactors of 
each type appear to be admissibly safe, because the 
estimation value of radioactivity release is below the 
permissible level (normal operating conditions). The 
dashed area defines admissible radioactivity release. The 
probability of such operating conditions is near 1. 


In the part of the diagram designated as В, reactors of 
each type appear to be very hazardous, because nearly the 
whole amount of radioactivity stored in the RF would be 
released into the environment as a result of external 
impacts, which are beyond the design basis, their 
probability being very low.  


 


 
Fig. 1. Safety diagram  


 
Nevertheless, within these extreme situations there is a 


wide region of real accidents of different severity levels, 
on the safety diagram it is limited by corresponding curves 
on top and bottom. Within this range of the diagram, a 
safety level of different type RFs will considerably differ. 
For the identical probability of radioactivity release, its 
value will differ by several orders of magnitude as 


dependent on the stored potential energy, or at the same 
value of radioactivity release the probability of its 
realization will differ by several orders of magnitude.  


Of course, the diagram proposed for the safety 
analysis of RFs with different coolants does not take into 
account several other factors, which also determine the 
value of radioactivity release. These factors, in particular, 
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include capability of fuel to retain fission products at 
accidental temperatures, not to dissociate (if the fuel is a 
chemical compound), not to enter into exothermal 
chemical reactions like the fuel designed for high-
temperature gas reactors, chemical compatibility of fuel 
with the coolant, the capability of coolant to retain the 
radioactivity under conditions of severe accidents 
development.  


The value of radioactivity release also depends very 
strongly on the scenario of accident evolution determined 
by the design of the RF and power unit, behavior and scale 
of the initial events. Therefore, the diagram reflects the 
real situation correctly in terms of quality only for the 
potential energy stored in coolant, all other conditions 
being equal. 


It is known [5] that for the NPP with traditional 
reactors (with a high value of potential energy stored in the 
RF coolant), safety and economic requirements are in 
contradiction. The highlighted conflict appears as follows: 
while heightening the safety requirements that could be 
expected for considerable growth of the number of power-
units, the NPP economical parameters are deteriorating 
that is caused by necessary increase of the number and 
efficiency of used safety systems and defense-in-depth 
barriers.  


A quality-based illustration of this situation is 
presented in Fig. 2, where a cost (C) of the identical power 
NPPs is shown as a function of a regulated value of 
probability of severe accidents (Pr) for different values of 
potential energy Еpot stored in the RF coolant.  


 
 


 
Fig. 2. The NPP cost as a function of regulated probability of the severe accident 


 
At the same time, all other conditions being equal (the 


same number of safety systems, defense-in-depth barriers), 
the probability of the severe accident (P) will be the 
higher, the more there will be a value of potential energy 
stored in the RF coolant, which is qualitatively shown in 
Fig. 3. All these highlight the importance of accounting for 
this parameter while developing the NPP design. 


 
VI. ECONOMIC ASPECTS OF SAFETY.  


INSURANCE AGAINST RISK  
 
Historically, the NPP technical-economical parameters 


and safety characteristics are determined independently of 
each other. While designing the NPP, safety characteristics 
are introduced as limiting values in accordance with the 
regulatory (normative) documentation, in which the 


probability of severe accident is regulated, and cost 
parameters are minimized in compliance with the results of 
technical-economical calculations. Based on these results, 
the NPP project is chosen.  


Such approach is not a stimulating factor in designing 
the RF with higher safety characteristics as compared with 
those required in the regulatory (normative) 
documentation. For example, if in the proposed NPP 
project the safety characteristics on probability of the 
severe accident are higher by one or two orders of 
magnitude, but the technical-economical ones are a few 
lower than those of the alternative NPP project, which 
safety characteristics meet the limiting values of the 
normative requirements, the former project will be rejected 
as being not enough competitive economically.  
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Fig. 3. Probability of the severe accident as a function of potential energy stored in RF coolant (Epot., MJ/m3) 


 
At the same time, the higher requirements must be 


made for the future large-scale nuclear power (NP), 
because the probability of the severe accident regulated in 
the normative documentation provides a socially 
acceptable value of frequency of its realization only at a 
current level of the total operating time of the NPP reactors 
that is less than 10000 reactor-years.  


In case in future the number of power-units is 10 times 
as much, to keep the expectation of frequency of severe 
accident realization at the current level, it will require to 
make this probability correspondingly 10 times as less in 
terms of a reactor-year [3].  


It could be accounted by following the existing 
practice of developing the normative requirements for the 
future, which would orient the developers of new 
generation NPPs towards the higher safety parameters. 
However, at this, despite being at a higher level of safety, 
the NPP projects with the higher safety characteristics as 
compared with the normative ones could be rejected if 
their technical-economical characteristics are somewhat 
worse.  


However, if we observe the provisions of “Safety 
Culture” [6], where it is written that “As the priority of the 
NPPs is the highest, their importance determines the 
attention paid to the issues of safety”, we can avoid this 
conflicting situation. For example, while calculating the 
cost of generated power, we can account the safety 
parameters of the designed NPPs in a way that the NPP 
with higher safety characteristics would not lose its 
competitiveness [7].  


The latter could be ensured by charging a certain 
interest on the cost in order to make payments in a special 


insurance fund provided to compensate the expenditures 
for elimination of consequences of a possible accident 
[8, 9].  


The lower the NPP safety indices are, the higher the 
interest charges must be, all other conditions being equal. 
That parameter could be a value of logarithm of 
normalized (per 1 GW of set power) radioactive exhaust 
under the certain combination of unlikely initial events, 
which are identical for any type reactors. Such 
combination of events must be determined in the 
normative documentation on safety. 


Experience of such charges to the cost of the NPP 
“production” is in Sweden where the expenditures of 
companies-energy suppliers provided for safe management 
of radioactive waste are compensated from the funds 
formed as taxes on electricity sales [10].  


For the comparability of potential detriment, all 
indices of expenses for the compensation thereof must be 
correlated with a unit of set power of the NPP (normalized 
potential detriment (NPD)). The NPD also can be 
considered as a criterion to assign the rate for allocations to 
the insurance fund. 


Therefore, in the system approach to substantiation of 
safety, the size of insurance payments, as well as expenses 
for the physical protection and guard force of the NPP 
must essentially depend on the value of the stored potential 
energy, which determines to a considerable extent the 
inherent self-protection of the RF. 


When such approach is used for substantiation of 
safety, the capital expenditures and operating costs for the 
NPPs, in which the RFs with small margin of potential 
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energy are used, also will become lower, and changeover 
to enhanced-safety NPFs will be economically stimulated.  


Currently, when the normative approach to 
substantiation of safety is used, the innovative NPFs, in 
which severe accidents have been eliminated 
deterministically (so-called “risk-protected” reactors [11]), 
have no advantages over the evolutionary NPFs, for the 
latter ones the probability of the severe accident validated 
by probabilistic analysis methods, does not exceed 10-7 per 
reactor-year.  


When comparing different RFs, we should take into 
account that the electricity product is peculiar two features, 
which differ it from other kinds of goods. These features 
are as follows: 1) electricity must be consumed when it is 
generated and electricity cannot be accumulated for future 
use by purchasing it when its rate is reduced and demands 
for electricity are low; 2) the standard quality of electricity 
produced by different power plants is the same, therefore, 
it is the cost of electricity that is only viable for the 
consumer and producer’s profit (as the profit is 
proportional to a difference between the cost (tariff) and 
net cost).  


Due to all mentioned above there will be vital even 
low reduction of the electricity net cost that can be 
provided by use of innovative RFs with a low value of 
potential energy stored in the coolant. For example, 
reduction of the electricity net cost by 5 % under 10 % of 
profitability of its production will result in profit increase 
by 50 %. Correspondingly, it will lead to reduction of the 
term of capital repayment or to reduction of the tariff and 
increase of sales volume at a liberalized electricity market.  


 
VII. CONCLUSIONS 


 
1. The most expedient way to upgrade the NPP safety 


that simultaneously improves the economic 
characteristics is use of RFs, in which the value of 
stored potential energy is the lowest and in which the 
inherent self-protection and passive safety properties 
can be realized to the maximal extent.  


2. This type RFs cannot amplify the external impacts, 
therefore, the scale of damages will be only 
determined by energy of the external impact, the 
exhaust of radioactivity being localized. Such type 
RFs will possess the robustness properties, which will 
ensure their enhanced stability not only in events of 
single failures of the equipment and personnel’s 
errors, but also in events of malevolent actions, that is 
especially important for NP development in 
developing countries.  


3. Bearing in mind the importance of future changeover 
to nuclear power technologies, in which the inherent 
self-protection and passive safety properties are 
realized to the complete extent, the insurance 
payments and degree of physical protection and 


safeguard should be determined depending on a value 
of logarithm of radioactivity release in case of 
realization of external events, which probability is 
very low (but is possible in principle). Such events 
must be defined in the regulatory documentation that 
is the same for each type RFs.  


4. The above listed properties are to the highest extent 
peculiar to RFs cooled by heavy liquid-metal coolants 
(first of all, the already mastered LBC), which the 
certain countries have been developing in recent years. 
Among that type RFs Project SVBR-100 (lead-
bismuth fast reactor of 100 MWe) is the most available 
for realization. Construction of this reactor is provided 
in Russian Federal Target Program “New Generation 
Nuclear Power Technologies for the 2010-2015 years 
and up to the year 2020”. The Project is being realized 
within the frameworks of state-private partnership of 
joint venture OJSC “AKME-Engineering” established 
on a parity basis by State Atomic Energy Corporation 
“Rosatom” and Limited Liability Company 
“EuroSibEnergo”. 
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NOMENCLATURE 


 
FR – fast reactor 


LBC – lead-bismuth coolant 


LOCA – loss of coolant accident 


NP – nuclear power 


NPD – normalized potential detriment 


NPF – nuclear power facility 


NPP – nuclear power plant 


PSA – probabilistic safety analysis  


RF – reactor facility 
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Abstract – Non-parametric statistics have been widely used in the nuclear industry to assess the 
impact of the uncertainties within Best-Estimate Loss-of-Coolant Accident (LOCA) evaluation 
models. The bounding of the uncertainties is achieved with a direct Monte Carlo sampling of the 
uncertainty attributes, with the minimum trial number selected to “stabilize” the estimation of the 
critical output values (peak cladding temperature (PCT), local maximum oxidation (LMO), and 
core-wide oxidation (CWO). This is a well-establised approach which guarantees that a bounding 
value (at 95% probability) of the 95th percentile for each of the three 10 CFR 50.46 ECCS design 
acceptance criteria (PCT, LMO and CWO) is obtained. In this paper we compare the use of 
nonparametric tolerance limits based on a single order statistic with linear combinations of order 
statistics with weights derived from a Gaussian kernel. We compare the bias and variability of the 
two approaches for sample sizes ranging from 25 to 500, using bootstrap sampling and analytical 
approximations.  


 
 


I. INTRODUCTION 
 
A realistic (best-estimate) safety analysis asks for the 


assessment of uncertainties associated with physical 
models, data uncertainties, and plant initial and boundary 
condition variability. The current safety regulations of the 
United States Nuclear Regulatory Commission (US NRC) 
are stipulated in 10 CFR Part 50, Section 50.46. Based on 
the 10 CFR 50.46 rule, an emergency core cooling system 
(ECCS) design is required to satisfy prescriptive criteria or 
limits with respect to selected figure of merits such as 
maximum clad temperature or oxidation in the reactor 
core.  


A computer code is used to simulate an accident 
scenario in a realistic fashion. Uncertainties are 
incorporated into the process by performing several 
simulations with randomly biased parameters or 
coefficients for models and inputs. 


The output is a range of results with associated 
probabilities. Regulations do not currently specify how 
such results should be evaluated against acceptance 
criteria. 


Acceptable practice by the regulators is to achieve a 
level of confidence (e.g., 0.95) that the criteria are satisfied 
with at least some specified probability (e.g., 0.95). 


The uncertainties modeled in the code are combined 
with uncertainties and probabilities associated to 
equipment functions. The most straightforward approach is 
to combine the uncertainties with a direct Monte Carlo 
simulation. The procedure is designed to simulate a sample 
of scenarios from a hypothetical population of them. From 
each simulated transient in the sample specific figures of 
merits such as maximum clad temperature and oxidations 
are tallied. 


The thermal-hydraulic computer code is the ‘black-
box’ which receives as input a set of random values, one 
for each uncertainty parameter, and outputs the selected 
figures of merits. The sample size is defined in order to 
stabilize the estimates of the key parameters of interest. 
The issue here is how results are interpreted to demonstrate 
compliance with the 10 CFR 50.46 requirements.  


Current practice is to rely on non-parametric order 
statistics procedure with minimum sample size. Results are 
ranked and the top rank is selected as estimator. Several 
methodologies has been licensed and currently applied in 
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the industry (Frepoli, 2008; Martin, et. al., 2005, Bolger, 
et. al., 2002). 


Non parametric order statistics is a robust technique to 
define tolerance limits. Then procedure is discussed in 
Section II. Another procedure which has been suggested 
by various researchers (Orechwa (2004), Joucla (2006), 
Zio (2008)) is based on confidence intervals obtained by 
bootstrap procedures discussed in Section III. 


In either case the objective is similar: estimate a given 
fraction of the population (say the 95th quantile) based on 
simulated data, along with an upper confidence bound or 
upper tolerance limit. 


When we assume that the population cumulative 
distribution function (CDF) is continuous and use the 
Wilks (or similar) approaches (Wilks (1941), Wald (1943), 
Guba (2003), Nutt (2004)), we have an easily computed 
tolerance limits – albeit small philosophical variations 
among the authors in some details, like bracketing 
methodology versus ‘coverage’ approach, etc..  


However the main point is that the use of a single 
order statistic suffers several disadvantages: a) it does not 
explicitly use potential information contained in other 
order statistics; b) it may suffer from high variability, 
especially for quantiles in the right tail; and the use of a 
single quantile is based on the empirical CDF, which is 
discontinuous, while the true CDF is assumed to be 
continuous. 


Hence the use of linear combinations of order 
statistics, which arise from smoothed estimates of the cdf 
is explored in this paper. One disadvantage is that the 
distributions of linear combinations of order statistics are 
hard treat analytically, so we need something else to 
compute the upper confidence bound on the quantile and 
the bootstrap is a standard choice for such problems. 


The purpose of this paper is to assess these different 
procedures for the purpose of assessing figure of merits 
against design acceptance criteria stipulated in 10 CFR 
Part 50, Section 50.46 within the context of realistic of 
best-estimate plus uncertainty analyses.  


 
II. TOLERANCE LIMITS APPROCH 


 
The consideration of nonparametric tolerance limits 


was originally presented by Wilks (Wilks, 1941). Wilks 
showed that for continuous populations, the distribution of 
P(i,j), the proportion of the population between the i-th and 
j-th order statistics, is independent of the population 
sampled. The assumption of continuity is a rather mild one.  
In the present context, it means that the probability of 
getting two runs with precisely the same output is zero. 
Formally, we require that the cumulative distribution 
function (CDF) of the outcomes be continuous; the PDF, 
which is the derivative of the CDF, need not be continuous 
for the relevant results to hold.  


Derivation of non-parametric tolerance limits based on 
the non-parametric multivariate tolerance limits 
formulation was  first presented by Wald (1943) and more 
recently adapted by Guba-Makai (Guba, et al., 2003) to the 
problem of making safety inferences based on the output 
of models of complex systems. 


For the sake of simplicity the case with a single output 
variable y with a probability density function g(y) is 
considered first.  Assume that nothing is known about the 
probability density function g(y) except that it is 
continuous.  If N runs are carried out with random input(s), 
then a sample {y1, y2, ..., yN} of the random output y will be 
obtained. Two functions L = L (y1, y2, ..., yN) and U = U 
(y1, y2, ..., yN) called tolerance limits are defined such that: 
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Where,  represents the probability that at least a 
fraction γ of the random output variable y population falls 
within the tolerance limits U and L. 


The values y1, y2, ..., yN are arranged in increasing order 
(because the CDF G is continuous, the probability of ties 
among the y(i)  is zero), and denote by y(k) the kth of these 
ordered value.  


Thus, in particular: 


 
NkNk


yNyandyy kk




11


max)(min)1(


 (2) 


and let by definition y(0) = -  and y(N+1) = + . 
As demonstrated in Guba-Makai (Guba 2003)  can 
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Equation (3) can be used to provide an answer to the 
question “for a given L = y(r) and U = y(s), what is the 
sample size N of the output variable y that has to be 
collected so that there is a probability β that a fraction γ of 
the random output variable y population falls within the 
specified tolerance limits U and L.”  It can be observed that 
the equation (3) does not depend on the probability density 
function g(y) or the number of input variables in the 
process. 


In the particular case that the tolerance limits are 
selected such that r = 1 and s = N (i.e, the maximum and 
minimum value of the samples y(k) of the output variable y 
are used to define L and U), the two-sided tolerance level 
can be obtained as1: 
 


1)1(1  NN N   


 (5) 


And if the interest is limited only to an upper tolerance 
limits (r = 0 and s = N),  
 


N  1  


 (6) 


Guba-Makai (2003) also provides an extension of the 
single output variable formulation for the case of multiple 
variables.   


If instead of the extreme case (rank k=1), a given rank 
k from the top is chosen as a predictor for the one sided 
confidence level (r = 0) and (s = N-k+1), then: 
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1 Note that Guba, et. al (2003) equation 18 contains a typo in the 
definition of β for the two-sided case, that is corrected in   equation 3-17. 


 
 
Which, for j>0 can be expanded as follows : 
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Equation 7 can be expressed as follows: 
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Table I lists the different k-th estimator/rank (estimation 
of the 95th quantile) and the corresponding required sample 
size to achieve the 95% and at least 97.5% confidence 
levels using Equation 10. It can be noted that by increasing 
the sample size, N, to infinity, the estimator will be simply 
k=N/20 (=0.05*N). 


The tolerance limit approach just described is the most 
conservative and robust procedure when a given 
confidence level on a measure needs to be guaranteed. 
However, one important disadvantage of the distribution-
free upper tolerance limit upper bound is that it tends to 
have high variance, especially when the minimum sample 
size required to stabilize the predictor is considered (for 
example top rank k=1 for a sample size N=59 to achieve a 
95/95). 


Other procedures are available which are based on 
defining confidence intervals rather than tolerance limits. 
This is the subject of the next section. 
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TABLE I 
Required Sample Sizes for Different k-th Maximum as Estimate of 
0.95 Quantile at 95% and (at least) 97.5% Confidence Levels 


Required Sample 
Size N 


95/95        
Estimator k-th 


Predictor 


95/(>97.5) 
Estimator k-th 


Predictor 


59 k=1 - 


93 k=2 k=1 


124 k=3 k=2 


153 k=4 k=3 


181 k=5 k=4 


208 k=6 k=5 


234 k=7 k=6 


260 k=8 k=7 


286 k=9 k=8 


311 k=10 k=8 


336 k=11 k=9 


361 k=12 k=10 


386 k=13 k=11 


410 k=14 k=12 


434 k=15 k=13 


458 k=16 k=14 


482 k=17 k=15 


506 k=18 k=16 


… … … 


1000 k=39 k=37 


… … … 


Larger N k=N/20 k=N/20 


 
 


III. LINEAR COMBINATION OF ORDER 
STATISTICS 


 
As discussed in Section II, the problem is to compute 


an upper bound for a population (Q95, the 95th quantile). If 
for example we are interested in a safety analysis for 
postulated accident scenario, the population is the 
hypothetical collection of all possible accident transients 
after considering all possible variations for the uncertainty 
parameters associated to models, initial and boundary 
conditions for the scenario considered in a particular plant 
– hypothetical because it is not feasible to simulate all 
possible transients. From each transient the numerical 
values for the key figure of merit (or multiple figures of 
merits) outputs are tallied. Given current computational 


capabilities, the sample is limited to few hundreds of cases 
at most. The upper bound of the population Q95 is 
estimated via non-parametric statistical inference 
procedures. The confidence associated to the estimate is 
required to be at least 95%. If more than one figure of 
merit is considered the confidence is based on a joint 
probability statement that for all key parameters population 
quantile Q95 is underestimated has to be less than 5%. 


Here, for sake of discussion, consider the case where 
only one outcome is considered, say Y=PCT (Peak Clad 
Temperature during the event). The parameter of interest is 
Q95, the true 95th quantile of PCT in that population. The 
standard estimate of Q95 is the sample 95th quantile. For 
example, with N = 100 runs that lead to values y1, …, y100. 
The data are sorted to get order statistics: 


 


)100()2()1( yyy    


(11) 
In particular, y(95) is the estimate of the 95th quantile of 


the population based on the order-statistics: 


)95(95
ˆ yQU N   


(12) 
 


A rigorous implementation would actually ensure that 
the estimator ‘bounds’ the desired quantile. For example, 
let’s assume we have a sample made of N=208, the correct 
coding of the order statistic of the estimator would be 
calculated as FLOAT(0.95*N)+2 = 199, leading to: 


 


)199(95208
ˆ yQU N   


(13) 
 


The reason is that we want to ensure that the estimator 
is on the upper side of the tail, in fact (208-198)/208 = 
4.8%, whereas (208-197)/208 = 5.3%. 


Obviously this estimate disregards any information 
carried by other order statistics. The variability of such 
estimators is large, especially for extreme quantiles such as 
Q95. Procedures exist that extract more information from 
order statistics primarly in the neighborhood of the 
quantile of interest. These procedures are based on the 
assumption that typically random processes tend to be well 
characterized by continuous rather smooth cumulative 
distribution functions. 


A linear combination of order statistics has the form: 
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with nonnegative weights  0iw  that sum to 1 











 



N


i
iw


1


1 , and which concentrate around the quantile 


of interest. In our case, given our interest in Q95, for N = 
208 the weights will be highest around i = 199 and will 
drop off — usually sharply — as i moves away from i = 
199. A standard way of generating these weights is to use a 
probability density function with a certain window width 
or standard deviation, and to center it at the sample 
quantile of interest (in this case, y(199)). Such estimators are 
called smoothed or kernel quantile estimates, and are 
studied in Sheather and Marron (1990). They also have 
other justifications. First, the middle order statistics are 
less variable than the extreme order statistics, so taking 
linear combinations is expected to reduce the variability of 


the resulting estimate 
wQ̂  relative to the sample quantile. 


Next, the linear combinations do indeed explicitly use all 
of the data. Finally, they do in effect smooth the estimate 
of the underlying of distribution function which is assumed 
to have no jumps; the expectation is that a better estimate 
of the distribution function will lead to a better estimate of 
the quantile of interest. Figure 1 is an illustration of the 
procedure.  


These kernel quantile estimators do require that we 
specify certain parameters, most important of which are the 
kernel (pdf) and its standard deviation, which controls the 
amount of smoothing or weight given to observations that 
are far from the sample quantile of interest. For example a 
Gaussian kernel;  
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where q is the quantile (0.95) and 
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(16) 
with h being the standard deviation of the kernel. 


                                                           
2 Again, it is important the choice made in the coding for the 


translation of the integers into floating point numbers: 
 
 NFLOAT


iFLOAT


N


i 0.10.1 



 . For example, let’s say N=100 data points, and 


q=0.95. The procedure above will set the maximum weight for the i=96 
order statistics, consistent with Eq. 13.  


 
 


Although there is a wide choice of kernels and 
bandwidth, theoretical and empirical studies provide 
guidance about their choice. First, the Gaussian kernel is 
well supported theoretically: it enjoys certain optimality 
properties and is computationally efficient (Silverman, 
1981-a and 1981-b); in addition, the Gaussian kernel is the 
limit (as the sample size increases) of other kernels that 
have been proposed for smoothing quantile estimates.  


Next, the choice of the bandwidth or standard 
deviation, h, of the Gaussian kernel was determined by the 
following steps. 


First, the simulation studies by Sheather and Marron 
(1990) provided ranges for h; second we investigated our 
analysis database to further refine the value of h, which is 
currently set at 1/N. 


The next step is a procedure to construct the upper 
confidence bounds. The bootstrap procedure was selected 
for this purpose and it is described next. 
 


 
 


Fig. 1. Illustration of the smoothing procedure 
 


III.A. Boostrap procedure for the determination of 
confidence intervals 


 
Estimates have an associated uncertainty. Confidence 


intervals express that uncertainty quantitatively. We require 
an upper bound UN for Q95 with confidence coefficient 
0.95. That is, we want UN to satisfy: 
 


  95.095  NUQP  


(17) 
 


The upper bound UN should depend on the number of 
runs and on the data y1, …, y100 itself. This means that 95% 
of the time the random interval constructed this way will 
contain the true unknown value of Q95; alternatively, 5% of 
the time the upper bound UN will underestimate Q95. 
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The bootstrap is a data-based simulation method for 
statistical inference which allows the computation of 
standard deviations of usually complicated estimators. 
Bootstrap methods are intended to simplify the calculation 
of difficult estimates, relying on brute-force computer 
simulation rather than cumbersome theoretical derivations. 


Introduced in 1979, the bootstrap procedure is now 
extensively used in the statistical community. Since then, 
considerable progress has been made to understand its 
theoretical underpinnings and computational 
implementation in both the simple problem of sampling 
from a population and more complicated models such as 
regression. An account of the theory and practice is given 
by Efron (1993). 


The bootstrap method is a direct application of the 
plug-in principle. Problems of statistical inference involve 
estimating aspects of a probability distribution F on the 
basis of a random sample drawn from F. More specifically, 
suppose that we have a random sample of size N extracted 
from an unknown probability distribution F: 


 


 NyyyF ,, ,21   


(18) 


The empirical distribution function, which we call F̂ , 
is a natural estimate of the unknown cdf F; it is also the 
nonparametric maximum likelihood estimate of F. An 
obvious way to estimate a particular aspect of F, like its 
mean or median or other quantiles, is to use the 


corresponding aspect of F̂ . This is the plug-in principle.  


The empirical distribution function F̂  is defined to be 
the discrete distribution that puts probability 1/N on each 
value yi, i=1,2,…,N. The bootstrap procedure depends on 
the notion of a bootstrap sample. A bootstrap sample is 
defined to be a random sample of size N drawn from the 


empirical distribution F̂ , say  **** ,,,
21 N


yyyY  : 


 


 *** ,,,ˆ
21 N


yyyF   


(19) 


The star notation indicates that 
*Y  is not the actual 


data set Y , but rather a randomized, or re-sampled, 


version of Y . The random sample of size N is drawn with 


replacement from the population of N objects 


 Nyyy ,, ,21  . In other words the bootstrap data set 


 *** ,,,
21 N


yyy   consists of numbers of the original data 


set  Nyyy ,, ,21  , some not appearing in the bootstrap 


sample, others appearing once. 


Corresponding to a bootstrap data set 
*Y  is a bootstrap 


replication of an estimate of interest. Say we are interested 
in the estimate of the 95th quantile Q95, therefore for each 


bootstrap data set we obtain the bootstrap replicate *
95Q̂ . 


The bootstrap algorithm works by drawing many (NB) 
independent bootstrap samples, evaluating the 
corresponding bootstrap replications of the quantile of 


interest, say *
95Q̂ . The process is illustrated in Figure 2. 


It is then possible to estimate the standard error of  


95Q̂  by the empirical standard deviation of the 


replications. The result is called the bootstrap estimate of 


standard error, denoted by BEŜ  while NB is the number of 


bootstrap used. 


The limit of BEŜ  as NB goes to infinity is the ideal 


bootstrap estimate of  95Q̂SEF : 


 *
95ˆˆ


ˆˆlim QSESEES
FFB


NB




 


(20) 
 


 


 
Figure 2 – Bootstrap Procedure 


 
In practice NB will be finite, but large enough that the 


condition in Eq. 19 will be satisfied. This assumption will 
be addressed later. Now let us go back to the problem of 
defining an upper bound confidence interval associated 
with the estimate of the 95th quantile of the population. 


Thus an upper confidence bound estimate of the 95th 


quantile Q95, called 95/95Q̂ , can be expressed as follows: 


 


BESQQ ˆ645.1ˆˆ
9595/95   


(21) 


Where 95Q̂  is the sample estimate of the 95th quantile 


(Eq. 12 ). The expression above is valid as long as it can be 


demonstrated that the estimate of the quantile *
95Q̂  is well 
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approximated by a normal distribution. While this is true 
of the average by the Central Limit Theorem, it can be 
demonstrated that this is also true for any quantile. 


A more direct application of the plug-in principle is to 


estimate 95/95Q̂  by simply obtaining the 95th quantile of 


the B bootstrapped 95Q̂  estimate values  


 *
,95


*
2,95


*
1,95 ,,, BQQQ  : 


 


 *
,95


*
2,95


*
1,959595/95 ,,,ˆˆ


BQQQQQ   


(22) 
 


An estimate of the quantile can be obtained following 
the standard approach (Eq. 12), or more refined approach 
L-statistics (smoothing) approach (Eq. 13).  


The number of bootstrap samples NB has been studied 
quite extensively; for many applications N on the order of 
100 to 200 suffices. For extreme quantiles, larger sample 
sizes on the order of 500 to 1000 are recommended. Note 
that, in our application the bootstrap procedure is 
computationally very inexpensive and a very large B can 
be tolerated. Our simulations indicate that we get stable 
estimates with bootstrap sample sizes of approximately 
1500; in this study a NB=10000 was used to ensure that 
Eq. 19 is satisfied. 


The 95/95 estimate is affected by variability in the 
predictor which is directly linked to the sample size. The 
variability here is the variance associated with statistics.  


Obviously larger the sample size, smaller is the 
variability of the predictor for a given statistical figure 
(95/95 in our case).  


 
IV. ANALYSIS 


 
In real applications the population does not follow a 


normal distribution, thus the use of non-parametric 
distribution-free procedure is necessary. For example a 
typical sample distribution may look like in Figure 3. 
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Figure 3 – Typical Sample  


 
For this analysis, a representative thought problem is 


analyzed. Let’s consider a hypothetical population which 
follows a Gaussian centered at 1500.0 F with a 10% 
standard deviation (150.0 F), which is a reasonable 
approximation of the population of maximum clad 
temperature experience during a postulated LOCA 
accident. Since the parameters of the population are known 
in the thought problem, we have: 


 
Q95 = 1500+1.645*150=1746.75 


 
(23) 


  
The following estimators are considered in the study: 
 


1) BPUB = Bootstrap the 95th quantile *
95Q̂ from the 


N=208 sample NB=1000 times Determine the 95% 
upper confidence band directly from the bootstrap 


sample  *
,95


*
2,95


*
1,95 ,,, NBQQQ   as follows:  


 


 *
,95


*
2,95


*
1,955.9795/95 ,,,ˆˆ


NBQQQQQ   


(24) 
 


2) BZUB = Bootstrap the 95th quantile *
95Q̂ from the 


N=208 sample NB=1000 times. Estimate the standard 


error BEŜ on the bootstrap estimate of the Q95 


 *
,95


*
2,95


*
1,95 ,,, NBQQQ  . Determine the 95% upper 


confidence band as follows: 


BESQQ ˆ645.1ˆˆ
9595/95   


3) BPSMUB = Bootstrap the 95th quantile *
95


ˆ
sQ  with 


smoothing from the N=208 sample NB=1000 times. 


Determine the 95% upper confidence band directly 


from the bootstrap sample w/smoothing 


 *
,95


*
2,95


*
1,95 ,,, NBsss QQQ  . Determine the 95% 


upper confidence band as 


follows:  *
,95


*
2,95


*
1,959595/95 ,,,ˆˆ


NBsss QQQQQ   


4) BZSMUB = Bootstrap the 95th quantile *
95


ˆ
sQ  with 


smoothing from the N=208 sample NB=1000 times. 


Estimate the standard error s
BEŜ on the bootstrap 


estimate of the Q95  *
,95


*
2,95


*
1,95 ,,, NBsss QQQ  . 
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Determine the 95% upper confidence band as 


follows: s
Bs ESQQ ˆ645.1ˆˆ


955.97/95   


5) WILKS = Apply the Wilks tolerance limit approach, 


order results from largest to smallest value and select 


rank k=6 (N=208) as estimator. 


The Q95/95 is estimated 500 times using different 
seeds. Figures 4 through 8 show the frequency plot of the 
estimator. As predicted by the theory, Wilks’ estimator 
under-predicts the Q95 5% of the time (25/500). The mean 
of the estimate is 42F (1789-1747=42) higher than the Q95 
of the population. The standard deviation of the estimator 
is 27F. 


As expected, the bootstrap estimators (BPUB and 
BZUB) perform very similar to the WILKS estimator. 
More specifically BPUB is identical to WILKS. The 
BZUB estimator, which relies on the assumption that the 
estimator follows a normal distribution, shows an 
exceedingly higher probability (6.4% vs. expected 5%) of 
under-predicting the Q95. 


The predictors with the smoothing (BPSUMB and 
BZSMUB) show a somewhat reduced mean and standard 
deviation. However unless the standard deviation of the 
kernel is kept small (of the order of 1/N), the predictor 
fails to limit the under-predictions to a 5%.  


The BPSMUB estimator shown in Figure 7 is based on 
assuming h=1/N and the frequency of under-prediction is 
5%. The BZSMUB instead fails 6.8% of the time with 
h=1/N. Note that if h is increased by a factor 5 the failure 
frequencies for BPSMUB and BZSMUB are 6.2% and 
8.4% respectively.  


Despite the error (probability to underestimate) is 
excessive with the smoothed predictors, the error in 
absolute terms (temperature) is very small. 
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Figure 4 – WILKS estimator 
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Figure 5 – BPUB Estimator 
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Figure 6 – BZUB Estimator 
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Figure 7 – BPSMUB Estimator 


 


1399







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11430 


   


186018301800177017401710


90


80


70


60


50


40


30


20


10


0


bzsmub


Fr
eq


ue
nc


y


Mean 1785
StDev 26.91
N 500


Histogram of bzsmub
Normal 


 
Figure 8 – BZSMUB Estimator 


 
V. CONCLUSIONS 


                    
Non-parametric statistics have been widely used in the 


nuclear industry to assess the impact of the uncertainties 
within Best-Estimate Loss-of-Coolant Accident (LOCA) 
evaluation models. The bounding of the uncertainties is 
achieved with a direct Monte Carlo sampling and non-
parametric order statistics procedures are used as 
estimators of best estimate plus uncertainty values. Several 
methodologies has been licensed and currently applied in 
the industry (Frepoli, 2008; Martin, et. al., 2005, Bolger, 
et. al., 2002). 


Non parametric order statistics is a robust technique to 
define tolerance limits and is now a well established 
procedure used to infer an upper bound that contain a 
given fraction of a population (say the 95th quantile) based 
on simulated data. The upper bound is compared to general 
design acceptance criteria to demonstrate the design is in 
compliance with safety limits.  


When we assume that the CDF is continuous and use 
the Wilks’s or similar approaches, we have an easily 
computed upper confidence bound or tolerance limit. 
However Wilks’ approach suffers from variability in the 
estimator, especially when the sample size is small. 


Other procedures have been suggested by various 
researchers (Orechwa (2004), Joucla (2006), Zio (2008)) 
which are based on obtaining confidence intervals by 
bootstrap procedures. Bootstrap procedure relies on brute 
force computation to replace the theoretical and analytical 
effort associated with the Wilks or Guba-Makai estimators. 


The variability of the Wilks-type estimator can be 
mitigated by relying on L-statics, also called smoothing 
procedure. The distributions of linear combinations of 
order statistics are hard to be processed analytically, so in 
this case the bootstrap is a standard choice for computing 
the upper confidence. 


The implementation of the bootstrap procedures 
requires care in handling coding details to ensure it 
performs as intended. These details include the selection of 


order statistics that defines the upper bound or the 
selection of the smoothing parameters. 


Several procedures have been compared in this paper 
by considering a simplistic thought problem.  The thought 
problem was selected to represent the typical outcome of 
the simulated data for which the statistical procedures 
outlined in the paper are intended for. 


The bootstrap estimators perform very similar to the 
WILKS estimator. Depending on the selected 
implementation, bootstrap may sometimes fails to ensure 
that the probability of under-estimating the quantile of 
interest is below the target (say 5%). 


 The predictors with the smoothing show a somewhat 
reduced mean and standard deviation. However the 
standard deviation of the kernel needs to be small (of the 
order of 1/N). 


Despite these errors (excessive probability to 
underestimate) the error in absolute terms (temperature) is 
very small.  
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Abstract – The SYSFAC system has been developed earlier in the 90’s by EDF. This led to a 
software computer program permitting to affect operating detected transient to a design transient, 
function not only of functional parameter but also of mechanical criteria. Another use, called 
"fatiguemetre", is now to get an evaluation of the Fatigue damage evolution during NPP’s life, 
using measured actual loads for the computation of local stress and strain and finally the usage 
factor online. EDF decided to use as less as possible transducer data which are source of 
incertitude and invalidity. Therefore the aim of the instrumentation described here is to get 
correlations between data easily and confidently measured flowrate, temperature…) and the 
temperature vertical distribution in piping submitted to thermal stratification. The instrumentation 
of a feedwater line of steam generator has been carried out for a CPY (900 MWe) NPP and more 
recently for a 1300 MWe NPP with a new instrumentation design improving significantly the 
precision of results. A ring of several thermocouples is installed around the pipe and an ultrasonic 
flowmeter is used to measure low flowrate (until 1 to 2 m3/h) of the auxiliary feedwater line, range 
of flow creating the more detrimental stratification states. The correlations obtained are presented 
and more generally the acquisitions are analyzed to improve the knowledge on thermal loads 
created by thermal stratification. 


 
 


 
I. INTRODUCTION 


 
The SYSFAC system has been developed earlier in the 


90’s by EDF. This led to a software computer program 
enabling to affect operating detected transient to a design 
transient, function not only of functional parameter but also 
of mechanical criteria (stress based counting). Another use, 
called "fatiguemetre", is now to get an evaluation of the 
Fatigue damage evolution during NPP’s life, using actual 
loads measured and then used for the determination of local 
stress and strain and finally the usage factor online. EDF 
decided to use as less as possible transducer data which are 
source of incertitude and invalidity. Therefore the aim of 
the instrumentation described here is to get correlations 
between data easily and confidently measured (flow rate, 
temperature…) and the vertical temperature distribution in 
piping submitted to thermal stratification.  


 
 
 
 


II. DESCRIPTION OF INSTRUMENTAL DEVICE 
 
The instrumentation mainly consists of rings of 


thermocouples (20 TC along one section) to measure the 
temperature evolution through a section of feedwater line 
(FWL) potentially submitted to thermal stratification, and a 
ultrasonic flowmeter to detect low values of emergency 
feedwater supply (EFWS) flow rates , below 2 m3/h. 


A first prototype of a ring of thermocouples, called 
stratimeter, has been built and tested on a 900 Mwe NPP 
(fig.2). Thermal stratification was observed using that 
device; however some bias in the measurement could not 
allow having enough accurate data mostly due to a thermal 
drain inside the device. 


A second more industrial stratimeter (fig. 3) was built 
in order to improve the inner insulation, the contact 
between the thermocouples and the pipe, and to make the 
response time shorter, the lagging more efficient and the 
installation easier. 


A specific bench was developed by EDF to perform 
metrologic testings on the stratimeter to know the overall 
uncertainty of the device (fig. 1). 
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Fig. 1. Metrological testing bench for stratimeter. 
 


 
Fig. 2. First stratimeter device. 
 


 
Fig. 3. 2nd stratimeter device. 
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Fig. 4. Improvement of accuracy of measurements. 
 
Figure 4 points out homogeneity of temperatures 


values recorded by the new stratimeter for 1300 MWe NPP, 
compared to the former one installed on 900 MWe NPP in 
blue, during a period of no stratification. 


Concerning the flowrate measurement, the challenge 
was to get a 10% accurate measurement at low water speed 
(7 cm/s – 2 m3/h). Some testings were carried out on the 
flow metering EDF/R&D loop EVEREST (fig. 5) in order 
to select the most suitable flowmeter for the aimed 
application. 


 


 
Fig. 5. eDF/R&D loop EVEREST. 
 


III. EXPERIMENTAL TESTS PERFORMED 
 
Instrumentation has been experienced on the part of 


FWL of a steam generator before the feedwater nozzle, 
which is submitted to complex thermal loads mainly during 
hot shutdown. Figure 6 describes the thermohydraulic 
phenomenon, called thermal stratification, due to hot water 
(~ 290°C) flowing back from steam generator and injection 
of cold water (~ 40°C) from emergency feedwater line 
(EFWS), used to regulate water level in steam generator. 
Both hot and cold waters do not mix in the line and 
function of the flowrate of cold water a thermal 
stratification may appear. This difference of temperature 
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between the top and bottom of the section enhances a 
global bending moment inside the line, which is now taken 
into account in the flexibility analyses of piping as an 
external force. However, the nonlinear part of temperature 
distribution in the section, also induces local stresses which 
are called local stratification stresses. These stresses are 
mainly axial. 


 
Fig. 6. Thermal stratification phenomenon in a horizontal line. 
 


 
Fig. 7. Geometric configuration of the 900 Mwe “CPY” 
feedwater line. 
 


 
Fig. 8. Geometric configuration of the 1300 Mwe feedwater line. 


 
Stratimeters were first installed on a 900 MWe NPP. 


Although the instrumentation got some issues with thermal 
insulation, some results could nevertheless be obtained. 
The more recent instrumental ring was tested on a 1300 
MWe NPP on two zones, the first one next to the feedwater 
nozzle of the steam generator, the second one between the 
last feedwater check valve, and the EFWS connection, as 
shown by the points around the two sections on figure 8. 
The ultrasonic flowmeter was installed on the EFWS line, 
of each experimental ring. 


 
IV. RESULTS : CORRELATIONS FOR 


FATIGUEMETRE 
 
Stabilized states with a stabilized flowrate of EFWS 


and presence of stratification in EFL have been recorded. 
Instead of measuring continuously the temperatures along 
the section, EDF decided to carry out correlations between 
the flowrate (measured continuously) and these 
temperatures. The dots used and the identified correlations 
proved to fit with polynomial functions of flowrate for 
intermediate levels, as described in Eq. (1,2,3). 


 
- Tinf = TEFWS  (1) 


- 
infSG


infsup*
sup TT


TT
T


−
−


=   (2) 


               = 1 – exp(-K.Qα) 


- 
infsup


infi*
i TT


TT
T


−
−


=   (3) 


             = (a0+a1Fr+a2Fr2+a3Fr3+a4Fr4).e-bFr 
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ρ
ρ∆


=
.D.g


V
Fr


i


 


Former experiments were performed in the 90’s for 
900MWe NPP, with less thermocouples and were used to 
get correlations shown on Fig. 9. On this figure new results 
are plotted and confirm the behavior of the correlations. 


Only few values have been measured at very low 
flowrates : indeed a lack of stabilized states of low flows, 
moreover more generally the high response time of 
thermocouples got difficult the appreciation of stabilized 
situations. However the new experimentation does not 
refute neither the correlations proposed for 900 Mwe NPP 
(Fig. 9) nor the behavior adopted for design analyses (Fig. 
11).  


Experiments performed on a 1300 MWe NPP was 
more accurate as described before, and a lot of stabilized 
states could be recorded, even at very low flow. The 
flowmeter permitted to get a better knowledge of the 
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stratification behavior when the line is submitted to a 
EFWS line flow between 0 and 2 m3/h. 


 


 
Fig. 9. 900 MWe correlations and plots of new measurements. 
 


 


 
Fig. 10. Comparison of design modelisation of stratification 
versus flow and measurements for 900 MWe (CPY) NPP. 


 


 
Fig. 11. 1300 MWe correlations identified with the plots of 


new measurements and some former measurements. 
 


The knowledge of temperature evolution along the 
section permits to get the local stratification stress σloc(y), 
at y level in the section, thanks to the use of Duhamel 
formula, described in Eq. (4). It must be kept in mind that 
these stresses represent a stabilized thermohydraulic state. 
∆σ that will be used for fatigue evaluation will represent 
differences between two stabilized states, without taking 
into account transitory part of temperature evolution. 
Studies were performed on this subject and show that it can 
be integrated later in the calculation steps. But it proved to 
be not necessary at the moment because it does not lead to 
conservative values of stresses. 
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  (4) 
 
Simplified fatigue estimation is then applied to get 


usage factors. Local stratification stresses are then added to 
other stresses : pressure stress, thermal shocks stress, 
external stress. The recombination method of stress 
extrema cycles called rainflow is then used to take into 
account the occurrence range of observed transients. 


We can then have access to the fatigue damage 
evaluation on line of the specific zone. Fig. 12 summarizes 
the different steps of Fatiguemetre process and notices the 
low number of input data and complex calculations to get 
an estimation of usage factor. 
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Fig. 12. Summary of Fatiguemetre device. 
 


V. RESULTS : KNOWLEDGE OF 
THERMOHYDRAULIC PHENOMENA 


 
As far as local thermohydraulic phenomena are 


concerned, data of stresses on different levels on a section 
were plotted function of EFWS flowrate : the results can be 
shown on figure 13, for 1300 MWe NPP, and for both 
section zones studied. These curves confirm that the level 
where the difference of stress (∆σ) is the highest, so the 
most detrimental, is the bottom of the pipe (0°). But the 60° 
level proved to be also submitted to significant ∆σ.  


The threshold flowrate for the end of thermal 
stratification could also be evaluated. Whereas the ∆σ 
formerly described do not depend on the considered 
section, these threshold flowrates do, as shown on figure 
13. 


Moreover, some single thermocouples were placed 
along the EFWS line, which permitted to evaluate the 
growth of temperature between the EFWS line tank and the 
connection of the line with the feedwater line. Design data 
can then be improved and higher minimal temperature in 
design analyses will lower conservatisms and permit to 
gain margins. 


 
Fig. 13. Stratification stresses function of flow for both 


sections of 1300 MWe NPP at different level. 
 


VI. CONCLUSIONS 
 


The instrumentation of a feedwater line of steam 
generator for a CPY (900 MWe) NPP has been carried out 
and more recently this of a 1300 MWe NPP with a new 
instrumentation design improving significantly the 
precision of results. A ring of several thermocouples was 
installed around the pipe and an ultrasonic flowmeter was 
used to detect low flowrates (until 1 to 2 m3/h) of the 
auxiliary feedwater line, range of flowrate creating the 
more detrimental stratification states. The correlations 
obtained are presented and more generally the acquisitions 
are analyzed to improve the knowledge on thermal loads 
created by thermal stratification and then gain margins in 
design analyses. 


 


NOMENCLATURE 
 
V : speed of fluid in the line submitted to stratification 


phenomenon. 
Di : internal diameter of the line 


hotcold


hotcold.2
ρ+ρ
ρ−ρ


=
ρ
ρ∆


 


g : acceleration of gravity 
K,α : constant parameters identified on experimental 


data, for description of Tsup in the stratification model 
ao,a1,a2,a3,a4,b : constant parameters identified on 


experimental data, for description of T at intermediate 
levels in section in the stratification model. 
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Abstract – The most common method of discretization when solving whole-core, 3D 
reactor problems is the generation of coarse-group, homogenized macroscopic cross 
sections for use in either diffusion or transport codes.   The accuracy of the whole-core 
calculation is highly dependent on the fidelity with which these macroscopic cross 
sections have been generated.   One of the challenging aspects of cross section 
condensation in VHTR cores is the use of TRISO coated fuel particles within the fuel 
elements.  This introduces a double heterogeneity (both within the fuel elements and 
within the particles), which presents a very difficult problem to model explicitly.  In 
addition, the longer mean free paths and harder neutron spectrum present in VHTRs 
generally requires more coarse energy groups to sufficiently model the neutron physics 
within the coarse-group, homogenized cross sections.  This paper presents a 
preliminary analysis of the effect of double heterogeneity on the generation of 
multigroup cross sections homogenized over the fuel compact using a stochastic 3D 
cross section generation code.   The goal is to determine viability of common VHTR 
group structures in capturing the physics of the explicitly modeled fuel particles within 
the multigroup cross sections.  This is achieved by modeling an HTTR pin-cell with 
explicit fuel particles in a modified MCNP implementation to generate cross sections 
and comparing the MCNP solution obtained with these cross sections to the continuous 
energy solution.  It was found that group structures from the literature with 8 or more 
groups lead to relatively accurate estimates of the continuous energy result (eigenvalue 
and fission-to-capture ratio).  However, the corresponding 4 group structure does not 
provide an acceptably accurate estimate. 
 


I. INTRODUCTION 
 
In standard LWR calculations, the multigroup 


method is formulated in a multi-level approach.  In 
the first level, continuous energy (point-wise) cross 
sections are used to generate a fine-group master 
cross section library, typically using a characteristic 
flux spectrum (e.g. 1/v for slowing down energies, 
Maxwellian for thermal energies). Because 
modeling whole-core problems with full spatial 
meshing and a fine-group structure is 
computationally too expensive for efficient 
solution, the second level is the generation of 


coarse-group, homogenized cross sections.  This is 
done using a lattice-cell calculation to obtain a 
fine-group flux distribution to use as the weighting 
function in the condensation and homogenization 
equations, as in Eq. (1). 
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The basis of the multigroup method is the 
premise that these coarse-group homogenized cross 
sections can accurately represent the physics of the 
problem within a model that is more 
computationally tractable.  The accuracy of these 
coarse-group cross sections is dependent on, 
among other things, the following: the fidelity of 
the lattice-cell model (spatial meshing), the number 
of groups (and their boundaries), and the degree of 
homogenization (e.g. material, pin-cell, whole-
lattice).    


The third and final level of the multigroup 
method is the use of the homogenized and 
condensed coarse-group cross sections in a whole-
core transport or diffusion code.  It is in the second 
level, though, that double heterogeneity must be 
addressed, and in which this paper is focused. 


In VHTR designs (such as pebble-bed and 
prismatic block type), the uranium fuel is contained 
within ceramic coated fuel particles which are 
embedded in a graphite moderator matrix.  In 
pebble-bed cores, this matrix is formed into 6-cm 
spherical pebbles, and in prismatic cores, it is 
formed into cylindrical fuel rods within a graphite 
block.  The embedded fuel particles possess 
varying heterogeneity, and are randomly 
distributed throughout the matrix.  In addition, 
prismatic block-type reactors often possess rods of 
varying fuel packing fraction, enrichment, and 
burnup.  This presents a significantly more 
challenging lattice cell calculation than typical 
LWRs, and requires a variety of new methods to 
handle correctly. 


In an ideal lattice-cell calculation, the full fuel 
block would include explicit modeling of the fuel 
particles within the fuel rods; however, this is 
complicated both by the random distribution of the 
fuel particle enrichment, as well as by the large 
number of very small particles.   Some early 
work1,2 resolved this by performing a volume-
weighted smearing of the number densities of the 
fuel particles and graphite matrix.  It is known that 
this is only appropriate for a very high packing 
fraction and is not a generally acceptable means of 
treating double heterogeneity.   


A significant challenge in the development of 
methods to treat double heterogeneity is that the 
generation of multigroup cross sections typically 
involves reducing the problem to a 2D or 1D 
problem and imposing approximations to attempt 
to capture the 3D physics.  A stochastic cross 
section generator3 has been developed which 
circumvents these dimensional reductions.  Using 
this modified version of MCNP, the large number 
of small, detailed particles in the larger fuel 


compact may be modeled explicitly, rather than 
with a complicated spatial meshing.  In addition, 
the use of MCNP as the cross section generation 
code allows the generation of macroscopic 
multigroup cross sections directly from continuous 
energy, rather than through an intermediate fine-
group library often required in deterministic lattice 
codes.  


While a variety of methods have been 
developed to treat the random distribution of 
particles and enrichments, the most natural 
approach to double heterogeneity is the generation 
of flux-weighted homogenized cross sections over 
the fuel compact for use in lattice and core 
calculations.  Whereas for LWR problems, the 
lattice cell physics can often be sufficiently 
modeled within 2-8 coarse groups, the longer mean 
free path, increased flux anisotropy, and harder 
neutron spectrum of VHTRs (and other optically 
thin reactors) requires a more refined group 
structure.  A driving question in the use of the 
stochastic cross section generator for this purpose 
is how well the available VHTR group structures1 
allow the detailed physics to be captured by the 
multigroup cross sections.   


This paper focuses on double heterogeneity 
within prismatic VHTRs, and specifically in the 
analysis of a High Temperature Test Reactor 
(HTTR) pin-cell.  While each VHTR design has its 
own unique physical properties, for the purposes of 
this paper it is assumed that the HTTR is 
sufficiently characteristic of other VHTR 
neutronics so as to allow the analysis presented in 
this paper to be generalized to other VHTR cores.  
It is the goal of this paper to determine viability of 
common VHTR group structures in capturing the 
physics (eigenvalue, fission-to-capture ratio) of the 
explicitly modeled fuel particles within the 
multigroup cross sections.  


 
II. HTTR MODEL 


 
In a full fuel block, pin-to-pin effects and 


interpenetration can introduce error cancellation 
which might mask the effect of double 
heterogeneity on the generation of condensed and 
homogenized cross sections.  It is therefore 
desirable, for both simplicity and isolation from 
additional effects, to reduce the scope of the 
problem to a single fuel pin-cell.  The benchmark 
problem chosen for the analysis in this paper is a 
stylized HTTR hexagonal pin-cell, seen with ¼ 
symmetry in Fig. 1. 
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Fig. 1.  Quarter fuel pin cell with explicit TRISO 
particles 


  
The benchmark model consists of a thin slice 


of 1/4th of a hexagonal HTTR-type fuel cell.  The 
fuel element is an annular cylinder consisting of a 
graphite matrix with TRISO coated fuel particles 
embedded.  As seen in Fig. 1, there are 81 whole 
fuel particles (plus 12 half-particles along the lines 
of symmetry) laid out in a cubic lattice within the 
fuel compact.  The compact is surrounded by a 
graphite sleeve, a helium coolant gap, and the 
graphite fuel block.  The center hole of the fuel 
compact is filled with helium coolant as well.  The 
model is one fuel-pin-cell pitch thick, with specular 
boundary conditions on all six sides.  This 
represents an infinitely cylindrical pin-cell with a 
cubic lattice of spherical coated fuel particles.  The 
geometric parameters of the pin-cell are located in 
Table I. 


 
TABLE I 


 HTTR Pin-Cell Model Geometry Parameters 
 


Compact Inner Radius 0.50 cm 
Compact Outer Radius 1.30 cm 
Sleeve Outer Radius 1.70 cm 
Gap Outer Radius 2.05 cm 


Cell flat-to-flat Distance 5.15 cm 
Fuel Packing Fraction  0.3030 


Fuel Particle Pitch 0.105208 cm 
Height 0.105208 cm 


 
The fuel particles embedded in the compact 


consist of a small spherical kernel of low-enriched 


UO2 surrounded by a TRISO coating, as in Fig. 2.  
The TRISO coating consists of 4 layers of material:  
a low-density porous Pyrolytic Carbon (PyC(L)) 
buffer layer, a high density PyC layer (PyC(H)), a 
silicon-carbide (SiC) layer, and an outer PyC(H) 
layer.  The geometric parameters of the fuel 
particles are found in Table II. 


 


 
 


Fig. 2. TRISO-Coated Fuel Particle 
 


TABLE II 
TRISO-Coated Fuel Particle Specification 


 
Fuel Kernel Radius 296.2 μm 
PyC(L) Outer Radius 356.5 μm 
PyC(H)I Outer Radius 387.3 μm 
SiC Outer Radius 416.6 μm 
Particle Radius 462.5 μm 


 
Material specifications for the stylized HTTR 


model are presented in Appendix A.  The model 
was constructed by applying the following 
simplifications to an HTTR pin-cell from an 
available reactor specification2: 


 
1. The HTTR core specification contains 12 


different fuel compact enrichments 
ranging from 3.4wt% to 9.9wt% 235U 
enrichment. The effect of homogenization 
and condensation is not expected to vary 
with enrichment.  The benchmark model 
therefore contains only the 5.9 wt% 
enriched fuel compact from the HTTR 
specification.   


2. The fuel particles within the graphite 
matrix in the HTTR specification are 
randomly distributed with a packing 
fraction of 0.303.  This random 
distribution is replaced in the benchmark 
model by a simple cubic lattice of fuel 
particles with pitch 0.105208 cm, 
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resulting in a packing fraction of 
0.3029995, which is very close to the 
actual fraction.  The effect of random 
distribution of fuel particles within the 
compact has been studied by others, and is 
not within the scope of this paper.  It is 


excluded because the random distribution 
has no bearing on the conclusions drawn 
with respect to group structure.  This is 
because the effect of explicit particle 
arrangement is second order. 
 


 
TABLE III. 


Energy Group Structure Upper Boundaries 
 


UB 85 23 14 8 4 UB 85 23 14 8 4 UB 85 23 14 8 4
2.0000E+01 1 1 1 1 1 4.5400E-04 35   4  4.5000E-07 69 16    
1.3380E+01 2 3.6730E-04 36 8 6 4.0000E-07 70 
8.8250E+00 3 3.1203E-04 37 3.5000E-07 71 17 12 
6.0653E+00 4 2.1445E-04 38 3.2063E-07 72 
4.4933E+00 5 1.4739E-04 39 3.0000E-07 73 18 
3.6790E+00 6 2 1.0130E-04 40 2.5000E-07 74 19 
3.1664E+00 7 6.9623E-05 41 1.8000E-07 75 20 
2.4660E+00 8 4.7851E-05 42 1.4000E-07 76 21 13 
2.2313E+00 9 3.2888E-05 43 1.2000E-07 77 
1.7377E+00 10 2.2603E-05 44 1.0000E-07 78 22 8 
1.3530E+00 11 3 1.5536E-05 45 8.1968E-08 79 
1.1649E+00 12 1.0677E-05 46 6.7000E-08 80 
8.2085E-01 13 7.3382E-06 47 5.6922E-08 81 
6.0810E-01 14 5.7150E-06 48 5.0000E-08 82 23 14 4
5.0000E-01 15 4 2 2 4.0000E-06 49 9 7 5 2.5500E-08 83 
3.8774E-01 16 2.6996E-06 50 6.3247E-09 84 
2.5991E-01 17 2.3800E-06 51 2.5399E-10 85 
1.8320E-01 18 1.8554E-06 52 NOTES: 


 
1. Group Boundaries are 


listed in MeV 
2. Listed values are upper 


boundaries 
3. 4, 8, and 23 group 


boundaries are taken from 
VHTR literature1 


4. 85 group boundaries were 
constructed to further refine 
the 23-group structure 


 
 


1.2907E-01 19 1.6592E-06 53
1.1100E-01 20 5 3 1.5000E-06 54 10
8.6517E-02 21 1.3000E-06 55
6.7380E-02 22 6 4 1.0970E-06 56 11 8 6 
3.6066E-02 23 1.0722E-06 57
2.4790E-02 24 1.0450E-06 58 12
1.9305E-02 25 1.0137E-06 59
1.3268E-02 26 9.7200E-07 60 13 9 
9.1180E-03 27 7 5 3 2 9.5065E-07 61
6.2673E-03 28 9.1000E-07 62
4.3074E-03 29 8.5000E-07 63 14 10 3 
2.9604E-03 30 7.8208E-07 64
2.0347E-03 31 6.7000E-07 65
1.3984E-03 32 6.2500E-07 66
9.6112E-04 33 5.7000E-07 67
6.6057E-04 34 5.0000E-07 68 15 11 7 
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III. METHOD 
 
As mentioned in the introduction, a significant 


challenge introduced by the presence of spherical 
fuel particles within the compact is the inability to 
model the double heterogeneity explicitly within a 
2D model.  Many of the commonly available 
lattice-cell depletion codes rely on a reduction of 
the core geometry to a 2D or 1D lattice, and thus 
resort to approximations in generating multigroup 
cross sections for 3D problems.  The use of a 
modified version of MCNP 3, 4 to generate the cross 
sections avoids these approximations.  It also 
allows for multigroup cross sections to be 
generated stochastically while modeling the 
detailed geometry explicitly within MCNP.   


The most natural treatment of the double 
heterogeneity is to generate flux-weighted, coarse-
group, homogenized macroscopic cross sections 
directly from a continuous energy (point-wise) 
cross section library.  This method results in cross 
sections for each material in the cell, with the fuel 
compact treated as one material. The use of MCNP 
as the cross section generation routine allows this 
to be done in a straightforward fashion with the 
MCNP5 continuous energy cross section library.  
These coarse group macroscopic cross sections 
may then be used as the library for a multi-group 
calculation (lattice-cell or whole-core level).      


The method described above combines 
homogenization and direct conversion from 
continuous energy to coarse-group cross sections.  
These two effects encompass the primary effects in 
treating double heterogeneity with the stochastic 
cross section generator.  In order to determine the 
accuracy of the coarse-group cross sections, they 
are used as the library in a multigroup MCNP 
calculation.  How closely the multigroup 
homogenized fuel compact solution matches the 
continuous energy reference solution (with explicit 
particles) is an indication of how well the cross 
sections have captured the essential physics of the 
double heterogeneity. 


In order to select group boundaries which are 
somewhat optimized for VHTR problems, the 
group structures chosen to evaluate the cross 
section generator were taken from HTTR 
literature1.  Cross sections were generated in 85, 
23, 14, 8, and 4-group structures, which are 
presented in Table III.  The 85-group structure was 
constructed by dividing the 23-group structure 
(from literature) into smaller group intervals.  


 
 
 


IV. CALCULATION AND RESULTS 
 


For each of the group structures chosen, the 
MCNP cross section generation calculations were 
performed with 100 million active neutron histories 
starting with a converged source distribution.   For 
continuous energy calculations, the MCNP native 
cross section library was used (from ENDF-VI), 
with all isotopes evaluated at 293.6 K, and with the 
S(α,β) scattering kernel in graphite.  For all 
multigroup calculations, a converged source was 
found using 40 million histories.  To generate the 
multigroup solutions, 250 million active histories 
were used. 


The quantities chosen to compare continuous 
energy and multigroup results are keff and the 
fission-to-capture ratio.  Results are presented for 
each of the group structures described in the 
previous section in Table IV.  Fission to capture 
ratio is labeled as “fc”, and the error in the 
condensed/homogenized fission-to-capture ratio is 
labeled “dfc” and is presented as a percent error 
from the continuous energy value.  The difference 
between the condensed/homogenized eigenvalue 
and the continuous energy eigenvalue is labeled 
“dk” and is presented in units of pcm.  The 
statistical uncertainties in the fission-to-capture 
ratio are all less than 0.02%.  It is noted that the 
reported uncertainties in the coarse-group results 
are strictly MCNP statistical uncertainty, and do 
not take into account the uncertainty in the coarse-
group cross sections used to generate them.  The 
effect of the uncertainty present in the multigroup 
cross sections on the coarse-group results is not 
estimated, and shall be examined in future work. 


 
TABLE IV. 


Eigenvalue and Fission-to-Capture Results 
 


 Keff dk 
(pcm) fc dfc (%)


CE 1.35581 ± 0.00004  1.28009  
85g 1.35688 ± 0.00005 78 1.28219  0.150 
23g 1.35745 ± 0.00005 121 1.28406 0.310 
14g 1.35556 ± 0.00004 -18 1.27982 -0.022 
8g 1.35337 ± 0.00005 -180 1.27516 -0.385 
4g 1.34550 ± 0.00005 -760 1.25847 -1.689 
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V. DISCUSSION AND CONCLUSION 
 
It is apparent from the table that the stochastic 


cross section generator was able to effectively 
represent the continuous energy, explicitly modeled 
fuel particles within all the group structures except 
the 4-group structure.  The large error in the 4-
group solution (760 pcm) is likely due to the 
spectral effects (longer mean free path, higher 
anisotropy) present in VHTRs.  In the 8, 14, 23 and 
85 group structures, the multigroup, homogenized 
fuel compact results were within 150 pcm in 
eigenvalue and within 0.4% in fission-to-capture 
ratio of the continuous energy solution.  It is noted 
that the 23-group structure results in a higher error 
than the 14-group structure, which is counter-
intuitive; however, this is likely caused by error 
cancellation in the homogenization and 
condensation of the cross sections. 


It is of note that the use of the modified MCNP 
to generate stochastic multigroup cross sections 
causes them to be subject to an inherent statistical 
uncertainty.  The uncertainty in the cross sections is 
dependent on the frequency with which that type of 
reaction occurs (very infrequent reactions will have 
large uncertainties), and this results in the 
uncertainty increasing with the number of groups 
(smaller groups result in fewer interactions).   For 
the cross sections generated in this paper, the 
maximum fission and absorption cross section 
uncertainty was 2%, and the maximum uncertainty 
of the diagonal elements of the scattering kernel in 
the fuel and graphite was 2.1%.  As was noted, for 
very low probability reactions (e.g. scatter from 
low energy groups to high energy groups), the 
uncertainty in the cross sections is often quite large 
(> 500%); however, because the magnitude of 
these cross sections is extremely small, the large 
uncertainty has no meaningful effect on the results. 


Also of note in the results is that while the 
stochastic cross section generator is able to 
generate Legendre scattering moments to arbitrary 
order, the current implementation of MCNP does 
not allow negative cross sections to be input in the 
cross section library.  For this reason, the 
multigroup results presented are limited to linearly 
anisotropic scattering through the transport 
approximation.  


As seen in Table IV, this paper confirms that 
even with explicitly modeled double heterogeneity, 
the spectral effects of optically thin reactors (longer 
mean free path, higher anisotropy) such as VHTRs 
generally require more than 4 groups.  The 
structures with 8 or more groups from the literature 
lead to relatively accurate estimates of the 


continuous energy result (eigenvalue and fission-
to-capture ratio).  However, the 4 group structure 
does not provide an acceptably accurate estimate. 


The analysis presented in this paper 
additionally indicates that the stochastic cross 
section generator is a useful tool to generate 
multigroup cross sections for use in gas-cooled 
reactor core analysis because it has the capability 
to explicitly model multiple heterogeneities. 
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APPENDIX A 
 


TABLE A.I 
Material Number Densities for HTTR Benchmark 


Problem (particles/b-cm) 
 


Fuel kernel Smeared fuel region 
U-235 1.4357E-03 U-235 1.1427E-04 
U-238 2.2586E-02 U-238 1.7976E-03 
O 4.8044E-02 B-10 1.3929E-08 
B-10 1.1456E-07 B-11 5.6065E-08 
B-11 4.6111E-07 C 7.5755E-02 
PyC(L) (1st TRISO 


Layer) O 3.8239E-03 


C 5.5754E-02 Si 2.0940E-03 
PyC (H)I (2nd TRISO 


Layer) 
 PyC (H)O (4th TRISO 


Layer) 
C 9.5714E-02 C 9.47620E-02 


SiC (3rd TRISO Layer) Helium coolent 
Si 4.8121E-02 He 9.8690E-04 
C 4.8121E-02   


  graphite 
  matrix sleeve reflector 


B-10 6.9024E-09 7.1811E-09 7.8482E-09 
B-11 2.7783E-08 2.8905E-08 3.1590E-08 
C 8.4483E-02 8.8745E-02 8.8745E-02 
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Abstract－This study deals with the preparation of KCuFC microcapsules (MCs), 
characterization and uptake properties of Pd2+ ions from highly concentrated HNO3 
solutions. The preparation procedure of MCs by novel sol-gel method is as follows. A 
sodium alginate (NaALG) solution (1.5 wt%) was kneaded with 0.01 M potassium 
ferrocyanide (K4Fe(CN)6, KFC) or 0.01 M sodium ferrocyanide (Na4Fe(CN)6, NaFC) 
solution and then the kneaded sol was dropped into the gelling solution of 0.1 M 
Cu(NO3)2 by tubing pump. In the gelling solution, both reaction of crosslinking (CuALG) 
and synthesis of insoluble ferrocyanide (KCuFC, NaCuFC) occurred simultaneously; the 
kneaded sol was directly converted to MCs (KCuFC-CuALG, NaCuFC-CuALG). Fine 
crystals of insoluble ferrocyanides were uniformly dispersed in the alginate gel polymer 
matrices of CuALG. The MCs were further treated with 0.1 M CaCl2 or 0.1 M HNO3 to 
convert the cationic form of matrices (KCuFC-CaALG, NaCuFC-HALG, etc.). After 
washing with pure water and drying at 30ºC, six kinds of insoluble ferrocyanides were 
obtained. The diameter of MCs was in the range of 611~926 μm and the XRD pattern 
showed a face-centered cubic (fcc) structure. The uptake property and selectivity of Pd2+ 
for MCs were examined by batch and column methods. The uptake equilibrium of Pd2+ 
was attained within 6 h, indicating the enhancement of uptake rate compared to the 
conventional microcapsules of KCuFC-CaALG. MCs had relatively large uptake 
percentage of Pd2+ above 99% compared to Rh3+ and RuNO3+ in the presence of 0.1~7 M 
HNO3, and exhibited relatively large separation factors (αPd/Rh > 103, αPd/Ru > 103).  MCs 
also had relatively large uptake percentage of Pd2+ above 99% compared to Rh3+ and 
RuNO3+ in the presence of 0.01~1 M NaNO3. The saturated adsorption amounts of MCs 
were estimated to be 2.33~2.52 mmol/g which was five times larger than those for 
conventional MCs. Thus, the microcapsules enclosing insoluble ferrocyanides are 
effective for the selective separation of Pd2+ from high-level liquid waste (HLLW). 


 
 


I. INTRODUCTION 
 


The fission product nuclides generated from the 
spent nuclear fuel include several useful rare metals (1). 
The platinum group metals (PGMs) such as palladium, 
rhodium and ruthenium, are very precious, and are of 
great importance in the chemical and electronic 
industries (2,3). Recently, much attention has been 
focused on the separation and recovery of PGMs from 
HLLW in relation to the partitioning of radioactive 
nuclides and their effective utilization (4-7). The 
selective separation and recovery of PGMs from HLLW 


and their effective uses have the advantage of not only 
converting the radioactive waste to beneficial resources 
but also promoting nationalization of the management 
and disposal of radioactive waste (5-8). Lately the 
development of selective removal method for palladium 
has become very important in order to overcome the 
precipitation problems in the glass melter for the 
vitrification of HLLW (9).  


For the separation of Pd2+ ions from HLLW, solvent 
extraction and precipitation methods gave rather low 
yields and poor selectivity to Pd2+. In addition, 
conventional uptake methods for PdCl4


2-, using 
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anion-exchange resins, were inapplicable to the uptake of 
Pd2+ in nitric acid solutions. In order to separate the Pd2+ 
from HLLW, it is essential to develop the inorganic 
adsorbents with high selectivity and high resistance 
against nitric acid solutions. Among inorganic adsorbents, 
only insoluble ferrocyanides are well known to have a 
high selectivity to palladium due to the specific 
adsorption mechanism of ion-exchange and redox 
reactions (8,9). However, insoluble ferrocyanides are 
very fine powders and are difficult to handle in practical 
applications such as column operation. Hence the 
development of granulation methods is essential for the 
effective column separation.  


The granulation of insoluble ferrocyanides with 
organic polymers seems to be very effective for practical 
column operation and safety handling. As for the 
granulation of insoluble ferrocyanides, sol-gel methods 
(Fig. 1) using fine insoluble ferrocyanides and sodium 
alginate (NaALG) have been developed at Tohoku 
University (9,10). In this conventional method, two 
synthetic processes are combined; the synthesis of fine 
ferrocyanide precipitates (ppt) and then the gelling of 
kneaded sol containing fine ppt and sodium alginate 
(NaALG). However, in the conventional method, the 
aggregates of fine insoluble ferrocyanides in the kneaded 
sol often plugged the medical needle and the dropping of 
kneaded sol into the gelling solution became difficult. In 
order to overcome this problem, the simultaneous 
process of synthesis and gelling should be developed  
for the preparation of microcapsules (MCs) enclosing 
fine insoluble ferrocyanides. 


(a)


(b) (c)


(a)


(b) (c)
 


Fig. 1. Sol-gel transformation of alginic acid. 
 
The present paper deals with the novel preparation 


methods of MCs enclosing fine insoluble ferrocyanides, 
the uptake properties of Pd2+ on MCs by batch methods, 
and their characterizations. The selective uptake 
properties of Pd2+ on MCs were compared with those of 
Rh3+ and RuNO3+ ions. 


 
II. EXPERIMENTAL 


 
II.A. Procedure for Preparation and Characterization 


 


The novel procedure for the preparation of MCs is 
shown in Fig. 2. Potassium hexacyanoferrate (II) 
(K4[Fe(CN)6]) or sodium hexacyanoferrate (II) 
(Na4[Fe(CN)6]) solution (0.01 M) was slowly added to 
cupper nitrate (Cu(NO3)2)) solution (0.1 M= mol/dm3) 
through the medical needle (0.4 mmφ) to form 
precipitates of Cu type insoluble ferrocyanides. In this 
procedure, the synthesis of fine insoluble ferrocyanide 
precipitate (KCuFC) and Cu type gel polymer (CaALG) 
was simultaneously accomplished. The MCs (hydrogel) 
were washed with distilled water and then dried 
(xerogel) at 30°C for 1 d. In order to prepare the Ca and 
H type MCs, the Cu-type MCs were further treated with 
0.1 M CaCl2 and 0.1 M HNO3 solutions, respectively. 
Six kinds of MCs obtained are listed in TABLE I.  


Surface morphologies were examined by scanning 
electron microscopy (SEM, HITACHI, S-4100L). The 
structure of MCs was identified by powder X-ray 
diffractometry (XRD, Rigaku RINT2000) using 
monochromatized CuKα radiation. The chemical 
composition was determined by electron probe micro 
analysis (EPMA, JEOL, JXA-8200WD/ED). 


 


 
Fig. 2. Preparation procedure of MCs enclosing 
KCuFC and NaCuFC. 
 


TABLE I 
Six Kinds of MCs with Different Alginates. 


 


 
II.B. Determination of Uptake Percentage and 


Distribution Coefficient 
 
The uptake of Pd2+ (expressed as a percentage of the 


total) was determined by batch method. An aqueous 
solution (5 cm3) containing 100 ppm (9.4×10-4 M) Pd2+ 
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in the presence of 0.1~7 M HNO3 was contacted with 
0.025 g of MCs at 25±1°C for 24 h. After equilibrium, 
the Pd2+ concentration in the aqueous phase was 
measured by inductively coupled plasma atomic 
emission spectrometry (ICP-AES, SII, SPS 7800). The 
uptake of Rh3+ nd RuNO3+ was also examined in a 
similar manner. The uptake percentage, R, and 
distribution coefficient, Kd, were calculated from the 
following equations: 


 
R = [(Ci - Cf) / Ci] × 100      (%),  (1) 
Kd = [(Ci - Cf) / Cf] × V / m  (cm3/g),  (2) 


 
where Ci and Cf (ppm) are the concentrations of Pd2+ at 
initial and at equilibrium, respectively; m (g) the weight 
of MC; V (cm3) the volume of aqueous phase. The 
following parameters for the uptake of Pd2+ were 
examined by using MCs: 
 


－Uptake kinetics of Pd2+ ions;  
－Effect of HNO3 concentration on Pd2+ uptake;  
－Effect of NaNO3 concentration on Pd2+ uptake; 
－Uptake isotherm and saturated amounts of Pd2+. 
 


III. RESULTS AND DISCUSSION 
 


III.A. Structure and Surface Morphology 
 


The XRD patterns of KCuFC and NaCuFC crystals 
show face-centered cubic (fcc) structure as shown in Fig. 
3. The lattice parameter (a) of KCuFC was estimated to 
be 9.989±0.006Å which was similar to that of insoluble 
ferrocyanide (Cu2[Fe(CN)6]) prepared by V. G. 
Kuznetsov, et al. (a= 9.98±0.04Å)(11). NaCuFC crystals 
had a similar fcc structure.    


Figures 4(a)~(d) show the typical SEM images of 
KCuALG (CuALG gel polymer enclosing KCuFC 
crystals) prepared by the direct method. A number of 
creases are observed on the surface, and fine crystals of 
KCuFC are uniformly encapsulated in the CuALG gel 
polymer matrices. Main components of Cu and Fe are 
detected by the EDS analysis (Fig. 5). Figures 6(a)~(d) 
show the typical SEM images of KCaALG (CaALG gel 
polymer enclosing KCuFC crystals) prepared by the 
direct method. The surface and the cross section of 
KCaALG are similar to those of KCuALG. The 
schematic view of KCaALG structure is illustrated in Fig. 
7. In KCaALG, KCuFC crystals are encapsulated in the 
alginate gel polymer matrices crosslinked with Ca2+ ions, 
and the cross section of gel matrices has been reported to 
exhibit an “egg-box junction” which brings about high 
porosity and mechanical strength in the microcapsule 
(Fig. 1). In contrast, the aggregates of fine KCuFC 
crystals are observed in the KCuFC microcapsules 
prepared by conventional method as shown in Fig. 8. 
The direct method is thus effective for the uniform 
dispersion of fine crystals of KCuFC in the alginate 
matrices, and the enhancement of uptake kinetics of Pd2+ 
ions is expected.  


 


 
 


 
Fig. 3. XRD patterns of KCuFC and NaCuFC 
crystals. 
 


 
Fig. 4. Typical SEM images of KCuALG. 


 
Fig. 5. EDS spectrum of KCuALG. 
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Fig. 6. Typical SEM images of KCaALG. 
 
 


 
 


Fig. 7. Schematic view of KCaALG structure. 
 
 


 
 


Fig. 8. SEM images of KCuFC microcapsules prepared 
by conventional method showing the aggregates of 
KCuFC on the surface. 


 
III.B. Uptake Rate of Pd2+ 


 
Figure 9 show the effect of equilibration time on 


the uptake (%) of Pd2+ for six kinds of MCs obtained by 
direct method in the presence of 3 M HNO3 at V/m 
(solution volume-solid weight ratio) of 200 cm3/g. The 
uptake of Pd2+ reached 80% within 1 h and the 
equilibrium was attained within 6 h. There is no 
difference of uptake rate among six kinds of MCs and 
uptake (%) over 95% was obtained. On the other hand, 


the uptake equilibrium of Pd2+ for the MCs obtained by 
conventional method was attained within 5~7 d. The 
improvement of uptake rate is probably due to the 
uniform dispersion of fine crystals of KCuFC and 
enhancement of diffusion rate of Pd2+ in the gel polymer 
matrices. Thus the direct method is effective for simple 
preparation and the enhancement of uptake rate of Pd2+. 


 


 


Fig. 9. Effects of equilibration time on the uptake (%) of 
Pd2+ for six kinds of MCs. 


 
III.C. Effect of HNO3 Concentration on Uptake of Pd2+, 


Rh3+ and RuNO3+ 
 
The uptake behavior of PGMs (Pd2+, Rh3+ and 


RuNO3+) for six kinds of MCs was investigated by 
varying the coexisting HNO3 concentration. Figures 
10(a)~(c) show the uptake (%) of Pd2+, Rh3+ and RuNO3+ 
at different concentrations of HNO3. The uptake (%) of 
Pd2+ was over 99% in a wide range of HNO3 
concentration from 0.1 to 7 M. The HNO3 concentration 
of HLLW is estimated to be in the range of 2~3 M, hence 
the MCs enclosing insoluble ferrocyanide are expected 
for the selective uptake of Pd2+ in HLLW. On the other 
hand, the uptake percentages of Rh3+ and RuNO3+ were 
below 10% and 30%, respectively, indicating the uptake 
(%) order of Pd2+ >> RuNO3+ > Rh3+. Here, the RuNO3+ 
and Rh3+ ions were adsorbed on the alginate matrices. 
The Kd values of Pd2+, Rh3+ and RuNO3+ and separation 
factors (α, the ratio of Kd value) in the presence of 3 M 
HNO3 are summarized in TABLE II. In either case, 
relatively large separation factors of α(Pd/Rh) and 
α(Pd/Ru) over 103 were obtained, suggesting the mutual 
separation of PGMs.   


 
TABLE II  


Kd values of Pd2+, Rh3+ and RuNO3+ and Separation 
Factors. 
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Fig. 10.  Uptake (%) of Pd2+, Rh3+ and RuNO3+ at 
different concentrations of HNO3. 


 
III.D. Effect of NaNO3 Concentration on Uptake of Pd2+, 


Rh3+ and RuNO3+ 
 


For the selective removal, the effects of the 
coexisting concentration of Na+ on the uptake of PGMs 
should be evaluated; HLLW contains about 1 M NaNO3, 
and Na+ ions tends to cause the swelling of MCs (Figs. 
11(a)~(c)). Similarly to the case of coexistence of HNO3, 
the uptake (%) of Pd2+ was estimated to be above 99%, 
indicating high selectivity. On the other hand, the uptake 
(%) of Rh3+ and RuNO3+ were around 30%. Slight 
swelling of MCs were observed in the presence of 1 M 


NaNO3, while in this case the coexistence of 3 M HNO3 
is effective for the depression of swelling (12). 


 
Fig. 11. Uptake (%) of Pd2+, Rh3+ and RuNO3+ at 
different concentrations of NaNO3. 


 
III.E. Uptake Isotherm for the Uptake of Pd2+  


 
In order to clarify the uptake mechanism, the uptake 


isotherms were obtained in a wide range of initial 
concentration of Pd2+ from 10~1,000 ppm in the 
presence of 3 M HNO3. Here the V/m ratio was 200 and 
500 cm3/g. The equilibrium amounts of Pd2+ adsorbed on 
six kinds of MCs approached a constant value, 
suggesting that the uptake of Pd2+ follows a 
Langmuir-type adsorption equation. Figs.12~14 show the 
uptake isotherm of Pd2+ and Langmuir plots for KCuFC 
microcapsules (KCuALG, KCaALG and KHALG), 
NaCuFC microcapsules (NaCuALG, NaCaALG and 
NaHALG) and insoluble ferrocyanides (KCuFC and 
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NaCuFC), respectively. The Langmuir equation is given 
by 
 


Qeq= K Qmax Ceq/(1 + K Ceq)  (mol/g),     (3) 
 
where Ceq (mol/dm3) and Qeq (mol/g) are the equilibrium 
concentrations of Pd2+ in the aqueous and solid phases, 
respectively; Qmax (mol/g) is the maximum amount of 
Pd2+ taken up; K (dm3/mol) is the Langmuir constant. 
The equation can be rewritten as follows: 


 
Ceq/Qeq= 1/K Qmax + (1/Qmax)Ceq  (g/dm3).   (4) 


 
As seen in Fig. 12(b), Fig. 13(b) and Fig. 14(b), fairly 
linear relations between Ceq/Qeq and Ceq were obtained 
from Langmuir-plots with correlation coefficients above 
0.99. The estimated Qmax values for insoluble 
ferrocyanides and MCs are summarized in Table III. 
Relatively large Qmax values for MCs of 2.33~2.52 
mmol/g were obtained and five times larger than those 
for MCs obtained by conventional preparation method 
(Qmax= 0.46 mmol/g). In addition, the Qmax values are 
similar to those of insoluble ferrocyanides. 


 
TABLE III  


Qmax Values for MCs. 


 
 


III.F. Incorporation of Pd2+, Ru(NO)3+ and Rh3+ into 


MCs 
 


The incorporation of Pd2+ into KCuFC-MCs was 
examined by EMPA. The MCs were contacted with a  
mixed PGMs solution (500 ppm Pd2+- 500 ppm Rh3+- 
500 ppm RuNO3+- 3 M HNO3 solution) at V/m ratio of 
100 cm3/g for 1 d at 25°C, and the specimens loaded 
with Pd2+, Rh3+ and RuNO3+ were then submitted for 
EDS and WDS analyses. Figures 15(a)~(c) and Figs. 
16(a)~(c) show the color mapping, EDS and WDS 
spectra of the cross section of KCuALG and NaCuALG 
microcapsules, respectively. In either case, the 
preferential uptake of Pd2+ was observed by color 
mapping and EDS spectrum (Fig. 15(a) and (b), Fig. 16 
(a) and (b)). On the other hand, relatively small uptake of 
Rh3+ and RuNO3+ were detected by color mapping and 
WDS spectrum (Fig. 15(a) and (c), Fig. 16 (a) and (c)). 
Here, the exchangeable cations of K+ are undetected and 
are exchanged with Pd2+ ions, and the crosslinking  


 
Fig.12. Uptake isotherm of Pd2+ (a) and Langmuir plots 
(b) for KCuFC microcapsules. 
 
 


 


Fig.13. Uptake isotherm of Pd2+ (a) and Langmuir plots 
(b) for NaCuFC microcapsules. 
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Fig. 14. Uptake isotherm of Pd2+ (a) and Langmuir plots 
(b) for insoluble ferrocyanides microcapsules. 


 
 


cations of Ca2+ in CaALG matrices were exchanged with 
Rh3+, RuNO3+ and H+ ions. These results of solid phase 
analyses are consistent with those of the uptake analyses 
for aqueous phase. 


 
IV. CONCLUSIONS 


 
The novel preparation method of microcapsules 


enclosing insoluble ferrocyanides (KCuFC and NaCuFC) 
was developed by using direct synthesis techniques for 
the precipitation of fine insoluble ferrocyanides and the 
gelling of alginate gel polymer. Fine crystals of insoluble 
ferrocyanides were uniformly dispersed in the alginate 
gel polymer matrices. Six kinds of MCs had relatively 
high uptake rate of Pd2+, and the uptake equilibrium was 
attained within 6 h, indicating the improvement of uptake 
rate compared to the conventional microcapsules of 
KCuFC-CaALG. MCs also had relatively large uptake 
(%) of Pd2+ above 99% compared to Rh3+ and RuNO3+ in 
the presence of 0.1~7 M HNO3 and 0.01~1 M NaNO3, 
and exhibited relatively large separation factors (αPd/Rh > 
103, αPd/Ru > 103). The saturated adsorption amounts of 
MCs were estimated to be 2.33~2.52 mmol/g which was 
five times larger than those for conventional MCs.  


Thus, the microcapsules enclosing insoluble 
ferrocyanides seem to be effective for the selective 
separation of Pd2+ from high-level liquid waste (HLLW). 


 
Fig. 15. Color mapping (a), EDS (b) and WDS (c) 
spectra of the cross section of KCuALG microcapsules. 


 


 
Fig. 16 Color mapping (a), EDS (b) and WDS (c) spectra 
of the cross section of NaCuALG. 
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Abstract – This paper deals with the study (from theoretical, numerical and experimental point of view) of density wave 
phenomena at the basis of parallel channel instability, which might be triggered among the parallel channels of the once-
through steam generators (secondary side within tubes) adopted in several Small-medium Modular Reactor (SMR) designs. 
In this framework, the study of Density Wave Oscillations (DWOs) has been addressed by developing both, suited analytical 
and numerical modeling tools. A theoretical lumped parameter model – moving boundary type – is proposed, based on the 
integration of mass, energy and momentum 1D equations. The model has been plentifully tested dealing with the simplified 
vertical tube geometry. Several sensitivity studies are provided, identifying most critical parameters to model for a correct 
prediction of the instability threshold. Theoretical predictions from analytical model are then successfully compared with 
numerical results obtained via the RELAP5 thermal-hydraulic code and the COMSOL multi-physics code as well. 
The helical-coiled tube geometry, featured e.g. by the IRIS (International Reactor Innovative and Secure) steam generator, 
represents the final object of this study. To the aim, a full-scale open-loop experimental facility has been specifically built and 
operated at SIET labs in Piacenza (Italy), comprising two helical tubes reproducing the helically coiled steam generator of 
the IRIS reactor.  
Simulation of the experimental campaign results is performed in the paper by adapting to the dimensional characteristics of 
the facility both, the analytical lumped parameter model and the RELAP5 code. Best results have been obtained via the 
analytical model, on the basis of a two-phase friction correlation suitably tuned – to account for helical coil geometry effects 
– on the experimental steady-state behavior of the system. The peculiar shape of the stability map boundary, different from 
classical one valid for straight tubes, is at last discussed and interpreted. 


 
 


I. INTRODUCTION 
 
Aimed at satisfying in short-medium terms the 


increased safety, sustainability and reliability requirements 
for a power source based on the nuclear fission, in the 
recent years is rapidly growing the interest on integral 
Small-medium Modular Reactors (SMRs). The adoption of 
an integral layout (with all the primary system components 
hosted inside the reactor vessel) permits to reduce by 
design risks and effects of several postulated accidents, as 
well as to introduce improved technological solutions for 
the single plant components. In this framework, the 
utilization of helically coiled steam generators (once-
through kind), more compact and suited to thermal 
expansions accommodation with respect to the straight tube 
geometry, is well established. 


Within the thriving research area represented by the 
modeling of two-phase flow behavior in a helical coil 
channel, in this paper the attention is focused on the 
occurrence of two-phase flow dynamic instabilities. 


Density Wave Oscillations (DWOs) are one of the 
representative instabilities frequently encountered in the 
boiling systems. Multiple regenerative feedback effects 
between the flow rate, the vapor generation rate and the 
pressure drop distribution (single-phase and two-phase 
terms) in the boiling channel are at the basis of this 
“dynamic type” instability mode1. “Parallel channel 
instability” (as commonly the “density wave instability” is 
referred) might in fact be triggered among the parallel 
channels of the once-through steam generators foreseen in 
the innovative nuclear reactor designs, where boiling 
process occurs within tubes. Connection of parallel tubes 
by means of common headers provides the suited boundary 
conditions that can trigger the instability onset. Flow 
instabilities must be avoided in the design and operation of 
the system, as the thermally induced oscillations of the flow 
rate and system pressure can cause mechanical vibrations, 
thermal fatigue and thermal crisis occurrence as well. 


A widespread approach for theoretical stability 
analysis on a boiling channel is the development of time 
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domain, non-linear models. Notwithstanding numerous 
lumped-parameter2,3 and distributed-parameter4 stability 
models, both linear and non-linear, have been published 
since the ’60-’70s1, the study on density wave instability in 
parallel twin or multi-channel systems represents still 
nowadays a topical research area. For instance, Muñoz-
Cobo et al.2 applied a non-linear 0D model to the study of 
out-of-phase oscillations between parallel subchannels of 
BWR cores. Schlichting et al.3 analyzed indeed the 
interaction of PDOs and DWOs for a typical NASA type 
phase change system for space exploration applications. 


On the other hands, qualified numerical simulation 
tools can be successfully applied to the study of boiling 
channel instabilities, as accurate quantitative predictions 
can be provided by using simple and straightforward 
nodalizations. Several numerical studies published on 
DWOs featured the RELAP5 thermal-hydraulic code as the 
main analysis tool5. 


Final objective of the modeling on density wave 
instabilities developed in the present work has been to 
prepare (pre-test analyses) and interpret (post-test analyses) 
an experimental campaign carried out at SIET labs 
(Piacenza, Italy), where parallel channel instability 
phenomena have been directly investigated with a test 
section reproducing in full scale two helical tubes of the 
IRIS steam generator6. Due to the complexity of the helical 
geometry, the basic experimental investigation provided is 
of utmost importance for the diffusion of such helically 
coiled steam generators.  


Section II and III present the analytical modeling 
developed for DWO theoretical predictions, whereas 
numerical modeling (using RELAP5 and COMSOL codes) 
is briefly discussed in Section IV. Modeling efforts start 
necessarily from the simplifying and sound case of straight 
vertical tube geometry, which is referenced for validating 
the whole modeling tools. Description of the experimental 
campaign for DWO characterization in helical coil tubes is 
shortly presented in Section V. The peculiar influence of 
the helical shape on the instability occurrence is discussed 
in Section VI. Suited modifications of the models are 
introduced in order to simulate the experimental results. 


 
II. ANALYTICAL LUMPED PARAMETER MODEL: 


FUNDAMENTALS AND DEVELOPMENT 
 
Realized modeling is based on the work of Muñoz-


Cobo et al.2. Proper modifications have been considered to 
fit the modeling approach with steam generator tubes with 
imposed thermal power (representative of typical 
experimental facility conditions). 


The developed model is based on a lumped approach 
(0D) for the two zones characterizing a single boiling 
channel, which are single-phase region and two-phase 
region, divided by the boiling boundary. Modeling 
approach is schematically illustrated in Fig. 1.  


 
Fig. 1. Schematic diagram of a heated channel with single-phase 
(0 < z < zBB) and two-phase (zBB < z < H) regions. Externally 
imposed pressure drop is ∆Ptot. 
 


Differential conservation equations of mass and energy 
are considered for each region, whereas momentum 
equation is integrated along the whole channel. Wall 
dynamics is accounted for in the two distinct regions, 
following lumped wall temperature dynamics by means of 
the respective heat transfer balances. The model can apply 
to single boiling channel and two parallel channels 
configuration, suited both for instability investigation 
according to the specification of the respective boundary 
conditions: 


i. constant ∆P across the tube for single channel; 


ii.  same ∆P(t) across the two channels (with constant 
total mass flow) for parallel channels2. 


The main assumptions considered in the provided 
modeling are: (a) one-dimensional flow (straight tube 
geometry); (b) homogeneous two-phase flow model; (c) 
thermodynamic equilibrium between the two phases; (d) 
uniform heating along the channel (linear increase of 
quality with tube abscissa z); (e) system of constant 
pressure (pressure term is neglected within the energy 
equation); (f) constant fluid properties at given system inlet 
pressure; (g) subcooled boiling is neglected. 


 
II.A. Mathematical modeling 


 
Modeling equations are derived by the continuity of 


mass and energy in single-phase and two-phase regions.  
Single-phase flow equations read: 


0=
∂
∂+


∂
∂


z


G


t


ρ
 (1) 


( ) ( )
'''Q


z


Gh


t


h =
∂


∂+
∂


∂ ρ
 (2) 


Two-phase mixture is dealt with according to 
homogeneous flow model. By defining the homogeneous 
density ρH and the reaction frequency Ω as follows: 
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Momentum equation is accounted for by integrating 
the pressure balance along the channel: 


frict


H


gravacc PPPtPdz
t


tzG ∆−∆−∆−∆=
∂


∂
∫
0


)(
),(


 (7) 


As concerns the wall dynamics modeling, a lumped 
two-region approach is adopted. Heated wall dynamics is 
evaluated separately for single-phase and two-phase 
regions, following the dynamics of the respective wall 
temperatures according to a heat transfer balance: 
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II.B. Model development 


 
Modeling equations are dealt with according to the 


usual principles of lumped parameter models, i.e. via 
integration of the governing PDEs (Partial Differential 
Equations) into ODEs (Ordinary Differential Equations) by 
applying the Leibniz rule. The hydraulic and thermal 
behavior of a single heated channel is fully described by a 
set of 5 non-linear differential equations, in the form of: 


)(yf
dt


dy
i


i =  i = 1, 2, ..., 5 (10) 


where the state variables are: 


φφ 2
5


1
4


321


         


                    


hh
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Gyxyzy


==


===
 (11) 


In case of single boiling channel modeling, boundary 
condition of constant pressure drop between channel inlet 
and outlet must be simply introduced by specifying the 
imposed ∆P of interest within the momentum balance 
equation (derived following Eq. (7)). 


In case of two parallel channels modeling, mass and 
energy conservation equations are solved for each of the 
two channels, while parallel channel boundary condition is 
dealt imposing within the momentum conservation 
equation: (i) the same pressure drop dependence with time 
∆P(t) across the two channels; (ii)  a constant total flow 
rate. 


First, steady-state conditions of the analyzed system 
are calculated by solving the whole set of equations with 
time derivative terms set to zero. Steady-state solutions are 
then used as initial conditions for the integrations of the 
equations, obtaining the time evolution of each computed 
state variable. Input variable perturbations (considered 
thermal power and channel inlet and exit loss coefficients 
accordingly to the model purposes) can be introduced both 
in terms of step variations and ramp variations. 


The described dynamic model has been solved through 
the use of the MATLAB software SIMULINK®. 


 
II.C. Linear stability analysis 


 
Modeling equations (see Eqs. (10), (11)) can be 


linearized to investigate the neutral stability boundary of 
the nodal model. 


The linearization about an unperturbed steady-state 
initial condition is carried out by assuming for each state 
variable: 


teyyty λδ ⋅+= 0)(  (12) 


To simplify the calculations, modeling equations are 
linearized with respect to the three state variables 
representing the hydraulic behavior of a boiling channel, 
i.e. the boiling boundary zBB(t), the exit quality xex(t), and 
the inlet mass flux Gin(t). That is, linear stability analysis is 
presented by neglecting the dynamics of the heated wall 
(Q(t) = const). 


The initial equations – obtained after integration of the 
original governing PDEs – are: 


� Mass-Energy conservation in the single-phase region: 


1b
dt


dzBB =  (13) 


� Mass-Energy conservation in the two-phase region: 


dt


dz
bbb


dt


dx BBex
324 +==  (14) 


� Momentum conservation (along the whole channel): 


5b
dt


dGin =  (15) 


By applying Eq. (12) to the selected three state 
variables, as: 
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t
BBBBBB ezztz λδ ⋅+= 0)(  (16) 


t
exexex exxtx λδ ⋅+= 0)(  (17) 


t
ininin eGGtG λδ ⋅+= 0)(  (18) 


the resulting linear system can be written in the form of: 


0131211 =++ EGExEz inexBB δδδ  (19) 


0232221 =++ EGExEz inexBB δδδ  (20) 


0333231 =++ EGExEz inexBB δδδ  (21) 


The calculation of the system eigenvalues is based on 
solving: 


0


333231


232221


131211


=
EEE


EEE


EEE


 (22) 


which yields a cubic characteristic equation, where λ are 
the eigenvalues of the system: 


023 =+++ cba λλλ  (23) 


 
III. ANALYTICAL LUMPED PARAMETER MODEL: 


RESULTS AND DISCUSSION 
 
Single boiling channel configuration is referenced for 


the discussion of the results obtained by the developed 
model on DWOs. For the sake of simplicity, and 
availability of similar works in the open literature for 
validation purposes2,4,5, typical dimensions and operating 
conditions of classical BWR core subchannels are 
considered. Table I lists the geometrical and operational 
values taken into account in the following analyses. 


 
TABLE I 


Dimensions and operating conditions selected for the analyses. 


Heated channel 
Diameter [m] 0.0124 
Length [m] 3.658 


Operating parameters 
Pressure [bar] 70 
Inlet temperature [°C] 151.3 – 282.3 
kin 23 
kex 5 


 
III.A. System transient response 


 
To excite the unstable modes of density wave 


oscillations, input thermal power is increased starting from 
stable stationary conditions, step-by-step, up to the 
instability occurrence. Instability threshold crossing is 


characterized by passing through damping out oscillations 
(Fig. 2-(a)), limit cycle oscillations (Fig. 2-(b)), and 
divergent oscillations (Fig. 2-(c))). This process is rather 
universal across the boundary. From stable state to 
divergent oscillation state, a narrow transition zone of some 
kW has been found in this study. 


The analyzed system is non-linear and pretty complex. 
Trajectories on the phase space defined by boiling 
boundary zBB vs. inlet mass flux Gin are reported in Fig. 2 
too. The operating point on the stability boundary (Fig. 2-
(b)) is the cut-off point between stable (Fig. 2-(a)) and 
unstable (Fig. 2-(c)) states. This point can be looked as a 
bifurcation point. The limit oscillation is a quasi-periodic 
motion; the period of the depicted oscillation is rather small 
(less than 1 s), due to the low inlet subcooling conditions 
considered (two-phase region occupies almost the entire 
channel). 


With reference to the eigenvalue computation, by 
solving Eq. (23), at least one of the eigenvalues is real, and 
the other two can be either real or complex conjugate. For 
the complex conjugate eigenvalues, the operating 
conditions that generate the stability boundary are those in 
which the complex conjugate eigenvalues are purely 
imaginary (i.e., the real part is zero). Crossing the 
instability threshold is characterized by passing to positive 
real part of the complex conjugate eigenvalues, which is at 
the basis of the diverging response of the model under 
unstable conditions.  


 
III.B. Description of a self-sustained DWO 


 
The simple two-node lumped parameter model 


developed in this work is capable to grasp the basic 
phenomena of density wave oscillations. Numerical 
simulations have been used to gain insight into the physical 
mechanisms behind DWOs, as it is briefly discussed in this 
paragraph. The analysis has shown good agreement with 
some results highlighted by Rizwan-uddin7. 


Fully developed DWO conditions are considered. By 
analyzing an inlet velocity variation and its propagation 
throughout the channel, particular features of the transient 
pressure drop distributions are depicted.  


The starting point is taken as a variation (increase) in 
the inlet velocity. The boiling boundary responds to this 
perturbation with a certain delay (Fig. 3), due to the 
propagation of an enthalpy wave in the single-phase region. 


The propagation of this perturbation in the two-phase 
zone (via quality and void fraction perturbations) causes 
further lags in terms of two-phase average velocity and exit 
velocity (Fig. 4). All these delayed effects combine in 
single-phase pressure drop term and two-phase pressure 
drop term acquiring 180° out-of-phase fluctuations (Fig. 5). 


What is interesting to notice, indeed, is that the 180° 
phase shift between single-phase and two-phase pressure 
drops is not perfect7.  
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Fig. 2. Inlet mass flux oscillation curves and corresponding trajectories in the phase space. 
(a) Stable state – (b) Neutral stability boundary – (c) Unstable state. 


 
Due to the delayed propagation of initial inlet velocity 


variation, single-phase term increase is faster than two-
phase term rising. The superimposition of the two 
oscillations – in some operating conditions – is such to 
create a total pressure drop along the channel oscillating as 
a non-sinusoidal wave. The peculiar trend obtained is 
shown in Fig. 6; relative oscillation shape has been named 
“shark-fin” shape. Such behavior has found corroboration 
in the experimental evidence collected with the facility at 
SIET labs6. In Fig. 7 an experimental recording of channel 
total pressure drops is depicted. The experimental pressure 


drop oscillation shows a fair qualitative agreement with the 
phenomenon of “shark-fin” shape described theoretically. 


 
III.C. Sensitivity analyses and stability maps 


 
In order to provide accurate quantitative predictions of 


the instability thresholds, and of their dependence with the 
inlet subcooling to draw a stability map (as the one 
commonly drawn in the Npch–Nsub stability plane8), it is first 
necessary to identify most critical modeling parameters that 
have deeper effects on the results. 


(a) 


(b) 


(c) 
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Fig. 3. Non-dimensional inlet mass flux and boiling boundary. 
Nsub = 8 – Q = 133 kW. 
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Fig. 4. Mass flux delayed variations throughout the channel.  
Nsub = 8 – Q = 133 kW. 
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Fig. 5. Oscillating pressure drop distribution. 
Nsub = 2 – Q = 103 kW. 
 


Several sensitivity studies have been carried out on the 
empirical coefficients used to model two-phase flow 
structure. In particular, specific empirical correlations have 
been accounted for within momentum balance equation to 
represent two-phase frictional pressure drops (by testing 
several correlations for two-phase friction factor multiplier 
Φ2


lo). 
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Fig. 6. Total pressure drop oscillation showing “shark-fin” shape. 
Nsub = 2 – Q = 103 kW. 
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Fig. 7. Experimental recording of total pressure drop oscillation 
showing “shark-fin” shape (SIET labs). 
 


In this respect, a comparison of the considered friction 
models is provided in Table II: Homogeneous Equilibrium 
pressure drop Model (HEM), Lockhart-Martinelli 
multiplier9, Jones expression of Martinelli-Nelson method2 
and Friedel correlation9 are selected, respectively, for the 
analysis. Computed steady-state pressure drops refer to a 
test case with: Γ = 0.12 kg/s; Tin = 239.2 °C (Nsub = 3); Q = 
100 kW (resulting in exit quality value of 0.40).  


It is worth noticing that the main contribution to 
channel total pressure drops is given by the two-phase 
terms, both frictional and in particular concentrated losses 
at channel exit (nearly 40-50%). The distribution of the 
fractional pressure drop along the channel plays an 
important role in determining the stability of the system. 
Concentration of pressure drops near the channel exit is 
such to render the system prone to instability: hence, 
DWOs triggered at low qualities may be expected with the 
analyzed system. 


The effects of two-phase frictions on the instability 
threshold are evident from the stability maps shown in Fig. 
8. 
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Fig. 8. Stability maps in the Npch–Nsub stability plane, drawn with 
different models for two-phase friction factor multiplier. 
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Fig. 9. Sensitivity on two-phase friction factor multiplier in terms 
of system eigenvalues. 
Test case: Γ = 0.12 kg/s; Tin = 239.2 °C; Q = 100 kW (xex = 0.40). 


TABLE II 


Fractional contributions to total channel pressure drop. 
Test case: Γ = 0.12 kg/s; Tin = 239.2 °C; Q = 100 kW (xex = 0.40). 


 
HEM Lockhart-Martinelli 


Term ∆P [kPa] % of total ∆P [kPa] % of total 


∆Pgrav 12.82 17.31% 12.82 7.96% 
∆Pacc 10.24 13.84% 10.24 6.36% 
∆Pin 15.35 20.74% 15.35 9.54% 
∆Pfrict,1φ 0.96 1.29% 0.96 0.59% 
∆Pfrict,2φ 10.61 14.33% 39.84 24.75% 
∆Pex 24.06 32.50% 81.73 50.79% 
∆Ptot 74.03 100% 160.94 100% 


 
Jones Friedel 


Term ∆P [kPa] % of total ∆P [kPa] % of total 


∆Pgrav 12.82 10.96% 12.82 14.62% 
∆Pacc 10.24 8.76% 10.24 11.68% 
∆Pin 15.35 13.12% 15.35 17.51% 
∆Pfrict,1φ 0.96 0.82% 0.96 1.09% 
∆Pfrict,2φ 23.54 20.12% 14.97 17.07% 
∆Pex 54.07 46.22% 33.36 38.04% 
∆Ptot 116.97 100% 87.69 100% 
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Fig. 10. Ratio between period of oscillations and transit time, 
with different models for two-phase friction factor multiplier. 


The higher are the two-phase friction characteristics of 
the system (that is, with Lockhart-Martinelli and Jones 
models), the most unstable results the channel (being the 
instability induced at lower thermodynamic quality values). 
Moreover, RELAP5 calculations about DWO occurrence in 
the same system are reported as well (see Section IV). In 
this respect, Friedel correlation for two-phase multiplier is 
the preferred one. The influence of the two-phase friction 
multiplier on the system stability (via the channel pressure 
drop distribution) is made apparent also in terms of 
eigenvalues computation. Fig. 9 reports the results of the 
linear stability analysis corresponding to the four cases 
depicted in Table II. 


Finally, the frictional model is effective besides on the 
predicted oscillations period (Fig. 10). The period increases 
when a larger fraction of the total pressure drops is 
concentrated near the channel exit (that is, with Lockhart-
Martinelli and Jones models), as more delayed and slowed 
down feedbacks are supposed to trigger the instability. 
 


IV. NUMERICAL MODELING 
 


Theoretical predictions from analytical model have 
been then verified via qualified numerical simulation tools. 
Both, the thermal-hydraulic dedicated code RELAP5 and 
the multi-physics code COMSOL have been successfully 
applied to predict DWO inception and calculate the 
stability map of the single boiling channel system (vertical 
tube geometry) referenced in Section II and III. The final 
benchmark – considering also the noteworthy work of 
Ambrosini et al.4 – is shown in Fig. 11. The various models 
developed agree within an acceptable quality band. 


As concerns the RELAP5 modeling, rather than 
simulating a fictitious configuration with single channel 
working with imposed ∆P, kept constant throughout the 
simulation (as provided in 5), the attempt to reproduce 
realistic experimental apparatus for DWO investigation has 
been pursued. For instance, the analyses on a single boiling 
channel have been carried out by considering a large 
bypass tube connected in parallel to the heated channel.  
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Fig. 11. Validation benchmark between analytical model and 
numerical models with RELAP5 and COMSOL codes. 


The bypass solution is in fact the typical layout 
experimentally adopted to impose the constant-pressure-
drop condition on a single boiling channel (with mass flow 
rate forced by an external feedwater pump). Instability 
inception is established from transient analysis, by 
increasing the power generation within the heat structure 
till fully developed flow oscillations occur. 


As concerns the COMSOL modeling, a thermal-
hydraulic 1D simulator valid for water-steam mixtures has 
been first developed, via implementation in the code of the 
governing PDEs for single-phase and two-phase regions, 
respectively. Linear stability analysis has been then 
computed to obtain the results reported in Fig. 11, where 
both, homogeneous model for two-phase flow structure (as 
assumed by the analytical model) and appropriate drift-flux 
model accounting for slip effects as well are considered. As 
the proper prediction of the instability threshold depends 
highly on the effective frictional characteristics of the 
reproduced channel (see Par. III.C), the possibility of 
implementing most various kinds of two-phase flow models 
(drift-flux kind, with no limits on the considered void 
fraction) renders the developed COMSOL model suitable 
to apply for most different heated channel systems. 


 
V. EXPERIMENTAL CAMPAIGN WITH HELICAL 


COIL TUBE GEOMETRY 
 


For the sake of conciseness, just a glance on the 
experimental facility installed to experimentally study 
DWOs in helically coiled tubes6 is presented. The facility 
(Fig. 12), provided with steam generator full elevation and 
suited for prototypical thermal-hydraulic conditions, 
comprises two helical tubes, connected via lower and upper 
headers. In order to excite flow unstable conditions starting 
from stable operating conditions, supplied electrical power 
was gradually increased up to the appearance of permanent 
and regular flow oscillations. Nearly 100 flow instability 
threshold conditions were identified in a test matrix of 
pressures, mass fluxes and inlet subcooling (Table III).  
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Fig. 12. Sketch of the experimental facility installed at SIET labs. 
 


VI. COMPARISON BETWEEN MODELS AND 
EXPERIMENTAL RESULTS 


 
The experimental campaign provided a thorough 


threshold database useful for model validation. Peculiar 
influence of the helical coil geometry (ascribable to the 
centrifugal field induced by tube bending) has been 
highlighted mainly in terms of effect of the inlet subcooling 
on the threshold power. Whereas for vertical tubes the 
classical “L shape” inclination of the stability boundary is 
valid (as confirmed by the developed analytical and 
numerical models) – with an increase of inlet subcooling 
that is stabilizing at high subcooling and destabilizing at 
low subcooling – a marked destabilization near saturation 
conditions has come out experimentally by increasing the 
inlet temperature (i.e., reducing the inlet subcooling). 
Moreover, discrepancies with respect to classical DWO 
theory have been observed also in terms of oscillations 
period, which has found to be pretty small (period-over-
transit time ratio of about 0.5 and not about 2, as expected). 


TABLE III 


Dimensions and operating conditions of the experimental facility. 


Heated channel 
Diameter [m] 0.01253 
Heated length [m] 24 
Riser length [m] 8 
Helix inclination angle [deg] 14.48° 


Operating parameters 
Pressure [bar] 20 – 40 – 80 
Mass flux (per channel) [kg/m2s] 200 – 400 – 600 
Inlet subcooling [%] -30 ÷ 0 
kin 45 
kex 0 
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To reproduce and interpret the highlighted phenomena 
related to the studied helical coil geometry, both analytical 
lumped parameter model and RELAP5 model have been 
applied. Proper modifications to simulate the experimental 
facility (Table III) include introduction of a riser section 
downstream the heated section and approximation of the 
helical shape by assuming a straight channel long as the 
helical tube and with the same inclination of the helix. 


 
VI.A. Analytical modeling of the experimental facility 


 
Best results have been obtained via the analytical 


model, on the basis of a modified form of the widespread 
and sound Lockhart-Martinelli two-phase friction 
multiplier, previously tuned on the frictional characteristics 
of the system9. The modified Lockhart-Martinelli multiplier 
(only-liquid kind) used for the calculations reads: 


0822.2


2 3700.02789.3
1


tttt
l


XX
++=Φ  (24) 


Though the developed analytical model seems to 
underestimate the instability threshold conditions (that is, 
the predicted instabilities occur at lower qualities), rather 
satisfactory results turn out at low flow rate values (G = 
200 kg/m2s). In these conditions, the peculiar stability 
boundary shape, experimentally found for the present 
helical-coiled system, is well predicted (Fig. 13). Finally, 
the comparison between model and experimental findings 
is considerably better at high pressure (P = 80 bar; Fig. 14), 
where the homogenous two-phase flow model – at the basis 
of the modeling equations – is more accurate. All things 
considered, when the frictional characteristics of the system 
are better reproduced (i.e., with Eq. (24)), the instability 
behavior is better represented, and the predictions are more 
consistent also in terms of oscillation period (not shown). 


 
VI.B. RELAP5 modeling of the experimental facility 


 
Marked overestimations of the instability onset come 


out when applying the RELAP5 code to the helical coil 
tube facility simulation (see both Fig. 13 and Fig. 14), 
mainly due to the lack in the code of specific thermo-fluid-
dynamics models (two-phase pressure drops above all) 
suited for the complex geometry investigated. 


 
VII. CONCLUSIONS 


 
The study of density wave instabilities has been 


addressed, featured as topic of interest to the development 
of the steam generators for the new generation SMRs. 


Both, analytical modeling and numerical modeling 
have been presented. A theoretical lumped parameter model 
has been developed, based on the integration of mass, 
energy and momentum 1D equations. 
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Fig. 13. Comparison between experimental, theoretical and 
RELAP5 results. P = 40 bar; G = 200 kg/m2s. 
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Fig. 14. Comparison between experimental, theoretical and 
RELAP5 results. P = 80 bar; G = 400 kg/m2s. 


Non-linear features of the modeling equations have 
permitted to represent the complex interactions between the 
variables triggering the instability. Proper simulation of 
two-phase frictional pressure drops – prior to proper 
representation of the pressure drop distribution within the 
channel – has been depicted as the most critical concern for 
accurate prediction of the instability threshold. Dealing 
with the simple and known-from-literature case of vertical 
tube geometry, theoretical predictions from analytical 
model have been validated with numerical results obtained 
via the RELAP5 and COMSOL codes, which have proved 
to successfully predict the DWO onset. 


The study of the instability phenomena with respect to 
the helical coil geometry, envisaged for the steam 
generators of several SMRs, lead to a thorough 
experimental activity by testing two helically coiled parallel 
tubes. The experimental campaign has showed the peculiar 
influence of the helical geometry on instability thresholds. 


The analytical model has been satisfactorily applied to 
the simulation of the experimental results. Correct 
representation of the stationary pressure drop distribution 
(partially accomplished thanks to the experimental tuning 
of a sound friction correlation) has been identified as 
fundamental before providing any accurate instability 
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calculations. In this respect, the RELAP5 code cannot be 
regarded for the time being as a proven tool to study DWO 
phenomena in helically coiled tubes.  


Finding out of more accurate correlations of two-phase 
pressure drops and void fraction that can apply for helically 
coiled tube systems and improvement of the RELAP5 code 
with respect to the helical-coiled geometry represent the 
research lines to be addressed in the future. 
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NOMENCLATURE 
 


A tube cross-sectional area [m2] 
c specific heat [J/kg°C] 
G mass flux [kg/m2s] 
H tube length (heated zone) [m] 
h specific enthalpy [J/kg] 
 heat transfer coefficient in Eqs. (8), (9) [W/m2°C] 
j volumetric flux ((x/ρg + (1-x)/ρf)·G2φ) [m/s]  
k concentrated loss coefficient [-] 
M tube mass [kg] 
Npch phase change number (Q/(Γhfg)·vfg/vf) [-] 
Nsub subcooling number (∆hin/hfg·vfg/vf) [-] 
P pressure [bar] 
Q thermal power [W] 
Q''' thermal power per unit of volume [W/m3] 
S heat transfer surface [m2] 
T temperature [°C] 
t time [s] 
ν specific volume [m3/kg] 
Xtt Lockhart-Martinelli parameter  
 (((1-x)/x)0.9·(ρg/ρf)


0.5·(µf/µg)
0.1) [-] 


x thermodynamic quality [-] 
z tube abscissa [m] 
α void fraction [-] 
∆P pressure drops [Pa] 
Γ mass flow rate [kg/s] 
ρ density [kg/m3] 
Φ2


l two-phase friction factor multiplier (∆Ptp/∆Pl) [-]  
Ω reaction frequency [1/s] 
 


Subscripts 
 
acc accelerative 
BB boiling boundary 
ex exit 


f saturated liquid 
fl fluid bulk 
frict frictional 
g saturated vapor 
grav gravitational 
h heated wall 
in inlet 
1φ single-phase region 
2φ two-phase region 
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Abstract – Korea imports about 97% of its energy resources because available energy resources 
are extremely limited. So, the role of nuclear power in electricity generation is expected to become 
more important in future years even when energy self-reliance in Korea is expected to be achieved. 
The storage of the spent fuels discharged from PWRs is a big issue because PWRs will remain as 
the major source of nuclear power in Korea. A fast reactor system is one of the most promising 
options for electricity generation with an efficient utilization of uranium resources and a reduction 
of radioactive wastes. The SFR technology development project has been being performed by 
KAERI since 2007 under the Third National Mid- and Long-Term Nuclear R&D Program. The 
long-term Advanced SFR R&D plan authorized by KAEC will be carried out with the aim of 
constructing an Advanced SFR demonstration plant by 2028 associated with the pyroprocess 
technology development. 


 
 


I. KOREAN NUCLEAR POWER PROGRAM 
 


I.A. Electricity Demand and Energy Resources 
 
There is an ever increasing demand for electricity in 


Korea. Economic growth and the desire for a better quality 
of life are the main reasons for this increase. Electricity 
demand has increased by about eleven times in the last 30 
years with an average annual growth rate of 8.7%. 
Electricity demand in 2009 was 66,797MW and it 
increased by about 6.4% compared to 2008. The 
anticipated average annual growth rate is estimated to be 
1.9% during the period from 2009 to 2022. 


Also, the electricity generation capacity in Korea 
needs to be increased continuously due to a growing energy 
demand. The electricity generation capacity has increased 
by about nine times in the last 30 years with an average 
annual growth rate of 7.8%. Gross electricity generation in 
2009 was 434GWh and it increased by about 2.6% 
compared to 2008. The electricity generation rates in 2009 
by coal, nuclear, gas, oil, hydro and alternative were 44.6%, 
34.1%, 15.0%, 4.6%, 1.3% and 0.4%, respectively. 
However, available energy resources are extremely limited 
in Korea: no domestic crude oil, little natural gas and 
limited sites for hydro power. Consequently, about 97% of 


energy resources are from abroad. The role of nuclear 
power in electricity generation is expected to be more 
important in the years to come in achieving energy self-
reliance in Korea. because nuclear energy is less dependent 
on natural resources. 


 
I.B. Nuclear Power Plants and Spent Fuel 


 
With the first operation of a commercial nuclear power 


plant in 1978, 16 PWRs and 4 PHWRs are under operation 
ever since. According to “The Fourth Basic Plan for Long-
term Electricity Supply and Demand,” four OPR1000s (two 
at Kori and two at Wolsong) and two APR1400s at Kori are 
currently under construction, and six APRs will be 
constructed by 2022. 


For the time being, PWRs will remain as the major 
source of nuclear power in Korea. However, the storage of 
spent fuels from those PWRs is a big issue. With 
continuous expansion of nuclear power plants operation, 
the domestic spent fuel cumulative increased to 10,761 tons 
by the end of 2009 and an on-site spent fuel storage 
capacity is foreseen to be saturated in 2016. To cope with 
the imminent challenge, a decision making process for 
spent fuel management is under way. 
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I.C. Radioactive Waste Management


For the safe management of radioactive waste, 
including spent fuel, the National Assembly passed the 
Radioactive Waste Management (RWM) law on 26 
February 2008 and RWM funds were established under the 
administration of the Korea Radioactive-waste 
Management Corporation (KRMC) founded in January 
2009.


In 2004 the Korea Atomic Energy Commission 
(KAEC) decided to construct a low and intermediate-level 
radioactive waste (LILW) repository and in 2006 the 
government announced the Gyeongju site as the centralized 
LILW repository. Construction of the Wolsong nuclear 
environment management center, which is a LILW disposal 
repository located in Gyeongju, was started in 2007 and 
construction will be completed by December 2012 under 
the administration of KRMC. The disposal capacity of the 
first phase will be 100,000 drums and the disposal capacity 
of the final phase will be increased to 800,000 drums. 
About 64% of the entire process was in progress as of 
March 2010.


II. SFR TECHNOLOGY DEVELOPMENT 
PROGRAM


II.A. SFR-Pyroprocess Development Action Plan


In order to provide a consistent direction to long-term 
R&D activities, an R&D action plan for the Advanced 
Sodium-cooled Fast Reactor (SFR) and the pyroprocess 
was authorized by the KAEC on 22 December 2008 and 
this long-term plan will be implemented through nuclear 
R&D programs of the National Research Foundation, with 
funds from the Ministry of Education, Science and 
Technology (MEST). Fig. 1 shows the R&D action plan for 
advanced SFR and pyroprocessing. A detailed 
implementation plan is now being developed.


Fig. 1. The R&D Action Plan for Advanced SFR and
Pyroprocessing 


The long-term Advanced SFR R&D plan will be aimed 
at the construction of an Advanced SFR demonstration 
plant by 2028 as follows: 1)First Phase (2007~2011)-
Development of an Advanced SFR design concept, 
2)Second Phase (2012~2017)-Standard design of an 
Advanced SFR demonstration plant, and 3)Third phase 
(2018~2028)-Construction of an Advanced SFR 
demonstration plant.


For the development of pyroprocess, KAERI is 
currently establishing a PyrRoprocess Integrated inactive 
DEmonstration facility (PRIDE), which is a mock-up 
facility for pyroprocessing, to produce the engineering data 
to be incorporated into the design of an Engineering-Scale 
Pyrochemical Process Facility (ESPF) which is scheduled 
to be constructed by 2016. The Korea Advanced 
Pyroprocess Facility (KAPF), which is a pilot-scale facility, 
will be constructed by 2025.


II.B. SFR Technology Development Status


It has been recognized nationwide that a fast reactor 
system is one of the most promising nuclear options for
electricity generation with an efficient utilization of 
uranium resources and a reduction of radioactive waste 
from nuclear power plants.


In response to this recognition, SFR technology 
development efforts in Korea commenced in June 1992 
with the KAEC’s approval of a national mid- and long-term 
nuclear R&D program. Basic research was performed until
1997. The conceptual design of KALIMER-150 and basic 
technologies was developed from 1997 to 2001. The 
conceptual design of KALIMER-600[1] was developed 
from 2002 to 2006. According to the Nuclear Technology 
Roadmap established in 2005, an SFR was chosen as one 
of the most promising future types of reactors which could 
be deployable by 2030 and KAERI is developing 
Advanced SFR design concepts to meet Generation IV 
(Gen IV) technology goals from 2007 to 2011. Fig. 2
shows the SFR technology development in the Korea.


Fig. 2. SFR Technology Development in Korea
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Metal fuel is being developed in accordance with the 
SFR and pyroprocess development plan[2]. Fuel 
fabrication technology will be developed by 2016, using 
TRU surrogate materials. U-TRU-Zr fuel will be fabricated 
in hot cell by 2020. In the demonstration SFR, U-Zr fuel 
will be used as a starting fuel and U-TRU-Zr fuel will 
replace U-Zr fuel after the verification of its in-pile 
performance. 


 
III. DEVELOPMENT OF THE ADVANCED SFR 


DESIGN CONCEPT 
 
Various advanced design concepts have been proposed 


and evaluated to meet the design requirements which were 
established to satisfy the Gen IV technology goals of 
sustainability, safety and reliability, economics, 
proliferation resistance, and physical protection. According 
to the current study[3], the TRU burning rate increases 
linearly with core powers rated from 600MWe to 
1,200MWe. Considering 1)the realistic size of the SFR 
demonstration reactor planned to be constructed by 2028 
according to the long-term R&D plan, and 2)the 
availability of a KALIMER-600 reactor system design, a 
TRU burner of 600MWe was selected as the reference core 
and employed a safety grade residual heat removal system. 


 
III.A. Core 


 
The TRU burner core of the reference design was 


developed with a design constraint on TRU enrichment of 
30w/o, which is the maximum enrichment in the currently 
established ternary metallic fuel database. In order to 
increase TRU consumption rate, it is desirable to have a 
low conversion ratio by maintaining the TRU enrichment 
as high as possible. 


In order to maintain the average TRU enrichment high 
enough, a single enrichment core concept was adopted. The 
charged TRU fuel enrichment is fixed at 30w/o throughout 
the core, while radial power distribution is controlled by 
adjusting the region-wise fuel volume fraction. The fuel 
volume fraction is adjusted by varying region-wise 
cladding thickness, accompanied with a concurrent 
adjustment of fuel slug diameter while keeping a smearing 
fraction of 0.75 throughout the core. 


Starting from the reference core, a study of three 
design options was performed for optimization. Table I 
shows design and performance parameters of TRU burner 
reference and pitch to diameter (P/D) ratio variation cores. 
In the first design option, P/D ratio was reduced from 1.29 
to 1.214, considering the fabrication experience of a wire-
wrapped fuel rod with a wire-wrap diameter that is 
typically smaller than 1.5 mm. 


In the second design option, core zones were 
configured into two regions. The reduction from three core 
sub-regions to two sub-regions will contribute to reducing 


the fabrication cost. In the third design option, the region-
wise fuel volume fractions were controlled by varying the 
smeared density rather than the cladding thickness. 


 
TABLE I 


Design and Performance Parameters of 
TRU Burner Cores (1) 


Core Design Parameters Reference P/D Ratio 
Variation 


Power (MWe) 
Coolant temperature (oC)-inlet/outlet 
Cycle length (EFPD) 
Effective core height (cm) 
Eq. core/reactor diameter (m) 
Number of fuel subassembly 
Fuel pins per subassembly 
Fuel rod diameter (mm) 
Clad thickness (IC/MC/OC, mm) 
P/D ratio 
Wire-wrap diameter (mm) 
Duct outer flat to flat distance (mm) 
Duct wall thickness (mm) 
Smeared density 
(Inner/middle/outer, %TD) 
Metal alloy fuel form (U-TRU-x%Zr) 
Charged TRU enrichment (wt%) 
Conversion ratio (fissile/TRU) 
Burnup reactivity swing (pcm) 
TRU consumption rate (kg/cycle) 
Max. nominal press. drop (MPa) 
Max. nominal cladding inner wall 
temperature (oC) 
Sodium void reactivity (EOEC, $) 
Doppler coefficient 


600 
390/545 


332 
89.0 


3.2/4.4 
324 
271 
7.0 


1.01/0.93/0.73 
1.290 
2.03 


156.54 
3.7 


75/75/75 
 


10%Zr 
30.00 


0.74/0.57 
3,496 
201 
0.15 
613 


 
7.50 


-821.9T-1.113 


600 
390/545 


332 
89.0 


3.0/4.2 
324 
271 
7.0 


1.10/1.02/0.82 
1.214 
1.50 


156.54 
3.7 


75/75/75 
 


10%Zr 
30.00 


0.74/0.56 
3,866 
206 
0.26 
614 


 
6.84 


-779.5T-1.112 
 


TABLE II 
Design and Performance Parameters of 


TRU Burner Cores (2) 


Core Design Parameters Two Region 
Core 


Sodium 
Bonding 
Variation 


Core 
Power (MWe) 
Coolant temperature (oC)-inlet/outlet 
Cycle length (EFPD) 
Effective core height (cm) 
Eq. core/reactor diameter (m) 
Number of fuel subassembly 
Fuel pins per subassembly 
Fuel rod diameter (mm) 
Clad thickness (IC/MC/OC, mm) 
P/D ratio 
Wire-wrap diameter (mm) 
Duct outer flat to flat distance (mm) 
Duct wall thickness (mm) 
Smeared density 
(Inner/middle/outer, %TD) 
Metal alloy fuel form (U-TRU-x%Zr) 
Charged TRU enrichment (wt%) 
Conversion ratio (fissile/TRU) 
Burnup reactivity swing (pcm) 
TRU consumption rate (kg/cycle) 
Max. nominal press. drop (MPa) 
Max. nominal cladding inner wall 
temperature (oC) 
Sodium void reactivity (EOEC, $) 
Doppler coefficient 


600 
390/545 


332 
89.0 


3.0/4.2 
324 
271 
7.0 


1.06/0.82 
1.214 
1.50 


156.54 
3.7 


75/75 
 


10%Zr 
30.00 


0.74/0.56 
3,864 
206 
0.26 
614 


 
6.88 


-770.6T-1.127 


600 
390/545 


332 
89.0 


3.0/4.2 
324 
271 
7.0 


0.56/0.56 
1.214 
1.50 


156.54 
3.7 


60.0/69.5 
 


15%Zr 
29.42 


0.74/0.57 
4,002 
202 
0.25 
599 


 
6.15 


-836.9T-1.140 
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Table II shows design and performance parameters of 
TRU burners of two region and sodium bonding variation 
cores. The cladding thickness of the sodium bonding core 
is 0.56 mm for the whole core. Owing to the reduced 
cladding thickness and better thermal conductivity of 
sodium bonding between the fuel slug and cladding than 
that of HT9, the peak cladding inner wall temperature 
could be decreased compared to that of previous design 
options. The drawback of this core is the lack of a fuel 
database, since the smeared density of 60 %TD and the 
metal alloy fuel form of U-TRU-15%Zr deviates from the 
relatively well established fuel database of the typical 
smeared density of 75 %TD and U-TRU-10%Zr metal fuel 
form. The MA nuclides considered in this calculation 
among TRU are NP237, AM241, AM242, AM243, CM242,
CM243, CM244, CM245, CM246. Fig. 3 shows layout of the 
finally selected TRU burner core.


Fig. 3. Layout of 600 MWe Sodium Bonding Variation TRU
Burner Core


III.B. Heat Transport System Design


The heat transport system is composed of a Primary 
Heat Transport System (PHTS), an Intermediate Heat 
Transport System (IHTS), a Steam Generating System 
(SGS) and a Residual Heat Removal System (RHRS). The 
heat transport system was established through trade-off 
studies in order to enhance plant safety and to improve the 
economics and performance of the previous plant design. 
From the trade-off study, the heat transport system of the 
Advanced SFR is designed to have features such as two 
IHTS loops, a superheated steam Rankine cycle energy 
conversion system, two helical tube type Steam Generators 
(SG) and reliable decay heat removal systems, as shown in 
Fig. 4.


During the normal operation mode, reactor core heat is 
transferred to SG through PHTS and IHTS via Intermediate 
Heat Exchangers (IHX). The transported heat is used to 
convert water to superheated steam which is then supplied 
to a turbine generator for electricity generation. Operating 
parameters for 100% power condition are established,
where the net plant efficiency is 38.8%.


The RHRS of the Advanced SFR is composed of two 
Passive Decay heat Removal systems (PDRC) and two 
Active Decay heat Removal systems (ADRC). During the 
scheduled plant shutdown, the reactor core heat is removed 
through the heat transport path of PHTS, IHTS and the 
main condenser cooling of SG systems. However, if the 
normal heat transport path is not available, ADRCs and 
PDRCs are used to remove the decay heat of the reactor 
core. The ADRC is a safety-grade active system, which is 
comprised of two independent loops with single sodium-to-
sodium Decay Heat eXchanger (DHX) immersed in hot 
pool region and single Forced-Draft sodium-to-air Heat 
eXchanger (FDHX) located in the upper region of reactor 
building. The PDRC is a safety-grade passive system, 
which is comprised of two independent loops with single 
sodium-to-sodium Decay Heat eXchanger (DHX) and 
single natural-draft sodium-to-Air Heat eXchanger (AHX).


Fig. 4. Configuration of Heat Transport System


During normal plant operation, a small amount of heat 
loss through the sodium-to-air heat exchangers is permitted 
to prevent unexpected flow reversal or stagnation in each 
decay heat removal loop. After the reactor shutdown, heat 
removal rate increases by opening dampers located in air 
flow paths of AHXs and FDHXs, and then the heat 
transferred to the decay heat removal system is finally 
dissipated into the atmosphere by the natural circulation 
mechanism of sodium and air.


An unexpected failure of opening dampers of AHXs or 
FDHXs results in a failure of DHR function. To provide 
countermeasures for this situation, a single failure of the 
DHR system has been considered in the design process. 
That is, the single DHR loop failure can be surely 
accommodated by using other three loops. This becomes 
the philosophy of redundancy for nuclear system design. 
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For better understanding, the analysis results for DHR 
performance using three out of four DHR loops are 
provided in Fig. 5. 
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Fig. 5. Core Inlet and Outlet Temperatures during a Loss of  


Heat Sink Event 
 


III.C. Mechanical Structure Design 
 


In order to construct a demonstration fast reactor in 
near future, some mechanical structural design concepts are 
changed to adopt the currently available technologies for an 
early deployment of a demonstration fast reactor.  


Several design changes for the conceptual design of a 
demonstration fast reactor are explained compared to those 
of the KALIMER-600. Two primary mechanical pumps 
and four sets of the IHX and DHX are installed in a reactor 
vessel. The vessel diameter is increased to 11.9m because 
the primary pump diameter is increased, while its length is 
shortened to 16.7m by more simplifying the PDRC concept 
from that of the KALIMER-600. The detailed structural 
design concept will be fixed through some case studies. 


A demonstration fast reactor is composed of two loop 
systems and each intermediate heat transport loop has a 
secondary mechanical pump and a SG. The piping material 
is a Mod.9Cr-1Mo steel having a lower thermal expansion 
coefficient compared to that of stainless steel. The piping 
diameters for the hot and cold legs are 0.6m and 0.8m, 
respectively. The piping layout of each loop is under design 
arrangement to satisfy several fluid system requirements 
such as an inverse U-shape piping in the cold leg, which 
prevents pressure propagation to the reactor vessel when a 
sodium-water reaction accident occurs in the SG upper tube. 


Design concepts for the main components such as 
steam generator, pumps, heat exchangers, in-vessel fuel 
transport machine, rotating plug and control rod drive 
mechanism are now under development. 


 
IV. R&D ACTIVITIES 


 
IV.A. Technology Goal and R&D Activities 


 


Various R&D activities have been performed in order 
to support the development of advanced design concepts 
and features which will better meet the Gen IV technology 
goals, as shown in Fig. 6. These activities include a PDRC 
experiment, the conceptual design of supercritical carbon 
dioxide (S-CO2) Brayton cycle system, a Na-CO2 
interaction test, an under-sodium viewing technique, 
sodium technologies, the development of codes and 
validation and metal fuel. 
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Fig. 6. Technology Goals and R&D Activities 
 


IV.B. PDRC Experiment 
 


A large scale sodium thermal-hydraulic test program is 
being conducted by KAERI with the final aim for the 
construction of an integral effect test facility called 
STELLA (Sodium TEst Loop for safety simuLation and 
Assessment) using the design of a demonstration SFR as a 
reference design. According to the long-term SFR 
development plan, the demonstration SFR is to be 
constructed by 2028. As the first step, the sodium test loop 
(STELLA-1) for demonstrating the thermal-hydraulic 
performances of major components such as heat 
exchangers and a mechanical sodium pump will be 
constructed. Then, the integral effect test loop (STELLA-2) 
for investigating dynamic plant responses after reactor shut 
down will be implemented to demonstrate safety and 
support the design approval for a demonstration SFR. 


The installation of the STELLA-1 facility will be 
completed by the end of 2011. From 2012, the component 
performance test will begin. A detailed design of the 
STELLA-1 is on-going, and base utilities such as 
underground space and power supply system have already 
been set up. As for the STELLA-2 facility, starting with the 
preliminary design[4] of the test facility using KALIMER-
600 design concept in 2009, basic and detailed designs will 
be completed in 2011~2012 based on the SFR design 
specification. The STELLA facility composing of 
STELLA-1 and STELLA-2 is scheduled to complete its 
construction by 2014. The main experiments will 
commence from 2015. Basic design features of both 
facilities are described in the next section. 
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The overall layout of STELLA facility is shown in Fig. 
7. The brown-colored parts indicate the test components of 
STELLA-1, which are AHX, DHX and a mechanical 
sodium pump. The green-colored portions are the main test 
section of STELLA-2. The auxiliary systems such as the 
sodium purification system, the gas supply system and the 
vacuum system shown in purple color are commonly used 
for both STELLA-1 and STELLA-2. 


 


 
Fig. 7. Overall Layout of STELLA Facility 
 
The main test section of the STALLA-1 facility is 


composed of the test components, two electromagnetic 
pumps, two expansion tanks, two electrical process heaters 
and the instrumentations. The overall size of the facility is 
about 14m(L)x10m(W)x22m(H) including auxiliary 
systems. A total of 18 ton-sodium will be used in the 
experiment. 


The STALLA facility should be designed in a way to 
preserve the overall system behavior and reproduce the 
major thermal-hydraulic phenomena in the conditions 
which correspond to operating conditions of the 
demonstration SFR. Currently, the design of the 
demonstration SFR is under way, and the design concepts 
are expected to be very similar to those of KALIMER-600. 


For the facility design based on KALIMER-600, the 
plant design characteristics were analyzed, the preliminary 
test matrix was set up from the analyses of various design 
basis events, the key test matrix and the priorities on 
various thermal-hydraulic phenomena were determined, 
and finally the design requirements for the experimental 
facility were established. The basic design will start from 
2011 after the conceptual design of the demonstration SFR. 


 
IV.C. Conceptual Design of the S-CO2 Brayton Cycle 


System 
 


A feasibility study had been performed for the S-CO2 
Brayton cycle as a power conversion system to enhance 
plant safety and economics. During the studies, the S-CO2 
Brayton cycle design concept was established and coupled 
to an Advanced SFR. The design concept has advantages in 
safety by eliminating the sodium water reaction which is 


more reactive than the reaction between sodium and S-CO2. 
It also has advantages in plant economics because of small 
sizes of components. 


The two-types of compact heat exchanger test samples 
were prepared to evaluate their thermal hydraulic 
performance by a diffusion bonding method. The test was 
performed in the S-CO2 conditions, and the cold channel 
was cooled by a water circulator. Fig. 8 shows the thermal-
hydraulic test results. This figure shows that the pressure 
drop of the new configuration compact heat exchanger 
sample was less than 1/5 of the previous zigzag type 
compact heat exchanger sample while maintaining the heat 
transfer. 


 
Fig. 8. Thermal Hydraulic Characteristics of the New 


Configuration S-CO2 HEX Test Sample 
 
The measured pressure drop is larger than the CFD 


analysis value since the channel area was smaller than the 
designed value owing to the coarse etching process. 
Compared to the TIT S-fin data, however, it was estimated 
that the new airfoil-type compact heat exchanger of KAERI 
had a similar pressure drop performance. 


 
IV.D. Na-CO2 Interaction Models and Experiments 


 
The supercritical CO2 Brayton cycle option for energy 


conversion in an SFR has many advantages due to highly 
reliable system design features that make it essentially free 
from risk of a sodium-water reaction. Although this novel 
approach will yield significant improvements in overall 
plant energy utilization, it raises the risk of a potential 
pressure boundary failure and consequent Na-CO2 
interaction. For this reason, kinetic behavior of a Na-CO2 
interaction should be assessed to confirm its effect on plant 
safety. Fig. 9 illustrates a typical boundary rupture accident 
and consequential Na-CO2 interaction. 


 
Fig. 9. Typical Na-CO2 Interaction Phenomena 
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In order to investigate the reaction mechanism between 
liquid sodium and CO2 gas, fundamental surface reaction 
tests were carried out for well-controlled conditions with a 
fixed reacting surface area. Based on the test results, the 
rate of chemical reaction was determined by measuring the 
gas concentration of the CO/CO2 mixture, and a two-zone 
reaction model was proposed with a threshold temperature 
of 460oC. The kinetic parameters, i.e., activation energies 
according to reaction zones, were obtained experimentally 
and the corresponding model parameters were identified[5]. 


The major design issues affecting the likelihood of a 
CO2 ingress accident into liquid sodium are i)a wastage 
phenomenon in regard to structural damage adjacent to the 
leaking position, and ii)potential channel-plugging due to 
the formation of a particulate reaction product. Two kinds 
of experiments were carried out in order to understand the 
factors affecting the occurrence of these issues: a wastage 
effect test and a self-plugging test. On the basis of the 
experimental data, the absence of wastage and the 
possibility of channel-plugging were observed. It was also 
found the consequences of the Na-CO2 interactions are 
quite different from those of a sodium-water reaction 
(SWR); thus an automatic recovery of the pressure 
boundary rupture would be expected to occur by self-
plugging without any risk of wastage if the crack size 
across the pressure boundary is sufficiently small. 


 
IV.E. Under-Sodium Viewing Technique 


 
A ultrasonic waveguide sensor has been developed for 


the under-sodium viewing of in-vessel structures in opaque 
liquid metal sodium. It is a novel plate-type waveguide 
sensor for under-sodium inspection of reactor core and in-
vessel structures submerged in opaque sodium. The 
waveguide sensor consists of a thin strip plate with an 
acoustic shield tube, a wedge and an ultrasonic transducer. 


The waveguide sensor has the advantages of long 
lifetime and application to ISI (In-Service Inspection) of in-
vessel structures in narrow access area. A test module for a 
10m long waveguide sensor is prepared along with the 
corresponding test facility. 


 


 
Fig. 10. C-scanning Image of Test Pieces of Loose Pins 
 


Feasibility tests in water have been successfully carried 
out for the validation of the visualization performance, in 
which a signal to noise ratio of 15dB has been obtained. 
Fig. 10 shows the C-scanning image of the test model for 
loose pins which is 6mm in diameter and 13mm in length. 
Performance tests in sodium environment are undergoing. 
 


IV.F. Metal Fuel Technologies 
 
Metal fuel was selected as an SFR fuel material to 


meet the four major requirements of the Gen IV SFR such 
as its sustainability, economics, safety and proliferation 
resistance. 


Since fuel materials with minor actinides are 
radioactive, fuel should be fabricated under a radiation-
shielded environment such as a glove box or a hot cell. 
Therefore, fuel fabrication technology with high reliability, 
simplicity and easy maintenance is being developed. An 
advanced fuel casting system with an induction furnace in 
conjunction with gravity casting, which can control 
transport of volatile elements during a melting process of 
fuel slug with minor actinides, was developed. U-Zr fuel 
slugs satisfying design requirements in dimensions and 
microstructure were successfully fabricated. The process 
optimization is currently being investigated to produce 
more stable microstructure of fuel slug. 


Cladding is a key element in the fuel since it maintains 
the safety of the fuel by preventing a release of radioactive 
fission products out of a fuel rod. Its mechanical integrity 
should be guaranteed under high temperature (650oC) and 
high neutron fluence conditions (200dpa). A cladding with 
a good creep resistance at high temperature and with 
irradiation stability up to high neutron fluence, is desirable 
for the Gen IV SFR fuel. A series of candidate cladding 
materials were designed and manufactured to evaluate the 
effects of alloying elements such as V, Nb, Ta, N, B and C 
on the mechanical properties. Creep tests of the candidate 
materials showed higher creep rupture stress than reference 
ferritic-martensitic steels such as HT9, T92 and PNC-FMS, 
as shown in Fig. 11. 
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Cold-working and heat-treatment in manufacturing 
processes of cladding tube were studied to obtain optimum 
parameters. Cladding tubes will be manufactured in 
cooperation with steel tube company in the next stage. An 
irradiation test of the manufactured fuel started in 2010 in 
the HANARO research reactor under the simulated fast 
reactor conditions in such as fission density and 
temperature except fast neutron flux level. 


 
IV.G. Development of Codes and Validation 


 
IV.G.1 Validation of Neutronics Analysis Codes 


 
A validation study of core neutronics analysis code has 


been carried out for obtaining a standard approval of the 
Korean Advanced SFR by 2020. The validation study 
covers all of the core neutronics analysis code system 
consisting of a basic neutron cross section library, an 
effective cross section generation code, and static core 
analysis codes with depletion module. 


In addition to the current core neutronics codes, a 
supplementary code system has been developed for the 
validation study. The sensitivity analysis code, called 
APSTRACT, was developed for producing sensitivity 
coefficients by using a standard perturbation theory. The 
APSTRACT code solves standard perturbation equation 
with the forward and adjoint neutron fluxes from the 
TWODANT calculation. Fig. 12 shows the result of 
verification by using direct perturbation calculation. 


 
 


 
Fig. 12. Comparison of APSTRACT Results against the 


 Direct Perturbation Calculation (U-235 sample 
 Reactivity in BFS-75-1 Assembly) 


 
This study aims to generate an adjusted cross section 


library for the metal fueled SFR by the generalized least 
square method. The APSTRACT code will be interfaced 
with the cross section adjustment code and an uncertainty 
analysis module with relevant covariance data as well. 


One of the technical barriers to the standard approval 
of the Advanced SFR is the insufficiency of a 
corresponding reactor physics database for metal fueled 
SFR. KAERI is now performing the reactor physics 
experiment for the metal fueled TRU burner design by 
collaborating with IPPE in Russia and using the BFS-2 
facility. The characteristics of a metal fueled SFR including 
the effect of a no-blanket design and relatively deep 
insertion of control rods arising from high burnup reactivity 
swing will be clarified by this experiment. The results of 
the experiment can be utilized as the basic data for cross 
section adjustment and integrated validation of a core 
neutronics code system as well. 


 
IV.G.2 Elevated Temperature Structure Design and  


Evaluation Technology 
 


An elevated temperature design process of 
demonstration fast reactor structures and components takes 
a lot of effort due to the complicated application 
procedures of the ASME-NH rules. A computer program 
named SIE ASME-NH(Structure Integrity Evaluation by 
using the ASME-NH rules) was developed for an 
application for 40 years of design life for the SFR 
structures and components, since ASME-NH provides 
design material data corresponding to 40 years. It is now 
enhanced by incorporating the two major contents. One is 
to extend the design data period from 40 years to 60 years 
and the other is to increase the accuracy to generate the 
continuous design material data. 


Since the design life of the demonstration SFR is 60 
years, it is necessary to develop a methodology to extend 
the design material data period from 40 years to 60 years. 
This is one of critical issues which are discussed in an 
elevated temperature design committee of ASME Code and 
Standards. Another issue is to generate the continuous 
design material from the ASME-NH material chart such as 
isochronous curves and to increase the accuracy for those 
values. A DB algorithm has been proposed by utilizing a 
Ramberg-Osgood relationship to generate the necessary 
continuous design data. Fig. 13 shows the comparison of 
the generated isochronous curves for 9Cr-1Mo-V steel. It is 
noted that the updated values with a DB algorithm shows 
better behavior compared to the previous values with 
digitized values. 


The program can be used as a postprocessor of the 
ANSYS or ABAQUS commercial finite element analysis 
softwares in order to evaluate the design integrity quickly 
and accurately, which saves engineering costs by more than 
70%. The SIE ASME-NH program consists of several 
modules of a primary stress limits evaluation, inelastic 
strain limits evaluation, a creep-fatigue evaluation by 
elastic and inelastic analyses, and a material database. 
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Fig. 13. Comparisons of Generated Isochronous Curves 
 


IV.G.3 Development of the SFR System Transient Analysis 
Code 


 
KAERI is developing a system analysis code, MARS-


LMR, for the application to SFR. This code will be used as 
a basic tool in the design and analysis of the future SFR 
systems in Korea. Before wide application of a system 
analysis code, it is required to verify and validate the code 
models through analyses for appropriate experimental data 
or analytical results. As a part of the code evaluation works, 
the performance of MARS-LMR code is evaluated through 
a blind calculation of Phenix End-of-Life natural 
circulation test with the boundary conditions measured in 
the real test. The post-test analysis results are also 
compared to the test data generated in the test. 


As a first step of the analysis, the steady condition for 
350MW was simulated. From this condition, the condition 
for 120MW was derived by gradually reducing the core 
power, primary pump speed and secondary flow rate. In the 
modeling of natural circulation, it is important to correctly 
describe the initial formation of natural circulation in the 
primary circuit. Therefore, it is required to predict the 
temperature distributions in hot and cold pools. In the 
analysis, the thermal hydraulic behavior during the 
transient is simulated with one-dimensional approach. This 
could cause some distortion in mixing characteristics in 
core outlet, hot pool, IHX outlet and cold pool. So, the 
primary purpose of the analysis is to qualify the capability 
of 1-D modeling of the MARS-LMR code for the 
description of a natural circulation condition. 


In Fig. 14, the core outlet temperature predicted with 
the MARS-LMR code is compared to the measured test 
data. It is found that the MARS-LMR over-predicts the 
core outlet temperature at the initial stage of natural 
circulation. The prediction for the later phase of the 
transient shows a consistent trend with the test data within 
about 10oC of temperature deviation. This result suggests 
that there exists some mismatch between the predicted and 


the measured data in the mixing behaviors in hot and cold 
pools. This is presumed to be a main reason of higher 
initial core inlet and outlet temperatures in the MARS-
LMR simulation. The modeling of reactor vessel cooling 
flow path could be another reason of the mismatch between 
the prediction and test data. The other finding obtained 
from the present analysis is that the heat removal through 
IHXs predicted by the MARS-LMR is larger than the real 
quantity of heat transfer in the test. 
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Fig. 14. The Measured and the Predicted Core Outlet 


Temperatures 
 
Judging from the comparison between the predicted 


and the measured data, it can be said that the MARS-LMR 
code successfully simulates the general trend of natural 
circulation transient. The effect of pool mixing and initial 
formation of natural circulation should be assessed further 
with an enhanced modeling for the vessel cooling system 
and also with a three-dimensional modeling of pool 
volumes in the future studies. The accuracy of the 
simulation with the MARS-LMR code is also expected to 
be enhanced by refining the heat loss through the vessel 
surface and the top of the vessel roof. 


 
IV.H. Sodium Technologies 


 
IV.H.1 Development of a New Concept for Double Wall 


Tube Steam Generator 
 


Current developments focused on the improvement of 
the heat transfer capability for a double wall tube (DWT) 
and the development of a proper leak detection method 
before the failure of the DWT during a reactor operation. 
To improve the heat transfer capability of the double wall 
tube in this research, it is preferable to form the inner tube 
with material that has a thermal expansion coefficient about 
10 to 15% greater than that of the outer tube. 


Second, an on-line leak detection method is developed 
to detect a tube failure on-line and in real-time. The method 
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is achieved by detection holes that communicate to each of 
the heat transfer tube gaps in the lower tubesheet, that the 
pressure change of the gap is measured separately. It is 
possible to plug the damaged tube without any loss of 
function. 


In addition, a helical coil DWTSG for an SFR with 
375MWth capacity is designed thermal-hydraulically to 
operate in a super steam cycle by embodying the above 
methods. It is a vertically oriented helical coil, sodium-to-
water counter-cross flow shell-and-tube heat exchanger. 
The heat transfer tubes are helical DWTs with different 
materials having 4 grooves between them for leak detection 
passages. 


 
IV.H.2 Acoustic Leak Detection Test 


 
The successful prevention of water/steam leakage into 


SG sodium at an early phase depends on the fast response 
and sensitivity of a leak detection system. This study aimed 
at testing the acoustic leak detection tool developed at 
KAERI for the leak detection of small water/steam-into-
sodium leaks in the SFR SG. Acoustic noise measurements 
were carried out at a sodium temperature range of 300oC 
with flow rates of 0.004~0.54g/sec. A detection tool 
performance of the developed acoustic leak detection 
methodology[7] was tested by using the sodium-water 
reaction noises and the background noise of the PFR super-
heater according to the learning conditions of the neural 
network. It was possible to detect a leak up to S/N: -20dB 
at a leak rate of 0.1g/sec and to detect a leak up to S/N: -
27dB at a leak rate of 0.27 to 0.54g/sec. The current results 
obtained for a water/steam-into-sodium leak detection can 
be utilized to develop an SFR SG acoustic leak detection 
system with several different kinds of background noises. 


 
V. SUMMARY 


 
Korea imports about 97% of its energy resources 


because of the limitation of available energy resources. The 
role of nuclear power in electricity generation is expected 
to become more important in future years even when 
energy self-reliance in Korea is expected to be achieved.  


The third national mid- and long-term nuclear R&D 
program was newly launched as a 5-year program in 2007 
and the SFR technology development project is now being 
carried out by KAERI. The long-term Advanced SFR R&D 
plan authorized by KAEC will be carried out with the aim 
of constructing an Advanced SFR demonstration plant by 
2028 associated with the pyroprocess technology 
development. 


KAERI has been performing R&D on SFRs under the 
national nuclear R&D program. Based on the experiences 
gained from the development of KALIMER conceptual 
designs of a pool-type U-TRU-10%Zr metal fuel loaded 


reactor, KAERI developed advanced SFR design concepts 
that can better meet the Generation IV technology goals. 


This also includes developing advanced SFR 
technologies necessary for its commercialization and basic 
key technologies to support the development of advanced 
design concepts. KAERI has been making R&D efforts to 
develop advanced design concepts including a passive 
decay heat removal system, as well as developing design 
methodologies, computational tools and sodium technology. 
The long-term advanced SFR development plan will be 
carried out toward the construction of an advanced SFR 
demonstration plant by 2028. 
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Abstract –The US NRC is developing an advanced thermal hydraulic code named TRACE 


(TRAC/RELAP Advanced Computational Engine) for safety analyses of nuclear power plants. One 


of the features of TRACE is its capacity to model the reactor vessel with 3-D geometry. It can 


support a more accurate and detailed safety analysis of nuclear power plants. TRACE has a 


greater simulation capability than the other old codes, especially for events like LOCA. A RHRP 


(reduced-height and reduced-pressure) IIST (Institute of Nuclear Energy Research Integral System 


Test) facility has been established for safety studies of the Westinghouse three-loop PWR 


(pressurized water reactor). The research purposes of the IIST facility are as follows: (a) to 


improve the understanding of physical phenomena, (b) to contribute to the evaluation and 


development of safety computer codes, and (c) to validate the emergency operating procedure 


during PWR accidents. An experiment of the IIST facility was finished which simulated a 2% cold-


leg-break loss-of-coolant accident (LOCA) with total high-pressure injection (HPI) failure. In this 


paper, the 2% cold-leg-break LOCA transient data are used to verify and establish the IIST 


TRACE model. By using SNAP/TRACE, the IIST TRACE model is successfully established. 


Comparing steady state results, it can be concluded that the steady state results TRACE 


calculations are in agreement with those of IIST data. On the other hand, comparing the transient 


results, it also indicates that they are in reasonable consistency.  


 
 


I. INTRODUCTION 


 


The US NRC is developing an advanced thermal 


hydraulic code named TRACE for safety analyses of 


nuclear power plants (NPPs). The development of TRACE 


is based on TRAC and integrating with RELAP5 and other 


programs. NRC has ensured that TRACE will be the main 


code used in thermal hydraulic safety analysis, without 


further development of other thermal hydraulic codes such 


as RELAP5 and TRAC in the future. SNAP (Symbolic 


Nuclear Analysis Program), a program with graphic user 


interface, which processes the inputs and outputs of 


TRACE is also developed by NRC. One of the features of 


TRACE is its capacity to model the reactor vessel with 3-D 


geometry. It can support a more accurate and detailed 


safety analysis of NPPs. TRACE has a greater simulation 


capability than the other old codes, especially for events 


like LOCA. 


A RHRP IIST facility has been established for safety 


studies of the Westinghouse three loops PWR since 1992. 


The research purposes of the IIST facility are as follows: (a) 


to enhance the understanding of thermal hydraulics 


phenomena during the accidents
(1)-(3)


, (b) to contribute to 


evaluate and develop the safety computer codes
(4)-(5)


, and (c) 


to validate the emergency operating procedure (EOP) 


during the accidents of PWR
(6)
. The scaling factors of the 


IIST facility for height and volume in the RCS are 


approximately 1/4 and 1/400, respectively. The maximum 


operating pressure of the IIST facility is 2.1 MPa. The IIST 


facility has three loops as well as all the systems which are 


about studying Westinghouse PWR plant system transients. 


An experiment of the IIST facility was finished which 


simulated a 2% cold-leg-break LOCA with total HPI 


failure
(7)
. This break was located in loop 2 of IIST facility, 


which is one of the two loops that do not have a pressurizer.  
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In this research, according to the greater LOCA 


simulation capability of TRACE, the IIST facility TRACE 


models are established and are verified with the 2% cold-


leg-break LOCA experiment data of IIST facility and the 


RELAP5 analysis results of this experiment(7).  


 


II. IIST facility and experiments 


 


Fig. 1 shows the schema of the IIST facility. IIST 


facility is established in order to simulate the thermal 


hydraulics phenomena of Maanshan NPP which is a 


Westinghouse three loops PWR. Maanshan NPP is the only 


Westinghouse-PWR in Taiwan. The rated core thermal 


power is 2775 MW. The reactor coolant system has three 


loops, each of which includes a reactor coolant pump and a 


SG. The pressurizer is connected to the hot-leg piping in 


loop 2. 


The IIST facility consists of a pressure vessel and 


three loops. Each loop has a SG and a coolant pump. 


Except that there is a pressurizer in the loop 1, the three 


loops are identical. The scaling factors of height and 


volume in the RCS are approximately 1/4 and 1/400, 


respectively. Scaled safety injection systems (include HPI 


and accumulators) inject cooling water into the cold-leg of 


each loop. During the SBLOCA (Small Break LOCA) 


experiment, a catch tank is simulated to collect and 


measure the effluent from the simulated break. The 


comparison of major parameters between IIST facility and 


the Maanshan NPP is shown in Table 1. 


The data acquisition system of the IIST facility 


records data from more than 200 instruments which include 


K-type thermocouples, venturi flowmeters, pressure 


transducers, and differential pressure transducers in order 


to measure temperature, flow rate, pressure, and differential 


pressure, respectively. The accuracies of the instruments 


are as follows
(7)
: (1) Thermocouple accuracies are 2.2 K or 


0.75% of the full scale. (2) Venturi flowmeters located in 


the downflow section of the crossover leg (the loop seals) 


are used to measure the loop flow rate which the accuracy 


is 1.66% of the range. (3) Pressure and pressure difference 


transducers are used to measure the system pressure and the 


local pressure drop in the loops. The accuracies of pressure 


and pressure difference are 0.25 and 0.77% of the ranges, 


respectively. (4) The collapsed liquid levels are calculated 


based on the differential pressures and temperatures for 


regions of the system when the local velocities are low. The 


accuracy of the collapsed liquid level is 1.8% of the range. 


(5) The break flow is discharged to the catch tank during 


the simulation of the LOCA experiments. So, the break 


flow rate is calculated from the multiplication of the liquid 


level rising rate, flow area, and liquid density in the catch 


tank. The accuracy of the break flow rate is 1.8% of the 


range. The detail description of the above instruments are 


listed in the INER report
(9)
. 


Besides, there are 50 view ports in the IIST facility in 


order to see the thermal hydraulics phenomena and thus 


enhance understanding of two-phase phenomena in the 


pressure vessel, hot-legs, SG inlet and outlet plenums, SG 


secondary sides, crossover legs, cold-legs, and pressurizer. 


However, a total of 13 video cameras are located at 


selected view ports to record the key thermal hydraulics 


phenomena during the IIST facility experiments. 


The experiment of IIST facility was performed in 


order to simulate a 2% cold-leg break (the break area is 2% 


of the scaled cold-leg cross-section area) with total HPI 


failure. A horizontal break nozzle was installed in the cold-


leg of loop 2. In this experiment, the core power decay and 


pump coastdown during the SBLOCA experiment were not 


simulated. The initial condition of the experiment is 


showed in Table 2. 


The SBLOCA experiment started from the break 


occurred at time zero, the primary pressure of IIST facility 


dropped until it became only a little higher than the 


secondary-side pressure of IIST facility. The air flowed 


through the hot-leg into the SG-1 U-tubes after emptying of 


the pressurizer at 128 sec. After 164 sec of the break, the 


loop 1 flow rate suddenly dropped to near zero, which 


means the decrease of the heat removal capability of SG-1. 


The effects of noncondensable air caused obviously slowed 


the rising temperatures in both the primary and secondary 


sides of SG-1 and the suddenly decrease of the natural-


circulation flow rate in loop 1. An asymmetric coolant 


inventory distribution was observed in the three SGs during 


the two-phase natural-circulation and reflux condensation. 


In SG-1, the liquid holdup in the inlet plenum was not 


observed because the steam flowed into SG-1 which caused 


no flooding phenomena occurred during the reflux 


condensation. However, in SG-2 and SG-3, liquid holdup 


was shown in the upflow-side U-tubes and the inlet plenum 


resulting from the occurrence of flooding phenomena at the 


inlet of the SG U-tubes and hot-legs. The collapsed liquid 


level of core decreased sharply after the break occurred 


because of the subcooled liquid discharge in the time 


period 0 to 146 sec. Then, the collapsed liquid level of core 


decreased slowly, when the break flow became a two-phase 


mixture from 146 to 400 sec. Finally, because of no coolant 


makeup, the core was uncovered with heatup at 1734 sec. 
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Fig. 1. The schema of the IIST facility.


(7)
 


 
 
 
 
 
Table 1 The comparison of major parameters between IIST 


facility and the Maanshan NPP.
(7)
 


 
 


 


 


 


 


 


 


 


 


 


Table 2 The initial condition of the IIST facility SBLOCA 


experiment.
(7) 


 


Parameter IIST test data 


Primary coolant system  


Core power (kW) 126 


Pressurizer pressure (MPa) 0.958 


Pressurizer water level (mm) 1459 


Loop flow rate (kg/s)  


Loop1 0.210 


Loop2 0.217 


Loop3 0.217 


Hot-leg temperature (K)  


Loop1 450 


Loop2 449 


Loop3 451 


Cold-leg temperature (K)  


Loop1 409 


Loop2 408 


Loop3 409 


Secondary coolant system  


Secondary-side pressure (MPa)  


SG-1 0.301 


SG-2 0.295 


SG-3 0.295 


Secondary-side fluid 


temperature (K) 


 


SG-1 407 


SG-2 407 


SG-3 407 


 


 


 


 


III. The IIST facility TRACE model description 


 


The RELAP5 IIST facility model was including 172 


volumes connected by 175 junctions and 141 heat 


structures had been developed to simulate the IIST facility. 


The detail description of RELAP5 IIST facility models 


were in INER’s previous study 
(7)-(8)


. 


By referring to the RELAP5 IIST facility models and 


IIST experiments data 
(7)-(8)


, the TRACE IIST facility 


model was developed. The SNAP v 1.1.8 and TRACE v 


5.0p1 were employed in this research. The TRACE IIST 


facility model is showed in Fig. 2. It shows that the TRACE 


IIST facility model has three loops: loop 1 (pipe 


components 110 to 197), loop 2 (pipe components 210 to 


297), and loop 3 (pipe components 310 to 397). Each of 


the three loops includes the simulation of the hot-leg, SG 


inlet plenum, SG U-tubes, SG outlet plenum, crossover leg, 


coolant pump, and cold-leg. The pressurizer (pipe 


component 720) located in loop 1, the break valve (valve 
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component 805) located in loop 2, and TRACE 3D 


component-vessel component was used to simulate the 


pressure vessel of IIST facility. The models of the three SG 


secondaries (pipe components 410 through 430, 510 


through 530, and 610 through 630, respectively) were 


identical. The secondary models can be subdivided into the 


downcomer, boiling section, and steam dome. The steam 


line was simulated by a break component, which simulated 


the pressure of steam line during the IIST facility 


experiments. The break flow area was simulated using a 


specific valve with the critical flow option.  


The heat source of IIST facility was simulated by a 


power component of TRACE (power component 32000), 


which used the power table (option 6) to simulate the 


power varying during the experiments, as shown in Fig. 3. 


Besides, the main heat exchange simulation of IIST facility 


TRACE models were as follows: (1) the heat exchange in 


the primary-side and the secondary-side of the SGs, (2) the 


internal heat exchange of the pressure vessel. The 


feedwater line was simulated using a time-dependent 


junction. In all break components of IIST facility TRACE 


models, the break type used option 4 in order to use the 


tables to simulate the boundary conditions of IIST facility 


experiments. Finally, the timestep range (0.01~1×10
-8 


sec) 


of IIST facility TRACE models were used in the 


calculation process. 
 


 


 


Fig. 2. The TRACE IIST facility model. 
 


 
 


Fig. 3. The power component simulation of IIST 


facility TRACE model. 
 


 


 


 


 


IV. Results and discussions 
 


Table 3 shows the comparison of initial condition 


among IIST facility, RELAP5, TRACE. The TRACE 


analysis results are in agreement with the IIST facility and 


RELAP5 data. Fig. 4 shows the comparison of primary 


system pressure among IIST facility, RELAP5, TRACE. 


Fig. 5 shows the comparison of break flow rate among IIST 


facility, RELAP5, TRACE. The primary system pressure 


and break flow rate trends of TRACE are similar with the 


IIST facility and RELAP5 data. From the data of IIST 


facility SBLOCA experiment and RELAP5 analysis
(7)
, it 


shows three periods: (1) subcooled liquid break flow from 


0 to 320 sec, (2) low-quality two-phase break flow from 


320 to 620 sec, and (3) high-quality two-phase break flow 


after 620 sec. The above data also described that RELAP5 


underpredicted the primary system pressure during the 


subcooled break flow period, and it overpredicted pressure 


during the low-quality two-phase break flow period. The 


differences of the primary system pressure between IIST 


facility and RELAP5 were caused by overprediction of the 


1881







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11128 


   


subcooled break flow period, underprediction of the low-


quality two-phase break flow period, compared with the 


IIST facility data, as shown in Fig. 5.  


Asymmetric natural-circulation flow rates were 


observed in the three loops during the IIST facility 


SBLOCA experiment, but TRACE was unable to simulate 


these phenomena, which was shown in Fig. 6 and Fig. 7. 


According to the previous paper
(7)
, the above trend is also 


observed in the results of RELAP5 (shown in Fig. 6 and 


Fig. 7) and this paper described the difference generated 


from the inadequate simulation of the effect of 


noncondensable air in RELAP5 after emptying of the 


pressurizer. Hence, in this parameter analyses, the above 


results shows that there is the same defect in TRACE. 


Fig. 8 and Fig. 9 show the differential pressures of 


IIST facility, RELAP5, and TRACE in the upflow and 


downflow sides of the U-tubes for SG-2. The TRACE 


model predicted the similar result with the IIST facility 


data.  However, the larger difference was in the comparison 


between TRACE and RELAP5. The main difference in 


TRACE model and RELAP5 model is the simulation of 


IIST facility pressure vessel (TRACE use 3D- vessel 


component; RELAP5 use pipe components). Therefore, it 


may be the reason which caused the difference between 


analyses result of TRACE model and RELAP model in this 


parameter.  


For loop 1, the IIST facility data show the inlet and 


outlet plenum of SG-1 to empty after 500 sec, as shown in 


Fig. 10 and Fig. 11. However, the TRACE and RELAP5 


overpredicted liquid holdup in the SG-1 inlet and outlet 


plenum. The difference among IIST facility, RELAP5, and 


TRACE were caused by the reason which happened in Fig. 


6 and 7.  


Fig. 12 shows the comparison of the liquid holdup in 


the SG-2 inlet plenum among IIST facility, RELAP5, and 


TRACE. There are the similar trends in this parameter.  


However, the value of TRACE is lower than IIST facility 


and RELAP5 after 400 sec. Fig. 13 shows the comparison 


of outlet plenum liquid level of SG-3 among IIST facility, 


RELAP5, and TRACE. The trends of their curves are 


generally consistent in 0~1000 sec. For the TRACE model, 


it underpredicted after 1000sec. Besides, RELAP5 also 


underpredicted after 1300sec. 


Fig. 14 and Fig. 15 show the fluid temperatures of the 


hot-leg and cold-leg in loop 3. The TRACE and RELAP5 


predicted the loop 3 fluid temperature to be in good 


agreement with the IIST facility experiment data.  


Fig. 16 shows the comparison of the core liquid level 


among IIST facility, RELAP5, and TRACE. The initial 


level is 2.9m and the trends of their curves are the similar. 


The core liquid level of RELAP5 was slightly lower than 


IIST facility. However, the TRACE results data are better 


than RELAP5 before 1000 sec. Besides, the TRACE and 


RELAP5 can well predict the time of the cladding 


temperature increase, as shown in Fig. 17. Overall, the 


TRACE analyses results are roughly consistent with the 


IIST facility and RELAP5 data. 
 


 


 


Table 3 The comparison of SBLOCA experiment initial 


condition among IIST facility, RELAP5, TRACE. 


Parameter IIST 


facility 


RELAP5 TRACE) 


/error (%) 


Primary coolant 


system 


   


Core power (kW) 126 126 126 


Pressurizer pressure 


(MPa) 


0.958 0.958 0.964 /0.6 


Pressurizer water 


level (mm) 


1459 1413 1394 /4.5 


Loop flow rate 


(kg/s) 


   


Loop1 0.210 0.227 0.204 /2.9 


Loop2 0.217 0.227 0.198 /8.8 


Loop3 0.217 0.227 0.198 /8.8 


Hot-leg temperature 


(K) 


   


Loop1 450 445 446.1 /0.9 


Loop2 449 445 446.1 /0.6 


Loop3 451 445 446.1 /1.1 


Cold-leg 


temperature (K) 


   


Loop1 409 409 409.5 /0.1 


Loop2 408 409 409.5 /0.4 


Loop3 409 409 409.5 /0.1 


Secondary coolant 


system 


   


Secondary-side 


pressure (MPa) 


   


SG-1 0.301 0.301 0.303 /0.7 


SG-2 0.295 0.301 0.299 /1.4 


SG-3 0.295 0.301 0.299 /1.4 


Secondary-side 


fluid temperature 


(K) 


   


SG-1 407 407 406.0 /0.2 


SG-2 407 407 405.6 /0.3 


SG-3 407 407 405.6 /0.3 
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Fig. 4. The comparison of primary system pressure among 


IIST facility, RELAP5, TRACE in the SBLOCA 


experiment. 
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Fig. 5. The comparison of break flow rate among IIST 


facility, RELAP5, TRACE in the SBLOCA experiment. 
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Fig. 6. The comparison of loop 1 flow rate among IIST 


facility, RELAP5, TRACE in the SBLOCA experiment. 
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Fig. 7. The comparison of loop 3 flow rate among IIST 


facility, RELAP5, TRACE in the SBLOCA experiment. 
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Fig. 8. The comparison of SG2-inlet tube top differential 


pressure among IIST facility, RELAP5, TRACE in the 


SBLOCA experiment. 
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Fig. 9. The comparison of SG2-outlet tube top differential 


pressure among IIST facility, RELAP5, TRACE in the 


SBLOCA experiment. 
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Fig. 10. The comparison of SG1-inlet plenum liquid level 


among IIST facility, RELAP5, TRACE in the SBLOCA 


experiment. 
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Fig. 11. The comparison of SG1-outlet plenum liquid level 


among IIST facility, RELAP5, TRACE in the SBLOCA 


experiment. 
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 Fig. 12. The comparison of SG2-inlet plenum liquid level 


among IIST facility, RELAP5, TRACE in the SBLOCA 


experiment. 
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Fig. 13. The comparison of SG3-outlet plenum liquid level 


among IIST facility, RELAP5, TRACE in the SBLOCA 


experiment. 
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Fig. 14. The comparison of loop 3 hot-leg temperature 


among IIST facility, RELAP5, TRACE in the SBLOCA 


experiment. 
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Fig. 15. The comparison of loop 3 cold-leg temperature 


among IIST facility, RELAP5, TRACE in the SBLOCA 


experiment. 
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Fig. 16. The comparison of core collapsed liquid level 


among IIST facility, RELAP5, TRACE in the SBLOCA 


experiment. 
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Fig. 17. The comparison of Core cladding temperature 


among IIST facility, RELAP5, TRACE in the SBLOCA 


experiment. 


 


 


 


 


 


 


 


 


V. CONCLUSIONS 


 


By using SNAP/TRACE, this study developed the 


TRACE models of the IIST facility. Effectiveness of the 


proposed model was verified with the 2% cold-leg-break 


LOCA IIST facility experiment data and the RELAP5 


analyses results data.  In this research, the following results 


can be obtained: 


1. By referring to the RELAP5 IIST facility models and 


IIST experiments data
(7)-(8)


, the TRACE IIST facility 


model was developed.  


2. In the 2% cold-leg-break LOCA IIST facility 


experiment, overall, the TRACE analyses results are 


roughly in agreement with the IIST facility and 


RELAP5 data.  


3. Finally, the analytical results of TRACE IIST facility 


models indicate that the TRACE IIST facility models 


predict not only the behaviors of important 


parameters in consistent trends with experiment data, 


but also their numerical values with respectable 


accuracy. 
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Abstract – Comprehensive dynamic analyses of the typical Fast Reactor (FR) deployment 
scenarios with JSFR and related fuel cycle facilities developed in “FaCT: Fast Reactor Cycle 
Technology Development” Project were conducted. In this study, combinations of analysis 
codes, which consist of two energy economic models (computable general equilibrium (CGE) 
model and energy system model) and dynamic analysis model for nuclear energy supply 
chain, were used for the dynamic analyses.  


 
I. INTRODUCTION 


 
In Japan, a joint team of Japan Atomic Energy Agency 


(JAEA) and the Japan Atomic Power Company (JAPC) had 
conducted a comprehensive study on fast reactor cycle 
named “Feasibility Study on Commercialized Fast Reactor 
Cycle Systems (FS)” from 1999 to 20061-5. The most 
promising concept selected in the FS was JSFR and related 
fuel cycle system, which is a concept of sodium-cooled 
core with MOX fuel coupling with advanced aqueous 
reprocessing and simplified pelletizing fuel fabrication. 
Based on the results of FS and the statements of ministry, 
the subsequent project, Fast Reactor Cycle Technology 
Development Project (FaCT Project) was launched in 2006 
by the joint Japanese team focusing on development of the 
selected concepts1-3, 5. 


This paper tried to construct global FR development 
scenarios through the analyses by energy economic models, 
etc. The models will be introduced firstly in the following 
part of this paper. Secondly, the energy supply shares are 
derived by energy economic models in consideration of 
recent national long term nuclear program and long term 
projections by international organization. Finally, the 
characteristics of Japanese nuclear energy system 
characteristics and economic effect are analyzed by SCM 
model and energy economic models, respectively. 


 
II. Models for the Analyses 


 
There are three models in the analyses, which are 


dynamic Computable General Equilibrium ((CGE) Global 
Trade and Analysis Project: GTAP) model6, 7, energy 
system (revised Linearized Dynamic New Earth-21: 
LDNE-21) model9-12, and nuclear energy simulation and 
dynamic analysis (SCM) model12. The former two models 
played major role in the analyses of this paper. The last one 


was used to survey the dynamic characteristics of the 
nuclear energy system. The models used in the analyses are 
explained sequentially. 


 
II.A. GTAP Model 


 
The GTAP model, which is as a famous CGE model, 


evaluates the influence of a economic change as the 
difference from the original equilibrium state and the other 
equilibrium state after the economic change. Since it 
contains global economy model, it can incorporate all (at 
least theoretically) economic effects including ripple effects. 


However, there are two issues in the original GTAP 
model to treat FR as a new energy source. The first issue is 
it does not have energy-economy-environment trade 
linkages because of the absence of energy substitution. 
Moreover, it cannot calculate CO2 emission directly in 
considering global warming problem. The second issue is it 
is comparative-static CGE model, which implies its 
difficulty in treating the passage of transition phenomena. 


In response to the first issue, the GTAP-E, an energy 
environmental version of the GTAP model, has been 
developed to survey the energy-economy-environment-
trade linkage in economic policy analysis. The GTAP-E is 
useful in the field of energy analysis all the more because it 
also provides CO2 emission calculation as well. In spite of 
those advantages, the GTAP-E is still comparative-static 
model; therefore, it remains difficult to describe the 
transition effect of an energy source change. In the original 
GTAP model, capital cannot be transferred between regions 
although it can move between different industries within a 
region. If an analyst hopes to survey long term economical 
change, the model should take into interregional capital 
movement. A recursive dynamic analysis model with 
interregional capital transfer through the interregional 
investment and capital accumulation were introduced into 
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the GTAP-E model; the dynamic model was used in this 
paper to overcome the second issue. 
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Fig. 1. Schematic diagram of capital transfer in the model 
 
The key function added to original GTAP-E was 


capital transfer mechanism (see Fig. 1). The driving force 
of the interregional capital transfer is the difference of rates 
of return from one region to another. The approach in this 
model is called disequilibrium approach with three rates of 
return. The GTAP-dyn model14 and other trial15, 16 can be 
referred to as reference to prepare the disequilibrium 
approach with international capital mobility and stock flow 
dynamics and foreign asset income flows.  
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Actual Rate 
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Fig. 2 Three kinds of rate of return 


 
Fig. 2 shows that the functions of three rates of return. 


The differences in “expected” rates of return served as the 
driving force for the interregional capital transfers in this 
model. Interregional investments occur from the region 
with lower rate of return to the region with higher rate of 
return, which will reduce the difference. The disparities 
between expected rates of return in investor’s mind and 
actual rates of return were also supposed. It explains the 
time-lag or realistic behavior in interregional investments. 
Though the three kinds of rates of return will converge with 
the common target rate of return in far future theoretically, 
the differences and disparities will not be dissolved to keep 
the dynamism in the interregional investments.  


 


II.B. LDNE-21 Model 
 


Although the GTAP model and its variation are 
suitable to evaluate the influence on total economy, it is 
better to use more technology oriented macro-economic 
model. The LDNE-21 model, which was developed in 
Tokyo University and other research institute including 
Research Institute of Innovative technology for the Earth 
(RITE) was used to analyze the energy technology choice 
by linear programming according to the long-term (entire 
the calculation period) cost minimization principle9-12. 
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Fig. 3. Internal structure of revised LDNE-21 model 
 
In the Energy system model, gas fuel, solid fuel, liquid 


fuel, and electricity are produced through the energy 
transfer process from nine primary energy sources. 
Especially, nuclear fuel cycle model including Pu recycling 
module and hydrogen production by nuclear heat module 
was added to the original LDNE-21 model to assess the 
influence from FR introduction and HGR with nuclear 
hydrogen production. Additionally, CO2 recovery from fire 
electricity generation and CO2 storage function was also 
added to the model. The structure of the revised LDNE-21 
model which was used in this study is shown in Fig. 3. 


The LDNE-21 model uses cost step function for each 
energy resource to linearize the non-linear supply function 
in nature. The cost step functions consist of an important 
part of the objective function in the linear programming of 
the model. The uranium cost step function will be 
described in Sec III. C.  Other important cost step functions 
will be explained in Sec III. A. 
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The combination tool of LDNE-21 and dynamic 
GTAP-E was used to figure out the world scenario in this 
paper (See Fig. 4). In this study, a recursive dynamic CGE 
model coupled with LDNE-21 as energy systems model to 
optimize energy supply profiles from the viewpoint of 
long-term whole energy system cost minimization. The 
coupled system can also assess the economic impact of FR 
deployment including the influences from capital stock 
changes caused by international investments and some 
dynamic constraints of the FR deployment and operation 
(e.g., load following capability and plutonium mass 
balance). The LDNE-21 model was used mainly for the 
calculation of energy scenario; the GTAP-E model was 
used for the calculation of socio-economic effect with the 
energy sector.  


 
II.C. SCM Model 


 
The dynamic analysis methodologies in the FS were 


just the group of tools because they were developed 
independently with respect to each evaluation viewpoint 
(economics, environment burden reduction or radioactive 
waste management, etc.), additionally, they did not cover 
all the facilities in Japanese nuclear fleet. The revised 
methodology, called SCM model, can treat multi viewpoint 
altogether and cover almost all commercial nuclear 
facilities based on the idea of nuclear supply chain 
management. It adopts network and flow model in its most 
abstract or strategic style although it is able to be used as 
economics assessment tool for facilities in its most concrete 
or tactical style due to the flexible architecture with object-
oriented approach (See Fig. 5). As the result of the study on 
specification of the code to realize the common interface 
and treat strategic issues in unified way, a code has been 
developed for the synthetic evaluation for FaCT project, as 
well as dynamic analysis as already reported in ICAPP 


2007 to cover almost all the nuclear energy facilities and 
goal attainment assessment for performance criteria on 
future FR cycle from Japanese Atomic Energy Commission. 


In this study, following the computational result of the 
energy supply shares from the coupled/sequential analyses 
by the two energy economics models, characteristic 
analyses for the scenarios were conducted to assess detailed 
FR deployment, uranium consumption, waste generation, 
etc. based on the cash-flow analyses and mass-flow 
analyses by SCM model. As the result of the dynamic 
analyses on the world-wide nuclear energy system, the 
transition from LWR cycle system to FR cycle system can 
reduce the uranium resource consumption and radioactive 
wastes (HLWs, LLWs), which supposes the improvement 
of the nuclear fleet economics in the long run. 
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III. Global Analysis for FR deployment 
 
The future global nuclear power scenarios derived 


from international projections in the energy fields and 
characteristics of global nuclear energy with the tools are 
described in this section. Then, the global nuclear power 
scenario is explained after a brief description of the FR 
cycle used in this study.  
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III.A. FR systems and Electricity Generation Costs 


 
1. JSFR 
JSFR is the main concept in FaCT project 1. It was 


designed as a sodium-cooled loop-type reactor with an 
electricity output of 1500 MWe (3000MWe output for twin 
plant). Its inlet/outlet temperatures are 395 °C/550 °C to 
achieve plant heat efficiency 42.5 %. It is designed to use 
U-TRU (Pu, MAs) mixed oxide (MOX) type fuel. JSFR 
adopts new materials and innovative technologies in 
addition to pursuit of the economics of scale and reduction 
of fuel cycle cost with high burnup fuel and high load 
factor over 90% to improve economics. Moreover,  
higher level of safety and reliability is also raised as a JSFR 
development target. Moreover, the design studies on 
maintainability and reparability have also been performed. 


 
2. JSFR Core 
As for JSFR core, the high internal conversion type 


core with FAIDUS (Fuel Assembly with Inner Duct 
Structure) type assembly as a means of early discharge of 
molten fuel to prevent re-criticality in the transition phase 
of core disruptive accident. It will be combined with JSFR 
plant system to achieve low fuel cycle cost with high total 
average discharge burnup and reasonable breeding 
capability17. Large diameter fuel pins are applied to 
increase the internal conversion ratio and to reduce the 
amount of blanket for improving economics. Furthermore, 
the long operation cycle length due to its high internal 
conversion ratio contributes its good economics. 


The flexibility of the breeding ratio is an important 
trait of JSFR core; a breeding ratio of 1.2 can be obtained 
with axial blanket and one or several layer(s) of radial 
blanket subassemblies (the cycle length is shortened to 
21months; the total average burnup is reduced to about 60 
thousand MWd/tHM). It is also possible to alter the 
breading ratio to 1.03 just by replacing the radial blanket 
with steel shielding. The important parameters of JSFR 
cores in this study are shown in TABLE I. 


 
TABLE I.  


JSFR Cores specifications 


 
3. Reprocessing plant 
The reprocessing plant for future FR spent fuel tries to 


reduce the cost of chemical separation as well as to reduce 
environmental burden and/or nuclear non-proliferation 
threat, etc. The chemical process called NEXT consists of 


the combination of uranium crystallization and solvent 
extraction 18. MAs (Np, Am and Cm) may be recovered 
from the second commercial plant and its successor plants. 
Np is recovered from solvent extraction. The raffinate is 
provided for further chemical process to recover Am and 
Cm. An extraction chromatography technique or solvent 
extraction will be implemented for MA recovery. 


 
4. Fuel Fabrication plant 
The fuel fabrication system adopts simplified 


palletizing processes without fine powder handling 
processes 19-21. The point is that direct conversion of nitrate 
solution with adjusted plutonium content to MOX powder 
using microwave heating. As a result, high homogeneity 
with a product pellet can be expected. Moreover, the 
reduction in the fine powder handling process will lead to 
the decreasing dispersion of fine powder. Thus, the quantity 
of the holdup in the cell can be controlled. 


Because of high decay heat from MAs, fuel fabrication 
and storage equipments have heat removal function to 
prevent oxidizing of fuel or cladding tube. For commercial 
facility, all equipments are installed in shielded cells MAs 
and FPs cause strong radiation. Therefore, these 
equipments are operated automatically and maintained by 
remote handling devices. 


 
III.B. Long-term Energy Supply Projections by 


International Organizations and Other Conditions 
 
Considering the global warming issue, there has been 


published several long-term projections in energy sector 
recently. Fig. 6 shows recent typical global nuclear 
scenarios published by international organizations or other 
organizations (IPCC/SRES22, OECD/IEA23, 24, IAEA25, 
WNA26) used as references to develop JAEA global 
scenarios. An international organization usually provides a 
few scenarios (high case and low case, etc.) to cover or 
express future nuclear capacity range. One of the most 
famous projections is World Energy Outlook (WEO) by 
OECD/IEA. WEO2010 was disclosed in Nov. 2010. 
Moreover, IEA publishes Energy technology Perspectives 
(ETP) 2010 which contains longer (to 2050) projections of 
energy supply in Sep. 2010. 
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Fig. 6. Projections on Nuclear Power Capacity until 2050 
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B.R. = 1.2 21 60 9.3 75 
B.R. = 1.0 26.3 114 10.4 100 
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Besides the several future energy projections by 
international organizations to 2030 or 2050, some countries 
like India and China have more aggressive long-term 
nuclear energy plans. Basically, the authors followed those 
projections and long-term plans until 2050. With regard to 
the period after 2050, nuclear energy capacities were 
calculated by macro-economic models based on long-term 
population and economic data, etc27. 


 
III.C. JAEA’s Scenarios and their Characteristics 


 
The authors tried to develop three scenarios from the 


FR cycle specifications and global nuclear capacity 
projections. They are as follows (See Fig. 7). Reflecting the 
discrepancy in the international projections and national 
nuclear energy plan as has been explained in Sec. III. A., 
two branches were made for the time before 2050. Firstly, 
the lower branch which is corresponds to the international 
organization’s projections. Secondly, the higher branch 
which is corresponds to the aggressive national long-term 
nuclear energy plans. 
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Fig. 7. The Three Global Nuclear Scenarios in this Study 
 
After 2050, the higher scenario will diverge to two 


scenarios. 
The JAEA high case is the scenario to reduce CO2 


level at 450 ppm by the maximum energy supply 
technologies change without introducing large-scale energy 
conservation or new high efficient energy utilization 
technologies. Nuclear energy will play a great role for 
saving CO2 emission as well as renewable energy will do. 


 The JAEA middle case is the scenario to reduce CO2 
level at 450 ppm with introducing large-scale energy 
conservation or new high efficient energy utilization 
technologies after 2050. It includes the recent aggressive 
long term nuclear energy program in India, China, etc. 
Energy conservation will play a great role for the saving 
CO2 emission as well as energy supply structure alteration. 


On the other hand, the lower branch will be extended 
without bifurcation; it turned out to be the JAEA low case. 
It is the current policy cases. It is also considered as 
realistic if the conservative projection of nuclear capacity is 
adopted. The long term projection of international 
organization for the nuclear power generation capacities on 
India, China, etc. is followed by the scenario. CO2 emission 


limit was set at the level of 550 ppm. Fossil energy will 
continue to play a great role in global energy supply. 


 
TABLE II.  


Detailed Global Scenario Cases 
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Fig. 8. Global Nuclear Power Generation Capacity Scenarios 


 
A sensitive analysis was implemented to survey the 


effects from the timing of FR deployment after three 
scenarios were decided. The slight discrepancy from 
existent JAEA’s data mainly arises from rigorous manner of 
nuclear energy dynamic characteristics in SCM model. 
Table II summarizes all the scenario cases in this paper. 
Concerning the nuclear power generation capacity 
scenarios, they are shown in Fig. 8 as has been cited. Other 
important input parameters included uranium cost step 
function. It was used to calculate electricity generation cost 
as other used among other natural resources cost step 
functions for fissile fuels28. 


The electricity generation costs of FR and LWR are 
important input parameters for the energy economic models. 
The levelized discounted cash flow (DCF) method was 
used to derive electricity generation cost. Two percent 
discount rate was used to reflect the recent Japanese 
economic situation although a higher discount rate is 
common in other countries. 


Case FR Deployment 
(Year) 


Remarks 


High  2030 Based on both international 
organization’s to curb CO2 at 
450ppm scenario and some 
countries’ national nuclear energy 
plan until 2050.. 


2040 
2050 
(2060)* 


Middle 2030 Based on the scenario including 
future energy savings and recent 
nuclear energy development plan 


2040 
2050 
2060 


Low (2030)* Based on current policy scenario 
which nuclear energy will 
gradually expand. 


2040 
2050 
2060 


*parentheses mean the cases that the calculation on natural uranium demand and 
waste generation, etc. because of the timings of FR deployment is too early or too 
late when they are compared to the nuclear power generation capacities. 
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The cost step function was mainly decided from the 
uranium resources data in Uranium 200929. Regarding the 
global natural uranium resources reported in uranium2009, 
the conventional uranium resources are estimated to total 
about 16.7 million tU increased by 0.7 million tU from the 
amount in uranium 2007. As for the unconventional 
resources with great uncertainties in quantities and cost of 
recovery, it is not appropriate to rely too much on them. 
However, Delpech et al., used uranium cost step function 
including unconventional resources; unconventional 
uranium cost will soar to $1100/kgU in far future30. Based 
on those results, the authors considered the reference cost 
function with becoming as high as around $870/kgU which 
includes $70/kgU profits for mining companies. The other 
function also included unconventional resources; the cost 
will rise to $330/kgU (incl. $70/kgU profits) and keep 
constant from then on. 


 
TABLE III.  


Power Generation Cost (JPY/kWh) around 2050 


 
As for the electricity generation cost for FR cycle, the 


specifications in the facility design study results of FaCT 
phase-I were used. In this paper, the breeding ratio was set 
about 1.2 for breeder core to secure enough breeding 
capability for global FR deployment. Regarding LWR, the 
uranium cost is incorporated in power generation cost of 
future LWR. Additionally, LWR burnups increases are also 
counted; they change from 45GWd/t, 60GWd/t, and 
70GWd/t according to the timing of the construction and 
operation. The example power generation costs (at 
$175/kgU in 2050) are shown in Table III.  
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Fig. 9. Nuclear Power Generation Capacity in Middle 


Scenario (FR Deployment from 2040) 
 
The detailed global scenario analysis performed after 


describing global scenario by two energy economic models 
as previously explained. Fig. 9 shows the calculated global 
nuclear power plant capacities according to core type in 
JAEA middle scenario with the deployment of FR from 
2040. The nuclear capacity expansion till the first half of 


22nd century made it difficult to switch LWR over to FR; 
small portion of LWR will be replaced by LWR in the late 
21st century. Nevertheless, the relative quick introduction of 
FRs will restrain the natural uranium resources demand. 


Regarding the JAEA middle scenario with the 
deployment of FR from 2040, the cumulated natural 
uranium resources will increase slowly since the beginning 
of 22nd century toward the terminal cumulative demands 
around 17 million tU, which is almost equal to the 
conventional uranium resources reported in the latest 
version of uranium 2009 (16.7 million tU), in late 22nd  
century. Fig. 10 summarizes the cumulative natural 
uranium resources calculated in this study. Supposing that 
the conventional uranium resources are limited to 16.7 
million tU, only the cases of early FR deployment before 
2050 for JAEA low case and before 2040 for JAEA middle 
case will be expected to complete the switch over to FR 
within the restriction of conventional uranium resources.  
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Fig. 10. Summary of Cumulated Natural Uranium Resources 
 
Therefore, it is a better choice to deploy FR in 2040’s 


in worldwide to curb the cumulative natural uranium 
resources demand within the conventional natural uranium 
resources. Furthermore, Japan will have to import uranium 
resources from abroad; the reduction of the energy resource 
import will help decrease the uncertainties relevant to 
uranium supply disruptions in future. 


Concerning the radioactive waste generation, 
deploying FR cycle will contribute the reduction of 
radioactive wastes. However, it is difficult to predict the 
global waste quantities because it may be a political issue 
whether a country chooses recycling policy or not. If there 
are some restrictions in the waste disposal area, the effect 
on HLW generation reduction is beneficial to realize 
sustainable usage of nuclear energy.  


 
III.D. Cost-Benefit Analyses for FR Deployment 


 
Furthermore, the long-term socioeconomic effects 


resulting from the deployment of economic competitive FR 
with innovative technologies were assessed for the 
scenarios associated with some economical uncertainties; 
the cumulative effects of the FR deployment on GDP 
(Gross Domestic Product) will improve over several ten 
billion dollars in Japan and several trillion dollars 


Power Generation Cost (JPY/kWh) 
FR Cycle 3.6 (FOAK)  ~ 2.6 (NOAK) 
LWR Cycle 2.9 (70GWd/t) ~ 6.0 (49GWd/t) 
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worldwide.  The figures included both ripple effects and 
energy substitutions among others. 


Economic effects by the FR and related fuel cycle 
deployment were estimated with the scenarios. The 
conditions were described in the previous sections. The 
economic effects in GDP improvements are shown in 
TABLE IV. As for the middle case, the accumulated 
increase of GDPs to 2200 will reach around 10 TJY 
(Trillion Japanese Yen) in Japan and several hundred TJY 
in the world from the analyses. If the deployment FR is 
earlier, the expected economic effects will be larger though 
there is slight difference in GDPs between scenarios 
correspond to the nuclear capacity differences in those 
scenarios. Since the research, development, demonstration, 
and deployment investment until the deployment of FR 
cycle is considered around one TJY in total, the GDP 
improvement will be large enough to compare the future 
investment unless the contribution to GDP from the R&3D 
activities are not counted. 


 
TABLE IV.  


Cumulated GDP Improvement Effect in Japan (T JY) 
 2030 2040 2050 


High  12  11  10 
Middle  11  9  8 


Low  8  7  7 
 


V. CONCLUSIONS 
 


Comprehensive global dynamic analyses of the typical 
Fast Reactor (FR) deployment scenarios developed in 
FaCT Project were conducted. In this study, combinations 
of analysis codes, which consist of two energy economic 
models (CGE model and energy system model) was used to 
construct global scenarios. A dynamic analysis model for 
nuclear energy supply chain was used to assess the time-
series characteristics evaluations including natural 
resources and wastes management area. Main results are 
summarized as follows: 


1. The comprehensive dynamic analysis methodology 
with the combination of two macro-economic 
models and supply chain management tool has 
been developed to comprehend the global 
transition characteristics of nuclear energy system; 


2. The JSFR and related fuel cycle system will be an 
attractive and economic competitive system from 
the global scenario analyses in this study; 


3. FR cycle should be deployed around 2040 to 2050  
because of the tight prospect of uranium supply and 
demand; 


4. The deployment of FR will bring benefits on HLW 
generation reduction the besides natural uranium 
demand reduction were found; 


5. The cumulative global economic effects of FR 
cycle deployment thorough 2200 will be able to 


reach around 10TJY from the analyses in this study. 
 
FR (i.e. JSFR) and its fuel cycle is still considered as a 


promising choice to realize sustainable nuclear energy 
especially under the future tendency of global nuclear 
capacity. The demonstration and deployment of FR will 
also be a great issue in addition to the research and 
development of FR cycle. 
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Abstract – This paper has as main objective modeling and simulation of fluid-structure 
interaction that occurs in LDI erosion. The fluid-solid interface pressures were determined and the 
variation of the plastic energy transferred from the droplet to solid with certain parameters of 
influence (impact speed and angle, height of liquid film) was studied. A new energetic approach 
was used to determine the erosion resistance of the materials considering the simulation results of 
the impact. 


 
 


I. INTRODUCTION 
 
Erosion due to liquid droplets (LDI – “Liquid Droplet 


Impingement”) dispersed in a continuous medium (air, 
steam, etc/) shows a high interest in various engineering 
sectors1,2:                                     
(1) energetic: erosion due to biphasic mixtures of high-
energy in piping systems, low pressure steam turbine 
blades erosion;  
(2) oil industry: erosion of pipeline systems used to 
transport natural gas products;  
(3) aerospace: erosion due to liquid particles in the 
atmosphere.  


There have been a lot of research activities in this 
area3,4 and the causes of damage occurrence are well 
established, the initiation and time evolution of the erosion 
and the parameters affecting the phenomena are known. 
But, there is no universal correlation that gives the damage 
rate for any material in any operating conditions. 


LDI erosion can be studied by numerical analysis or 
using experimental methods, each having its advantages 
and limitations. Laboratory tests for determining the 
characteristic curves of erosion (erosion rates vs. particle 
impact velocity) can be performed without knowing the 
mechanical properties of the material. But, is necessary a 
test facility and correlations obtained are valid only for a 
limited range. Numerical simulations offer a convenient 
alternative, from which one can determine the erosion rates 
for various materials under any operating conditions. In 
this case the mechanical properties of the material to be 
used as input data in simulation of fluid-structure 
interaction must be known.  


Until now, numerical simulations of the liquid 
particles impact have used one of the approaches5: (1) fluid 
and inelastic material, in which one only simulates the 
liquid particle without considering the influence of solid 
deformation, (2) fluid and elastic material, in which the 
elastic material deformation is considered. The second 


method gives more realistic results and the maximum 
stresses in the material are deduced directly as a result of 
the simulation. In both cases for determination of the 
specific erosion rates is necessary a fatigue analysis.  


In the experimental curves for different materials one 
can distinguish four stages6: (1) initiation, the material 
surface is gradually plastic deformed without evidence of 
erosion, (2) acceleration, erosion rate shows an increase 
with time until it reaches a maximum (3) deceleration 
phase, on the degraded surface begins to form a film of 
liquid that will reduce erosion, (4) steady state, erosion rate 
remains constant in time or has small oscillations around 
an average. Thus, it is necessary to study LDI phenomena 
for both dry and wet surface.  


The use of CFD (Computational Fluid Dynamics) and 
FSI (Fluid Structure Interaction) codes can offer new 
perspectives on the phenomena and can predict the 
behavior of materials under LDI conditions. Modeling and 
simulation of the impact could consider all the parameters 
involved in the process and the complex interaction 
between them. The main objectives of this paper were the 
numerical simulation of the interaction between fluid and 
solid considering the plastic deformation of the material 
and the use of plastic energy to predict the erosion rates for 
various input parameters (velocity and angle of impact, 
surface liquid film height, etc.). 


 
II. THE GOVERNING EQUATIONS FOR FLUID 


AND SOLID DOMAINS 
 
The impact velocity of the particles is normally found 


to be in the range 50-1000 m/s and particle sizes ranging 
from 10 mm to several millimeters. With these data, we 
can determine the Reynolds criterion (Re = (w·d)/ν) and 
choose the appropriate fluid model to be used in 
simulations. Usually, Euler equations are used for 
modeling the fluid domain, since viscosity influences on 
the particle dynamics are minimal and the introduction of 
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Navier-Stokes equations will complicate the model and the 
computing time will increase considerably. Also, the Weber 
criterion (We = (ρ·d·w2)/σ) is used to consider the influence 
of surface tension on the formation of the lateral jets. In 
this study water particles with a diameter of 100 μm are 
used, the fluid is modeled as ideal and the influence of 
surface tension is neglected. 
 


II.A. Equation of state for water 
 


To study the propagation of pressure waves inside the 
droplet the liquid compressibility effects require to be 
considered. Equation of state of water has the polynomial 
form given below: 


 
p = A1u +A2u2+A3u3+(B0+B1u)ρrefE                   (1) 


 
where u=ρ/ρref -1, A1, A2, A3, B0, B1 and ρref are given in 
Table I.  


TABLE I 


Coefficients used in EOS for water 


A1 
[Pa] 


A2 
[Pa] 


A3 
[Pa] 


B0 B1 ρref 
[kg/m3] 


E 
[J/kg] 


2.2E9 9.5E9 1.4E10 0.28 0.28 1000 361.8 
 


II.B. The elasto-plastic behavior of materials 
 


Viscoplasticity7 is a theory in continuum mechanics 
that describes the rate-dependent inelastic behavior of 
solids. Rate-dependence in this context means that the 
deformation of the material depends on the rate at which 
loads are applied. The inelastic behavior that is the subject 
of viscoplasticity is the plastic deformation which means 
that the material undergoes unrecoverable deformations 
when a load level is reached. Rate-dependent plasticity is 
important for transient plasticity calculations. 


One consequence of yielding is that as plastic 
deformation proceeds, an increase in stress is required to 
produce additional strain. This phenomenon is known as 
Strain/Work hardening. For a viscoplastic material the 
hardening curves are not significantly different from those 
of rate-independent plastic material. Nevertheless, three 
essential differences can be observed (see Fig. 1.). 


1. At the same strain, the higher the rate of strain the 
higher the stress 


2. A change in the rate of strain during the test results 
in an immediate change in the stress–strain curve. 


3. The concept of a plastic yield limit is no longer 
strictly applicable. 


An elastic-viscoplastic material with strain hardening 
is described by equations similar to those for a elastic-
viscoplastic material with perfect plasticity. However, in 
this case the stress depends both on the plastic strain rate 
and on the plastic strain itself. For an elastoviscoplastic 
material the stress, after exceeding the yield stress, 


continues to increase beyond the initial yielding point. This 
implies that the yield stress in the sliding element increases 
with strain and the model may be expressed in generic 
terms as: 


 
ε = εe = E-1σ  for │σ│< σy                                         (2) 
 
ε = εe+εvp = E-1σ+f(σ, σy, εvp)σ  for │σ│> σy            (3)                       
 


where f(σ, σy, εvp) is a yield function, σ is the Cauchy 
stress, εvp is the plastic strain. 


 


s
dt
d /100=
ε


s
dt
d /1.0=
ε


ε
σ


 
Fig. 1. Stress-strain response of a viscoplastic material at 


different strain rates. 
 
In this paper the yield function is given by an 


empirical model, Johnson-Cook relation: 
 
σy(εp,έp,T) = [A+B(εp)n][1+Cln(έp


*)][1-(T*)m]           (4) 
 


where εp is the equivalent plastic strain, έp is the plastic 
strain-rate, and A, B, C, n, m are material constants. 
The normalized strain-rate and temperature in Eq. (4) are 
defined as: 
 


έp
* = έp/ έp0


  and T* = (T-T0)/(Tm-T0)                          (5)    
 
where έp0 is the effective plastic strain-rate of the quasi-
static test used to determine the yield and hardening 
parameters A ,B and n. This is not as it is often thought just 
a parameter to make έp


* non-dimensional. T0 is a reference 
temperature, and Tm is a reference melt temperature.   
 


III. COMPUTATIONAL STUDY OF HIGH-SPEED 
LIQUID DROPLET IMPACT 


To study the wave propagation inside a solid specimen 
considering the elasto-plastic behavior of the material the 
AutoDyn code8 was employed. The code permits the 
automatic calculation of the plastic work performed in the 
material if a proper strength model is used.  
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The material simulated was Steel 4340 having the 
following properties: 


 Modulus of elasticity: E = 1.59E+11 Pa; 
 Yielding stress: σy  = 7.92E+8 Pa; 
 Shear modulus: G = 7.7E+10 Pa; 
 Strength model: Johnson Cook 


 
The yield stress for Steel 4340 is given by Eq. 6: 


 
σy = [7.92E5+5.1E5(εp)0.26][1+0.014ln(έp


*)]             (6) 
 


To model the plasticity limit AutoDyn uses 
automatically the von Mises yield criterion: 


 
(σ1- σ2)2+(σ2- σ3)2+(σ3- σ1)2 = 2 σy


2                           (7) 
 


where σ1, σ2, σ3 are the principal stresses in the solid, and 
σy represents the dynamic yield stress given by Eq. 6.  


AudoDyn code has an explicit solver, the transient 
simulation time step is automatically controlled to meet the 
criterion of stability of solutions. Mesh grid cell size was 
chosen equal to 0.25 μm (Ddrop/400). 
 


III.A. Numerical study of 900 droplet impact on dry 
surfaces 


 
For this case the droplet radius was chosen Rdrop = 50 


µm, the impact velocity V = 500 m/s and the impact angle 
β = 900. 


From previous studies of the impact at 900 was noted 
that the maximum pressure obtained in liquid-solid 
interface occurs just before the time of formation of lateral 
jets. The maximum value of this pressure is typically in the 
range (2÷3)pwh, where pwh represents the water hammer 
pressure obtained using the particle impact velocity:  


 
pwh = ρ·c·Vimpact                                                                                         (8) 
 


with ρ the liquid density, c the speed of sound in liquid and 
Vimpact  the particle impact velocity. This maximum value is 
obtained in a restricted area near the contact front between 
droplet and solid and is responsible for material damage. 


The pressure at the interface at different moments of 
time on the liquid side is presented in Fig. 2. From this 
chart we can notice that the maximum pressure is almost 
pmax = 2E9 Pa obtained at ratio r/Rdrop = 0.3. For this case 
the droplet impact velocity is 500 m/s, the density of the 
fluid is 1000 kg/m3 and the sound velocity in fluid is 
almost 1500 m/s. With this values the water-hammer 
pressure is pwh = 7.5E8 Pa. 


The ratio between maximum pressure and the water-
hammer pressure is almost 2.6. 


 


 
Fig. 2. Pressure at the liquid-solid interface    


 
In Fig. 3 the variation in time of the pressure in the 


solid at fixed position from the center of the impact is 
shown. At r = 0 µm the maximum pressure obtained is 
close to water-hammer pressure and maintains a constant 
value in time. After the jetting, the pressure at the surface 
decreases and tends to the water-hammer pressure.  The 
pressure at the interface decreases immediately after the 
jets starts so the jetting time is t = 3.7E-9 s. 


 


 
Fig. 3. Pressure variation at the solid surface 


 
 In Fig.4 the pressure inside the water droplet is 


presented. Because of the symmetry of the impact only half 
of the droplet is shown. We can observe the large gradients 
of the pressure near the contact front.  


The pressure near the front will increase as long as the 
speed of the front in horizontal direction is greater than the 
speed of sound in liquid. When the two velocities becomes  
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Fig. 4. Pressure wave propagation inside the droplet; Rdrop = 50µm,Vdrop = 500 m/s. 
 
equal pressure wave will pass the front line and the lateral 
jets starts which will cause a pressure decrease. The area 
with high pressure will increase and move in the center at 
the interface water-solid. 


The deceleration of the fluid starts immediately after 
the moment of impact and the velocity of the fluid inside 
the droplet is reduced as the pressure waves propagates 
longitudinally and transversally. 


Because the fluid is considered inviscid and there is no 
friction assumed between fluid and solid, the velocity of 
the lateral jets remains almost constant after the jetting 
starts. The maximum velocity is 2400 m/s which represent 
almost five times the impact velocity. This high value of 
the velocity of the jets proves that the hypothesis of 
inviscid fluid was right. 


 
III.B. Numerical study of 900 droplet impact on wetted 


surfaces 
 


The impact parameters and the material properties are 
identical with those from section III.A. The liquid film 
introduced between droplet and solid has the height hliq.film 
= 10 µm.   


The maximum pressure is obtained at the same contact 
edge between droplet and liquid layer (for dry surfaces the 
location is the contact edge between droplet and solid 
surface). For the study of erosion rates we are interested in 


pressure at the solid surface. At this location the pressure is 
more diffusive than in the dry surface case. 


From Fig. 5 we can be observed that the maximum 
pressure is almost 9.5E8 Pa. This value is still higher than 
the water-hammer pressure, but is considerably lower than 
the value obtained for dry surface. It is obvious that the 
liquid layer offers a cushion against the damage produced 
by the droplet.  


 
Fig. 5. Pressure variation at the solid surface for wetted 


surface, hliq.film = 10 


t = 2.7E-8 st = 1.8E-8 s


t = 5.3E-8 st = 4.4E-8 st = 3.6E-8 s 


0                     0.75             1.5 
r/Rpart 


0                     0.75             1.5 
r/Rpart 


0                     0.75             1.5 
r/Rpart 


t = 8.8E-9 s 


0                     0.75             1.5 
r/Rpart 


0                     0.75             1.5 
r/Rpart 


0                     0.75             1.5 
r/Rpart 
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This phenomenon of pressure reduction at the interface 
due to liquid film can explain the variation in time of the 
erosion rates. In laboratory test the surface of the metal is 
first well polished and the adhesion of the liquid at the 
surface is poor. In the first stages the erosion rates are high, 
but when damage of the surface occur the small pits and 
the high roughness of the surface could improve the liquid 
adhesion.  


At the moment when the film is formed the erosion 
rate decreases and tend to a stationary value or could have 
small oscillations.   


The emanating jets are similar formed but the vertical 
component of the velocity has a higher contribution; the 
absolute velocity reaches almost 2000 m/s (see Fig. 6).  


 


 
 


Fig. 6.  Absolute velocity contours inside the droplet for wetted surface; Rdrop = 50 µm, Vdrop = 500 m/s; hliq.film = 10 µm.


IV. DETERMINATION OF EROSION RATIOS AND 
THE DEPENDENCE ON INPUT PARAMETERS 


 
IV.A. Erosion ratio calculation 


 
An energetic method that takes into account the plastic 


deformations and the plastic work performed upon the 
solid can be used to calculate the erosion ratios. In this 
approach one need the static mechanical properties and the 
dynamic curves of the material (the strain and strain rate 
hardening). These dynamic characteristics are already 
known for some material or can be deduced theoretically 
for others. The main scope of this paper is to introduce this 
energetic method and to compare the obtained results with 
experimental data.   


The erosion ratio is defined as the mass of material 
removed in a certain period of time per total mass of liquid 
impinging the wall: 


 
ER = Material mass removed/Liquid particles mass (9) 


 
Using the simulation of one droplet impact on a 


material assumed to have an elastic-plastic behavior one 
can determine the plastic energy transferred from the 
droplet to the solid. This energy represents only a small 
fraction from the total kinetic energy of the droplet, thus 
being very difficult to measure this quantity 
experimentally. But the fluid-structure interaction codes 
(e.g. Ansys AutoDyn) permits to model and simulate such 


a small scale phenomena (µm scale) with  time scale of 
order of nanoseconds.  


Assuming that the mean energy absorbed by a unit 
volume of ductile material to fracture is equal to: 


 
Efracture = εfract.· σfract. [N/m2]                                      (10) 
 


and the plastic energy transferred to the material is 
determined from the simulation and is noted as PlW, the 
erosion ratio can be calculated as: 
 


ER = (PlW·ρmaterial)/(mdrop·Efracture)                           (11) 
 


IV.B. Erosion ratio dependence on velocity and impact 
angle 


 
A set of simulations was performed for a droplet 


radius Rdrop = 50 µm, the solid material being Steel 4340. 
The first parameter varied was impact velocity keeping the 
impact angle at β = 900. The trend obtained is presented in 
Fig. 7. The law of variation of the erosion ratio with the 
impact velocity respects a power law having one of the 
general forms: 
 


ER = A·Vn  or  ER = B·(V-Vtreshold)m                        (12) 
 
 These laws are obtained from experimental results and 
are given in literature for many materials. The coefficients 
A, B and the power coefficients m, n are valid only for a 
specified range of impact velocity.  


0                        1                      2 
r/Rdrop 


0                        1                      2 
r/Rdrop


0                        1                      2 
r/Rdrop 


t = 2.0E-8 s t = 4.0E-8 s t = 6.0E-8 s
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 In Figs. 13 and 14 the variations of the damage 
produced by the LDI with liquid film height and impact 
angle of the droplet are shown. The data do not present the 
same smoothness as in case of dry surfaces but the trend is 
similar. A possible explanation of these unsmooth curves 
could be the same interference of the waves inside the 
material.   


 


 
Fig. 13.  Erosion ratio variation with liquid film height 


 


 
Fig. 14. Erosion ratio variation with impact angle for wetted 


surfaces 
 


V. CONCLUSIONS 
 


 The main purpose of this study was to introduce a new 
method to determine the erosion resistance of materials 
subjected to LDI damage. The use of computational 
analysis can offer a new perspective on the phenomena and 
the characteristic curves can be easily obtained for a 
specific set of conditions.  
 It was considered that the strain and strain rate 
hardening stop the plastic deformations of the material. 
But, the high value of the maximum load and the small 
region (few microns) on which the pressure is applied 
produces plastic work inside the solid. This energy can be 
used further to calculate the erosion damage.  This method 
is valid only for the ductile materials for which the fracture 
occurs because of the incremental plastic deformations. For 


brittle fracture the material presents a more complicated 
pattern of damage; the surface is cracked and when cracks 
are united in subsurface the material is removed.  
 As a simulation input one must known the dynamic 
mechanical properties of the material. The plastic behavior 
(in this study the Johnson Cook flow curve) is necessary 
for an accurate prediction of the damage.  In the absence of 
this data, a fatigue analysis can be performed using the 
maximum stresses inside the solid obtained as a result of a 
fluid-structure interaction simulation using an elastic 
behavior of the solid.  
 The simulation of 900 degrees impact has shown that 
the maximum pressure obtained at the interface is almost 
2.6 - 3 times higher than the water hammer pressure and is 
obtained right before the lateral jets are formed. This 
maximum pressure is responsible for the material removal. 
In the case of oblique impact, the maximum pressure is 
reduced and the pattern of the plastic work inside the solid 
is different than in the case of normal impact, but the same 
amount of energy is transferred as 900 degrees impact 
using only the normal component of the velocity. This 
proves that the tangential velocity has no influence on the 
damage because the liquid droplet is easy deformed by the 
solid surface. The tangential velocity could became 
important in the case of high roughness of the surface, but 
only if the height of the roughness is higher than the liquid 
film formed on the surface.   
 From the computational curves, the LDI erosion ratio 
respects the power law, which is in accordance with the 
experimental observations. 
 For the droplet radius influence on the damage the 
hypothesis of deviation from the spherical form is 
plausible, but further investigations are required on this 
subject. 
 For the liquid film influence it was observed that the 
LDI erosion is reduced and this is in accordance with the 
time evolution curve of the damage in laboratory tests. The 
variation of the LDIE with height of the layer was plotted. 
In the industrial application, the liquid film height should 
be an input parameter, and is dependent on flow 
conditions, droplet size and liquid properties.  
 An important observation was the pressure waves 
interference inside the solid. This phenomena produces 
different maximum stresses inside the solid with different 
duration (implicit and different plastic work) as the droplet 
size and liquid film height are modified.  
 The simulation of the fluid-structure interaction 
represents the most complicated step in the process of 
evaluation of the material degradation.  
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Abstract – The development of an on-line coupling between the one-dimensional best-estimate 
thermal-hydraulic code TRACE and the three-dimensional computational fluid dynamic code 
ANSYS-CFX is hereby described, verified and validated on a simple mixing experimental set-up 
hosted at the Paul Scherrer Institut. Two different sequential coupling schemes – one explicit and 
the other semi-implicit – have been developed. The verification step of the coupled CFX/TRACE 
code has first been carried out on the basis of a simple test case consisting of a straight pipe filled 
with liquid subject to a sudden acceleration. In the validation step, measurements using advanced 
instrumentation (wire-mesh sensors) have been performed in specially constructed test facility 
consisting of two loops connected by a double T-junction. Comparisons of the measurements are 
made with calculation results obtained using the coupled code, as well as the individual codes in 
stand-alone mode, thereby clearly pointing out the effectiveness of the achieved coupling for 
simulating situations in which three-dimensional mixing phenomena are important. 


 
 


I. INTRODUCTION 
 
As part of the safety assessment and licensing 


procedure for nuclear power plants (NPPs), a wide range of 
analyses are carried out using best-estimate thermal-
hydraulic system codes. The latter have been developed to 
analyze the plant response during a variety of accident 
scenarios and transients (e.g. operational transients, large 
and small break loss-of-coolant accidents, and anticipated 
transients without scram).  


In these codes, the partial differential equations (mass, 
momentum and energy balance equations) that describe the 
two-phase flow and the heat transfer are usually solved by 
finite-difference methods based on one-dimensional 
approximations. The system of partial differential equations 
is accompanied by an appropriate set of correlations and 
physical models (so-called closure relationships). The input 
model describing a specific nuclear power plant is then 
built by connecting together one-dimensional modular 
components (pipes, pumps, valves, heat structures, etc.), 
and specifying appropriate boundary and initial conditions. 
It has to be pointed out that some of the accident scenarios 
postulated for NPPs might involve strong asymmetries in 
the properties of the coolant entering the reactor pressure 
vessel (RPV), which in turn might lead to asymmetries in 
the temperature distribution at the core inlet during a Main 
Steam Line Break (MSLB), or in the boron concentration 
during a boron dilution scenario (see Salah, 1971; Kliem, 


1999). The temperature or boron distributions at the core 
inlet depend largely on the coolant mixing taking place in 
the downcomer and in the lower plenum of the RPV. Such 
mixing phenomena are strongly three-dimensional and are 
influenced by turbulence. 


Therefore, one-dimensional approximations are 
unsuitable for this class of problems. Even if some best-
estimate thermal-hydraulic system codes offer multi-
dimensional flow solutions (e.g. TRACE, RELAP-3D, 
CATHARE-3), these solutions are based on an approximate 
formulation of the momentum balance equations (inviscid 
Eulerian, instead of Navier-Stokes). In addition, they do not 
include turbulence modeling, and are therefore unable to 
reproduce coolant mixing in three-dimensional 
components, such as the RPV lower plenum. 


On the other hand, in the context of single-phase 
mixing applications, computational fluid dynamics (CFD) 
codes have reached a satisfactory level of maturity for 
providing the complementary capability to system codes 
for accurately dealing with multidimensional flows.  


In this light, a direct coupling between CFD and 
system codes can bring a new quality in the analysis and 
understanding of the coolant reactivity feedback 
phenomena which occur during MSLB and boron-dilution 
scenarios, therefore contributing in increasing the accuracy 
in the estimation of the corresponding plant safety margins. 
In order to keep computational costs to a minimum, and at 
the same time not to lose on the accuracy of the solution, it 
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is proposed to couple a CFD and system code in such a 
way that only the components where three-dimensional 
effects are expected to play a significant role (e.g. RPV 
downcomer and lower plenum) are fully modeled using 
CFD, Generally, the primary circuits, the core and the 
secondary side of the power plant would be modeled with 
the system code, including a 3D representation of the 
neutron kinetics in the core by means of a 3D neutron 
kinetic code (Fig. 1).  


With this long-term objective in mind, a coupling 
between the commercial CFD code ANSYS-CFX R11.0 
(ANSYS Inc., 2006) and the best-estimate US NRC code 
TRACE V5.0 (US NRC, 2007) has been developed at the 
Paul Scherrer Institut (PSI). The coupling scheme is 
currently designed for single-phase applications, but it will 
be extended to two-phase flow in the future. 


 


Fig. 1. Conceptual scheme for a coupled simulation of the 
primary loop of a PWR. 


 
II. COUPLED TOOL DEVELOPMENT 


 
In the last decade, efforts have been dedicated to the 


coupling of thermal-hydraulic system codes and CFD 
(Aumiller 2001. 2002; Gibeling 2002; Schulz 2003; 
Cadinu, 2007; Waata, 2008; Bertolotto 2009). Moreover, 
even if a general lack of systematization and consistent 
classification of the coupling approaches is still noticeable 
in the literature, few attempts are being made to improve 


and standardize the coupling procedures (see D’Auria, 
2004) with reference to the coupling between thermal-
hydraulic system codes and 3D neutron kinetics. 


The coupling between system codes and CFD 
developed at PSI is based on a so-called on-line coupling 
approach. In this case, the coupled codes run concurrently, 
exchanging information at every time step. This allows 
higher accuracy with respect to off-line couplings, 
especially during transients in which the feedback between 
the computational domains is important. In off-line 
couplings the codes are run independently and sequentially 
on their own domains and the results from one code are 
used as an educated guess to impose better boundary 
conditions or internal fluid properties for the second code. 


The on-line coupling developed at PSI adopts a so-
called “parallel processing” approach (D’Auria, 2004), in 
which a dynamic data exchange routine between the two 
codes is established. This solution is relatively simple to 
implement, since viable interface-code options already 
exist (PVM or MPI) and only limited modifications to the 
source of the single codes to be coupled are needed. A 
serial integration algorithm, in which the two codes are 
integrated into one another, would have required major 
modifications to the source codes instead.. 


With regards to the spatial mesh overlays, there are 
mainly two strategies that can be followed, based on 
overlapping or separate (i.e. non-overlapping) domains 
respectively.  In case of overlapping domain, generally the 
domain of the CFD code is modeled with the system code 
as well. In case of non-overlapping domain, the domain of 
interest is split into two separate domains, separately 
computed within the CFD and the system code respectively. 
The CFD and system code domains are therefore 
geometrically distinct and connected to each other only at 
their boundaries (interfaces). The coupling scheme 
developed at PSI employs non-overlapping domains. 


The coupling between ANSYS-CFX and TRACE uses 
the Parallel Virtual Machine (PVM) software (Geist, 1994) 
for data exchange and control of the coupling time 
advancement. The CFD code is defined as “master” code 
and is therefore used to control the information exchange 
with the system code TRACE (defined therefore as “slave” 
code), and the time step advancement. The current scheme 
of the coupling is presented in Fig. 2. The PVM “master” 
program is a CFX junction box routine which is called at 
several stages during the computation. User defined 
functions are employed to set the boundary conditions 
(BCs) in CFX, and communicate with the junction box 
through the CFX Memory Management System (MMS). 


Regarding the coupling scheme, different ways exist to 
implement the information-passing between the 
interconnected domains, and thus to achieve an integrated 
solution between the coupled codes. 
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CFX


Junction


Box


User CEL


Functions


PVM


environment


TRACE


conversion


MMS


 


Fig. 2. Simplified coupling scheme, showing the main 
components. 


Firstly, a sequential scheme (in which one code 
remains idle while the other code is being executed) was 
chosen for the CFX/TRACE coupling. This because a 
parallel scheme (in which both codes are working in 
parallel), though presenting some attractiveness from the 
point of view of computational time optimization 
(especially if the two codes have a comparable execution 
time), requires a careful choice of the BCs to be used at 
each time step and might present mass and energy 
conservation problems, as well as consistency and stability 
issues, as clearly pointed out in past works (Weaver, 2002a 
and 2002b). To further support the choice of the sequential 
scheme for our coupling, it has to be pointed out that CFX 
execution times are much larger than the TRACE one, thus 
effectively making negligible the improvement in 
performance of a parallel scheme. 


Sequential schemes can be further subdivided into 
explicit and semi-implicit couplings.  


TRACE


(Fixed BCs)


CFX


(Fixed BCs)


Interface data exchange


internal
iterations


internal
iterations


Interface data exchange
to t(n+1)


tn


Interface data exchange
from t(n−1)


 


Fig. 3. Sequential explicit coupling scheme. 


Both explicit and semi-implicit numerical schemes for 
time advancement have been implemented in the coupled 
CFX/TRACE code. In the explicit sequential scheme (Fig. 
3), the solution is computed by TRACE at a certain time 


step, the results are then passed as appropriate boundary 
values to CFX, which computes the same time step for its 
own computational domain. The results of CFX are passed 
back as BCs to TRACE, and a new time step is computed. 
In this case the convergence of the results at the boundaries 
of the physical interface is not guaranteed, and a relatively 
small integration time step has to be employed. 


In the semi-implicit sequential scheme (Fig. 4), the 
same time step is repeated sequentially in both TRACE and 
CFX until the convergence of the BC at the interface 
between the two codes is reached. The convergence criteria 
are defined by the user. 


TRACE


(Fixed BCs)


CFX


(Fixed BCs)


Interface data exchange


internal
iterations


internal
iterations


Interface
convergence ?


NO


YES


Interface data exchange


Repeat Time Step


Data to t(n+1)


Data from
t(n−1)


tn


 


Fig. 4. Sequential semi-implicit coupling scheme. 


Independently on the type of coupling scheme 
employed, each code performs a certain number of internal 
iterations during each time step, as required by the code 
internal solver. In the case of CFX, the number of internal 
iterations can be controlled by the user to reach the desired 
root mean square (RMS) accuracy; experience dictates that 
a minimum number of internal iterations for CFX should be 
set to get acceptable results (usually a minimum of 3 
iterations is sufficient). Currently, the developed coupling 
scheme is limited to single-phase isothermal flows, with the 
convection of a scalar (e.g. the concentration of a dissolved 
solute). It can be easily extend to variable temperature 
flows, as long as the flow regime remains single-phase. 


A more detailed depiction of the coupling at the 
interface between the two codes is shown in Fig. 5. TRACE 
allows the use of two kinds of BCs: a “break” component 
allows imposing a pressure boundary condition, while a 
“fill” component allows imposing a velocity boundary 
condition. CFX allows the definition of a generic 
“opening” BC that can work both as inlet and outlet 
(depending on the flow direction) and in which the user can 
impose a pressure or a velocity profile. 
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Fig. 5. Detailed CFX/TRACE coupling scheme with boundary 
information exchange. 


The values exchanged here are velocity v and pressure 
p, with arrows indicating the direction of the information 
passing. B and F in TRACE are, respectively, a break 
(imposed pressure) and a fill (imposed velocity). OV and 
OP are CFX openings with imposed velocity and pressure 
respectively. Circles indicate values defined on the cell 
boundary, crosses indicate values defined at the cell center. 


In the coupling between a 1D code and a 3D code, it is 
clear that information is lost at the interface from the 3D to 
the 1D code and that additional information, not available 
in the 1D solution, is needed at the interface from the 1D to 
the 3D code. In the latter case, cross-section averaged 
quantities have to be “transformed” into two-dimensional 
distributions. This operation is clearly a source of 
inaccuracy, as it will be shown later on. 


 
III. COUPLED TOOL VERIFICATION 


 
The newly developed tool has been verified on a 


simple problem consisting of a 3 m long straight pipe 
having a diameter of 5 cm. The pipe is initially filled with 
stagnant liquid at 1 MPa. At time t = 0, the pipe end is 
opened to a lower pressure environment (0.99 MPa), 
causing a sudden acceleration of the fluid in the pipe. As 
coupled problem, the first 2 m of the pipe are modeled with 
TRACE, while the last 1 m is modeled with CFX (hexa 
mesh with 150k elements). The coupled solution is then 
compared with the results of a TRACE stand-alone 
simulation. 


 Parametric studies have been carried out to verify the 
sensitivity of the coupling to relevant simulation 
parameters such as: 


• the integration time step; 
• the inlet velocity and turbulence BCs at the 


interface between the TRACE and CFX domains 
(flat velocity profile, turbulent velocity profile 
with standard turbulence, turbulent velocity 
profile with defined profiles of κ and ω); 


• the type of numerical coupling scheme (explicit or 
semi-implicit). 


 
The pressure profile along the whole pipe at the end of 


the transient (Fig. 6), is not influenced by the integration 
time step and the type of coupling scheme. This is 
expected, since the steady state solution should not be 
affected by such parameters. However, while the stand-
alone TRACE solution predicts a linear pressure decrease 
along the pipe length, a clear deviation from linearity at the 
interface between the CFX and the TRACE domain is 
observed in the coupled CFX/TRACE solution. 


The pressure drop in the CFX domain initially deviates 
from linearity due to the fact that at the interface between 
the TRACE and CFX domain, the cross-section averaged 
velocity computed by TRACE is used in CFX as flat (i.e. 
uniform) velocity profile. While in TRACE it is assumed 
that the flow is always fully developed, in the CFD domain 
the development of the imposed uniform velocity profile 
into a fully developed turbulent profile is computed, 
leading to higher pressure drops in the coupled 
CFX/TRACE solutions, compared to the TRACE stand-
alone solution. 


In Fig. 7 it is shown that a consistent agreement 
between the TRACE stand-alone solution and the coupled 
CFX/TRACE solution is obtained when the TRACE cross-
section averaged velocity is “transformed” into a fully 
developed (turbulent) velocity profile, and consistent 
information on the turbulent kinetic energy are supplied to 
CFX at the interface between the CFX and the TRACE 
domain (see curve “impl turb + ko” in Fig. 7). 


 


 


Fig. 6. Profile of the pressure along the pipe for the explicit and 
semi-implicit coupling schemes, with a flat velocity profile 
imposed at the same interface. Different time steps are 
represented. The vertical dashed line indicates the position of the 
coupling interface. 
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Fig. 7. Profile of the pressure along the pipe for the semi-implicit 
coupling scheme and different kind of velocity and turbulent 
quantities profiles imposed at the coupling interface. Constant 
time step at 0.01 s. The vertical dashed line indicates the position 
of the coupling interface. 


 


Fig. 8. Evolution of the velocity at the coupling interface for the 
explicit and semi-implicit coupling schemes, with a flat velocity 
profile imposed at the same interface. Different time steps are 
represented. 


The time evolution of the velocity at the coupling 
interface during the transient is presented in Fig. 8. Again 
the TRACE stand-alone solution is reported together with 
the results of the coupled CFX/TRACE code obtained for 
different integration time steps and different coupling 
scheme (explicit and implicit). The coupled CFX/TRACE 
velocity is asymptotically lower than the TRACE stand-
alone solution due to the higher pressure drops computed 
by the CFX/TRACE code, as discussed in relation to Fig. 
6. Taking as reference the coupled CFX/TRACE solution 
obtained with an integration time step of 0.002, it can be 
seen that convergence in the solution with the explicit 


coupling scheme is reached already with an integration 
time step of 0.01 s. Convergence with the implicit scheme 
is reached already with a time step of 0.1 s instead. 


In Fig. 9 it is shown that, consistently with what 
discussed in Fig. 7 with regards to the pressure distribution 
along the pipe length, agreement between the interface 
velocity of the stand-alone TRACE solution and the 
coupled CFX/TRACE solution is obtained, when a 
turbulent velocity profile and corresponding turbulence 
kinetic energy is supplied at the interface between the 
TRACE and CFX domains.  
 


 


Fig. 9. Evolution of the velocity at the coupling interface for the 
semi-implicit coupling scheme and different kind of velocity and 
turbulent quantities profiles imposed at the same interface. 
Constant time step at 0.01 s. 


Analyzing the time evolution of the pressure at the 
coupling interface (Fig. 10), it can be seen that the 
oscillations have the half-period of a time step when the 
explicit coupling is used, since the pressure is exchanged at 
every time step. If instead the semi-implicit coupling is 
used, the oscillations disappear very quickly in 2 or 3 time 
steps and are of limited amplitude (excluding the initial 
oscillation due to the initial conditions, which is identical 
for both the coupling strategies). The way pressure 
convergence is achieved with the semi-implicit scheme at 
the interface between TRACE and CFX domains within the 
internal iterations of a single time step can be seen in Fig. 
11. The number of internal iteration necessary to reach 
convergence can vary during the transient. It has to be 
noted that reducing the integration time step reduces also 
the number of internal iterations required for achieving 
convergence.  
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Fig. 10. Evolution (up to 1 s) of the pressure at the coupling 
interface for the explicit and semi-implicit coupling schemes, 
with a flat velocity profile imposed at the same interface. 
Different time steps are represented. 


 


Fig. 11. Convergence of the 2nd iteration loop during the first 
time step. Semi-implicit coupling with flat velocity profile and 
0.1 s time step. 


 
IV. COUPLED TOOL VALIDATION 


 
In order to validate the coupled CFX/TRACE code 


against experimental data, a mixing loop was built at the 
Paul Scherrer Institut (PSI).  In the following, a description 
of the experimental set-up and the experiment selected for 
the code validation are reported. The experimental data are 
then compared with the solution of the coupled 
CFX/TRACE code, as well as with CFX and TRACE 
stand-alone solutions respectively. 


 
IV.A. Test Facility and Experiments 


 
The experimental set-up consists of two separate loops 


joined by a double T-junction component (Fig. 12). Two 


recirculation pumps are present, in the side and main loop, 
respectively. The latter is in fact an open loop which 
gets/discharges water from/to the laboratory water 
distribution system. A tracer can be injected either in the 
main loop or in the side loop. The double T-junction 
component is made of Plexiglas and has an inner diameter 
of 5 cm. The distance between the axes of the junction side 
connections is 13 cm, and both connections have the same 
diameter as the main pipe. The system is operated at 
atmospheric pressure. The working fluid is tap water, while 
desalinated water is used as tracer. Wire mesh sensors 
(Prasser, 1998), installed at several locations in the facility, 
allow the measurement of the two-dimensional mixing 
patterns in a given pipe cross-section (16 x 16 measuring 
points in a single cross-section) with a spatial resolution of 
3 mm and a measuring frequency up to 10 kHz. The 
locations of the wire-mesh sensors are shown schematically 
in Fig. 12. 


. 
Double Tee


(modeled with CFX)


Inlet


Tracer


injection


Outlet


WM1 WM2


WM3


Side Loop


(modeled with


TRACE)  


Fig. 12. Simplified sketch of the mixing set-up with tracer 
injection in the side loop. WMs are the wire-mesh sensors. 


After setting up the desired mass flow ratio between 
the main loop and the side loop, a small quantity of 
desalinated water (between 10 and 15 ml) is injected in the 
side loop, just before the wire mesh sensor. Within the 
double T-junction component three-dimensional effects 
come into play, which determine the time-dependent tracer 
distribution in the two loops. With the aid of wire-mesh 
sensors (here used with a sampling rate of 1 kHz) it is 
possible to measure how the tracer injected in the side loop 
is split at the T-junction location between main and side 
loops (by measuring the tracer concentration at the location 
of WM2 and WM3 respectively, as indicated in Fig. 12). 
The amount of tracer which travels in the side loop 
recirculates into the double T-junction component, so that 
its splitting among side and main loop repeats over several 
cycles, until all the tracer has been expelled from the 
system through the main loop discharge. 


Several tests were carried out by varying the mass flow 
in the main loop and in the side loop. Due to the fact that 
the tracer is injected in the side loop, and in view of the 
topology of the three-dimensional velocity field which 
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develops in the double T-junction component, the tracer has 
the tendency to flow into the side loop. 
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Fig. 13. Evolution of the experimental tracer concentration 
(normalized) at the wire-mesh sensors positions; mass flow ratio 
between loops is 1:1. 


In Fig. 13, the normalized cross-averaged concentration 
as a function of time has been plotted for the three mesh 
sensors (located in the positions shown in Fig. 12) for the 
case with 1:1 mass flow ratio between main and side loop, 
with a flow of 1.33 Kg/s in each loop. From the starting 
time, the injected concentration measured from WM1 (red 
line) is split between the two junction branches WM2 and 
WM3 with different maximum values (first group of plugs 
on the left of Fig. 13). In particular, a larger quantity of 
tracer goes into the side branch, where the recirculation 
loop starts. This quantity, recorded by sensor WM2 (black 
line), recirculates and is detected by the sensor WM1 as 
second plug. The tracer crossing sensor WM3 (blue line) is 
instead lost to the drain. From the second group of plugs, it 
can be seen that the shape of the recirculated plug changes, 
i.e. it becomes lower and wider, because of the turbulence-
induced mixing (compare the black line in the first group of 
plugs against the red line in the second group). Again, the 
tracer is split at the T-junction and the quantity of tracer 
recorded by WM2 recirculates a third time, with a similar 
trend as described above. The case hereby presented is 
used as validation basis for the comparison with the 
simulations. 


 
IV.B. CFX Stand-Alone Simulations 


 
To gain insights in the performance of the newly 


developed coupled tool with respect to the existing codes, 
the double T-junction experiment was simulated not only 
with the coupled CFX/TRACE code, but also with CFX 
and TRACE as stand-alone codes. 


A three-dimensional CFX model of the double T-
junction has been developed with a finely refined mesh in 
the proximity of the two junctions, in order to better 
capture the velocity field and the vortexes that develop in 


these regions. In addition, the outlet branch (to WM2, Fig. 
12) has been meshed for a larger length in order to capture 
the entire length of the vortex that develops in the side 
branch, thus avoiding that this vortex cuts into the outlet 
surface. In this way, the axial on the entire cross-section of 
the outlet surface WM2 has the same sign. 


A mass flow of 1.33 Kg/s was imposed at the two 
inlets (locations ‘‘inlet” and ‘‘WM1” in Fig. 12), through 
the boundary conditions of CFX. At the drain outlet 
(“WM3” in Fig. 12) a constant pressure of 0.1 MPa was 
imposed; at the side loop inlet (“WM2” in Fig. 12), the 
outlet mass flow was imposed as BC for CFX or driven by 
the recirculation loop in TRACE. 


Sensitivities studies were carried out in order to 
investigate the effects of different parameters such as the 
integration time step, the mesh size, the turbulence model, 
the tracer concentration profile at the inlet boundary, as 
well as the inlet velocity profiles (Bertolotto, 2009). From 
these, it could be observed that the convergence was 
reached with a time step of 0.1 s and a mesh size of about 
350k elements. Moreover, the inlet concentration profile 
had little influence on the solution of the time-dependent, 
cross-section-averaged tracer concentration, and using the 
SST model (κ-ω based) brought additional improvement, 
with respect to the κ-ε model, because of the better 
capability of the SST model to capture the vortices, which 
develop at the location of the T-junction and which are 
responsible for the transport of the tracer in the side 
junction (Zboray, 2007). A remarkable improvement, 
however, was observed when a more realistic (i.e. fully 
developed turbulent) velocity profile was imposed at the 
loop inlets (locations ‘‘WM1” and ‘‘Inlet” in Fig. 12), 
instead of a simple flat profile, in line to what has been 
obtained during the verification step (Bertolotto, 2009). 
The velocity field which develops in the double T-junction 
component when using a fully-developed, turbulent inlet 
velocity profile is shown in Fig. 14. 


The larger disagreement between CFX results and 
experimental data is seen at the location ‘‘WM3” (Fig. 15); 
in order to understand this result, it has to be pointed out 
that the cross-section averaged tracer concentration is not a 
direct measure for the mass of tracer which is effectively 
transported in the main and side loops. At the location 
‘‘WM3” the velocity profile is much more unstable, 
confirmed by the fact that larger fluctuations in the 
measured concentration signal are observed at this location. 
Thus, while excellent agreement is obtained for the location 
WM2, the CFD code has more difficulty in reproducing the 
correct velocity profile for WM3, resulting thus in an 
erroneous cross-section averaged tracer concentration. All 
in all, the CFD code is able to predict that the cross-section 
averaged tracer concentration is lower in the ”WM3” 
location than in the ”WM2” location, even if the flow ratio 
between the two loops is 1:1. 
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Fig. 14. Velocity magnitude and vector field of the CFX stand-
alone, steady-state simulation obtained with a fully-developed, 
turbulent inlet velocity profile. 


 
IV.C. TRACE Stand-Alone Simulations 


 
A complete one-dimensional model of the 


experimental set-up has been developed for TRACE. The 
model includes: 


• side loop, containing a pump and a valve with 
corresponding control system aimed at controlling 
the mass flow-rate. This part of the model has 
been used also for the coupled CFX/TRACE 
simulations; 


• double T-junction component (modeled with CFX 
in the coupled solution); 


• tracer injection system; 
• control system with a pump and a valve to control 


the mass flow-rate in the side loop. 
It has been shown (Bertolotto, 2009, 2011) that the 


numerical scheme used in TRACE for the tracer transport 
is strongly affected by numerical diffusion. It was not 
possible to reach convergence. Accordingly, for the 
simulations presented in this paper, the results of TRACE 
improved with the QUICKEST-ULTIMATE scheme 
(Bertolotto, 2011) are shown. Spatial discretization is fixed 
to 0.01 m and a proper constant diffusion coefficient of 
0.006 m2/s is used. 


In Fig. 15, a comparison is presented between 
experimental data, stand-alone TRACE simulation (with 1 
cm spatial discretization) and CFX stand-alone simulation. 
For the CFX simulation, the SST model has been selected 
to model turbulence, and a fully developed turbulent 
velocity profile is imposed as boundary conditions at the 


inlets. CFX correctly predicts, though with slight 
overestimation, that a higher amount of tracer is 
recirculated in the side loop, while TRACE simply splits 
the tracer using the mass flow-rates as weights (for the 
particular case under investigation, where a mass flow ratio 
of 1:1 is used, TRACE predicts that 50% of the tracer is 
recirculated in the side loop). It is therefore clear that the 
combination of a 1D code, such as TRACE, with a CFD 
code can provide a considerable improvement in the 
prediction capabilities for cases when three-dimensional 
effects are dominant. 


 


Fig. 15. Simulation results of the inlet tracer concentration 
(WM1, top) and of the concentration splitting in the T-junction 
for the side loop (WM2, center) and the main loop (WM3, 
bottom) at the wire mesh sensor locations. Comparison between 
experimental data, CFX stand-alone simulation and TRACE with 
QUICKEST scheme and a constant physical diffusion coefficient 
of 0.006 m2/s. 


 
IV.D. CFX/TRACE Coupled Simulations 


 
The aim of the coupling is to achieve a more detailed 


description of the tracer splitting in the T-junction 
component using CFX, while maintaining the capability of 
simulating a transient with several recirculation cycles of 
the tracer in the side loop. 


The simulation is made with the same three-
dimensional geometry model as used for the CFX stand-
alone simulations, coupled at the boundaries corresponding 
to the side loop with the TRACE model of the loop. The 
injection is simulated as a concentration profile over the 
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inlet boundary from the side loop in CFX; the data are 
taken from the experiments. The BCs in the TRACE model 
are imposed with two “break” components (imposed 
pressure boundary condition), since the velocity in the side 
loop is already imposed by controlling the valve 
downstream of the pump. The velocity of the fluid in the 
loop is then used as BC for the CFX openings connected to 
the side loop. The cross-section-averaged velocity provided 
by TRACE is converted into a fully developed turbulent 
velocity profile (keeping the same averaged velocity) 
before passing this information to the CFX inlet interface. 
A flat velocity profile approximation would be the simplest 
to implement, but it would lead to an inaccurate solution 
(Bertolotto 2009). The explicit coupling numerical scheme 
has been selected for the CFX/TRACE simulation, with a 
maximum of 3 CFX internal iterations per time step. An 
integration time step of 0.05 s is used, the employed CFX 
mesh has 350k elements, and the turbulence model is the 
SST (shear stress transport). 


 


Fig. 16. Simulation results of the inlet tracer concentration 
(WM1, top) and of the concentration splitting in the T-junction 
for the side loop (WM2, center) and the main loop (WM3, 
bottom) at the wire mesh sensor locations. Comparison between 
experimental data, TRACE and CFX/TRACE with QUICKEST 
scheme and a constant physical diffusion coefficient of 0.006 
m2/s. The plot shows the loops subsequent to the injection. 


In Fig. 16, the result of the coupled CFX/TRACE 
simulation is presented for the second and third 
recirculation of the injected tracer plug. Obviously, the 
results for the first circulation (from 0 to 5 s) are identical 
to those obtained with the stand-alone simulations, already 


reported Fig. 15. The experimental data are presented as 
well. Again, TRACE predicts a 50% splitting of the tracer 
plug at the T-junction location (position WM2/WM3). This 
result is to be expected, since the flow conditions are 
steady, with the mass flow ratio between the two loops 
remaining fixed at 1:1 during the entire experiment. It must 
be pointed out that, while the tracer diffusion in TRACE is 
symmetric, the experimental results show a larger diffusion 
in the direction of the flow (Fig. 16), since it results from 
turbulent mixing. This phenomenon is well caught by the 
CFD simulation. 


 


Fig. 17. Simulation results of the tracer concentration integral at 
the inlet (WM1, top), in the side loop (WM2, center) and in the 
main loop (WM3, bottom) at the wire mesh sensor locations. 
Comparison between experimental data, TRACE and 
CFX/TRACE with QUICKEST scheme and a constant physical 
diffusion coefficient of 0.006 m2/s. 


In Fig. 17, the time integral of the cross-section 
averaged tracer concentration is shown over the entire 
period considered for the simulation. Also here, it is clearly 
visible that the TRACE concentration is split in half 
between the two loops (the value of the integral is the same 
for WM2 and WM3). Moreover, the integral increases at 
the same time for the experiment, the stand-alone TRACE, 
and the coupled CFX/TRACE simulation, demonstrating 
that the coupling correctly simulates the transport of the 
tracer plug in the system. Finally, it is possible to see the 
effect of the diffusion at the plug borders, which reduces 
the steepness with which the integral increases at the start 
of each recirculation cycle. For location WM1, where the 
assumption of a fully developed turbulent velocity profile 


0 10 20 30 40
0


0.5


1


1.5


2


2.5


time (s)


co
nc


en
tr


at
io


n 
in


te
gr


al
 (


−
)


0 10 20 30 40
0


0.5


1


1.5


2


time (s)


co
nc


en
tr


at
io


n 
in


te
gr


al
 (


−
)


0 10 20 30 40
0


0.5


1


1.5


2


time (s)


co
nc


en
tr


at
io


n 
in


te
gr


al
 (


−
)


 


 


Exp.
TRACE + QUICKEST + Dif.
CFX/TRACE + QUICKEST + Dif.


10 15 20 25 30 35
0


0.2


0.4


time (s)


co
nc


en
tr


at
io


n 
(−


)


10 15 20 25 30 35
0


0.1


0.2


0.3


time (s)


co
nc


en
tr


at
io


n 
(−


)


10 15 20 25 30 35
0


0.1


0.2


0.3


time (s)


co
nc


en
tr


at
io


n 
(−


)


 


 


Exp.
TRACE + QUICKEST + Dif.
CFX/TRACE + QUICKEST + Dif.


2760







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11490 


   


is justified by the configuration of the experimental set-up, 
excellent agreement is obtained with the CFX/TRACE 
coupled tool. This indicates that CFX correctly predicts the 
amount of tracer mass which recirculates in the side loop. 
The fact that the same agreement is not obtained for the 
locations WM2 and WM3 lies in the less accurate 
prediction of the velocity profiles at these two locations. 
Unfortunately, the experimental concentration integral 
cannot be weighted with the velocity profile, as the latter is 
not available in the experiment. The fact that a correct 
prediction of the total mass of tracer recirculated in the side 
loop is obtained, but an incorrect cross-section averaged 
concentration results in the locations WM2 and WM3 
points to a disagreement between experimental and 
calculated velocity profile. This disagreement is larger for 
the WM3 location. 
 


V. VALIDATION ON THE FLORIS FACILITY 
 


To extend the validation basis, and thus further 
strengthen confidence in the coupled tool, a new 
experimental facility, Flow circulation in LOwer plenum 
and RISer (FLORIS), was recently set up at PSI 
(Bertolotto, 2010). Instrumented with wire-mesh sensors as 
in the previous double T-junction experiment, it features a 
more complicated geometry, i.e. one corresponding to a 
scaled-down slice of a BWR vessel, to further evaluate the 
performance of the coupling with respect to system codes. 
Moreover, the possibility of having controlled transient 
flow conditions will make it possible to challenge the 
coupling of the momentum equation. Both coupled and 
stand-alone simulations will be compared to experimental 
results from FLORIS, thus providing validation of the 
developed tool for transient flow conditions in complex 
system geometry. 
 


VI. CONCLUSIONS 
 


An on-line direct coupling between the three-
dimensional CFD code ANSYS-CFX and the best-estimate 
thermal-hydraulic system code TRACE has been 
developed. Both an explicit and a semi-implicit numerical 
scheme have been implemented and tested. 


The coupling has been first verified by simulating an 
open-pipe configuration. Parametric studies have pointed 
out the effect of integration time step and coupling 
schemes, and the importance of the boundary conditions at 
the interface between one-dimensional and three-
dimensional code. In particular, it has been shown that 
velocity and turbulent quantities profiles have to be 
reconstructed from 1D averages when applied to the 3D 
mesh, in order to achieve consistency between system 
codes and coupled code solution.  


The coupling has then been tested on a mixing 
experimental set-up built at PSI. The reported results are 


promising and clearly show the advantages of a coupled 
3D/1D simulation over a fully 1D approximation, when 
three-dimensional phenomena play an important role, as in 
in the studied case of the double T-junction component. 


Finally, the analyses have pointed out that the TRACE 
prediction of a tracer transport is strongly affected by 
numerical diffusion. Further improvements in the tracer 
transport equations of the TRACE code is clearly needed 
and preliminary efforts were carried out in this direction 
(Bertolotto, 2011). 


Further validation of the coupling performances will 
take place on a new facility, FLORIS, recently set up at PSI 
(Bertolotto 2010), featuring a more complex two-
dimensional geometry and allowing controlled transient 
conditions. 
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Abstract –Transition scenarios from a fleet based on current generation reactors to a fleet of 
generation reactors is simulated using POLES (Prospective Outlook on Long-Term Energy 
Systems) model up to 2100. POLES builds a complete model of the world energy market. As 
opposed to classical nuclear scenario codes, the demand of nuclear energy is an output of the 
model and not user-defined.  A new nuclear fuel management model has been implemented.  
 The results give a new understanding of the dynamics of both nuclear technology GEN III and 
GEN IV deployments. The effects of the most important parameters defining the evolution of the 
shares of nuclear reactor technologies are presented. Those parameters are defined in the field of 
economics (ex: relative extra costs of GEN IV reactors), or geology (ex: expected evolution of 
natural uranium price as a function of uranium already mined), or physics (ex: breeding gains…).   


 
 


I. INTRODUCTION 
  


 Limits on fossil fuels’ reserves and necessary reduction of 
global Greenhouse Effect Gases' (GEG) emissions, should 
result in a major technological shift toward a more energy 
efficient system with low GEG emissions within the next 
century. Nuclear power is expected to take part in this shift, 
as a support to an increased demand for low carbon 
electricity [1]. Given its own constraints, both in terms of 
natural uranium reserves and waste management, nuclear 
power will probably have to face its own technological 
challenges. The current fleet of Water Reactors (see 
nomenclature) that consumes natural uranium and 
produces plutonium and minor actinides may leave room 
for a fleet of GEN IV reactors (see nomenclature) that 
reduce the consumption of natural uranium by a factor 
100a


The conditions for a strong deployment of Gen IV reactors 
are paradoxical. Since their investment cost will be higher, 
it is usually considered that they will be started as soon as 


,  must use plutonium and could limit the  minor 
actinides production.  


                                                           
a Once started 


the uranium price will be high enough, i.e. only if current 
technology reactors are built on a massive scale and 
uranium scarcity is made clear. On the other hand, if 
uranium availability is foreseen to be constrained in the 
mid-term or if social acceptability of nuclear power 
remains low − then no utility will choose current 
technology reactors, and only very few GEN IV reactors 
could technically be started, given the large fissile 
inventory needed for the start up of these new generation 
reactors. The dynamic of this technological transition 
depends strongly not only on uranium availability, but also 
on GEN IV reactors availability and competitiveness [2]. 
More globally, nuclear reactor deployment depends first on 
global electricity demand. 
 We present here the results of the scenario studies made by 
an interdisciplinary team of geologists, economists and 
reactor physicists. The team worked with the prospective 
economic model POLES: Prospective Outlook on Long-
Term Energy Systems. POLES is a well recognized tool in 
the field of Energy Economics, developed by the 
Laboratoire d’économie de la production et de 
l’intégration international (LEPII) and it has been used 
intensively for various works such as Intergovernmental 
Panel on Climate Change (IPCC) reports [3] or European 
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Commission studies [4]. We have extended the nuclear 
power module of this model to better take into account 
specific capabilities and limitations of different nuclear 
reactor generations. 


II. POLES


The model POLES Prospective Outlook for Long Term 
Energy Systems  is a model for simulation of the world 
energy system in 2100 with exogenous economic 
scenarios, but an indigenization of a set of  variables 
characterizing the consumption, processing, production 
and  energy prices, for each of the major countries or 
regions (57 areas in the current version). It is a partial 
equilibrium model in recursive simulation whose dynamics 
are given from the initial year and then year by year, by the 
spread out adjustments of the variables of supply and 
demand on the one hand and prices on the other hand. The 
model is built according to a hierarchical structure of 
modules inter-connected on the national, regional and 
worldwide levels and representing dynamic prices and 
energetic flows in physical unities. The national level 
integrates the modules of consumption, new energies, 
conversion into electricity or hydrogen and fossils energy 
production for each region. The regional or global levels 
integrate the energy flows and the modules of international 
prizes for the three major energies subject to a wide 
international business: oil, natural gas and coal.


II.A. The model POLES operation


The model simulates the energy demand and the 
supply of 45 countries and 12 regions in the world. It 
covers 15 sectors of energy demand (primary industries, 
transportation systems, residential and services), forty 
technologies of electrical production and hydrogen.
Another module, called TECHPOL, supports their 
economic and technical specificities. For the demand, the 
behavioral equations take account of the combination of 
the price effects, the incomes, the technicoeconomic 
constraints and technological changes. It should be noted 
that in POLES, each technology’s cost follows a learning 
curve and decreases with its development down to a
“floor”. This evolution is evaluated on the advice of the 
experts and reflects the impact of the efforts invested in the 
R & D on the profitability of the technology.


Profiles for supply of oil and gases are projected for 
key producing countries starting from a simulation of the 
activity and discovery of new reserves, data of prices, 
supplies in hand and cumulative production. The 
integration of demands for importation and the export 
capacities of the various areas are included in the 
international module of the energy market, which balances 
international flows of energy. The changes in oil, gas and 
coal prices are endogenous, and take account of the 
utilization ratio of the capacities of the Gulf for oil, the


reserves compared to the production of gas and oil, and the 
tendency for this productivity as well as its cost.


The choice between technologies is made in order to 
optimize the energetic mix according to physical (capacity 
installable, availability…) and economical parameters
(production costs of electricity…). Within each iteration 
POLES calculates initially the oil price (principal driver), 
and according to this price projects a request on the 
hydrocarbons which will depend on the countries, the areas 
and their GDP and population. Primary power consumption 
is estimated to satisfy the remainder of the worldwide 
needs subtracted by the production part of already existing 
renewable sources. The remaining fraction, to which 
nuclear energy contributes, is then forwarded to the 
principle of an optimized choice between capacities,
availability, feasibility and production costs of all 
technologies. This need is converted thereafter into 
primary energy and an energy mix is defined for that year.


As opposed to nuclear scenario codes such as 
DANESS [5], TIRELIRE-STRATEGIE [6] or COSI [7],
the demand for nuclear energy is not user defined. The 
choice between the two nuclear technologies available in 
POLES (see nomenclature) is of course driven by their 
relative competitiveness, their feasibility and the 
availability of their fuels. The main strength of POLES is 
that any of these two nuclear technologies should also be 
competitive with any other electricity production systems. 
For example, an increasing cost of uranium will reduce the 
competitive advantage of GEN III reactors not only against 
GEN IV reactors but also against any power plants. This 
may lead to a global reduction in the nuclear power share 
of the electricity market and not to an increasing share of 
GEN IV reactors. Only a model like POLES can capture
such global effects.global 


Fig.1 The iteration process simplified


II.B. Nuclear power deployment drivers


II.B.1 Assumptions on future uranium prices


Today, Uranium cost has only a very limited 
contribution in the Cost of Electricity [2] (COE). It (fuel 
cost; from extraction to fuel fabrication) represents usually 
less than 10% of COE despite the strong increase of the 
uranium prices in the last years. Thus the competitive 
advantage represented by the independence of natural 
uranium for GEN IV reactors will remain limited unless 
uranium prices skyrocket or other advantages such as 
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improved waste management capabilities are valued. In 
POLES the cost of uranium is calculated as a function of 
the uranium already mined as in figure 2.


As for any other resource, the question of uranium 
reserves is the subject of intense debates. By definition, 
possible, probable or speculative resources cannot be well 
estimated [8]. Some major mining companies and some 
national agencies may have good guesses for resources that 
could be mined in the next years or decade. But it is 
difficult to define what would be the available techniques 
or cut grades for mines to be discovered, decades before 
their potential openings, and the price at which the ore will 
be extracted. Therefore one should be very cautious with 
the use of publically available resources.


Because of the high energy cost for the extraction of 
uranium at very low grades when compared to the poor 
energy return that can be expected, some uranium 
resources may never be used. Some publications suggest 
that an “energy cliff” [9] could be defined not very far 
ahead in the future. After the cliff, no realistic resources 
would be mined. Other papers [10] discuss the definition of 
this energy cliff and proposed strong arguments to 
postpone the collapse of the ratio of energy extracted from 
uranium to the energy needed for its extraction.


Fig.2 presents our basic model for the evolution of 
uranium price as a function of the uranium already mined. 
In this paper we have proposed a slightly more aggressive 
increase in the cost of Uranium than previously done in 
POLES. For up to 5MT, which correspond to the well 
known resources, we propose a linear increase in price as a 
function of consumption leading to a price of 130$/kg. 
After that, uranium miners will probably have to look for 
slightly different techniques and lower grades. For this 
reason, the increase in the cost is accelerated to reach a 
plateau corresponding to the probable resources region.
Those reserves which have yet to be found and described. 
These will probably be of lower quality than current 
identified reserves, should be available at higher prices 
than today but at a larger capacity.


This plateau ends in a very sharp jump in the price of 
uranium. This jump is assumed to reproduce the “energy 
cliff” or the end of any kind of “reserves”, even the 
speculative resources. This jump corresponds to necessity 
for the development of radically new techniques such as 
sea water uranium extraction. Since this jump is fairly
unrealistic, in part IV.A we discuss doubling of the 
associated plateau edge from 22 MT to 44MT.


Fig.2 Changes in uranium price according to consumption 
amount


II.B.2 Physics parameters: Potentials


We have discussed above a procedure for setting a
reasonable cost in raw uranium supply. But besides this 
financial aspect, evolution of nuclear power in its whole,
and particularly the deployment of next generation reactors 
depends strongly on the fissile (plutonium produced by 
Water Reactors) resources at hand. A greater resource will 
make the visibility in time clear for investment and will 
likely increase this deployment while a weaker one will 
restrain nuclear profitability. In POLES, adapted potentials 
are used to weight the “availability” of technologies. A 
very competitive technology will not be built if its weighed 
availability is low. We reflect the availability of nuclear 
fuels by assuming Uranium and Plutonium potentials that 
will drive the deployment of nuclear power. At each time a
link of proportionality may be easily made between the 
ratio of available fissile materials on the identified 
resources and such a potential.


Since the potential for current reactor (GEN III) is
mainly bounded by the natural resources of uranium, we 
propose an expression that could reflect this property.


Where f is a simple function adapted to POLES 
standards.


Globally the emersion of GEN IV reactors will 
essentially depend on the available plutonium in stocks 
(really in hand) and the technology maturity which is 
included in POLES by a learning factor and a floor price. 
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At each time the available plutonium is the 
remaining amount of all nuclear fleet production  
subtracted by the need for the GEN IV inventoryby the need for the GEN IV inventory .


                      (1)


                                      (2)


With all the key parameters in question discussed 
above we arrive at the following expression for the 
plutonium potential :


(3)


Where and are the installed 
capacities (in GW) and the production of GEN IV reactor, 
Bu is the burnup, η the electric efficiency, the 
reprocessing factor, the breeding ratio, α and 1% are 
the amount of fissile materials burned for 1 GWhe and the 
part of plutonium in the spent fuel of GEN III reactors
respectively.


We assume that 12 tons (some physicists suggest 15 
tons) of Pu is the amount of fissile required (generally the 
inventory of two fresh reactor cores) to start a new 1GWe 
GEN IV reactor plant. It has to be noticed that this 
inventory could be higher due to improvements in safety 
parameters, and could reach around 17 or 20 tons per 
installed GWe.


Only 1% of the spent fuel of GEN III reactors is made 
of Plutonium. Not all countries reprocess their nuclear 
waste today. So is about 10% at the beginning of the 
scenario and increases when the need for more 
reprocessing material is made clear, whether for GEN III or 
GEN IV fast development. Therefore, the quantity of 
available Plutonium is very limited at the beginning.


These potentials are then integrated into POLES which 
prevents the construction of new capacities if resources at
hand and forthcoming ones could not maintain a supply for 
40 years.


III. RESULTS


Fig.3 presents the results of data analysis from the 
POLES model. From today’s nuclear fleet which is about 
437 reactors, i.e. a capacity of 372 GWe installed, and the 
forthcoming 46 reactors (2010-2013) [11]. The loading 
factor of all reactors is supposed to be up to 85%. We have
been able to simulate the nuclear power transfer till 2100.


The scenario leads us to a system of 600 reactors GEN 
IVb


The GEN III fleet starts to decrease after 2060. 
Introduction of GEN IV reactors help in strongly reducing 
the U ore consumption.


(1.5GWe) and 615 reactors GEN III(1.3GWe) being 
exploited together worldwide (ref. Fig.3). We could also 
notice how nuclear resources are consumed at this time 
interval with a curve as expected and the impact on this 
curve due to GEN IV emerging.


Fig.3 The deployment of nuclear power


As it will be shown in the later sections of this draft, 
the deployment of GEN III reactors is not limited by those 
of the next generation.  Current reactor will be able to save 
their own business model in a global energy market.


IV. SENSITIVITY STUDIES


IV.A. Uranium reserves


In POLES, the assumption on the value of the uranium 
resources is used at two different stages. The upper limit of 
the speculative resources places the jump of the price of 
uranium. This will lead to a jump in the fuel cost of 
uranium after the time that the post-speculative resources 
start to be called for GEN III reactors operation. This limit 
is also used in the “uranium potential” (see II.B). If the 
utilities have limited confidence in the capabilities of fuel 
providers to mine uranium they will tend to postpone the 
decision to invest in new capacities


b Reactors are iso-breeder Freg=0 and Fret=100%
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Given the uncertainties in the definition of the total 
amount of speculative resources, we look for the sensitivity 
of our scenario to a doubling of the amount of “Speculative
resources”. Fig.4 represents the output of POLES model 
with this more favorable assumption.


Fig.4 Reserves amount Sensitivity


One can see that this increase allows the construction 
of not only 376 (only +58 in 2050 when compared to fig.3)
more GEN III reactors in 2100 but also the construction of 
93 more GEN IV reactors in 2100. The increase in the 
construction of GEN IV reactors with the increased 
availability of uranium is a surprise. Usually, those reactors 
are expected to follow or replace GEN III reactors in case 
of a shortage of natural uranium. Here we see the opposite 
behavior! More uranium means not only more GEN III but 
also more spent fuel available for the starting inventory of 
a larger GEN IV reactor fleet. In POLES, the increase in 
the GEN III capabilities is not big enough to fulfill the 
global electricity demand. Then the next most competitive 
technology, here advanced nuclear reactors, is also used at 
its maximum capabilities. As expected, GEN IV would 
need more time to become competitive with GEN III 
reactors if more uranium is available than forecast today.
The increase of GEN IV development with the increase of 
uranium resources is the result of their competitiveness 
(given our assumptions in II.B and nomenclature) against
other technologies available for baseload electricity 
production such as coal power plants.


IV.B. Breeding gain


In the reference calculations, iso-breeder GEN IV 
reactors where simulated. This means that once started, 


GEN IV reactors would neither produce nor need fissile 
materials. In equation (3), . The “Pu potential” can 
be increased by an extra breeding capability. A 1% 
breeding capacity means that for each 100 heavy nuclides 
fissioned in the reactor, 101 new fissile Plutonium nuclei
will be produced, and 1 new Plutonium nucleus can be 
extracted in order to be used in another new reactor
resulting in an increase in the speed of deployment.


Fig.5 presents the comparison of GEN III and GEN IV 
with and without a 10% breeding capability. This is 
reasonable as SuperPhénix, the French 1200MWe Sodium 
cooled reactor has achieved up to 20% [12]. We made the 
advantageous assumption that this added capability is 
possible without extra cost. One can see that the effect of 
the extra breeding does not strongly modify the results. 
GEN III deployment is almost not changed. GEN IV is 
increased by only 6.75 % in 2100. In this model, GEN III 
is very competitive but limited by the expected availability 
of natural uranium. Their share is maximized irrelevant to
the share of electricity GEN IV can take. The size of the 
GEN IV market itself is limited by the availability of 
reprocessed fuel from GEN III or from Pu bred in older 
GEN IV. With these assumptions for the breeding gain and 
for initial fissile inventory of GEN IV (see section II.B) the 
doubling time for GEN IV reactors is about 65 years. Then 
only the few first reactors built in the middle of the century 
have started to produce enough fissile material to start 
more reactors. Therefore, the effect of the breeding gain is
very limited by the size of the initial fissile inventory of 
GEN IV reactors.


Fig.5 Impact of fast breeding 


While not shown here, it should be noted that the
added GEN IV reactors produces electricity at a lower cost 
than remaining GEN III reactors. Nevertheless, those GEN 
III reactors produce cheaper electricity than other power 
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generation technologies. Therefore, POLES does not detect
any competition between GEN III and GEN IV.


IV.C. Sensitivity to construction costs


                        IV.C.1 Overnight cost sensitivity


Today it is difficult to properly estimate the cost of the
investment at stake in the construction of fourth generation 
reactors. The technology required is still in the conceptual
stage. In literature one can find estimates claiming that the 
cost should be 10% to 50% more expensive than an EPR
(European Pressurized Reactor).  In regards to the 
investment costs of GEN IV nuclear technology in the 
POLES model (see nomenclature), we have raised it twice 
its current price. This means that the first reactors of the 
new generation will be two times more expensive than in 
previous models.


Fig.6 Overnight cost impact on reprocessing


In fact despite the later start of the Gen IV reactors 
(10 years), only a very small part of the energy demand is 
now carried by GEN III reactors. The most significant 
impact is the tension that weighs on the reprocessing 
factorfactor of UOX spent fuel. The use of recycling is of 
great importance (see Fig.6), as it is a necessity to ensure 
and minimize the risk on future investments in the 
deployment of new power plants. Regarding the GEN IV 
deployment, unlike the anticipated start, once started their 
competitiveness is dazzling. By 2100 it actually unfolds
almost as much as the reference case despite the 10-year 
delay at startup (see Fig.7). In fact, there are only 3% (25
GEN IV reactors) fewer than those in the reference case.


Fig.7 Overnight cost sensitivity


              
                IV.C.2 Floor price sensitivity


Once most of the experience has been integrated to reduce 
the costs, POLES integrates a base price for the
technologies. It indicates the minimum price at which an
item can be exchanged in a perfect competitive market.
Doubling this price, returns that the technology of GEN IV 
reactors is much less profitable as its competitiveness is 
crushed in the long run. As expected, this would slow 
down emergence of fourth-generation reactors. But this
does not support, paradoxically, a wider rollout of third-
generation reactors. Even with an important potential for
deployment, this technology proves to be expensive and 
not able to reduce its costs. This is why the players are very
reluctant to invest in it (see Fig.8). The importance of the 
development by research should be noticed here; it is 
through scientific research that we can improve the 
effectiveness of a technology by reducing its original and 
future costs.
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Fig.8 Floor price Sensitivity


Today it is important to control the costs used in the 
deployment and the transitional period of the GEN IV 
reactor technologies, as well as to better study their 
potential and performance according to their scale of action 
in time. It is difficult but critical to the strategic choices to 
orchestrate the development of solutions that may be 
initially expensive but possess a high potential for 
decreased costs in long term usage. 


IV. CONCLUSIONS


The POLES model of global energy market gives very 
surprising results for the scenarios of the transition in 
nuclear technology from GEN III to GEN IV. There is no 
such thing as competition within nuclear technologies. The 
usage of GEN III is restricted only by legal regulations and 
uranium resources. GEN IV does not have to be 
competitive with GEN III to be started massively. Even if 
they may become less expensive than GEN III, as in the 
case of very high uranium prices, it still would need to
compete with other baseload power technologies. 


Our model tends to show that there is no competition 
between investments in the mines and investments in 
reactor technologies. With our assumptions for the price of 
uranium and other resources such as coal and relative 
power plant construction costs, all the uranium resources 
available, even the most improbable and expensive ones,
may be mined within the next century. A breakthrough in 
each sector (mines or reactors) may increase the whole 
nuclear market. More uranium means newer builds of both 
current and advanced technologies. More efficient reactors, 
from current or next generation means more room for more 


reactors, those needing fissile material, whether for every 
day operation or for initial inventory.


Our model tends to show that GEN IV technologies 
should not be seen as competitors for historical nuclear 
reactor providers but as a completely new market to be 
opened to them. The market to be conquered is the global
electricity market. There is no such thing as a nuclear 
power market. Given our assumptions, GEN IV reactors 
don’t have to wait for a limited availability of uranium for 
their development. On the contrary, even if the first ones 
may be more expensive than GEN III, if deemed more
competitive than other technologies by the mid-century, a 
large market may be opened for them.
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NOMENCLATURE


All our scenarios rely on a very intense construction rate of 
current technology reactors. Thus, in this paper, we 
consider a very simple model of generic current reactor
technologies and we refer to it as “GEN III reactors”. The 
fuel used in GEN III reactors will very comparable with
the one used in current reactors. The use of a generic name 
in POLES hides the diversity of both current and future 
designs. Some characteristics of POLES generic GEN III 
reactors are:


• Capacity: 1.3 GWe 


• Fuel: Low Enriched Uranium 
• Average Burnup: 45 GWd/t
• Average Load factor: 85%
• Overnight cost : 3658 $/kW [13]
• Cost of Electricity (COE) : 0.099 $/kwhe


In this paper we use a generic definition of GEN IV 
reactors. Once again the various designs cannot be 
simulated easily in POLES. We were looking for 
technologies that allow regeneration of the fissile isotopes. 
So our generic “GEN IV” reactor may hide different 
technologies such as Na, or Pb cooled. Even Thorium 
Molten Salt could be there as far as they allow 
regeneration. Whatever the technology, those GEN IV 
reactors will probably use fast neutrons. They will 
probably be and remain more expensive to build than 
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current reactors, have a rather big initial inventory of fissile 
isotope, but they will probably have a more efficient fuel 
cycle in terms of natural uranium use and minor actinide 
production. Here are the characteristics of POLES generic 
GEN IV reactors: 


• Capacity: 1.5 GWe  
• Fuel: MOX (15% Pu content)  
• Overnight cost : 4755.4 $/kWc


• Average Burnup: 100GWd/t 
 


• Initial fissile inventory need: 12t/GWe  
• Average Load factor: 85% 
• Cost of Electricity (COE) : 1.39 $/kwhe 


 
Reference Scenario (ref): Freg=5% and Fret is dynamic (only 
for sensitivity studies) 
 
POLES: Prospective Outlook on Long term Energy System  
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Abstract - The PARAMETER experimental programme was conducted by LUCH under the 
oversight of the International Science and Technology Centre (Russia), to investigate core heat-
up and reflooding. The main focus was on reflood by top or combined injection, under beyond 
Design Basis Accident (DBA) conditions but with intact geometry. The test bundle was 
electrically heated but the materials and configuration were otherwise prototypic of a VVER, that 
is Zr-1%Nb (E-110) cladding, hexagonal rod geometry and unirradiated UO2 for the pellet 
simulation. These attributes make the PARAMETER test data unique. A limited set of post-test 
calculations of the combined injection experiment SF2 were performed using a local version of 
SCDAP/RELAP5 which includes a model for the tantalum electrical heater elements used in 
PARAMETER, to support development and benchmarking of the input deck to be used for later 
tests. One of the aims of this analysis was to identify a suitable oxidation correlation for the E-
110 cladding. the A specific feature of SF3 was the top injection, initiated at a maximum 
temperature of ca. 1815 K. Pre-test calculations were performed for SF3 to support the test 
definition and protocol, and to provide a starting point for post-test analyses using the same 
models. Despite some discrepancies between post-test calculation and data during the final heat-
up prior to reflood initiation, it was possible to specify the conditions so that the calculated 
temperatures at the start of injection were sufficiently in agreement to provide a basis for 
assessment of the reflood modelling. The main characteristic of the observed reflood and quench 
progression, a slow top-down quench to about half way followed by a more rapid bottom up 
quench, was not reproduced when the standard RELAP5 model for interphase friction was used. 
However, use of a Wallis-type counter-current flow limitation (CCFL) model, derived from recent 
tests with representative upper tie-plate geometry, successfully captured the observed behaviour 
in SF3. Sensitivity studies showed the transition from slow top-down to rapid bottom-up 
quenching appears to be controlled by the amount of heat remaining in the bundle. 
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I. INTRODUCTION 


The PARAMETER programme [1] was performed at 
the LUCH Laboratories at Podolsk, Russia to investigate 
the core thermal response and oxidation, and the recovery 
by water injection during a beyond-design-basis accident 
with temperatures up to about 2000 K. PARAMETER is 
one of a thematic set of programmes on Severe Accident 
Management (SAM) which itself is part of a large 
network of activities overseen by the Moscow-based 
International Science and Technology Centre (ITSC) [2]. 
Together with all the SAM projects, PARAMETER 
receives funding from the European Commission with 
technical endorsement and input from an EU-based group 
of experts to which it reports plans and progress.   


The PARAMETER test section design, materials and 
configuration are prototypic to a VVER with uranium 
oxide fuel pellet simulators. Four experiments were 
carried out under a range of flooding/cooling conditions, 
uniquely complementary to the QUENCH programme 
which concentrates mainly on PWR materials and 
configuration. PARAMETER thus provides an important 
extension to QUENCH and other existing databases for 
model development and code improvement in the field of 
severe accident simulation [3]. In particular 
PARAMETER addresses the effect of hexagonal 
geometry and Zr-1%Nb (E-110) cladding (as opposed to 
rectangular and Zry-4) on oxidation and their potential 
impact on reflood quench. Experiment SF3 [4] was the 
third in the series and specifically investigates the 
effectiveness of top (as opposed to bottom) injection to 
achieve successful quenching. SF3 thus addresses a 
particularly important issue, since a large number of 
Western PWRs incorporate combined cold leg or lower 
plenum injection with hot leg or upper plenum injection. 
Upper injection alone may be the case in some multiple 
failure sequences, so it is important to obtain information 
on the effectiveness of top reflood. The bulk of empirical 
data concerns the effectiveness of bottom reflood.  


In this respect SF3 was an approximate counterpart to 
QUENCH-12 [5] which investigated bottom-up reflood of 
a VVER bundle following heat-up and partial oxidation to 
the E-110 cladding. QUENCH-12 exhibited extensive 
breakaway oxidation, with more oxidation and bundle 
degradation during reflood than in similarly conducted 
QUENCH experiments with Western cladding [6]. 


Prior to SF3 two PARAMETER experiments SF1 
(top injection) [7] and SF2 (combined top and bottom 
injection) [8] were performed. Injection was initiated in 
SF1 at maximum cladding temperatures in excess of 2000 
K and exhibited significantly delayed quenching of the 
central region of the bundle, and substantial degradation. 
In SF2, injection was initiated at a comparatively 
moderate temperature, ca. 1750 K, from which the bundle 


was readily reflooded and quenched.  
Before the conduct of SF3, Russian and EU-based 


organisations performed planning analyses to support the 
final test protocol, culminating in a pre-test benchmark 
exercise using separate codes and models [9]. The 
benchmark provided an effective forum for the exchange 
of knowledge, while the calculations would be a valuable 
starting point for subsequent post-test analyses and 
benchmarking. There was a later post-test benchmark [9] 
using the actual data for comparison which shed 
important light on the experiment phenomena, particularly 
the reflood. Participation comprised the Russian institutes 
IBRAE, Kurchatov Institute and Gidropress, GRS 
(Germany), IRSN (France), and Paul Scherrer Institute 
(PSI). A number of other participating organisations in the 
PARAMETER programme provided guidance or other 
technical support, namely KIT (Germany), AEKI 
(Hungary), CEA and EDF (France).  


The following sections describe the PARAMETER 
facility and SF3 test conduct, the essential features of the 
code and models used in the analysis, including 
preliminary validation using data from SF2, and 
comparison between the SF3 calculations and experiment. 
The impact of counter-current flow of steam and water on 
the bundle reflooding and alternative modelling 
treatments are discussed. 


II. SUMMARY OF PARAMETER FACILTY AND 
EXPERIMENT SF3 


The main component of the PARAMETER facility is 
the bundle, which is divided into three sections, an upper 
part, a central (major) part, and a lower part. The bundle 
comprises 19 fuel rod simulators about 3 m long, a central 
unheated rod, inner and outer heated rings comprising 6 
and 12 rods, respectively. All the heated rods are 
nominally the same power. Heating is delivered over a 
length of 1275 mm in 4 mm diameter tantalum heater 
elements in the rod centres, surrounded by annular UO2 
pellets to simulate the fuel. Molybdenum and brass 
electrodes above and below the tantalum heater elements 
connect to the direct current power supply. A fraction, 
roughly ten to twenty percent of the total electrical power 
is dissipated in the electrodes, in the external circuitry, 
and at the contact points. The rod geometry and most 
other bundle components are prototypical for the Russian-
designed VVER. The heated rods are filled with helium 
pre-pressurised to 0.35 MPa. The pressure in the test 
section is nominally 0.35 MPa. Twelve E-110 corner rods 
enable the axial oxidation profile to be determined by 
examination after the test. The central bundle is 
surrounded by a Zr-1%Nb shroud to provide encasement, 
a 23 mm thick ZrO2 fibre insulation, and a double-walled 
stainless steel cooling jacket within which a flow of water 
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is maintained to remove excess heat. The heated section is 
entirely within the central section while the electrodes 
extend through the length of the water-cooled upper 
section and to near the bottom of the lower section. 


Inlet ports in the lower section accommodate the 
injection of steam, argon carrier gas and water, while 
ports in the upper section enable top injection of water 
and continued carrier gas flow during reflood. The flow 
path in upper section is controlled by a series of 
concentric dividers to separate the steam and gas which 
are vented through an outlet pipe leading to a condensing 
zone where the condensate is collected, while any water is 
removed via a separate outlet. The upper section is 
externally cooled with water to remove excess heat; 
however, unlike the central bundle neither the upper nor 
lower sections are insulated. The facility and bundle 
cross-section are shown schematically in Figures 1 and 2. 


The test bundle, shroud, and insulation are 
extensively equipped with thermocouples at different 
elevations and orientations. The test section incorporates 
pressure gauges for the coolant and internally in rods, 
flow meters, and a water level detector. The in the off-gas 
pipe is monitored continuously by the  SOV-3 
measurement system, which measures the electrical 
resistivity which depends on hydrogen concentration, 
from which the transient generation is determined. 


The SF3 conduct [10] largely followed SF1 and was 
aimed at a transient broadly similar to the majority of the 
QUENCH experiments, for example QUENCH-06 [11]. 
Preparatory operations were performed to stabilise the 
bundle conditions at a temperature of 750 to 800 K with a 
flow of 3.5 g/s steam with 2 g/s argon and power of ca. 2 
kW. There followed the four main phases: (i) a first period 
of increasing power to heat the bundle to a maximum of 
about 1200 K; (ii) a pre-oxidation phase with slowly 
increasing temperatures; (iii) a transient phase in which a 
second power increase raised the temperatures to the 
reflood initiation criterion, 1600˚C (i.e. 1873 K); (iv) a 
termination of power and bottom steam/argon injection, 
and a reflood quench driven by top injection of subcooled 
water. The entire sequence lasted approximately 15000 s, 
the reflood phase occupied about 500 s. During the power 
operation the highest temperatures occurred at the top of 
the heated section, between 1250 and 1300 mm. 
Quenching was observed to start in the upper bundle 
above the heated section and proceed slowly downward to 
about the mid-elevation. The remainder of the quenching 
was rapid and from the bottom up. Despite the slow initial 
quenching, there was no significant temperature increase 
during the reflood and only a slight additional hydrogen 
generation. The event sequence and main parameters are 
summarised in Table I. 


 


 
Figure 1: Schematic of PARAMETER facility 


 


 


Figure 2: Schematic of PARAMETER-SF3 bundle 
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TABLE I: PARAMETER-SF3 test sequence 


Event/action Time/quantity 


Preparatory phase (0 -4506 s) 


  start of argon flow, nominal 2 g/s 


  start of electrical heating, nominal 2 kW 


  start of steam flow, nominal 3.5 g/s 


  maximum bundle temperature 


 


0 s 


650 s 


1500 s 


ca. 770 K 


Heat-up phase (4506 – 9760 s) 


  start of first power increase  


  final power 


  maximum bundle temperature 


 


4506 s 


8.2 kW 


ca .1400 K 


Pre-oxidation phase (9760 – 13725 s) 


  final power 


  maximum bundle temperature 


  accumulated hydrogen mass 


 


9.1 kW 


ca. 1500 K 


23 g 


Transient phase (13725 – 14486 s) 


  start of second power increase 


  steam flow switched off  


  electrical power switched off 


  maximum bundle temperature  


  maximum electrical power 


  accumulated hydrogen mass   


 


13725 s 


14470 s 


14481 s 


1873 K 


18.4 kW 


32 g 


Reflood phase (14486 - 14960 s) 


  initiation of injection, nominal 40 g/s 


  maximum bundle temperature 


  end of injection 


  maximum bundle temperature 
  accumulated hydrogen mass 


 


14486 s 


1851 K 


14960 s 


403 K 


34 g 


 


III. MODELLING OF PARAMETER FACILITY 


Code version and physical modelling 


A modified version of SCDAP/RELAP/MOD3.2 
(S/R5) [12] was used for both the pre- and post-test 
analyses. The code version contains modifications by 
FZK to represent the QUENCH heater element and 
electrodes, the fuel pellet simulator and the shroud 
insulation [13], which were extended in a local PSI 
version to accommodate the properties of the materials 
used in the PARAMETER bundle.  


As well as the Cathcart-Pawel/Urbanic-Heidrick 
(CP/UH) correlations for Zircaloy-4 [14] in the standard 
code, a sub-version includes the Sokolov correlation for 
E-110 [15]. The correlations for the rate of mass gain per 
unit area are: 


 


Cathcart-Pawel 


d(m2)/dt  =  33.6 * exp(-20065/T), T < 1853;  (1) 


Urbanic-Heidrick 


d(m2)/dt  =  10.85 * exp(-16610/T),  T > 1853;  (2) 


Sokolov 


d(m2)/dt  =  318.0 * exp(-23040/T),      T < 1773;  (3) 


d(m2)/dt  =  196.5 * exp(-20800/T),      T > 1773;  (4) 


The units are kg2 m-4 s-1 and Kelvins.  


The Sokolov correlation was chosen for the 
prediction and initial base case post-test calculations. 


A modelling issue of universal relevance to two-
phase thermalhydraulic simulation, and in particular to 
top injection in SF3, is the treatment of friction between 
the liquid and steam/gas. RELAP5 uses a drift-flux 
formulation [16] which appears as a source term in the 
phasic momentum equations. In this way the slip velocity 
can be calculated dynamically, and hence phenomena 
such as level swell and liquid entrainment.  In principle 
the model can calculate also the countercurrent flow 
limitation (CCFL) curve. In general, the degree of fidelity 
furnished by the RELAP5 hydrodynamic treatment is 
insufficient to reproduce the observed behaviour, and 
frequently under-represents the restriction on counter-
current flow. The code therefore provides for an optional 
user-defined correlation for the CCFL, which can place 
additional restrictions on the conditions for countercurrent 
flow.  


The CCFL phenomenon has been investigated 
extensively and a variety of correlations have been 
propose, the first of which was proposed by Wallis [17] 
based on considerations of Froude number, fitted to data 
from single tube air-water experiments. Numerous other 
correlations have since been derived from experiments 
over a wide range of conditions and geometries, and are 
typically based on Froude or Kutateladze number, thus 


jg*
1/2 + mw jf*


1/2 = Cw    (5) 


or 


Kg
1/2 + mkK f


1/2 = Ck ,   (6) 


where m and C are empirically determined constants. 
The parameters ji* and Ki (i = g, f) are the 


dimensionless superficial velocity and the Kutateladze 
number, respectively, defined as 


j i* = j i (ρi/(g d (ρf – ρg))
 1/2    (7) 


and 
Ki = j i (ρi


2/(g σ (ρf – ρg))
 1/4 .  (8) 


It is noted that the Wallis form (8) includes a 
dependence on the geometry, via the local hydraulic 
diameter, d. The Kutateladze form (9) is geometry-
independent and the characteristic length is the capillary 
scale. The form of possible CCFL correlations can be 
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generalised in the manner of Bankoff [18] so as to 
interpolate between the above forms.  


Many of the experiments used a perforated plate 
representative of the upper support or upper tie-plate of a 
PWR core. The base input model used in the pre-test 
prediction for SF3 does not use this option. CCFL is 
addressed in the post-test analysis using the same pre-test 
model and comparisons with two correlations: (i) a recent 
Wallis-type correlation by No, Lee and Song (NLS) [19] 
m = 1.22, C = 0.88, and (ii) the original Wallis model m = 
1.0, C = 0.725. The NLS correlation was obtained from 
experiments on plates with holes of diameters in the range 
1.0 to 4 cm. The Wallis model applies to a single tube and 
implies more restricted conditions for the onset of liquid 
flow against the steam. 


Representation of the PARAMETER facility 


A new input model was constructed, taking advantage 
of extensive analysis experience of the QUENCH 
experiments, e.g. [6], with which the PARAMETER 
shares many of the same characteristics. Many of the 
same modelling principles were adopted. 


The input model comprises a single hydraulic channel 
for the test train including the lower and the upper 
volumes and outlet lines. The rather tortuous flow path in 
the upper section is represented. The cooling systems for 
the central and upper bundle sections are also modelled as 
well as the lab environment as thermal boundaries. 
Twenty-eight axial nodes are used for the test train, of 
which fourteen are for the 1275 mm tantalum heated 
section, six/one nodes represent the molybdenum/brass 
electrodes below the tantalum section, and similarly 
above it. The reason for the comparatively large number 
of axial nodes is the somewhat complicated design of the 
test train, with the three bundle sections and the locations 
of key configurational transitions. The noding of the 
hydraulic volumes, junctions and boundary condition, and 
the SCDAP components is shown in figure 3. 


A difficulty with the modelling is a code limitation 
such that the SCDAP shroud/insulation is axially uniform 
in materials and geometry along the entire length. 
However, the PARAMETER bundle insulation spans only 
the central section. Some trial-and-error was therefore 
necessary to represent the upper and lower sections of the 
shroud to reduce as far as possible the resulting distortion 
of the heat loss distribution. Despite best efforts, however, 
it would clearly be impossible to avoid some 
discrepancies between the calculated and actual axial 
profiles.  


One of the unknowns is the electrical resistance of the 
external circuitry and contacts, where part of the total 
electrical power is dissipated. The resistance is uncertain 
and may vary from test to test, possibly also within a test. 
Before attempting prediction of SF3, post test calculations 


were performed for SF2, to gain experience and to 
establish an input model for pre-test prediction of SF3 and 
eventually for all the PARAMETER tests. 


 


Figure 3: SCDAP/RELAP5 noding for PARAMETER 


Following trial calculations for SF2 a resistance of 
8.5.mΩ/rod was found to yield bundle temperatures close 
to the measured values near the top of the heated section. 
Elsewhere the agreement was less good, and the total 
hydrogen production was underestimated, 16 g compared 
with 28 g measured. The calculated temperatures on the 
inner ring of heater rods are compared with the 
experimental data in figure 4.  


 


Figure 4: Code-data comparison for SF2 
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IV. CALCULATIONS FOR SF3 AND COMPARISON 
WITH EXPERIMENT 


Pre-test calculations 


A base case pre-test calculation was performed within 
benchmark exercise mentioned previously. The same 
input was used as for the final SF2 simulation, including 
the value of the external resistance, and with the nominal 
boundary conditions specified by the experimenters. The 
condition for power, bottom injection of steam/argon 
switch off and water injection was 1600˚C maximum 
cladding temperature. The cladding temperatures at 
different axial heights in the inner heated ring are shown 
in figure 5, indicating the magnitude of the temperature 
gradient along the bundle and the thermal response to 
changes in the power. The total predicted hydrogen 
generation was just 15 g with the Sokolov correlation, 
lower than predicted by other pre-test benchmark 
calculations. A fairly smooth, bottom-up quench was 
predicted, despite some expectations of top-down quench. 


 
Figure 5: Pre-test prediction of SF3 bundle temperatures 


Post-test calculations 


The same approach as above was used for the first 
post test-calculation, i.e. no changes were made to the 
input except to apply the actual boundary conditions and 
the same power trip and injection initiation time as in the 
experiment. Close specification of the total power with 
the same external resistance of 8.5 mΩ/rod showed that 
current and voltage drop could be reproduced accurately 
for the first 10000 s. After that time the total power 
remained in good agreement but the current and voltage 
diverged more and more, suggesting a progressive 
malfunction, as demonstrated in figure 6. This was 
confirmed by the experimenters who provided 
information on the timing and the affected rods. From this 
it was clear that both the total bundle power and the 
power distribution were increasingly affected and in a 
way which would not be possible to model with SCDAP. 


 
Figure 6: Code-data comparison for electrical current 


Figure 7 compares the measured and calculated 
cladding temperatures near the top of the heated section. 
Despite the problems of power level and distribution 
among the rods, reasonably good agreement was achieved 
during the initial heating and pre-oxidation. The 
temperature rise was grossly overestimated following the 
power increase at 13725 s, with to metallic melting and 
impact on the quench calculation.  The reason for the 
large discrepancy in hot-spot temperatures following the 
final power increase are not understood by the present 
authors. It may be a consequence of the oxidation model, 
or possibly some aspect of the facility behaviour. The 
temperatures were not greatly influenced by the choice of 
oxidation correlation; use of CP/UH instead of Sokolov 
gave slightly higher temperatures during the preoxidation 
but no reduction in the subsequent escalation.  


 


Figure 7: Code/data comparison for SF3 maximum bundle  
temperature – effect of oxidation correlation 


Figure 8 shows a large difference in the hydrogen 
generation. Sokolov underestimated the hydrogen 
generation during pre-oxidation while CP/UH gave fairly 
good agreement. The overestimate by both models during 
the final heat-up is due to the high calculated temperatures. 
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The CP/UH correlation was chosen for the rest of the 
analyses, concentrating on the reflood and quench. 


 


Figure 8: Code data comparison for hydrogen generation 
– effect of oxygen correlation 


In order to examine the reflood quench and to assess 
the applicability of the RELAP5 models, it is necessary 
that the thermal conditions in the bundle, particularly the 
hottest region, are sufficiently close to the experiment at 
the time of quench initiation. A calculation with the power 
reduced (to 84%) during this phase reproduced the 
measured hot spot temperature at the start of injection; 
these results also included in figures 7 and 8. A first 
calculation was performed with the basic interphase 
friction model with no additional CCFL. Code-data 
comparisons for temperatures in the lower and upper 
elevations are shown in figures 9 and 10, respectively. 


 
Figure 9: Code(no CCFL)-data comparison for bundle 
temperatures during reflood lower region 


The calculation shows a progressive cooling at all 
elevations indicative of film boiling as liquid penetrates 
through the bundle, followed by a fairly rapid bottom up 
quench, similar to the pre-test prediction. The 
measurements show a contrasting behaviour in which 
significant early cooling occurred only at the upper tie-


plate and above, followed by a slow top-down quench 
down to and including the middle elevations. A rapid 
bottom-up quench of the lower elevation ensues after a 
rather long delay.  


 
Figure 10: Code(no CCL)-data comparison for bundle 
temperatures during reflood upper region 


Use of the NLS gave an improved calculation of the 
quench progression and timing, as shown in figures 11 
and 12, although the cooling rate was again overestimated 
during the top-down quench and the bottom-up quenching 
rate was overestimated, possibly due to the lower 
temperatures at that time. The simulations showed flow of 
water into the bundle was restricted by the flow of steam, 
and hence collected initially on the upper tie-plate, 
resulting in a slow top down quench of the upper half of 
the heated section. Heat was removed until a point was 
reached where the steam generation was low enough so it 
no longer restricted the water entry. The bundle then 
quickly filled up from the bottom, with a rapid quenching 
of the lower part. 


 
Figure 11: Code(NLS CCFL)-data comparison for bundle 
temperatures during reflood lower region 


The correlation resulted in encouragingly good 
agreement, considering other discrepancies and 
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difficulties. A sensitivity calculation using the original 
Wallis correlation could not be completed due to code 
problems, but the early behaviour showed a longer delay 
and slower quench, suggesting perhaps an over-restriction 
of the counter-current flow.  


 
Figure 12: Code(NLS CCFL)-data comparison for bundle 
temperatures during reflood upper region 


The comparison for quench progression is 
demonstrated more clearly in figure 13 which shows also 
the calculated collapsed level in the bundle including the 
case without CCFL. For comparison the collapsed level is 
also shown for the calculation without CCFL, indicating 
the effect of water accumulation above the upper tie-plate 
on the rate of refilling. The calculated progression closely 
followed the collapsed level during the periods of bottom-
up quench, both with and without the CCFL. 


 
Figure 13: Code-data comparison for quenching and 
calculated collapsed level (effect of CCFL correlation) 


A very rough estimate of the conditions for the onset 
of liquid penetration can be made by consideration of 
equations (5) and (7) with C = 0.88 from the NLS 
correlation and representative values ρg, ρf = 0.75, 970 kg 
/m3, respectively and dh = 3.55 mm. The limiting value of 
jg* (= 0.774) above which no liquid can flow 


countercurrent implies a superficial steam velocity (jg) of 
about 5 m/s and mass flow rate of 8 g/s. This sets a limit 
on the sustainable liquid evaporation, of about 20% of the 
injection rate and a corresponding limit on the heat 
removal rate. The variables jg*


1/2, jf*
1/2 and the Wallis 


expression (5) are shown in figure 14. Conditions were on 
or close to the flooding curve during most of the period of 
slow top-down quench, with jg*


1/2 initially close to the 
limiting value of 0.88 and then decreasing, hence 
allowing an increasing liquid flow rate. The calculated 
values of jf* correspond to about 10 g/s initially 
increasing to 20 g/s towards the end of the period of top-
down quench. Some of the liquid was boiled off while the 
rest flowed down and slowly fill the bottom section. The 
steam flow dropped to a sufficiently low level at about 
14700 s to allow liquid to enter rapidly and fill the bundle 
from the bottom up. This was accompanied by 
intermittent bursts of rapid boiling and liquid entrainment 
alternating with further liquid penetration, as the 
quenching took place. In contrast, the calculation without 
CCFL showed complete liquid penetration, even at times 
of rapid steam flow.  


 


Figure 14: Wallis parameters for SF3 reflood (NLS CCFL 
correlation) 


Sensitivity studies examined the effect of bundle 
temperature at the start of injection on the reflood 
progression, by means of increasing the power during the 
final heat up (to the original level) and by further 
reduction. The time period of slow top-down quenching 
before transition to rapid bottom-up quench increased 
with higher temperature, while the opposite was true at 
lower initial temperatures, as shown in figure 15. Again, 
the quench progression closely followed the refilling. 
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Figure 15: Code-data comparison for quenching and 
calculated collapsed level (effect of bundle temperature) 


These results give further evidence to the 
interpretation that penetration of water through the bundle 
is restricted until the bundle has been cooled sufficiently 
for the steam generation rate to drop below a critical value 
allowing counter-current flow, whereupon rapid refill and 
quench can then ensue. The analysis and interpretation are 
consistent with those obtained by Vasiliev using the 
SOCRAT code [20, 21]. 


 


V CONCLUSIONS 


The PARAMETER programme provided a unique 
source of data on reflooding of a VVER fuel bundle under 
beyond DBA conditions, with prototypic materials and 
configuration. Experiment SF3 specifically addressed 
reflooding by top injection of water. 


A version of S/R5 was modified to represent the 
PARAMETER heater rods and an input model for the 
facility was developed. The models were validated using 
data from the previous experiment, SF2, in preparation for 
pre- and post-test simulations of SF3. 


Analysis of the experiment was performed, 
concentrating mainly on the reflood and quench phase. 
The standard drift-flux model in RELAP5 was unable to 
reproduce the observed behaviour, characterised by slow 
top-down quenching of the upper half of the bundle 
followed by a rapid bottom-up quench of the lower part. 


Simulations using a recently proposed Wallis-type 
CCFL correlation, derived from experiments on counter-
current flow through using perforated plates 
representative of PWR upper core geometry, successfully 
reproduced the quench progression. The original Wallis 
correlation, applicable to flow in a single tube, predicted a 
very slow initial top-down quench. 


The present interpretation of the phenomenology and 
factors that limit the quenching rate is consistent with 
conclusions from independent analyses elsewhere.  


Despite the use of E-110 cladding, the CP/UH 
oxidation correlation compared favourably with Sokolov. 


The data and analyses are an important step toward 
establishing the reliability of predictive tools for the 
effectiveness of core recovery by top injection. 


The above conclusions depend on the essentially one-
dimensional hydraulic treatment implicit in the present 
model. The comparison suggests this was the case in 
PARAMETER-SF3. Top reflooding of larger bundle 
geometries, in particular full-size core may exhibit multi-
dimensional effects which would modify the behaviour. 
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NOMENCLATURE 


ACM  Advanced Cladding Material 
DBA  Design Basis Accident 
CCFL  Counter-current Flow Limitation 
CP  Cathcart-Pawel 
E-110  Russian cladding alloy Zr1%Nb 
IBRAE  Russian Institute of Nuclear Energy 


Safety 
ITSC   International Science and 


Technology Centre 
KIT  Karlsruhe Institute of Technology 
PSI  Paul Scherrer Institute 
PWR  Pressurised Water Reactor 
S/R5  SCDAP/RELAP5 
SAM  Severe Accident Management 
UH  Urbanic-Heidrick 
VVER  Vodo-Vodyanoi Energetichesky 


Reactor (PWR of Russian type) 
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Abstract – The core and fuel cycle performance characteristics of advanced once-through 
nuclear systems (e.g., CANDLE, ULFR, and SSFR) that are being promoted for increased fuel 
utilization, waste minimization, and proliferation risk reduction, have been evaluated and are 
presented in this paper. These systems are all fast reactors employing the breed and burn concept 
and initially utilizing enriched uranium fuel as starter (ignition) fuel. The characteristics of these 
systems are compared to those of typical medium burnup and hypothetical very high burnup PWR 
systems. Assuming that advanced high performance fuel materials can be developed, the results 
show the fuel cycle advantages of these systems over those of the PWR systems. The practicality of 
these systems from operational and economic viewpoints was not the primary focus of the present 
study, and will be considered in future work.  


 
 


I. INTRODUCTION 
 
In the United States, there has recently been interest in 


advanced once-through fuel cycle systems that could 
minimize fuel enrichment and reprocessing needs. Such 
systems would improve uranium utilization and have the 
potential for reducing proliferation risk and the amount of 
used nuclear fuel (UNF) from the operation of commercial 
nuclear power plants. An assessment of the fuel cycle 
performance characteristics of such advanced once-through 
nuclear systems has been conducted and the results for a 
few of these systems are presented in this paper.  The 
systems include the traveling wave reactor types such as the 
CANDLE concept of the Tokyo Institute of Technology, 
and the ultra-long life fast reactor (ULFR) and sustainable 
sodium-cooled fast reactor (SSFR) developed by Argonne, 
of the ones that have been considered so far. These are fast 
spectrum systems that have been proposed for achieving 
extremely long fuel residence time and high uranium 
utilization. To meet the intended goals, the fast spectrum 
systems have adopted a design concept that is quite 
different from that employed for typical LWRs. A breed 
and burnup concept with propagating burn zone has been 
utilized with low power density, multi-batch fuel 
management scheme (in some cases), etc.  


The fuel cycle performance parameters of these 
systems have been compared to those of a medium burnup 


(50 GWd/t) PWR that has been considered as the reference 
system in this study. A high burnup (100 GWd/t) PWR 
design is also included for evaluation of LWR performance 
relative to the high burnup systems. For consistent 
comparison, most of the fuel cycle parameters have been 
normalized to the electricity generation in one year (i.e., 
per GWe-yr). The comparison parameters used in this 
assessment include both core performance data and fuel 
cycle parameters, such as heavy metal masses and UNF 
heating and radiation hazards.  


In Section II, the methodology used for this assessment 
is discussed. Section III contains brief descriptions of the 
advanced nuclear systems and their core performance 
characteristics. The fuel cycle performance characteristics 
are summarized in Section IV. Conclusions from this work 
are presented in Section V. 


 
II. METHODOLOGY FOR ASSESSMENT 


 
For the LWR systems, the core performance 


parameters were determined using the linear reactivity 
model1. Previous studies have indicated that the linear 
reactivity model coupled with a unit assembly tool can be 
used to capture the major core performance parameters 
such as reactivity change versus burnup and average 
discharge burnup, provided an appropriate neutron 
leakage/loss fraction is used. In this study, the assembly 
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calculations were performed using the WIMS9 code2, and 
the uranium enrichment requirements were determined to 
achieve the target discharge burnup with the assumed 
neutron leakage/loss fraction of ~3.5%.  


For the fast spectrum systems, the core performance 
parameters were obtained from whole-core analysis using 
the REBUS-3 code system3. In the REBUS-3 model, the 
fuel composition and the material properties were 
appropriately determined by accounting for the smeared 
density, the thermal expansion and irradiation induced 
swelling. It is noted that several design criteria such as the 
peak fast fluence, peak burnup, power peaking factor, etc 
are relaxed to far beyond the current design limits 
developed from past irradiation experience. Thus, the study 
assumes that advanced core design technologies and 
materials will be available when the proposed once-through 
nuclear systems are deployed.   


The fuel cycle parameters were obtained from 
ORIGEN-24 calculations. The code is widely used for 
calculating the transmutation of nuclides. It solves the fuel 
depletion evolution using one-group cross sections or the 
decay equations for a large number of actinides, fission 
products, and activation products. As the version of the 
ORIGEN-2 code used in the study does not have the 
appropriate cross section libraries for the once-through 
nuclear systems considered, a two-step calculation process 
was adopted. First, whole-core or lattice calculations are 
performed using REBUS-3 or WIMS9 to generate region- 
and burnup-dependent effective one-group cross sections, 
along with other reactor physics parameters. This was 
necessary because the spectrum varies significantly in the 
once-though fast spectrum systems employing the breed 
and burnup concept. Subsequently, the ORIGEN-2 
depletion calculations are performed with the effective 
actinide cross sections from the physics codes replacing 
those in the ORIGEN-2 library. The accuracy of this 
coupling procedure was tested and the results showed that 
the ORIGEN-2 models give very similar actinide masses as 
the core physics tools.  


 
III. ADVANCED BREED AND BURN CONCEPTS 


 
The three advanced nuclear systems considered in this 


paper are discussed briefly in the following subsections. 
Their core performance characteristics are also compared 
to those of the two PWR systems. 


 
III.A. CANDLE Core Concept 


 
The CANDLE (Constant Axial shape of Neutron flux, 


nuclide density and power shape During Life of Energy 
production) reactor concept, which has been considered for 
very high uranium fuel utilization, was proposed by 
researchers at the Tokyo Institute of Technology5. The 
reactor design has an ignition region (starter) at the core 


bottom and a tall axial depletion region above the ignition 
region. The ignition region is used for initial power 
generation and for the ignition of power generation in the 
depletion region. This is accomplished by the use of 
leaking neutrons to breed fissile material in the depletion 
region.  


The scoping calculation of the CANDLE core concept 
was performed using cylindrical core geometry. The 
CANDLE reactor considered here has a power rating of 
3,000 MWt and uses sodium coolant and U-Zr fuel. The 
height of the ignition region is 120 cm and it is designed to 
have different low enriched uranium (LEU) fuels axially to 
enhance the axial propagation of the burn-zone: 13%, 7% 
and 3% from the core bottom with the lengths of 80 cm, 20 
cm, and 20 cm, respectively. A depletion region of height 
6.8 m contains depleted uranium. The core has a diameter 
of 4.0 m and is surrounded by a 50 cm thick radial reflector 
made of depleted uranium. For simplicity, it was assumed 
that all assemblies have the same fuel, coolant, and 
structure volume fractions of 37.5%, 30.0% and 20%, 
respectively.  


For this CANDLE design, the core multiplication 
factor increases slightly and then decreases as U-235 is 
burned, but it stabilizes with an excess reactivity of   
~1 %Δk as Pu-239 is bred in the depletion region. Most of 
the core power is initially generated in the ignition region. 
With the increase in the irradiation time, the power density 
of the ignition region decreases due to the poisoning effect 
of fission product accumulation. Consequently, the burn-
zone moves to the neighboring depletion region, at a speed 
of ~3.5 cm per year. It was found that in theory, the core 
can maintain criticality for ~200 years. The average burnup 
of the active core burn-zone (ignition and axial depletion 
regions) is about 40%, and the overall average burnup 
including the radial blanket is about 25%.  


 
III.B. Ultra-long Life Fast Reactor Core Concept 


 
The ultra-long life sodium-cooled fast reactor (ULFR) 


concept was developed aiming for a reactor operation 
without refueling over a long reactor lifetime6. The power 
density is significantly derated to increase the reactor 
operation time without refueling. Fig. 1 shows the radial 
core layout of ULFR, which is an annular core layout. All 
internal blanket assemblies are located at the core center, 
and are surrounded sequentially by driver assemblies and 
radial blankets. Based on this core configuration, the power 
is generated in the driver region when the reactor 
irradiation starts, but the burn-zone moves inwardly from 
the exterior driver region into the interior blanket region as 
the irradiation progresses.  


For the ULFR, molybdenum-based alloy (U-10Mo) 
was selected in order to increase the heavy metal loading in 
the core. To achieve inward power (burn-zone) 
propagation, different uranium enrichments have been used 
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for the driver fuels, varied along the core radial direction. 
The enrichment of the inner, middle, and outer core zones 
is 9%, 11%, and 13%, respectively. Depleted uranium fuel 
with U-235 content of 0.25% is loaded into the internal, 
axial and radial blanket core regions. The assembly design 
parameters were determined such that the reactor can 
maintain criticality for more than 50 years without 
refueling and the peak excess reactivity can be controlled 
by a limited number of control assemblies. 


Fig. 1. Radial Core Layout of ULFR


The results indicate that the ULFR core can maintain 
criticality for 54 years with a capacity factor of 90%. The 
average discharge burnup of the driver fuel is 316 GWd/t 
with the peak fast fluence of ~22×1023 n/cm2, while that of 
the blanket fuel is 95 GWd/t. The power sharing of the 
driver fuel is 94% at BOL, but decreases to 27% at the end 
of life, due to the movement of the primary burn-zone 
during the reactor operation. 


III.C. Sustainable Sodium Cooled Fast Reactor


A Sustainable Sodium-Cooled Fast Reactor (SSFR) 
core concept was developed targeting a sustainable fuel 
cycle with depleted uranium feed only. The core design 
parameters and fuel management scheme were determined 
such that the depleted uranium can be irradiated for a 
certain period until sufficient plutonium is bred. The 
resulting fuel management scheme of the SSFR core 
concept is a 34-batch scheme with the cycle length of 
1.5 years and the capacity factor of 90%. Fig. 2 shows the 
radial core layout, which has 408 driver fuels. Thus, 
twelve burnt assemblies are replaced with the fresh fuel 
(depleted uranium) every 1.5 years and the fuel resides in 
the core for 51 years. The sequential fuel movements based 
on the 60-degree symmetric core are indicated in 
Fig. 2.


Core physics results for the SSFR indicate that the core 
multiplication factor is stabilized after 60 cycles with 


excess reactivity of 3.1%∆k at the equilibrium cycle. As 
indicated in Fig. 2, the depleted uranium fuel is charged 
into the core periphery where the power density is 
relatively small and moves into the central active zones. 
Thus, the burnup is small for the first 14 cycles. However, 
as the fuel is shuffled into the active core zones, the burnup 
increases and becomes 280 GWd/t with the peak fast 
fluence of 26.7×1023 n/cm2 when the fuel is discharged 
after 34 cycles. 


Fig. 2. Radial Core Layout of SSFR.


It is noted that a Fast Mixed Spectrum Reactor 
(FMSR) was proposed by BNL in the 1970s targeting a 
sustainable operation with depleted uranium feed only7.


The idea of the FMSR is to charge depleted uranium into 
the thermal core zone for breeding plutonium and shuffle it 
into the fast core zone as sufficient plutonium is bred. The 
feasibility of the FMSR core concept was also evaluated in 
this study, but the detailed core performance parameters are 
not provided here because it was observed that its
performance characteristics are generally similar to those of 
the SSFR core concept. 


III.D. Core Performance Characteristics


Table I provides a summary of the design and core 
performance parameters. The PWR-50 and PWR-100 cases 
represent the PWR fuel cycles with fuel discharge burnups 
of 50 GWd/t and 100 GWd/t, respectively. In the table, the 
average uranium enrichment of the feed fuels represent the 
U-235 mass fraction per total heavy metal mass in the core 
including the axial and radial blankets. Thus, these values 
are smaller than the enrichments of the driver fuels that are 
required for igniting (driving) the reactors. Similarly, the 
average burnup is the homogenized value over all fuels. 
These systems utilize enriched uranium fuel with 
enrichments less than 20% to conform to international 
norms.
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TABLE I 


Summary of Design and Core Performance Parameters of Once-Through Nuclear Systems 


 PWR-50 PWR-100 CANDLE SSFR ULFR 


Reactor Power, MW-thermal 3000 3000 3000 3000 3000 
Reactor Power, MW-electric 1000 1000 1200 1200 1200 
Thermal efficiency, % 33.3 33.3 40.0 40.0 40.0 
Reactor Capacity Factor, % 90 90 90 90 90 
Neutron spectrum thermal thermal fast fast fast 
Fuel form UOX UOX U-Zr U-Zr U-Mo 
Uranium enrichment, % 4.21 8.5 1.2 a) 6.2/0.25 4.1 
Tail uranium enrichment, % 0.25 0.25 0.25 0.25 0.25 
Number of batches 3 3 1 34 1 
Average burnup, GWd/t 50 100 258  277   166  
Specific power density, MW/t 33.7 33.7 3.7 16.9 9.4 
Cycle length per batch, year 1.5 3.0 b) 200.0 1.5 54.0 
HM inventory, ton 89.0 89.0 823.7 177.6 319.6 
HM charge per batch, ton 29.7 29.7 823.7 5.22 319.6 
HM discharge per batch, ton 28.1 26.6 621.1 3.7 263.4 
HM fission, ton/year 1.03 1.02 1.03 1.02 1.04 
a) First core and charge fuel of equilibrium core.  
b) Reactor operation time with 8 m core active height.  
 
 
Except for the SSFR system, the once-through fast 


spectrum systems employ a one-batch fuel management 
scheme in which the nuclear fuels are charged and 
discharged at the beginning of life (BOL) and end of life 
(EOL), respectively. Consequently, for consistent 
comparison to the multi-batch nuclear systems, the annual 
UNF production rate is evaluated by dividing the heavy 
metal inventory by the reactor lifetime. The SSFR system 
utilizes a multi-batch fuel management scheme as in the 
once-through PWR system. For the SSFR, however, LEU 
fuel is only required for the initial core because the core is 
sustainable by feeding depleted uranium (DU) fuel in 
subsequent cycles. In Table I, the indicated burnup value 
for the SSFR is that for the equilibrium state.  The thermal 
efficiencies of the LWR and fast spectrum systems were 
assumed to be 33.3% and 40%, respectively.  


Compared to LWR systems, the power densities of the 
once-though fast spectrum systems are significantly 
derated. However, due to their long fuel residence times, 
the average burnup of the fast spectrum systems are mostly 
higher than those of the LWR systems. The burnups of the 
CANDLE and equilibrium SSFR core are about 250 – 270 
GWd/t and the burnup of the ULFR core is 166 GWd/t.  


As a thumb rule, the burning of one gram of fissile 
material produces thermal energy of about one MWt-day, 
which is equivalent to the destruction of approximately a 
ton of heavy metal by fission per year in a 3,000 MWt 


reactor. Because the power rating of all the once-through 
nuclear systems in Table I is designed to be 3,000 MWt, a 
heavy metal consumption of about one metric ton per year 
is obtained. 


 
IV. FUEL CYCLE PERFORMANCE PARAMETERS 
 
The fuel cycle performance parameters of the different 


once-through nuclear systems are compared to those of 
PWR systems in this section.  The fuel cycle performance 
indicators include the used nuclear fuel characteristics, 
decay heat, and radiotoxicity, and the neutron and photon 
source rates, and uranium utilization.   


 
IV.A. Discharge Masses  
 
Table II provides the discharged UNF masses for each 


once-through nuclear system, including the plutonium 
isotopic vectors (compositions). It is noted that values for 
the multi-batch systems (such as PWR and SSFR) are for 
the equilibrium cycle. As indicated in Table I, the specific 
power densities of the once-through fast spectrum systems 
are significantly derated, implying higher heavy metal 
inventories than for the LWR system. However, the high 
burnup with a long fuel residence time for these systems 
results in lower UNF mass per unit electricity generation 
(UNF production rate). The PWR-50 system has the 
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highest UNF mass (~20 t/GWe-yr), while the SSFR has the 
lowest UNF mass (~3 t/GWe-yr).  


The plutonium production rates of the once-through 
fast spectrum systems are comparable or higher than that of 
the PWR-50 system even though the total UNF production 
rate is smaller. In particular, the Pu-239 content in the UNF 
of the fast spectrum systems is higher than that of the LWR 
system due to the higher conversion of uranium (breeding 
ratio) in those systems. As a result, the discharged UNFs of 
the fast spectrum systems have higher decay heat and 
radiotoxicity values than those for the PWR-50 system 
during the time frame of 1.0×103 to 1.0×105 years. 


As expected, the minor actinide (MA) production rate 
of the once-through fast spectrum systems is smaller than 
that of the PWR-50 system although the Pu production rate 
is higher. This is mainly due to the larger fission-to-capture 
ratio of the plutonium isotopes in the fast spectrum 
environment.  


The fission product (FP) production rates per unit 
thermal energy generation of the once-through nuclear 
systems are comparable as long as the thermal power 
ratings are similar (see HM fission rate in Table I). 
However, the FP production rate per unit electricity 
generation (t/GWe-yr) is dependent on the thermal 
efficiency of each once-through nuclear system. Since the 
thermal efficiencies of the fast spectrum systems are higher 
than that of the LWR system, the FP production rate is 
lower for fast spectrum systems.  


 
IV.B. Decay Heat  
 
The decay heat values at the discharge state are 


provided in Table III, including the values of the specific 


power density and the normalized UNF production rate per 
unit electricity generation. Two decay heat values are 
provided: the decay heat per one metric ton of the UNF 
(MW/t) and the normalized decay heat per unit electricity 
generation (MW/GWe-yr). At the discharge state, very 
short-lived nuclides such as U-239, Np-239, I-134, etc are 
the leading contributors. These nuclides quickly saturate 
during core irradiation and are proportional to the neutron 
flux level. They however quickly decay-out following 
neutron irradiation and fuel discharge. Since the neutron 
flux level is proportional to the power density, the decay 
heat level of the UNF at the discharge state is roughly 
proportional to the power density of each once-through 
nuclear system.  


The results show that the decay heat per unit UNF 
mass of the PWR-100 is comparable to that of the PWR-50 
because they have the same specific power density, but its 
specific decay heat (W/t-UNF) is half because the UNF 
production rate per unit electricity generation is about half 
that of the PWR-50. As aforementioned, the fast spectrum 
systems are derated. Consequently, their decay heat per unit 
UNF mass is smaller than that of the PWR reference 
system. In addition, the smaller normalized UNF 
production rate of the fast spectrum systems causes the 
lower normalized decay heat. Generally, the normalized 
decay heats of the fast spectrum systems are 1 to 4 
MW/GWe-year, which are about 10 to 40 times smaller 
than that of PWR-50.   


The normalized decay heat curves of the once-through 
nuclear systems after 10-year post irradiation cooling are 
presented in Fig. 3. 


 


 
TABLE II 


 Normalized UNF Production Rates and Plutonium Isotopic Vectors (at Discharge State) 


 PWR-50 PWR-100 CANDLE SSFR ULFR 
Normalized UNF production rate (t/GWe-yr) 
Total used nuclear fuel   19.71   9.86   3.42   2.90   4.93  
Heavy metal   18.68   8.83   2.58   2.05   4.06  
Uranium  18.43   8.64   2.33   1.77   3.68  
Plutonium   0.24   0.17   0.24   0.28   0.37  
Minor actinides   0.02   0.03   0.01   0.01   0.01  
Fission products   1.03   1.02   0.84   0.85   0.87  
Plutonium isotopic vector (%) 
Pu-238 (T1/2 = 87.7 yr)  2.5   6.8   0.6   0.6   1.0  
Pu-239 (T1/2 = 2.4×104 yr)  51.6   46.3   76.8   74.3   82.6  
Pu-240 (T1/2 = 6565 yr)  23.7   22.2   21.1   22.3   15.0  
Pu-241 (T1/2 = 14.35 yr)  14.9   15.6   0.7   2.1   1.1  
Pu-242 (T1/2 = 3.7×105 yr)  7.2   9.1   0.8   0.6   0.3  
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TABLE III


Comparison of UNF Decay Heat at Discharge


Parameter PWR-50 PWR-100 CANDLE SSFR ULFR


Specific power density, MW/t 33.70 33.70 3.66 16.89 9.39
UNF production rate, t/GWe-yr 19.71 9.86 3.42 2.90 4.93 
Decay heat per unit UNF mass, MW/t 1.99 2.00 0.24 0.76 0.63 
Normalized decay heat per unit electricity 
generation, MW/GWe-yr 39.14 19.74 0.83 2.20 3.11 


Fig. 3. Normalized Decay Heat.


Fig. 3 indicates that the normalized decay heat of the 
PWR system is higher than that of the fast spectrum 
systems from discharge to 1,000 years. However, the 
normalized decay heat level of the fast spectrum system 
UNF is higher than that of the PWR system during the time 
frame of 1,000 to 100,000 years. This is mainly due to the 
higher Pu production rate in the fast spectrum systems. As 
noted above, the very short-lived nuclides are leading 
contributors to the decay heat at the discharge state, but 
these nuclides decay out quickly and plutonium isotopes (in 
particular, Pu-239 and Pu-240) become the dominant 
contributors thereafter.


IV.C. Radiotoxicity


A variety of measures are available for quantifying the
radiotoxicity of the used nuclear fuel. In this study, the dose 
ingestion coefficients obtained from ICRP 728 are 
multiplied by the nuclide radioactivities in order to derive 
the radiotoxicity. All radiotoxicity values were normalized 
to unit electricity generation in a year (Sv/GWe-yr) and 
then normalized again to the radiotoxicity of the natural 
uranium ore that is needed to produce the LEU fuel for the 
reference once-through fuel cycle (PWR-50). The required 
natural uranium for the PWR-50 is 166 t/GWe-yr. 


Fig. 4 shows the normalized radiotoxicity values of the 
UNF discharged from the once-through nuclear systems. 
Generally, the trends of the normalized radiotoxicity are 
similar to those of the decay heat ones. At ten years after 
discharge, the UNF radiotoxicity values of the fast 
spectrum systems are about a factor of 2 to 5 lower than 
that of the reference LWR UNF. At this point, the fission 
products dominate the hazard, but the radiation hazard 
associated with the shorter-lived fission products quickly
decreases and the contribution from the actinides becomes 
dominant after 100 years. 


About thousand years after discharge, the UNF 
radiotoxicity values of the fast spectrum systems are higher 
than that of the PWR-50 UNF because of the contribution 
of the plutonium isotopes. The results indicate that Pu-239
and Pu-240 are the dominant contributors to the 
radiotoxicity at ten thousand years after discharge. As 
indicated in Table II, the plutonium production 
(particularly, Pu-239) in the fast spectrum systems is higher 
than that of the PWR systems although the total UNF 
production rate is lower. The radiotoxicity of the plutonium 
isotopes is no longer leading one million years after 
discharge and it is the daughters of the uranium isotopes 
(such as Th-229, Po-210, etc) that are the dominant 
contributors. Since the UNF production rate of the LWR 
system is higher than that of the fast spectrum systems, the 
radiotoxicity of the LWR system is higher again after 
200,000 years.   


For the LWR systems, it takes ~200,000 years before 
the radiotoxicity of the UNF falls below the level of the 
natural uranium ore. Although the UNF radiotoxicity values 
of the fast spectrum systems are higher than that of the 
LWR system during the time-frame of 1,000 – 100,000 
years, it takes less or comparable time for the UNF 
radiotoxicity of the fast spectrum systems to fall below the 
level of the natural uranium ore: ~120,000 years for 
CANDLE and SSFR, and ~200,000 years for ULFR.
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Fig. 4. Normalized Radiotoxicity.


IV.D. Neutron and Photon Sources


As a measure of UNF handling difficulty, the neutron 
and photon source rates were also evaluated. The combined 
neutron sources from (α,n) and spontaneous neutrons per 
unit UNF mass for 50 years after core discharge were 
compared. In order to account for the (α,n)  reaction in the 
light nuclides, the structural materials (cladding, duct, etc) 
were included in the ORIGEN-2 calculations.  Results 
indicated that the spontaneous neutrons are the dominant 
contributors to the neutron sources (about 90% for all 
systems). Since the contribution of curium isotopes is 
predominant (> 90%), the neutron source level at the 
discharge stage is dependent on the minor actinide mass. As 
indicated in Table II, the once-through fast spectrum 
system has a lower minor actinide production rate than the 
PWR system. As a result, the neutron sources of the once-
through fast spectrum systems are smaller than those of the 
PWR system. 


Results indicated that the mean photon energy is 
~0.3 MeV regardless of the system type. At the discharge 
state, the short-lived fission products are predominant 
contributors to the photon source and hence the magnitude 
of this parameter is proportional to the neutron flux level 
(or power density) during irradiation in the core. As a 
result, the PWR systems have the highest photon source 
and the CANDLE has the lowest photon source per unit 
UNF mass. At 10 years after discharge, Ba-137m (T1/2 = 2.6 
min) is the predominant nuclide, which is the daughter of 
Cs-137 (T1/2 = 30.1 year).  The ORIGEN-2 results indicate 
that the SSFR produces more Cs-137 (factor of 4) than the 
PWR-50. As a result, the photon sources of the SSFR are 
higher at 10 years. 


IV.E. Uranium Utilization


A desirable feature of advanced nuclear systems is the 
potential for increased utilization of fuel resources. In this
study, the uranium utilization, defined as ratio of the heavy-
metal mass burned by fission to the total mass of the 
natural uranium used in making the LEU fuel, were 
compared.  This definition is applicable to the one-batch 
fast spectrum systems or the LWR systems because both 
the burnt heavy metal and required natural uranium masses 
are clearly determined. However, it is difficult to apply the 
definition to the multi-batch SSFR system because it does
not need enriched uranium except for the initial core. Thus, 
the uranium utilization of the multi-batch fast spectrum 
system is defined as the ratio of the burned heavy metal 
mass to the provided depleted uranium mass, which is 
equivalent to the average burnup at the equilibrium cycle.


Table IV provides the uranium utilization evaluated for 
the nuclear systems. For the PWR-50 system, the required 
natural uranium mass per unit electricity generation is 166 
t/GWe-yr, and the fission rate is 1.03 t/GWe-yr. As a result, 
the uranium utilization of the PWR-50 is 0.6%, which is 
less than 1%. A pertinent question is whether high fuel 
burnup can be used to increase uranium utilization in 
LWRs. Because of the higher enrichment required to 
extend the burnup by a factor of two for the PWR-100
system, the uranium utilization is comparable to that of the 
PWR-50 system, which again is less than 1%. Thus 
increasing the burnup to the 100 GWd/t does not help in 
increasing the uranium utilization. 


For the CANDLE system, the uranium utilization is 
dependent on the reactor operation time. Sensitivity studies 
have shown that the reactor operation time is dependent on 
the active core height and the uranium utilization could be 
24.5% when the active core height is consistent with using 
all depleted uranium that is generated from making LEU of 
the starter region. For an active core height of 8.0 m, the 
uranium utilization is 12.5 %. For the ULFR, the uranium 
utilization is 2.2%, which is much smaller than that of the 
CANDLE reactor because the reactor cannot maintain 
criticality for a long time like the CANDLE system and 
because not enough depleted uranium is burned in the 
design. 


Since the SSFR system is sustainable by feeding 
depleted uranium, the enriched uranium fuel is not needed 
after the first cycle. At the equilibrium cycle, the uranium 
utilization is equivalent to the average burnup of 27 – 29%. 
However, it is emphasized here that it takes a long time to 
achieve such high uranium utilization because the system 
slowly converges to the equilibrium cycle with the 34-batch 
fuel management scheme.
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TABLE IV 


 Uranium Utilization of Once-Through Nuclear Systems 


 PWR-50 PWR-100 CANDLE SSFR ULFR 


Uranium enrichment, % 4.21 8.5 1.2 0.25 4.1 
HM charge per batch, t/batch 29.7 29.7 823.7 5.22 319.6 
Cycle length, yr/batch 1.5 3.0 200 1.5 54 
Required NU, t/GWe-yr a) 166.1 173.0 7.10 0.0 40.2 
HM fission, t/GWe-yr 1.03 1.04  0.84   0.85   0.87  
Burnup, % 5.2 10.2 24.6 29.4 17.6 
Uranium utilization, % 0.6 0.6 b) 12.1 c) < 29.4 2.2 


a) Required NU was calculated for all systems assuming depleted uranium (tailing) with 0.25% U-235.   
b) This value was obtained for the active core height of 8.0 m, but it could be increased to 24.7% when the core is designed using all depleted 


uranium resulting from making LEU fuel for the starter zone.  
c) Value would be lower if the transition cycle(s) are included. 


 
 


 
V. CONCLUSIONS 


 
This study has evaluated the core and fuel cycle 


performance characteristics of advanced once-through fast-
spectrum systems. Results for these systems have been 
compared to those of the PWR system.  The results confirm 
that the reference PWR system discharges a used nuclear 
fuel (UNF) quantity of ~20 metric ton per GWe-year. On 
the other hand, the fast spectrum systems discharge 3 – 9 
ton of UNF per GWe-year depending on the design 
choices. However, because of the higher breeding ratios of 
the once-through fast spectrum systems, their plutonium 
production rate per GWe-year is higher than that of the 
reference LWR system.  


Compared to the reference PWR system, the decay 
heat levels of the UNFs of the once-through fast spectrum 
systems are lower. At discharge, the heating level of the fast 
spectrum systems is 1 to 4 MW/GWe-year, which is about a 
factor of 10 to 40 times smaller than that of the reference 
PWR. The UNF radiotoxicity has been evaluated using the 
ingestion dose coefficient specified by ICRP 72. At ten 
years after discharge, the radiotoxicity values of the once-
through fast–spectrum-system UNFs are about a factor of 2 
to 5 lower than for the reference system, because of the 
lower power densities in the once-through fast spectrum 
systems. At this time point, the fission products dominate 
the hazard, but the hazard associated with the shorter-lived 
fission products decreases quickly. The contribution from 
the actinides becomes dominant after 100 years. 
Subsequently, after about 1,000-100,000 years, the UNF 
radiotoxicity values of the once-through fast–spectrum-
system are higher because of the contribution of the 
plutonium isotopes. It takes ~200,000 years for the PWR 
UNF radiotoxicity to become lower than that of the natural 


uranium material used in making the enriched uranium fuel 
for the system. On the other hand, it takes less or 
comparable time before the radiotoxicity values of once-
through fast–spectrum-system UNF fall below the level of 
natural uranium ore: ~120,000 years for CANDLE and 
SSFR, and ~200,000 years for ULFR.    


As a measure of the UNF handling difficulty, the 
neutron and photon source levels per unit mass of the UNF 
were also evaluated. The once-through fast spectrum 
systems have a lower minor actinide production rate 
compared to the LWR system. Consequently, the neutron 
sources of the fast spectrum system are about a factor of 2 
to 8 smaller at discharge. Similarly, the fast spectrum 
systems have a lower photon source rate by a factor of 3 to 
9 at the discharge state. However, the high Cs-137 
production rate of the fast systems results in a higher 
photon source level after 10 years.   


The uranium utilization values for the systems have 
also been compared in this study. For the PWR systems, the 
uranium utilization is less than 1% regardless of the 
burnup. For the once-through fast spectrum systems, the 
uranium utilization could be increased to ~30%, depending 
on the core design choices.  


This study has assumed that advanced core design 
technologies and materials will be available when the 
proposed once-through nuclear systems are deployed. 
However, some technical design issues (appropriate fuels 
materials, flow allocations, and reactivity control, etc) 
would have to be resolved in order for these core concepts 
to be practical. Thus, the practicality of these systems from 
operational and economic viewpoints has not been 
completely ascertained and will be considered in future 
work. 
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NOMENCLATURE 
 


ANL  Argonne National Laboratory 
BNL  Brookhaven National Laboratory 
BOL  Beginning of Life 
CANDLE   Constant Axial shape of Neutron flux, 


nuclide density and power shape 
During Life of Energy production 


DU  Depleted Uranium 
EOL  End of Life 
FMSR  Fast Mixed Spectrum Reactor 
FP  Fission Product 
HM   Heavy metal 
LEU  Low Enriched Uranium 
LWR  Light-Water-Cooled Reactor 
MA  Minor Actinides 
NU  Natural Uranium 
PWR  Pressurized Water Reactor 
SSFR  Sustainable Sodium-cooled Fast 


Reactor 
ULFR  Ultra Long Life Fast Reactor 
UNF  Used Nuclear Fuel 


REFERENCES 
 


1. J. Driscoll, et al, The Linear Reactivity Model for 
Nuclear Fuel Management, American Nuclear Society, 
1990. 
 


2. ANSWERS/WIMS(99)9, “WIMS – A Modular 
Scheme for Neutronics Calculations”. 


 
3. B. J. Toppel, “A User’s Guide to the REBUS-3 Fuel 


Cycle Analysis Capability,” ANL-83-2, Argonne 
National Laboratory (1983). 


 
4. A. G. Croff, ORIGEN-2-A Revised and Updated 


Version of the Oak Ridge Isotope Generation and 
Depletion Code, ORNL-5621, Oak-Ridge National 
Laboratory (1980). 


 
5. H. Sekimoto, K. Ryu, Y. Yoshimura, “CANDLE The 


New Burnup Strategy,” Nuclear Science and 
Engineering, 139, 306-317 (2001). 


 
6. T. K. Kim and T. A. Taiwo, “Feasibility Study of Ultra-


Long Life Fast Reactor Core Concept,” Proceedings of 
PHYSOR 2010 – Advances in Reactor Physics to 
Power the Nuclear Renaissance Pittsburgh, 


Pennsylvania, USA, May 9-14, 2010, on CD-ROM, 
American Nuclear Society, LaGrange Park, IL (2010). 
 


7. G. J. Fischer, R. J. Cerbone, “The Fast-Mixed 
Spectrum Reactor – Initial Feasibility Study,” BNL-
50976, Brookhaven National Laboratory, January 
1979. 


 
8. ICRP Publication 72: Age-dependent Doses to the 


Members of the Public from Intake of Radionuclides 
Part 5, Compilation of Ingestion and Inhalation 
Coefficients, 72, Annals of the ICRP, Vol. 26 (1996). 
 


 


2220












Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11429 


 


COMPARISONS AND UPDATED CORRELATIONS FOR SUPERCRITICAL-
WATER HEAT-TRANSFER FOR VERTICAL BARE TUBES 


 
 


Sarah Mokry, Igor Pioro, Amjad Farah, and Krysten King 
University of Ontario Institute of Technology, Faculty of Energy Systems and Nuclear Science 


2000 Simcoe Street North, Oshawa, Ontario, Canada, L1H 7K4 
 Email:Sarah_Mokry@hotmail.com; Igor.Pioro@uoit.ca 


 
 


Abstract     It is expected that the next generation of water-cooled nuclear reactors will operate 
at supercritical pressures (~25 MPa) and high coolant temperatures (350–625°C).  In support of 
the development of SuperCritical Water-cooled Reactors (SCWRs), research is currently being 
conducted for heat-transfer at supercritical conditions.  Currently, there are no experimental 
datasets for heat transfer from power reactor fuel bundles to the fuel coolant (water) available in 
open literature.  Therefore, for preliminary calculations, heat-transfer correlations obtained with 
bare-tube data can be used as a conservative approach.  This paper presents an analysis of 
experimental supercritical-water data and new supercritical heat-transfer correlations developed 
as part of a larger project assessing the feasibility of Generation IV SCWR concepts. 
     A large set of experimental data for supercritical water, flowing upward in a 4-m-long vertical 
bare tube, was analyzed and an updated heat-transfer correlation for forced-convective heat-
transfer for the normal and improved heat-transfer regimes was developed.  This experimental 
dataset was obtained within conditions similar to those for proposed SCWR concepts.  Thus, this 
new correlation can be used for preliminary heat-transfer calculations in SCWR fuel channels.  It 
has demonstrated a good fit for Heat Transfer Coefficient (HTC) values (± 25%) and for wall 
temperature calculations (± 15%) for the analyzed dataset.   
     Experiments with SuperCritical Water (SCW) are very expensive.  Therefore, a number of 
experiments are performed in modeling fluids, such as carbon dioxide and refrigerants.  However, 
there is no common opinion if supercritical modeling fluids’ correlations can be applied to SCW 
and vice versa.  Therefore, a correlation for supercritical carbon dioxide heat transfer was 
developed as a less expensive alternative to using supercritical water.  The supercritical carbon 
dioxide dataset was obtained at reactor-equivalent conditions at three pressures above the critical 
point (7.6, 8.4 and 8.8 MPa) with inlet temperatures from 20°C to 40°C.  The conducted analysis 
also meets the objective of improving our fundamental knowledge of the transport processes and 
handling of supercritical fluids.  
     The developed correlations can be used for supercritical water heat exchangers linked to 
indirect-cycle concepts and the co-generation of hydrogen, for future comparisons with other 
independent datasets, with bundle data, for the verification of computer codes for SCWR core 
thermalhydraulics and for the verification of scaling parameters between water and modeling 
fluids. 


 
I. INTRODUCTION 


SuperCritical Water-cooled nuclear Reactors 
(SCWRs) are high-pressure (~25 MPa) and high-
temperature (outlet temperatures up to 625°C) reactors that 
will operate above the thermodynamic critical point of 
water (22 MPa and 374°C) (see Figure 1) (Pioro and 
Duffey, 2007; Mokry et al., 2009a).  As part of the 
Generation-IV International Forum (GIF), SCWR concepts 
are currently under development worldwide.  Figure 2 
outlines the difference in the operating conditions 
(pressures, temperatures and entropies) of current 
generation reactor systems in comparison to SCWRs.  
Compared to existing Pressurized Water Reactors (PWRs), 


SCWRs would involve increasing the coolant pressure 
from 10 – 16 MPa to about 25 MPa, the inlet temperature 
to about 350ºC, and the outlet temperature to about 625ºC.  
The coolant would pass through the pseudocritical region 
before reaching the channel outlet (Pioro and Duffey, 
2007).  


 
 


I.A. SCWR Concepts 
SCWRs can be divided into two subcategories: 1) 


Pressure-Vessel (PV) reactors, and 2) Pressure-Tube (PT) 
reactors.  Currently, both Canada and Russia are working 
on the development of PT-reactor concepts.  One of the 
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main objectives for developing and utilizing SCWRs is 
that SuperCritical Water (SCW) Nuclear Power Plants 
(NPPs) offer an increased thermal efficiency, 
approximately 45 – 50%, compared to that of current 
generation NPPs (30 – 35%).  Additionally, they allow for 
a decrease in capital and operational costs. 


Generation-IV reactor concepts (see Table 1) under 
development at AECL (Khartabil et al., 2005) and RDIPE 
(Duffey et al., 2006) have a main design objective of 
achieving major reductions in unit energy cost relative to 
existing PWR designs (Duffey et al., 2003).  This approach 
builds on using existing SCW experience in currently 
operating fossil-fired thermal power plants.  A major 
contribution to this energy cost reduction would result 
from boosting the outlet coolant temperature, thereby 
increasing the thermal efficiency of the NPP. 


These reactors might use the direct cycle with the 
coolant from the reactor flowing directly into turbines.  
This feature allows for a simplified flow circuit in which 
steam generators, steam dryers, steam separators, etc. can 
be eliminated.  A further benefit of using SCWRs is their 
ability to facilitate hydrogen co-generation, on an 
economical scale, through either thermochemical cycles or 
direct high-temperature electrolysis (for details, see Naidin 
et al., 2009).  


The current Canadian SCWR concept includes a fuel 
channel comprised only of a pressure tube insulated 
internally, which would enable the pressure tube to operate 
at temperatures close to that of the moderator.  This fuel-
channel design would be used for supercritical water 
heating from 350 to 625°C.  A re-entrant fuel-channel 
design, allowing the pressure tube to operate at the 
supercritical water inlet temperature, might be used for a 
nuclear steam re-heat at subcritical pressures.  The current 
heat-transfer evaluation has shown that PT SCWRs are 
feasible.  A further study on conceptual thermal-design 
options for pressure-tube SCWRs can be found in (Mokry 
et al., 2008). 


I.B. Supercritical Fluids 
 
Supercritical fluids have unique properties (Pioro et 


al., 2004; Pioro and Duffey, 2003).  It is well established 
that thermophysical properties of any fluid, including 
water and carbon dioxide, experience significant changes 
within critical and pseudocritical regions.  Beyond the 
critical point (22.1 MPa and 374.1C for water and 7.38 
MPa and 31.0C for carbon dioxide) the fluid resembles a 
dense gas.  Figure 3 illustrates these variations for water 
passing through the pseudocritical point at 25 MPa, the 
proposed operating pressure of SCWRs.   


The most significant changes in properties occur within     
± 25°C from the pseudocritical temperature (384.9°C at   
25 MPa for Fig. 3).  The National Institute of Standards 


and Technology (NIST) (Lemmon, Huber and M. 
McLinden, 2007) Reference Fluid Properties (REFPROP) 
software was used to calculate these thermophysical 
properties.  Crossing from high-density fluid to low-
density fluid does not involve a distinct phase change at 
these conditions.  Phenomena such as dry-out (critical heat 
flux) are therefore not applicable.  However, at 
supercritical conditions, a Deteriorated Heat-Transfer 
(DHT) regime may exist (Pioro and Duffey, 2007). 
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Fig. 1  Pressure-Temperature Diagram for Water in Critical 
Region (Mokry et al., 2009a)


Fig. 2 Temperature-Entropy Diagram Comparison of Current 
Generation Nuclear Reactors and SCWRs (Pioro and Duffey, 
2007).


 


154







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11429 


   


Temperature, oC


250 300 350 400 450 500 550 600


D
e
n
si


ty
, k


g
/m


3


0


100


200


300


400


500


600


700


800


900


1000


c p,
 k


J/
kg


-K


0


20


40


60


80


100


120


140


160


180


200


220


T
h
er


m
al


 C
o
nd


u
ct


iv
ity


, 
W


/m
-K


0.0


0.1


0.2


0.3


0.4


0.5


0.6


0.7


V
is


co
si


ty
, 
 P


a-
s


20


30


40


50


60


70


80


90


100


110


120


130


140


Fluid Density
cp


Thermal Conductivity
Viscosity


Water, P=25 MPa
~ 50 oC


Tpc= 384.9oC


 
Fig. 3  Selected Properties of Supercritical Water at Pseudocritical Point (Mokry et al., 2009a). 


 
In support of developing an SCWR, studies are being 


conducted into heat transfer at supercritical conditions 
using carbon dioxide as a modeling fluid, as a less 
expensive alternative to using SCW and to aid in the 
improvement of the fundamental knowledge of the 
transport processes and handling of supercritical fluids.  
Table I lists parameters of current PT-SCWR concepts 
being developed by AECL (Canada). Preliminary 
parameters used for scaling nominal operating conditions 
of a generic SCWR to carbon dioxide-equivalent values 
are listed in Table II.  Table III lists critical parameters and 
nominal operating parameters of the SCW CANDU reactor 
concept in water and CO2-equivalent values. 


TABLE I 


Major parameters of SCW CANDU reactor concept 
(Khartabil et al., 2005). 


Thermal power, MW 2540 
Electric power, MW 1220 
Thermal efficiency, % 48 
Pressure, MPa 25 
Inlet temperature, C 350 


Outlet temperature, C 625 
Mass flow rate, kg/s 1320 
Number of fuel channels 300 
Number of fuel elements 43 
Maximum cladding temperature, C 850 


 
 
 
 


TABLE II 
Basic scaling parameters for fluid-to-fluid modeling at 


supercritical conditions. 


Pressure 
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TABLE III 
Critical and nominal operating parameters. 


Parameter Unit Water CO2 


Critical parameters 
Critical pressure MPa 22.1 7.38 
Critical temperature ºC 374.1 31.0 
Critical density kg/m3 315 468 


Operating parameters 
Operating pressure MPa 25 8.34 
Inlet temperature ºC 350 20 
Outlet temperature ºC 625 150 


 


This work investigates heat transfer at supercritical 
conditions for water and using carbon dioxide as a 
modeling fluid, as part of a larger project assessing the 
feasibility of Generation IV SCWR concepts.  Heat-
transfer correlations for SCW and supercritical CO2 were 
developed.  The results are provided and a comparison was 
conducted for several heat transfer correlations.  
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II. EXISTING HEAT-TRANSFER CORRELATIONS 
 
Currently, there is just one SCW heat-transfer 


correlation for fuel bundles.  This correlation was obtained 
for SCW flowing in a 7-element helically-finned bundle 
designed by Dyadyakin and Popov (Pioro and Duffey, 
2007).  However, heat-transfer correlations for bundles are 
usually very sensitive to bundle design.  Therefore, this 
correlation cannot be applied to other bundle geometries.  
To overcome this problem, a wide-range heat-transfer 
correlation based on bare-tube data can be developed as a 
conservative approach.  This process is based on the fact 
that Heat Transfer Coefficients (HTCs) in bare tubes are 
generally lower than those in bundle flow geometries in 
which heat transfer is enhanced with appendages 
(endplates, bearing pads, spacers, buttons, etc.).   


A number of empirical generalized correlations, based 
on experimentally obtained datasets, have been proposed 
to calculate the HTC in forced convection for various 
fluids, including water, at supercritical pressures.  These 
bare-tube-based correlations are available in various 
literature sources, however, differences in HTC values can 
be up to several hundred percent (Pioro and Duffey, 2007).  


The most widely used heat-transfer correlation at 
subcritical pressures for forced convection is the Dittus-
Boelter correlation (1930).  McAdams (1942) proposed to 
use the Dittus-Boelter correlation in the following form for 
forced-convective heat transfer in turbulent flows at 
subcritical pressures (this statement was based on the 
recent study by Winterton (1998)): 


0.40.802430 bbb . PrReNu 
 (1) 


Later, Eq. (1) was also used at supercritical conditions.  
According to Schnurr et al. (1976), Eq. (1) showed good 
agreement with experimental data for SCW flowing inside 
circular tubes at a pressure of 31 MPa and low heat fluxes.  
However, it was noted that Eq. (1) might produce 
unrealistic results within some flow conditions, especially 
near the critical and pseudocritical points, because it is 
sensitive to properties variations.  In general, this classical 
correlation was used extensively as the basis for various 
supercritical heat-transfer correlations.  Therefore, the 
Dittus-Boelter correlation was used in the following form, 
for reference purposes: 


0.40.80230 bbb . PrReNu 
 (2) 


Equation (2) is the most widely used interpretation of the 
original Dittus-Boelter correlation (Incropera, 2007). 


An analysis performed by Pioro and Duffey (2007) 
showed that the Bishop et al. correlation was obtained 
within the same range of operating conditions as those for 
SCWRs.  Bishop et al. (1964) conducted experiments in 
SCW flowing upward inside bare tubes and annuli within 
the following range of operating parameters: pressure 22.8 


– 27.6 MPa, bulk-fluid temperature 282 – 527ºC, mass flux 
651 – 3662 kg/m2s and heat flux 0.31 – 3.46 MW/m2.  
Their data for heat transfer in tubes were generalized using 
the following correlation, with a fit of ±15%: 
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0.660.9
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(3) 


Equation (3) uses the cross-sectional averaged Prandtl 
number.  The last term in the correlation accounts for the 
entrance-region effect.  In the present comparison, the 
Bishop et al. correlation was modified and used without 
the entrance-region term, because this term depends 
significantly on the particular design of the inlet of the bare 
test section:  


43.0
66.09.00069.0 
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(4) 


Swenson et al. (1965) found that conventional 
correlations, which use the bulk-fluid temperature as a 
basis for calculating the majority of the thermophysical 
properties, did not work well.  They suggested the 
following correlation in which thermophysical properties 
are based mainly on a wall temperature: 


231.0
613.0923.000459.0 
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(5) 


Jackson (2002) modified the original correlation of 
Krasnoshchekov et al. (1967) (for details, see Pioro and 
Duffey, 2007), for forced-convective heat transfer in water 
and carbon dioxide at supercritical pressures, to employ 


the Dittus-Boelter type form for oNu .  Finally, the 


following correlation was obtained: 
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3.0
5.082.00183.0




PrReNu
 


 (6) 


II.A. Comparison of Existing Heat-Transfer 
Correlations 


 
Figure 4 shows two sample experimental runs at 


supercritical pressures and provides experimentally 
measured HTC values.  Also, a comparison between 
experimental and calculated HTCs using the Dittus-
Boelter, modified Bishop et al., Swenson et al. and Jackson 
correlations are plotted in this figure.   


As can be seen from Figure 4, the Dittus-Boelter 
correlation provides a significant overestimation of the 
HTC values within the pseudocritical region, and thus, this 
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correlation is unusable within a wide range of parameters.  
The modified Bishop et al. and Jackson correlations also 
tend to deviate substantially from the experimental data 
within the pseudocritical range.  The Swenson et al. 
correlation provides a better fit for the experimental date 
than the previous three correlations within some flow 
conditions, but does not closely follow the experimental 
data within others (Mokry et al., 2009b). 


It should be noted that all heat-transfer correlations 
presented in this paper are intended only for use at normal 
and Improved Heat-Transfer (IHT) regimes.  None of the 
presented correlations can be used for HTC predictions 
within the DHT regime.  A more thorough discussion and 
comparison of heat-transfer correlations can be found in 
Pioro and Duffey, 2007. 


The majority of the reviewed empirical correlations 
were proposed in the 1960s and 1970s, when experimental 
techniques were not at the same level (i.e., advanced level) 
as they are today.  Also, thermophysical properties of water 
have since been updated (for example, a peak in thermal 
conductivity in critical and pseudocritical points, within a 
range of pressures from 22.1 to 25 MPa, was not officially 
recognized until the 1990s (Pioro and Duffey, 2007)). 


Thus, this further emphasizes the necessity of 
developing a new or an updated correlation based on a new 
set of heat-transfer data and the latest thermophysical 
properties of water (i.e., NIST software; Lemmon, Huber 
and M. McLinden, 2007) within the SCWRs operating 
range. 


III. UPDATED HEAT-TRANSFER CORRELATION FOR 
SCW 


 


III.A. Experimental Data 
 


The experimental SCW data used in the current paper 
were obtained at the State Scientific Center of Russian 
Federation – Institute for Physics and Power Engineering 
Supercritical-Test Facility (Obninsk, Russia) (Kirillov et 
al, 2005).  This set of data was obtained within operating 
conditions close to those of SCWRs including a hydraulic-
equivalent diameter.  The supercritical CO2 data was 
obtained at the MR-1 loop at the Thermalhydraulics 
Branch at Chalk River Laboratories.  Details of the 
experimental set-up and procedures can be found in Mokry 
et al., 2009a and Mokry et al., 2010a. 


 
III.B. Data Analysis 


 
The objective of this study was to develop updated 


heat-transfer correlations for the normal and improved 
heat-transfer regimes.  Therefore, data points within the 
DHT region were removed from the datasets (for details, 
see Figure 7).  This region is subject to future 
investigations.  Also, the very first and last points of most 


data runs were removed from the supercritical water 
dataset.  Temperatures at these outlying points were likely 
affected with the test-section clamps, which were at a 
lower/higher temperature than the heated part of tube.   
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Fig. 4 Temperature and HTC (Experimental and Calculated 
Values) Profiles along Heated Length of Bare Vertical 
Tube:  
(a) G = 1500 kg/m2s and q = 884 kW/m2; (b) G = 500 kg/m2s and 
q = 335 kW/m2 (Mokry et al., 2009b). 
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III.C. Developing the Correlation 
 


It is well established that the general form of a 
correlation is as follows: 


 


nC
n


CC
o tttCy ...21


21
 (7) 


where Co is the constant, t represents the various 
parameters that affect heat transfer and Cn represents the 
exponents.   


In order to obtain a general empirical form of an 
equation governing HTCs, a dimensional analysis was 
conducted.  A review of trends in correlating heat-transfer 
data at supercritical pressures determined that there are 
nine parameters affecting heat transfer (Pioro and Duffey, 
2007) (for details, see Mokry et al., 2009b).  The 
Buckingham П-Theorem (Munson et al., 2005), using 
dimensionless П-terms, was chosen for this analysis.  This 
theorem is based on dimensional homogeneity, in which 
dimensionless П-terms can be formed from the correlation 
variables.  Thus, the following expression was produced 
for HTCs as a function of the identified heat-transfer 
parameters:  


 
HTC = f (D , ρw , ρb , µw , µb , kw , kb , cp , V)   (8) 


The resulting relationship based on this analysis is as 
follows: 


Π1 = f (Π2, Π3, Π4, Π5, Π6) ,   (9) 
Through consideration of the primary dimensions, six 
unique dimensionless П-terms were determined.  The 
resulting relationship is given below: 
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PrReNu   (10) 


Equation (10) provided a starting point for the 
development of a correlation, where HTC can be 
calculated from the following equation:  


hy


b


D


k



Nu
HTC


, (11) 


where hyD  and bk  denote the hydraulic-equivalent 


diameter and thermal conductivity of the fluid, 
respectively.  The various coefficients for the resulting 
relationship needed to be determined for the final 
correlation. 


As a result of the experimental data analysis described, 
the following preliminary correlation for heat transfer to 
supercritical water was obtained. 


518.0
654.0
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PrReNu 0.914


b0.0053    (12) 


To finalize this correlation, the complete set of 
primary data and Eq. (12) were fed into the SigmaPlot 
Dynamic-Fit Wizard (Systat, 2008) to perform final 
adjustments.  The final correlation is as follows: 


564.0
684.0
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PrReNu 0.904


b0.0061   (13) 


Even though the final coefficients slightly deviate from 
the preliminary correlation, both correlations fit the data in 
nearly the same manner.  Figure 5 provides scatter plots of 
the experimentally obtained HTC values versus the 
calculated HTC values for each of the above mentioned 
correlations.  The final correlation (Eq. (13), (Mokry et al. 
correlation) has an uncertainty of about ±25% for HTC 
values and about ±15% for calculated wall temperature. 
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(b) 
Fig. 5 Comparison of Data Fit (Eqs. (12) and (13)) with 
Experimental Data: (a) for Heat Transfer Coefficient and (b) for 
wall temperature (Mokry et al., 2009b). 
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In order to evaluate the accuracy of the derived 
correlation, a comparison of the experimental data with the 
calculated HTC profiles, using the modified Bishop et al., 
Dittus-Boelter and the derived correlations was conducted 
and is shown in Figure 6 and 7.  As can be seen from these 
graphs, neither the modified Bishop et al. nor the Dittus-
Boelter correlations provide a good fit for the experimental 
data, whereas the final Mokry et al. correlation (Eq. (13)) 
fits the data well and follows trends closely. A comparison 
between the Mokry et al. correlation (Eq. (13)) and 
calculations using the CFD Code FLUENT-6.0 can be 
found in Mokry et al., 2010b. 


An analysis of the plots in Figures 6 and 7 (for more 
details, see Mokry et al., 2009b) showed that in general, 
the final correlation (Eq. (13)) appeared to best fit the 
general data trends.  Deviations in the calculated HTC 
values from the experimentally determined values were 
found, for the most part, at the test section inlet.  Within 
this area, however, the flow was likely subject to an 
entrance effect.  There were also slight deviations within 
the pseudocritical range, however, the most pronounced 
difference occurred only at data runs with lower mass flux 
values. 


Nevertheless, the derived correlation (Eq. (13)) showed 
the best fit for the experimental data within a wide range of 
flow conditions.  This correlation has an uncertainty of 
about ±25% for HTC values and about ±15% for 
calculated wall temperature.  For the final verification of 
the correlation, a comparison with other datasets was 
completed (Figures 8 and 9).  From the presented figures, 
it can be seen that the updated correlation (Eq. (13)) 
closely represents the experimental data and follows trends 
closely, even within the pseudocritical range.  


 


Fig. 6 Temperature and Heat Transfer Coefficient Profiles along 
Heated Length of Bare Vertical Tube: G = 500 kg/m2s and           
q = 290 kW/m2 (Mokry et al., 2009b). 


Fig. 7 Temperature and Heat Transfer Coefficient Profiles along 
Heated Length of Bare Vertical Tube: G = 1000 kg/m2s and         
q = 480 kW/m2 (Mokry et al., 2009b). 


The test matrix shown in Table IV provides the range 
of applicability for the developed correlation.  This matrix 
is the result of comparison with the experimental data of 
Kirillov et al. (2005), in addition to a comparison with 
other datasets for supercritical water (for details, see 
Mokry et al., 2010b). 


TABLE IV 
Test Matrix for Developed Correlation (Eq. (13)). 


Pressure, 
MPa 


Heat Flux, 
kW/m2 


Mass Flux, 
kg/m2s 


Diameter, 
mm 


22.8 – 29.4 70 – 1250 200 – 1500 3 – 38 
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Fig. 8 Temperature and Heat Transfer Coefficient Variations at 
Various Heat Fluxes along a Tube: Nominal Operating Conditions 
– water, Pin = 24.5 MPa, G = 1260 kg/m2s and qave=233 kW/m2 
(Yamagata et al.,1972). 
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Fig. 9 Temperature and Heat Transfer Coefficient Variations at 
Various Heat Fluxes along a Circular Tube: Nominal Operating 
Conditions –water, Pin = 24.5 MPa, (a) G = 1180 kg/m2s; and (b) 
G = 376 kg/m2s (Vikhrev, 1967). 


 
A recent study was conducted by Zahlan et al. (2010) 


in order to develop a heat-transfer look-up table for the 
critical/supercritical pressures.  An extensive literature 
review was conducted, which included 28 datasets and 
6663 trans-critical heat-transfer data.  Tables V and VI list 
results of this study in the form of the overall-weighted 
average and Root-Mean-Square (RMS) errors: (a) Within 
three supercritical sub-regions for many heat-transfer 
correlations; and (b) For subcritical liquid and superheated 
steam (Table VI).  In their conclusions, Zahlan et al. (2010) 
determined that within the supercritical region the latest 
correlation by Mokry et al. (Eq. (13)) showed the best 
prediction for the data within all three sub-regions 
investigated.  Also, the Mokry et al. correlation showed 
quite good predictions for subcritical liquid and 
superheated steam compared to several other correlations. 


 
IV. UPDATED HEAT-TRANSFER CORRELATION FOR 


SUPERCRITICAL CO2 


 
Similarly, for the supercritical CO2 correlation the 


following preliminary correlation for heat transfer to 
supercritical carbon dioxide was obtained by the same 
method: 


47.0
17.077.0 0345.0 
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(14) 


 
To finalize the development of the correlation, the 


complete set of primary data and Eq. (14) were fed into the 
SigmaPlot Dynamic Fit Wizard (Systat, 2008) to perform 
the final adjustments.  The final correlation is as follows: 


59.0
23.086.0 0121.0 
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(15)


 
Figure 10 shows a scatter plot of the calculated Nu versus 
the experimental Nu according to Eq. (15).  The data lie 
along a 45-degree straight line with a spread of ± 50%.  
Accounting for the relatively high uncertainty, a more 
thorough analysis of the experimental data is required. 


 
TABLE V 


Overall weighted average and RMS errors within three 
supercritical sub-regions (Zahlan et al., 2010). 


Correlation* 


Supercritical Region Region 


Liquid-Like Gas-Like 
Critical or 


Pseudocritical 


Errors, % 


Ave RMS Ave RMS Ave RMS 


Bishop et al. 


(1965) 
6.3 24.2 5.2 18.4 20.9 28.9 


Swenson et al. 


(1965) 
1.5 25.2 -15.9 20.4 5.1 23.0 


Krasnoshchekov 


et al. (1967) 
15.2 33.7 -33.6 35.8 25.2 61.6 


Watts & Chou 


(1982) 
4.0 25.0 -9.7 20.8 5.5 24.0 


Griem (1996) 1.7 23.2 4.1 22.8 2.7 31.1 


Jackson (2002) 13.5 30.1 11.5 28.7 22.0 40.6 


Mokry et al. 


(2009) 
-3.9 21.3 -8.5 16.5 -2.3 17.0 


Kuang et al. 


(2008) 
-6.6 23.7 2.9 19.2 -9.0 24.1 


Cheng et al. 


(2009) 
1.3 25.6 2.9 28.8 14.9 90.6 


Hadaller & 


Benerjee (1969) 
7.6 30.5 10.7 20.5 - - 


Sieder & Tate 


(1936) 
20.8 37.3 93.2 133.6 - - 


Dittus & Boelter 


(1930) 
32.5 46.7 87.7 131.0 - - 


Gnielinski 


(1976) 
42.5 57.6 106.3 153.3 - - 


In bold – the minimum values. 
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TABLE VI 
Overall average and RMS error within subcritical region 


(Zahlan et al., 2010). 


Correlation 


Subcritical 
liquid 


Superheated 
steam


Error, % 
Ave RMS Ave RMS


Sieder & Tate 
(1936) 


27.6 37.4 83.8 137.8 


Gnielinski (1976) -4.3 18.3 80.3 130.2 


Hadaller & Banerjee 
(1969) 


27.3 35.9 19.1 34.4 


Dittus & Boelter 
(1930) 


10.4 22.5 75.3 127.3 


Mokry et al. (2009) -1.1 19.2 -4.8 19.6 
In bold – the minimum values. 


In order to evaluate the accuracy of the derived 
correlation, (Eq. (15), Mokry and Pioro correlation) a 
comparison of the experimental data with the calculated 
HTC profiles, using the Bringer and Smith correlation 
(1957), Krasnoshchekov et al. correlation (1964), Jackson 
correlation (2001) and Swenson correlation (1965) was 
conducted and is shown in Figures 11 and 12.  For further 
details, see (Mokry et al., 2010b). 


From Figures 11 and 12, it can be seen that the Jackson 
correlation tends to over predict HTC values in the 
pseudocritical region.  Similarly, the Krasnoshchekov et al. 
correlation tends to under predict HTC values in the 
pseudocritical region.  For lower mass flux (~1000 kg/m2s) 
the Bringer and Smith correlation, Swenson et al. 
correlation and Mokry and Pioro correlation all followed 
the general data trends.  However, at higher mass flux 
(~2000 kg/m2s) both the Bringer and Smith and Swenson 
et al. correlations began to slightly over predict HTC 
values, whereas the Mokry and Pioro correlation still 
appears to closely follow the data trends.   


Thus, despite the relatively high uncertainty, the 
obtained correlation for forced-convective heat transfer to 
supercritical carbon dioxide, in a bare vertical tube with 
upward flow, showed a reasonable fit for the analyzed 
dataset.  This correlation can be used for future comparison 
with other independent datasets and for verification of 
scaling parameters between water and CO2. 


 
V. CONCLUSIONS 


 
Supercritical-water heat-transfer data for a vertical bare 


circular tube were obtained within the proposed SCWR 
operating conditions.  Supercritical heat transfer was 
investigated for several combinations of wall and bulk-
fluid temperatures, (i.e., internal wall temperatures and 
bulk-fluid temperatures below, at, or above the 
pseudocritical temperature). The obtained correlation for 


forced convective heat transfer to supercritical water in a 
bare vertical tube showed a good fit (±25% for heat 
transfer coefficient) for the analyzed dataset.  In addition, 
the calculated wall temperatures resulted in a more 
accurate fit for the analyzed dataset (±15%).   
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Fig. 10 Comparison of Data fit with Experimental Data for 
Nusselt Number. 


 
An experimental dataset was analyzed and a heat-


transfer correlation for supercritical CO2 was also 
developed.  In order to evaluate the accuracy of the derived 
correlation, a comparison of the experimental data with the 
calculated HTC profiles, using the Bringer and Smith 
correlation (1957), Krasnoshchekov et al. correlation 
(1964), Jackson correlation (2001) and Swenson 
correlation (1965) was conducted.  The obtained 
correlation for forced-convective heat transfer to 
supercritical carbon dioxide, in a bare vertical tube with 
upward flow, showed a reasonable fit for the analyzed 
dataset.  A more thorough analysis of the experimental data 
will be conducted.  


Therefore, the derived correlations can be used for 
preliminary HTC calculations in SCWR fuel bundles as a 
conservative approach, for SCW heat exchangers, for 
future comparison with other datasets, for verification of 
computer codes and scaling parameters between SCW and 
modelling fluids. 
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Fig. 11a.  Temperature Variations for Carbon Dioxide along Test 
Section at Pin=8.80 MPa and G=961 kg/m2s. 
 


 
Fig. 11b.  Temperature Variations for Carbon Dioxide along Test 
Section at Pin=8.80 MPa and G=961 kg/m2s. 
 
 


  
 
 


 
 
Fig. 12a.  Temperature Variations for Carbon Dioxide along Test 
Section at Pin=8.81 MPa and G=2000 kg/m2s. 


 
Fig. 12b.  Temperature Variations for Carbon Dioxide along Test 
Section at Pin=8.81 MPa and G=2000 kg/m2s. 
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cp  specific heat at constant pressure ( J/kg·K) 


pc  average specific heat, J/kg·K,    













bw


b


TT


HH w  


D inner diameter, m 
G mass flux, kg/m2s 
H     enthalpy, J/kg 
h heat transfer coefficient, W/m2K 
k thermal conductivity, W/m·K 
P pressure, MPa 
q heat flux, W/m2 
T temperature, oC 
V velocity, m/s 
x axial location, m 
 


Greek letters 
Δ difference 
  dynamic viscosity, Pa·s 


  density, kg/m3 


 
Dimensionless numbers 


Nu Nusselt number 






 


k


Dh
 


Pr Prandtl number 








 


k


c p
 


Pr  averaged Prandtl number 











b


b
p k


c



  


Re Reynolds number 








 



DG
 


 
Subscripts 
ave average 
b bulk 
calc calculated 
CO2 carbon dioxide 
cr critical 
dht deteriorated heat transfer 
exp experimental 
ext external 
hy hydraulic 
in inlet conditions 
out outlet conditions 
pc pseudocritical 


TS test section 
W water 
w wall 
 


Abbreviations 
AECL Atomic Energy of Canada Limited 


BWR Boiling Water Reactor 
CANDU CANada Deuterium Uranium 
 (reactor) 
DHT Deteriorated Heat-Transfer 
 (regime) 
GIF Generation IV International Forum 
HTC Heat Transfer Coefficient 
IHT Improved Heat-Transfer (regime) 
NIST National Institute of Standards and 
 Technology (USA) 
NPP Nuclear Power Plant 
PT Pressure Tube (reactor) 
PV Pressure Vessel (reactor) 
PWR Pressurized Water Reactor 
RDIPE Research and Development 
 Institute of Power 
 Engineering (Moscow) 
 (NIKIET in Russian abbreviations) 


REFPROP REFerence PROPerties 
RMS Root Mean Square (error) 
SCW SuperCritical Water 
SCWR SuperCritical Water-cooled Reactor 
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* In this paper, the conversion ratio is defined as the ratio between discharged fissile mass to loaded fissile mass 
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Abstract – To ensure a sustainable energy supply and face global warming, nuclear energy 
appears as a mandatory solution. Pressurized Water Reactor (PWR), that represents the largest 
part of the French power plants, will produce the major part of the nuclear electricity during the 
current century. Thus, the continue deployment of PWR with their low uranium utilization leads to 
design alternative concepts and requires a new strategy for fuel management, particularly for 
Plutonium stockpile. In order to reach a higher conversion ratio (>0.8) and save resources, a 
modified neutron spectrum, characterized by an increase of the average neutron energy is 
required to increase the conversion of 238U (fertile element) in 239Pu (fissile element). This can be 
obtained by designing low moderation PWR Fuel Assembly (FA). Physical aspects of High 
Conversion Pressurized Water Reactors (HCPWR) innovative PWR fuelled with (U, Pu) mixed 
oxide and having higher conversion ratio, are presented in this paper. Core performances for the 
equilibrium cycle and behavior during a control rod ejection accident are analyzed. 


 
 


I. INTRODUCTION 
 


To ensure a sustainable energy supply and face global 
warming, nuclear energy appears as a mandatory solution. 
Pressurized Water Reactor (PWR), that represents the 
largest part of the French power plants, will produce the 
major part of the nuclear electricity during the current 
century. Thus, the continue deployment of PWR with their 
low uranium utilization leads to design alternative 
concepts.  
The future of nuclear energy requires a new strategy for 
fuel management, particularly for Plutonium stockpile. In 
order to reach a higher conversion ratio* (>0.8) and save 
resources, a modified neutron spectrum, characterized by 
an increase of the average neutron energy is required to 
increase the conversion of 238U (fertile element) in 239Pu 
(fissile element). This can be obtained by designing low 
moderation PWR Fuel Assembly (FA). Physical aspects of 
High Conversion Pressurized Water Reactors (HCPWR) [1, 
2, 3], innovative PWR fuelled with (U, Pu) mixed oxide 
and having a higher conversion ratio, are presented in this 
paper.  
 
The 235U enrichment in PWR is about 3-5% and the typical 
conversion ratio is about 0.5. A lower moderation ratio 
allows enhancing the conversion ratio thanks to the 
reduction of the resonance escape probability and the 
increase of the fertile capture rate in 238U and, therefore 
better uranium utilization.  


However, core design going towards low moderation ratio 
could be afflicted with several potential difficulties: 
positive moderator temperature coefficient, positive void 
coefficient, reduced control rod worth efficiency and 
thermal-hydraulic limitations.  
Basic design studies of low moderation ratio PWR Fuel 
Assembly have been performed with the purpose of 
achieving a high conversion ratio. A reasonable conversion 
ratio of 0.82 could be achieved with a MOX fuel and with a 
moderation ratio of 1.27. Furthermore, the quality of the 
discharged fuel is not too degraded with low moderation 
ratio. This is a key point concerning the possibility of 
deploying such a concept in a nuclear park. 
The design of this type of reactor – heterogeneous core 
composed of fissile materials and fertile blankets – leads to 
complex phenomena. One of the main issues to be 
investigated in order to ensure the safety of these reactors is 
the "Control Rod Ejection Accident" (REA).  
To perform this kind of study, we use a coupling platform, 
developed by CEA which includes cross sections 
generation, steady-state, depletion and transient 
computation capabilities and is designed to couple 
neutronic and thermal-hydraulic codes (core and system).  
The coupled system is managed by a new CEA coupling 
platform named SALOME [4]. The present paper outlines 
the use of this system applied to an HCPWR reactor for 
both normal operation and transient situation (control rod 
ejection accident).  
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II. HCPWR: MAIN DESIGN PROBLEMATICS 
 


II.A. Problematic of the Plutonium recycling in PWR 
 


The recycling of the Plutonium in standard PWR leads to 
harder neutron spectrum. Core reactivity coefficients and 
reactivity control elements are therefore degraded. The 
limitations to the use of Plutonium consist in keeping a non 
positive coolant void coefficient, enough soluble boron 
efficiency and keep enough negative reactivity for shut-
down.  
Different options were considered in HCPWR in order to 
maintain negative neutronic coefficients to ensure core 
stability with a high Plutonium content: 
- The total plutonium content and consequently the 
Burnup were limited to avoid any possibility for the 
voided core to return critical (around 20%).  
- The reduction of the active core height compare to 
standards PWR increase the surface over volume ratio 
and raise core leakage proportion which have a benefic 
impact on the void coefficient. 
- Modifications of the core content by adding fertile 
elements (depleted Uranium ~0.2% of 235U). 


The soluble boron impact on the reactivity at hot and cold 
moderator conditions is reduced in HCPWR. It has 
implications on the beginning-of-cycle (BOC) critical 
boron concentration at refueling, cool-down and emergency 
shutdown. The use of enriched boron is considered in this 
concept (50% of 10B).  
 


II.B. Thermal-hydraulic consideration 
 
The modification of the moderation ratio obtained by 
decreasing the ratio pitch / diameter leads to an increase of 
the Critical Heat Flux (CHF) and pressure drop in the core. 
Thermal-hydraulic analysis (high flow velocities, critical 
heat flux margins, pressure drops) were realized to 
demonstrate that HCPWR with moderation ratios ranging 
from 0.9 to 1.3 are technically feasible. No major 
difficulties were observed with the tested core 
configurations. 
 


III. MAINS CHARACTERISTICS OF THE HCPWR  
 
Several designs of HCPWR using heterogeneous 
arrangement in the core are being evaluated in CEA. 
Among these concepts, one of them is presented in this 
paper. It tries to combine the double advantage of a low 
moderation ratio and the presence of blankets elements in 
the core (arranged axially and radially). It is noteworthy 
that the external size of the core is consistent with the 
standard EPR vessel. 
This HCPWR, with a moderation ratio of 1.27, is close to 
standard PWR, but with a tight square pitch fuel rod 19x19 
lattice to minimize moderation and to achieve a high 


conversion ratio of around 0.82 (HCPWR-19x19, see 
figure 1 and table I). Two types of assemblies are inserted 
in the core:  
- Heterogeneous fissile assemblies (208) composed of 
fissile material alternately with fertile material (see 
figure 2).  
- Homogeneous fertile assemblies (33) composed of 
fertile material only (see also figure 2).  


The double heterogeneity (radially and axially) leads to 
high performance relatively to the void coefficient.   
 


TABLE I 


Main characteristics of the HCPWR 19x19 FA 


  
 
 
 
 
 
 
 
 
 
 
 
 
 
(*)     Values are given in hot condition  
(**)  Rmod elementary = Vmod / Vfuel    in a cell 
        Rmod global      = Vmod / Vfuel     in the assembly 
 
 


 
 
 
 
 
 
 
 
 


Fig. 1. Geometric description of the HCPWR 19x19 FA 
 
 
 
 
 
 
 
 
 
 
 


 


Fig. 2. Geometric description of the HCPWR 19x19 core 


Nb of rods in x and y 19 
Height (cm) 360 
Assembly Pitch (cm)* 21.61 
Nb guide-tubes (GT) 24 
Nb rods fissile or fertile 337 
Fuel rod pitch (cm)* 1.13 
Pellet radius (cm)* 0.41 
Clad radius (cm)* 0.48 
Inner radius of GT (cm)* 0.48 
Outer radius of GT (cm)* 0.52 
Elementary moderation ratio** 1.08 
Global moderation ratio** 1.27 


Reflector  


Fissile  


layer  


Fertile  


layer 


179







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11083 


   


Plutonium vector used in fissile layer contains 56% of 
fissile elements. The Plutonium enrichment in the fuel is of 
19.7%. The isotopic composition of the Plutonium vector is 
presented in table II.  


TABLE II 
Plutonium vector used in the MOX HCPWR 19x19 FA 


 
238Pu 239Pu 240Pu 241Pu 242Pu 241Am 
3,03% 48,73% 30,63% 7,34% 9,80% 0,74% 


 
The core loading pattern presents an IN/OUT arrangement 
and refueling is done by quarter (see figure 3). It leads to a 
reduction of the fluence received by the vessel by 
positioning fresh fuel in the inner part of the core.  
The main characteristics of the HCPWR 19x19 core are 
summarized in table III. Thermal power and core diameter 
correspond to the standard EPR reactor. The total quantity 
of fertile element in the core is about 27%. 
It is important to note that the number of rod control cluster 
assembly is greater than in the EPR core (89). The design 
of the RCCAs pattern was done considering only the 
respect of safety criteria during shut-down margin 
evaluation. Forthcoming analyze of loss of coolant accident 
(LOCA) may impact the RCCAs pattern.  
 
 
 
 
 
 
 
 
 
 
 


 


Fig. 3. Loading pattern of the HCPWR 19x19 core 
 


TABLE III 


Main characteristics of the HCPWR 19x19 core 


Thermal Power (MWth) 4250 
Electric power (MWe) 1450 
Nb of loop 4 
No. of Assembly (fissile/fertile) 241 (208/33) 
Active height (m) 
Fissile height (m) in MOX FA 
Fertile height (m) in MOX FA 


3.60 
3.05 
0.55 


Fertile % in core 26.9 
No. of RCCA (AIC + B4C) 100 


 
III. CALCULATION METHOD 


 
The calculation code used for lattice calculation is 
APOLLO2 [5, 6, 7], and CRONOS2 [8] for whole core 


calculations. APOLLO2 and CRONOS2 are part of the 
SAPHYR code package [9] developed by French Atomic 
Energy Commission. It is used and qualified for diverse 
neutronic calculations (PWR, VVER, BWR…). Nuclear 
cross-sections libraries are derived from JEFF3.1.1 
evaluation [10]. 
APOLLO2 is a modular code for multi-group transport 
calculations in 2-D geometries and for depletion 
calculations. The code calculates the heterogeneous flux 
inside the fuel assembly, the critical buckling and depleted 
compositions. The code solves the transport multi-groups 
equation either by the method of collision probabilities, the 
SN method or the method of Characteristics.  
The numerical method applied for this study is the method 
of collision probabilities with an energy mesh of 281 
groups [6]. The calculation is performed on a 2-D geometry 
representing 1/8th of a 3x3 cluster of assembly (see figure 
4) with reflective boundary conditions.  
A fertile assembly is positioned in the center of this cluster 
to simulate realistic core conditions. The fertile assembly is 
represented in green in the figure 4 and guide-tube cells in 
gray. Three sets of cross-sections are produced on this 
cluster (FE1, FI2, FI3). 
A self-shielding calculation is performed on the cluster 
described in the figure 4 for thirteen isotopes in the fuel 
(U235, U238, Pu238, Pu239, Pu240, Pu241, Pu242, 
Am241, Am243, Cm243, and Np237) and the self-
shielding mixture model is applied to take into account 
shadow effects between the main resonant isotopes (U238, 
Pu239, Pu240 and Pu241) [11, 12].  
 
 


 
 
 
 
 
 
 
 
 


Fig. 4. Cluster of assembly used to generate collapsed cross 
sections for CRONOS2 


 
The APOLLO2 code allows generating N-groups 
macroscopic cross-sections used in the CRONOS2 core 
code. These cross–sections are tabulated as a function of 
burn-up, boron concentration, water density, fuel 
temperature and rod cluster insertion.  
For these calculations, the cross-section libraries generated 
by APOLLO2 contain microscopic cross-section for 28 
isotopes (heavy nuclides and fission products of the Xenon 
and Samarium chains) in order to evaluate very precisely 
the mass balance in the core (microscopic depletion 
model). 


FI2
1 


FI3 


FE1 
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CRONOS2 has a modular structure: the code has been 
designed for providing all the computational means needed 
for reactor calculations, including design, fuel 
management, follow up and accidents. The code allows 3D 
core calculations including steady state, kinetic and 
transient multi-group calculations of power distribution 
taking into account the thermal-hydraulic feedback effects. 
For the analysis, all the core calculations are performed 
using a diffusion solver with two energy groups except for 
the void effect calculation for which eight energy groups 
cross-sections are necessary. 
 


IV. RESULTS FOR THE EQUILIBRIUM CYCLE 


In this section, results are presented for the equilibrium 
cycle, hypothetical state reached by the core after few 
refueling.  Wewill focused on the following key points: 
Burnup rate of the discharged fuel in the different regions 
of the core (fissile and fertile areas), cycle average burnup 
and cycle length, conversion ratio, peaking factors and 
reactivity coefficients. 
 


IV.A. Burnup rate and cycle length 
 
The cycle length for this HCPWR concept is evaluated to 
395 days and the cycle average Burnup to 11953MWd/t.  
The averaged Burnup rate of the discharged fuel for the 
different areas are: 55.6 GWd/t for the fissile layers of the 
MOX assemblies, 27.7 GWd/t for the fertile layers of the 
MOX assemblies and 26.0 GWd/t for the fertile 
assemblies.  
 


IV.B. Conversion ratio 
 


The conversion ration (in mass) is calculated as 
the ration between the fissile mass of the discharged fuel 
assemblies at end of cycle (EOC) over the loaded fissile 
mass of fresh assemblies at begin of cycle (BOC). This 
factor is evaluated to 0.82 for the equilibrium cycle 
(considered isotopes: U235, Pu239 and Pu241).  
 


BOC_0FER0MOX_mass_Fissile


EOC_3FER3MOX_mass_Fissile
)mass(Cr


+
+=     (1) 


 
IV.C. Peaking factor 


 
The evolution of the peaking factor FQ (3D peaking factor), 
FXY (radial peaking factor corresponding to an axial 
homogenization) and FZ (axial peaking factor 
corresponding to a radial homogenization), are presented in 
the figure 5 for the equilibrium cycle (calculation with 4 
meshes per assembly).  
The value of the FQ factor decreases in a first time and 
starts to increase after 11000 MWd/t. The center area, that 
contains almost all the fertile elements, produce more 


energy as the average Burnup is rising due to local 
production of Plutonium.  
 
 
 
 
 
 
 
 
 
 


 
Fig. 5. Evolution of the Peaking Factor 


 
IV.D. Equilibrium cycle mass balance 


 
A limited degradation of the fuel content and quality is 
observed at the discharge due to the high conversion ratio 
for this type of reactor (see table IV). It allows considering 
the possibility of multi-recycling the fuel with this concept.    
Unloaded fertile elements contain a low Plutonium 
fraction. The main interest for introducing fertile elements 
in this type of core is linked to the void coefficient. An 
optimization of the fertile areas positions in the core would 
be possible in the objective of reaching higher local Burnup 
and enhancing Plutonium content at the discharge.  
The Plutonium created in fertile areas has a very high 
quality (~73 % of fissile isotopes). Fuel content and fuel 
quality are given by the following formula (2) and (3):  


 
 
         (2) 
 


 
(3) 
 


 
TABLE IV 


Characteristics of the HCPWR 19x19 charge and discharge fuel 


  
Content: initial 


/ final (%) 
Quality: initial 


/ final (%) 
Fissile layer of 
MOX assembly 


19.7 / 18.0 56.1 / 51.6 


Fertile layer of 
MOX assembly 


0 / 1.8 -  / 73.3 


Fertile assembly 0 / 1.6 -  / 73.2 
 


Plutonium consumption is reduced compared to a 
hypothetical 100% standard MOX core of around 20%. 
The production of minors actinides (MA) raise on the 
contrary due to the high Plutonium content. The table V 
summarizes consumption and production balance of minor 
actinides in an HCPWR 19x19.   
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 TABLE V 


Balance between Plutonium consumption and MA production  


 


 
Cons Pu                 
kg/ TWh 


Prod Am                   
kg/ TWh 


Prod Np                   
kg/ TWh 


Prod Cm                   
kg/ TWh 


HCPWR 
19*19 


46,4 9,2 0,3 3,4 


IV.E. Reactivity coefficients 
 


The reactivity coefficients calculated in hot full power 
condition (HFP) are negative at BOC and EOC. The 
moderator coefficient remains negative with a critical 
boron concentration of 895 ppm at BOC (see table VI). 
The void coefficient is lightly positive for 1% of the 
nominal density at BOC and negative at EOC (see figure 
6). A great dependency of this factor is observed to the fuel 
loading pattern and to the number of energy groups used in 
the core calculation (eight energy groups are used in this 
study). The generation of optimized loading pattern 
relatively to the void coefficient and peaking factors are 
being considered for HCPWR cores [13, 14]. These 
optimizations, using genetic algorithm, allows achieving 
negative void coefficient during all the equilibrium cycle 
while reducing peaking factor.  


 
TABLE VI 


Reactivity coefficients at BOC and EOC in HZP conditions 


 BOC EOC 
Boron efficiency (pcm/ppm) -3,5 -5,2 
Doppler coef. (pcm/°C) -2,8 -2,9 
Moderator coef. (pcm/°C) -13,1 -31,4 


 
Fig. 6. Evolution of the void coefficient 


 
V. RCCAs PATTERN AND SHUT-DOWN MARGIN 


 
The HCPWR 19x19 RCCAs pattern is derivated from the 
EPR RCCAs pattern. Eleven control rod assemblies are 


added in order to respect criteria on shut-down margin at 
hot zero power (HZP) condition. The RCCAs pattern is 
presented in the figure 7 and the control rods worth at BOC 
and EOC are also indicated.  
One can note that control rods worth in the center of the 
core is negligible at BOC (1 or 2 pcm). The worth rises 
while Plutonium is created and the power increase. At 
EOC, the worth of these control rods is about 150 to 180 
pcm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. RCCAs pattern (North-East quarter of the core) and 


reactivity worth at BOC and EOC  
 


VI. PRELIMINARY STUDY OF A REACTIVITY 
INNATIATED ACCIDENT 


 
VI.A. Initial state for transient calculation 


 
The analysis of a control rod ejection accident has to be 
performed for the most penalizing situations to ensure core 
safety for all operating modes. Theses situations strongly 
depend on the core configuration.  
For standard UO2 fuelled PWR core, end of cycle and zero 
power or intermediary power situations are the most 
restrictive. The creation of Plutonium during the cycle 
leads to a lower delayed neutron fraction and the control 
rods insertion are maximum for zero power situations.  
For HCPWR core, the research of a penalizing 
configuration is more complex. Due to the high conversion 
ratio, the Plutonium fraction is almost constant during the 
cycle. The figure 8 presents the evolution of the delayed 
neutron fraction for fissile and fertile material during the 
depletion calculation with APOLLO2 on the cluster 
presented in the figure 4.  
In the fertile material, the delayed neutron fraction decrease 
rapidly due to the Plutonium creation. At the same time, 
delayed neutron fraction in the fissile assemblies is slightly 
rising (from 370 to 400 pcm for 0 to 60GWd/t).  


-6000


-4000


-2000


0


2000


020406080100
Percentage of the nominal moderator density (%)


V
oi


d 
co


ef
fic


ie
nt


 (
pc


m
)


BOC
EOC


N1
P1 N1


N1 P1 N1 N1
N1 P1 N1


N1 N1 N1 N1
N1 N1 P1 N1


P1 N1 P1
P1 N1 N1 P1


P1 N1 N1 N1


N1 P1Pilote RCCA Shut-down RCCA


26    


 272  457   


102  430  374  25


 123  333  316   


18  73  196  340  


 13  38  309  377  


  9  65  389   


2   12  107  214  


 1   16  80  20


21    


 164  237   


116  236  179  16


 117  174  149   


65  92  153  163  


 124  98  163  191  


  149  84  213   


181   108  106  134  


 169   60  99  17


Regulating RCCA 


182







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11083 


   


The ejected control rod worth has also a primary influence. 
The figure 7 shows that control rod worth are greater at 
BOC than EOC due to a strongly heterogeneous 
distribution of the power. 
Based on theses considerations, it was decided to analyze 
both BOC and EOC situations. The initial penalizing 
situation was considered to be at zero power due to higher 
insertion of the control rod.  


 
Fig. 8. Delayed neutron fraction (pcm) 


 
VI.B. Evaluation of the Xenon impact 


 
In PWR, the presence of Xenon in the fuel deeply modifies 
the roughness of the transient calculation. Indeed, the 
generation of a penalizing Xenon profile can lead to a 
control rod worth multiply by 5 or 6 times compare to an 
equilibrium Xenon profile.  
The generation of six different Xenon profiles was 
performed for both BOC and EOC situations, 
corresponding to different control rod positions. Theses 
situations and the corresponding equilibrium Xenon 
profiles are described in table VII and figure 9.  
It is worth to note that the impact of the Xenon in hard 
neutron spectrum core is less important than for standard 
PWR. Fission product poisoning is also less important and 
Xenon concentration doesn't increase at the reactor shut-
down. The Xe135 equilibrium concentration (after 120h at 
full power) is higher than I135 equilibrium concentration. 
The decreasing of I135 cannot feed the Xe135 
concentration as in standard PWR and the Xenon peak after 
shut-down doesn't appear for this type of core (Xenon 
weight in standard PWR : ~3000pcm / HCPWR : ~700 
pcm).  
All these profiles will be used during transient calculation 
to evaluate the impact of the Xenon for HCPWR rod 
ejection accident. 
 
 
 


TABLE VII 


Studied Xenon profile configurations 


 


 Xenon profile 


 P0 P1 P2 P3 P4 P5 
Rod insertion 


(cm) 
0(*) 0 90 180 270 360 


 
(*) : CXenon = 0 for this profile (only for BOC).  


Fig. 9. Generated Xenon profiles at BOC 
 


VI.C. Research of the penalizing rod for ejection 
 
The initials situations considered in this section are BOC 
and EOC, zero power and Xenon profiles P0 to P5. 
Regulating control rods (see figure 7) are all fully inserted 
at the beginning of the transient to maximize their worth in 
our scenario.  
The first step of the analysis consists in localizing the most 
efficient control rod. This work is done for all the situations 
listed before and the control rod with the most negative 
reactivity is always located at the same position. Penalizing 
control rods worth for every Xenon profile are summarized 
in table VIII. The impact of the Xenon profile is very 
limited in this situation due to the full insertion of the 
control rod before the ejection.  


TABLE VIII 


Penalized control rod worth 


 Penalizing control rod worth  


Xenon profile BOC EOC 


P0 311 / 
P1 299 185 
P2 303 189 
P3 308 189 
P4 307 188 
P5 301 185 
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VI.D. Peaking factor evaluation in static condition 
 
The control rod ejection accident leads to a quick and 
strong insertion of reactivity in the core. Due to the local 
perturbation, an important distortion of the power map is 
observed and the 3D peaking factor is usually located close 
to the ejected control rod.  
The power rise is limited due to temperature feedback. 
Doppler effect, which occurs more rapidly than the 
moderator effect, is quickly limiting the power rise. The 
power rise is definitely stopped by the emergency shut-
down (generally around 1s after the beginning of the 
ejection). The objective of the transient calculation is to 
obtain the power history at the hot spot of the core to 
ensure that safety criteria presented in table IX are 
respected:  
 


TABLE IX 


Safety criteria associated with the rod ejection accident 


Fuel 
temperature 


< Oxide fusion temperature 
(~2800°C) 


Clad 
temperature 


< Clad fusion temperature 
(~1482°C) 


< 225 cal/g for not irradiated fuel 
Fuel enthalpy 


increase < 50 cal/g for irradiated fuel under 
60GWd/t (*) 


(*) This value correspond to the limit under which no PCMI-
induced failures were observed in power pulse reactor [15] 
 
 
The purpose of the transient calculation can be summarized 
to the research of the following values:  


                  (t)F(t)P(t)P qcoreq ×=                              (4) 


 
Pcore (t) is determined during transient calculation and the 
3D core peaking factor Fq(t) is overestimated by its value 
in static condition where the penalizing control rod is 
ejected :  


                ∞××≅ fSFzFxyFq t
staticstaticstatic         (5) 


Where:  
- Fq is the 3D peaking factor,  
- Fxy is the 2D radial peaking factor for a hybrid 
representation of the hot assembly (see figure 10), 
- Fz is the axial peaking factor calculated by 
CRONOS2 in the hot channel (also in hybrid 
representation), 
- Stf∞ correspond to the 2D assembly peaking factor in 
APOLLO2 (1.07). 
 
 


The hybrid representation of the hot assembly gives an 
image of the flux gradient in the hot assembly. In our 
model, homogeneous compositions are applied in the 
refined assembly and we use the Stf∞ factor to represent 
the assembly power distribution. 
The power maps for BOC, zero power and all regulating 
rods inserted and all regulating rods inserted except the 
most penalizing are presented in figure 11 and 12. The 
influence of the ejected control rod in static condition 
(without feedback) can be noticed through the modification 
of the power shape of the core between the two situations.  
The Fxy and Fz power shape factor in static condition with 
the most penalizing control rod ejected are presented in 
table X for BOC and EOC and for all Xenon profiles. In 
terms of power shape deformation, the beginning of cycle 
is much more restrictive and the Xenon profile P3 
(corresponding to a Xenon equilibrate with control rod 
inserted until the half of the core) leads to the highest 
perturbation.  
 


TABLE X 
Peaking factors in static condition with the most penalizing 


control rod ejected 
 


 Fxy static Fz static Fxy * Fz 


Xenon profile BOC EOC BOC EOC BOC EOC 


P0 6,8 / 1,6 / 11,1 / 


P1 6,5 3,9 1,7 1,8 10,9 6,9 


P2 6,6 3,9 1,8 2 12,1 7,8 


P3 6,6 3,9 2 2,1 13,2 8,2 


P4 6,6 3,9 1,9 2 12,6 7,8 


P5 6,5 3,9 1,7 1,8 11,3 7 


 
 
 
 
 
 
 
 
 
 
 
 
 


 
Fig. 10. Hybrid representation of the hot assembly with 


homogeneous composition 
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Fig. 11. Power maps for BOC, zero power, all regulating 
rods inserted – profile P0 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 12. Power maps for BOC, zero power, all regulating 
rods inserted except the most penalizing – profile P0 


 
VI.E. Coupled transient calculation 


 
The core calculation during the transient is performed in 
3D with the CRONOS2 and FLICA4 [16] codes and 
coupled by the SALOME [4] platform. 
The FLICA4 code solves the fuel thermal equation on one-
dimensional geometry and the two-phase flow in 3 
dimensions. The two-phase mixture is modelled by a set of 
four balance equations: mass, momentum, energy of 
mixture, and mass of steam. The velocity disequilibrium is 
taken into account by a drift flux correlation. The user can 
choose the closure laws for wall friction, drift flux and heat 
transfer and the correlations for critical heat flux, 
depending on the fluid, the geometry and operating 
conditions (e.g. Pressure).  
The coupling between FLICA4 and CRONOS2 consists in: 
i) the power distribution calculated by CRONOS2 is 
transferred to FLICA4 to be used as a source term in the 
energy balance equation of fluid and fuel;  


ii) the thermal-hydraulic parameters for the evaluation of 
cross-sections are provided to CRONOS2 (for interpolation 
in the cross-sections libraries).  
The 3D kinetic calculation coupled with 3D 
thermal/thermal-hydraulic models is used to determine the 
behaviour of the core full power versus time during the 
transient. A set of penalties is applied on the following 
quantities:  
- Reactivity inserted (+20%), 
- Delayed neutron fraction (-20%), 
- ∆Tfuel = Tfuel(t) – Tfuel (0) is reduced of 20%, 
- ∆mod = ρmod(t) – ρmod (0) is reduced of 30%. 


These penalties leads to a reactivity inserted of around 
1.26$:   ρ/β = ( 311∗1.2 ) / ( 370 ∗ 0.8 ) = 1.26. 
The figure 13 shows the evolution of the core power for the 
beginning of cycle and all Xenon profiles. The most 
penalizing case corresponds to the P0 profile for which the 
reactivity inserted is the most important (311 * 1.2 = 373.2 
pcm) as shown in table VIII. After 0.2s, the power goes up 
to around 6.6 times the nominal power. In comparison, the 
power goes only to 3.5 times the nominal power with the 
Xenon profile P1 due to a lower inserted reactivity (299 * 
1.2 = 358.8 pcm). 
The power peak reached during the transient calculation is 
proportional to (ρ-β)2. The great sensitivity of the power 
peak to the inserted reactivity shows that a particular 
attention has to be paid on the evaluation of the penalizing 
control rod worth.  
It is also important to note that the generation time is 
smaller than in standard PWR (3µs instead of 20µs). The 
roughness of the transient is then higher for a similar 
insertion of reactivity. For the end of cycle, prompt 
criticality is not reached and the roughness of the transient 
is much smaller.  


Fig. 13. Evolution of the core power during the transient 
calculation for BOC situation and all Xenon profile 


 
The evolution of the power shape factor during the 
transient (4 meshes per assembly) is presented in the figure 
14 for the BOC with the Xenon profile P0. The maximum 
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value of the radial peaking factor Fxy corresponds to the 
conservative value in static condition (table X). 
The reactivity peak reaches a value that corresponds to the 
penalized ejected control rod worth (311 * 1.2 = 373.2 
pcm) after 0.1s corresponding to the ejection time (figure 
15). The Doppler Effect allows the reduction of the 
reactivity due to the temperature raise and later the 
Moderator Effect appears. 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 14. Evolution of the power shape factor during the 
transient calculation for BOC and Xenon profile P0 


 
 
 
 
 
 


 
 
 
 
 
Fig. 15. Evolution of the core reactivity during the transient 


calculation for BOC and Xenon profile P0 
 


VI.F. Thermal analysis for the hot channel 
 
The axial and radial temperature profiles in the hot channel 
are calculated with the FLICA4 code [16]. Sensitivity 
analyses to the Xenon profiles are performed at BOC. The 
radial power shape factor is calculated as the product: 
Fxystatic * S


tf∞ * 1.2 (a penalty of +20% is applied on the 
radial peaking factor). The axial power profile, coming 
from the calculation in static condition with the most 
penalizing control rod ejected, is applied.  
The accident is detected by the core control system after 
around 0.2s and the control rods begin to fall 0.6s after the 
detection. The temperature profiles are then compared 0.8s 
after the ejection of the control rod.  
The greatest temperatures in center of the pellet are 
observed with the Xenon profiles P0 (919°K) and P3 
(923°K), corresponding to the case for which the control 
rod worth is the highest and the case for which the power 
shape factors are the highest.  


P0 and P3 temperature profiles are presented in figure 16 
for both center and surface of the pellet and internal and 
external surface of the clad. The presence of the fertile 
layer deeply modifies the axial power shape.  
The figure 17 shows the evolution of the temperature at the 
hot spot for the Xenon profile P3 in the different areas of 
the hottest rod. The reactor shut-down was not simulated 
and we considered the transient stopped when the shut-
down control rod begin to fall (0.8s).  
The corresponding fuel enthalpy increase is evaluated to 
120 J/g.fuel (~28.7 cal/g.fuel). This value is under the 
criteria for which clad failures are observed in various 
pulse reactors [15]. The temperatures reached during the 
transient are also lower than the value that leads to clad 
embrittlement (1482°C) or fuel melting (~2800°C) and the 
dry-out in not reached.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 


Fig. 16. Temperature profiles after 0.8s in the hot channel 
for the Xenon profiles P0 (left) and P3 (right) - BOC 


 


Fig. 17. Evolution of the temperatures versus time in the 
different areas at the hot spot (profiles P3 – BOC) 
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VII. CONCLUSION 
 
This work is included in a general study aiming at 
investigating the potential of HCPWR. Several designs of 
HCPWR using heterogeneous arrangement in the assembly 
and in the core are evaluated. Among these concepts, one 
of them is discussed in this paper. The concept results from 
a combination of a low moderation ratio (1.27) and the 
presence of blanket elements (arranged axially and radially) 
in the core. It is designed to use uranium more efficiently 
(conversion ratio: 0.82). 
Neutronic, thermal-hydraulic and transient calculations are 
performed in order to evaluate the characteristics and the 
performances of this type of core. As far as the neutronic 
performances are concerned, the aimed performances are 
obtained.  
The necessary increase of the plutonium content in the 
MOX fuel in order to increase the conversion ratio has no 
major impact on the safety parameters and the temperature 
coefficient. In order to reduce the global core void effect, 
the active core height has to be limited and optimization 
studies are performed.  
The study of a control rod ejection accident shows that the 
penalizing situation is different from that of a standard 
PWR. The control rod worth is more important at 
beginning of cycle and leads to a higher ratio ρ/β (equal 
to 1.26$). Moreover, the power shape factors are also 
greater for BOC.  
The criteria associated to this accident are all respected:  
- fuel enthalpy increase is evaluated to 120 J/g.fuel 


(~28.7 cal/g.fuel),  
- clad and fuel temperatures are lower than the values 


for which clad embrittlement (1482°C) or fuel melting 
(~2800°C) are observed.    


The realism of the control rod ejection modeling can be 
enhanced by considering heterogeneous composition in the 
hot assembly and by evaluating time-depend power shape 
factors during the transient calculation.  
The analyses are still in progress in order to evaluate the 
core characteristics during other reactivity transient such as 
steam line break.  
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Abstract – The SMART (System-integrated Modular Advanced ReacTor) which is a 330 MWt 
advanced integral PWR was developed by the Korea Atomic Energy Institute (KAERI) for 
electricity generation and seawater desalination. To enhance its safety, the various design 
concepts were adopted such as the containing most of the reactor coolant system (RCS) 
components and a Passive Residual Heat Removal System (PRHRS). To ensure the safety and 
performance of the SMART, a thermal hydraulic evaluation and safety analysis are performed by 
the TASS /SMR-S code. It uses a one dimensional node/path modeling and point kinetics for the 
core power simulation. The code also has specific models reflecting the design features of the 
SMART such as a helical tube and PRHRS heat transfer models. In this study, the validation of the 
core heat transfer model in the TASS/SMR-S code on the steady conditions was performed with the 
Bennett’s heated tube tests and Thermal Hydraulic Test Facility (THTF) experiment. From the 
results of the TASS/SMR-S code calculation, the Critical Heat Flux (CHF) point and the fuel rod 
surface temperature were predicted conservatively compared to the test results. 


 
 


I. INTRODUCTION 
 
The SMART (System-integrated Modular Advanced 


ReacTor) which is a 330 MWt advanced integral PWR was 
developed by the Korea Atomic Energy Institute (KAERI) 
for electricity generation and seawater desalination.1  


Unlike the loop type commercial reactors, the Nuclear 
Steam Supply System (NSSS) of the SMART adopts the 
design concept of containing most of the Reactor Coolant 
System (RCS) components, such as a core, four Reactor 
Coolant Pumps (RCPs), eight Steam Generators (SGs), and 
a pressurizer in a single leak-tight reactor pressure vessel 
as shown in Fig. 1. Due to these design characteristics, the 
SMART can fundamentally eliminate the possibility of 
Large Break Loss of Coolant Accidents (LBLOCAs).  


Also, a super heated steam can be produced easily due 
to the helical type steam generators which have a relatively 
large heat transfer area. The canned motor type RCPs 
eliminate the problems related with the loop seal. The 
passive safety system such as the Passive Residual Heat 
Removal System (PRHRS) removes the possibility of 
operator mistakes during a long time cooling. The large 
volume of the primary coolant inventory enlarges the 
operating and transient margins.  


Table I shows the main design parameters for the 
SMART. 


To ensure the safety and performance of the SMART, 
a thermal hydraulic evaluation and safety analysis of the 
SMART is performed by the TASS/SMR-S (Transient And 
Setpoint Simulation/System-integrated Modular Reactor-
Safety) code.2 The TASS/SMR-S code uses general one- 
dimensional node/path modeling for the thermal hydraulic 
simulation. The code has also various models reflecting the 
design features of the SMART such as the drift flux model, 
the point kinetics core models (core power & core heat 
transfer models), the component models, and the specific 
models such as a SG helical tube heat transfer model and a 
PRHRS heat transfer model.  


One of the core models is the core heat transfer model. 
The role of this model is to calculate the heat flux and 
radial temperature profiles at a fuel rod surface using the 
relevant heat transfer correlations for all of the heat 
transfer modes. Also it is modeled to meet the 
requirements of the 10 CFR 50 Appendix K EM model for 
the Critical Heat Flux (CHF) and post CHF conditions. 


In this study, the validation of the core heat transfer 
model in the TASS/SMR-S code on steady conditions was 
performed with the Bennett’s heated tube tests and 
Thermal Hydraulic Test Facility (THTF) experiment. 
According to the selected test conditions, the CHF points 
and the axial temperature profiles at a fuel rod surface 
were calculated and compared with the test data. 
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Fig. 1. Reactor coolant system (RCS) of the SMART. 
 


TABLE I 


Main design parameters for the SMART 


Parameters Design value 
Core power 330 MWt 
Core inlet temperature 295.7oC 
RCS pressure 15.0 MPa 
RCS flow rate 2090.0 kg/sec 
Main steam pressure 5.2 MPa 
Feed water temperature 200oC 
Heat flux 0.394 MW/m2 


 
II. Core Heat Transfer Model of the TASS/SMR-S 


 
The core heat transfer model of the TASS/SMR-S 


code is developed to simulate the heat transfer phenomena 
from the fuel rod to the reactor coolant of the SMART. The 
heat generated in the fuel rod is transferred to the 
cylindrical fuel rod surface by the heat convection. And the 
heat transferred from the fuel rod is conducted to the 
reactor coolant by the various heat convection mechanisms 
according to the reactor coolant conditions. 


To calculate the radial temperature profiles at the fuel 
rod surface, the heat conduction equation is modeled 
simply by Eq. (1) in the TASS/SMR-S code. It is ignoring 
the axial and angular dependency in a general cylindrical 
coordinate system. 
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                          (1) 


 
In the Eq. (1), k , C and  denote the conductivity, 


specific heat and the density of the fuel rod, respectively. 
And q  is the volumetric heat generation rate in the fuel 


rod. Eq. (1) can be transformed to the difference equation 
by integration over the radial meshes of the fuel rod shown 
in Fig. 2 and related to the following boundary condition to 
solve the radial temperature distributions of the fuel rod, 
the surface temperature and the surface heat flux. 


The boundary condition can be given as Eq. (2). 
 


 coolantsurface TThq                                       (2) 


 
Where q  and h mean the heat flux at the fuel rod 


surface and the heat transfer coefficient, respectively. To 
calculate the reasonable surface temperature profiles at the 
fuel rod and heat flux, the heat transfer coefficient must be 
calculated by the appropriate correlations according to the 
coolant thermal hydraulic condition. The core heat transfer 
model of the TASS/SMR-S code determinate the heat 
transfer mode and calculate the heat transfer coefficient by 
the appropriate correlations. 


Once the heat transfer mode is determined by the 
coolant thermal hydraulic condition, the heat transfer 
coefficient can be calculated using the suitable correlations 
prepared in the core heat transfer model of the 
TASS/SMR-S code. The heat transfer modes simulated in 
the core heat transfer model of the TASS/SMR-S code are 
a single phase liquid, a nucleate boiling, a transition 
boiling, a film boiling and a superheated steam heat 
transfer mode.  


In the single phase liquid, Ditttus-Boelter correlation3, 
Collier correlation4 and Churchill-Chu correlation5 are 
considered according to the Reynolds number.  


In the nucleate boiling mode, the heat flux and heat 
transfer coefficients are calculated by either the Chen 
correlation6 or Foster-Zuber correlation7.  


For the post CHF heat transfer mode, the McDonough, 
Milich, King correlation8 is used to calculate the transition 
boiling and the minimum value of heat transfer coefficient 
calculated by the Groeneveld9 and Doughall-Rosenow 
correlation10 is applied to the film boiling. It is 
recommended in the 10 CFR 50 Appendix K, EM model.  


For the superheated steam heat transfer, the Dittus-
Boelter correlation is used.  


The calculation of the CHF is accomplished by W-311 
or Macbeth12 correlation according to their applicable 
range. The value is compared with each other. For 
conservatism, the minimum value is accepted for the heat 
transfer calculation. 
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Fig. 2. Radial mesh of the fuel rod for the heat conduction 
calculation. 


 
III. Validation of the Core Heat Transfer Model 


 
III.A. Bennett’s Heated Tube Tests Description 


 
The Bennett heated tube experiments were conducted 


using a 1.26 cm diameter and 5.54 m vertical length tube 
that was electrically heated. Water at pressure of 6.89 MPa 
flowed upward in the tube.  


The main objectives of the experiment were to 
measure the dryout location or critical heat flux (CHF) 
location where liquid ceased to adhere to the inside wall 
and the surface temperature profiles in the region beyond 
the dryout point.13 The diagram of the Bennett’s heated 
tube tests is shown in Fig. 3. 


 


 
  


Fig. 3. Diagram of the Bennett’s heated tube tests. 


TABLE II 


Test conditions of the Bennett’s heated tube tests 


Test No.
Pressure
(MPa) 


Heat flux 
(MW/m2) 


Mass Flux 
(kg/m2s) 


Subcooling
(K) 


5358 6.89 0.512 379.74 34.41 
5294 6.89 1.097 1952.97 18.80 
5394 6.89 1.750 5181.00 13.78 


 
Three of the Bennett’s heated tube tests were selected 


by the mass flux and heat flux condition to evaluate the 
core heat transfer model of the TASS/SMR-S code. The 
selected tests are Test 5358 (low mass and heat flux 
condition), Test 5294 (medium mass and heat flux 
condition) and Test 5394 (high mass and heat condition). 
Initial and boundary conditions for the tests are presented 
in Table II. 


 
III.B. Modeling of the Bennett Tube with TASS/SMR-S 


 
Fig. 4 shows the TASS/SMR-S nodalization of the 


Bennett’s heated tube tests. The core section consists of 20 
nodes equally spaced. The lower and upper section is 
comprised of 3 nodes respectively to model the uniform 
velocity distributions in the flow. 


 


 
 


Fig. 4. TASS/SMR-S nodalization of the Bennett’s heated 
tube tests. 
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Fig. 5. Simple diagram of the THTF. 


 
The upper section is connected to the pressure 


boundary to control the pressure of the outlet boundary 
condition. The feedwater is put in the bottom node of the 
lower section. To model the heat generation in the core 
section, the core section is heated equally using the core 
power model. 
 


III.C. THTF Facility Description 
 


The test 3.07.9 series performed in the Thermal-
Hydraulic Test Facility (THTF) were steady state film 
boiling tests carried out by the Oak Ridge National 
Laboratory (ORNL).14 THTF is nonnuclear pressurized 
water loop containing 64 full-length rods (Fuel Rod 
Simulator: FRS) arranged in an 8 x 8 bundle.  


Fig. 5 shows s simple diagram of the THTF facility. 60 
rods were electrically heated and 4 rods were unheated. 
Rod diameter (0.0095 m) and pitch (0.0127 m) are typical 
of a PWR with 17 x 17 fuel assemblies.  


 


 
 


Fig. 6. Cross section of the THTF heated bundle. 


TABLE III 


Test conditions for the steady state film boiling upflow tests. 


Test No.
Pressure
(MPa) 


Heat flux 
(MW/m2) 


Mass Flux 
(kg/m2s) 


Subcooling
(K) 


3.07.9B 12.76 0.914 705 19.1 
3.07.9T 11.89 0.315 240 27.1 
3.07.9N 8.52 0.945 800 14.2 
3.07.9H 8.89 0.417 256 38.0 
3.07.9O 5.58 0.536 307 22.4 


 
Fig. 6 is a schematic of the THTF rod bundle cross 


section and shows the location of 4 unheated rods. The 
axial and radial power distributions of the THTF bundle 
are flat. The heated length and diameter of the bundle is 
3.66 m and 0.95 cm, respectively. Three are 6 spacer grids 
in the heated length. 


The tests simulated and reported herein are the steady 
state film boiling tests 3.07.9B, 3.07.9H, 3.07.9N, 3.07.9O, 
and 3.07.9T. The test conditions for the assessment of the 
core heat transfer model in the TASS/SMR-S fit into three 
categories: high/medium/low pressure, high/low mass flux, 
and high/low heat flux.  


The test conditions for the 5 steady state film boiling 
tests are shown in Table III. 
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Fig. 7. TASS/SMR-S nodalization of the THTF test section. 
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III.D. Modeling of the THTF with TASS/SMR-S 
 


Nodalization of the THTF test section for the 
TASS/SMR-S is shown in Fig. 6. The inlet flow and outlet 
pressure are used to setup initial and boundary conditions 
of the test section for steady state film boiling tests. The 
heated test section is divided into 20 nodes identically. To 
put and drain the feedwater in the test section, 3 nodes are 
connected to the inlet and outlet boundary respectively. 


The inlet flow rates in the steady state film boiling 
tests were constant. The mass flow rate was calculated 
multiplying the mass flux by the test section flow area 
(6.217x10-3 m). Inlet fluid temperatures were obtained with 
a standard steam table using the reported and inlet quality. 


 
III.D. Analysis Results for Bennett’s Heated Tube Tests 


 
The CHF positions and axial temperature distributions 


at a fuel rod surface were calculated by the selected test 
conditions using the TASS/SMR-S code. These results 
were compared with the Bennett’s heated tube test data. 
The comparison results with the test data are shown in Fig. 
8~10. 


Test 5358 is considered to be a low mass flux and low 
heat flux conditions. The elevation at which CHF occurs in 
the experiment is at about 3.5 m from the bottom of the 
core section. In the TASS/SMR-S, the CHF is occurred 
between 3.0 m and 3.5 m of the core section as shown in 
Fig. 8.  


Also, the axial temperature distributions at a fuel rod 
surface are reasonably predicted with the test data until the 
CHF point. In the post CHF region, it is calculated 
conservatively compared to the test results. 


Test 5294 is a medium mass flux and heat flux 
conditions. The predicted CHF occurs at a slightly lower 
elevation of the core section in Fig. 9. And the surface 
temperature profiles of a fuel rod are similarly calculated 
with the test results. 
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Fig. 8. Axial rod surface temperature profiles - Test 5358. 
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Fig. 9. Axial rod surface temperature profiles - Test 5294. 
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Fig. 10. Axial rod surface temperature profiles - Test 5394. 
 
Test 5394 is a high mass flux and heat flux conditions. 


Unlike the results of the low and medium mass flux 
conditions, the predicted CHF in the high mass flux 
condition occurred at a much lower position of the core 
section shown in Fig. 10. 


From the results of the TASS/SMR-S code calculation, 
below the CHF position, the surface temperature profiles 
of a fuel rod are calculated by a nucleate boiling 
correlation and have fairly good agreements with the 
experimental results.  


And the CHF position and the surface temperature 
profiles of a fuel rod in the post CHF region are predicted 
rather conservatively. 


 
III.E. Analysis Results for THTF Experiment 


 
In the THTF tests, the inner surface temperatures of 


the FRS are provided only. Therefore, outer surface 
temperatures of the FRS are calculated using a simple 
conduction equation from the inner FRS temperature data. 
The comparison results are shown in Fig. 11~15. 
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Test 3.07.9B is considered to be a high pressure, high 
mass flux and high heat flux condition when compared to 
all the tests performed in the test 3.07.9 series of the THTF. 
The predicted axial FRS temperature profile is compared 
to THTF data in Fig. 11. The position at which CHF occurs 
in the experiment is at about 1.5 m from the bottom of the 
heated core bundle. The CHF position predicted by the 
TASS/SMR-S is rather far upstream of the flow in this test. 


Test 3.07.9T is considered to be a high pressure, high 
mass flux and high heat flux condition. Fig. 12 compares 
the predicted axial FRS temperature distribution with 
THTF experiment data. The FRS temperatures calculated 
by the TASS/SMR-S is higher than the measured 
temperatures. And the calculated CHF position is predicted 
conservatively with data.  


Boundary conditions for the test 3.07.9N are similar to 
test 3.07.9B except the system pressure is lower. The 
predicted axial FRS temperature distribution is compared 
in Fig. 13. In the post CHF region, the FRS temperature is 
predicted conservatively. But the CHF position predicted 
by the TASS/SMR-S is higher than the test data. 
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Fig. 11. Axial FRS temperature distributions - 3.07.9B. 
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Fig. 12. Axial FRS temperature distributions - 3.07.9T. 


The deviation of the FRS temperature on the 
experimental data is large compared to the 3.07.9B data. 
This large deviation means that the CHF does not occur 
simultaneously in all the rods. Therefore, some rods are 
still in the nucleate boiling region while others experience 
CHF. 


Test 3.07.9H is considered to be a medium pressure, 
low mass flux and heat flux condition. The boundary 
conditions for this test are similar to test 3.07.9T except the 
system pressure is lower. In this condition, both the CHF 
position and FRS temperature profile calculated by the 
TASS/SMR-S are predicted with conservatism as shown in 
Fig. 14. 


Test 3.07.9O is all low conditions as such a pressure, 
mass flux and heat flux. The FRS temperature prediction in 
the nucleate boiling region has a good agreement with the 
test data as shown Fig. 15. However, the CHF position 
prediction is not conservative. 


As the results of the validation, the core heat transfer 
model of the TASS/SMR-S code predicts the FRS surface 
temperatures with a reasonable conservatism. 
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Fig. 13. Axial FRS temperature distributions - 3.07.9N. 
 


0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
500


600


700


800


900


1000


1100


1200


1300


1400


1500


F
R


S
 te


m
pe


ra
tu


re
, K


Elevation, m


 Surface temperature_TASS/SMR-S
 Sheath temperature_Experiment
 Calculated surface_Experiment


 
 


Fig. 14. Axial FRS temperature distributions - 3.07.9H. 
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Fig. 15. Axial FRS temperature distributions - 3.07.9O. 
 


In the pre-CHF position, the FRS temperature profiles 
are calculated by a nucleate boiling correlation and have 
reasonable agreements with the test results. The CHF 
position and the FRS temperatures in the post-CHF region 
are predicted rather conservatively except for test 3.07.9O. 
 


IV. CONCLUSIONS 
 


The safety and performance analysis of the SMART 
was carried out for the TASS/SMR-S code. One of the 
important models in the TASS/SMR-S code is the core 
heat transfer model. The validation of the core heat transfer 
model in the TASS/SMR-S was performed on the steady 
conditions with the Bennett’s heated tube tests and THTF 
experiments. According to the test conditions, the CHF 
positions and the axial temperature profiles at a fuel rod 
surface were calculated and compared with the test data. 


From the results of the calculation, the CHF position 
and the surface temperature of a fuel rod at the post CHF 
region were predicted conservatively rather than the test 
results. However, at the low pressure, low mass flux and 
low heat flux conditions such as 3.07.9O, model 
improvement is needed for the conservative calculation.  


As a further study, many validations should be 
performed with transient conditions.  
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Abstract – Nickel-base weldments such as Alloy 82, 182 and 132 dissimilar metal (DM) butt 
welds used in Pressurized Water Reactors (PWR) nuclear power plants have experienced Primary 
Water Stress Corrosion Cracking (PWSCC).  Industry guidelines for examination methods and 
inspection frequencies have been developed for these susceptible weld materials.  The nuclear 
industry has been actively engaged in inspecting and mitigating the effects of PWSCC at the 
pressurizer nozzle DM welds in the past few years.  The recent focus of the industry is on the 
inspection and PWSCC mitigation of the DM welds in the Reactor Vessel nozzles.  PWSCC crack 
growth analysis is required if an indication is being detected in the DM weld in order to support 
continued operation without repair or any PWSCC mitigation for a given plant operation 
duration.  It is also required to demonstrate acceptability of a flaw even after repair or PWSCC 
mitigation has been performed for the DM welds.  Welding residual stresses for these DM welds is 
one of the key parameters in the PWSCC crack growth analysis.  This paper examines the 
through-wall welding residual stress profiles for some typical Reactor Vessel nozzle DM weld 
configurations and their impacts on the PWSCC growth.  It also examines the effectiveness of 
Mechanical Stress Improvement Process (MSIP®) technology in mitigating PWSCC at these welds.  


 
 


I. INTRODUCTION 
 
Nickel-base weldments such as the Alloy 82, 182 and 


132 dissimilar metal (DM) butt welds between the stainless 
steel and low alloy steel or carbon steel have been used 
extensively in the Pressurized Water Reactor (PWR) 
nuclear power plants.   Several incidents of Primary Water 
Stress Corrosion Cracking (PWSCC) at these DM butt 
welds have been reported since 2000 and thus prompted 
the reassessment of the current examination strategy and 
inspection intervals at these DM weld locations.  This has 
led to the development of MRP-139 [1] which provided a 
set of examination and evaluation guidelines to supplement 
the existing ASME Section XI Code requirements.  These 
examination requirements and guidelines with or without 
the application of PWSCC mitigation techniques have now 
been codified in ASME Code Case N-770 [2]. 


 
Since PWSCC susceptibility is higher for butt weld 


locations exposed to higher temperature than those 
exposed to cooler temperature, higher priority was placed 
on examinations of the susceptible DM welds at the 
pressurizer and reactor vessel outlet nozzles than those at 
the reactor vessel inlet nozzles.  Examinations of the 


PWSCC susceptible DM welds at the pressurizer nozzles 
have been completed by the nuclear industry in recent 
years.  Emphasis has now been placed on the susceptible 
reactor vessel outlet nozzle DM welds for their inspection 
and mitigation since these nozzles also experience high hot 
leg temperatures.   


 
PWSCC crack growth analysis is required if an 


indication is being detected in the susceptible DM welds 
during an inspection.  The results of the crack growth 
analysis can be used to support continued operation 
without repair or any PWSCC mitigation for a given plant 
operation duration.  The key components that govern 
PWSCC are corrosive environment, susceptible material, 
and high tensile stress.  Welding residual stress during the 
initial fabrication process is a major contributor to the high 
tensile stress at these susceptible DM welds.  As a result, 
welding residual stress is one of the key parameters used in 
the PWSCC crack growth analysis and has a significant 
impact on the results of the analysis.  There are a number 
of key attributes that would impact the welding residual 
stress at the PWSCC susceptible DM welds such as 
geometry, material, weld configuration, fabrication process 
as well as prior weld repair history.  This paper investigates 
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one of the key attributes by reviewing the impact of some 
typical reactor vessel outlet nozzle DM weld 
configurations on the welding residual stress as well as the 
resulting PWSCC crack growth.  In addition, the 
effectiveness of Mechanical Stress Improvement Process 
(MSIP®) technology, which is one of the viable PWSCC 
mitigation processes used by the nuclear industry, in 
providing a favorable through-wall residual stress profile 
and mitigating PWSCC crack growth at a susceptible DM 
weld is also examined. 


 
II. WELDING RESIDUAL STRESSES  


 
There are various reactor vessel outlet nozzle DM 


weld configurations with PWSCC susceptible material 
which are currently in service in the nuclear industry.  This 
is primarily due to the fact that the reactor vessels were 
fabricated by different manufacturers resulting in a number 
of manufacturer specific DM weld configurations.  Some 
DM weld configurations consist of stress relieved Alloy 82 
butter at the end of the low alloy steel nozzle followed by 
the welding of the stainless steel safe end using Alloy 
82/182 filler material to the nozzle butter.  Some low alloy 
steel nozzles are welded directly to the stainless steel safe 
end using Alloy 82/182 filler material without any Alloy 82 
butter.  The entire DM weld is then post-weld heat treated.  
In other cases, a layer of cladding consisting of stainless 
steel and Alloy 82 material is applied after the post weld 
heat treatment (PWHT) to both the inside and outside 
surfaces of the finished DM weld and stainless steel safe-
end region in an attempt to address the issue of sensitized 
stainless steel.  The weld geometry, material properties and 
weld fabrication sequence are typically considered in the 
welding residual stress simulation analysis.   
 


Especially for big nozzles, it is not unusual that repairs 
were made to these DM welds during the various stages of 
weld fabrication process prior to meeting the inspection 
requirements of the ASME Code. During the fit-up 
process, Non Destructive Examination (NDE) surface 
examination identifying any unacceptable indications in 
the weld groove base metal area would result in weld 
repairs and additional inspection.  Interim volumetric 
inspections were typically performed after the root and the 
hot passes were deposited in order to identify and correct 
any problems prior to filling the entire weld cavity with 
Alloy 82/182 filler material.  Manual Gas Tungsten Arc 
Welding (GTAW) and Shielded Metal Arc Welding 
(SMAW) were the welding processes typically used for the 
DM welds.  Upon completion of the welding process, any 
unacceptable defects would be repaired in order to meet 
the ASME Code inspection requirements.  The weld repair 
sequence, repair location, welding process, welding 
parameters, size of the repair and post-repair final 
machining can further alter the through-wall residual stress 
distribution at the DM welds.  Since detailed weld repair 


records may not always be readily available, the extent of 
any prior weld repairs made becomes one of the key 
uncertainties associated with estimating welding residual 
stress for the DM welds. 
 


The following sections examines the impacts of the 
reactor vessel outlet nozzle DM weld configurations and 
the extent of prior weld repairs on the resulting through-
wall residual stress distribution. 


 
II.A. DM Weld Configuration 1 


 
For the outlet nozzle DM weld configuration shown in 


Figure 1, the nozzle material consists of low alloy steel 
with stainless steel cladding on the nozzle bore.  The end 
of the nozzle is typically buttered with Alloy 82 or 182 
weld material in the fabrication shop so that PWHT can be 
performed.  The minimum thickness of the butter is ½ inch 
after final nozzle machining which would provide 
sufficient margin for accommodating potential corrective 
actions and/or a shop weld connecting the nozzle safe end 
to the nozzle without the need for additional PWHT.  The 
nozzle safe end and piping material are typically made 
from austenitic stainless steel material with the piping 
attaching to the nozzle safe end by a stainless steel butt 
weld made in the field.  Depending on the length of the 
nozzle safe end, the resulting nozzle safe end to pipe butt 
weld may have a significant impact on the residual stress in 
the DM weld.    
 


Welding residual stress analysis were performed for 
the DM weld configuration shown in Figure 1 by 
considering various extent of prior inside surface weld 
repairs and nozzle safe end lengths as follows: 


 
Case 1: No inside surface weld repair with a short 2.25 


inch nozzle safe end length 
Case 2:  25%, 360˚ inside surface repair with a short 2.25 


inch nozzle safe end length 
Case 3:  50%, 360˚ inside surface repair with a short 2.25 


inch nozzle safe end length 
Case 4:  No inside surface weld repair with a long 4.5 inch 


nozzle safe end length 
Case 5:  25%, 360˚ inside surface repair with a long 4.5 


inch nozzle safe end length 
Case 6:  50%, 360˚ inside surface repair with a long 4.5 


inch nozzle safe end length 
 
The extent of weld repairs considered above consists 


of repair depths of 25% and 50% through the dissimilar 
metal weld thickness measured from the inside surface and 
a repair length which is 100% of the circumference.  These 
assumed weld repair cases are considered to be 
conservative when no weld repair record is readily 
available.  The nozzle safe end lengths considered above 
represent a typical range of distance between the 
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centerlines of the nozzle DM weld and the nozzle safe end 
to pipe stainless steel welds.  The actual safe end length for 
a given plant may vary due to actual fit up made in the 
field.  For the current study, distances of 2.25 inch and 4.5 
inch between the centerlines of the nozzle DM weld and 
the stainless steel weld were considered. 


 
The welding process is simulated by performing 


uncoupled elastic-plastic two dimensional finite element 
thermal and structural analyses.  Each weld pass is 
assumed to be fully circumferential.  A transient thermal 
analysis is first performed simulating the heating and 
cooling of the welding process as each weld pass is applied 
to generate the nodal temperature history.  In performing 
the transient thermal analysis, the finite elements for all the 
weld passes, nozzle safe end and piping are included in the 
initial finite element model. The material properties for 
those finite elements representing inactive weld passes and 
inactive portion of the thermal model are assigned a value 
of zero to the thermal conductivity, specific heat, and 
density, so that these inactive finite elements effectively do 
not absorb or conduct heat.  When a weld pass or other 
portion of the finite element model is activated, normal 
thermal material properties is then assigned so that they are 
thermally connected to the active portion of the finite 
element model. As a result, any arbitrary sequence of 
welding, machining, and repairs can be simulated by 
simply activating and deactivating selected regions of the 
finite element thermal model.  The resulting transient nodal 
temperature results are then used in an elastic-plastic 
structural analysis to determine the thermally induced 
transient stresses.  Similar to the thermal analysis model, 
the initial structural model included all weld passes, nozzle 
safe end and piping, but the inactive portions of the 
structural model are deactivated by the use of a reduced 
structural stiffness and assigning a zero value to the 
coefficient of thermal expansion.  As in the thermal 
analysis model, any arbitrary sequence of welding, 
machining, and repairs can be simulated by simply 
activating and deactivating selected regions of the 
structural model.   
 


The finite element analysis simulation included all 
major steps of the fabrication and welding process for the 
outlet nozzle DM weld. The simulated fabrication steps are 
the same for the various inside surface weld repair and 
nozzle safe end length cases and are summarized below:  
 


1. Alloy 82/182 buttering is first applied to the nozzle 
and the buttered nozzle is then raised to uniform 
PWHT temperature of 1100˚F. 


2. The buttered nozzle is welded to the nozzle safe 
end using Alloy 82/182 filler material.  Since the 
DM weld thickness is typically larger than the 
desired weld thickness, the outside and inside 


diameter of the weld are machined to the desired 
finished weld geometry. 


3. For the applicable weld repair cases, an inside 
surface repair cavity is machined out of weld 
region and then filled with Alloy 82/182 filler weld 
material. 


4. Weld end preparation at the piping end of the 
nozzle safe end is simulated.  A long stainless steel 
pipe is then welded to the nozzle safe end to 
simulate the stainless steel field weld between the 
nozzle safe end and the attached piping in the 
plant. 


5. Hydrostatic testing is simulated by apply an 
internal pressure of 3110 psig at a temperature of 
310˚F.   


6. Three loading cycles from shutdown to operating 
temperature and pressure are applied to incorporate 
any shakedown effects on the residual stress 
distributions before the residual stress results for 
the operating condition are obtained. 


 


 
Figure 1: Dissimilar Metal Weld Configuration 1 


 
The through-wall hoop and axial welding residual 


stress distribution along the centerline of the DM weld for 
the six analyzed cases are shown in Figures 2 and 3 
respectively.  Axial stress is the stress component parallel 
to the outlet nozzle axis and hoop stress is the 
circumferential stress component with respect to the 
nozzle.   
 


Based on a comparison of the residual stress 
distributions shown in Figures 2 and 3, the residual hoop 
stress at operating condition is generally higher near the 
inside surface of the DM weld than the corresponding 
residual axial stress.  The higher residual hoop stress 
supports field observations that axially oriented PWSCC 
cracks are more likely to occur than circumferentially 
oriented PWSCC cracks.  For the inside surface weld 
repair cases, higher inside surface hoop stresses are 
observed when compared to those without any prior weld 
repairs.  This is also consistent with field experiences that 
PWSCC cracks have generally been observed to be 
associated with prior weld repairs made to the DM welds.  
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Due to the low welding residual stress for the cases without 
any prior weld repairs, PWSCC cracks are not expected at 
these DM welds.  The longer nozzle safe end resulted in 
higher through-wall hoop stress as compared to the shorter 
nozzle safe end with similar extent of inside surface weld 
repair.  This is consistent with the EPRI/NRC Phase IV 
Mock up results presented in MRP-287 [3] that the 
presence of an adjacent nozzle safe end to piping stainless 
steel weld can produce a beneficial effect on the residual 
stress at the DM weld with short nozzle safe end.  
Therefore, the nozzle safe end length is an important 
parameter to be considered in the residual stress simulation 
analysis. 


 


 
Figure 2: Operating Hoop Residual Stresses for DM Weld 


Configuration 1 
 
 


 
Figure 3: Operating Axial Residual Stresses for DM Weld 


Configuration 1 
 
 


II.B. DM Weld Configurations 2 
 


The outlet nozzle DM weld configurations present in older 
vintage plants are shown in Figures 4 and 5 consisting of 
an asymmetric dissimilar metal weld preparation.  There is 


no Alloy 82/182 butter at the end of the low alloy steel 
nozzle and the low alloy steel nozzle is welded directly to 
the stainless steel safe end using Alloy 82/182 filler 
material.  The entire DM weld is then post-weld heat 
treated.  The DM weld configuration shown in Figure 5 
differs from the one shown in Figure 4 in that a layer of 
cladding consisting of stainless steel and Alloy 82 material 
is applied after the PWHT to both the inside and outside 
finished surfaces of the weld and nozzle safe-end region. 
 


The finite element analysis simulation of the 
fabrication and welding process of the DM weld 
configuration shown in Figures 4 and 5 is similar to what 
was discussed in previous section.  The simulated 
fabrication steps are summarized below:  
 


1. The unbuttered nozzle is welded to the nozzle safe 
end using Alloy 82/182 filler material.  Since the 
DM weld thickness is typically larger than the 
desired weld thickness, the outside and inside 
diameter of the weld are machined to the desired 
finished weld geometry. 


2. An inside surface repair cavity is machined out of 
weld region and then filled with Alloy 82/182 
filler weld material. 


3. The welded configuration is raised to a uniform 
temperature of 1,100 °F to simulate PWHT. 


4. Weld end preparation at the piping end of the 
nozzle safe end is simulated.  


5. For DM weld configuration shown in Figure 5, 
cladding is applied to both the inside and outside 
finished surfaces of the weld and safe-end region 
before welding the stainless steel pipe to the 
nozzle safe end. 


6. A long stainless steel pipe is then welded to the 
nozzle safe end to simulate the stainless steel field 
weld between the nozzle safe end and the attached 
piping in the plant. 


7. Hydrostatic testing is simulated by apply an 
internal pressure of 3110 psig at a temperature of 
310˚F.   


8. Three loading cycles from shutdown to operating 
temperature and pressure are applied to 
incorporate any shakedown effects on the residual 
stress distributions before the residual stress 
results for the operating condition are obtained. 


 
The extent of weld repairs considered above consists 


of repair depths of 25% and 50% through the dissimilar 
metal weld thickness measured from the inside surface and 
a repair length which is 100% of the circumference.  For 
the current study, a long nozzle safe end with a distance of 
4.5 inch between the centerlines of the nozzle DM weld 
and the stainless steel weld were considered. 
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Figure 4: Dissimilar Metal Weld Configuration 2A 


 
 


 
Figure 5: Dissimilar Metal Weld Configuration 2B 


 
As shown in Figures 6 and 7, a decrease in the 


magnitudes of the peak tensile and compressive residual 
stress in the DM weld, before operating condition, is 
observed by raising the temperature of the welded 
configuration to a uniform temperature of 1,100 °F to 
simulate PWHT.  This confirms the beneficial effect of 
PWHT on the finished DM welds.   
 


 
Figure 6: Hoop Residual Stresses for DM Weld Configuration 2 


Before And After PWHT 
 


 
 


Figure 7: Axial Residual Stresses for DM Weld Configuration 2 
Before And After PWHT 


 
Similar to the previous DM weld configuration, the 


residual hoop stresses at operating condition (Figure 8) are 
generally higher near the inside surface of the DM weld 
than the corresponding residual axial stresses (Figure 9) 
which support field observations that axially oriented 
PWSCC cracks are more likely to occur than 
circumferentially oriented PWSCC cracks.  The application 
of cladding on the inside and outside surfaces of the 
finished DM weld and safe end region affects the overall 
through-wall residual stress distribution by increasing the 
stresses near the inner and outside regions of the DM weld 
while at the same time resulting in higher compressive 
stresses near the middle of the weld.  In addition, the extent 
of inside surface weld repairs does not have any significant 
effects on the residual stress distribution results which is 
contrary to what was observed in the previous DM weld 
configuration.  This is primarily due to the beneficial effect 
of simulated PWHT after the inside surface weld repairs 
were made at the DM weld. 


 


 
 


Figure 8: Operating Hoop Residual Stresses for DM Weld 
Configuration 2 
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Figure 9: Operating Axial Residual Stresses for DM Weld 
Configuration 2 


 
 


III. PWSCC Crack Growth 
 


Due to increased concern on PWSCC, more frequent 
inspections have been performed to assess structural 
integrity of the susceptible DM welds.  If an indication is 
being detected in the susceptible DM welds during an 
inspection, flaw evaluation performed in accordance with 
the ASME Section XI Paragraph IWB-3600 evaluation 
procedure and acceptance criteria is necessary to determine 
acceptability of the as-found flaw for continued plant 
operation without repair or PWSCC mitigation.  The 
determination of the maximum allowable end-of-
evaluation period flaw size and projected crack growth are 
essential parts of the ASME Section XI flaw evaluation 
process.  For the current study, only PWSCC crack growth 
mechanism is considered in the crack growth analysis since 
it is more limiting than the fatigue crack growth 
mechanism  
 


One of the key parameters used in the crack growth 
analysis is the PWSCC crack growth rate for the 
susceptible Alloy 82/182 weld material.  The PWSCC 
crack growth rate for Alloy 82/182 material from MRP-115 
[4] has been widely used by the industry before being 
incorporated in 2009 Edition of the ASME Section XI code 
[5].  The PWSCC crack growth rate is temperature 
dependent and a function of the crack tip stress intensity 
factor.  For the current study, the PWSCC crack growth 
rate is based on a reactor vessel outlet nozzle temperature 
of 620˚F.  The crack tip stress intensity factors for 
postulated axial and circumferential flaws are calculated 
for normal operating steady state loads including welding 
residual stress at the susceptible DM weld locations using 
the stress intensity factor expression given in API-579 [6].  
Since welding residual stress is typically much higher than 
those resulting from the normal steady state pressure and 
mechanical loads, it is also one of the key parameters used 
in the PWSCC crack growth analysis that can have a 
significant impact on the outcome of the projected crack 
growth.  As shown in previous section, DM weld 


configurations and the extent of any prior inside surface 
weld repairs can play a dominant role in the through-wall 
residual stress distribution at the susceptible DM welds.  
The following sections examine the impact on the 
projected PWSCC crack growth using the welding residual 
stress distributions obtained from the various reactor vessel 
outlet nozzle DM weld configurations discussed in this 
paper. 
 


III.A. Projected PWSCC Crack Growth for DM Weld 
Configuration 1s 


11 
PWSCC crack growth analyses were performed for the 


reactor vessel outlet nozzle DM weld configuration shown 
in Figure 1 using the corresponding hoop and axial 
welding residual stresses shown in Figure 2 and 3 
respectively.   Normal steady state pressure and typical 
mechanical loads are added directly to the applicable 
welding residual stress to obtain the total normal steady 
state stresses at the DM welds.  For the current study, an 
axial flaw with an aspect ratio (flaw length/flaw depth) of 
2.0 and a circumferential flaw with an aspect ratio of 10 
were assumed in the crack growth analysis.  Small flaw 
aspect ratio is assumed for the axial flaw since any axial 
crack growth due to PWSCC will be limited to the width of 
the DM weld.  


 
The projected PWSCC crack growth for the assumed 


axial flaw is shown in Figure 10.  A small initial flaw depth 
is assumed in order to illustrate the impact on the projected 
crack growth for various safe end length and extent of 
inside surface weld repair for the DM weld configuration 
shown in Figure 1.  Several key observations can be made 
from the crack growth results shown in Figure 10 which 
are consistent with the through-wall residual stress 
distributions shown in Figure 2. 
 


 Axial indications in DM weld configurations 
without any prior inside surface weld repairs 
experience much slower PWSCC crack growth 
than those with some prior inside surface weld 
repairs. 


 Small axial indications in DM weld 
configurations with any prior inside surface weld 
can lead quickly to a through-wall flaw  


 The proximity of the nozzle safe end to pipe 
stainless steel can have some beneficial effect on 
the welding residual stress and thus resulting in 
slower PWSCC crack growth for the axial 
indications 


 
The projected PWSCC crack growth depends on the 


extent of inside surface weld repairs as well as the initial 
postulated flaw depth.  The projected crack growth shown 
in Figure 10 seems to indicate that a 25% inside surface 
weld repair would result in faster axial crack growth.  
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However, based on the slope of the PWSCC crack growth 
curve shown in Figure 10, a 50% inside surface weld repair 
may yield faster crack growth for a deeper initial axial flaw 
compared to a shallower one.  This is primarily due to the 
fact that the hoop residual stress remains tensile deeper 
into the weld thickness for a deeper inside surface weld 
repair. 
 


 
 


Figure 10: PWSCC Growth for Axial Flaws (AR = 2) for DM 
Weld Configuration 1 


 
The projected PWSCC crack growth for the assumed 


circumferential flaw is shown in Figure 11.  A larger initial 
circumferential flaw depth was assumed in order to obtain 
meaningful crack growth since the axial residual stress is 
either small or compressive near the inside surface of the 
DM weld.  The same observations that were made on the 
axial PWSCC crack growth can also be applied to the 
circumferential PWSCC crack growth.  However, one 
major difference is that the circumferential crack growth is 
much slower than the axial crack growth which is 
consistent with the lower axial residual stress shown in 
Figure 3.  
 


 


 
 


Figure 11: PWSCC Growth for Circumferential Flaws (AR = 10) 
for DM Weld Configuration 1 


 


III.B. Projected PWSCC Crack Growth for DM Weld 
Configuration 2s 


 2 & 3 
PWSCC crack growth analyses were performed for the 


reactor vessel outlet nozzle DM weld configuration shown 
in Figures 4 and 5 to investigate the effects of PWHT and 
application of cladding on the inside and outside surface of 
the finished weld and safe end region for older vintage 
plants.  The corresponding operating hoop and axial 
welding residual stresses for the DM weld configuration 
are shown in Figure 8 and 9 respectively.   Only a 25% 
inside surface weld repair case is considered in the 
PWSCC crack growth analysis since the extent of inside 
surface weld repair does not have a significant impact on 
the residual stress distribution due to PWHT of the repaired 
DM welds as shown in Figures 8 and 9.  Normal steady 
state pressure and typical mechanical loads are added 
directly to the applicable welding residual stress to obtain 
the total normal steady state stresses at the DM welds.  For 
the current study, similar axial and circumferential flaw 
aspect ratios as used for the previous DM weld 
configuration were assumed in the crack growth analysis.    
 


An initial axial flaw with a depth which is 10% of the 
weld thickness is used in the PWSCC crack growth 
analysis.  The projected PWSCC crack growth for the 
assumed axial flaw is shown in Figure 12.  As a result of 
PWHT on the repaired DM weld, the projected axial crack 
growth is much slower than one without PWHT.  This is 
evident by comparing the axial crack growth curves in 
Figure 10 with those shown in Figure 12 even for the short 
safe end case without any inside surface weld repair.  
Although the cladding on both the inside and outside 
surface of the DM weld and safe end region increases the 
residual stress near the inner and outside regions of the DM 
weld, it also creates a compressive stress zone in the 
middle of the weld.  This residual stress distribution is 
reflected in the slope of the crack growth curve shown in 
Figure 12, as the slope is steeper at the inner and outer 
region of the weld than that at the middle of the weld.  As a 
result, the resulting PWSCC crack growth shown in Figure 
12 is slower than that for the same DM weld configuration 
but without any cladding applied on the inner and outside 
regions of the DM weld.   
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Figure 12: PWSCC Growth for Axial Flaws (AR = 2) for DM 
Weld Configuration 2 


 
The projected PWSCC crack growth for the assumed 


circumferential flaw is shown in Figure 13 which shows 
similar characteristics as those for the assumed axial flaw.  
The overall circumferential crack growth is also not as 
limiting as the axial crack growth which is similar to those 
observed for the DM weld configuration shown in Figure 
1.  


 
 
 


 
 


Figure 13: PWSCC Growth for Circumferential Flaws (AR = 10) 
for DM Weld Configuration 2 


 
IV. MECHANICAL STRESS IMPROVEMENT 


PROCESS 
 


Mechanical Stress Improvement Process (MSIP®) 
technology is one of the viable stress improvement 
processes currently used by the nuclear industry to mitigate 
PWSCC at susceptible DM welds.  The process consists of 
squeezing a pipe plastically near the susceptible DM weld 
using a specifically designed clamp that grips the short 
length of the pipe near the weld of interest.  The squeezing 
is continued until the tensile residual stresses along the 
inner region of the susceptible weld are replaced by 
compressive stresses and thus eliminating the potential of 
any future crack initiation/propagation due to PWSCC.  


NUREG-0313 [7] establishes that this type of stress 
improvement process can be implemented as long as there 
are no existing flaws that are deeper than 30% of the wall 
thickness and longer than 10% of the circumference. 
 


The DM weld configuration (Figure 14) shown in this 
study is very similar to that shown in Figure 1 except that 
there is no nozzle safe end.  Therefore there will not be any 
potential beneficial stress relieving effect on the DM weld 
resulting from the adjacent nozzle to pipe safe end stainless 
steel weld.  A full circumferential 50% inside surface weld 
repair was assumed.  


 


 
Figure 14: Dissimilar Metal Weld Configuration Used For MSIP® 


Configuration 
 


The resulting normal operating hoop and axial welding 
residual stresses for this DM weld configuration before and 
after the implementation of the mechanical stress 
improvement process is shown in Figure 15.  Without the 
effects of adjacent nozzle safe end to pipe weld, the 
welding residual stresses shown in Figure 15 are higher 
than those shown in Figures 2 and 3 as expected.  
Favorable residual stress distributions with compressive 
residual stresses at the inner region of the susceptible weld 
as a result of the implementation of mechanical stress 
improvement process are shown in Figure 15.  


 


 
Figure 15: Operating Residual Stresses or Pre- and Post-


MSIP® Configuration 
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The projected PWSCC axial and circumferential crack 
growth curves at the DM weld before and after the 
mechanical stress improvement process are shown in 
Figures 16 and 17 respectively based on the residual stress 
distributions shown in Figure 15.  Due to the high residual 
stress at the susceptible DM weld, a flaw with an initial 
flaw depth that is 10% of the wall thickness is expected to 
quickly become a through-wall flaw as shown in Figure 16.   
 


 
 
Figure 16: PWSCC Growth Based on Pre-MSIP® Residual Stress 


 
Based on the residual stress distributions shown in 


Figure 15 for the case after the mechanical stress 
improvement process is applied, any flaws with an initial 
flaw depth less than 35% of the wall thickness would 
remain in the compressive stress zone and thus no further 
propagation due to PWSCC is expected.  As shown in 
Figure 17, even for a flaw with an initial flaw depth that is 
60% of the wall thickness, the time for it to become a 
through-flaw is much longer after the implementation of 
mechanical stress improvement process as compared to 
those shown in Figure 16.  The effectiveness of MSIP® 
technology becomes evident with the residual stress 
distribution shown in Figure 15 and the resulting PWSCC 
crack growth curves before and after MSIP® configuration 
as shown in Figures 16 and 17 respectively. 


 
 


Figure 17: PWSCC Growth Based on Post-MSIP® Residual 
Stress 


IV. SUMMARY AND DISCUSSION 
 


Nickel-base weldments such as the Alloy 82, 182 and 
132 DM butt welds used in PWR nuclear power plants are 
susceptible to PWSCC.  Due to increased concern on 
PWSCC, more frequent inspections have been performed 
to assess structural integrity of the susceptible DM welds.  
The recent focus of the industry is on the inspection and 
PWSCC mitigation of the susceptible reactor vessel outlet 
nozzle DM welds which experience high hot leg operating 
temperature.  If an indication is being detected in the 
susceptible DM welds during an inspection, flaw 
evaluation performed in accordance with the ASME 
Section XI evaluation procedure and acceptance criteria is 
necessary to determine acceptability of the as-found flaw 
for continued plant operation without repair or PWSCC 
mitigation.  The key components that govern PWSCC are 
corrosive environment, susceptible material, and high 
tensile stress.  Welding residual stress during the initial 
fabrication process is a major contributor to the high 
tensile stress at the susceptible DM welds.  As a result, 
welding residual stress can have a significant impact on the 
projected crack growth which is one of the essential parts 
in the flaw evaluation process.   
 


There are a number of key attributes that would impact 
the welding residual stress at the susceptible DM welds 
such as geometry, material, weld configuration, fabrication 
process as well as prior weld repair history.  The impacts of 
reactor vessel outlet nozzle DM weld configurations on the 
welding residual stress as well as the resulting PWSCC 
crack growth have been examined in this paper.  The 
current study involves comparing the residual stress 
distributions and resulting crack growth for DM weld 
configurations with various extent of inside surface weld 
repairs and nozzle safe end lengths as well as the effects of 
PWHT. 
 


Based on a review of the resulting residual stress 
distributions for the DM weld configurations considered in 
this study, it is observed that the residual hoop stresses at 
operating condition are generally higher near the inside 
surface of the DM weld than the corresponding residual 
axial stresses.  The higher residual hoop stresses support 
field observations that axially oriented PWSCC cracks are 
more likely to occur than circumferentially oriented 
PWSCC cracks.  For the inside surface weld repair cases, 
higher inside surface hoop stresses are observed when 
compared to those without any prior weld repairs.  This is 
also consistent with field experiences that PWSCC cracks 
have generally been observed to be associated with prior 
weld repairs made to the DM welds.  The longer nozzle 
safe end length resulted in higher through-wall hoop 
stresses as compared to the shorter nozzle safe end length 
with similar extent of inside surface weld repair.  This is 
consistent with other findings that the presence of an 
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adjacent nozzle safe end to piping stainless steel weld can 
produce a beneficial effect on the residual stress at the DM 
weld.  A decrease in the magnitudes of the peak tensile and 
compressive residual stress is observed for DM weld with 
PWHT found in older vintage plants.  In addition, the 
application of cladding on the inside and outside surfaces 
of those DM welds with PWHT increases the stresses near 
the inner and outside regions of the DM weld while at the 
same time resulting in higher compressive stresses near the 
middle of the weld.  As a result of PWHT, the extent of 
inside surface weld repairs does not have any significant 
effects on the residual stress distribution for those DM 
welds with PWHT. These observations confirms that DM 
weld configurations with various extent of prior weld 
repairs and nozzle safe end lengths as well as PWHT can 
have a significant impact on the resulting residual stress 
distribution. 


 
A review of the PWSCC crack growth results 


associated with the residual stress distributions obtained 
from the DM configurations considered in this study 
indicated that flaws in DM weld configurations without 
any prior inside surface weld repairs experience slower 
PWSCC crack growth than those with some prior inside 
surface weld repairs.  Small indications in DM weld 
configuration with any prior inside surface weld repairs 
can lead quickly to a through-wall flaw.  The proximity of 
the nozzle safe end to pipe stainless steel weld can have 
some beneficial effect on the welding residual stress and 
thus resulting in slower PWSCC crack growth.  PWSCC 
axial crack growth is more limiting than those for 
circumferential flaw crack.  For DM welds with PWHT, 
PWSCC crack growth is in general slower than those 
without any PWHT.  These observations confirm welding 
residual stress plays a dominant role in the outcome of the 
projected crack growth due to PWSCC. 


 
Effectiveness of MSIP® technology in PWSCC 


mitigation has been demonstrated by the favorable residual 
stress distribution generated after the mechanical stress 
improvement process is applied as well as the resulting 
crack growth.  The compressive stress zone at the inner 
region of the mitigated DM welds eliminates the potential 
for any future crack initiation/propagation due to PWSCC.   


 
In summary, welding residual stresses play a 


significant role in determining the outcome of the PWSCC 
crack growth.   All key attributes should be considered in a 
welding residual stress analysis so that proper residual 
stress distributions are considered in the PWSCC crack 
growth analysis.  MSIP® application is an effective 
PWSCC mitigation technique producing favorable residual 
stress distribution that eliminates future PWSCC 
initiation/propagation at the susceptible DM welds. 
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Abstract – The objective of this study is to assess the neutronic and thermal-hydraulic feasibility, 
as well as the radiotoxicity of lead-lithium eutectic as a coolant for the ENHS battery type fast 
fission reactor that operates at 125MWth with natural circulation cooling. It is concluded that 
there is no much incentive to reduce the 6Li concentration in the PbLi coolant below 1 at%. The 
PbLi designs studied feature more positive void coefficients of reactivity than the reference PbBi 
(and Pb) cooled designs. This trend is due to the softer neutron spectrum and to the 6Li (n,) 
reaction in the PbLi cores. On the other hand, the PbLi designs with depleted 6Li content feature 
more negative Doppler coefficients than the PbBi reference design. The heat removal capability of 
the PbLi coolant was found somewhat better than that of the PbBi reference coolant for the PbLi 
designs with a 6Li content below ~1 at%. During operation, the radiotoxicity - in terms of M.P.C. 
value - in PbLi was found lower than in the reference PbBi coolant. At the end of 20 years of 
operation, the radiotoxicity of PbBi coolant is higher by a factor of >104 than that of the PbLi 
coolant. However, between ~1 year to ~100 years after operation, the radiotoxicity of PbLi is 
higher than that of PbBi. Thereafter, the PbLi radiotoxicity is smaller.  Design implications of the 
relatively large chemical reactivity of PbLi with air and water, safety implications of larger 
positive coolant temperature and void coefficients of reactivity and the economic viability of 
depleting lithium in 6Li need be evaluated.  


 
 


I. INTRODUCTION 
 
The Encapsulated Nuclear Heat Source (ENHS) is a 


125MWth battery type Gen-IV fast fission reactor. Its core 
is designed to operate without refueling or fuel shuffling 
with nearly zero burnup reactivity swing throughout its ~20 
years life. The reference design uses lead-bismuth coolant 
although sodium could be used as well but was found 
inferior. Both the primary and intermediate coolant loops 
are designed for natural circulation. 


The use of bismuth as a major coolant constituent 
raises a couple of concerns: (a) its scarcity in the earth crust 
and high cost, and (b) the production of Polonium-210 
resulting from an (n,) reaction on Bismuth-209 – the only 
naturally occurring isotope of Bismuth. Pure Pb can be 
used for, at least, the primary coolant, but its relatively high 
melting temperature introduces engineering complexities.  


The objective of the present study is to assess the 
feasibility of yet another lead-alloy: lead-lithium eutectic, 
for the ENHS primary coolant. Its melting temperature is 
lower than that of Pb, lithium is highly abundant and 
inexpensive and its activation product – tritium, may not be 


as radiotoxic as the 210Po. However, lithium reacts with air 
and water and although the chemical reaction of PbLi 
eutectic is not as vigorous as it is for pure metallic lithium, 
the use of lead-lithium could complicate the design. Lead-
lithium is also more corrosive than lead-bismuth and may 
complicate oxygen level control. Nevertheless, PbLi is a 
candidate coolant for fusion reactors [1] for which ferritic 
steel is being considered for the structural material. The 
scope of this study is limited to neutronics, 
thermohydraulics as well as some radiotoxicity analyses. 


The core design considered uses the IFR type metallic 
alloy fuel U-TRU-Zr(10), an HT-9 clad and the dimensions 
of the reference ENHS module with the exception of two 
design variables – the lattice pitch-to-diameter (p/d) ratio 
and the initial TRU loading. These were adjusted to give 
beginning-of-life keff of ~1+βeff and a nearly zero burnup 
reactivity swing over the 20 years core life. As 6Li is a 
relatively strong neutron absorber, several 6Li 
concentrations in lithium were examined: 7.5% (Natural 
lithium), 1%, 0.1% and 0.01%. 
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II. MODELING 
  


II.A. Neutronics modeling 
 


Figure1 and Table I define the geometry, dimensions, 
zone composition and temperatures used for the neutronic 
modeling of the ENHS core. The core consists of a single 
bundle of uniform composition fuel rods arranged in a 
triangular array and positioned at the bottom on a grid plate 
pedestal. The core has no blanket and no solid reflector. 
The inner diameter and the outer diameter vary as the 
pitch-to-diameter ratio is adjusted to give a minimum 
burnup reactivity swing. The dimensions of all the other 
components are fixed. The material compositions of the 
core and of the gas plenum given in Table I correspond to 
the reference design that has a p/d of 1.36.Table II specifies 
the composition and density used for the fuel, structural 
material and coolants. 


 
 


TABLE I 


Material composition and Average Operating Temperatures 
of the Reference ENHS Reactor – (Cool.: Coolant) 


Region Specification Material 
Volume 
fractions 


Temperature 
(K) 


1 Bottom of absorber 99% Cool., 1% 
HT-9 


748 


2 Core region 50.968% 
Cool., 
14.982% HT-9, 
34.050% fuel 


748 


4 Inner coolant gap 100% Cool. 748 
5 Core barrel 100% HT-9 748 
6 Outer coolant gap 100% Cool. 673 
7 Space for peripheral 


absorber 
100% Cool. 673 


8 Inner structural wall 100% HT-9 673 
9 Outer structural wall 100% HT-9 673 


10 Grid plate 50% Cool., 
50% HT-9 


673 


11 Below grid plate 80% Cool., 
20% HT-9 


673 


12 Bottom base 100% HT-9 673 
13 Fission gas plenum 50.968% 


Cool., 
14.982% HT-9 


823 


14 Upper support 50% Cool., 
50% HT-9 


823 


15 Upper reflector 100% Cool. 823 
16 Downcomer 100% Cool. 673 
17 Radial shield 10% B4C 90% 


ZrH 
673 


18 Axial shield 10%B4C, 90% 
ZrH 


673 


19 Inner gap for central 
absorber 


100% Cool. 748 


20 Space for central 
absorber 


100% Cool. 748 


21 Outer gap for central 
absorber 


100% Cool. 748 


22 Top of absorbers 20% HT-9 748 
 


 
 
Fig.1. Schematic vertical cut through the ENHS reactor core 


and adjacent components. 
 


TABLE II 


Fuel, Composition and Density of Structural Materials, 
Absorbers and Coolants. 


Component Material Composition 
Fuel U-TRU alloy with 


10wt% Zr 
75% of nominal density 
15.85g/cm3 


TRU LWR 50GWd/tHM 
spent fuel after 
10yr cooling 


6.66wt% 237Np, 2.76wt% 
238Pu, 48.81wt% 239Pu, 
23.06wt% 240Pu, 6.95wt% 
241Pu, 5.05wt% 242Pu, 
4.67wt% 241Am 


Structural 
material 


HT-9 85wt% Fe, 11.5wt% Cr, 
0.5wt% Ni, 1.5wt% Mo, 
0.9wt% Mn, 0.6wt% Si. 


Coolant Lead-Bismuth 44.5wt% Pb - 55.5wt% Bi, 
Natural isotopic 
composition for Lead and 
Bismuth. 


Coolant Lead-Lithium 15.7 wt% Li – 84.3 wt% 
Pb, Natural isotopic 
composition for Lead. 
Several 6Li content in 
Lithium: 7.5at%, 1at%, 
0.1at%, 0.01at%. 


 
The core depletion was simulated using the MOCUP 


code along with the cross-sections available at University 
of California at Berkeley. The cross-sections are taken 
primarily from the Vinca Library 2.4 (VMCCS2) [2] that is 
based on ENDF-B/VI and, when missing, on JENDL3.2 
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and BROND2 data. The MOCUP utility code couples 
MCNP5 [3] that performs neutronic calculations with 
ORIGEN2.2 [4] that calculates the fuel isotopes evolution. 
The MOCUP methodology has been benchmarked [5-7] for 
the ENHS core against the DIF3D/REBUS-3 fast reactor 
neutronics tool in use at the Argonne National Laboratories 
and at the Korea Atomic Energy Research Institute. The 
agreement between the two methodologies is good. 


 
II.B. Thermohydraulics modeling 


 
The thermohydraulics studies involve the 


implementation of an analytical model for steady-state 
operation of the ENHS primary loop. The model is 
described in the paper of A. Susplugas and E. Greenspan 
[8] and has been benchmarked against simulations carried 
out at Argonne National Laboratories. Following the 
benchmark, it is believed that the general trends resulting 
from the present comparative study are valid. 


 The model takes into account the heat transport in the 
core region as well as the pressure drops in the different 
components of the primary loop. The active core region is 
divided for the T-H calculations into 20 radial zones and 10 
axial zones. The mass flow in the primary loop is adjusted 
in order to simulate natural circulation conditions. The core 
inlet temperature was set to 673K in all the cases. This 
temperature is above the melting temperature of the both 
PbBi: Tm =396K and PbLi: Tm=510K. 


The thermo-physical properties of PbBi are the ones 
used in the latest study of the ENHS and described in 
―ENHS final report‖ [9]. The thermo-physical properties of 
PbLi were taken from Ref [10]. Table III summarizes the 
liquid phase thermohydraulics properties of the two 
materials. 


 
TABLE III 


PbBi and PbLi Liquid Phase Thermo-Physical Properties 


Constitutive properties 
Eutectic title PbBi Bi: 55.5wt% 


PbLi Li: 15.7at% 
Melting point (K) PbBi 396 


PbLi 510 
Bulk properties 


Density (g/cm3) PbBi 10.74-1.38*10-3*(T-273.15) 
PbLi 10.52*(1-113*10-6 T) 


DynamicViscosity 
(Pa.s) 


PbBi 4.9*10-4*exp(760.1/T) 
PbLi 1.87*10-4* exp(11640/(R*T)) 


Thermal properties 
Specific Heat 
(J/g.K) 


PbBi 146.51*10-3 
PbLi 0.195-9.116*10-6 T 


Therm. 
Conductivity 
(W/K.m) 


PbBi 12.41-3.37*10-2 T 
+ 7.76*10-5 T2 - 3.95*10-8 T3 


PbLi 1.95+19.6*10-3 T 
 


 


The Beginning of Life (BOL) core power distributions 
are calculated using MCNP. Previous studies [9] showed 
that the ENHS core power distribution varies very little 
from BOL to EOL. 


The thermal-hydraulic calculations are constrained by 
the peak coolant temperature, peak inner cladding 
temperature, and peak fuel temperature taken respectively 
to be 600°C, 650°C and 1040°C. The peak inner cladding 
temperature limit is set to avoid liquefaction of the metallic 
fuel due to interaction with the cladding. The maximum 
acceptable peak fuel temperature is taken to be the fuel 
solidus temperature. In lack of sufficient information about 
the corrosive properties of PbLi coolant, the coolant peak 
temperature was taken to be that commonly used for LBE 
and Pb coolants. This limit was derived in [8] based on 
coolant-structure chemical interaction to be ~600°C [8]. 
Realized late in this study, is that the corrosive properties 
of PbLi limit the peak coolant temperature to ~500°C when 
using HT-9 for the structural material. If the ongoing 
development of SiC as a structural material in fission 
reactors will be successful, it will be possible to use PbLi 
coolant to have an exit temperature of 600°C [10]. 


 
III.C. Coolant activation and radiotoxicity 


 
Coolants isotopic evolutions under irradiation were 


simulated using ORIGEN2.2 to quantify the buildup of 
radiotoxic isotopes. The one group cross-sections of the 
ORIGEN2.2 data base were replaced by the effective one-
group cross-sections generated for the ENHS cores using 
MCNP5 and ENDF-B/VI libraries. In order to account for 
the fact that the primary coolant resides in the core only a 
fraction of the time, the flux input to ORIGEN2.2 was 
taken to be the actual active core-average total flux 
multiplied by the ratio of (volume of coolant in the core)-
to-(volume of coolant in the primary loop). 


The radiotoxicity discussed in the present paper is 
given in terms of Maximum Permissible Concentration 
(M.P.C.) — the maximum allowable concentration of a 
given radionuclide in water in units of curies per cubic 
meter of water so that drinking this water will not cause a 
cumulative radiation dose exceeding 0.5 rem/year. 
Although their absolute applicability to many situations is 
debatable, the M.P.C.s do provide a consistent method for 
comparing the relative toxicity of different materials. It is 
important to note that this toxicity does not account for any 
pathway effects such as the volatility of the element in the 
hot coolant or its transportability in the repository. The 
M.P.C. values of ORIGEN2.2 default data base were used 
for this study. 
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III. NEUTRONICS FINDINGS 
 


III.A. ENHS core design parameters 
 
It was found feasible to design PbLi cooled ENHS 


cores featuring 20 years of operation at 125MWth with 
nearly zero burnup reactivity swing for all the lithium 
isotopic compositions examined. The required pitch-to-
diameter ratio is 1.29, 1.38, 1.39 and 1.39 for, respectively, 
7.5%, 1%, 0.1% and 0.01% 6Li concentrations. The 
corresponding TRU concentrations required are 14.58%, 
15.00wt%, 14.98wt% and 14.96wt% of HM by weight. 


The p/d and the initial TRU content of the 125MWth 
PbBi cooled ENHS core design featuring a nearly zero 
burnup reactivity swing are 1.43 and 14.45wt% of HM. 


Figure 2 shows the keff time evolution of the PbBi and 
PbLi ENHS cores. Table IV presents selected BOL 
parameters. 


 
Fig.2. keff time evolution of the different ENHS core designs 


featuring a nearly zero burnup reactivity swing. 
 


TABLE IV 


BOL Parameters of the ENHS Cores Featuring a Nearly Zero 
Burnup Reactivity Swing for 20 Years at 125MWth.  


 PbBi PbLi 
6Li (at%) ------- Nat. Li 1% 0.1% 0.01% 


P/D 1.43 1.29 1.38 1.39 1.39 
TRU 14.45 14.58 15.00 14.98 14.96 
 1.28 1.29 1.26 1.26 1.25 
f 0.96 0.93 0.96 0.96 0.96 


NLP* 0.82 0.83 0.83 0.83 0.84 
 2.92 2.93 2.93 2.92 2.92 


* Non-Leakage Probability 
 
It is concluded that there is no much incentive to 


reduce the 6Li content below ~1%; there is practically no 
change in the required p/d ratio and in the initial TRU 
content when the 6Li concentration is reduced below 1%. 


Figure 3 compares the important effective one-group 
microscopic absorption cross-sections of the coolant 
isotopes. Figure 4 shows that for 6Li concentration in 
lithium below ~1%, lead isotopes account for most of the 
absorptions in the PbLi coolant. 


 


Fig.3. Coolant isotopes effective one-group microscopic 
cross-sections in the ENHS PbLi and PbBi cores. 


 


Fig.4. Coolant isotopes effective one-group core average 
macroscopic cross-sections in the ENHS PbLi and PbBi cores. 


 
III.B. Reactivity coefficients – Void and Doppler 


 
Coolant void coefficients of reactivity were calculated 


at BOL for the PbBi and PbLi ENHS core designs. For 
each core, four different active core voiding scenarios are 
considered: i) Voiding of the radial inner third volume of 
the active core, ii) Voiding of the middle third volume of 
the active core, iii) Voiding of the outer third volume of the 
active core, iv) Total voiding of the active core. The gas 
plenum and the lower grid plate regions were not voided, 
resulting in the most positive void coefficient values. 


The effects of voiding on the core keff value are given 
in terms of dk/kk’ in Table V. It is found that the PbLi 
designs feature more positive or less negative void 
reactivity coefficients than the reference PbBi design. 
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TABLE V 


BOC Void Coefficients (dk/kk’) of the PbBi and PbLi 
Designs for Different Voiding scenarios.  


 PbBi PbLi 
6Li% --------- Nat. Li 1% 0.1% 0.01% 
Inner 
third 3.04E-2 4.43E-2 4.23E-2 4.14E-2 4.12E-2 


Mid 
third 8.64E-3 1.86E-2 1.66E-2 1.59E-2 1.58E-2 


Outer 
third -6.35E-3 -7.64E-4 -3.07E-3 -3.27E-3 -3.30E-3 


Total 
Void 2.93E-2 5.76E-2 5.21E-2 5.04E-2 5.09E-2 


 
The trends in the void coefficients were analyzed using 


a logarithmic derivation of keff as: 
 


 


The PbBi and PbLi core designs show similar trends in 
, f, and Non Leakage Probability (NLP) variations for the 
four different voiding scenarios. Table VI presents these 
variations for the total void scenario. The leakage 
contribution to the void reactivity change is negative in all 
the cases; it is the smallest in the natural lithium PbLi 
cooled design. The higher void reactivity coefficients of the 
PbLi designs relative to the PbBi design is attributed to a 
higher level of coolant captures for the natural lithium 
design, and to the higher spectral shift for the other PbLi 
designs that feature softer neutron spectra than the PbBi 
design. 


 
TABLE VI 


Relative Variations (%) of the BOL , f, and of the Non 
Leakage Probability between the non Voided State and the Total 


Voided State of the Active Core. 


 PbBi PbLi 
6Li% --------- Nat. Li 1% 0.1% 0.01% 
Δ/ 9.04 8.37 11.35 11.68 11.73 
Δf/f 1.92 4.80 2.41 1.93 1.88 


ΔNLP/NLP -7.29 -6.54 -7.46 -7.47 -7.42 
 
Although not implicitly investigated in this study, the 


results obtained from the reactivity effects of coolant 
voiding suggest that the temperature coefficient of 
reactivity of PbLi coolants will be more positive than of 
PbBi. Transient and accident analyses need be performed 
in order to assess the reactor safety implications of use of 
PbLi for the primary coolant. 


The BOL and EOL Doppler coefficients of the PbBi 
and PbLi ENHS core designs were deduced from 
calculating keff using two different sets of cross-sections for 
the fuel isotopes – one at 300K and the other at 900K. . All 


the other parameters are not modified. The cross-sections 
were taken from the Vinca Library 2.4 (VMCCS2) [2] 
based on ENDF-B/VI libraries. . 


The Doppler coefficients obtained are given in Table 
VII in terms of dk/kk’ per degree °C. It is found that the 
PbBi core and the PbLi core with natural lithium feature 
similar Doppler coefficients. The PbLi cores with depleted 
6Li content (1%, 0.1%, and 0.01%) feature more negative 
Doppler coefficients than the PbBi core. 


 
TABLE VII 


Doppler Coefficients (dk/kk’ per °C) at BOL and EOL of the 
PbBi and PbLi ENHS core designs  


 PbBi PbLi 
6Li% --------- Nat. Li 1% 0.1% 0.01% 
BOL -2.46E-6 -2.44E-6 -3.26E-6 -3.43E-6 -3.53E-6 
EOL -2.22E-6 -2.22E-6 -3.04E-6 -2.94E-6 -2.86E-6 


 
IV. THERMOHYDRAULICS FINDINGS 


 
Thermohydraulic properties were analyzed for three of 


the five ENHS cores defined by the neutronic analysis 
(Section III): i) PbLi with natural lithium; p/d=1.29; 
TRU=14.58wt%HM, ii) PbLi with 6Li concentration of 
0.01 at %; p/d=1.39; TRU=14.96wt%, iii) PbBi; p/d=1.43; 
TRU=14.45wt%HM. The two PbLi cores have the lowest 
and highest 6Li concentrations considered.                 


Table VIII and Table IX summarize, respectively, 
selected power-related and thermal-hydraulic 
characteristics of the three ENHS cores under examination. 


 
TABLE VIII 


Selected Core Power Distribution Related Characteristics of 
the ENHS Cores 


 PbBi PbLi 
p/d=1.43 p/d=1.29 p/d=1.39


Peak-to-average power 
density 


1.802 1.841 1.819 


Peak linear heat rate 
(W/cm) 


182.8 186.6 184.4 


Peak-to-average 
channel power 


1.478 1.472 1.485 


Peak-to-average power 
density in hot channel 


1.219 1.250 1.218 


 
It is found that, due to the relatively small pitch-to-


diameter ratio, the PbLi (Natural Lithium) cooled core 
features the highest temperature rise – about 25 °K larger 
than in the other two cores. The hot channel coolant outlet 
temperature of the PbLi (6Li content equal to 0.01%) core 
is 3 °K smaller than of the reference PbBi core despite its 
somewhat smaller pitch-to-diameter ratio and its somewhat 
smaller mass flow rate in the primary loop under natural 
circulation conditions. This is due to the fact that the 
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specific heat capacity of PbLi at the operating temperatures 
simulated is approximately 25% larger than that of PbBi. 


 
TABLE IX 


Selected Core Temperatures (K) and Margins to Constraints 


 PbBi PbLi 
 p/d=1.43 p/d=1.29 p/d=1.39 


T inlet in core (K) 673 673 673 


Hot channel primary 
coolant temp. rise (K) 


118 141 115 


Margin to Max 
Temperature Rise (K) 


48 30 50 


Hot Channel outlet 
temperature (K) 


791 814 788 


Margin to Max Outlet 
temperature (K) 


82 59 85 


Volume avg. mean core 
coolant temperature (K) 


713 721 712 


Volume avg. mean coolant 
outlet temperature (K) 


753 769 750 


Max cladding outer 
temperature (K)  


809 826 803 


Max cladding inner 
temperature (K) 


820 837 814 


Margin to Max cladding 
inner temperature (K) 


103 87 109 


Max fuel outer 
temperature (K) 


824 840 818 


Max fuel center 
temperature (K) 


878 893 872 


Margin to Max fuel center 
temperature (K) 


436 420 441 


 
It is found that all the designs analyzed in this study 


have significant temperature margins, implying that from 
the T-H standpoint they could be operated at a power level 
exceeding 125MWth. This, in fact, was found to be the case 
in another study [Suspuglas and Greenspan, [8]].  


It is concluded that all the PbLi cooled ENHS core 
designs can operate at 125MWth using natural circulation 
cooling and the reference ENHS module dimensions. The 
use of natural lithium impairs the T-H performance 
characteristics. However, the T-H performance of ENHS 
cores cooled with PbLi is comparable to those of the 
reference PbBi cooled ENHS when the 6Li concentration in 
Li is depleted to at least 1 at%.  The somewhat smaller 
pitch of the PbLi (6Li/Li <1 at%) cores implies that it is 
possible to design the ENHS module vessel to have a 
somewhat smaller diameter – a desirable trend. 


 
 
 
 
 


V. COOLANT ACTIVATION AND 
RADIOTOXICITY 


 
An assessment of the buildup of radiotoxic isotopes in 


the ENHS primary loops was carried out for the five core 
designs defined in the neutronics analysis (Section III). The 
radiotoxicity is measured in terms of the Maximum 
Permissible Concentration (M.P.C.). Improved 
quantifications of the potential health hazard of the 
different coolants would require a more thorough analysis 
that takes into account pathways for the radiotoxic elements 
to get from the coolant to the environment. 


 
V.A. During operation 


 
During the operation time range, Polonium-210 (half-


life = 138.376 days) was found responsible for most of the 
radiotoxicity of the PbBi coolant. The 210Po content reaches 
its equilibrium level after about 2.5 years of irradiation. In 
the lead-lithium cooled designs the tritium inventory is 
increasing throughout the time of operation (half-life = 
12.33 years) and its value is proportional to the initial 6Li 
concentration. 


The tritium contribution to the overall radiotoxicity of 
the coolant was found negligible throughout the core life 
when the 6Li concentration is 0.1 at% and below. For the 
6Li content equal to and above 1 at%, tritium is one of the 
main contributors to the radiotoxicity of the coolant during 
operation. 


For all the 6Li concentrations simulated, the 
radiotoxicity  of the lead-lithium coolants are smaller than 
the radiotoxicity of the lead-bismuth coolant by at least a 
factor of 104 for natural lithium and by a factor 105 for 
PbLi with 6Li concentrations of 1 at%, 0.1 at% and 0.01 
at%.  However, the probability of the 210Po and of the 
tritium to be transported from the coolant to the 
environment needs to be quantified in order to evaluate the 
health hazard of the different coolants. 


 
V.B. After operation 


 
Even though the ENHS nominal core life is 20 


effective full power years, it is envisioned that the coolant 
will be transferred from the reactor module that reached its 
EOL to one of the future modules (after the fuel has been 
sufficiently cooled). This will cause the tritium 
concentration in the PbLi cooled cores to build up to 
somewhat higher levels than considered in this work 
(Tritium half-life = 12.33 years). Nevertheless, the present 
analysis is done assuming that the coolant is not irradiated 
beyond the first 20 years of operation.  


Figures 5 to 9 compare the radiotoxicity evolution 
following the shutdown of the ENHS core after 20 years of 
full power operation. The radiotoxicities are given in cubic 
meter of water per kilogram of coolant in the primary loop. 
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In the 1 year to 100 years after shutdown time range, 
the radiotoxicity of the lead-lithium coolants is higher than 
that of the lead-bismuth coolant. This can be attributed to 
the longer half-life of tritium relative to Polonium-210. 100 
to 106 years after shutdown, the main contributors to the 
radiotoxicity are 205Pb and a metastable state of 210Bi. The 
contribution of tritium to the radiotoxicity of the lead-
lithium coolants is negligible.  


 


 
Fig.5. Evolution of the radiotoxicity of the PbBi primary 


loop coolant after shutdown 
 


 
Fig.6. Evolution of the radiotoxicity of the PbLi (natural 


lithium) primary loop coolant after shutdown 
 


 
Fig.7. Evolution of the radiotoxicity of the PbLi (6Li:1 at%) 


primary loop coolant after shutdown 
 


Fig.8. Evolution of the radiotoxicity of the PbLi (6Li:0.1 
at%) primary loop coolant after shutdown 
 


Fig.9. Evolution of the radiotoxicity of the PbLi (6Li:0.01 
at%) primary loop coolant after shutdown 


 
VI. OTHER CONSIDERATIONS 


 
A number of additional feasibility issues need to be 


evaluated before the practicality of using PbLi as a coolant 
for Lead Fast Reactors (LFRs) could be determined: 
material compatibility, safety and economic viability.  


PbLi is more chemically reactive with air (oxygen) and 
water than either Pb or PbBi, although significantly less 
reactive than metallic lithium [1]. The chemical reactivity 
of Li may also make PbLi more corrosive than Pb and PbBi 
to the cladding and other structural materials [1]. A 
thorough evaluation of these effects is required.  


Although lithium is significantly more abundant in the 
earth crust and less expensive than bismuth, the need to 
deplete the 6Li concentration from the natural isotopic 
composition to ≤1% is likely to make the PbLi coolant 
quite expensive although 6Li enriched lithium may be 
valuable and in demand for future fusion reactors. 
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VII. CONCLUSIONS 
 


Neutronically and thermal-hydraulically, it is possible 
to design ENHS cores operating with natural circulation at 
125MWth and featuring a BOL keff value of 1+βeff and a 
nearly zero burnup reactivity swing during more than 20 
years of full power operation using PbLi coolant. The 
required pitch-to-diameter ratio is 1.29, 1.38, 1.39 and 1.39 
for, respectively, 6Li concentration of 7.5 at%, 1 at%, 0.1 
at% and 0.01 at%. The corresponding TRU concentration 
required is 14.58wt%, 15.00wt%, 14.98wt% and 14.96wt% 
of the HM. It is concluded that there is no much incentive 
to reduce the 6Li concentration below ~1 at%. However, 
the PbLi cooled cores feature a more positive void 
coefficient of reactivity than the reference PbBi (and Pb) 
cooled cores. This trend is due to the softer neutron 
spectrum in the cores with low 6Li concentration and to the 
6Li (n,) reaction in the PbLi core that uses natural Li. On 
the other hand, the PbLi designs with depleted 6Li content 
feature more negative Doppler coefficients – due to the 
softer neutron spectrum of these cores. Accident and 
transient analyses are required in order to assess the safety 
implications of the more positive void (and coolant 
temperature) coefficients of reactivity of PbLi coolants. 


The heat removal capability of the PbLi coolant was 
found comparable to that of the reference PbBi coolant for 
the PbLi designs with a 6Li concentration ≤1 at%. It is not 
as good using PbLi with natural Li. During operation, the 
radiotoxicity – M.P.C. value - of PbLi is lower than that of 
PbBi. At the end of 20 years of operation, the radiotoxicity 
of PbBi coolant is higher by a factor of >104 than that of 
the PbLi coolant. However, between ~1 year to ~100 years 
after operation, the radiotoxicity of PbLi is higher than that 
of PbBi. Thereafter, the radiotoxicity of PbLi is smaller.  


In order to complete the assessment of the feasibility 
and practicality of using PbLi as a coolant for LFR it is 
necessary to perform an evaluation of the compatibility of 
lead-lithium coolant with HT-9 and other structural 
materials as well as of the cost of lithium depleted in 6Li 
and of managing the tritium to be produced in the coolant..  
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Abstract –  This paper describes major challenges associated with, and rewards resulting from, an innovative/improved 
design of the Replacement Steam Generators (RSGs) for the San Onofre Nuclear Generating Station (SONGS). 


 
The SONGS is a two-reactor Pressurized Water Reactor (PWR) Nuclear Power Plant (NPP) located in California, USA. The 
SONGS consists of two twin Units (Unit 2 and Unit 3). The SONGS is majority owned and operated by Southern California 
Edison Company (Edison). SONGS Unit 2 began commercial operation in 1983 and Unit 3 in 1984. 
 
The SONGS Units were originally equipped with CE Model 3340 recirculating steam generators. The Original Steam 
Generators (OSGs) employed heat transfer tubing made of Alloy 600 Mill Annealed (MA) and the carbon steel egg-crate 
type tube supports. The OSGs were designed for a 40-year service life. 


The main function of steam generators in PWR power plants is to transfer heat from the reactor core and in doing so 
produce steam.  The steam, in turn, drives the main turbine/electric generator to produce electricity.  Within the steam 
generator pressure vessel, a bundle of U-tubes, typically made of nickel-based alloy, provides surface area required for heat 
transfer from the primary to secondary coolant.  The primary coolant flows through the tubes and causes the secondary 
coolant, which is in contact with the external surface of the tubes to boil, generating wet saturated steam. After passing 
through the moisture separators and steam dryers, essentially dry, saturated steam leaves the steam generator on its way to 
the high-pressure turbine.  


Over the years of operation of the PWR plants, it became evident that the steam generator tubes, made predominantly of 
Alloy 600, were susceptible to inter-granular attack (IGA) and primary water stress corrosion cracking (PWSCC). Theses 
corrosion mechanisms were resulting in tube degradation necessitating plugging large numbers of tube. In addition, the 
SONGS OSG design has shown to be susceptible to tube through-wall wear and severe corrosion of the tube supports.  It 
became evident that the OSGs would have to be replaced much sooner than stipulated by their design service life. 
 
Continuing to operate with highly degraded steam generators can involve substantial economic risks from forced outages, 
extended refueling outages, as well as the direct costs of inspections and repairs. To address these risks, and consistent with 
industry experience, Edison has set a 21.4% plugging level as the technical end-of-life of the SONGS OSGs. The worst case 
forecast indicated that this plugging level could be reached by approximately 2012. 


All the considerations mentioned above prompted Edison to make a conservative decision to replace the SONGS OSGs in 
both SONGS Units prior to that date. The contract for design, fabrication and delivery of the RSGs was awarded to 
Mitsubishi Heavy Industries Ltd. (MHI).  
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As specified, the RSGs were supposed to be a replacement in-kind for the OSGs in terms of form, fit and function. At the 
same time, however, the RSG specification included many new requirements derived from both SONGS and industry 
operating experience. These requirements were aimed at improving the RSG longevity, reliability, performance and 
maintainability. 


Conceivably, the Edison and MHI project teams faced many tough challenges throughout the entire project in the design, 
manufacturing and QC areas, when striving to meet the specification requirements. Both teams jointly tackled all these 
challenges in an effective and timely manner. At the end, MHI delivered the RSGs which met all specification requirements 
and incorporated the latest improvements found throughout the industry. 


In Unit 2, the RSGs were installed and tested in 2009/10 and in Unit 3 in 2010/11. The RSG post-installation functional test 
results met or exceeded the test acceptance criteria for all specified test parameters, thus properly rewarding the effort put 
into their design and fabrication.  


 
 


I. INTRODUCTION 
 
The SONGS consists of two twin Units (Unit 2 and 


Unit 3) rated at 3358 MWt (~1180 MWe) each. The 
Nuclear Steam Supply System (NSSS) of each Unit 
employs two recirculating steam generators.  


The main function of the steam generators in the PWR 
power plants is to transfer heat from the reactor core and in 
doing so produce steam.  The steam, in turn, drives the 
main turbine/electric generator to produce electricity.  A 
steam generator consists of a pressure vessel (primary and 
secondary side), tube bundle, feedwater distribution 
system, moisture separators and steam dryers. Within the 
secondary side of the pressure vessel, a bundle of U-tubes, 
typically made of nickel-based alloy, provides surface area 
required for heat exchange between the reactor coolant and 
the feedwater.  Reactor coolant flows through the tubes 
and causes the feedwater that is in contact with the external 
surface of the tubes to boil, generating wet saturated steam. 
After passing through the moisture separators and steam 
dryers, essentially dry, saturated steam leaves the steam 
generator on its way to the high-pressure turbine. 


In the PWR plant, there are three boundaries preventing 
radioactive material from being released to the 
environment – nuclear fuel cladding, reactor coolant 
pressure boundary and the containment structure housing 
the NSSS. The steam generator primary side (channel 
head) and heat transfer tubing are a part of the reactor 
coolant pressure boundary.  In addition to being the part of 
the pressure boundary, the steam generators are a part of 
the safe shutdown system and are required to remain 
operable for decay heat removal during certain plant upset 
and postulated accident conditions. 


Because of the safety significance of the steam generator 
tubing, the tubes are monitored for leaks on-line and are 
inspected for degradation during outages. When a steam 
generator tube is found degraded to a degree that requires a 


 


repair, three repair methods are available. By far, the most 
commonly used method is complete removal of the tube 
from service by plugging it at each end.  
 
Before the steam generators can no longer perform their 
safety function due to excessive loss of the heat transfer 
surface area as a result of progressive tube plugging and an 
increased probability of loss of tube integrity, they must be 
replaced in order for the power plant to continue operation. 
In addition, replacement of the steam generators has 
typically been performed when the utility concluded that 
they were reaching their economic end-of-life. This occurs 
when forecasts of maintenance and repair costs exceed the 
amortized benefits of the reduced costs achievable with the 
replacement steam generators. Continuing to operate with 
highly degraded steam generators can involve substantial 
economic risks from forced outages, extended refueling 
outages, as well as the direct costs of inspections and 
repair. Several plants have been required by safety analysis 
to conduct mid-cycle inspection and repair outages. The 
repair levels (including plugging, sleeving, or using 
alternative repair criteria) at the replacement plants 
averaged 25%. Edison has set a 21.4% plugging level as 
the technical end-of-life of the SONGS steam generators. 
Forecasting when this would occur resulted in a range of 
years depending on the level of confidence in the 
projection. The SONGS worst case forecast indicated that 
the 21.4% plugging level could be reached as early as in 
2012. 


All the considerations mentioned above prompted Edison 
to undertake a conservative decision to replace the SONGS 
steam generators in both Units during their respective 
Cycle 16 refueling outages. The contract for design and 
fabrication of the RSGs was awarded to MHI and the Unit 
2 RSGs were delivered and replaced in 2009; Unit 3 RSGs 
were delivered and replaced in 2010. 


II.THE CHALLENGES 
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The Nuclear Steam Supply System (NSSS) of the 
SONGS Units was designed by CE and employed two 
Model 3340 recirculating steam generators, each carrying a 
thermal duty of 1729 MWt. These steam generators 
employed heat transfer tubing made of Alloy 600 Mill 
Annealed (MA) and the carbon steel egg-crate type tube 
supports with batwings in the tube bundle U-bend region. 
Because of the Unit two-loop design, the SONGS steam 
generators were one of the largest in the industry. The 
major shortcoming of such large steam generators, as seen 
during their operating history, was tube wear. Wear of the 
tubes in the U-bend region was by far the major cause of 
tube degradation and plugging in these steam generators. 
The second cause was primary water stress corrosion 
cracking (PWSCC) of the tubes made of Alloy 600. 


II.A. Design Functions and Design Bases 


At SONGS, the steam generators have the following 
design functions: 


 To function as a part of the Reactor Coolant System 
(RCS) pressure boundary (the primary side and the 
tubes). 


 To remove heat from the RCS and transfer it to the 
Main Steam System (MSS). 


 To remove heat from the RCS to achieve and 
maintain safe shutdown following design basis 
accidents (except for a large break LOCA) and other 
transients. 


 To provide high quality steam to the main turbine. 


The steam generators also have the following design bases: 


 To transfer a total of 3458 MWt with two steam 
generators from the RCS to the MSS. 


 To produce 15.176x106 lbs/hr of saturated steam at a 
pressure ensuring safe and efficient plant operation, 
and with a very low moisture content. 


 To ensure that a blowdown rate of at least 2% of the 
feedwater flow can be achieved and maintained 
continuously, if necessary or desired. 


11.B.  Design Requirements and Limitations 


At SONGS, the major premise of the steam generator 
replacement project was that it would be implemented 
under the 10CFR50.59 rule, i.e., without prior approval by 
the US Nuclear Regulatory Commission (USNRC). To 
achieve this goal, the RSGs were to be designed as “in-
kind” replacement for the OSGs in terms of form, fit and  


 


function. The design limitations were identified by 
performing a preliminary 50.59 Safety Evaluation, a 
standard tool used in the US nuclear power industry for 
determination weather or not prior NRC approval is 
required for a proposed plant change.  


Also, the replacement was to be designed such that it 
involved no, or only minimal, permanent modifications to 
the plant systems, structures or components (SSCs) other 
than the steam generators themselves. Also, the 
replacement was to be designed with no intended changes 
to the plant set points or plant computer software.  


In order to meet all these objectives, the Specification for 
design and fabrication of the SONGS RSGs imposed 
several requirements and limitations on the RSG design. 
These requirements and limitations for the key RSG 
parameters are listed in Table 1 and are compared to the 
values of these parameters as-designed by MHI. This 
comparison clearly shows that the MHI design satisfied all 
specified requirements. 


However, imposing the requirements listed in Table 1 
did not mean that the RSGs were intended to be 
merely OSG duplicates. The SONGS RSGs were 
intended to include all possible improvements 
introduced by the industry into the steam generator 
design and fabrication processes based on the US 
industry operating experience with all PWR plants – 
domestic and foreign. 
Therefore, the SONGS Specification also incorporated 
design and fabrication requirements derived from the 
SONGS operating experience with its OSGs, and the 
industry experience with the plants with both the OSGs 
and RSGs installed, including those supplied by MHI. 
These requirements were aimed at addressing these 
experiences and overall improving longevity, reliability, 
performance and maintainability of the steam generators. 
During RSG fabrication, strict quality controls were held 
in effect at MHI to ensure as best as possible execution of 
the improved design and fabrication processes. All these 
requirements were imposed with the following goals in 
mind: 


• To minimize wear of the steam generator tubes. 
• To eliminate susceptibility of the steam generator 


tubes to inter-granular attack (IGA) and primary 
water stress corrosion cracking (PWSCC). 


• To provide tube-to-tubesheet joints with proper 
strength, leak resistance and corrosion resistance. 


• To minimize general corrosion within the steam 
generators. 


• To eliminate susceptibility to thermal stratification 
in the feedwater inlet piping to the feedwater ring. 
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Table 1 


Key Design Parameters 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


(1)  Best estimate values. 


 Parameter Units As - required As-designed 
1 Thermal Rating (@ 100% reactor power) MWt 1,729 1,729 


2 Design Pressure - primary side Psia 2,500 2,500 


3 Design Temperature - primary side °F 650 650 


4 Design Pressure - secondary side Psia 1,100 1,100 


5 Design Temperature - secondary side °F 560 560 


6 Steam Pressure (@ the RSG outlet nozzle) Psia ≤900 833 (1) 


7 RCS Design Flow (0% tubes plugged) % /gpm ≤106.5/210,870 106/209,880(1)  


8 Tube Plugging Margin % ≥8 8 


9 Primary Coolant Volume ft3 ≤2,020 2,003 


10 Moisture Carryover (@ 100% design 
steam flow) 


% < 0.20  <0.10 


11 Continuous Blowdown (@ 100% power) % ≥2 2 


12 Upper Shell O.D. In ≤264 1/8 264.125  


13 Lower Shell O.D. In ≤178 3/8 174.65 


14 Overall Vessel Height In 786 785.6  


15 Steam/Water Weight (@0% power) Lbm ≤280,991 270,460 


16 Steam/Water Weight (@100% power) Lbm ≤184,026 171,250 


17 Total Operating Weight  (@ 100% power) Lbm ≤1,565,654 1,548,700         


18 Operating center of gravity (@ 100% 
power) 


In 381 9/16 ±7 388.0  
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• To eliminate potential for feedwater ring water 
hammer. 


• To maintain operating characteristics the same as 
that of the OSGs in terms of water level stability 
and controllability. 


• To optimize the materials of construction for the 
intended applications. 


II.C. Design and Fabrication Challenges 


Including all these requirements and improvements in 
the RSG design without affecting their form, fit and 
function and their ability to be installed under the 50.59 
rule, and satisfying the design requirements without 
exceeding imposed limitations presented many challenges 
for the Edison and MHI project teams. Table 2 summarizes 
the challenges which both teams faced over the design and 
fabrication cycle of the SONGS RSGs. The table lists the 
RSG components/assemblies for which meeting the 
specification requirements was particularly challenging in 
the areas of design, fabrication and/or quality control, the 
reason for which it was challenging and the area of the 
challenge. The paragraphs following Table 2 describe how 
these challenges were addressed by the Edison and MHI 
project teams in order to obtain satisfactory outcome. 


1.  Channel Head 


The RSG had to have the thermal rating the same as the 
OSG, the number of heat transfer tubes had to be 
maximized, the stay cylinder supporting the tubesheet 
had to be eliminated and the channel head had to have a 
flat bottom. On the other hand, limitations were 
imposed on the maximum allowable reactor coolant 
flow rate to prevent the potential for fuel pin fretting 
and on a relative increase of the primary side volume to 
prevent exceeding containment allowable flooding 
levels. 


These requirements presented two unique design and 
fabrication challenges. First, elimination of the stay 
cylinder allowed for installation of more tubes than 
there were in the OSG, but having more tubes was 
leading to higher reactor coolant flow rates. Second, 
having more tubes and no stay cylinder was leading to 
primary side volume increase. The first challenge was 
addressed by performing extensive computer modeling 
and 1:1 scale model testing of the RSG primary side, 
which resulted in incorporation of the carefully sized 
reactor coolant flow limiting orifice in the RSG hot leg. 
The flow orifice had to sufficiently limit the flow rate, 
but not too much in order to not affect the reactor core 
thermal-hydraulics. The second challenge was 
addressed by reducing the volume of the channel head 
by lowering the tubesheet, but still maintaining the 
channel head vertical clearance sufficient for 
performing tube inspections and maintenance. 


2.  Tubesheet 


The tubesheet had to be designed such that it could 
withstand the differential pressure resulting from the 
primary side being at the design pressure and the 
secondary side at atmospheric pressure, without 
excessive deformation. To meet this objective, the 
tubesheet had to be made thicker than in the OSG, as it 
was supported only by a flat structural divider plate in 
lieu of the stay cylinder. Also, the tubesheet had to be 
clad with Alloy 690 equivalent to  


provide a surface suitable for welding the heat transfer 
tubes made from Alloy 690. In addition, the tubesheet 
had to be fabricated with a very tight tolerance on tube 
hole runout, and with a minimal number of tube hole 
surface imperfections (e,g., tool marks) to meet the 
requirements for the tube-to-tubesheet joints. 


The thicker tubesheet clad with a very hard material, 
along with these fabrication requirements, presented a 
unique challenge for tubesheet drilling and quality 
control. This challenge was addressed starting with the 
use of the BTA drilling technique, through extensive 
mockup qualification testing and extensive quality 
control, and ending with utilizing modified drill bits 
having much better performance characteristics. 


3.  Tube Bundle 


The RSG tube bundle had to be fabricated such that the 
number of tube dings was minimized and stayed within 
the specified limit.  


Considering the size and weight of the SONGS RSG 
tube bundles, this requirement presented two unique 
fabrication challenges. First challenge was tube bundle 
assembly when dings could be generated as a result of 
the bundle sagging considerably. Second challenge was 
during post-weld heat treatment (PWHT) of the channel 
head-to-tubesheet weld when dings could be generated 
by bowing of the RSG vessel due to its uneven thermal 
expansion as a result of temperature stratification 
within the vessel.  The first challenge was addressed by 
customizing the assembly process, analytically 
determining the maximum allowable sag and 
monitoring the sag throughout the assembly process. 
The second challenge was addressed by analytically 
determining the maximum shell distortion and 1:1 scale 
model mockup testing to empirically determine the 
magnitude of shell distortion necessary to result in tube 
dinging. 


4.  Tube-to-Tubesheet Joints 


The tube-to-tubesheet joints had to be designed such 
that they had adequate strength, leakage resistance and 
corrosion resistance, and that the tube-to-tubesheet 
crevice depth was kept within the specified limits. 
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The single biggest challenge here was to devise and 
implement a competent joint qualification process. To 
address this challenge, an extensive and in-depth joint 
qualification program was developed comprising of 
both analytical and empirical elements, and was 
meticulously implemented in the MHI R&D Center and 
properly documented. 


5.  Tube Supports 


The tube supports had to be designed such that the 
potential for tube wear due to flow induced vibration 
was minimized and the potential for tube denting at 
tube supports due to corrosion product deposition was 
eliminated. 


To achieve this objective, seven tube support plates 
made from Type 405 ferritic stainless steel with 
broached, trefoil tube holes were installed in each RSG.  
The tube support plates were designed with a flat-land 
tube-to-tube support plate contact geometry to reduce 
the tube-to-tube support plate contact and crevice areas, 
while providing for a maximum steam/water flow in the 
open areas adjacent to the tube. 


6.  AVB Structure 


The term “AVB structure” describes tube supports in 
the tube bundle U-bend region. The AVB structure had 
to be designed such that the potential for tube wear due 
to flow induced vibration was minimized. 


To achieve this objective, six sets of V-shaped AVBs 
made from Type 405 ferritic stainless steel, providing 
up to 12 support points per tube bend , were installed in 
the U-bend region to provide support in the region 
where the tubes are most susceptible to degradation due 
to wear due to flow-induced vibration.  The single 
major challenge here was control of the AVB thickness 
and flatness, and tube-to-AVB gap size. This challenge 
was addressed by customizing the fabrication and 
assembly processes and implementing strict quality 
control in various stages of AVB fabrication and AVB 
structure assembly. 


7.  Feedwater Distribution System 


The feedwater distribution system consisted of the 
feedwater distribution ring and the inlet piping to the 
feedwater ring internal to the RSG. The feedwater 
distribution system had to be designed such that it was 
not susceptible to water hammer, the inlet piping had to 
be configured such that no thermal stratification 
occurred in this piping, and the inlet piping had to be 
especially resistant to erosion/corrosion. To address 
these requirements, the feedwater spray nozzles were 
mounted on the top of the feedwater ring to prevent it 
from draining, thus eliminating the potential for water 


hammer on steam generator water level decrease. The 
design of the inlet piping included a vented “goose 
neck” extending above the elevation of the feedwater 
spray nozzles.  This feature eliminated thermal 
stratification in the RSG feedwater nozzle and the inlet 
piping to the feedwater ring, and prevented the 
feedwater ring from draining on loss of main feedwater 
flow, thus also eliminating the potential for water 
hammer. The feedwater ring was fabricated from Cr-
Mo alloy steel with the tee and elbows made from 
Alloy 690 TT, which provided excellent resistance to 
erosion/corrosion. 


8.  Moisture Separators 


The moisture separators had to be designed such as to 
provide the first stage of moisture separation adequate 
to limit the moisture carry over in the steam leaving the 
RSG to no more than 0.1% by weight. For this purpose, 
MHI had to come up with a brand new separator size 
and separator assembly configuration. In order to verify 
that the new design could meet this requirement, and to 
optimize the size of the individual separators and their 
number, MHI utilized the results of an extensive R&D 
program conducted to develop the design of moisture 
separators for the smaller steam generators typically 
manufactured by MHI. 


III. THE REWARDS 
Even though all design and fabrication challenges were 


addressed during manufacturing, it was not known if the 
as-designed and fabricated RSGs would eventually 
perform as specified. To verify this, the RSGs were 
functionally tested after installation in the plant after Unit 
re-start from the replacement outage. The following 
essential operating parameters were verified through 
functional tests: 


1. Heat Transfer (Steam Pressure) 


As-designed, the RSGs operating at full (100%) reactor 
rated power with the reactor coolant temperature at the 
design point were expected to generate steam whose 
pressure was to be no less than 816 psia and no greater 
than 900 psia at the steam outlet nozzle. As-tested, one 
RSG generated steam at approximately 831 psia and 
the other one at approximately 837 psia. 


2. Water Level Stability 


As-designed, in the RSGs operating at any power level 
between 0 and 100% reactor rated power, including 
ramp power level changes of up to ±15% per hour, the 
maximum amplitude of the water level fluctuations was 
expected not to exceed ±1% of the narrow range span. 
The test was performed in a form of simulator runs 
using the plant Long Term Cooling (LTC) model, as the 
15% per hour reactor power changes could not be  
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Table 2 
Summary of Challenges 


 


 RSG 
Component/Assembly 


Specification 
Requirements Challenges Design Fabrication QC 


1 Channel Head -  Maintain thermal 
rating 


-  Maximize number of 
heat transfer tubes 


-  Eliminate stay 
cylinder


-  Maintaining reactor 
coolant flow rate 
within specified 
limits 


-  Optimizing primary 
side volume


X 
 
 
 


X 


X  


2 Tubesheet -  Withstand primary-
to-secondary full dP 


-  Limit on tube hole 
runout  


-  Minimize number of 
hole surface  
imperfections


-  Optimizing 
tubesheet thickness 


-  Tubesheet drilling 


X  
 


X 


 
 


X 


3 Tube Bundle -  Limit on number of 
tube dings at time of 
delivery 


-  Controlling tube 
bundle sag during 
assembly 


-  Monitoring 
temperature 
distribution during 
PWHT of the 
channel head-to-
tubesheet weld


 X 
 
 


X 


X 
 
 


X 


4 Tube-to-tubesheet joints -  Ensuring adequate 
Tube-to tubesheet 
joint strength, leak 
resistance and 
corrosion resistance 


-  Limit on allowable 
tube-to-tubesheet 
crevice depth


-  Qualifying tube-to-
tubesheet joint 


 
-  Controlling tube-to-


tubesheet joint 
crevice depth 


X X 
 
 


X 


X 
 
 


X 


5 Tube Supports -  Preventing tube 
wear 


-  Preventing tube 
denting at tube 
supports


-  Configuring tube-to-
tube support 
interface 


X   


6 AVB Support Structure -  Preventing tube 
wear 


-  AVB structure 
assembly 


-  AVB fabrication


X X X


7 Feedwater Distribution 
System 


-  Elimination of 
susceptibility  to 
water hammer and 
thermal stratification 


-  Resistance to 
erosion/corrosion


-  Configuring inlet 
piping to feedwater 
ring 


-  Material selection 


X   


8 Moisture Separators -  Limit on allowable 
moisture carryover


-  Designing moisture 
separator assemblies


X   
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imposed on the plant during normal startup, shutdown, 
or power operation. The simulator runs have shown that 
the amplitude of water level fluctuations was less than 
1% under all specified transient conditions. 


 
3. Reactor Coolant Flow Rate 


As-designed, with the RSGs operating at full (100%) 
reactor rated power with reactor coolant temperature at 
a design point, the “as-measured” reactor coolant flow 
rate was expected not to exceed 106.5% of the original 
volumetric design flow rate. As-tested, the reactor 
coolant flow rate was 104.35% of the original design 
flow rate. 


 
4. Primary-to-Secondary Leakage 


As-designed, the RSGs were not supposed to exhibit a 
detectable primary-to-secondary leakage with the 
primary side at 2250 psia, and the secondary side at the 
normal operating pressure and temperature. As-tested, a 
primary-to-secondary leakage of less than 1 gallon per 
day (gpd) was reported when the plant stabilized at full 
(100%) reactor rated power. 


 
5. Blowdown Capacity 


As-designed, with the RSGs operating at full (100%) 
reactor rated power with reactor coolant temperature at 
the design point, the continuous blowdown capacity 
with the RSG installed was expected to be no less than 
that with the OSGs installed.  As-tested, it was verified 
that with the RSGs installed the same blowdown flow 
rate could be attained as with the OSGs installed. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


IV. CONCLUSIONS 
 


Based on the above, it is evident that Edison and MHI 
project teams faced many tough challenges when taking an 
innovative approach towards the design and fabrication of 
the one of the largest steam generators in the US nuclear 
power industry. Both teams jointly tackled all these 
challenges in an effective and timely manner. At the end, 
as evidenced by the quality assurance records, MHI 
delivered the RSGs which met all specification 
requirements and incorporated the latest improvements 
found throughout the industry. Furthermore, the RSG post-
installation functional test results meeting or exceeding the 
test acceptance criteria for all specified test parameters, 
have proven that the RSGs performed as expected, thus 
properly rewarding the effort put into their design and 
fabrication. 
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Abstract – Plant operators must follow the emergency operation procedures (EOPs) to mitigate the consequences of 


severe accidents and bring the plant to a safe shutdown condition. The effectiveness of the execution of EOPs 


for an advanced boiling water reactor (ABWR) during postulated accident conditions using MAAP5 code is 


discussed in this paper. The accident scenarios included the station blackout (SBO) and the anticipated 


transients without scram (ATWS). Based on the comparisons of responses on different parameters for cases 


with and without EOPs actions, we concluded that the EOPs could effectively mitigate the consequences of the 


accidents. In addition, the various core water levels and injection delay during the accident were also 


considered. The simulation results clearly reveal that lower core water level and earlier water injection could 


reduce reactor power and bring the plant to a safe condition. 


 


I. INTRODUCTION 


 


Emergency operation procedures (EOPs) for nuclear 


power plants were developed after Three Miles Island (TMI) 


nuclear accident. Plant operators must follow the EOPs to 


mitigate the consequences of severe accidents and bring the 


plant to a safe shutdown condition. The operators have to 


carry out these EOPs without any difficulties and these 


executions should be straightforward. Therefore, it is 


important for the plant staff to understand the effectiveness of 


EOPs executions under accident conditions. The main 


purpose of this paper is to investigate how the execution of 


EOPs might affect the response of accident by using MAAP5 


code. A generic design of Lungmen Nuclear Power Plant 


(NPP), which is an Advanced Boiling Water Reactor 


(ABWR), was selected in this study. 
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MAAP5(1), a severe accident analysis code developed by 


Fauske & Associates, Inc.’s (FAI) and based on MAAP4 


code, is one of the safety analysis tools during Lungmen 


design phase. MAAP code is an integrated code which tracks 


the responses of important parameters and progression of 


hypothetical accident sequences from a set of initiating 


events.  


Based on the Revision 1 of the BWR Owner’s Group 


(BWROG) Emergency Procedure Guideline (EPG), General 


Electric (GE) developed the plant specific technical 


guidelines (PSTG) for Lungmen NPP. The EOPs for 


Lungmen NPP(3) are systematically classified into several 


procedures, including reactor pressure vessel (RPV) control 


(EOP 581 for Non-ATWS and EOP 581.1 for Non-ATWS), 


primary containment control (EOP 582), secondary 


containment control (EOP 583), radioactivity release control 


(EOP 584), emergency depressurization (EOP 585), and RPV 


flooding (EOP 587). Only EOP 581.1, EOP582, and EOP 585, 


which are directly related to RPV control, primary 


containment control, and RPV emergency depressurization, 


are needed in this study. The entry conditions for different 


EOPs are based on the magnitudes of plant parameters rather 


than the types of events. The entry conditions and control 


items are listed in Table 1 (GE, 2006). 


 


Table 1 Structure of Lungmen EOPs 


 Entry Conditions Control Items 


EOP 581: RPV Control 


(Non-ATWS) 


1. RPV water level below 392 cm (TAF=0.0 
cm) 


2. RPV pressure above 7240 kPaG 
3. Drywell pressure above 11.6 kPaG 
4. Reactor power above 5% or can’t be 


determined  


1. RC/P: Reactor Pressure Control 
2. RC/L: Reactor Water Level Control 
 


EOP 581.1: RPV Control  


(ATWS) 


When there is ATWS condition  1. RC/P: Reactor Pressure Control 
2. RC/L: Reactor Water Level Control 
3. RC/Q: Reactor Power Control 
 


EOP 582: Primary Containment 
Control 


1. Drywell pressure above 11.6kPaG 
2. Drywell temperature above 55.5oC 
3. Suppression pool temperature above 


33oC 
4. Suppression pool water level above 7.1 m 


or below 7.0 m 
5. Hydrogen concentration above 2.7 vol% 


1. PC/P: Primary Containment 
Pressure Control 


2. DW/T: Drywell Temperature 
Control 


3. SP/T: Suppression Pool Water 
Temperature Control 


4. SP/L: Suppression Pool Water 
Level Control 


5. PC/G: Primary Containment 
Hydrogen Volume % Control 


EOP 583: Secondary Containment 
Control 


1. Area temperature above Max. normal  
2. Area Radiation above normal 
3. Area water level above 0.0 m   


1. Area Temperature Control 
2. Area Radiation Control 
3. Area Water Level Control 


EOP 584: Radioactivity Release 
Control 


Offsite radioactivity release rate above the 
emergency “Alert” level 


Offsite Radioactivity Release Control 


EOP 585: Emergency 
Depressurization 


When there is any direction required to enter  RPV Depressurization 


EOP 587: RPV Flooding When RPV water level is unknown RPV Flooding 
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The postulated scenarios included the station blackout 


(SBO) and the anticipated transients without scram (ATWS), 


NSRC-PF-R-N based on Final Safety Analysis Report 


(FSAR) of Lungmen NPP, is selected as the based case to 


investigate the effectiveness of EOPs executions. Only EOP 


581.1, EOP582, and EOP 585, which are directly related to 


RPV and primary containment, were needed for the 


NSRC-PF-R-N sequence. Based on the simulation results, 


the execution of EOPs could effectively mitigate the 


severity of the selected accident.   


 


II. BRIEF DESCRIPTION OF LUNGMEN NUCLEAR 


POWER PLANT 


 


Lungmen NPP is an ABWR plant(4), and now is under 


construction on the northeastern coast of Taiwan. The 


reactor thermal power is 3926 MW(t) which provides for a 


turbine-generator gross output in excess of 1356 MW(e). 


The reactor core consists of 872 fuel bundles each of which 


contains fuel rods, spacers, water rods, upper and lower tie 


plates. The reactor coolant system (RCS) utilizes 10 reactor 


internal pumps that eliminate the external recirculation 


loops and large pipe nozzles in the core region. The 


containment design is of the pressure suppression type 


which is comprised of the upper drywell (DW), lower 


drywell, wetwell (WW), and suppression pool (SP). The 


wetwell provides a vapor space, initially filled with nitrogen, 


and a suppression pool to suppress the steam. Multiple 


horizontal vents, derived from the Mark III containment 


design, discharge the vessel blowdown steam-water mixture 


and the nitrogen from the drywell to the wetwell 


suppression pool. 


 The Emergency Core Cooling System (ECCS) and 


the Residual Heat Removal System (RHR) both incorporate 


three redundant and independent divisions. The ECCS 


network has each of the three divisions containing one high 


pressure and one low pressure inventory makeup system. 


The high pressure configuration consists of two motor 


driven High Pressure Core Flooders (HPCF) and the turbine 


driven Reactor Core Isolation Cooling System (RCIC). The 


low pressure configuration utilizes Low Pressure Flooder 


(LPFL) mode of RHR. The RHR is a system of pumps, heat 


exchangers, and piping that removes decay and sensible 


heat after plant shutdown, injects water into the reactor 


vessel in conjunction with other core cooling system, and 


removes heat from the containment. For small loss of 


coolant accidents (LOCAs) that do not depressurize the 


vessel when high pressure makeup is unavailable, an 


Automatic Depressurization System (ADS) actuates to vent 


steam through the safety relief valves (SRV) to the 


suppression pool, thus depressurizing the vessel and 


allowing the LPFL to provide core coolant. 


The Lungmen containment design involves several 


safety features to mitigate the consequences of postulated 


severe accidents. They are passive flooder, AC-Independent 


water addition system (ACIWA), and containment 


overpressure protection system (COPS), etc. The passive 


flooder opens a connection between the suppression pool 


and the lower drywell when the gas temperature of the 


lower drywell is high enough (533 K) to melt the fusible 


plug. The flow path is opened as a direct result of high 


temperature in the lower drywell and is designed to cause 


the lower drywell to be flooded when there is no water 


overlying core debris in the lower drywell. The ACIWA 


provides diverse capability to supply water to the reactor in 


the event that AC power or RCIC are not available. The 


system has a diesel driven pump with an independent water 


supply and all needed valves can be accessed and operated 


manually. RHR provides the piping and valves which 


connect with RHR loop C pump discharge piping. The 


ACIWA mode of RHR provides a means for introducing 


water from fire water system directly into the RPV. The 
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COPS consists of two 8 in-diameter overpressure relief 


rupture disks. To relieve containment pressure, the rupture 


disk must burst and the escaping fission products are forced 


through the suppression pool such that any fission product 


release to the environment is greatly reduced. The rupture 


disk will burst when wetwell pressure reaches 0.72 MPa.  


 


III. BRIEF DESCRIPTION OF MAAP5 CODE 


  


MAAP5(1)(Modular Accident Analysis Program Rev. 


5.0.0), developed by Fauske & Associates, Inc.’s (FAI) 


based on the MAAP4 code, is a severe accident analysis 


code. It is a computer program capable of simulating the 


response and mitigation actions of light water reactor NPPs 


including ABWR during severe accidents.  


MAAP5 provide a flexible, efficient, integrated tool 


for evaluating the in-plant effects of a wide range of 


postulated accidents and for examining the impact of 


operator actions on accident progressions. The entire 


spectra of severe accident phenomena, including core 


heatup, degradation and relocation, lower plenum 


phenomenology, corium-concrete interactions, containment 


hydraulics, hydrogen combustion, and radionuclide release 


and transport are modeled in MAAP5. The Lungmen 


reactor and containment nodalizations of MAAP5 are 


shown in Figure 1 and Figure 2. Users need to set up the 


parameter file and input file to run MAAP5 code. In the 


parameter file, users should specify the plant and system 


configurations, including reactor core parameters, primary 


systems and safety systems parameters, containment and 


auxiliary building parameters, and engineered safeguards 


safety systems. The values of parameters used for the 


MAAP5 models governing these phenomena are based on 


MAAP5 suggestion. FAI (MAAP developer) did a lot of 


comparisons with experiment data and the other computer 


codes results(2). FAI suggests that users use the default 


values to calculate these phenomena. In the input file, users 


should define the sequence and operation interventions. The 


MAAP5 code is used in this analysis. 


The MAAP code adopts the Chexal-Layman power 


correlation (Chexal-Layman, 1990) to evaluate the core 


power versus downcomer water level for the ATWS 


accidents. The reactor power at the a given system pressure 


and downcomer water level is correlated by 
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where P is reactor power, Pps is primary system pressure, 


ZWPS is elevation of downcomer water level (collapsed), 


ZTAF is elevation at top of active fuel, Pd is decay power and 


ΔHs is core inlet subcooling. 
 


 


Figure 1 MAAP5 BWR primary system nodalizations 
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Figure 2 MAAP5 Lungmen containment nodalizations 


  


IV. MAAP5 RESULTS AND DISCUSSION  


 


4.1 Simulation without EOPs addition (Based on Lungmen 


FSAR Sequence) 


 The sequence, NSRC-PF-R-N, considered here is a 


station blackout (SBO) with failure of the Diesel Generator 


(DG) and failure of all reactivity control. NSRC stands for 


SBO with no scram or boron injection, bur with RCIC 


available for cooling. The passive flooder (“PF”) is the 


safety system after RPV failure. Rupture disk (“R”) is 


assumed to open to depressurize the containment. The 


magnitude of volatile fission products release to the 


environment for this sequence is negligible (“N”, less than 


0.1% volatile fission products). In this sequence, the RCIC 


is the only system available to provide core cooling. The 


sequence of events for this case is given in Table 2 and 


some of the key parameters are shown in Figures 3 through 


8.  


 Upon the loss of power, the reactor isolates 


immediately. The RPV pressure increases and SRVs cycle 


to control pressure (Figure 3). The core water level falls 


rapidly and at 53 sec, the RCIC system begins injecting. 


The water level continues to fall and at 266 sec the top of 


the core becomes uncovered (Figure 4). The core does not 


melt before the 18,629 sec (5.17 hr) of the sequence due to 


steam cooling. The power level during this time is about 5 


% (Figure 5). This amount is that required to boil the water 


injected by RCIC. During this time the containment 


pressurizes fairly rapidly due to the relatively high rate of 


steam generation (Figure 6). 


All of the water added by RCIC system is converted 


to steam in the core. The steam flows through the SRVs to 


the suppression pool where it is quenched, adding to the 


mass of the pool. At 8,506 sec (2.36 hr), the suppression 


pool begins to overflow into the lower drywell (Figure 7). If 


the operator is unable to shut down the reactor by means of 


either the control rods or boron injection, then the 


containment pressure will reach the RCIC turbine exhaust 


pressure limit (4.37E5 Pa) at 18,629 sec (Figure 6). This 


causes the RCIC system to trip. Since no other source of 


vessel injection available, the water level in the vessel will 


drop and core will begin to melt, as seen by the increasing 


fuel temperature in Figure 8. The debris relocates to the 


lower plenum at 32,394 sec (8.99 hr). 


The operator depressurizes the reactor 10 minutes 


after the RCIC system is tripped. At 37,935 sec (10.53 hr), 


the wetwell pressure reaches 0.72 MPa and rupture disk 


opens. The containment begins to depressurize (Figure 6) 


and fission product release begins. The noble gas release is 


essentially complete within the first 5 hours after the 


rupture disk opens. The volatile fission product release 


continues with a CsI release fraction at 72 hours of less than 


1E-2. Vessel failure occurs at 51,737 sec (14.37 hr). Corium 


and water fall into the lower drywell. Passive flooder opens 


at 75,620 sec (21.01 hr) when lower drywell gas 
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temperature reaches 533K (Figure 11). The simulation is 


ended at 252,000 sec (72 hr).   


  
TABLE 2. Sequence of Events for NSRC-PF-R-N without 


EOPs Execution  


Time (sec) Events 


0.0 Loss of AC Power 
Loss of Diesel Power 
ATWS ON 
MSIV Closure 


53 RCIC ON  


266 Core Uncovered 


18,629 RCIC Turbine Pump Tripped 


18,750 One SRV Opened 


32,394 Relocation 


37,935 COPS Opened 


51,737 RPV failed 


75,620 Passive Flooder Opened 


252,000 Simulation End 


 


 
Figure 3. RPV Pressure of NSRC-PF-R-N Sequence w/o 


EOPs Execution 


 


 
Figure 4. Core Water Level of NSRC-PF-R-N Sequence 


w/o EOPs Execution 


 


 


Figure 5. Total Core Power of NSRC-PF-R-N Sequence 


w/o EOPs Execution 
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Figure 6. Wetwell Pressure of NSRC-PF-R-N Sequence w/o 


EOPs Execution 


 


 


Figure 7. Lower Drywell Water Level of NSRC-PF-R-N 


Sequence w/o EOPs Execution 


 


 
Figure 8. Average Core Temperature of NSRC-PF-R-N 


Sequence w/o EOPs Execution 


 


 


 


 
Figure 9. Mass Fraction of Noble Gas Released to 


Environment of NSRC-PF-R-N Sequence  


w/o EOPs Execution 
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Figure 10. Mass Fraction of CsI Released to Environment 


of NSRC-PF-R-N Sequence w/o EOPs 


Execution 


 


 
Figure 11. Lower Drywell Gas Temperature of 


NSRC-PF-R-N Sequence w/o EOPs Execution 


 
 


4.2 Simulation with EOPs addition 


The NSRC-PF-R-N sequence with EOPs addition is 


investigated in this section. During the scenarios, the 


operator has to maintain the reactor water level and RPV 


pressure in the ATWS condition since the core power is 


mainly proportional to these two parameters. Following the 


EOP 581.1, the operator would utilize the RCIC system and 


SRVs to maintain the RPV water level and stabilize its 


pressure. The RPV pressure increases and SRVs cycle to 


control pressure (Figure 12). The core water level falls 


rapidly and at 53 sec, the RCIC system begins injecting. 


Because of the higher core power and low RCIC flow rate, 


the water level continues to fall and at 266 sec the top of the 


core becomes uncovered (Figure 13). Because reactor 


power is greater than 5% and core water level can’t  be 


maintained above minimum steam cooling reactor water 


level (MSCRWL=-63.5 cm, TAF=0.0 cm), RPV emergency 


depressurization (EOP 585) is required. The operator opens 


8 SRVs to implement the RPV depressurization. After RPV 


depressurization, ACIWA is the only system available to 


provide core cooling in SBO condition. The operator would 


utilize ACIWA to maintain reactor water level between 


MSCRWL and TAF (Figure 13). Adequate core cooling is 


achieved (Figure 14), and no core melt occurs.   


The suppression pool water temperature increases 


(Figure 15) when SRVs are opened. A large amount of 


steam release through SRVs causes the rapid increase in the 


pressure (Figure 16) and the temperature (figure 17) of 


primary containment. Based on the EOP 582, the operator 


has to operate RHR in the SP cooling mode to lower the SP 


temperature. For primary containment pressure and 


temperature control, the operator would operate the 


atmosphere control system (ACS) and the drywell cooling 


fan. If the pressure and the temperature in the primary 


containment continue to increase with these actions, 


Drywell and wetwell sprays are actuated as the temperature 
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and the pressure exceed their spray limits. Because of loss 


of all AC power, the operator can’t activate RHR, ACS, and 


cooling fan. Suppression pool temperature, primary 


containment pressure and temperature continue to increase 


until COPS activation. At 61,324 sec (17.03 hr), the 


wetwell pressure reaches 0.72 MPa and rupture disk opens. 


The containment begins to depressurize (Figure 16). 


Because no core melt occurs, no fission product releases 


(Figure 18 and Figure 19). The sequence of events for this 


case is given in Table 3, and the simplified water level 


control logic of EOP 581.1 is demonstrated in Figures 19.  


 Based on the simulations for both NSRC-PF-R-N 


sequences with and without EOPs addition, it clearly 


indicates that the execution of EOPs can effectively 


mitigate the consequence of the postulated scenarios. RPV 


depressurization can reduce core power and allow low 


pressure ACIWA system to inject water into RPV in the 


ATWS and SBO sequences. Therefore, the execution of 


EOPs can bring the plant to the safety conditions.  
 


TABLE 3. Sequence of Events for NSRC-PF-R-N with 


EOPs Execution  


 
Time (sec) Events 


0.0 


Loss of AC Power 
Loss of Diesel Power 
ATWS ON 
MSIV Closure 


53 RCIC ON  


266 Core Uncovered 


5,916 RPV Emergency Depressurization 
(8 SRVs opened) 


6179 RCIC OFF 


6179 ACIWA ON 


61,324 COPS Opened 


252,000 Simulation End 


 


 


 
Figure 12. RPV Pressure of NSRC-PF-R-N Sequence with 


EOPs Execution 


 


 


Figure 13. Core Water Level of NSRC-PF-R-N Sequence 


with EOPs Execution 
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Figure 14. Average Core Temperature of NSRC-PF-R-N 


Sequence with EOPs Execution   


 


 


 


Figure 15. Suppression Pool Water Temperature of 


NSRC-PF-R-N Sequence with EOPs Execution 


 


 


 


Figure 16. Wetwell Pressure of NSRC-PF-R-N Sequence 


with EOPs Execution 


 


 


Figure 17. Wetwell temperature of NSRC-PF-R-N 


Sequence with EOPs Execution 
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Figure 18. Mass Fraction of Noble Gas Released to 


Environment of NSRC-PF-R-N Sequence  


with EOPs Execution 


 


Figure 19. Mass Fraction of CsI Released to Environment 


of NSRC-PF-R-N Sequence with EOPs 


Execution 


 


ATWS RC/L


Prevent auto 
initiation of ADS


Is 
reactor power 


above 5%


Yes


No


Maintain RPV water level 
between -63.5 cm (MSCRWL) 
and 473.8 cm (L-8)


Is 
RPV water level 
above 0.0 (TAF)


Lower RPV water level by terminating 
all injection except:
● SBLC
● RCIC
● CRD


If RPV water level can’t be 
maintained above -63.5 cm, Then 
Emergency RPV 
Depressurization is required


Yes


No


 
Figure 20. The Simplified Water Level Logic of EOP 581.1 


 


4.3 Effect of different core water levels 


   According to the EOP 581.1, the operator could operate 


the inject systems to restore RPV water level between -63.5 


cm (MSCRWL, TAF=0.0 cm) and 473.8 cm (L-8, TAF=0.0 


cm) depending on plant status. This gives the operator much 


margin to restore the RPV water level. In order to 


investigate the effects of different restored RPV water level, 
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two postulated NSRC-PF-R-N scenarios are assumed: 


Case 1: restore core water level between MSCRWL 


and TAF after RPV depressurization 


Case 2: restore core water level between MSCRWL 


and L-8 after RPV depressurization 


The sequence scenarios are the same with 


NSRC-PF-R-N with EOPs execution except different 


restored RPV water level. ACIWA is activated to restore 


RPV water level between MSCRWL and TAF for case 1, 


and restore RPV water level between MSCRWL and L-8 for 


case 2 after RPV depressurization. The core water levels for 


both cases are shown in Figure 20. The higher restored RPV 


water level means higher core power in ATWS condition. 


Total core power of case 2 is more than that of case 1. 


Figure 21 shows the fraction of total core power for both 


cases. More energy releases to the primary containment for 


case 2 because of higher core power. Therefore, COPS 


activates earlier for the case 2 (Figure 22). Lower RPV 


water level as low as possible is important in ATWS 


condition if the operator can assure adequate core cooling.    


 


 
Figure 20. RPV Water Level with Different Restored RPV 


Water Levels for NSRC-PF-R-N with EOPs Execution 


 


 


Figure 21. Core Power Fraction with Different Restored 


RPV Water Levels for NSRC-PF-R-N with EOPs Execution 


 


 


Figure 22.Wetwell Pressure with Different Restored RPV 


Water Levels for NSRC-PF-R-N with EOPs Execution 
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4.4 Effect of injection delay 


   Timing is also an important issue as the operator 


executes the EOPs. If the operator spends too much time in 


carrying out one particular procedure, more severe 


consequences could be resulted from the accident. Two 


postulated scenarios with different injection delay are 


assumed, 


1. 10 minutes delay of ACIWA injection after RPV 


depressurization 


2. 20 minutes delay of ACIWA injection after RPV 


depressurization. 


The sequence scenarios are the same with 


NSRC-PF-R-N sequence with EOPs execution except 


different injection delay. ACIWA is delayed 10 minutes to 


restore RPV water level for case 1, and delayed 20 minutes 


to restore RPV water level for case 2 after RPV 


depressurization. The core water levels for both cases are 


shown in Figure 23. Although RPV water level can be 


restored for both cases, the hottest core temperature (Figure 


24) rises higher for the case 2 because of longer delayed 


time. Core melt occurs (Figure 25) and hydrogen produces 


(Figure 26) in the case 2. Inject water as soon as possible is 


crucial in the severe accidents if injection systems are 


available.  


 


 


 


 


Figure 23 Core Water Levels with Different Injection Delay 


for NSRC-PF-R-N with EOPs Execution 
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Figure 24 The Hottest Core Temperature with Different 


Injection Delay for NSRC-PF-R-N with EOPs Execution 
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Figure 25 Total Mass of Corium in Core with Different 


Injection Delay for NSRC-PF-R-N with EOPs Execution 


 


 


Figure 26 Hydrogen Generations with Different Injections 


Delay for NSRC-PF-R-N with EOPs Execution 


 


V. CONCLUSION 


 


The effectiveness of EOPs execution for 


NSRC-PF-R-N sequence is analyzed with MAAP5 code. 


The simulation sequences with and without EOPs execution 


are described. The important responses with and without 


EOP execution are also demonstrated. Two sensitivity 


studies about different restored core water levels and 


injection delay are also investigated in this study. Based on 


MAAP5 analysis, some conclusions are summarized. 


1. For NSRC-PF-R-N sequence without EOPs execution, 


ACIWA is not activated after one SRV opens. This 


results core melt, debris relocation, and RPV failure. 


2. For NSRC-PF-R-N sequence with EOP execution, 


ACIWA is activated after 8 SRVs opens. No core 


melt and RPV failure occur. 


3. For different restored core water levels, higher 


restored core water level means higher core power 


level in ATWS condition. That results in more energy 


release to the primary containment. That causes 


earlier COPS activation for higher restored RPV 


water level.  


4. For injection delay cases, timing to take action is 


important for the operator to mitigate the 


consequences of the accident. It is better for operator 


to inject water as soon as possible if the injection 


systems are available. Earlier injection can assure 


adequate core cooling and bring the plant to the safety 


conditions. 


 


NOMENCLATURE 


 


Σ cross-section 


X1 changes of coolant density 


X2 changes of fuel temperature 


X3 changes of coolant temperature from time zero 


P percent of rated reactor power 


Pps primary system pressure 
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ZWPS elevation of downcomer water level (collapsed) 


ZTAF elevation at top of active fuel 


Pd decay power, percent of rated reactor power 


ΔHs core inlet subcooling 
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Abstract – Dispersed droplets play an important role in reduction of the temperature of fuel rods 
during the reflood in PWRs. In this study, an experiment study was made to investigate the effect 
of a spacer grid on droplet breakup in a channel with 2×2 electrically-heating rods. The sizes and 
velocities of droplets were measured upstream and downstream of the grid with mixing vanes. The 
test parameters were the reflood velocity and the initial wall temperature. The breakup ratio was  
compared with an existing corrrelation. 


 
 


I. INTRODUCTION 
 
Spacer grids are the essential structure used in nuclear 


fuel rod assemblies to maintain a constant distance 
between fuel rods. The droplet behavior across a spacer 
grid has received a great attention because droplets reduce 
significantly the temperature of fuel rods during the 
reflood in a postulated loss of coolant accident. Droplets 
suspended in the superheated steam collide with spacer 
grids. Given a dry spacer grid, the upcoming droplets 
break into smaller droplets. As a result, the increased 
interfacial area brings in rapid cooling of the superheated 
steam. Direct contact of droplets to the rods also 
accelerates the decrease of rod temperature.1,2 


In general, spacer grids are complicated geometrically. 
For example, mixing vanes are attached to the spacer grids 
to enhance turbulent flow and to induce cross flow 
between rods. In particular, droplets that hit the front end 
of the spacer and splash into fine dispersed droplets 
enhance the heat transfer between the wall and the steam.3 


Many attempts have been made to quantify and 
elucidate the droplet breakup by the spacer grid. Adams 
and Clare (1984) measured the sizes and velocities of 
entrained droplets in air-water flow.4 The focus was to 
investigate the interaction mechanism between droplets 
and wet/dry spacer grids. Lee et al. (1984a) measured the 
sizes and velocities of droplets across a grid spacer in a 
rectangular flow channel with 2×2 unheated rods.5 The 
experiment was performed at a room temperature. The 
velocities and sizes of droplets were measured 
simultaneously by the help of a LDA system. The droplets 
were divided into two groups: small and large droplets. 
Correlations were developed for predicting the diameter of 


each group and the volume ratio between two groups. The 
diameter of the small droplets was relatively uniform. Lee 
et al. (1984b) conducted an experiment of the dynamics 
and heat transfer of a droplet-vapor mist flow across a 
space grid in a flow channel of electrically-heated 2×2 
rods.6 Correlations were formulated for predicting the 
small droplet size behind dry or wet spacer grids. The wet 
spacer grid was more effective to decrease the rod 
temperature. In the meanwhile, a droplet breakup model 
was applied to COBRA-TF code, with the aim of analysis 
for FLECHE-SEASET rod bundle data.1 The implemented 
correlation is a function of the Weber number and is 
applicable to a dry grid spacer. Ireland et al. (2003) 
measured the sizes and velocities of droplets in the RBHT 
facility, by using image processing.7 The experimental data 
agreed fairly with the correlation for dry spacer grids. Cho 
et al. (2011) measured the sizes and velocities of droplets 
across a spacer grid in a channel with 6×6 electrically-
heating rods.8 The spacer grid remained wetted during the 
experiment. It was observed that the droplet sizes 
downstream of the spacer grid depend mainly on the steam 
velocity. 


The previous studies mentioned above are useful to 
gain insight into hydrodynamics and heat transfer 
regarding droplets. However, they are based on droplets 
artificially generated by injecting subcooled water though 
a nozzle ahead of a grid spacer. In other words, they might 
not simulate real phenomena, since droplets during the 
reflood appear with randomly-distributed sizes and 
velocities. A few studies have been made on droplets 
naturally generated during the reflood. Sugimoto and 
Murao (1984) conducted experiments in a 6×6 rod 
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bundle.9 The Sauter mean diameter ratio between upstream 
and downstream was 0.89~0.97 for a dry grid. A relation 
was derived that the droplet breakup is associated with the 
blockage ratio. Cheung and Bajorek (2010) developed a 
formulation for predicting the droplet diameter behind the 
spacer grid.10 The formulation uses the assumption that the 
upcoming droplets have a uniform size. This formation 
states that the breakup depends on the Weber number, the 
blockage ratio, and the kinetic energy of the upcoming 
droplets required to convert to the surface energy of the 
newly-generated droplets. The formulation is applicable to 
a dry spacer grid in dispersed droplet flow. 


The present study deals with preliminary results for 
droplet breakup during the reflood. Measurements were 
made of droplets across a spacer grid in a rectangular 
channel with 2×2 electrically-heating rods. The sizes and 
velocities of droplets were measured by the help of image 
processing. The experimental data was statistically 
analyzed and compared with an existing correlation, in 
order to confirm the validity of the present experiment. On 
the basis of the present study, we are going to do a similar 
experiment in an elaborate facility, which make it possible 
to simulate actual reflood phenomena. 


 
 


II. EXPERIMENTAL METHODS 
 
Figure 1 depicts a schematic diagram of a test section 


for reflood experiments. As shown, the total length and the 
heating length of the rods are 2050mm and 1800mm, 
respectively. A measurement window, made of Pyrex glass, 
is placed at the middle location of the test section. The rods 
are heated with uniform power in the axial direction. Five 
spacer grids having mixing-swirl vanes are installed in the 
test section. The spacer grid positions are marked by the 
symbol ◁. One grid is positioned at the measurement 
window location. Two measurement regions are placed 
about 5cm above and below the spacer grid, respectively. 


Figure 2 shows a cross-sectional view 2×2 rods and a 
close-up photo of the spacer grid. The blockage ratio of the 
grid is calculated about 0.18 from the spacer grid drawing. 
The hydraulic diameter is about twice as large as the 
hydraulic diameter of a typical rod bundle in PWR. Thus, 
the present test channel might not simulate actual 
phenomena during the reflood because the droplet 
diameter could be affected by the steam velocity.8,11 For 
this reason, the experimental data were compared with the 
correlation using the parameters relating to upcoming 
droplet. 


A number of thermocouples are embedded throughout 
the heater surface to measure the wall temperature. As for  


 
Fig. 1. Schematic diagram of a test section 


 


 
Fig. 2. 2×2 heater rods and spacer grid 


 
the coolant, the flow rate is measured by a Coriolis type 
flow mater, and the temperature is controlled by a boiler. 
The housing of the test section is covered by heating 
panels to minimize heat loss. 
 


Experiment was proceeded as follows: 
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- The coolant circulates through a bypass line. The 
temperature and the flow rate are adjusted to the 
desired values during the circulation.  
-  Meanwhile, the temperatures of the rods are adjusted 
to the specified values by controlling the electricity 
power.  
- The test parameters for the coolant and the rods reach 
the desired values. The experiment is initiated by 
diverting the coolant flow from the bypass line to the 
test section. 
- At the same time, the electric power is adjusted to the 
specified value. Since the specified power is so high 
that the rods could be damaged due to very high wall 
temperature, the steady state is prepared with lower 
electricity power. 
- An image recording starts to capture droplet images 
through the window.  
 
Four experimental sets are listed in Table. 1. The test 


parameters are the reflood velocity and the initial wall 
temperature. Here, the initial temperature means the 
highest temperature throughout the rods. The experiments 
w e r e 


 
TABLE I 


Reflood conditions 


 Tw,initial 
(�) 


Vreflood 
(cm/s) 


Power 
(kW/rod) 


Case 1 500 1.0 0.4 
Case 2 500 2.0 0.4 
Case 3 700 1.0 0.5 
Case 4 700 2.0 0.5 


 
TABLE II 


Image recoding conditions 


 Time interval 
(s) 


Measurement rate 
(Hz) 


Case 1 0.0002 50 
Case 2 0.0002 50 
Case 3 0.0002 200 
Case 4 0.0002 200 


 


 
Fig. 3. Example of an image pair at 30s downstream of the grid 
for case 1 


performed at an atmosphere pressure and the coolant 
temperature was about 40℃. 


A xenon lamp was used to illuminate droplets. Droplet 
images were recorded by a high-speed camera (Redlake 
MotionXtra HG-100K). To measure the velocities of 
droplets, image pairs should be provided. Each pair was 
made up of two images that must be taken in quick 
succession. A short exposure time is needed due to some 
droplets with high speed. Therefore, the exposure time was 
set to 5μm so as to freeze the droplets in images. Table II 
gives the details of the recording parameters. The time 
interval means the time distance between two images 
constituting each pair. This time interval should be set with 
care to detect all droplets with various velocities. Long 
time intervals however decrease the possibility in finding 
droplet pairs. The measurement rate represents the rate at 
which image pairs are taken. The camera was controlled by 
a digital pulse generator. An example of one image pair is 
shown in Fig. 3. The photos are taken at the downstream of 
the grid for case 1. As shown, droplets move upward by 
the interfacial drag between droplets and steam. 


A VisiSize software (Oxford Lasers Ltd.) was used to 
calculate the velocities and sizes of droplets. A shape factor 
criterion was applied to reject droplets that are overlapping 
as they appear as a non-spherical shape. The shape factor 
is defined as S=(da/dp)2=4πA/P2. Here, da, dp, A, and P 
denote the diameter for equivalent circular area, the 
diameter for equivalent circular perimeter, the droplet area, 
and the droplet perimeter. For circular droplets, the shape 
factor is 1.0. Droplets having the shape factors of higher 
than 0.6 are recognized as droplets. To match the droplet 
pairs and to calculate droplet velocities, some conditions 
were applied: the maximum droplet separation in pixel (2/3 
image width), the maximum angle deviation against the 
main streamline direction (±45◦ ), the maximum area ratio 
(2.0), and the maximum shape factor ratio (1.5). The 
accuracy of diameter measurement is that the uncertainty is 
about 3.2% for 0.1mm and about 0.03% for 2mm.13 


For each experimental case, droplet images were 
recorded until the measurement window was so wetted that 
droplet identification was difficult. But image analysis was 
meaning only for the early stage, since liquid slug start to 
occur shortly, deteriorating the image quality. Hence, the 
present study is focused on the early state, that is, 
dispersed droplet flow with a relatively dry grid. 


 
 


III. RESULTS AND DISCUSSION 
 
Single-phase steam flow appears for a moment after 


the reflood initiation. Droplets start to appear in the steam 
at about 10s for cases 1 and 3, and at about 5s for cases 2 
and 4. Clear droplet appearance continues up to about 30s 
for cases 1 and 3, and up to about 10s for cases 2 and 4. 
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Beyond the times, the measurement window becomes 
distorted by wetting. From these, one could say that the 
period for droplet image recording depends more on the 
reflood velocity than on the initial temperature or the 
electricity power. The measurement period is sufficient to 
perform a transient analysis for cases 1 and 3.  


As for the reflood velocity 2cm/s, a transient 
temperature analysis is possible, as is in Cho et al. 
(2007).12 However, it is considered that fast reflood 
velocities are not appropriate for transient image analysis 
in the present facility. This may be attributed to the 
comparatively short rod length, as shown in Fig. 1. Since 
the measurement window is positioned at the middle 
location, the quenching front approaches the window in a 
short moment. For these reasons, discussion will center 
around cases 1 and 3 (Vreflood=1.0m/s).  


 
 


 
Fig. 4. Droplet size distribution for case 1 (0~40s) 


 


 
Fig. 5. Droplet velocity distribution for case 1 (0~40s) 
 
 
 


Figures 4 and 5 compare the size and velocity profiles, 
respectively, between upstream and downstream. The 
percentage of small droplet is higher for downstream than 
upstream, which is owing to collision with the spacer grid. 
However, either upstream size distribution or downstream 
size distribution seems shift. Moreover, the droplets less 
than 100 micron size are not counted in the downstream. It 
is surmised that calibration was not accurate. The gab 
distance is determined by counting pixels between two 
vertical rods, as shown in Fig. 3. During measurements, 
the focal plane was located at the center of channel, so that 
the rod boundary is slightly defocused, which makes it 
difficult in the calibration of pixel size. Large rods 
compared to typical fuel rods in PWR made a contribution 
to this defocusing effect. It is observed that the mean 
velocity of droplets is slightly low for downstream. The 
reason is that the portion of small droplets is high. Small 
droplets tend to flow close to the high stream velocity.  


Figures 6 display the correlations between size and 
velocity for case 1. This statistical results are obtained 
from the data between 0~40s. Dark gray indicates more 
droplet counts. No evident correlations are found. When a 
statistical analysis is performed for every 10s, more clear 
correlation appear (not shown here). The droplet velocity 
depends on not only the droplet size but also the steam 
velocity. The steam velocity was not measured in the 
present study. However, it is roughly found in Figs. 6 that 
the small droplets have higher velocities.  


 


 
Fig. 6. Diameter-velocity correlation for case 1 (0~40s) 
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TABLE III 


Results of case 1 for every 10s 


time 
[s] 


upstream downstream 
D32[μm] vmean[m/s] D32[μm] vmean[m/s] 


0~10 - - - - 
10~20 510 4.5 456 3.9 
20~30 748 4.5 556 4.2 
30~40 1173 6.8 856 5.0 


 
 


TABLE IV 


Result of case 3 for every 10s 


time 
[s] 


upstream downstream 
D32[μm] vmean[m/s] D32[μm] vmean[m/s] 


0~10 - - - - 
10~20 466 5.4 456 4.2 
20~30 1031 4.9 930 4.3 


 
Tables III and IV show the results for cases 1 and 3. 


The analysis was performed for every 10 seconds. It would 
be better to reduce the time period for transient analysis. 
However, short time periods result in the small number of 
droplets. We found that 10 seconds was reasonable for the 
present experimental data, which included hundreds of 
droplets. It is observed that the droplet diameter increases 
as time lapses. 


As mentioned previously, Cheng and Bajorek (2010) 
proposed a correlation for predicting the droplet diameter 
behind a dry spacer grid, based reflood experiments.10 This 
correlations is adopted for comparison with the present 
experiment since it does not include any information about 
the steam. 


( ) 1558.0
0


0


,32 1803.01 −
+= We


d
d downstream ε  (1) 


Here, d32,downstream and d0 denote the Sauter mean diameter 
of the outgoing droplets and the diameter of the upcoming 
droplet. Equation (1) uses the assumption that the 
upcoming droplets have a uniform size, and it is applicable 
to a dry spacer grid in dispersed droplet flow. In this study, 
d0 is replaced by the Sauter mean diameter of the 
upcoming droplets, as Cheng and Bajorek (2010) did. The 
symbol ε represents the fraction of upcoming droplets 
undergoing breakup, which is not the exactly same as the 
blockage ratio, but closely related to the blockage ratio. 
The We0 is the Weber number relating to droplets.  


d


dd dvWe
σ


ρ 0
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Figure 7 compares the present data with the model 
proposed by Cheng and Bajorek (2010). Sugimoto and  


 
Fig. 7. Comparison with the previous correlation by Cheng 
and Bajorek (2010) 


 
Murao (1984) reported that the breakup ratio was 
0.89~0.97 for a dry grid.9 As can be seen in Fig. 7, the 
experimental values are similar to the values of Sugimoto 
and Murao (1984). The value of ε=0.05 provides a 
qualitative agreement with the present data, which is much 
less than the blockage ratio 0.18 of the present grid. The 
value of ε=0.05 underpredicts the breakup ratio. This 
difference can be explained by two reasons. One is the 
exclusive applicability of the correlation to a dry grid. At 
first, the present grid is dry, however, the grid gets wetted 
with the lapse of time. The other is that ε is not the same as 
the blockage ratio. The blockage ratio is based on the 
projected area of the grid. However, since the steam flows 
according to the direction of mixing-vanes, ε could be less 
than the blockage ratio. Cheng and Bajorek (2010) states 
that ε=0.362 and ε=0.15 are need to match the RBHT data 
and Yao et al. (1988) data. 


 
 


IV. SUMMARY AND FUTURE PLAN 
 


Measurements have been made of droplets generated 
during the reflood. The sizes and velocities were measured 
upstream and downstream of the spacer grid. It was found 
that the upcoming droplets break into smaller droplet. The 
experimental results lie within the predictable range of the 
existing correlation using the Weber number relating to 
droplets. By adjusting the value of ε, the correlation could 
be fitted to the experimental data.  


The present experiment however has some problems 
to be resolved. The stream velocity was not measured due 
to the limitation of the steam flow meter. The volume flow 
rate was too low in the early stage. For this reason, the 
interaction between steam and droplets was not 
investigated. The enlarged rods might not simulate actual 
reflood phenomena because the increased flow area 
reduces the steam velocity and changes the wall-to-fluid 
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heat transfer. In addition, the measurement window was 
placed only about 1m above the bottom. The duration 
period for dispersed droplets was so short that transient 
analysis was limited. 


On the basis of the present study, we are going to do 
another experiment in a more elaborate facility with a 6 ×6 
rod bundle. The facility includes instruments to measure 
the steam temperature and the steam flow rate, which 
makes it possible to look into the interaction between 
steam and droplets. Moreover, since the hydraulic diameter 
is close to the hydraulic diameter of a typical fuel bundle 
in PWR, the experiment could simulate real reflood 
phenomena.  The droplet breakup depends considerably on 
the condition of the spacer grid. Therefore, the condition of 
the spacer gird will be monitored by measuring the grid 
temperature or by observing the grid through a recording 
camera, in order to judge whether it is wetted or dry. The 
experimental data will be analyzed with the lapse of time. 
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Abstract – Among the various types of instabilities affecting vapor generation in boiling systems, Density Wave Oscillation 
(DWO) occurrence within parallel channels is depicted. Parallel channel instability may represent a critical concern for the 
operation and safety of the once-through steam generators adopted in GenIII+ and GenIV nuclear reactor concepts. 
Extensive attention is required to determine the safe operating regime of a two-phase heat exchanger, by evaluating the 
instability threshold values of system parameters such as thermal power, flow rate, pressure, inlet temperature and exit 
quality.  
While the amount of published experimental work in the field of DWOs investigation in parallel straight tubes is 
overwhelming since the ’60, scarce attempt has been dedicated to the helical-coiled tube geometry. Conversely, coiled pipes 
are foreseen for applications to steam generators of the next generation NPPs, due to compactness and higher efficiency in 
heat transfer. 
The paper deals with the results of an experimental campaign on flow instability occurrence in two electrically heated 
helically coiled parallel tubes. In the framework of the IRIS project, a full-scale open-loop experimental facility simulating 
the thermal-hydraulic behavior of a helically coiled steam generator has been built and operated at SIET labs in Piacenza 
(Italy). The facility comprises two helical tubes (1 m coil diameter, 32 m length, 8 m height), connected via lower and upper 
headers. In order to excite flow unstable conditions starting from stable operating conditions, supplied electrical power was 
gradually increased up to the appearance of permanent and regular flow oscillations. Several flow instability threshold 
conditions were identified, in a test matrix of pressures (80 bar, 40 bar, 20 bar), mass fluxes (600 kg/m2s, 400 kg/m2s, 200 
kg/m2s), and inlet subcooling (from -30% up to ~0). The long test section feature and the helical-coiled tube geometry render 
the present facility a quite unique test case in the outline of two-phase flow instability experimental studies. Parametric 
effects of the operating pressure, flow rate and inlet subcooling on the threshold power are discussed. The period of 
oscillations is also discussed.  


 
 


I. INTRODUCTION 
 
The new reactor projects of Generation III+ and 


Generation IV raise in the nuclear field the demand for new 
technological solutions to improve the reactor safety 
through simpler designs. In this framework, rapidly 
growing is the interest on integral Small-medium Modular 
Reactors (SMRs), where all the primary system 
components are located inside the reactor vessel. The 


integral layout permits to reduce by design risks and effects 
of different postulated accidents, such as large releases of 
primary coolant (large break LOCA accidents).  


New reactor concepts also rely on improvement in 
single plant components. In nuclear systems, one of the 
critical components is the Steam Generator (SG). The 
adoption of helical and spiral tubes is envisaged in the SGs 
of different reactor projects of Generation III+ and 
Generation IV. As a matter of fact, helical geometry results 
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in more compact SG – fitting with the integral layout – and 
efficiency improvement through better heat transfer 
characteristics. Helically coiled tubes have been adopted in 
different industrial fields (ranging from fossil fuelled power 
plants, natural gas liquefaction apparatus, to solar energy 
concentrator receivers), including applications within 
nuclear reactors, even though in few particular cases. 
However, more research work is needed to deepen the 
knowledge of physics of two-phase flows in helical 
geometry.  


The Nuclear Engineering Division of the Department 
of Energy (Politecnico di Milano) is involved in thermal-
hydraulic studies concerning two-phase flows in 
components of new generation nuclear reactors1,2. The 
attention is focused on helical tube SGs for SMRs. In 
particular, this paper deals with an experimental activity 
dedicated to boiling instability occurrence in helical 
parallel channels. A full-scale open-loop experimental 
facility simulating the thermal-hydraulic behavior of a 
helically coiled SG was installed and operated at SIET labs 
in Piacenza. The facility comprises two helical tubes 
representing the SG of an integral Pressurized Water 
Reactor (PWR) of Generation III+, connected via lower 
and upper headers.  


Density Wave Oscillations (DWOs) are investigated as 
the main “dynamic type” instability mode3. The classical 
interpretation of the phenomenon ascribes the origin of the 
instability to waves of “heavier” and “lighter” fluids3, and 
respective delays through the channel. The difference in 
density between the fluid entering the heated channel 
(subcooled liquid) and the fluid exiting (low density two-
phase mixture) triggers delays in the transient distribution 
of pressure drops along the tube, which may lead to self-
sustained oscillations (with single-phase and two-phase 
pressure drops oscillating in counter-phase). A constant-
pressure-drop boundary condition (commonly provided by 
two or more parallel channels) is required to excite the flow 
rate perturbations at the inlet of the boiling channel.  


DWOs and more generally two-phase flow instabilities 
have been studied since the ’60. The large amount of 
theoretical and experimental works on the subject is 
collected in different literature reviews3,4. A large number 
of experimental researches is available, the majority of 
which dealing indeed with straight tubes and few meters 
long test sections. Amongst them, a systematic study on the 
onset and the frequency of this type of oscillations at 
various system conditions is provided by Saha et al.5 using 
a uniformly heated single boiling channel with bypass, and 
by Masini et al.6 working with two vertical parallel tubes. 
To the best of Authors knowledge, scarce number of 
experiments was conducted studying full-scale long test 
sections, and no data are available on helically coiled tube 
geometry. 


In this frame, the experimental activity described in 
this work presents the unique feature to investigate the 


influence of the helical shape (through the centrifugal field 
induced by tube bending) on instability occurrence, as well 
as to provide a useful experimental database for model 
validation. Moreover, the influence of a long test section on 
instability thresholds is depicted. 


Section II describes the experimental facility, the test 
matrix and the experimental procedure adopted to reach the 
onset of instability. Section III presents the distinctive 
features of DWOs, whereas the experimental stability maps 
are shown in Section IV. Some considerations are made on 
the period of oscillations and period of oscillations to 
transit time ratio. Finally, the effect of inlet throttling and 
the appearance of Ledinegg type instability – given by the 
constant-pressure-drop boundary condition during the 
execution of some test runs – are briefly presented. 


 
II. THE EXPERIMENTAL FACILITY 


 
The experimental facility, built and operated at SIET 


labs, is an extension of an electrically heated test section 
used for the study of the thermal-hydraulics of a helically 
coiled SG tube (two-phase pressure drops – under diabatic 
and adiabatic conditions – and dryout thermal crisis 
occurrence) 1. In the framework of the IRIS (International 
Reactor Innovative and Secure) project, the same test 
section was also included in a closed loop circuit, to study 
a passive heat removal system with natural circulation2. 
The facility, provided with SG full elevation and suited for 
prototypical thermal-hydraulic conditions reproduction, 
implements the common simplification given by a constant 
heat flux boundary – via electrical power – instead of real 
controlled-temperature boundary. When dealing with 
experiments on instability phenomena, despite different 
dynamic responses, such different boundary is expected to 
secondarily affect the instability threshold (as the instability 
inception is induced by the specific thermal power 
supplied, owing to the reached thermodynamic quality). 


Coil diameter (1 m) has been chosen as representative 
of a mean value of IRIS steam generator tube, while tube 
inner diameter (12.53 mm) is the commercially scheduled 
value nearer to IRIS real value (13.24 mm). The heated 
tube is thermally insulated by means of rock wool. Thermal 
losses were measured via runs with single-phase hot 
pressurized water flowing inside the steam generator, and 
estimated as a function of the temperature difference 
between external tube wall and the environment. 


The facility was renewed to test DWOs in parallel 
channels, by adding a second helical tube identical to the 
first one (same coil diameter, pitch and length). The two 
helices have been connected with common lower and upper 
headers to provide the constant-pressure-drop boundary 
condition required for the instability inception. The 
conceptual sketch of the new facility is depicted in Fig. 1, 
whereas a global view is provided in Fig. 2. Geometrical 
data of the two helical tubes are listed in Table I. 
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Fig. 1. Sketch of the experimental facility installed at SIET labs. 
 


The whole facility is made by a supply section and a 
test section. The supply section feeds demineralized water 
from a tank to the test section, by means of a centrifugal 
booster pump and a feed water pump, i.e. a volumetric 
three cylindrical pump with a maximum head of about 200 
bar. 


The flow rate is controlled by a throttling valve (V3) 
positioned downwards the feed water pump and after a 
bypass line. System pressure control is accomplished by 
acting on a throttling valve (V4) placed at the end of the 
steam generator.  


An electrically heated preheater is located before the 
test section, and allows creating the desired temperature at 
the inlet of the test section. The test section is electrically 
heated via Joule effect by DC current. Two distinct, 
independently controllable and contiguous sections are 
provided. For instability experiments, power was supplied 
only to the first section (24 m), instead the second section 
(8 m) worked as a riser unheated section. 


 
TABLE I 


Test section main data. 


Tube material SS AISI 316L 
Tube inner diameter [mm] 12.53 
Tube outer diameter [mm] 17.24 
Coil diameter [mm] 1000 
Coil pitch [mm] 800 
Tube length [m] 32 
Heated section length [m] 24 
Riser length [m] 8 
Steam generator height [m] 8 


 
Fig. 2. Global view of the facility test section. 
 


Each tube is provided at inlet with a calibrated orifice 
(with a differential pressure transmitter) used to measure 
the flow rate in each channel and to visually detect the 
instability inception, and with a valve to impose a 
concentrated pressure drop. V1 and V2 represent the total 
pressure drop (instrumented orifice + valve) introduced at 
the inlet of the two helical tubes, respectively. 


The water pressures at inlet and outlet headers are 
measured by absolute pressure transducers; nine pressure 
taps are disposed nearly every 4 m along one tube and eight 
differential pressure transducers connect the pressure taps. 
Detailed distances between the taps are reported in Table 
II. An accurate measurement of the total flow rate is 
obtained by a Coriolis flow-meter, placed between the 
pump and the preheater. Bulk temperatures are measured 
with K-class thermocouples drowned in a small well at SG 
inlet and outlet headers. Wall thermocouples (K-class) are 
mounted throughout the two coils, with fining near the ends 
to identify the risk of dryout occurrence. Electrical power is 
obtained via separate measurement of current (by a shunt) 
and voltage drop along the test section by a voltmeter.  


 
TABLE II 


Pressure taps distribution along the test section (Channel A). 


 Tap 1 Tap 2 Tap 3 Tap 4 Tap 5 
Distance from 
tube inlet [m] 0.20 5.17 9.19 13.15 17.14 


 Tap 6 Tap 7 Tap 8 Tap 9  
Distance from 
tube inlet [m] 21.64 25.59 29.09 32.06  
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All the measurement devices have been tested and 
calibrated at the certified SIET labs. A summary of the 
uncertainties is reported in Table III. 


 
TABLE III 


List of the uncertainties of physical quantities (referred to 
measurement values). 


Water flow rate ± 1% 
Fluid bulk and wall temperature ± 0.7 °C 
Absolute pressure ± 0.1% 
Differential pressure ± 0.4% 
Supplied electrical power ± 2.5% 
Evaluated thermal losses ± 15% 
 


II.A. Range of Explored Variables 
 
DWOs result from multiple feedback effects between 


the flow rate, the vapor generation rate and the pressure 
drops in the boiling channel. To fully describe the stable 
region of the system and collect information on instability 
phenomena, it is necessary to determine instability 
thresholds in a wide range of system operating parameters. 


A thorough test matrix was prepared to study the 
effects of system pressure, mass flow rate and inlet 
subcooling on system stability, by investigating: 


- 3 levels of pressure: 80 bar, 40 bar and 20 bar; 
- 3 levels of mass flux: 600 kg/m2s, 400 kg/m2s and 200 


kg/m2s; 
- several values of inlet subcooling between xin = -30% 


and xin = 0%. 


The entire test matrix was executed with reference to a 
“basically open” configuration of the inlet valves V1 and 
V2 (corresponding valve loss coefficient kin = 45). The 
effect of inlet throttling was at last studied by progressively 
closing the valves and repeating the stability map at P = 40 
bar and G = 400 kg/m2s. 


 
II.B. Experimental Procedure 


 
It was decided to act on the electrical power supplied 


to the test section in order to reach flow unstable conditions 
starting from a stable operating system. In every test run, 
the heating power was gradually increased from nominal 
values up to the appearance of flow instability. 


The adopted test procedure can be summarized in the 
following steps: 


(1) Registration of the gravitational head of the 
different instruments. 


(2) Characterization of the normal behavior of the 
system (for instance, check that, at open V1 and 
V2 valves, the flow rate is reasonably balanced 
between the two coils). 


(3) Impose the defined position of V1 and V2 
valves. 


(4) Define pressure level. 
(5) Impose a value of flow rate. 
(6) Impose a value of inlet subcooling by means of 


the preheater. 
(7) Reach the desired pressure level by generating 


vapor with power increase. When the desired 
pressure is obtained, keep the system in a steady-
state condition (measurements of temperature, 
pressure, flow rate and heat input). 


(8) The electrical power is progressively increased 
by small amounts (small steps of 2-5 kW per 
tube), until sustained oscillations are observed 
(check that the system pressure remains more or 
less constant). 


(9) Once the instability is recorded, take the system 
back to step 6, and change the subcooling. 
Repeat steps 7 and 8 up to the instability (same 
operating pressure). 


(10) Once all the subcooling values are tested for a 
flow rate level, change the flow rate and repeat 
steps 6-9. 


(11) Once all the flow rate values defined in step 5 
are completely explored (every subcooling 
value), change the desired pressure level and 
repeat steps 5-10. 


 
III. DWO CHARACTERIZATION 


 
DWO appearance in a boiling channel can be detected 


by monitoring the flow rate, which starts to oscillate when 
power threshold is reached. The calibrated orifices installed 
at the inlet of both tubes permit to measure the flow rate 
through the recording of the pressure drops established 
across them. Thus, flow instability power threshold was 
experimentally defined as the power corresponding to 
permanent and regular flow oscillations, detected by visual 
observation of the pressure drop recording of the calibrated 
orifices (within V1 and V2 of Fig. 1). The system was 
considered completely unstable when flow rate oscillation 
amplitude reached the 100% of its steady-state value. 
Obviously, flow rate in the two channels oscillates in 
counter-phase, being the total system mass flow rate 
imposed, as it is shown in Fig. 3, where fully developed 
DWOs are depicted. The “square wave” shape of the 
curves is due to the reaching of instruments full scale.  


Data collected during instability inception and fully 
developed instability allowed understanding the distinctive 
features of DWOs. 


Total pressure drops across the tubes oscillate in 
counter-phase too (Fig. 4). Conversely, the system pressure 
oscillates with a frequency that is double if compared with 
the frequency of pressure drop oscillations (Fig. 5). 
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Counter-phase oscillation of single-phase and two-
phase pressure drops within each channel is known to be 
one of the triggering events leading to the appearance of 
DWOs. Fig. 6 compares the pressure drops between 
pressure taps placed on different regions of Channel A 
(according to the distribution depicted in Table II), in case 
of self-sustained instability. Pressure drops in the single-
phase region (DP 2-3) oscillate in counter-phase with 
respect to two-phase pressure drops (DP 6-7 and DP 8-9). 
The phase shift is not abrupt, but it appears gradually along 
the channel. As a matter of fact, the pressure term DP 4-5 
(low-quality two-phase region) shows only a limited phase 
shift with respect to single-phase zone (DP 2-3). 


Moreover, large amplitude fluctuations in channel wall 
temperatures, so named “thermal oscillations” 4, always 
occur (Fig. 7), associated with fully developed density 
wave oscillations that trigger intermittent film boiling 
conditions. 
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Fig. 3. Flow rate oscillations during fully developed instability. 
Data collected with: P = 83 bar; Tin = 199 °C; G = 597 kg/m2s;   
Q = 99.3 kW. 
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Fig. 4. Counter-phase pressure drop oscillations in the two 
parallel tubes. 
Data collected with: P = 83 bar; Tin = 199 °C; G = 597 kg/m2s;   
Q = 99.3 kW. 
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Fig. 5. System pressure oscillations in the inlet header. 
Data collected with: P = 83 bar; Tin = 199 °C; G = 597 kg/m2s;   
Q = 99.3 kW. 
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Fig. 6. Pressure drop oscillations in different regions of channel 
A: single phase (DP 2-3), low quality two-phase (DP 4-5), two-
phase (DP 6-7 and DP 8-9). 
Data collected with: P = 83 bar; Tin = 199 °C; G = 597 kg/m2s;   
Q = 99.3 kW. 
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Fig. 7. Fluctuations of tube wall temperatures during DWOs. 
Data collected with: P = 83 bar; Tin = 199 °C; G = 597 kg/m2s;   
Q = 99.3 kW. 
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IV. EXPERIMENTAL RESULTS 
 


For stability investigations, the aim is to find the 
regions of stable and unstable operation in the three-
dimensional space given by channel flow rate Γ, thermal 
power Q and inlet subcooling hin (in enthalpy units). A 
mapping of these regions in two dimensions is referred to 
as the stability map of the system (at a given pressure 
level). The stability boundary in the (Γ, Q, hin) space is a 
surface and can be represented only by a family of curves 
in any two-dimensional map. Thus, the adoption of 
dimensionless stability maps is useful to cluster the 
information on the dynamic characteristics of the system. 
The most used dimensionless stability map is due to Ishii 
and Zuber7. It is based on a subcooling number Nsub versus 
a phase change number Npch. The phase change number is 
the ratio of the characteristic frequency of phase change Ω 
to the inverse of a single-phase transit time in the system: 
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The subcooling number reads: 
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where all the thermodynamic properties are defined at the 
inlet pressure (within the lower header). 


For the sake of completeness, some examples of 
typical stability maps obtained in case of straight vertical 
tube geometry are depicted in Fig. 8. Experimental data 
from the noteworthy work of Masini et al.6 are retrieved, 
considering different configurations for the valves at 
inlet/outlet of the test section. 


Conversely, Fig. 9, Fig. 10 and Fig. 11 show the 
stability maps obtained with the experimental data 
collected at the three pressure levels investigated in the 
present helical tubes facility. Error bars have been 
introduced following uncertainty analysis based on error 
linear propagation techniques8. The uncertainties of final 
dimensionless numbers within the maps have been 
computed combining the effects of the various measured 
quantities. Main effect is due to threshold power, following 
the uncertainties of measured electrical power, estimated 
thermal losses, as well as a term due to the discrete 
experimental procedure. Effect of pressure is also 
accounted for, by evaluating the maximum variation 
between the pressure recorded at instability inception with 
respect to the nominal pressure level. Pressure term is made 
apparent by the sensitivity of Eqs. (1), (2) on small pressure 
variations, which is considerably large at low pressure 
(such to overcome threshold power uncertainty) 9. 
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Fig. 8. Stability maps as retrieved from the experimental 
work of Masini et al.6, dealing with straight vertical tubes. 
P = 50 bar; G = 364 kg/m2s; Valves: VG inlet – Vv outlet. 
Valve positions: f.o. fully open – p.c. partially closed. 


 
The three different curves depicted in each graph 


represent the instability thresholds for the three values of 
mass flux (G = 600 kg/m2s, 400 kg/m2s and 200 kg/m2s), 
testing different inlet subcooling values. At 80 bar only two 
mass fluxes have been considered, because plant operations 
resulted difficult at low flow rates. As expected, the 
stability boundaries according to the various mass flows are 
almost overlapped. Thus, it is the ratio Q/Γ that determines 
the onset of instability once the characteristics of the 
channel and the inlet conditions are set. Fig. 12, Fig. 13 and 
Fig. 14 confirm, for the three pressure levels respectively, 
that a mass flow rate variation induces a proportional 
variation of the thermal power needed to trigger the 
instability. An increase in thermal power or a decrease in 
channel mass flow rate can cause the onset of DWOs; both 
effects increase the exit quality, which turns out to be a key 
parameter for boiling channel instability. In brief, the 
effects on instability of thermal power and mass flow rate 
do not show differences in the helical geometry when 
compared to the straight tube case (compare with Fig. 8). 


Instead, it is interesting to focus the attention on inlet 
subcooling. It is well known from literature that an increase 
in inlet subcooling is stabilizing at high subcoolings and 
destabilizing at low subcoolings3. This behavior results in 
the classical “L shape” of the stability boundary, exhibited 
by all the dimensionless maps available in literature and 
referred to straight geometry6,7,10 (Fig. 8). The present 
datasets with helical geometry confirm the stabilizing effect 
at high subcoolings. The experimental stability maps show 
indeed two different behaviors: (a) “conventional” at 
medium-high subcoolings, with iso-quality stability 
boundary and slight stabilization in the range Nsub = 3 ÷ 6 
(close to “L shape”); (b) “non-conventional” at low 
subcoolings, with marked destabilizing effects as inlet 
temperature increases and approaches the saturation value.  
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Fig. 9. Stability map obtained at system pressure P = 40 bar and 
different mass fluxes (G = 600 kg/m2s, 400 kg/m2s, 200 kg/m2s). 
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Fig. 10. Stability map obtained at system pressure P = 20 bar and 
different mass fluxes (G = 600 kg/m2s, 400 kg/m2s, 200 kg/m2s). 
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Fig. 11. Stability map obtained at system pressure P = 80 bar and 
different mass fluxes (G = 600 kg/m2s, 400 kg/m2s). 
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Fig. 12. Limit power for instability inception at P = 40 bar as 
function of inlet subcooling and for different values of mass flux. 
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Fig. 13. Limit power for instability inception at P = 20 bar as 
function of inlet subcooling and for different values of mass flux. 
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Fig. 14. Limit power for instability inception at P = 80 bar as 
function of inlet subcooling and for different values of mass flux. 
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Such different behavior exhibited by the stability 
boundary at low subcoolings can be ascribed to the helical 
shape of the parallel channels and related centrifugal field 
effects on the thermal-hydraulics of two-phase flow. Also 
the full-scale length of the test section and the small 
inclination angle of the helix – affecting two-phase flow 
pattern – may explain the provided experimental results. 


It is just noticed that at the lowest system pressure and 
lowest mass flux (P = 20 bar and G = 200 kg/m2s, see Fig. 
10) the stability boundary shape is different from previous 
discussion and agrees more with classical behavior given 
by straight vertical tubes. As a matter of fact, the effect of 
inlet subcooling increase is stabilizing at high subcoolings, 
and destabilizing at low subcoolings. The centrifugal field 
– reasonably weak under these conditions – is such to make 
the peculiar effect of the helical geometry negligible. 


 
IV.A. Effect of system pressure 


 
System pressure was always found to be stabilizing, 


although pressure effect is less effective if compared with 
other system parameters3. Fig. 15 shows the limit power 
corresponding to the various pressure levels, fixed the mass 
flow rate in the system (G = 400 kg/m2s). The higher is the 
pressure, the higher is the exit quality required for the onset 
of instability, hence the system is more stable. This concern 
is evident by considering the iso-quality lines reported in 
the stability maps (Fig. 9, Fig. 10 and Fig. 11). Thermal 
power behavior in Fig. 15 also confirms the subcooling 
destabilizing effect for small values of Nsub.  


 
IV.B. Period of oscillations and transit time 


DWOs are characterized by waves of heavier and 
lighter fluid which travel alternatively along the boiling 
channel3. Two perturbations are required for each cycle. 
Accordingly, the period of oscillations should be of the 
order of twice the mixture transit time. As a matter of fact, 
literature results report a period of oscillation T almost 
equal to twice the mixture transit time  at high inlet 
subcoolings, and a reduction of T/T/  ratio by reducing the 
subcooling number3. In this respect, mixture transit time is 
considered calculated with classical homogeneous flow 
theory, by adding single-phase region transit time 1  and 
two-phase region transit time 2 , as in 3,6: 
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With some algebra, Eq. (3) can be rearranged as: 
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Fig. 15. Limit power for instability inception at G = 400 kg/m2s 
as function of the subcooling number and at different pressures. 


The experimental results collected at SIET labs show a 
completely different trend. The period of oscillations to 
transit time ratio is found to be very low at high inlet 
subcoolings, moreover it grows by reducing the subcooling 
number Nsub. The period of oscillations (Fig. 16) is rather 
independent on inlet subcooling, whereas it increases as the 
mass flow is lower. Accordingly, T/T/  ratio (Fig. 17) – pretty 
constant following mass flux variations – results 
considerably lower than one (~0.5) at high inlet 
subcoolings (when the fluid transit time in the heated 
channel is higher due to the long single-phase region), 
whereas it increases up to a value of nearly two as the inlet 
temperature approaches the saturation.  


Up to the Authors knowledge, as well as from the 
helical geometry, the discussed behavior seems to be 
induced also by the peculiar length of the test section and 
by the presence of an unheated riser above. 
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Fig. 16. Period of oscillations at P = 40 bar as function of inlet 
subcooling and for different values of mass flux. 
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Fig. 17. Period of oscillations to transit time ratio at P = 40 bar as 
function of inlet subcooling and for different values of mass flux.  


 
IV.C. Effect of inlet throttling 


 
It is well known that a concentrated pressure drop 


located at channel inlet is stabilizing. Therefore, the 
stability of the system was investigated after a closure of 
the inlet valves (valve loss coefficient characterized by the 
value kin = 90). The results, depicted in Fig. 18 (P = 40 bar 
and G = 400 kg/m2s), confirm the stabilizing effect of a 
concentrated pressure drop at the inlet of the channel, even 
though the difference between the two curves becomes 
almost negligible at low Nsub values. 


 


0


1


2


3


4


5


6


7


8


9


10


0 5 10 15 20 25 30 35 40


N
s
u


b


Npch


Stability Map P = 40 bar - G = 400 kg/m2s 


Kin = 90


Kin = 45


x = 0.5 x = 0.6


x = 0.7


 
Fig. 18. Effect of inlet throttling on instability threshold at system 
pressure P = 40 bar and mass flux G = 400 kg/m2s. 


IV.D. Ledinegg type instabilities 


The final Section of the paper is dedicated to Ledinegg 
type instability. Ledinegg flow excursions were observed 
during test runs at the lowest pressure level (P = 20 bar), 


the highest mass flux (G = 600 kg/m2s), and higher inlet 
subcooling values (xin < -15%). Ledinegg type instabilities 
occur when a heated channel operates in the negative slope 
region of the pressure drop versus flow rate curve (channel 
characteristics). In this respect, the boundary conditions of 
constant-pressure-drop given by parallel channels act as a 
flat pump external characteristics, forcing each channel into 
a wide flow excursion up to the reaching of new operating 
points on the internal characteristics.  


Fig. 19 shows the flow rate evolution in each channel 
in presence of a Ledinegg type instability. Flow excursion 
is evident, as Channel A flow rate increases. On the 
contrary, flow rate in Channel B reduces proportionally to 
preserve the imposed total mass flow rate. Constant total 
pressure drop condition is respected across the two tubes. 
Ledinegg instability occurrence showed to be critical since 
an anticipated DWO onset was recorded in the channel 
with lower flow rate (Channel B in this case), following 
small increases of supplied thermal power. Indeed, increase 
of thermal power permitted to leave the Ledinegg 
instability region, damping out the flow excursion.  
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Fig. 19. Flow rate recorded in the two channels during a 
Ledinegg transient. 
Data collected with: P = 24 bar; Tin = 134 °C; G = 601 kg/m2s. 
Transient to Q = 50 kW (electrical power supplied per tube). 
 


V. CONCLUSIONS 
 


An experimental investigation on DWOs in helically 
coiled parallel channels has been presented in this paper. A 
full-scale open-loop experimental facility was specifically 
built and operated at SIET labs in Piacenza (Italy), 
comprising two helical tubes (connected by means of two 
common headers) in simulation of the helically coiled 
steam generator of a GenIII+ SMR. 


Main goal of the experiments has been to study the 
influence of the helical geometry on instability thresholds 
in parallel channels, as well as to provide a thorough 
threshold database useful for model validations.  


The effects of system pressure, flow rate and inlet 
subcooling on the power at the onset of instability have 
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been investigated, clustering the data in dimensionless 
stability maps. The effects of thermal power and mass flow 
rate in determining the channel exit quality triggering the 
instability are consistent with classical DWO theory in 
straight tubes. On the contrary, specific features have been 
highlighted when considering the effects of inlet 
subcooling. With respect to literature results, the 
destabilizing effect of an increase of inlet subcooling at low 
subcooling values is not apparent. Conversely, the 
subcooling maintains its stabilizing effect, which increases 
indeed as the inlet temperature approaches the saturation 
value. Discrepancies with respect to classical DWO theory 
have been also observed in terms of period of oscillations 
and period-over-transit time ratio. The period of 
oscillations is rather independent on inlet subcooling, and 
the period to transit time ratio increases by increasing the 
inlet temperature.  


Mentioned deviations from literature results have been 
preliminarily ascribed to the helical geometry and the 
peculiar geometrical characteristics of the test section, even 
though a detailed theoretical study on the concern has not 
been finalized yet. In this framework, modeling activities 
are underway through the development of dynamic models 
and numerical simulations with system codes. 


At the end, effect of inlet throttling and appearance of 
Ledinegg type instabilities have been discussed. The first 
one is rather weak for the parallel channel system 
investigated; only a strong increase of the inlet throttling – 
with concentrated pressure drop term such to equalize 
distributed pressure drop term along the channel – should 
permit to avoid the inception of the instability. More 
experiments are also needed to better characterize the 
operating regions affected by Ledinegg instabilities.  


 
NOMENCLATURE 


 
A tube area [m2] 
DP differential pressure [kPa] 
G mass flux [kg/m2s] 
h enthalpy [kJ/kg] 
k valve loss coefficient [-] 
L tube length (heated zone) [m] 
Npch phase change number [-] 
Nsub subcooling number [-] 
P pressure [bar] 
Q thermal power [kW] 
Q''' thermal power per unit of volume [kW/m3] 
t time [s] 
V velocity [m/s] 
ν specific volume [m3/kg] 
x thermodynamic quality [-] 


p pressure drops [kPa] 
Γ mass flow rate [kg/s] 
 heated channel transit time [s] 


Ω characteristic frequency of phase change [1/s] 


ACRONYMS 
 


DWO  Density Wave Oscillation 
IRIS  International Reactor Innovative and Secure 
LOCA  Loss Of Coolant Accident 
PWR  Pressurized Water Reactor 
SG  Steam Generator 
SIET  Società Informazioni Esperienze Termoidrauliche 


(company for information on thermal-hydraulic 
experimentation) 


SMR  Small-medium Modular Reactor 
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Abstract – A new fine axial mesh calculation method has been developed and implemented in the 
Westinghouse nuclear reactor core simulator code ANC.  This new method will be used by the 
BEACONTM1


 


 core monitoring system for continuous evaluation of the most limiting values of the 
core power distribution.  The new fine mesh method is physically based as opposed to the current 
method used in the BEACONTM system which employs spline fitting along with spacer grid 
adjustment factors.  The newly developed fine mesh method uses 1D diffusion theory calculations 
for each vertical neutronic channel in the core.  This calculation is done using radially smeared 
cross-sections for each of the axial material layers in a given neutronic channel. Radial leakage 
effects derived from the 3D nodal solution are accounted for in these channel-wise calculations.  


This paper presents the theory behind the new methodology.  Fine mesh results obtained with this 
methodology are compared against reference 3D fine mesh results for proof of principle.   


 
 


                                                           
1 BEACON is a trademark of Westinghouse Electric Company LLC.  All rights reserved.  Unauthorized use is strictly prohibited. 


I. INTRODUCTION 
 
The BEACONTM system is a PWR online core 


monitoring system developed at Westinghouse [1, 2, 3].  
The latest version of the BEACON system uses the 
Advanced Nodal Code 9 (ANC9) as the nodal solver [4]; 
previously the SPNOVA and ANC8 codes [1, 2, 3] were 
used. The standard three-dimensional (3D) calculation 
yields power distributions on a coarse nodal mesh but the 
on-line core monitoring system requires very detailed axial 
power distributions that account for the local perturbations 
caused by the fuel assembly spacer grids, intermediate flow 
mixing grids and other axial heterogeneities. Theoretically, 
ANC can directly obtain such detailed axial power results 
by appropriate reduction of the axial node sizes. However, 
this would degrade code speed performance to such an 
extent that it becomes unacceptable for core monitoring 
applications. Therefore, an auxiliary fine mesh model is 
needed in ANC that will not only accurately predict the 
detailed axial power distribution but will do so in an 
efficient manner. 


The methodology currently used in the BEACON 
system for computing the desired fine mesh power 


distributions is to expand the coarse mesh results using 
spline fitting along with the application of spacer grid 
correction (dip) factors. In contrast to this brute-force 
approach, the method proposed in this paper is physically 
based and employs one-dimensional (1D) diffusion theory 
calculations for each vertical neutronic channel in the core 
to extract detailed axial fine mesh flux and power 
distributions. This calculation is done using radially 
smeared cross-sections for each of the axial material layers 
in a given channel, such smeared cross-sections being the 
result of standard 2D lattice calculations. Radial leakage 
effects derived from the 3D nodal solution are also 
accounted for in these channel-wise calculations.  


  This paper presents the theory behind the new 
methodology which has been implemented into the latest 
version of ANC known as ANC9 [5]. Numerical results 
obtained with this methodology are compared against 
reference 3D fine mesh results for proof of principle.  


 
II. FINE MESH METHOD DESCRIPTION 


 
ANC9 is an advanced nodal code developed at 


Westinghouse and used for nuclear core design 
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calculations [4, 5]. In order to explicitly model the axial 
heterogeneities while keeping the coarse mesh for the nodal 
solver, ANC9 uses an axial homogenization model that 
generates node average cross-sections and discontinuity 
factors. This model involves 1D diffusion theory 
calculations for each axially heterogeneous channel in the 
core, such calculations being performed at regular intervals 
during the nodal feedback iterations. The fine mesh model 
(for BEACON applications), which comes into play after 
the 3D nodal calculation has converged for a given state 
point, uses the same 1D procedure to compute fine mesh 
flux and power distributions, but now applied to all (or 
selected) channels rather than just to axially heterogeneous 
channels.  


 
Neutronic 
mesh


Spacer          
Grids


Exposure     
Mesh


Control Rod 
Insertion


Sub-
Node 


 
Fig. 1. Axial sub-node mesh 
 
The main difference between the two 1D calculations 


lies in the axial mesh that is used. For the axial 
homogenization calculation the axial material layout in a 
given neutronic channel combined with the neutronic nodal 
mesh determines the so-called sub-node mesh that is used 
in the 1D calculation. This is illustrated in Figure 1. In the 
fine mesh application it is this sub-node mesh combined 
with a regularly spaced fine edit mesh (the mesh on which 
the fine mesh flux/power distributions for BEACON are 
required) that determines the axial mesh of the 1D 
calculation for the relevant channel. This refined mesh is 
henceforth referred to as the super-fine mesh to distinguish 
it from the fine edit mesh which is a subset of it. 


 
II.A. THE 1D CALCULATION 


 
The 1D diffusion calculation is based on the solution 


of the radially transverse-integrated multi-group diffusion 
equation for a single “heterogeneous” channel: 
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In the above equation, )(zhetΨ



 is the G-component 


vector of transverse-integrated group fluxes, ( )zD̂  is the 
GxG diffusion coefficient matrix, ( )zLhet



 is the G-


component transverse leakage vector, ( )ztΣ̂  is the GxG 


total cross-section matrix, while ( )zsΣ̂  and ( )zfΣ̂  are the 
GxG scattering and fission-neutron production matrices at 
axial elevation z . The scalar constant k is the effective 
multiplication factor which may be taken either as a known 
parameter (as determined in a preceding 3D nodal 
calculation) or as an unknown that must be determined to 
ensure the validity of the equality in the above equation.  


The G-component vector of transverse (radial) 
leakages at axial elevation z  is defined as 
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Here xh  and yh  are the radial side lengths of the 


channel and ( )zJ het
x±



 is the elevation-dependent side-


average outward-directed net current on radial side ±x  of 
the channel. The transverse leakage poses a problem in that 
its axial shape is not known a priori and it has to be 
estimated or approximated in some way. The only 
information available regarding the transverse leakage is in 
the form of node-average side currents for neutronic nodes 
as determined in a preceding 3D nodal calculation. In other 
words, one knows only the average radial transverse 
leakage per “homogeneous” neutronic node n of axial 
height zh : 
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We have chosen to approximate the radial transverse 


leakage in the following manner. First, we calculate a node-
average “leakage cross-section” in energy group g as   
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where gn,Φ   is the node-average group g flux for node 


n  obtained from the same 3D calculation that yielded 


gnL , . Then we evaluate sub-node (in the axial 
homogenization procedure) or super-fine mesh (for the 
BEACON edit) leakage cross-sections through a spatial 
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quadratic fit of three consecutive neutronic nodes subject to 
the condition that the three individual average nodal values 
are conserved. It is to be noted that the quadratic fit is 
applied only to physically heterogeneous nodes while in 
homogeneous nodes the node-average leakage cross-
section given by Eq. 4 is used directly.  


With these elevation-dependent leakage cross-sections 
in hand the 1D transverse integrated diffusion equation can 
be rewritten as a k-eigenvalue problem (for the given 
channel) with the leakage cross-sections acting as 
additional absorption cross-sections. This eigenvalue 
equation is solved by means of the Multi-group Analytic 
Nodal Method (MANM) [6]. 


 
II.B. EDIT MESH FLUXES AND POWER 


DENSITIES 
 
Having the 1D solution on the super-fine mesh for a 


given neutronic channel, one can extract flux and power 
density form factors that may be used to reshape the 3D 
nodal fluxes and power densities to obtain the edit mesh 
values required by BEACON. The 1D calculation itself 
produces super-fine mesh flux weight factors and 
volumetric power density form factors per neutronic node 
n: 
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In the above zih ,  is the axial height of super-fine mesh 


i,  het
gi,Ψ  is the average heterogeneous flux in super-fine 


mesh i extracted from the 1D solution and gfi ,,Σκ  is the 
kappa fission cross-section in super-fine mesh i. 


Fluxes and volumetric power densities in the edit 
meshes of a channel can then be constructed as 
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where gn,Φ  is the 3D nodal flux and the spatial 
summation is taken over all super-fine meshes i that are 
members of edit mesh j within neutronic node n. The edit 
mesh fluxes and power densities are also called the 
modulated fine mesh fluxes and power densities because 
they are obtained by modulating a fine mesh shape function 
(form function) on top of the coarse mesh (nodal) fluxes 


and power densities. It is important to note that the 


modulated fluxes 
het


gjn ,,Ψ  are not used in the axial 
homogenization procedure to compute node axial 
discontinuity factors but that the un-modulated fluxes 


het
gi,Ψ  are directly employed for that purpose. 
 


III. RESULTS 
 


The fine mesh calculation was tested using a PWR 
mini-core model. The specification of the mini-core is 
provided in sub-section III.A while the results are presented 
and discussed in sub-section III.B. It should be mentioned 
that the fine mesh power and flux distributions reported in 
the results section are the “modulated” volumetric power 
density and flux distributions, unless otherwise noted. 


 
III.A. MINI CORE SPECIFICATION 


 
The mini-core is made up of 25 PWR fuel assemblies. 


The radial layout of the mini-core can be seen in Figure 2.  
The nodal solver ANC9 uses 4 nodes per assembly by 
default so there are 100 radial nodes in total. Axially the 
fuel part of the core, the so-called active core, is divided 
into 24 equally-spaced 15.24 cm axial neutronic nodes. 
There are also top and bottom axial reflectors with a height 
of 15.24 cm each giving a total of 26 axial nodes.  
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Fig. 2. PWR mini-core radial layout 
 
 
A control rod (CR) is inserted into the core from the 


top and its bottom end point is 254 cm from the bottom of 
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the active core – this means that there is an axial node that 
is 1/3 partially rodded.  


There are two fuel types, one with 2.1 % enrichment 
and the other with 3.1 % enrichment set in a checker board 
configuration. The assembly with 3.1% enrichment also 
contains part length burnable absorbers from 30.48 cm 
elevation up to 335.28 cm elevation above the bottom of 
the active core – this means that the burnable absorber 
axial zone boundaries coincide with nodal boundaries and 
therefore do not impose any intra-node heterogeneities.  


Spacer grids are placed at the centre of those nodes 
where they are present and since spacer grids have axial 
widths (2.54 cm and 5.08 cm) that are smaller than the 
node heights (15.24 cm), such nodes are axially 
heterogeneous. 


The radial periphery of the mini-core is subject to 
periodic boundary conditions. Black (vacuum) boundary 
conditions are applied on the outside of the axial reflectors. 


The fine edit mesh that was used to test the fine mesh 
methodology consists of 144 meshes along the active core 
height (each fine mesh thus has a height of 2.54 cm). Since 
all fine mesh results presented in the following are based 
on this edit mesh, it will simply be referred to as the fine 
mesh. It is worthwhile to note that the fine edit mesh 
matches exactly the super-fine mesh (see the definition in 
section II) for this mini-core problem. 


 
III.B. ANALYSIS OF THE RESULTS 


 
Figure 3 compares the core average axial power 


distribution (axial layer volumetric power densities relative 
to core average volumetric power density) produced by the 
3-D nodal calculation to the one computed by the 1D fine 
mesh model.  


 


 
Fig. 3. Fine mesh versus nodal core average axial power 


distribution 
 


This figure shows that the fine mesh solution compares 
reasonably well to the nodal solution. As expected, the 
largest deviations are observed at locations where axial 


heterogeneities occur within nodes (e.g., spacers). Clearly, 
the fine mesh solution succeeds in capturing such axial 
heterogeneities.  


A direct 3D fine mesh nodal calculation was 
additionally performed to generate reference results in 
order to verify the fine mesh results. The reference solution 
was obtained using the same axial mesh as the fine mesh, 
e.g., 2.54 cm axial meshes, which resulted in 144 axial 
nodes covering the active core. The comparison of the fine 
mesh versus the reference core average axial power 
distribution is shown in Figure 4. The agreement is 
excellent.  


 


 
Fig. 4. Fine mesh versus reference core average axial power 


distribution 
 
 Figures 5 and 6 show comparisons of the fine mesh 


versus reference axial power distribution along two 
channels in the core, one rodded (5,5) and one unrodded 
(5,4). 


 


 
Fig. 5. Fine mesh versus reference axial power distribution 


for a rodded channel (5,5) 
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Fig. 6. Fine mesh versus reference axial power distribution 


for an unrodded channel (5,4) 
 


Figures 5 and 6 again show good agreement between 
the fine mesh channel results and the reference channel 
results. All of these results together indicate that the fine 
mesh methodology produces fine (edit) mesh results of 
high fidelity. Table I summarizes the deviation of the fine 
mesh axial power distribution from the reference axial 
power distribution for the whole core (all channels and 
nodes). The deviations are expressed as absolute 
differences multiplied by 100. The RMS deviation is the 
root mean square deviation multiplied by 100. The highest 
deviations are observed at spacer grid locations where the 
spacer dip effect is under-predicted by the fine mesh 
method.  Since pin powers are normally predicted with an 
accuracy no better than a few percent, the prediction of 
local (axial) power densities to within a few percent must 
be considered acceptable as well. In that sense the fine 
mesh model is judged to perform well and capable of 
providing reliable predictions of local power densities. 


 
TABLE I 


Summary of the fine mesh power density deviations  


Maximum Absolute Deviation 3.8 % 
RMS Deviation  1.0 % 


The following figures demonstrate the importance of 
incorporating radial leakage effects in the 1D channel-wise 
calculation for determining the fine mesh power density 
and flux distributions. Figure 7 shows a comparison of the 
fine mesh versus reference axial power distribution for 
rodded channel (5,5) where the fine mesh results have been 
obtained using zero radial leakage in the 1D channel-wise 
calculation. As seen in this figure, using the zero leakage 
approximation leads to an unphysical power distribution 
that significantly deviates from the reference power 
distribution for this channel.  The unphysical (cusping) 


spikes in the fine mesh power distribution are caused by the 
1D power density form function pow


inF ,  which is derived 
from a 1D flux distribution that does not follow the 3D flux 
distribution for the relevant channel. This is illustrated in 
Figures 8 and 9 where the raw un-modulated super-fine 


mesh   thermal and fast fluxes (i.e., 
het


gi,Ψ ) for rodded 
channel (5,5) are plotted together with the reference fluxes. 
As can be seen the un-modulated fine flux shapes of the “0 
leakage” and the “leakage” models are strikingly different. 
Evidently there is very good agreement between the 
“leakage” model un-modulated fine flux shapes and the 
“Reference” fluxes.  


 
Fig. 7. Fine mesh versus reference axial power distribution 


for rodded channel (5,5) (0 leakage model) 
 
To demonstrate that the radial leakage effects are not 


important only for rodded channels but that even nearby 
unrodded channels are affected, the un-modulated fine-
mesh fluxes for unrodded channel (5,4) are plotted in 
Figures 10 and 11.  The “0 leak” flux shapes are clearly 
dramatically different from the “leak” and reference flux 
shapes because the impact of the control rod in the 
neighboring channel is completely ignored when radial 
leakages are set to zero in the 1D calculation. 
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Fig. 8. Un-modulated fine-mesh thermal flux shapes for 
rodded channel (5,5) 


 
Fig. 9.  
Un-modulated fine-mesh fast flux shapes for rodded channel 


(5,5) 


 
Fig. 10. Un-modulated fine-mesh thermal flux shapes for 


unrodded channel (5,4) 
 


 
Fig. 11. Un-modulated fine-mesh fast flux shapes for 


unrodded channel (5,4) 
 


Although not discussed in this paper, it can be shown 
that radial leakage also impacts on the axially homogenized 
cross-sections and axial node discontinuity factors 
produced by the 1D axial homogenization calculation, 
especially in the differential rod worth calculation to 
eliminate the cusping problem. In some early axial 
homogenization models [7] the radial leakage was not 
considered at all but in more recent models [8] it is taken 
into account. 


 
IV. CONCLUSIONS 


 
A new axial fine mesh model has been implemented in 


the ANC9 nodal code for the purpose of determining the 
detailed axial flux and power distributions required by the 
BEACON on-line monitoring system. A simple PWR mini-
core test problem was utilized to demonstrate the features 
and fidelity of the method. The method was shown to be 
capable of predicting axial fine mesh power distributions 
with acceptable accuracy.  


This methodology is also appropriate for prediction of 
detector signals. Such an application of the fine mesh 
methodology is to be pursued in future work.  
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Abstract – Westinghouse AP1000 nuclear power plants are currently being constructed in China 
and the United States. The AP1000 design is the only Generation III+ technology to receive 
design certification from the U.S. Nuclear Regulatory Commission (NRC). The evolutionary 
design of the AP1000 reactor provides several distinct advantages over other designs, including 
the highest safety and performance standards, economic competitiveness, reduced construction 
schedule risks, and improved operations. Domestic and foreign utilities have turned to the 
Westinghouse AP1000 plant design to meet their near- and long-term sustainable energy needs. 
The AP1000 design reduced the amount of safety-grade equipment required by the application of 
passive safety systems. These passive systems are sufficient to automatically establish and 
maintain core cooling and containment integrity indefinitely following design-basis events, 
assuming the most limiting single failure, with no operator action and no ac power sources. The 
Advisory Council on Reactor Safeguards and the U.S. NRC have scrutinized these systems and 
ruled that they meet or exceed U.S. NRC single-failure criteria.  
Dominant drivers of plant construction costs include the expense of financing during the 
construction phase and the amount of skilled craft labor hours needed on site for construction. 
The AP1000 design incorporates modern, modular, engineering principles that allow construction 
and fabrication tasks, traditionally performed in sequence, to be undertaken in parallel. 
Structural, piping, and equipment modules provide the benefits of module fabrication in controlled 
workshop conditions, significantly reducing field construction work scope.   
The first-ever deployment of this advanced U.S. nuclear power technology began in China in 2007 
with the award of  a contract between the Supplier - a Consortium composed of Westinghouse 
Electric Company and the Shaw Group - and the Purchaser - composed of China’s State Nuclear 
Power Technology Corporation Ltd., the Sanmen Nuclear Power Company Ltd., and Shandong 
Nuclear Power Company Ltd. This contract is to build four AP1000 units; constructed in pairs at 
the coastal sites of Sanmen (Zhejiang Province) and Haiyang (Shandong Province). The 
commercial operation date for Sanmen Unit 1 is November 2013 followed by Haiyang Unit 1 in 
May 2014. The commercial operation dates for Sanmen Unit 2 and Haiyang Unit 2 are September 
2014 and March 2015, respectively.  
Georgia Power, a subsidiary of Southern Company, also signed a contract with the Westinghouse 
Consortium in April 2008 to build two AP1000 units at the Alvin W. Vogtle Electric Generating 
Plant located near Augusta Georgia. The commercial operation dates for these units are in 2016 
and 2017. In addition, South Carolina Electric & Gas (SCE&G), subsidiary of the SCANA 
Corporation, and Santee Cooper (also known officially as the South Carolina Public Service 
Commission) signed a contract with the Westinghouse Consortium in May 2008, to build two 
AP1000 units at the Virgil C. Summer Nuclear Station near Jenkinsville, South Carolina. The first 
of the new units is projected to come online in 2016, with the second in 2019.  
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I. INTRODUCTION 


The AP1000 power plant is a two-loop pressurized 
water reactor (PWR) that uses a simplified, innovative 
design and effective approach to safety. With a gross 
thermal power rating of 3,415 megawatt thermal and a 
nominal net electrical output of 1,117 megawatt electric, 
the AP1000 power plant, with a 157-fuel-assembly core, is 
ideal for new baseload generation. The outcome of this 
simplified, innovative design is a plant that is easier and 
less expensive to build, operate, and maintain. The AP1000 
design received Final Design Approval from the United 
States (U.S.) Nuclear Regulatory Commission (NRC) in 
September 2004 and Design Certification in December 
2005 making it the first and only Generation III+ reactor to 
receive such certification from the NRC. Additionally, the 
European Utility Requirements (EUR) organization 
certified that the AP1000 PWR successfully passed all the 
steps of analysis for compliance with EUR, confirming that 
the AP1000 reactor can be successfully deployed in 
Europe. 


Approximately 50 percent of the world's nuclear plants 
are based on Westinghouse technology. The first-ever 
deployment of advanced U.S. nuclear power technology in 
China formally began in July 2007 when contracts were 
signed among Westinghouse Electric Company and its 
consortium partner the Shaw Group, and China’s State 
Nuclear Power Technology Corporation Ltd., Sanmen 
Nuclear Power Company Ltd., and Shandong Nuclear 
Power Company Ltd. to build four AP1000 units to be 
constructed in pairs at the coastal sites of Sanmen 
(Zhejiang Province) and Haiyang (Shandong Province). 
Both sites have the planned ability to accommodate at least 
six AP1000 units. The first unit, Sanmen 1, will be fully 
operational in November 2013 followed closely by 
Haiyang Unit 1, which will be operational by May 2014. 
Operational dates for Sanmen Unit 2 and Haiyang Unit 2 
are September 2014 and March 2015, respectively. 
Construction for all four units is largely concurrent. These 
first four AP1000 plants become operational in China 
ahead of the U.S. Domestic AP1000 plants presently being 
built. 


II. DESIGN AND ENGINEERING 


The AP1000 plant design features proven technology, 
innovative passive safety systems, and offers unequaled 
safety, improved and more efficient operations, and 
economic competitiveness. It builds and improves upon the 
established technology of major components used in 
current Westinghouse-designed plants with proven, reliable 
operating experience over the past 50 years.   


The AP1000 nuclear power plant, which was designed 
to be economically competitive with contemporary fossil-
fueled plants, reduces construction costs and raises 
confidence in the construction schedule. This design saves 
money and time and now has an accelerated construction 
time period of approximately 43 months, from the pouring 
of first concrete to the loading of fuel. This is achieved 
largely by the use of modern, modular-construction 
techniques that reduce the construction schedule and 
construction risks. With modularization, work is shifted 
away from the site to factories offering better 
environmental quality control and engineering 
arrangements, and labor costs that are less than those at the 
construction site. This allows many more construction 
activities to proceed in parallel, thereby reducing the 
calendar time for plant construction. The use of a heavy lift 
crane enables an "open top" construction approach that is 
also effective in reducing construction time.  The 43 month 
construction period is underpinned by the experiences 
gained on the China project and shows potential for further 
reductions in the construction duration. 


The reduced amount of work at the site means the 
amount of skilled field-craft labor, which is more costly 
than shop labor, is greatly reduced. In addition to the labor 
cost savings, more of the welding and fabrication 
performed in a factory environment increases the quality of 
the work, improves the flexibility in scheduling, and 
reduces the amount of specialized tools on site.  


II.A. Safety 


The unique feature of the AP1000 nuclear power plant 
is its use of natural forces to achieve and maintain safe 
shutdown conditions in the highly unlikely event of design-
basis accident, such as a coolant pipe break. The AP1000 
passive safety systems require no operator actions to 
mitigate design-basis accidents. Even with no operator 
action and a complete loss of all on-site and off-site AC 
power, the AP1000 plant will safely shut down and remain 
sufficiently cool. The passive safety systems use only 
natural forces such as gravity, natural circulation, and 
compressed gas to achieve their safety function. No pumps, 
fans, diesels, chillers, or other active machinery are used, 
except for a few simple valves that automatically align and 
actuate the passive safety systems. To provide high 
reliability, these valves are designed to move to their 
safeguard positions upon loss of power or upon receipt of a 
safeguards actuation signal – a single move powered by 
multiple, reliable Class 1E DC power batteries. The passive 
safety systems do not require the large network of active 
safety support systems (AC power, diesels, heating, 
ventilation and air-conditioning (HVAC), pumped cooling 
water) that are needed in typical nuclear plants. With less 
safety grade equipment, the seismic Category 1 building 
volumes needed to house safety-grade equipment are 
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greatly reduced. In fact, most of the safety equipment can 
now be located within containment, resulting in fewer 
containment penetrations.  


The AP1000 design meets the U.S. NRC 
deterministic-safety and probabilistic-risk criteria with 
large margins. Results of the Probabilistic Risk Assessment 
show a very low core damage frequency (CDF) that is 
1/100 of the CDF of currently operating plants and 1/20 of 
the maximum CDF deemed acceptable for new, advanced 
reactor designs.  


Passive safety-related systems, nonsafety-related 
systems, in-vessel retention of core damage, and fission 
product release contribute to the unparalleled depth of 
defense of the AP1000 design. 


A major safety advantage of passive plants versus 
current or evolutionary light water reactors is that long-
term accident mitigation is maintained without operator 
action or reliance on off-site or on-site AC power. The 
AP1000 reactor uses extensively analyzed and tested 
passive safety systems to improve the safety of the plant. 
The Advisory Council on Reactor Safeguards and the U.S. 
NRC have scrutinized these systems and ruled that they 
meet the U.S. NRC single-failure criteria and other safety 
criteria such as Three Mile Island lessons learned, and 
generic safety issues. Most recently, Westinghouse issued 
DCD, Rev. 18 to the NRC for review. The AP1000 passive 
safety systems include the following: 


• Passive core cooling system that provides safety 
injection and reactor coolant makeup from core 
makeup tanks, accumulators, and in-containment 
refueling water storage tank. It also provides for 
passive residual heat removal. 


• Containment isolation that prevents or limits the 
escape of fission products that may result from 
postulated accidents. In the event of an accident, 
the containment isolation provisions are designed 
so that fluid lines penetrating the containment 
boundary are isolated. The containment isolation 
system consists of the piping, valves, and 
actuators that isolate the containment.  


• Passive containment cooling system that 
effectively prevents the containment vessel from 
overheating and exceeding the design pressure. 
The steel containment vessel itself provides the 
heat transfer surface that allows heat to be 
removed from inside the containment and ejected 
to the atmosphere. Heat is removed from the 
containment vessel by a natural circulation flow of 


air through the annulus formed by the outer shield 
building and the steel containment vessel it 
houses. Outside air is pulled in through openings 
near the top of the shield building and pulled 
down, around the baffle and then flows upward 
out of the shield building. Natural circulation and 
water evaporation contribute to the cooling system  


• Main control room emergency and habitability 
system that is designed to provide the ventilation 
and pressurization needed to maintain a habitable 
environment in the main control room for 72 
hours following any design-basis accident. 


Many of the active safety-related systems in existing 
and evolutionary PWR designs are retained in the AP1000 
design, but are designated as nonsafety-related. Active, 
nonsafety-related systems support normal operations and 
are also the first line of defense in the event of transients or 
plant upsets. While these systems are not credited in the 
safety analysis evaluation, they provide additional defense-
in-depth by adding a layer of redundancy and diversity. In 
addition to contributing to the very low core damage 
frequency, the nonsafety-related active systems require 
fewer in-service inspections, less testing and maintenance, 
and are not included in the Technical Specifications. 
Examples of these systems include the chemical and 
volume control system, normal residual heat removal 
system, and startup (auxiliary) feedwater system. These 
systems utilize nonsafety support systems such as the 
standby diesel generators, the component cooling water 
system and the service water system. Additionally, the 
AP1000 design includes other active nonsafety-related 
systems such as the HVAC system, which removes heat 
from the instrumentation and control cabinet rooms as well 
as the main control room. These are all familiar systems 
used in past and current reactors that act as a simplified 
first line of defense for the AP1000 plant. They are all 
backed up by the ultimate defense: the passive safety-grade 
systems. 


II.B. Efficient Operations 


Improved nuclear power plant performance means 
more electricity for less money. The AP1000 reactor has 
several design features that improve plant production and 
worker safety:  


• Eighteen-month fuel cycle for improved 
availability and reduced overall fuel costs  


• Significantly reduced maintenance, staging, 
testing, and inspection requirements  


• Reduced radiation exposure and less plant waste  
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• Sixty-year design life  


• Operations and Maintenance 


Operating nuclear plants in the United States are 
already competitive producers of electricity compared to 
coal-fired plants. This is enhanced by the fact that fuel cost 
accounts for about 25 percent of production costs for 
nuclear power, while the remaining 75 percent of the 
production cost is in the fixed cost of operation and 
maintenance. That means that nuclear power production is 
much less sensitive to changes in fuel costs than fossil-fuel-
powered plants, where fuel costs can account for 75 percent 
or more of the production cost.  


Because of the smaller, simpler plant design, the 
AP1000 plant requires less equipment and infrastructure to 
test and maintain the plant. Lower operating and 
maintenance requirements also save money in the form of 
smaller maintenance staffs. The selection of proven 
components ensures a high degree of reliability to reduce 
maintenance. Standardization of components reduces spare 
parts inventories, training requirements, and shorter 
maintenance times are achieved. Additionally, built-in 
testing is provided for critical components. 


II.C. Economic Competitiveness 


Two of the drivers of plant construction costs are the 
cost of financing during the construction phase and the 
substantial amount of skilled-craft-labor hours needed on 
site during construction. The AP1000 design technique of 
modularization of plant construction mitigates both of these 
drivers.  


With a smaller footprint than an existing nuclear power 
plant with the same generating capability, the AP1000 plant 
was designed to reduce capital costs and to be 
economically competitive with contemporary fossil-fueled 
plants. The amount of safety-grade equipment required is 


reduced by using the passive safety system design. 
Consequently, less Seismic Category I building volume is 
required to house the safety equipment (approximately 45 
percent less than a typical reactor). Modular construction 
design further reduces cost and shortens the construction 
schedule. Using advanced computer modeling capabilities, 
Westinghouse is able to optimize, choreograph and 
simulate the construction plan.  


The AP1000 plant arrangement provides separation 
between safety-related and nonsafety related systems. The 
plant is arranged with the following principal structures, 
each on its own basemat:  


• Nuclear Island (NI) - the only Seismic Category I 
structure  


• Turbine Building  


• Annex Building  


• Diesel Generator Building  


• Radwaste Building  


III. CONSTRUCTION 


In the construction of any power plant, the major steps 
are site preparation, basemat installation, erection of 
structures, installation of equipment, installation of the 
piping and electrical bulks, testing, startup and 
commissioning.  Note that on the China project, the 
Westinghouse Consortium is not responsible for 
construction although significant support is provided. 


III.A. Integrated Project Schedule  


The Integrated Project Schedule provides a shared 
approach to expediting critical activities. This critical path 
provides a means to anticipate impacts to procurement and 
construction, and focus engineering resources where 
needed. By doing so, this promotes proactive decision 
making with positive results, improves time needed for 
issue resolution and developing alternative plans for 
accomplishing objectives.  


III.B. Modularization  


Modularization is a combined engineering effort. 
Modules are located throughout the AP1000 plant but are 
primarily found in the NI (Containment and Auxiliary 
building), and the Turbine Building. These modules are 
compilations of other engineering disciplines’ designs 
combined into a shippable unit and incorporate system 
designs, equipment specifications, plant layout and 
structural analysis.  Modularized construction has been


Fig. 1. Setting of The Steam Generator and Refueling 
Canal (CA01) module for Sanmen Unit 2 
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used for years in the construction or fabrication industries 
(e.g. ship building). Although a small percentage of the 
physical plant is modularized, the layout of the plant has 
been designed to make efficient, effective use of modules 
from a cost perspective and plant arrangement and 
operation perspective. Advantages of modularization 
include reduced cost, major reduction in the on-site 
installation of bulk materials, reduced field work and onsite 
manpower, streamlined construction schedule, predictable 
and shorter manufacturing, pre-assembly and testing of 
major components, increased quality, optimal conditions 
for work being performed, and the ability to conduct 
parallel construction and fabrication activities, which 
mitigates consequential schedule impacts following a single 
event delay. 


III.C. Readiness Reviews 


Engineering readiness reviews, which are conducted to 
determine if all of the documentation required to perform a 
specific task is accurately completed, are separate from site 
construction reviews. All readiness reviews follow a 
proceduralized format, which includes schedule, execution 
checklist, risk reviews, lessons learned, action items, and 
signoffs. The purpose of readiness reviews is to identify 
error precursors by reviewing design and engineering 
status, constructability, applicable rigging, and lifting and 
handling to support site construction. Separate site 
readiness assessments are conducted by the on-site project 
management organization to ensure site preparations are 
complete and the logistics, including proper manpower, 
equipment, regulatory approvals, plans, procedures, etc., 
are in place prior to performing the specific task or activity. 


The readiness review process allows the project team  
to proactively identify potential issues and mitigate any 
impacts to key milestones or critical activities. As a 
testament to the effectiveness of the risk and readiness 
reviews, the basemat for all four units on the China Project 
were poured successfully and on schedule and all 2010 
major construction milestones were achieved.  


III.D. Completion Team 


The transitional phase of new plant construction from 
bulk delivery of first-of-a-kind engineering and 
procurement, to installing equipment and completing civil 
construction is calling for an increased focus on addressing 
emergent issues, and developing plans to ensure 
completeness and on-time delivery of systems. To meet 
these challenges, there are dedicated project completion 
teams that are responsible for planning and on-time (or 
early) completion of all activities in the areas of China 
nuclear steam supply system (NSSS) equipment installation 
and support, safety equipment supply, and instrumentation 
& control.  


Each completion team is comprised of key leadership 
from project management, engineering, supply chain, start 
up & operations support, project controls, quality, and the 
onshore project team and site engineering organization. 
The major activities of focus for the team include: 


• Equipment is delivered on time and to quality. 


• Documentation is complete. 


• Transportation interfaces are coordinated. 


• Equipment is delivered in a configuration as 
expected. 


• Installation instructions are understood by the 
constructor. 


• All the necessary tools and consumables to 
install the equipment are identified and 
available. 


• Clear lines of communication with the 
Customer and constructor exist. 


• All safety aspects have been covered. 


Fig. 2. Modularization Used to Reduce AP1000 Construction Cost.  
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Team members converse regularly and participate in a 
monthly video conference to ensure alignment and review 
action items. Installation guidelines issued by 
Westinghouse, which are used by the constructor to prepare 
installation procedures, are reviewed in detail. For all areas 
where gaps may currently exist, specific action items are 
identified and owners assigned. This same group will also 
meet again three months prior to the scheduled set date to 
do a similar review to ensure all gaps are closed or a 
success plan is in place and approved.  


With the transition to the construction phase, a 
technical readiness and response team was established for 
the China Project. This team ensures that Westinghouse 
provides all information required for construction on 
schedule, with a particular focus on responding quickly to 
emergent issues that arise with respect to construction.  


III.E. Test and Startup 


As construction completes, the startup team will take 
jurisdictional control of plant equipment and systems from 
the constructor. The startup team will begin a rigorous 
process of verifying that the systems are built within the 
requirements specified by the certified design. The testing 
of components and subsystems are sequenced to support 
several key milestones. These milestones include 
energizing station electrical busses, completing the main 
control room, performing cold system hydrostatic testing, 
and hot functional testing. System testing will commence as 
subsystem testing completes. Fuel load and startup up 
testing will begin after preoperational testing satisfactorily 
verifies all plant systems are fully functional.  


Testing begins at the component level. This testing is 
geared towards ensuring plant equipment operates properly 
and appropriately interfaces with the associated control 
signal. A strategy is in place to provide a functional 
component test platform in time to support the current 
startup schedule. Once the final plant control system is 
delivered, the test platform will be transitioned to 
permanent plant equipment. During this phase, device 
calibration and distributed control loop checks will verify 
that the permanent plant automation system is fully 
functional.  


The next phase, referred to as pre-operational testing, 
will commence as component testing completes. Critical to 
this phase, is the functionality of the main control room and 
associated plant controls systems. These tests are aimed at 
measuring plant system performance. After the systems 
have been tested satisfactorily in all configurations that 
support normal power operation, nuclear fuel will be 
loaded into the reactor vessel. Testing of initial fuel loading 
and subsequent initial criticality and power ascension to 
full licensed power are performed during the startup test 


program. During the startup testing phase a slow 
methodical approach is utilized to measure plant operating 
characteristics. Activities are focused on validating that the 
plant can be operated within design requirements.  


The test program is primarily designed to validate that 
installed equipment performs as anticipated. Through the 
three phases of testing the startup team safely and 
comprehensively validates that the equipment and systems 
are built by the constructor within the design envelopes 
envisioned by the design engineers.  


III.F. Supply Chain Management 


Contracts for the first four units to be built in China 
separately cover the NI, nuclear fuel, and technology 
transfer. Consequently, the supply chain management 
arrangements adopted permit increasing levels of 
localization as each unit is constructed. The Consortium’s 
supply responsibilities include specific equipment 
procurements and assistance with the China side 
procurement activities, including technical specification 
and quality assurance support. 


The Westinghouse Consortium is providing much of 
the major equipment necessary for the primary systems and 
associated support, and safety systems that comprise the NI 
for Sanmen Unit 1 and Haiyang Unit 1, and procurement 
support for Sanmen Unit 2 and Haiyang Unit 2, which 
includes quality assurance and acceptance management for 
procured equipment, as well as up-front guidance in the 
preparation of owner procurement contracts for equipment. 
The focus of supply chain management support is on 
equipment delivery and related procurement specifications 
for the Owner’s use in development of equipment contracts. 


Because self-reliance (localization) for the design and 
manufacture of the NI systems and components is a 
primary goal for the Chinese customer and the Consortium, 
a program was developed for the first four plants to ensure 
the achievement of self-reliance, in concert with the 
completion of the design. The program includes the 
necessary design and manufacturing technology transfer for 
appropriate plant systems and components and for the 
nuclear fuel. In some cases, Westinghouse facilitated 
development of technology transfer contracts between key 
suppliers and the customer. 


The NI equipment has been categorized consistent 
with safety, complexity, support of plant construction 
schedules, and existing China side manufacturing 
capabilities. Certain components to be procured by the 
China side may be considered transitional whereby the 
China side procurement organization assumes cost, 
schedule, and quality responsibility, and Westinghouse 
provides quality surveillance and acceptance certification. 
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Subsequent units are supplied by a China side procurement 
organization that assumes cost, schedule, and quality 
responsibility completely.  


The Westinghouse scope of supply includes the reactor 
vessel, control rod drive mechanisms, integrated head 
packages, reactor vessel internals, reactor coolant pumps 
and associated variable frequency drives, steam generators, 
the passive cooling system, safety valves, fuel and material 
handling equipment including the polar crane, plus the fully 
integrated and distributed digital control systems for plant 
operations control and monitoring. Specific NI Balance of 
Plant systems and components are also included in the 
Consortium scope of supply.  


Contingency actions to address potential problems 
supporting the schedules for large forgings were put in 
place early in the procurement cycle.  


Procurement of equipment to support the construction 
of AP1000 units in China is truly a global endeavor. 
Sourcing activities have sought top suppliers worldwide in 
an effort to build the flagship AP1000 nuclear power plant 
employing generation III+ design technology. These 
suppliers, with decades of nuclear equipment design and 
manufacturing experience, were selected recognizing the 
realities of the China side regulatory regime. The 
Consortium is working to ensure our suppliers remain 
equipped to handle the rigors of China’s National Nuclear 
Safety Administration certification process. 


IV. AP1000 CONTROL SYSTEM 


The AP1000 control system takes the nuclear 
renaissance squarely into the 21st century. The distributed 
control system utilized by the AP1000 design provides 
superior flexibility to the plant automation system by 
interfacing with a wide range of smart device technologies 
and creates a system that can rapidly adapt to advancing 
computer technologies. 


The instrumentation and control systems provide 
functions necessary for normal operation of the plant and 
protection against unsafe reactor operation during steady-
state and transient power operations. These systems 
include, but are not limited to, the following: 


• The protection and safety monitoring system. 
This system provides detection of off-nominal 
conditions and actuation of appropriate safety-
related functions necessary to achieve and 
maintain the plant in a safe shutdown condition. 
The protection and safety monitoring system 
controls safety-related components in the plant 
that are operated from the main control room or 
remote shutdown workstation. In addition, the 
protection and safety monitoring system provides 
the equipment necessary to monitor the plant’s 
safety-related functions during and following an 
accident. 


• The plant control system. This system provides 
functions necessary for normal operation of the 
plant from cold shutdown through full power. The 
plant control system controls nonsafety-related 
components in the plant that are operated from the 
main control room or remote shutdown 
workstation. It contains nonsafety-related control 
and instrumentation equipment to change reactor 
power, control pressurizer pressure and level, 
control feedwater flow, and perform other plant 
functions associated with power generation.  


• Diverse Actuation System. This is a nonsafety-
related, diverse system that provides an alternate 
means of initiating reactor trip and actuating 
selected engineered safety features, and providing 
plant information to the operator.  


• Operation and Control Centers System.  This 
includes the main control room, the technical 
support center, the remote shutdown room, 
emergency operations facility, local control 
stations, and associated workstations for these 
centers. With the exception of the control console 


Fig. 3 Sanmen Unit 1 Reactor Vessel 
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structures, the equipment in the control room is 
part of the other systems. For example, protection 
and safety monitoring system, plant control 
system, data display, and processing system.  


V. PROJECT MANAGEMENT 


Major projects can be broadly divided into the stages 
of project initiation, planning, execution, and closing. The 
AP1000 China Project is currently at the execution stage 
for all four units. The most significant challenges faced by 
the Project can be traced back, as a root cause, to the fact 
that this is the first build of a first-of-a-kind Gen III+ 
Nuclear Power Plant. By definition, this means the 
planning stage will initially be imperfect and consistently 
be refined and improved. The planning stage is meant to 
prepare a project management plan that integrates and 
coordinates all subsidiary plans. However, because of the 
first-of-a- kind nature, at this planning stage all design and 
engineering issues could not be known, manufacture and 
construction had never been done before, and component 
testing or qualification was not yet finished; therefore, it is 
impossible for the plans to fully accommodate all 
uncertainties. Nevertheless, the China project remains on 
schedule to achieve the required fuel load dates. 


V.A. Risk Management 


The Westinghouse standard risk management 
processes are those core, risk management actions taken to 
best ensure the enterprise, business, or project meets or 
exceeds its performance objectives. The standard risk 
management processes support the Westinghouse 
Enterprise, business functions, the AP1000 Program, and 
individual Nuclear power plant projects. The standard risk 
management processes align with the Westinghouse 
construction contractor’s risk management program. The 
China Project team employs a formal risk management 
process complete with an action tracking risk mitigation 
process.  


Risk management focuses on identifying events with 
uncertain outcomes that could significantly negatively 
(threats) or positively (opportunities) affect project 
objectives. When an uncertain event is identified (the risk 
drivers that make the uncertain event more or less likely to 
occur) are identified. The risk statement then focuses on the 
potential impact to project objectives if the uncertain event 
were to occur. Response plans are those actions identified 
to address the risk drivers.   


Risk mitigation and risk management strive to prevent 
or minimize the potential negative impacts (threats), and 
encourage potential positive benefits (opportunities) with 
respect to project objectives. 


V.B. Lessons Learned 


With four units to be constructed in China and 
contracts placed for the deployment of the AP1000 units in 
the United States, it is essential that the lessons learned 
from the first build can be applied to subsequent 
construction. This is to ensure that (a) where difficulties 
have been experienced and resolved these problems are not 
repeated, and (b) successful methods are replicated. 
Westinghouse invested in a state of the art lessons learned 
system to ensure the capture of both significant and minor 
lessons, experiences, and observations. Moreover, the staff 
working on the Project are encouraged and obligated to 
actively support this lessons capture program. 


VI. CONSTRUCTION PROGRESS 


VI.A. China Project 


Site preparation and excavation at each site was 
completed on schedule allowing construction and 
placement of basemat concrete for each of the four units to 
occur on or ahead of schedule. The major Auxiliary 
Building structural module (CA20) was set for Sanmen 
Units 1 and 2, and Haiyang Units 1 and 2 in time to support 
the site construction schedule.  


Challenges recognized during the first-of-a-kind 
fabrication of the Sanmen Unit 1 containment vessel 
bottom head resulted in a six-month delay against the 
construction schedule. Due to modular construction, which 


Fig. 4. Containment Vessel Ring 4 was set in place at 
Sanmen Unit 1 – December 2010.  
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mitigates consequential schedule impacts following a single 
event delay, Containment Vessel Ring 1 was set in March 
2010 followed by the setting of Ring 2 on May 31, 2010, 
which fully recovered the initial schedule delay. In early 
September 2010, Ring 3 was set in place.  The lifting of the 
third ring, with a total weight of 780 metric tons, was 
completed in approximately two hours. The Containment 
Vessel Ring 4 was successfully set in place on December 
17, 2010. This on-schedule achievement was a testimony to 
the construction schedule advantages of modular 
engineering principles. 


Containment vessel Ring 1 for Sanmen Unit 2 was set 
in place on November 16, 2010. The Steam Generator and 
Refueling Canal (CA01) module assembly was successfully 
set on December 27, 2010. 


On October 12, 2010 the Containment Vessel Ring 2 
for Haiyang Unit 1 was lifted into position. The 
Containment Vessel Ring 3 was successfully lifted into 
position and set in November 2010. The containment 
vessel bottom head for Haiyang Unit 2 was also 
successfully set in October 2010 with a total lifting weight 
of 860 tons and the reactor vessel cavity module (CA04) 
was set in place on December 31, 2010.  


VI.B.Vogtle 3 & 4 Project 


The first containment vessel components for Southern 
Company’s AP1000 plant arrived at the Vogtle 3&4 site 
beginning September 7, 2010. Fifty-eight large steel plates 
for the lower head of the containment vessel arrived from 
IHI Corporation in Japan to the port of Savannah, GA, then 
transported by truck to the plant construction site. Upon 
completion of welding operations, these plates will form 
the bottom section of the containment vessel for Vogtle 
Unit 3.  


Chicago Bridge & Iron (CB&I), a Westinghouse 
subcontractor, will perform the necessary welding at site to 
fully assemble the bottom section. In the coming months, 
additional steel plates will arrive at site for welding and 
assembly by CB&I. These plates will form the three 
intermediate ring sections and the top head section of the 
containment vessel. Upon completion, the containment 
vessel will measure 130 feet in diameter and approximately 
215 feet tall. 


Once the Vogtle 3&4 combined operating license is 
granted by the NRC, all sections of the containment vessel 
will be placed at the reactor power block area and 
assembled into the complete vessel.  


VI.C. V.C. Summer 2 & 3 Project 


Construction activities continue with key 
accomplishments that include the excavation of the Unit 2 
NI to bedrock, erection of the Module Assembly Building 
with installation of the overhead cranes, and ongoing work 
on the construction field office (Building 9) and first aid 
facility/project safety building (Building 7). The Project 
has exceeded 1.6 million man-hours without a lost time 
work accident.  


Fig. 5. Vogtle’s existing Unit 1 and Unit 2 are shown in the 
background. 


Fig. 6. Sanmen Site Overview, February 2011. 


Fig. 7. The containment vessel bottom head for Haiyang 
Unit 2 was successfully set - October 30, 2010. 
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VII. CONCLUSIONS 


From the outset, the AP1000 plant was designed to be 
economically competitive with contemporary fossil-fueled 
plants while focusing on safety performance, ease of 
operation, generating capacity, modular design, and cost 
effectiveness in both construction and operational phases. 
Unequaled safety, economic competitiveness, and 
improved and more efficient operation are three distinct 
advantages of the AP1000 design over other designs.  


The experience to date with the China Project reflects 
the challenges expected when building the initial unit of a 
first of a kind type of major nuclear power plant project. 
Many of these challenges and potential schedule effects are 
being partially offset by the inherent design of the AP1000 
plant, in particular the modular basis.  


The China project is proving and verifying the design 
and construction plans, concepts, and details of the 
AP1000 design. Currently, the major milestones for all four 
units have been achieved in a timely manner and the 
Project is on track for on-schedule completion. 
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Abstract - Japan Atomic Energy Agency (JAEA) has been implementing the “Fast Reactor 
Cycle Technology Development (FaCT)” project in cooperation with electric utilities toward the 
commercialization of fast reactor cycle system in Japan before 2050. In the FaCT project, a 
combination system of “the Japan Sodium-cooled Fast Reactor (JSFR) with oxide fuel, the 
advanced aqueous reprocessing, and the simplified pelletizing fuel fabrication” has been 
adopted pursuing full-actinides recycling in a closed cycle.  


In the advanced aqueous reprocessing concept, JAEA has proposed NEXT (New extraction 
system for TRU recovery) system consists of six innovative technologies (disassembling and 
shearing, fuel dissolution, uranium (U) crystallization, highly effective extraction system with 
group separation of U- plutonium (Pu) - neptunium (Np), MA recovery by extraction 
chromatography and Salt-free process for waste reduction ).  


Toward the present milestone in the FaCT project, the evaluation work to decide whether the 
innovative technologies can be adopted for the advanced aqueous reprocessing is in progress. So 
far, on the basis of the progress in design study and R&Ds on the relevant innovative 
technologies, three technologies as disassembling & shearing, highly effective dissolution and 
effective uranium pre-recovery by crystallization are judged to be adoptable in the preliminary 
assessment by JAEA and electric utilities. The final decision will be made by the end of 2010.  


The selected technologies will be adopted for the conceptual design, and related R&Ds will be 
carried out from 2011, and the future development program toward the commercialization until 
2015 would be applied.   


 
I. INTRODUCTION 


 
Japan Atomic Energy Agency (JAEA) launched the 


“Fast Reactor (FR) Fuel Cycle Technology Development 
(FaCT)” Project in cooperation with the Japanese electric 
utilities in 2006. The FaCT project is based on the 
conclusion of the previous project, the Feasibility Study on 
Commercialized Fast Reactor Cycle Systems 1 (FS) which 
was conducted from 1999 to the end of March, 2006. The 
main concept in the FaCT Project, which should be 
developed principally for most promising for 
commercialization, is the combination of the sodium-
cooled fast reactor with oxide fuel, the advanced aqueous 
reprocessing, and simplified pelletizing fuel fabrication. 


Currently, the research and development (R&D) of 
innovative technologies and design study of commercial 
facility are implemented to decide the adoption of 
innovative technologies until 2010, and to judge the 
prospect of the applicability of innovative technologies and 
conduct the conceptual design of demonstration and/or 


commercial facilities, which would be possible to achieve 
the development target, until 2015 2, 3.  


In this paper, the following subjects, pertaining to 
reprocessing technology on FaCT project especially, are 
described. 


- Development scheme until 2010, including target and 
design requirement 


- Overview of the R&D progress and design study on 
reprocessing technology. 


 
II. FRAMEWORK OF REPROCESSING 
TECHNOLOGY DEVELOPMENT ON FaCT 


PROJECT 
 


II.A. Target toward 2010, 2015 
In the FaCT project, the decision of the adoption of 


innovative technologies, including technical evidence and 
draft criteria for the decision of adoption, etc., would be 
made until 2010.  
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The conceptual design of demonstration and/or 
commercial facilities based on the results of research and 
development of innovative technologies would be 
conducted until 2015. The results of evaluation on 
development targets and design requirements for 
commercial facility and the proposed program toward the 
commercialization would be also provided. 


 
II.B. Design requirement 


The development targets of the FaCT project to be 
achieved consist of four main items; Safety and Reliability, 
Sustainability, Economic Competitiveness, and Nuclear 
Non-proliferation. And the target of Sustainability is 
divided into three sub-targets; Environment Protection, 
Waste management, and Efficient Utilization of Nuclear 
Fuel resources. 


For the design study of fuel cycle commercial facility, 
the design requirements corresponding to above targets are 
established as shown in Table I. 


 
Table 1   Design requirements of fuel cycle commercial facility 
Development targets Design requirements 
Safety and Reliability - Not influence on the significant radiation risk to 


public 
- Prevent the occurrence of off-site emergency  
- Establish the design concept possible to achieve 


the maintainability and repairability 
Sustaina-


bility 
Environment 


Protection 
- Keep the influence of the radioactive release on 


the environment through normal operation 
below the current fuel cycle facilities 


Waste 
management 


- Reduce the amount of radioactive waste to 1/2-
1/5 of the current fuel cycle facilities 


- Recover more than 99.9% of U and TRU 
Efficient 


Utilization of 
Nuclear Fuel 


resources 


- Possible to treat the SF with the heat power of 
3kW/Assy (in the case that the out-of core time 
is around 5 years) 


Economic Competitiveness - Fuel cycle cost should be < 340,000 JPY /kgHM
 (reprocessing : < 180,000 JPY /kgHM, fuel 


fabrication : < 160,000 JPY /kgHM 
Nuclear Non-proliferation - No pure Pu should be existed in any process. 


-  It should be difficult to access the nuclear 
materials by handling low-decontaminated TRU 
fuel  


 
II.C. Development scheme until 2010 


In 2010, the decision of the adoption of innovative 
technologies would be made. For that, the development 
targets of each innovative technology until 2010 have been 
established. These targets are described as below.  


If the R&D results of innovative technologies are met 
with the criteria, the design study of commercial facility 
would be conducted based on the latest R&D results and 
the evaluation would be made to confirm the degree of 
achievement for the design requirements. However, if the 
R&D results aren’t met with the criteria,  the impact 
assessment on the concept of commercial facility and/or 


modification of technical specification, adoption of 
alternative technologies. 


After the decision of the adoption of innovative 
technologies based on the above steps, the draft design 
specification of conceptual design for commercial facility 
to be provided until 2015 would be established. The 
schedule of reprocessing technology development on the 
FaCT project until 2010 is shown as Fig.1. 


 
Fig.1 Schedule of reprocessing technology development on 


the FaCT project until 2010 
 


III. R&D PROGRESS ON REPROECSSING 
TECHNOLOGY 


 
III.A. NEXT process 


The advanced aqueous reprocessing process under 
development on the FaCT project is the NEXT process 1-3. 


In this system, a wrapper tube of FBR SF is removed 
(disassembled) and a fuel pin bundle is sheared. The 
sheared fuel elements are dissolved into nitric acid in a 
continuous dissolver. The most of uranium (U) is 
recovered as uranyl nitrate hexahydrate (UNH) crystal 
from the dissolver solution before extraction process by U 
crystallization method.  At a typical condition, about 70% 
of U is required to be recovered in order to make the ratio 
of residual U to Pu in the solution almost equivalent to the 
composition of the FBR core fuel. After U crystallization, 
Pu is recovered together with U and neptunium (Np) by a 
co-recovery (co-extraction & co-stripping) using 
centrifugal contactors. Minor actinide (MA) elements such 
as americium (Am) and curium (Cm) are recovered from 
the raffinate of solvent extraction using extraction 
chromatography.  


The NEXT process is composed of several processes 
and technologies, and the following six issues have been 
identified as the innovative technologies to be developed 
corresponding to each process step as shown Fig.2. 


(1)Disassembling & Shearing 
(2)Highly effective Dissolution 


2006 2007 2008 2009 2010 remarks


FaCT
milestone


Design Study Design Study 
of Commercial of Commercial 


& & 
Demonstration Demonstration 


facilityfacility


R&D on each R&D on each 
technologytechnology


Study of Study of 
Transition Transition 
from LWR from LWR 
cycle to FR cycle to FR 


cyclecycle


2006 2007 2008 2009 2010 remarks


FaCT
milestone


Design Study Design Study 
of Commercial of Commercial 


& & 
Demonstration Demonstration 


facilityfacility


R&D on each R&D on each 
technologytechnology


Study of Study of 
Transition Transition 
from LWR from LWR 
cycle to FR cycle to FR 


cyclecycle


Interim Check Decision of Innovative Technology


Contribute to the discussion 
of next reprocessing plant 
in Japan


Commercial Facility
・Evaluation by checking the 
development targets


・Evaluation result of alternative 
technology


Conceptual design of Commercial 
& Demonstration facility


Design study of plant 
concept


Scenario 
Analysis


Clarification of 
Reprocessing Technology 
& Evaluation of Promising 
Technology for Transition


R&D results


Decision of Innovative 
Technology


Provide the technological 
basis for decision


・Prospect of process 
performance (DF, recovery 
rate, etc.)


・Prospect of possible 
equipment for commercial 
plant and processing capacity


Rational Plant 
Concept


Demonstration Facility
・Scenario Study considering the 
deployment scenario of 
demonstration FR and 
transition from LWR cycle


・Function as hot engineering 
test


6 technical issues（Disassembling/Shearing、
Dissolution、Crystallization、Simplified Extraction、


MA recovery、Salt Free Waste Treatment）


Conceptual design of 
Promising Facility for 


Transition (including the 
examination of mass 


balance of Pu, 
proliferation resistance, 


etc.)


Examination 
of R&D 


Programs
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(3)Effective U pre-recovery by crystallization 
(4) Highly effective extraction system with group 


separation of U-Pu-Np 
(5)MA recovery by extraction chromatography 
(6)Salt-free process for waste reduction 


 
Fig.2 Six technical issues of the NEXT process 


 
 
III.B. Assessment of the adoption of innovative 


technologies  
 
The six technologies would be judged by applicability to 


commercial facilities for FR fuel reprocessing. If the 
technology is defined as adoptable, the research program 
will be continued from 2011. “Adoptable technologies” 
were selected by assessing compatibility from the 
following three viewpoints: “Technical feasibility”, 
“Attainment analysis on development targets and design 
requirements” and “Reliability.” Here, the attainment 
analysis was performed to evaluate economics, the amount 
of wastes generated, the recovery ratio of actinides, non-
proliferation and so on. The selected technologies will be 
adopted for the conceptual design, and related R&Ds will 
be carried out from 2011. 
 


III.D  Overview of adoptable technologies 
Regarding the innovative technologies for advanced fuel 


cycle system, currently, the following three technologies 
have been identified as adoptable, recommended by JAEA 
and electric utilities. 
1) Disassembling and Shearing 4 


In the disassembling process, the mechanical cutting 
procedure is proposed. This procedure includes two modes, 
such as slit-cutting mode for the wrapper tube cutting and 
the crop-cutting mode for the pin bundle cutting to 
separate the entrance nozzle. After the slit-cutting, the 
wrapper tube will be pulled and removed from the fuel pin 
bundle. Some fundamental experiments were carried out to 
select the cutting tool by using FMS (Ferritic Martensitic 


Stainless) and ODS (Oxide Dispersion Strengthened) steels 
nominated as the material of the commercial FBR fuel to 
select the cutting tool, and CBN (Cubic Boron Nitride) 
wheel showed the highest durability and was selected as 
the promising tool. With reflecting of these technologies, 
an engineering-scale system testing device was designed 
and fabricated. The system performance was confirmed by 
demonstration tests using simulated assemblies of “Monju”. 


In the shearing process, the short-length shearing to 
obtain highly fragmented fuel to provide efficient fuel 
dissolution is proposed. The fragment rate is affected by 
the shear-length and the layout of fuel pins in the shear 
magazine. In order to optimize the shear conditions, 
parametric tests by using a shear machine and simulated 
fuel pins were carried out. As a result, optimum shearing-
length was selected for obtaining highly fragmented fuel to 
provide efficient fuel dissolution.  


 
2) Highly effective dissolution 5 


The highly concentrated dissolution is required for the 
following U crystallization process. Optimum dissolution 
condition including short-length shearing as powderizing 
of the irradiated fuel was investigated. The rotary drum 
type compact continuous dissolver was also developed.  


Some fundamental experiments were carried out to 
improve the dissolution rate, using irradiated fast reactor 
“JOYO” MOX fuel. As a result, it was confirmed that the 
grain size of 2 mm or less had an equal dissolution rate 
with the powder fuel and the dissolution rate could be 
increased by shortening the shear length of pin to 10 mm.  


Engineering-scale component tests were carried out to 
investigate the erosion of the rotary drum dissolver. Mock-
up test under dynamic rocking motion condition was 
performed in the simulated dissolver solution to evaluate 
the erosion of the candidate drum materials and select the 
desirable dissolver materials. The results show that the 
erosion resistances of Ti-5Ta and SUS310Nb were higher 
than Zr.  


 


 
 
Fig.3  Rotary drum type continuous dissolver  


 
Behavior of the sludge generation in the dissolution 


solution is an important issue. The investigation of the 
dependence of nitric acid concentration on the 
precipitation with Mo and Zr solution has been 
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implemented to clarify the formation behavior of the 
precipitates of zirconium molybdate (ZrMo2O7(OH)2-
2H2O). The formation amount of the precipitates was 
increased in the case of low concentration of nitric acid.  


To evaluate the behavior of adhesion on the metal surface, 
the deposition amount of the precipitates of zirconium 
molybdate on the metal were also examined. 
 
3) Highly effective extraction system with group 
separation of U-Pu-Np 6 


The solvent extraction for U-Pu-Np co-recovery in the 
NEXT process has the following process characteristics 
compared with the conventional PUREX process;  


- Co-extraction of U, Pu and Np by TBP 
- Elimination of the Pu partitioning section  
- Co-stripping of U, Pu and Np by diluted HNO3 without 


any reductants nor complexants.  
The counter current experiments with the centrifugal 


contactors were carried out using the dissolver solution of 
the irradiated MOX fuel in the fast reactor “JOYO”. It was 
indicated that an optimum process condition for recovering 
U, Pu and Np with enough recovery rate and 
decontamination factor (DF) was established 


The centrifugal contactor has been developed as the 
equipment in the solvent extraction process providing 
compactness and high through put. The engineering-scale 
contactor system, which has capacity of 10 kg-MH/h was 
fabricated, and the performance was evaluated using U 
solution in the extraction and stripping stages. The stage 
efficiency in these experiments reached about 100%, and 
high extraction and stripping performances were confirmed. 
In addition, several advanced type contactors, such as with 
magnetic-bearing system for higher endurance 
performance, have been demonstrated.  


 
 
 
 
 


 


 
 


Fig.4  Appearances of CPF hot experiment and multi-
stage centrifugal contactor system 


 
III.E  Overview of rescheduled technologies 


The possibility of adoption for the other three 
technologies is discussed in parallel with the consideration 


of necessity of study on alternatives based on the current 
concern for each of these technologies. As the results, the 
three technologies are required rescheduling, however they 
have still potential can be applied to the future plant, 
therefore, it can be continued studying from 2011 as basic 
research level.   
 


1) Effective U pre-recovery by crystallization 7, 8 
U crystallization is the technology based on the 


difference of solubility between U and other elements 
under controlled temperature and acidity. The most part of 
U in dissolver solution is recovered as UNH crystal by 
lowering temperature of the solution. 


Beaker-scale experiments with dissolver solution of 
irradiated “JOYO” fuel were successfully carried out at the 
Chemical Processing Facility (CPF) in JAEA. The 
behavior of some FPs such as Cs, Ba, etc. in U 
crystallization process has been investigated. The UNH 
crystal purification technology has been also developed as 
additional process at after the crystallization to reduce the 
cost of U product storage and fuel fabrication. 


For development of the crystallizer, an engineering-scale 
crystallizer with rotary kiln type was designed and 
fabricated, and steady state and non-steady state 
performances were confirmed by engineering-scale 
crystallizer tests. In addition, the UNH crystal purification 
technology was investigated and it can provide more 
highly DF in the crystallization process. 
 


 
 


Fig.5 Appearances of steady state on the engineering 
scale crystallizer 


 
2) MA recovery by extraction chromatography 9, 10, 11 


The extraction chromatography technique utilizes a 
porous silica particle coated with styrene–divinylbenzene 
polymer and some extractants developed for solvent 
extraction of trivalent actinides; An(III).  Two cycles of 
separation, An(III) recovery from a highly acidic solution 
and its separation from lanthanides, Ln, is supposed in the 
course of development.  Several extractants, CMPO (n-
octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine 
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oxide), TODGA (N,N,N’,N’-tetraoctyl-3-oxapentane-1,5-
diamide), HDEHP (bis(2-ethylhexyl)hydrogen phosphate) 
and i-Hex-BTP (2,6-bis(5,6-dihexyl-1,2,4-triazine-3-yl-
pyridine) has been examined on their properties of 
separation, stability against acid, radiation and heat.  


As the results, combination of TODGA (N,N,N'N'-
tetraoctyl-3-oxapentane-1,5-diamide) and R-BTP in 
several extractants is promising for recovering MAs and 
rare-earth elements, as well as separating MAs among 
them[25,26]. Further experimental data including 
throughput, the recovery yield of Am and Cm, and DF 
should be accumulated.  


An engineering development of separation column that is 
a main equipment of the process should be conducted 
including performance of recovery, safety and remote 
maintenance.  Prior to separation, a uniform bed must be 
made for a good separation and repeated operation12.  A 
slurry containing silica-coated particles is fed into the 
experimental column of 48 cm ID. and a bed is established.  
A pressure drop is smaller than that of a conventional resin.  
The silica support is rigid and good for maintaining a 
constant bed volume against a change of acidity/basicity 
and flow rate/pressure. 


Concerning safety, heat transfer and gas generation are 
issues to be considered.  A heat generated by An(III) and 
FPs inside the column is transferred to the effluents and 
temperature inside the column is kept uniform and constant.  
A void of gas generated inside column tends not to move, 
therefore, gas generation should be minimized and a 
countermeasure to expel the gas generated should be 
pursued. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig.6   Flowsheet study of the extraction 
Chromatography 


 
3) Salt-free process for waste reduction 12 


In the waste treatment categorization, liquid waste into 
HA (High Active waste) and VLA (Very Low Active 
waste) by multiplex evaporation, which has a possibility to 
reduce a volume of waste drastically, it is important to 


remove obstructions preventing the efficient evaporation of 
liquid waste. From this point, several developments 
concerning with salt-free process which means the process 
without any addition of metal salts have been carried out. 


Basic data for the solvent washing with salt-free regents, 
hydrazine carbonate and hydrazine oxalate, were collected, 
and they implied that these salt free-reagents have the 
almost same washing ability as typical washing reagents, 
such as sodium carbonate. It was also confirmed that these 
salt-free regents could be decomposed to water and gas, 
e.g. N2 and CO2, by electrolysis under certain condition. 


 Salt-free process has a potential for reducing the volume 
of waste drastically. Basic data for the solvent washing 
with salt-free reagents, hydrazine carbonate and hydrazine 
oxalate were collected. However, further experimental data 
using real solvents/washing liquid waste should be 
accumulated. 
 


IV. PROGRESS OF DESIGN STUDY 
 


A design study on a commercial plant of FBR fuel 
reprocessing is underway to provide a concept of future 
plant that will be adopted the aforementioned innovative 
technologies. Besides mechanical/chemical design 
including fuel shearing, uranium crystallization and 
solvent extraction, design study from the viewpoint of 
some engineering aspects as described below has been 
conducted.   
– Optimizing remote handling for operation and 


maintenance, plant operability, plant integration. 
– System design on plant management; process control, 


safeguards, physical protection. 
 
 


V. CONCLUSIONS 
 


Toward the present milestone in the FaCT project, the 
evaluation work to decide whether the innovative 
technologies can be adopted for the advanced aqueous 
reprocessing is in progress. So far, on the basis of the 
progress in design study and R&Ds on the relevant 
innovative technologies, three technologies as 
disassembling & shearing, highly effective dissolution and 
effective uranium pre-recovery by crystallization are 
judged to be adoptable in the preliminary assessment by 
JAEA and electric utilities. The final decision will be made 
by the end of 2010. And the future development program 
toward the commercialization until 2015 would be applied.   
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Abstract – SCK•CEN in association with 18 European partners from industry, research centres 
and academia, responded to the second FP7 (Framework Programme) call from the European 
Commission to establish a Central Design Team for the design of a FAst Spectrum Transmutation 
Experimental Facility (FASTEF) able to demonstrate efficient transmutation and associated 
technology through a system working in subcritical and/or critical mode. The proposal prepared 
by the consortium coordinated by SCK•CEN has been accepted for funding and the project has 
started on April 01st, 2009 for a period of three years. As a further upgrade of the existing XT 
ADS design, performed from 2005 to 2009 in the frame of the FP6 EUROTRANS project, FASTEF 
is proposed to be designed to an advanced engineering level for decision to embark for its 
construction at the horizon of 2012-2013 with the following objectives: to be operated as a 
flexible and high-flux fast spectrum irradiation facility, to be an experimental device to serve as a 
test-bed for transmutation (by demonstrating the ADS technology and the efficient transmutation 
of high level waste) and finally to contribute to the demonstration of the Lead Fast Reactor 
technology without jeopardizing the two above objectives. The work of the Central Design Team 
(CDT) has been progressing quite a lot since the beginning of the project. In this paper we present 
the status of the design at the end of 2010. 


 
 


I. INTRODUCTION 
 
Since its creation in 1952, the Belgian Nuclear 


Research Centre (SCK•CEN) at Mol has always been 
heavily involved in the conception, the design, the 
realisation and the operation of large nuclear 
infrastructures. The Centre has even played a pioneering 
role in such type of infrastructures in Europe and 
worldwide. SCK•CEN has successfully operated these 
facilities at all times thanks to the high degree of 
qualification and competence of its personnel and by 
inserting these facilities in European and international 
research networks, contributing hence to the development 
of crucial aspects of nuclear energy at international level. 


 
One of the flagships of the nuclear infrastructure of 


SCK•CEN is the BR2 reactor1, a flexible irradiation 
facility known as a multipurpose materials testing reactor 
(MTR). This reactor is in operation since 1962 and has 
proven to be an excellent research tool, which has 
produced remarkable results for the international nuclear 
energy community in various fields such as material 


research for fission and fusion reactors, fuel research, 
reactor safety, reactor technology and for the production of 
radioisotopes for medical and industrial applications. BR2 
has been refurbished twice, consisting of the replacement 
of the beryllium matrix and considerable safety 
improvements, in the beginning of the eighties and in the 
mid-nineties.  


 
The BR2 reactor is now licensed for operating until 


2016 with a potential extension for another ten-year period 
until 2026. The Belgian Nuclear Research Centre at Mol is 
working since 1998 at the pre- and conceptual design of a 
multi-purpose flexible irradiation facility, called 
MYRRHA, that can replace BR2 MTR and that is 
innovative to support future oriented research projects 
needed to sustain the future of the research centre. 
MYRRHA has been designed as a multipurpose 
Accelerator Driven System (ADS) for R&D applications, 
and consists of a proton accelerator delivering its beam to a 
liquid Lead-Bismuth spallation target that in turn couples 
to a sub-critical fast core, also cooled with Lead-Bismuth. 
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To determine the characteristics of this multi-purpose 
flexible irradiation facility, an analysis of the present day 
needs of the international community has been conducted 
in particular in the European Union. At international level, 
there is a clear need to obtain a sustainable solution for the 
high level long-lived radioactive waste (HLW) consisting 
of minor actinides (MA) namely Np, Am, Cm and long-
lived fission products (LLFP). These MA and LLFP stocks 
need to be managed in an appropriate way. Reprocessing 
of used fuel followed by geological disposal or direct 
geological disposal are today the envisaged solutions 
depending on national fuel cycle options and waste 
management policies. The required time scale for 
geological disposal exceeds the time span of profound 
historical knowledge and this creates problems of public 
acceptance. The Partitioning and Transmutation (P&T) 
concept has been pointed out in numerous studies in the 
past2, 3 and 4 and more recently in the frame of the 
Generation IV (GEN IV) initiative as the strategy that can 
relax the constraints on the geological disposal and that 
can reduce the monitoring period to technological and 
manageable time scales.  


 
The reduction of the volume, heat-load and half-life of 


HLW (thereby relaxing the constraints of geological 
repositories) can be achieved conceptually in two generic 
types of scenarios: 


 
 A park of fast critical reactors, which will 


simultaneously produce electricity and transmute 
the actinides. Finally, the only input should be 
natural or depleted uranium and the outputs will 
be electricity, HLW and Intermediate Level Waste 
including the fission fragments, activation 
products and actinide reprocessing losses. The 
MA can be homogeneously diluted within the 
whole fuel or separated in dedicated targets. 


 A “double strata” reactor park. The first stratum 
will be a set of reactors dedicated to electricity 
production using “clean fuel” containing only U 
and Pu. The reactors in this stratum can be either 
present or future LWR or fast reactors. The 
second stratum will be devoted to transuranics or 
MA transmutation and will be based on dedicated 
fast spectrum systems, special fast critical reactors 
or more probably, subcritical fast systems, ADS, 
loaded with homogeneous fuels with high MA 
content. 


 
Even when considering the phase out of nuclear 


energy, the combination of P&T and dedicated burner 
technologies such as ADS, but then at European regional 
scale, is needed to relax the constraints on the geological 
disposal and reduce the monitoring period to technological 
and manageable time scales for existing waste. Hence, 


since ADS represent a possible major component in the 
P&T framework, the demonstration of the sub-critical 
dedicated burner concept is needed. The need for a 
demonstration of the ADS concept in Europe was indicated 
in the EU vision document5 and in the Strategic Research 
Agenda (SRA) of the Sustainable Nuclear Energy 
Technical Platform (SNE-TP)6. 


 
Since 2000, the Generation IV International Forum 


(GIF)7 has selected six GEN IV concepts of which three 
are based on the fast spectrum technologies namely; the 
sodium fast reactor (SFR), the lead cooled fast reactor 
(LFR) and the gas cooled fast reactor (GFR). The SNE TP 
community has at present given a higher priority to the 
SFR technology but indicated also the need for the 
development of an alternative coolant technology being 
lead or gas. The technological development of the fuel and 
materials of these concepts request the availability of a 
flexible fast spectrum irradiation facility. The vision 
document and the SRA of the SNE TP have also stated that 
Europe should be in a front-runner position for GEN IV 
reactor development. Indeed after the closure of PHENIX 
in 2009, there will no longer remain a fast spectrum reactor 
in Western Europe. 


 
In this framework, MYRRHA should target the 


following applications catalogue: 
 To demonstrate the ADS full concept by coupling 


the three components (accelerator, spallation 
target and sub-critical reactor) at reasonable 
power level to allow operation feedback, scalable 
to an industrial demonstrator.  


 To allow study of the efficient transmutation of 
high-level nuclear waste, in particular minor 
actinides that would request high fast flux 
intensity (Φ>0.75MeV  = 1015 n.cm-2.s-1), 


 To be operated as a flexible fast spectrum 
irradiation facility allowing for fuel developments 
for innovative reactor systems, for material 
developments for GEN IV systems and for fusion 
reactors and finally for radioisotope production 
for medical and industrial applications (holding a 
backup role for classical medical radioisotopes 
and focusing on R&D and production of 
radioisotopes requesting very high thermal flux 
levels). 


 
MYRRHA, in its version available in 2005, has been 


offered as a starting basis for the XT ADS design within 
the EUROTRANS project8 in the FP6 in the context of 
Partitioning and Transmutation. XT ADS is a short-term 
(operational around 2020) small-scale (50 to 100 MWth) 
experimental facility that should demonstrate the technical 
feasibility of transmutation in an Accelerator Driven 
System and is briefly described in section 2 below. 
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FASTEF9 is the further upgrade of XT ADS (section 3), its 
present (end 2010) design is described in sections 4 & 5. 
 


II. XT ADS SYNTHESIS 
 
The XT ADS is a pool-type fast reactor cooled by 


lead-bismuth eutectic (LBE). The nominal LBE inlet 
temperature is 300°C and the core outlet temperature is 
around 400°C. The reactor power is 57 MWth. The primary 
heat exchangers (PHX) have been dimensioned to 70 
MWth in order to incorporate the beam power output as 
well as the decay heat and some extra margin. The reactor 
main vessel (Fig. 1) with an elliptical bottom head is 
around 6 m diameter. The hot and cold pools are separated 
by an inner tank and the LBE circulates by means of two 
mechanical axial pumps. The heat is removed by four 
(2x2) LBE / water / steam primary heat exchangers. The 
XT ADS heat transfer system dissipates the heat to the 
atmosphere by means of the primary heat exchangers 
(evaporators) and the secondary circuit. 


 
For the XT ADS subcritical core, the chosen fuel is 


made of a uranium-plutonium oxide with a plutonium 
vector coming from the reprocessing of the current 
generation PWR spend fuel with an initial enrichment of 
4.5% in 235U. The sub-criticality level is around 0.95 which 
is considered as an appropriate level for a first of a kind 
medium-scale ADS.  


 


 
 
Fig. 1. Overall view of XT ADS, showing its main internal 


components. 
 


A fresh fuel core of 68 fuel assemblies and an 
equilibrium core of 75 fuel assemblies have been chosen 
both operating at 57 MWth power with 8 positions to house 


irradiations devices. The core diameter is around 1.5 m. 
From a neutronic point of view, the XT ADS irradiation 
capabilities for both structural materials and fuel pins have 
been assessed.  


 
During the EUROTRANS project, a preliminary 


structural evaluation of the XT ADS reactor vessel, support 
system and inner vessel was done and the analysis has 
shown that the components have an adequate structural 
dimensioning. The requirements of the RCC MR code to 
prevent mechanical and thermomechanical damages are 
complied. 


 
At the end of the EUROTRANS project, the XT ADS 


design has complied with the project main requirements. 
Nevertheless, some technical solutions for achieving them 
remain to be confirmed. Additional R&D studies and 
qualifications are requested for the future FASTEF reactor: 


 
 The accelerator availability needs to be confirmed 


to operate over a long duration. 
 The core by-pass flow (around 37 %) remains too 


high and design optimizations are required to 
reduce this value. 


 The qualification of the core and primary circuit 
materials under LBE environment needs to be 
validated. 


 The LBE corrosion mitigation by oxygen control 
is still an awkward issue. 


 The qualification of the plant control system, 
especially the control of the sub-criticality level, 
should be done. 


 The design tools (computing codes, design 
standards) need to be qualified. 


 The qualification of in-service inspection devices 
in LBE and the qualification of the remote 
handling system are still open issues. 


 
From a safety point of view, the available results 


obtained on the first confinement barrier (clad) and on fuel 
when the plant is subjected to severe unprotected transient 
(such as the Unprotected Loss Of Flow), indicate that the 
current LBE-cooled XT ADS design seems quite viable. 
But the simplified assumptions retained for the natural 
flow rate during the transient may lead to underestimate 
the thermo-mechanical stresses on structures. Analysis has 
to be completed by more accurate calculation evaluations. 


 
Attention needs to be placed also on the operational 


control of the oxygen content in the LBE coolant in order 
to control chemical fouling and the build-up of the oxide 
layer. Analyses have to be completed and checks have also 
to be done on core support equipment, internals, reactor 
vessel, and other remaining confinement barriers which 
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behaviour are not yet fully assessed under transient 
situations. 


 
Finally the early available results on material 


characterisation, within another part of the EUROTRANS 
program, confirm that the environmental effects induced 
by both irradiation level and LBE coolant are issues that 
have not to be neglected since they may have a strong 
impact on the safety justification. 


 
III. FROM XT ADS TO FASTEF 


 
As stated earlier in this paper, the present design of 


MYRRHA, the so-called XT ADS8 concept, has been 
achieved within the IP-EUROTRANS project10 of the 
Sixth Framework Programme of the European 
Commission. The objectives and the rationale for 
implementation as described in section 1 do not fully 
correspond to the objectives for XT ADS. Therefore, it is 
clear that future design work is needed to bring the design 
of MYRRHA in line with the objectives, applications 
catalogue and rationale for implementation. 
 


First of all, since the objective of MYRRHA is to 
operate both in a sub-critical mode and a critical mode, an 
analysis will be performed to establish to which extent the 
design of XT ADS (which only considers sub-critical mode 
operation) needs to be modified to respond to the objective 
to operate also in critical mode. In this respect, it is clear 
that reactor control and scram systems have to be included 
in the design. To guarantee diversification two reactor 
shutdown systems need to be incorporated. One of those 
systems will also function as a control system. Also, an 
analysis will have to be performed to determine which 
further design changes might be induced by removing the 
spallation loop, especially with regard to the operation of 
MYRRHA in critical mode as a flexible fast spectrum 
irradiation facility. Working in critical mode will 
significantly modify the safety characteristics of the 
facility and the impact of the safety feedback on the design 
needs to be implemented.  


 
A second major topic for the update of the MYRRHA 


design is to obtain the targets set in the applications 
catalogue. The XT ADS concept is able to reach the 
different targets in terms of irradiation conditions listed in 
the applications catalogue except for the targeted fast flux 
level above 0,75 MeV of 1015 n.cm-2.s-1. In XT ADS, this 
flux level reaches 0,66x1015 n.cm-2.s-1. To increase this flux 
level, it is obvious that the total power and power density 
will have to be increased. Therefore, a preliminary study 
was performed to investigate what would be the most 
optimal design changes to reach this 1015 n.cm-².s-1 target 
given the different design constraints. Preliminary 


conclusions resulted in preserving the existing design 
choices of XT ADS except for: 


 
 An increase of the power from 57 MWth to 85 


MWth; 
 an increase of the power density by decreasing the 


number of fuel assemblies from 72 to 64 for the 
equilibrium core; 


 an increase of the allowable temperature 
increment over the core from 100 °C to 130 °C, 
resulting in a decrease of the inlet temperature 
from 300 °C to 270 °C (the outlet temperature 
remains at 400 °C); 


 an increase of the beam current from 2.2 mA to 
3.0 mA for ADS operation (during normal 
operation);  


 an increase of the Pu content from 33 % in a 
depleted uranium matrix to 35 % in a natural 
uranium matrix. 


 
IV. FASTEF SPECIFICATIONS 


 
The preliminary study described in the previous 


section has pointed out that the implications of the required 
modifications can be accommodated by the design, but that 
a detailed confirmation was needed. These aspects for the 
upgrade of the MYRRHA design together with a progress 
towards an advanced engineering design level for all 
components have been integrated in the work programme 
of the FP7 project CDT. 
 


The XT ADS design choices made in the IP-
EUROTRANS project have been reviewed in view of the 
different objectives set forward for FASTEF and outlined 
in the previous sections. This process that was done during 
the first year of CDT project ended with the definition of 
the specifications9 and of individuation of XT-ADS design 
changes to arrive at a FASTEF configuration able to fulfil 
the given objectives. FASTEF shall be a flexible facility 
able to accommodate both critical and subcritical core 
configurations to be defined following the needs of the 
experiments to be performed. The most recent design 
specifications are presented in section 5 below. 


 
V. CURRENT FASTEF DESIGN 


 
The primary and secondary systems have been 


designed for evacuate a maximum thermal power of 110 
MW (40 MW more than XT ADS). This gives the required 
flexibility for the core power configurations limiting the 
facility size and cost. The main components/systems 
(primary pumps, heat exchangers, secondary system and 
safety decay heat removal system) are of the same XT 
ADS type with only increased size. Figure 2 presents a 
vertical cut inside the reactor vessel. All the FASTEF 
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components are optimized for the extensive use of the 
remote handling system during components replacement, 
inspections and handling. 


 
 


 
 


Fig. 2. Vertical cut in FASTEF, showing its main internal 
components. 
 


We have analysed the feasibility of a window-type, 
centred spallation target with a proton beam that impinge 
directly into the primary coolant. Compared to the 
previous XT-ADS design with a spallation loop, the 
window-type option simplifies dramatically the reactor 
design. In addition, useful space to accommodate in-vessel 
components becomes available.  


 
The Fuel Assemblies (FA) size is a little bit increased 


in order to accommodate the target only in one FA position 
(in the core centre). Also the In-Pile test Sections (IPS), 
which will be located in dedicated FA position, are larger 
in diameter giving more flexibility for experiments. Thirty 
seven positions can be occupied by IPS's or by the 
spallation target (the central one of the core in sub-critical 
configuration) or by control and shutdown rods (in the 
core critical configuration). This not only gives a large 
flexibility in the choice of the more suitable position 
(neutron flux) for each experiment but makes a 
simplification in design the primary system. Figure 3 
shows a horizontal cut inside the core, while Figure 4 
presents a horizontal cut over the whole vessel. 


 


Dummy


Fuel
assembly


IPS


Scram
rod


Control
rod


 
 


Fig. 3. Horizontal cut in the FASTEF core, showing the 
central target, the different types of fuel assemblies and dummy 
components. 


 


Fuel
storage


PHX


Core


 
 


Fig. 4. Horizontal cut in the FASTEF vessel, showing the 
central core, the groups of PHX (left & right) and the fuel storage 
zones (above and under the core). 


 
The main FASTEF parameters in the current design 


are summarized in Table I. 
 
The requested high fast flux intensity has been 


obtained optimizing the core configuration geometry (fuel 
rod diameter and pitch) and maximizing the power density 
(the possibility to manufactured fuel with enrichment up to 
35% is still under investigation). We will be using, for the 
first core loadings, 15-15Ti as cladding material instead of 
T91, which will be qualified progressively furtheron 
during the MYRRHA operation. The use of LBE as 
coolant permits to lower the core inlet operating 
temperature (down to 270°C) decreasing the risk of 
corrosion. It also allows to increase the core ΔT and 
consequently the high fast flux intensity target can be met. 
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TABLE I 
Main FASTEF parameters 


 


Nominal Power 100 MW 


Core inlet temperature 270°C 


Core outlet temperature 410°C 


Coolant velocity in core 2 m/s 


Coolant pressure drop 2.5 bar 


Secondary coolant Saturated water/steam 


Tertiary coolant Air 


 
 
We are currently making a supplementary iteration in 


order to reduce both the diameter of the core and the 
diameter of the vessel, in order to limit the volume of LBE 
and the global weight of the reactor. As far as the plant 
layout is concerned, a positioning of the whole plant has 
been found on the technical domain of SCK•CEN with a 
limited number of separate buildings by integrating several 
functions in the reactor building itself. 


 
VI. CONCLUSIONS 


 
SCK•CEN is proposing to replace its ageing flagship 


facility, the Material Testing Reactor BR2, by a new 
flexible irradiation facility, MYRRHA. Considering the 
international and European needs, MYRRHA is conceived 
as a flexible fast spectrum irradiation facility able to work 
in both sub-critical and critical mode. With the CDT 
project, we are modifying the existing XT-ADS design into 
a new concept, called FASTEF, for this purpose. 


 
MYRRHA is now foreseen to be in full operation by 


2023 and it will be operated first as an Accelerator Driven 
Systems to demonstrate the ADS technology and the 
efficient demonstration of MA in sub-critical mode. 
Afterwards it is intended to decouple the accelerator from 
the reactor and run MYRRHA as a critical facility in 
support of LFR. As a fast spectrum irradiation facility, it 
will address fuel research for innovative reactor systems, 
material research for GEN IV systems and for fusion 
reactors, radioisotope production for medical and industrial 
applications and industrial applications, such as Si-doping. 
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Abstract – Feedback on the operation of French sodium fast reactors (SFR) revealed the 
necessity to improve continuous monitoring, particularly in terms of the primary system 
instrumentation. 
Among others, research and development is performed in order to characterise the continuous 
presence of microbubbles in the primary liquid sodium.  
A water-air bench has been experimented as the first step of the industrial development of 
acoustical techniques. The generated bubble cloud characteristics are very similar to the reactor 
case (bubble radiuses and void fractions). 
Non-linear acoustic methods have been investigated to determine the histogram of bubble 
radiuses. Our work involved using the non-linear data resulting from the mixing of two 
frequencies. Sweeping at low frequency makes it possible to determine the non-linear resonance of 
the bubbles present. Then the non-linear mixing with a high-imagery frequency is used to build the 
bubble radius histograms.  
In addition to this method, measurement of the low-frequency acoustic velocity using a Helmholtz 
resonator is proposed to determine the void fraction.  
Future industrial prospects for this work look promising. 
 


 
I. INTRODUCTION 


 
The safety rules defined for SFR cores require 


extremely efficient instrumentation for their operation and 
protection against accidents. 
Changes to safety requirements aim at improving the 
systems designed to prevent core meltdown and provide a 
more robust safety demonstration. The safety objectives 
for the SFR project are: 
1- A level of safety that it is at least equivalent to that of 


the EPR, 


2- Integration of the defence-in-depth principle, 
3- A better safety demonstration than that of the EFR 


project. 
 
Strengthened by knowledge accumulated during operation 
of the Phenix and Superphenix experimental reactors and 
by studies carried out within the scope of the SPX2 and 
EFR projects, a joint research project between three 
partners - the CEA, AREVA and EDF – has made it 
possible to establish specifications and a strategy. This 
work focused on improving the monitoring of systems 
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having an impact on core operation: the primary sodium 
and the gas-cover plenum; protection against the reference 
accidents: Total instantaneous blockage (ULOF-type local 
accident), accidental control rod ejection (UTOP-type local 
accident), fast loss of flow (fast ULOF); with the initiating 
events that should be practically eliminated (UTOP): 
Monitoring of the core geometry and reactivity accidents 
during handling. 
Requirements mainly involve diversifying the means of 
protection and improving instrumentation performance in 
terms of responsiveness and sensitivity. 
Characterisation of the primary sodium gassing process is 
one of the safety improvement requirements. Among the 
consequences, the presence of gas microbubbles in the 
primary sodium may result in the formation of gas pockets 
including a risk of release leading to a rapid reactor 
shutdown.  The possibility of the latter occurring may be 
partially eliminated by applying special design measures. 
The presence of gas microbubbles may also result in the 
attenuation of the acoustic signals used to monitor reactor 
operation (telemetry or thermometry using an ultrasonic 
technique). 
This article describes an approach based on the use of 
acoustic methods to characterise a cloud of microbubbles 
in water, while ensuring similarity with the gas 
microbubbles in sodium.  


 
II. BUBBLE CLOUDS IN SFRs 


 
The presence of microbubble clouds in primary liquid 


sodium is normal and continuous: it arises mainly from the 
entrainment of the argon cover gas above the sodium (Fig. 
1), but also from the nucleation of bubbles resulting from 
gas dissolution phenomena. 
The consequences of this gasification are various.  


 
Fig. 1: Schematic diagram of an integrated SFR plant  


 
II.A. Origin of microbubbles  


 


The sodium in the main vessel, called primary sodium, 
is covered by a blanket gas, also referred to as the gas-
cover plenum (generally argon). Ideally, this liquid sodium 
is perfectly pure and single-phase. However, this is not the 
case in the current operating conditions. In addition to 
containing a few impurities and dissolved gases, free gas 
bubbles are continuously present in the liquid sodium. 
Various sources of continuous gassing have been 
identified: 


 
1- The main source responsible for the continuous 


formation of microbubbles in the primary sodium is 
the dissolution of argon at the sodium-cover gas 
interface, followed by nucleation (formation of free 
gas bubbles) which occurs in the sodium cooling 
areas, e.g. heat exchanger outlets, and/or where the 
hydrostatic pressure is lower. Henry’s constant for 
argon (solubility coefficient) in sodium is 2.64 x 
10-8 mol.mol-1.bar-1 at 550°C (hot plenum) but only 
1.74 x 10-9 mol.mol-1.bar-1 at 400°C (cold plenum) [1] 
with a hydrostatic pressure difference of about 0.7 bar 
between the two plenums. The approximate factor of 
nine between the two resulting solubilities leads to a 
super saturation state which is responsible for the 
generation of microbubbles nucleated during the flow 
of sodium in the supersaturated areas.  


2- Bubble entrainment during the flow of sodium into the 
vessel weir (if the reactor has one), causing a 
“waterfall effect”. 


3- The appearance of a vortex at the free surface of the 
sodium when flow is turbulent.  


4- Entrainment caused by the rotation of the submersible 
pump shafts. 


5- Gas production by neutron reactions due to the 
presence of impurities in the sodium. 


6- Return of the sodium circulated through external 
auxiliary circuits, if any, and if they contain sources of 
gas.  
 
II.B. Consequences of gas in the primary sodium 


 
There was free gas at all times in the primary sodium 


of the Phénix and Superphénix plants (two French SFRs). 
Yet, neither of the two reactors had any instrumentation 
capable of characterising this gassing phenomenon. The 
very low void fractions never revealed any problems in 
terms of thermal and neutron core disturbances. In the case 
of Gen IV reactors, our viewpoint has since changed for 
various reasons: 


 
1- The presence of bubbles in a liquid strongly alters its 


acoustic properties (velocity, attenuation, linearity, 
etc.). The application of acoustic measuring methods 
for continuous monitoring or periodic inspection (US 
telemetry, sonar, US thermometry, etc.) operating in 
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rated conditions, hence with gas in sodium requires 
approximate knowledge of:  
• the attenuation coefficients to prove, in principle, 


that the signal amplitude will be sufficient,  
• the homogeneity defect in the spatial distribution 


to prove that the sound velocity calibrations 
performed at some distance from the actual 
measurement point remain useable.  


This necessarily implies knowledge of the void fraction 
and of certain data concerning the bubble radius 
histograms (at least the bounds).  


2- If the void fraction evaluated by Superphénix is not 
directly detrimental in itself with regard to core 
operation, it is indirectly so if it helps generate gas 
pockets at the high points of the immersed structures. 
Characterisation of the continuous gas in sodium in a 
reactor could provide input data for tests or for the 
calculation of the formation and release of these gas 
pockets. 


3- Furthermore, measurements and tests would help 
validate the CEA models simulating bubble behaviour 
in a reactor, in order to address the problem of free gas 
in a reactor from the project stage. 
 


II.C. Feedback from Superphénix 
 


The operation of the Phénix and Super Phénix reactors 
provided us with feedback that made it possible to roughly 
estimate the gas quantities that can be expected in the 
sodium. 
In 1996, decay measurements of 41Ar activity in the cover-
gas plenum after a rapid shutdown, associated with the 
study of argon transport in sodium, helped determine a 
fairly accurate void fraction in the cold plenum: 2.56.10-6 
with an uncertainty factor of 2. These studies also 
demonstrated that most of the gas in the sodium was due to 
nucleation of the dissolved gases, with an average bubble 
radius of 10 μm. Moreover, a second population of bubbles 
produced by entrainment at the weir had an average radius 
of several tens of microns. The two-phase flow to be 
considered is therefore that of a flow with dispersed 
spherical bubbles. 
Within the context of future reactors, the intention is to 
minimise the sources of gas in the primary sodium. 
However, it is very difficult to know today how much the 
normal void fraction will be decreased. It is planned to 
conduct our experiments below the void fraction of 10-6. 
 


II.D. Characterisation of gas in sodium 
 


For all the reasons listed above, we have been 
requested to develop techniques designed to measure both 
the void fraction and the bubble radius histograms (or at 
least its bounds). Only acoustic techniques are sensitive to 
such low void fractions and bubble sizes. We therefore 


designed the experimental bench MESANGE in order to 
develop such techniques. 


 
III. MESANGE BENCH 


 
Since liquid sodium is opaque, it was impossible to 


use a simple reference measurement. This is why the 
MESANGE1 bench is an essential device. This bench 
consists of a water tank, a system for generating bubble 
clouds, an optical measurement device in the cloud, and 
the acoustic and electronic instrumentation needed to 
develop the planned techniques. It is important to 
underline the great acoustic similarity between the 
argon/sodium couple at 550°C and the water/air couple at 
20°C. 


 
III.A. Microbubble generation 


 
The aeroflotation technique was used to generate a cloud 
of air microbubbles in water. Used for wastewater 
filtration, this technique is based on Henry’s law: 


HpCS ⋅=   (1) 


where CS is the dissolved gas concentration at saturation, p 
is the partial pressure of the gas considered above the 
liquid, and H is Henry’s coefficient (coefficient of gas 
solubility in the liquid in relation to the temperature). 
Thus, air is pressurised (7 bar – 100 PSI) in a chamber 
containing water and when saturation is reached (in a few 
minutes), the water enriched with dissolved gas is injected 
into the vessel at atmospheric pressure. This water is then 
super saturated so that the nucleation of air microbubbles 
occurs. Our device is illustrated in Figure 2. 


         
Fig. 2. Microbubble generation system based on aeroflotation 


                                                           
1 MESure Acoustique de  l’eNGazement en Eau (acoustic measurement 


of gas into water) 
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III.B. Optical inspection of the bubble cloud 
 


Bubble nucleation mechanisms in supersaturated 
media are relatively complex due to the influence of 
several parameters that are difficult to control, such as the 
quantity and size of the impurities inevitably present in the 
water. This is why it is necessary to perform optical 
measurements to obtain accurate knowledge of the radius 
histograms of the bubbles generated and the void fraction. 
A monochrome digital camera (~5 megapixels) coupled 
with a telecentric lens (x1.5) is used to do this. The device 
is installed in an underwater housing designed to immerse 
the video camera; a LED backlight completes this optical 
system (Fig. 3). 


 
Fig. 3. Optical device 


 
The resolution obtained is 2.3 μm.pixel-1. The field 
observed by the camera is therefore about 5.6 mm x 4.7 
mm. The depth of the optical field is announced to be 0.66 
mm.  
 


 
Fig. 4. Photograph of the microbubble cloud obtained using the 


optical device 
 


The images produced therefore display more or less sharp 
bubbles (Fig. 4). Moreover, some bubbles have a white 
spot at their centre, corresponding to a passage of light. 
Image processing is therefore necessary to obtain the 
histogram of the bubble radiuses. The histogram of each 
image is then accessible and a calculation using a large 
number of images serves to statistically reconstruct the 
histogram representing the bubble population. The optical 
device and the image processing were validated by means 


of simultaneous measurements made with a granulometric 
laser from Malvern Spraytech.  


 
IV. BUBBLE RADIUS HISTOGRAMS DETERMINED 


BY ACOUSTIC MEANS 
 


Safety requirements impose the development of 
measurement techniques for which no a priori data is 
necessary. However, the acoustic methods based on the 
measurement of attenuation or scattering by the bubbles 
are ambiguous, since the scattering of a resonant bubble is 
identical to that of a considerably larger non-resonant 
bubble. Propagation velocity measurements only allow the 
void fraction to be determined for a given frequency range, 
which depends on the size of the bubbles present. Linear 
acoustic methods thus appear to be inadequate under these 
conditions. The dynamic behaviour of a bubble in an 
acoustic field can be described by the modified Raleigh 
equation [2]: 
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where ρ is the mass density of the liquid, R is the 
instantaneous radius of the bubble, R0 is its rest radius, p0 
is the static pressure, pv is the saturation vapour pressure, γ 
is the polytropic gas pressure, σ is the surface tension, and 
μ is the dynamic viscosity of the liquid. The acoustic field 
P(t) takes the form pa sin(ωt). This equation is strongly 
non-linear, which explains our decision to investigate the 
non-linear resonant behaviour of bubbles in order to 
unambiguously reconstruct the radius histogram of a cloud 
of bubbles without the need for any a priori data. The 
Minnaert [3] equation can be derived from Equation 1, 
relating the resonance frequency of a bubble to its radius: 
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The excitation of a bubble at its resonant frequency (f1) 
leads to the appearance of multiple and sub-multiple 
frequencies, such as its harmonics (n.f1) and, eventually, its 
ultra-harmonics [(2n+1).f1/2] and sub-harmonic (f1/2). In 
the case of a bi-frequency excitation (f1 < f2), if f1 
corresponds to the bubble’s resonant frequency, the mixing 
of the different frequencies leads to the appearance of sum 
and difference frequencies (f2 ± nf1) and, possibly, to 
various ultra-harmonic and sub-harmonic combinations. 
Although the idea of applying mixed frequencies to 
bubbles appeared in the early 1970s [4], it was not before 
the 80s that the first experimental applications of this 


1 
m


m
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principle were made with bubbles [5]. In 1985, Chapelon 
et al. [6] obtained a radius histogram for air bubbles of a 
few tens of microns in water, by mixing one high and one 
low frequency. Validation of their results by means of an 
optical technique demonstrated the consistency of results, 
without achieving a high degree of agreement. The 
correlation coefficient between optical and acoustic 
histograms was estimated at 0.8. A non-linear mixing 
technique with two high frequencies then allowed Sutin et 
al. [7] to reconstruct microbubble radius histograms, but 
without being able to validate them.  
The aim was to determine micron-sized bubble radius 
histograms with the best possible level of reliability. The 
histograms obtained by means of non-linear mixing of one 
high and one low frequency were then compared with the 
optical measurements. 
The acoustic device used is shown in Figure 5(a). An 
Imasonic low-frequency transducer, centred at 250 kHz 
and connected to an Agilent 33250A function generator, 
produces the pump frequency. The imaging frequency is 
emitted and received by a pair of Panametrics V304 high-
frequency transducers centred at 2.25 MHz, which are 
focused at a distance of 30 mm and aligned at 90° with 
respect to each other. The emission is achieved using an 
HP 3314A function generator. The receiver is connected to 
a 12 bit A/D converter, which is in turn connected to a PC.  
 


 


 
Fig. 5: Experimental device: (a): acquisition chain. Spectrum 


produced in the case of, respectively, (b) the absence and (c) the 
presence of a resonant bubble at the acoustic focal spot 


 
In order to limit potentially perturbing electronic non-
linearities, the electronic emitter and receiver circuits are 
completely decoupled. In addition, the use of power 
amplifiers is avoided in the emission electronics and 
preamplifiers in the receiver electronics. The pump and 
imaging frequencies are emitted continuously. The HF at 
2.25 MHz and the LF chirped between 10 kHz and 500 
kHz make it possible to cover the full range of resonant 
frequencies of the bubble sizes present (between 7 and 330 
μm). The intersection between the focal spots of the two 
HF transducers corresponds to a volume of about 2 mm3 at 
-6 dB. The LF emitter is not focused so that a resonant 
bubble close to the focal spot can be detected. Since the 
void fraction estimated by the optical device is 
approximately 8.10-5, the probability of more than one 
resonant bubble being present at the acoustic focal spot is 
very low. When there is no bubble with a radius 
corresponding to the pump frequency in the acoustic focal 
spot, a spectrum similar to that shown in Figure 5(b) is 
obtained. Only the pump (473 kHz) and imaging (2.25 
MHz) frequencies are observed. This result confirms the 
linearity of our setup. Figure 5(c) shows a spectrum 
revealing the presence of a bubble, which is resonant at the 
pump frequency (156 kHz). The harmonics of the sum and 
difference pump frequencies can be observed. The 
algorithm used to reconstruct the acoustic histogram is 
quite simple. A threshold above the noise level is defined 
on the frequency spectrum. As soon as a component 
appears in the interval [ωi-500kHz,ωi[∩]ωi+500kHz], the 
position of the maximum in this zone indicates the 
resonant frequency of the bubble. As the frequency is 
known, Equation 3 allows the bubble’s radius to be 
determined and the radius histogram can thus be 
incremented. The analysis of approximately two thousands 
5 ms acoustic sequences thus made it possible to construct 
the histogram shown in Figure 6. For the purpose of 
comparison, the optically determined histogram is also 
shown. 


 
Fig. 6: Normalised bubble radius histograms, reconstructed using 


the acoustic method (grey histogram) and the optical method 
(black curve) 
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The histograms obtained by optical and acoustic methods 
are thus seen to be in very good agreement, with a 
correlation coefficient of 0.94. Such an agreement has, to 
the best of our knowledge, never before been reported in 
the literature. Contrary to most previous studies, we made 
the decision not to work with the amplitudes of the sum 
and difference frequencies, but rather with their presence 
(or absence). This allowed the data reduction to be 
simplified which, when associated with 12 bit electronics 
and the absence of amplifiers, led to conclusive results.  


 
V. VOID FRACTION ACOUSTIC MEASUREMENT 


 
The histograms obtained through the non-linear 


acoustic mixing of frequencies can only currently be 
described as relative, i.e. they do not make it possible to 
determine the void fraction. Other experiments were 
conducted in view of determining this void fraction: 
resonance spectroscopy. In our case, this case involved 
using an acoustic resonator to observe the resonance 
behaviour of the microbubble cloud in the resonator. 


A Helmholtz acoustic resonator was used; the 
resonance frequency was a function of the acoustic 
velocity c in the resonator and the geometric dimensions of 
the latter [8]:  


VL
Acfres =   (4) 


Where V is the cavity volume, L the length of the neck into 
the cavity, and A the cross-section of this cavity. A shaker 
was used to produce excitation (Fig. 7). 


 


 
Fig. 7: The Helmholtz resonator 


 
The signals were generated by a Tektronix AFG 3102 
function generator and were amplified before being 


transferred into the Derritron VP2MM shaker whose piston 
was inserted into the resonator neck. The acoustic 
behaviour was observed using a low-frequency Bruel & 
Kjaer 8103 hydrophone connected to a Bruel & Kjaer 
2635 charge amplifier, itself connected to an A/D converter 
coupled to a PC.  
The behaviour of the resonator without bubbles is shown 
in Figure 8. Acoustic excitation occurred in sweep mode, 
i.e. sweeping was performed over time at a frequency 
between 80 and 250 kHz so as to detect the resonance 
frequency of the system. 


 
Fig. 8: Temporal and frequency responses of the resonator 
without bubbles with excitation between 80 and 250 kHz 


 
The resonance in the bubble-free resonator was 152.6 kHz. 
A frequency of 99.6 kHz was detected in the resonator 
with bubbles (Fig. 9). 


 
Fig. 9: Temporal and frequency responses of the resonator with 


bubbles with excitation between 80 and 250 kHz 
 


This variation of the frequency can be associated with a 
variation of the velocity in the resonator (equation 4) in 
order to apply Wood's model [9]: 
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Where cm represents the velocity in the medium, cgas and 
cliq represent the velocities in the gas and liquid, τ the void 
fraction, γ the polytropic coefficient of the gas, ρliq and ρgas 
the densities of the liquid and gas, p the ambient pressure, 
and χliq the compressibility of the liquid. This model is only 
valid for excitation frequencies largely below the 
resonance frequencies of the bubbles forming the cloud, 
which is verified herein (see Equation 3 and Figure 6). The 
graphic representation of this model is shown in Figure 10. 


 
Fig. 10: Wood's model for the air-water combination at 20°C and 


1 atmosphere 
 


A variation of 34.7% was observed in the resonance 
frequency.  This variation corresponds to a void fraction of 
6.2.10-5 according to Wood’s model. 
 


VI. CONCLUSIONS 
 


Non-linear acoustic techniques seem suitable for 
determining the void fractions and radius histograms of the 
gas microbubble clouds. The work done nevertheless needs 
to be taken further in order to determine both the void 
fraction and the histogram using the same technique. 


The location of this type of measurement in the reactor 
will involve resolving the issue of sensors. There are 
currently very few acoustic sensors that are compatible 
with liquid sodium at high temperature. If the adaptation of 
validated techniques in water proves impossible for these 
sensors, it will be necessary to develop new ones. 
Experimentations will soon be conducted. 


Monitoring primary sodium gassing will provide 
additional information for the safety demonstration of the 
facility. 
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Abstract – In case of a severe accident in a nuclear power plant, the behaviour of iodine is one of the major issues 
because of its radiotoxicity. Special attention is paid to the gaseous species as a result of their mobility and so the ease with 
which they can escape into the environment. During the Phébus-FP tests, a significant fraction of gaseous iodine was 
observed in the containment that is not well accounted by the simulations. Possible explanations are kinetic limitations or the 
presence of caesium sinks such as molybdenum in the reactor coolant system that would limit the formation of stable 
condensed forms mainly CsI. In order to get additional experimental data, a test facility was developed with the aim to study 
the chemical reactions between iodine, caesium and another element in conditions representative of the primary circuit. This 
paper presents the first results obtained with this facility during the vaporization of CsI and MoO3 under steam. It was 
observed clearly that molybdenum promotes the fraction of gaseous iodine at 150°C (temperature of the cold leg). Molecular 
iodine I2 was shown to be the predominant iodine gaseous species and caesium polymolybdates under condensed form were 
identified by Raman microspectrometry. This last result consolidates the idea that molybdenum acts as a caesium sink. A 
simple approach is proposed using Gemini2 code and a specific database to reproduce the formation of the caesium 
molybdates. Simulations performed with the new kinetic model implemented in the SOPHAEROS code gives promising 
results concerning the fraction of gaseous iodine.  


 
 


I. INTRODUCTION  
 


During a hypothetical severe accident in a Pressurized 
Water Reactor (PWR), iodine is one of the most hazardous 
Fission Products (FP) that can be released from the nuclear 
fuel into the reactor containment and to some extent to the 
environment. The chemistry and the transport of iodine in 
the different parts of the reactor during degradation of the 
core have been extensively studied in the Phébus-FP tests 
performed under LOCA representative conditions1-3. One 
of the unexpected results is the significant fraction of 
iodine that was observed in gaseous form in the 
containment at the beginning of the degradation phase4. 
The models used in computer codes such as the integral 
code ASTEC do not fully account for the measured values 
during this period of the transient. A likely explanation is 
that gaseous iodine species would come directly from the 
Reactor Coolant System (RCS). Persistence of gaseous 
iodine in the RCS at “low” temperaturea could be due to 
some processes that would limit the formation of caesium 
iodide (CsI) that is assumed to be the predominant form of 
iodine in the primary circuitb. Gaseous iodine could be 


                                                           
a During the Phébus-FP tests, fluid temperature at the exit of the 


RCS is about 150°C. This temperature level corresponds to the thermal 
conditions encountered at a cold break leg during a LOCA. 


b CsI and its dimer are considered as non-volatile iodine species 
because they are in condensed form at 150°C. 


enhanced due to kinetic limitations in the gas phase or due 
to the presence of caesium “sinks” that could reduce the 
relative ratio caesium to iodine and so the possibility for 
iodine to produce stable condensed compounds with 
caesium.  
In order to provide additional results for code validation, 
an international research program named CHIP (Chemistry 
of Iodine in the Primary circuit) is carried out by the 
French “Institut de Radioprotection et de Sûreté Nucléaire” 
(IRSN). This program includes experimental tests carried 
out in different facilities depending on the investigated 
chemical systems and the explored conditions. One 
experimental bench named GAEC for Generation of 
AErosols in the primary Circuit has been developed with 
the aim to study cold-leg break situations with simple 
chemical systems composed of steam, caesium, iodine and 
one additional element selected for its impact on iodine or 
caesium chemistry in the RCS. Molybdenum was first 
considered because of its ability to form caesium 
molybdate Cs2MoO4 that is more stable than CsI at high 
temperature5. Furthermore, thermodynamic calculations of 
Phébus-FP tests confirm the presence of Cs2MoO4 in the 
RCS and the role of gaseous Molybdenum oxides or 
molybdic acid on the iodine speciation4.  
This paper presents the first results obtained in the GAEC 
line with injection of molybdenum. Analysis of gaseous 
products is combined with the study of aerosol molecular 
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composition. Experiments are compared to calculations 
performed with the code GEMINI2 and with the module 
SOPHAEROS that is a part of the ASTEC code6 and is 
devoted to the simulation of fission product transport in the 
RCS.  


II. EXPERIMENTAL 
 


II.A. GAEC test facility 
 


The test facility consists in a 1 meter long alumina tube 
settled inside a high temperature furnace (see Fig.1). The 
carrier gas flowing inside the tube is a mixture of steam 
and argon. Caesium, iodine and molybdenum are injected 
from two alumina crucibles filled respectively with CsI 
powder and with MoO3 powder. The gas flow is heated 
from 150°C at the inlet flange up to a high temperature 
plateau about 1500-1600°C corresponding to temperature 
levels encountered upstream the RCS during the 
degradation phase. It is maintained at this temperature up 
to the aerosol filters to avoid condensation of steam. 
Downstream, the fluid is cooled down to 150°C. Aerosols 
generated and transported into the tube are collected on 
quartz fiber filters and gaseous phase is trapped in bubblers 
filled with an alkaline solution. During the collection of 
aerosols on the filters, samplings of liquid are performed in 
the bubblers at different times to determine, after the test, 
the flowrates of the elements that compose the gaseous 
phase. The characteristics of the steam/argon generator 
have been chosen in order to adjust the flow residence time 
between the high temperature zone and the first point at 
150°C from 6-7 s up to 100 s.  


The molar flow rate of caesium, iodine and molybdenum in 
the tube are calculated after each experiment from the 
weight loss of the crucibles.  
In order to limit the uncertainties on the Cs, I and Mo 
molar flow rates due to the heating and cooling transient 
periods of the loop, the following procedure was adopted: 
during the heating phase, the crucibles were placed near 
the inlet flange where the temperature is 150°C, low 
enough to limit the vaporisation of the compounds. When 
the temperatures were stable, the crucibles were moved to 
their respective nominal positions that had been determined 
previously during the thermal qualification of the line. 
Then, at the end of the vaporization phase, the crucibles 
were drawn back to the inlet flange. The crucibles are 
supported by an alumina cradle that splits the flow into two 
separated channels up to the high temperature zone. By this 
way, there is no parasitic interaction between vapours 
generated from the crucibles before their mixing at 
1500°C-1600°C. For some tests, quartz plates were placed 
in the cooling zone in order to have information on the 
vapours condensed on the wall and on the particles 
deposited along the line. In this paper, we examine the 
results of two tests that were performed with a fraction of 
steam of 80 % vol. and 20 % vol. of argonc. The absolute 
pressure in alumina tube was fixed at 1 bar. In the first 
experiment, only one crucible filled with CsI was placed 
inside the alumina tube. This test gives the amount of 
gaseous iodine that can be expected at 150°C in the 
absence of molybdenum. The second experiment 
corresponds to simultaneous injection of CsI and MoO3 in 
the line with a ratio Mo/Cs of 3.4. The concentrations of 
the vaporized elements are given in the table 1. They are in 
the ranges expected during a PWR severe accident. It is 
worth noting that the concentration of CsI is more or less 
the same for both tests. 


                                                           
c The total flowrate was set to 1 Nl/min corresponding to a flow 


residence time of about 7 s from the high temperature zone to the first 
point at 150°C. 
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Fig. 1. Schematic view of the GAEC line 
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TABLE I 
Experimental conditions of the tests  


 


Test 
Crucible 


temperature (°C) 


Concentration 
(mol/l) calculated 


at 1527°C 
CsI under steam 745 1,0.10-6 
CsI and MoO3 
under steam 


745 for CsI 
778 for MoO3 


[Cs]=[I]=8.7.10-7 
[Mo]=2.9.10-6 


 
II.B. Chemical Analyses 


 
All the chemical analyses are performed after the test. The 
gaseous phase trapped in the alkaline solution has been 
quantified by Inductively Coupled Plasma Mass 
Spectroscopyd (ICP-MS). The condensed species collected 
on the filter have been analyzed by Environmental 
Scanning Electron Microscope coupled with Energy 
Dispersive analysis of X-ray (ESEM-EDX) and Field 
Emission Gun Scanning Electron Microscope (FEG-SEM), 
by X-Ray Diffraction and by Raman microspectrometry. 
Raman spectra were obtained by surface mappings of some 
area of the filters in a point-by-point automated scanning 
mode with 1 µm as a minimum step. The results of this 
scanning acquisition over m x n pixel points can be 
organized into a two-dimensional matrix D composed of m 
x n rows and l columns representing the spectral 
intensitiese. The difficulty is in the treatment of this huge 
spectral data set, in which, in one point of analysis, several 
components may exist with different spectral 
concentrations. Applying Multivariate Curve Resolution 
methods (MCR) to Raman mapping7 yielded information 
about the nature of the pure components that are present 
and where they are located. The principle resides in the 
decomposition of the matrix D as follows: 


D = C • S + E  (1) 
where C represents the concentration matrix and S contains 
the Raman spectra of the pure components. E is the matrix 
of residual errors not explained by the model. The 
decomposition of the D matrix was performed with the 
SIMPLe-to-use Interactive Self-modelling Mixture 
Analysis approach (SIMPLISMAX). The relevance of this 
approach has been largely demonstrated8 on environmental 
particles.  
 


III. THEORETICAL ANALYSIS  
 
Experimental results were analyzed with the help of 
thermodynamic equilibrium calculations performed with 
the GEMINI2 code. They were also compared to the results 


                                                           
d For iodine, the detection limit was evaluated at about 0.5 ppb and 


the quantification limit is about 1.5 ppb. These limits were even lower for 
caesium and molybdenum. 


e l = 2040 with 1000 cm-1 spectral range and 4 cm-1 spectral 
resolution. 


given by the SOPHAEROS module used in its stand-alone 
version. 
 


III.A. GEMINI2 calculations and databases 
 
GEMINI2 is a software developed by Thermodata 
company9 to calculate thermochemical equilibria. It is 
based on the CALPHAD method10 that is well adapted to 
describe multicomponent systems and specially solutions 
phases. The equilibrium state is obtained by minimizing 
the total Gibbs energy of the system. The coefficients of 
the Gibbs energy functions are tabulated in different 
databanks adapted to the problems to solve.  


From the Bank05 standard database9, a reduced one 
was created including all the compounds of the chemical 
system {Cs, Mo, I, O, H, Ar} and where the 
thermodynamic data of the species CsI(g), CsI(c), Cs2I2(g), 
Cs2I2(c), CsOH(g), Cs2O2H2(g) and CsOH(c) are those 
determined by Roki11. It was also chosen to remove 
H2MoO4, H2MoO2, HMo3 and HMoO from this database 
because these species seem not enough known4, specially 
the saturation pressure of H2MoO4. In this paper, we call 
bank n°1 the final version of this reduced database. It 
should be mentioned that the only Cs-Mo specie included 
in this base is the caesium molybdate Cs2MoO4. 


A second database, named bank n°2, was developed 
from the previous one by including the binary diagram 
Cs2MoO4-MoO3 proposed by Hoekstra12 (see fig. 2) and 
reproduced in the MEPHISTAf database13.  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Fig. 2. Cs2MoO4-MoO3 binary diagram (from Hoekstra12) 


                                                           
f MEPHISTA = Multiphase Equilibria in Fuels via Standard 


Thermodynamic Analysis. This database was specially developed for the 
study of new generation nuclear fuels. 


2-Cs2Mo2O7 


3-Cs2Mo3O10 


4-Cs2Mo4O13 


5-Cs2Mo5O16 


7-Cs2Mo7O22 


α,β : allotropic phases 
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This diagram contains different solid caesium 
polymolybdates namely Cs2Mo2O7, Cs2Mo3O10, 
Cs2Mo4O13, Cs2Mo5O16 and Cs2Mo7O22. It is important to 
note that the modeling of the binary system Cs2MoO4-
MoO3 is far from being well known and is based mainly on 
structural data. 
 


III.B. SOPHAEROS calculations 
 
SOPHAEROS code computes the fission products 
transport in circuits represented by 1D control volumes14. 
Two kinds of phase are modelled: the vapour phase and the 
condensed phase including aerosols. The vapour phase 
contains two groups of elements and compounds: gas 
species that are uncondensable and volatile species that can 
be present in the gaseous state and in the condensable 
phase. Calculations were performed with the version V1.3. 
In this version, the chemical speciation of considered 
elements is calculated only in the vapour phase assuming 
thermodynamic equilibrium. Once condensed, the 
compounds no longer participate to the chemistry. 
Condensation of the vapour phase is kinetic-controlled. 
Aerosol phenomena include homogeneous nucleation and 
the standard agglomeration and deposition mechanisms. 
Chemistry-related data are stored in a database that 
contains 736 vapours and 684 condensed phases. Among 
them, 38 concern the Cs-I-Mo-O-H systemg.  
Fluid and wall temperatures along the circuit are important 
boundary conditions for the calculation. They were 
experimentally determined and used to build the GAEC 
geometric model with the aim to limit the temperature 
difference between two successive volumes at about 30°C. 
Only the zone located between the high temperature 
plateau and the aerosol filter has been described using 50 
control volumes. The chemical elements were injected in 
the first volume with their respective experimental mass 
flow rates. 
 


IV. RESULTS AND DISCUSSION 
 


IV.A. Caesium iodide (CsI) vaporisation under steam 
 


Fig.3. shows a typical electronic image of the particles 
collected on the filter during the vaporization of CsI under 
steam. Particles are spherical with a projected geometric 
diameter less than 5 µm and are organized as short chains. 
Such morphology was already observed in previous 
studies15. These chains of joined particles are likely to be 
created directly on the filters. XRD and EDX analyses on 
the whole observed area indicate that the particles are made 
of CsI. 
 


                                                           
g As in the database n°1 used for the GEMINI2 calculations, in the 


SOPHAEROS Material Data Bank (MDB), there is only one caesium 
molybdate that is modeled namely Cs2MoO4. 


 
 


Fig. 3. SEM image of particles collected on the filters 
 
Several Raman spectra were collected and did not display 
any band in the studied spectral zone (200-1200 cm-1) 
suggesting that there is no other condensed compound on 
the filtersh. Elemental iodine measured in the liquid traps 
represents from 0.2 % to 0.7 % of the iodine mass flowrate 
injected into the loop. The fraction of gaseous iodinei at 
150°C is estimated to be less than 5 %. These results are in 
good agreement with the calculations performed with 
GEMINI2 and SOPHAEROS codes that predict no gaseous 
iodine at 150°Cj.  


 
IV.B. CsI and MoO3 simultaneous vaporization under 


steam 
 


For the test with simultaneous vaporisation of CsI and 
MoO3, four additional quartz plates were placed 
downstream the high temperature furnace. The images of 
the deposits and the aerosols collected on these plates and 
on the exit filters are shown on Fig. 4. On the first plate 
where the average fluid temperature was 1000°C, spots are 
observed that look like dried liquid. MCR spectral 
treatment reveals the presence of two caesium molybdates 
namely Cs2Mo2O7 and Cs2Mo3O10 identified on the basis of 
the spectra given by Hoekstra. On the three last plates 
(700°C to 270°C), needle-type particles are observed with 
an average size decreasing with the axial position in the 
tube. Raman spectroscopy underlines three compounds: α-
MoO3, Cs2Mo5O16 and Cs2Mo7O22. EDX analysis shows 
low iodine content on the plates. As regards to filters, 
collected particles are homogeneous in morphology (thin 
needles 100-500 nm long) (Fig.4).  
 


                                                           
h It should be mentioned that CsI is not a Raman active compound. 
i The fraction of gaseous iodine is calculated as the amount of 


elemental iodine measured in the bubblers to the total amount measured in 
the bubblers and on the filters. The Cs/I ratio in the alkaline solutions 
being less than 0.01, it is considered that iodine in the bubblers is only 
under gaseous form. Furthermore, it is assumed that sorption of gaseous 
iodine on the filters is low.  


j Iodine is calculated only under condensed form as CsI. 
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Fig. 4 : SEM-FEG images of deposits and particles with Raman attributions 
 
Average molar ratios of elements measured on the filtersk 
are Mo/Cs = 4 and Cs/I = 61. The last value confirms 
that CsI is not the predominant caesium compound at 
150°C. Typical evolution of the iodine concentration in 
the bubblers is shown on figure 5. After a short transient 
due mainly to saturation of the line between the aerosol 
filter and the sinter plunged into the alkaline solution of 
the bubbler, the iodine concentration is steadily 
increasing. The molar flowrate of elemental iodine 
arriving into the bubblers represents from 32 % to 47 % 
of those injected into the loop from the CsI cruciblel. 
Whatever the bubbler, caesium and molybdenum 
concentrations are lower than detection limit of the ICP-
MS (10-9 mol/l). So it can be considered that the main 
part of iodine is gaseous. The fraction of gaseous iodine 
estimated at 150°C is higher than 99 %. This value must 
be compared to the 5 % obtained in the same conditions 
with only CsI. These results show the major influence of 
molybdenum that promotes volatile iodine at low 
temperature. Caesium molybdates observed on the quartz 


                                                           
k After analysis of the filters by Raman spectroscopy, SEM-EDX 


and XRD, they are lixiviated with NaOH solution 1 M for elemental 
characterization by ICP-MS. 


l The value depends on the sampling line considered. 


plates and on the filters prove that molybdenum acts 
as a caesium sink as suspected in other works4-5. 


 
Fig. 5. Evolution of the iodine concentration trapped in the 


bubblers 
 


Experimental results were first compared to 
GEMINI2 simulations using the extracted databases 
n°1 and n°2 and to a SOPHAEROS simulation. 
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GEMINI2 calculations were done with the following 
conditions: 


• a molybdenum-to-caesium mole ratio of 3.39 
• a caesium-to-iodine mole ratio of 1 
• an iodine-to-steam mole ratio of 1.57.10-4 
• a constant steam pressure of 0.1 MPa 
• a steam fraction of 80 % vol. and a fluid 


temperature of 150°C at the exit. 
SOPHAEROS calculation was carried out with the 
standard modelling proposed to the users except the 
surface tension of Cs2MoO4. By default, this parameter 
is set in the code to the value determined for uranium 
dioxide UO2. This option that is well adapted to PWR 
severe accident simulationm prevents the nucleation of 
Cs2MoO4 and thus reduces the amount of caesium that 
could be trapped under condensed form. It was thus 
decided to introduce in the code a more realistic value. 
Because the surface tension of Cs2MoO4.is unknown, 
those proposed by Gossink16 for K2MoO4 was used.  
Results of the GEMINI2 and SOPHAEROS calculations 
are given in the table II. The SOPHAEROS output 
values are the values obtained in the last volume of the 
nodalization corresponding to the filters location. Results 
are in good agreement with the experiment data for the 
GEMINI2 calculation performed with the database 
including the binary Cs2MoO4-MoO3 phase diagram. For 
the other two calculations (SOPHAEROS and GEMINI2 
with bank n°1), the fraction of gaseous iodine at 150°C 
is underpredicted. The deviation is particularly important 
with GEMINI2 used with database n°1. It is worth 
noting that the GEMINI2 results are slightly modified 
when the compounds H2MoO4, H2MoO2, HMo3 and 
HMoO are introduced in the databases n°1 and 2. 
In order to reproduce roughly the transport of the species 
in the GAEC line with the GEMINI2 code, the following 
procedure was applied. The calculation was started at 
1600°C then the temperature was decreasing by step of 
100°C. At each temperature level, condensed species 
were removed from the mole balance and the calculation 
was proceeded with gas composition as input data for the 
next temperature level. So, it is assumed that 
condensation process is instantaneous and that 
condensed fraction depends only on thermodynamic 
equilibria. The procedure is illustrated in fig. 6. The first 
condensed phase is a mixture of MoO3-Cs2MoO4 in the 
respective proportions 65 %-35 % which appears at 
1277°C. Because surface analyses on the quartz plates 
were carried out at ambient temperature, in the 
calculation the liquid mixture was cooled to 150°C to 
take into account phase transformation due to the cooling 
down of the plates at the end of the testn.  


                                                           
m UO2 aerosols are among the first to form in the core as the flow 


cools. 
n The value of 150°C was chosen to avoid condensation of steam 


in the GEMINI2 calculation. Below this temperature, caesium 


At this temperature, GEMINI2 calculations indicate 
that the condensed phase is composed of Cs2Mo3O10 
and Cs2Mo2O7, in agreement with species that were 
identified on the first quartz plates. It can be noted 
that at each step of decreasing temperature, the 
liquid phase is enriched in MoO3. At 677°C, the 
calculation was stopped because there is no gaseous 
phase anymore that contains caesium. At this 
temperature, all the iodine is under gaseous form and 
the condensed Cs-Mo species calculated at 150°C 
are those retrieved on the filters as particles. This 
simple approach illustrates the role of molybdenum 
that turns caesium into condensed form and thus 
could substantially increase iodine volatility as 
iodine cannot react anymore with caesium. 
As mentioned in the introduction of this paper, 
another idea proposed to explain the presence of 
gaseous iodine at low temperature is based on 
kinetic limitations. Considering previous studies5, 17, 
the time to reach the thermodynamic equilibrium in 
vapour-phase for temperature below 700°C could be 
of the same order than the residence time of the fluid 
in the GAEC line. In the frame of the CHIP 
program, a kinetic model devoted to iodine 
chemistry in the RCS is under development. A first 
version of this model limited to the I-O-H system 
was already implemented in the SOPHAEROS 
code18. It is based on a set of 41 homogeneous gas-
phase reactions. The rate constants are defined from 
an Arrhenius law and some of them were deduced 
from theoretical chemistry calculations19. First 
simulation performed with this model gives at 
150°C a fraction of gaseous iodine reaching 98.1 % 
(97.5 % as I2, 2 % as HIO and 0.5 % as HI). This 
result must be consolidated but it already shows that 
kinetic limitations could play a major role in iodine 
chemistry. An interesting aspect of the kinetic 
calculation is that gaseous iodine is mainly predicted 
as molecular iodineo instead of HI for the calculation 
performed with the standard version of 
SOPHAEROS. Thus, more experimental 
information on the speciation of iodine should be 
helpful to improve the models. To identify the 
molecular form of gaseous iodine, a specific liquid 
trap is currently tested. It consists of a biphasic 
solutions composed of water and an organic phase 
namely toluene. 


                                                                                      
polymolybdates do not exhibit any phase transformation if we 
consider the MoO3-Cs2MoO4 phase diagram. 


o It should be pointed out that the same speciation is 
obtained with the GEMINI2 calculation using the binary diagram 
Cs2MoO4-MoO3 
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TABLE II  
Results of the simulations 


 Gaseous iodine 
fraction (%) 


Condensed species Elemental ratios in the 
aerosol/condensed phase 


Experimental 99 α-MoO3, Cs2Mo5O16 and 
Cs2Mo7O22. CsI is likely present 


Mo/Cs = 4 
Cs/I = 61 


GEMINI2 with database 
n°1 


< 0.1 CsI, MoO3, MoO2.889 and 
Cs2MoO4 


Mo/Cs = 3.39 
Cs/I = 1 


SOPHAEROS 41 (only as HI) CsI, Mo3O9, H2MoO4 and 
Cs2MoO4 


Mo/Cs = 3.7 
Cs/I = 1.3 


GEMINI2 with database 
n°2 


100 (mainly as 
I2) 


Cs2Mo5O16, Cs2Mo7O22 and 
MoO2 


Mo/Cs = 3.39 
Cs/I = ∞ 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 6. GEMINI2 calculation with transport 
 


Separation between HI and I2 is based on the principle 
that molecular iodine solubility in water is weak (0.03 
g in 100 g of water at 20°C)20 whereas hydrogen 
iodide HI is highly soluble in aqueous solution21 (Eq. 
2). 


+− +↔+ OHIOHHI 32     (2) 


Thus, molecular iodine I2 should be trapped in the 
organic phase while hydrogen iodide would stay in the 
aqueous phase. It should be noticed that this separation 
is not complete because molecular iodine solubility 
increases with the presence of iodide I- in aqueous 
solution, leading to the triiodide I3


- formation (Eq. 3). 
−− →+ 32 III  (3) 


Thus, concentration of molecular iodine could be 
underestimated in the organic phase. To improve the 
evaluation, this value can be corrected by triiodide 
dosage in the aqueous solutionp.  
                                                           
p Molecular iodine can also be trapped in the aqueous phase by 
dismutation. Nevertheless, this reaction can be regarded as 
negligible compared to triiodide formation (Eq.3)22  


A first test was carried out recently in the GAEC line 
with this biphasic liquid trap. The conditions of the test 
with simultaneous injection of CsI and MoO3 were 
similar to those mentioned in Table I except that one 
sampling line was modified by replacing alkaline 
solution by biphasic one, the other sampling-lines 
remaining composed by alkaline solutions. During the 
ten minutes of sampling in this modified line, toluene 
solution turned to a pink/purple solution, which is 
characteristic of the presence of molecular iodine. No 
colour change was observed for the aqueous phase. 
Analysis by UV-visible spectroscopyq of the organic 
phase underlined a molecular iodine concentration of 
1.91.10-4 mol/l for the absorption at 498 nm, which is 
the same order of magnitude as in the alkaline 
solutions. About the peak of the iodide ion I3


-, the 
apparatus is not enough sensitive enough to assess the 
presence of this species. Analysis of the aqueous phase 


                                                           
q The detection limit of molecular iodine in toluene was evaluated at 
about 7.21.10-6 mol/l for the 498 nm peak. 
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by ICP-MS indicates a concentration of total iodine 
five times less than in the organic phase. Thus, it can 
be concluded that gaseous iodine is mainly under 
molecular form (at least 80 %). The analysis of this 
test is still under progress. 
 


IV. CONCLUSIONS 
 


The influence of molybdenum on the fraction of 
gaseous iodine in the primary circuit of a PWR was 
investigated in a test facility that reproduces the 
conditions encountered during a severe accident. First 
results show that molybdenum reacts with caesium as 
indicated by the presence of different caesium 
polymolybdates evidenced by Raman spectrometry. 
Consequently, the formation of condensed caesium 
iodide is limited and the quantity of gaseous iodine is 
enhanced. A simple approach is proposed to explain 
the formation of the caesium molybdates observed 
during the tests. This approach is based on the MoO3-
Cs2MoO4 phase diagram proposed by Hoekstra. At 
150°C, gaseous iodine is detected mainly in molecular 
form. This speciation and the fractions measured at 
this temperature are not predicted by the standard 
version of the SOPHAEROS transport code. On this 
aspect, the new kinetic model implemented in the code 
gives encouraging preliminary results.  


New tests are planned to extend the experimental 
matrix and other analytical techniques are investigated 
such as Time-Of-Flight Secondary Ion Mass 
Spectrometry (TOF-SIMS) to obtain further insight 
into the formation of the particles. Moreover, because 
of the related influence of boron on gaseous iodine 
fraction, next step of this work will consist in 
performing experiments for the Cs-B-I-O-H system. 
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Abstract – Forty-two organisations from 21 countries network their capacities of research in 
SARNET (Severe Accidents Research NETwork of excellence) to resolve the most important 
remaining uncertainties and safety issues on severe accidents (SA) in existing and future water-
cooled nuclear power plants (NPP). The SARNET2 project started in April 2009 for 4 years in the 
7th Framework Programme (FP7) of the European Commission. It includes a large majority of 
European actors involved in SA research plus a few important non-European ones. 
At mid-term of the project, some main outcomes of joint research done by the network members on 
the highest priority issues are presented. The Joint Programme of Activities concerns performance 
of new experiments, joint analysis of the results of past or new experiments, elaboration of 
physical models, in order to achieve a common understanding of the physical phenomena:   
- On in-vessel core coolability, there is a significant progress with 2D/3D simulation codes 


(ICARE/CATHARE and ATHLET-CD), focussing on the enhanced coolability of debris beds 
by lateral water inflow, especially via the lower regions. These effects are also investigated by 
several multi-dimensional experimental programmes such as PRELUDE/PEARL; 


- On molten-corium-concrete-interaction, a better understanding of anisotropic ablation 
observed in experiments has been reached, notably through new experiments using real 
materials (such as VULCANO) or simulant materials, and through improved modelling in 
simulation codes; 


- On containment phenomena, several benchmarks were launched among simulation codes 
(Lumped-Parameter or Computational Fluid Dynamics) on different physical phenomena 
such as water spray, hydrogen combustion, steam condensation, plus a theoretical benchmark 
on a generic NPP containment including the most  important components; 


- On source term, progress has been made on understanding the volatile iodine formation from 
painted surfaces and the oxidation of gaseous iodine species in the containment atmosphere, 
through new dedicated experiments and models. 


As a central tool for integration of research, the ASTEC integral computer code, jointly developed 
by IRSN and GRS to predict NPP behaviour during a postulated SA, capitalizes in terms of 
models the knowledge produced in the network.  The main features of the latest version, ASTEC 
V2.0rev1, are summarized and a few validation results are presented. 
For dissemination of knowledge in SA area, an educational 1-week course was organized in 
January 2011, with the next one foreseen in 2012, for staff in regulatory authorities, utilities or 
NPPs. Mobility between the European partners of young researchers or master/PhD students is 
being promoted. An important action is the periodic organization of the European Review Meeting 
on Severe Accident Research (ERMSAR) that has become one of the major worldwide conferences 
on SA research. 
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I. INTRODUCTION 


 
Despite the accident prevention measures adopted in 


nuclear power plants (NPPs), some accident scenarios, in 
very low probability circumstances, may result in severe 
accidents (SA) with core melting and plant damage and to 
dispersal of radioactive materials into the environment, 
thus constituting a hazard for the public health and for the 
environment. After 4 years in the 6th Framework 
Programme (FP6) of the European Commission, the 
SARNET (Severe Accident Research NETwork of 
Excellence) network (www.sar-net.eu), coordinated by the 
French Institut de Radioprotection et de Sûreté Nucléaire 
(IRSN), is continuing to work in FP7 [1] for 4 years since 
April 2009. The objective is to enhance the coordination of 
the national efforts in order to optimise the use of the 
available expertise and the experimental facilities for 
resolving the remaining issues for enhancing the safety of 
existing and future NPPs. 


The work focuses on the highest priority safety issues 
still to be resolved [2], including the realization of 
experiments and the assessment of the ASTEC integral 
computer code [3], jointly developed by IRSN and the 
German Gesellschaft für Anlagen und Reaktorsicherheit 
mbH (GRS) to simulate the NPP behaviour during a 
postulated SA. The ICAPP’10 paper [1] described in 
details the network organization while the present paper 
shows some R&D selected results at mid-term of the 
project.  
 


II. THE SARNET NETWORK 
 
The network gathers 42 partners from 21 countries in 


Europe, Canada, Korea and United States (see table I). 
A Steering Committee of 10 members is in charge of 


strategy and decisions, advised by an Advisory Committee, 
composed of external end-user organisations (utilities or 
safety authorities). A General Assembly, composed of one 
representative of each SARNET partner, plus the EC 
representative, is called periodically for information and 
consultation on the progress of the activities, the work 
orientations and the Steering Committee decisions. A 
Management Team, composed of the network coordinator 
and of the work-package leaders, is entrusted with the day-
to-day management of the network. The Joint Programme 
of Activities (JPA) is broken down into 8 work-packages 
pertaining to the three following types of activities: 
- Integrating activities, aiming at strengthening links 


between the partner organizations, 
- Spreading of excellence, 
- Joint research activities. 


The latter focus on the following issues: in-vessel 
corium and debris coolability, molten corium concrete 
interaction (MCCI), fuel-coolant interaction, hydrogen 


mixing and combustion in containment, impact of 
oxidising conditions on source term, and iodine chemistry. 
ASTEC plays a key role in the network by capitalizing the 
SA knowledge through new physical models. Besides, 
efforts are currently underway for the extension of its 
applicability to BWR and CANDU NPP types.  


 
TABLE I 


List of SARNET partners 
 


Partner Country Partner Country 
IRSN France LEI Lithuania 
AEKI Hungary NNL UK 
AREVA NP GmbH Germany NRG Netherlands
AREVA NP SAS  France PSI Switzerland
BME Hungary RUB-LEE Germany 
CEA France TRACTEBEL Belgium 
RSE Italy THERMODATA France 
CHALMERS Sweden TUS Bulgaria 
CIEMAT Spain UJD SR Slovakia 
DEMOKRITOS Greece UJV Czech Rep.
EDF France UNEW UK 
EI Bulgaria UNIPI Italy 
ENEA Italy IKE Germany 
JÜLICH Germany NUBIKI Hungary 
KIT Germany VTT Finland 
GRS Germany VUJE Slovakia 
INR Romania JRCs EU 
INRNE Bulgaria AECL Canada 
IVS Slovakia KAERI Korea 
JSI Slovenia USNRC USA 
KTH Sweden KINS Korea 


 
III. CORIUM AND DEBRIS COOLABILITY 


 
The major objective of the work on corium and debris 


coolability is to reduce or possibly solve the remaining 
uncertainties on the ability of cooling structures and 
materials during SA, either in the core or in the vessel 
lower head or in the reactor cavity, in order to limit the 
progression of the accident. The work comprises 
experimental and modelling activities, with strong cross-
coordination between tasks. Substantial knowledge now 
exists concerning cooling of a large intact and rod-like 
geometry. A large part of the effort is being directed now 
on cooling of a debris bed, in order to demonstrate 
effective cooling modes and to establish cooling rates and 
limits.  


The analysis of data on degraded core reflooding 
indicates that major gaps in knowledge till remain in the 
areas of debris and molten pool. To address these issues, 
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POMECO (KTH) and DEBRIS (IKE) analytical 
experiments with debris beds are performed to support the 
quantification of basic laws and coolability behaviour. Top 
and bottom flooding (quenching) of hot debris (up to 
900°C) can be investigated in the DEBRIS facility, also at 
elevated pressures. New POMECO test facilities are 
constructed to perform isothermal and boiling two-phase 
flow experiments with better instrumentation and 
flexibility to accommodate various prototypical conditions. 
POMECO aims at analyses under boil-off conditions with 
emphasis on basic laws and specific 2D effects (down-
comers), more oriented at lower head or ex-vessel 
situations but also addressing basically the situation in the 
degrading core. Both DEBRIS and POMECO deal with 
irregular particles aiming at representing realistic debris. 


IRSN is planning larger size quenching experiments 
[4, 5] with 2D porous media, which allows a multi-
dimensional progression of the quench front in the PEARL 
programme. Preliminary reflooding experiments were 
carried in the PRELUDE facility, involving a debris bed of 
4 mm particles inside a 110 mm external diameter and 100 
mm height test section, at atmospheric pressure. 
Parameters investigated were:  
- Inlet water velocity between 1 and 8 mm/s (4 to 30 


m3/h/m2), in the range foreseen in PEARL test matrix, 
- Power at 300 W/kg (maintained or not during the 


reflooding phase), 
- Initial temperature before reflooding at 420 K, 500 K, 


600 K and 1000 K. 
Additional PRELUDE experiments were performed to 


evaluate the power distribution inside a larger debris bed 
diameter (from 110 to 280 mm) using stainless amagnetic 
steel particles, 2 and 4 mm in diameter, up to 300 W/kg. 
This campaign ended with two experiments with a heating 
sequence of a debris bed (test section diameter 180 mm, 
particles 4 mm) up to 1000 K at about 140 and 200 W/kg 
before the water injection. Those experiments were well 
instrumented with lot of thermocouples inside the debris 
bed (different radial and axial positions) to follow the 
water front propagation along time (Fig.1, where 
thermocouples measurements at different axial levels are 
shown).  
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Fig.1: PRELUDE measurements of the water front 


evolution along time 


The measurements of the injected water flow, as well 
as the steam flow rate generated during reflooding, were 
accurately obtained by mean of adapted sensors to reach a 
very good water/steam balance. 


The PEARL programme will simulate the reflooding 
of a debris bed, characteristic of an in-core debris bed, 
surrounded by a more permeable medium (such as intact 
structures and rods). PEARL goes beyond DEBRIS and 
PRELUDE quenching analyses by the larger facility size 
and thus the possibility to perform extended analyses on 
multidimensional effects. It will also provide a general 
basis for the assessment of the overall behaviour described 
in the codes (both in- and ex-vessel phenomena). 


Modelling of the coolability of porous media has 
indicated the importance of multi-dimensional effects. E.g. 
different quenching analyses by the partners showed 
agreement concerning a strongly favoured coolability by 
inflow of water from lateral water-filled regions of the core 
with higher porosities. Since lateral water inflow, 
especially via lower regions, strongly improves coolability, 
in general the coolability is much better than concluded 
from 1D analyses with top flooding, and 2D/3D computer 
codes including adequate descriptions of constitutive laws 
are required to analyse the real coolability situation [6]. 
The mechanistic codes ATHLET-CD/WABE (GRS, IKE) 
and ICARE/CATHARE (IRSN) codes are being validated 
on the above quenching experiments. This should help to 
improve their models with the ultimate objective to 
propose an adequate model for the ASTEC integral code.  


Also, it is necessary to improve the modelling of 
formation of porous media in the core. Alternatively, for 
assumed configurations, degradation and melting, pool 
formation and melt release must be analysed to reveal 
major trends taking into account water supply (cooling vs. 
melt pool formation).. 
 


IV. MOLTEN CORIUM CONCRETE INTERACTION 
 
MCCI can eventually lead to containment basemat 


melt-through and thus has been considered as high priority 
SA research topic. A significant programme of joint 
activities is organized within SARNET on this issue with 
the participation of 17 organizations. 
2D ablation profiles 


Contrary to what was previously expected, the 2D 
MCCI experiments performed at Argonne National 
Laboratory [7] and at CEA Cadarache [8, 9] have shown 
that, except for limestone-rich concretes, the concrete 
ablation is anisotropic: lateral ablation is significantly 
larger than axial ablation. Anisotropic ablation has also 
been observed in the under-reactor room of the Chernobyl-
4 reactor [10], where a marked lateral ablation of the 
(silica-rich) granitic concrete has been observed. So the 
experimental observations of ablation anisotropy should 
not be attributed solely to scale or heating technique 
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artefacts and must be understood in order to achieve 
predictive modelling of concrete ablation during a 
postulated SA. 


To contribute to the understanding of this 
phenomenon, CEA has launched, with SARNET and 
national supports, a series of Separate-Effect-Tests in the 
VULCANO facility. Two experiments have been 
performed (Fig.2) with respectively a concrete made of 
decarbonated limestone (VB-ES-U2), which presented 
anisotropic ablation and with a siliceous mortar (i.e. a 
“concrete” without the aggregates above 2 mm) which is 
still awaiting post test examinations (VB-ES-U3).  
 


 
Fig.2: Pictures of VULCANO VB-ES-U2 test during 
corium pouring phase. Left: Corium pouring from the 


plasma arc rotating furnace (upper right) to the concrete 
cavity (lower left). Right: Zoom on the concrete 


hemicylindrical cavity 


The VB-ES-U2 experiment clearly showed that 
neither the molten concrete physical properties nor the 
physico-chemical properties cause the transition from 
anisotropy to isotropy, since two concretes having the 
same melt composition (after decarbonation) present very 
different ablation patterns. It is also very unlikely that the 
gas superficial velocity is the cause of isotropy, since these 
parameters were close in the VULCANO experiments with 
limestone and clinker concretes while the ablation patterns 
were different. Three remaining effects need to be 
considered: effect of large unmelted gravel, effect of 
concrete shrinkage, effect of the gas superficial momentum 
(or mass flow rate). The analysis of the latest experiment 
and of one or two further experiments should allow 
narrowing the investigations on the origin of ablation 
anisotropy. Temperatures in the pool, in the concrete and 
on the pool surface are monitored throughout the 
experiment to be compared with code calculations. 


Since MCCI thermalhydraulics is strongly coupled 
with thermochemistry, some analytical experiments are 
conducted to determine melt liquidus composition at UJV 
and ITU. They contribute, with the assessment of all the 
material analyses, to the validation or improvement of the 
NUCLEA thermodynamic database [11]. The CLARA 
facility in CEA provides new thermalhydraulic data on 
convection with gas sparging in the bottom and on the 
sides of the pool. These experiments are important to 


derive empirical models for prediction of MCCI ablation 
profiles.  


In parallel, a benchmark exercise between several 
computer codes is under way on 2 earlier VULCANO 
experiments. 
Effect of the metallic phase 


The effect of the metallic phase must be considered, 
especially because models indicate that a heavy metallic 
layer would concentrate the heat fluxes towards the 
bottom. The MOCKA large scale (~1 ton of corium) 
facility is under construction at KIT to study the effect of 
the metallic phase with high temperature simulant 
materials. Experiments with prototypic materials (oxidic 
corium and steel) were performed in the VULCANO 
facility [12] at the 50 kg scale and in the SICOPS facility 
(in AREVA-NP GmbH) [13] at a smaller scale. Both 
experiments showed a significant metal oxidation. 
Following experiments will last shorter so that a sufficient 
volume of metal remains in order to analyze its spatial 
repartition during Post-Test-Examinations. Interpretation 
work of all available metal-oxide tests using both stimulant 
and prototypical materials has been performed, which led 
to review the metal/oxide stratification criterion. Reactor 
MCCI studies have been performed with the ASTEC code 
using this more realistic criterion: it led to the melt-trough 
of a 4 m thick basemat in more than 5 days and only 1 day 
for an unrealistic fixed configuration with the metallic 
phase under the oxide one. Further experimental and 
theoretical investigations are necessary, especially for 
cases with siliceous concrete that will promote 
stratification due to the low gas production of its ablation. 
They will be devoted to the metal oxidation kinetics but 
also to determine the effects of a stratified configuration. 
For this last issue, information will be obtained in 
particular from Direct Numerical Simulation of heat 
transfer due to sparging of gas bubbles through the 
interface between a heavy metallic layer and a lighter 
heated oxide layer [14]. Fig.3 shows the temperature field 
in a IRSN calculation. 


 


 
Fig.3: Direct Numerical Simulation of heat transfer 


induced by a bubble swarm at the metal-oxide interface 


Late Water Cooling of MCCI 
Research activities are underway to assess the 


capability of water cooling starting after the pouring of 
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corium in the cavity. Although recent CCI-6 results [15] 
suggest that early water flooding (i.e. at a time when the 
concrete molten fraction is low) has a good coolability 
potential that must be confirmed by further experiments, 
the efficiency of late top flooding seems more doubtful, 
especially for siliceous concretes. Bottom flooding, e.g. 
using the COMET concept [16], is being studied as an 
efficient alternative to top flooding. IKE is conducting 
modelling and interpretation of the VULCANO COMET 
experiment and reactor scale calculations. The porosity 
formation in the melt layer and the cooling process due to 
the injection of water via porous concrete at bottom is 
calculated with the MEWA code. Fig. 4 shows the status of 
quenching after about 300 s (melt temperature field) 
together with water and steam velocities.. 


 
Fig.4: MEWA calculation of the velocities and 


temperatures in the VULCANO COMET experiment 


Bringing Research to Reactor Applications 
The research activities conducted with SARNET are 


always linked to reactor applications. For MCCI, these 
applications are organized around benchmarks between 
different computer codes. Currently a benchmark of a 
generic VVER-1000 MCCI is under way. Lessons from the 
MCCI which took place during Chernobyl accident are 
also being considered. 


 
V. CONTAINMENT ISSUES 


 
The considered safety issue is the threat to the 


containment integrity due to two types of highly energetic 
phenomena: steam explosion and hydrogen combustion. 
Several benchmarks were launched involving simulation 
codes (Lumped-Parameter - LP or Computational Fluid 
Dynamics - CFD) on different physical phenomena or 
safety systems, such as containment sprays, hydrogen 
combustion, steam condensation, interaction between 
Passive Autocatalytic Recombiners and containment 
atmosphere, plus a theoretical benchmark on a generic 
NPP containment including the most important 


components. Some benchmarks already achieved 
significant results. 
Benchmark on containment sprays 


The first part of the spray benchmark [17] consisted in 
simulating an elementary heat and mass transfer 
experiment, done in IRSN: separate uniform droplets were 
generated and observed in a vessel with a controlled 
atmosphere. For this exercise, both LP and CFD codes 
were used. Apart from the organizer IRSN, the following 
organizations participated in the benchmark: EDF, RSE, 
GRS, KIT, LEI, NRG, UJV, UJD SR and UNIPI. Five 
droplet evaporation and four droplet condensation 
experiments were simulated. The comparison of code 
results with the vertical evolutions of the droplet 
temperature, droplet diameter and vertical velocity, 
enabled the assessment of droplet models in different 
codes, as the results were not distorted by the influence of 
other simulated phenomena. In particular, it appeared that 
the calculated evaporation rate is mostly too high at 
ambient conditions. 
Benchmark on hydrogen combustion 


The benchmark on flame acceleration during hydrogen 
combustion [18] consists in simulating experiments 
performed in the ENACCEF 0,8 m3 facility (Fig.5), located 
at the Centre National de la Recherche Scientifique 
(CNRS) in Orléans (France). The following organizations 
have participated in the benchmark: IRSN (organizer and 
joint owner of the facility), AREVA NP GmbH, GRS, 
KAERI, LEI, NUBIKI and RUB. Three experiments were 
simulated, one without obstacles in the acceleration tube 
and two with obstacles, with different blockage ratios. In 
all cases, the flame propagation was much better simulated 
in the later parts of the tube (in the region with obstacles 
and further) than in the initial part (between the ignition 
point and the first obstacle). The pressure increase was also 
mostly well calculated. 
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Fig.5: ENACCEF experimental facility for performing 


experiments on hydrogen combustion 
Benchmark on steam condensation 


Although research of condensation as such does not 
fall in the field of severe accidents, the modelling of 
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condensation may significantly affect the results of CFD 
simulations of containment atmosphere mixing and 
stratification. The purpose of the benchmark [19], which 
consists in simulating experiments that were performed in 
the CONAN facility (at UNIPI) with CFD codes, is to 
compare different existing models with the purpose to 
identify the most adequate ones. The following 
organizations have participated: UNIPI (organizer), CEA, 
FZ Jülich, JSI, KIT, NUBIKI, UJV and AECL. So far, 
experiments involving condensation during downward 
forced flow of a steam-air mixture near a condensing 
vertical plate were simulated. In general, a good agreement 
of measured and calculated condensation rates, heat fluxes 
and plate temperatures was obtained by most participants. 
In the next phase of the benchmark, experiments and 
simulations are planned that will involve natural 
convection, which will be closer to the expected physical 
conditions during a severe accident. 
Benchmark on generic containment 


When comparing simulation results of severe 
accidents in actual NPPs, obtained by different LP codes, 
the differences are often distorted by different assumptions 
and modelling, adopted by different users. The basic idea 
of the benchmark on “generic” containment is to compare 
code results by simulating a transient in a precise and 
unique containment model, based on the containment of a 
German NPP [20] (Fig.6). Apart from the organizer FZ 
Jülich, the following organizations have participated in the 
first phase: AREVA NP GmbH, ENEA, RSE, JSI, GRS, 
IRSN, NRG, NUBIKI, RUB, TUS, UJV, UNIPI and VTT. 
Although most calculated results were similar, an 
interesting outcome of the 1st phase of the benchmark is 
that significant differences may still be observed, due 
mainly to: 
- Differences in applied thermal-hydraulic models, 
- Prediction of different flow patterns by different 


codes. 
 


 
Fig.6: Schematic view of the “generic” NPP containment. 


 
VI. SOURCE TERM ISSUES 


 
In the source term area, collaboration has been 


especially active concerning iodine behaviour in the 


containment. Experimental and analytical studies focused 
on volatile iodine formation from iodine-loaded paints and 
possible destruction of gaseous iodine species by their 
reactions with air radiolysis products. Some examples of 
the extensive work performed are summarized here. 


The EPICUR S2-6 analytical test series was launched 
by IRSN to validate and develop models for gaseous 
organic iodide formation from a painted surface loaded 
with iodine [21]. Iodine is assumed to be adsorbed onto a 
painted coupon, and then to react with the organics in the 
paints. In these experiments, the influence of the 
temperature, humidity, and iodine surfacic concentration 
was studied. One objective was also to study the effect of 
residence time in the irradiation vessel on the nature and 
proportions of volatile species formed and the duration of 
the irradiation in order to quantify the release kinetics from 
the coupon after 8h of irradiation. 


Before the experiments the coupons were loaded with 
labelled molecular iodine (131I) by Dushman’s reaction. 
Then the coupons were irradiated in a vessel and the 
volatilised iodine species were swept to a May-Pack. The 
May-Pack is composed of selective filters which allow 
speciation between molecular and organic iodide. The 
iodine compounds trapped in the different filters are γ-
counted on-line with NaI-probes set above each filter 
group. 


The S2-6 series revealed two important and partly 
surprising facts. The fraction of iodine volatilised as 
organic iodide decreased when iodine loading on painted 
coupons increased. A 30-hour experiment also revealed 
that there was still release of iodine after 8 hours of 
irradiation, but the volatilisation was slower. IRSN and 
NNL have proposed a joint preliminary interpretation of 
the S2-6 test series based on mechanistic considerations. 
Mechanisms of interaction between iodine and main 
functions of polymeric paint molecules have been 
identified and ranked according to their influence in 
organic iodine production. Then an explanation of the 
influence of the most influent parameters, i.e. the iodine 
loading, temperature and relative humidity, has been 
proposed in the light of those mechanisms. The next step 
will be the development of a new ASTEC model of iodine 
interaction with paint by determining the kinetic constants 
of those mechanisms. 


Experimental studies on radiolytic oxidation of 
elemental iodine and methyl iodide were carried out in the 
EXSI facility by VTT and Chalmers University. The aim 
was to verify the possible formation of iodine-containing 
aerosol species, when gaseous iodine is exposed to air 
radiolysis products. The reactions take place in a flow 
furnace with temperature varying from 50°C to 120°C and 
residence time from 2 to 7 seconds. Up to four ultra-violet 
C (UVC) lamps were used as a source of ionizing radiation 
and to produce ozone in various oxygen concentrations. 
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Ozone was also produced with an ozone generator. The 
effect of humidity on oxidation of iodine was also studied. 


The aerosol particles formed were collected on plane 
filters, after which gaseous iodine was trapped in a NaOH-
water solution. The amount of iodine in both filters and 
trapping bottles was analysed using an Inductively 
Coupled Plasma-Mass Spectrometer (ICP-MS). Particle 
mass flow rates, number concentrations and size 
distributions were measured on-line using aerosol 
instrumentation. Speciation of gaseous reaction products 
was measured also on-line with Fourier Transform Infrared 
Spectroscopy (FTIR). The morphology as well as the 
elemental composition of the particles was determined 
with Scanning Electron Microscope Energy Dispersive X-
Ray Analysis (SEM-EDX). 


It was found that the formation of aerosol particles 
was very rapid when ozone was present with either 
elemental iodine or methyl iodide. A similar increase in 
aerosol mass concentration was found with increasing UV 
radiation intensity. Regardless of the ozone generation 
technique, increasing reaction temperature also increased 
aerosol mass concentration. Particle mass concentrations 
measured in CH3I experiments are presented in Fig.7 as a 
function of radiation intensity and temperature. 


 
Fig.7: Particle mass concentration in CH3I experiments as 


a function of radiation intensity and temperature 
 
The diameter of the primary particles varied between 


5-10 nm. Due to the very high number concentration, 
particles grew by agglomeration. Agglomerate size 
distribution was log-normal with number median diameter 
(NMD) varying between 60-120 nm. The size of the 
agglomerates increased and the number concentration 
decreased with increasing residence time. The agglomerate 
size also increased with iodine concentration. SEM-EDX 
analysis showed that particles contained iodine and 
oxygen. According to a literature study, the most likely 
iodine oxide species would be I2O4, I2O5 and I4O9. 
Depending on experimental conditions, both liquid and 
solid particles were observed. Iodine oxides in contact with 


water form hydrated species and the final product is likely 
to be iodic acid [22, 23]. 


The transport of elemental iodine through the facility 
was very low when ozone was present, whereas a part of 
methyl iodide was always detected at the outlet of the 
system. The presence of ozone promoted retention of 
iodine in the facility probably by surface reaction. Some 
deposited iodine evaporated later during the experiments 
and formed particles in the gas stream. The main gaseous 
reaction products of organic iodides were methanol and 
formaldehyde. Especially at elevated temperature other 
reaction products, such as formic acid and methyl formate, 
became important as well. The decomposition of CH3I and 
subsequent formation of reaction products was much faster 
than what is considered in previous studies. 


NNL analysed the EXSI methyl iodide experiments 
with the mechanistic IODAIR code. Methyl iodide 
decomposition in UV tests was probably due to direct 
photolysis and reactions with O atoms. Direct photolysis 
would favour production of gaseous iodine, whereas 
reaction with O atoms would lead to formation of iodine 
oxide particles. According to modelling, ozone formation 
was expected to be insignificant, which was confirmed by 
measurements. Methyl iodide decomposition in 
experiments with ozone feed was much higher than 
predicted by the model. Such result cannot be accounted 
for only by thermal decomposition of ozone. The test 
results indicate a direct reaction between methyl iodide and 
ozone. 


To apply the results obtained with UV radiation in 
reactor safety, further EXSI experiments on methyl iodide 
oxidation are being carried out using a 20 kGy/h 60Co 
source in Chalmers Technical University. 


 
VII. INTEGRATING ACTIVITIES 


 
VII.A. ASTEC code assessment and improvements 


 
IRSN and GRS jointly develop the ASTEC code to 


describe the complete evolution of a SA in a nuclear water-
cooled reactor [3]. The new series of versions V2 can 
simulate the EPRTM (European Pressurised Reactor), 
especially its external core-catcher, and it includes the 
advanced core degradation models of the ICARE2 IRSN 
mechanistic code. Twenty-eight organizations contribute to 
the assessment of the successive ASTEC versions in the 
SARNET frame, through validation on reference 
experiments and through reactor applications for the most 
important SA scenarios in PWR, VVER and CANDU.  


A first revision of the V2.0 version, released in June 
2010, included mainly model improvements in the 
modules ICARE (about corium behaviour in the lower 
head), MEDICIS (about MCCI in EPR), and CESAR 
(about thermal-hydraulics in the primary and secondary 
circuits). CESAR uses 0-D components to represent the 
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pressuriser, the vessel upper head or the steam generator 
(SG) cavity (separator): these volumes may contain a water 
level, with gas above the water level close to the saturation 
temperature. Two distinct zones, a lower water/steam zone 
and an upper gas region, have been modelled in these 
volumes: in both zones, different pressures (for a correct 
account for the hydrostatic pressure), wall temperatures 
(for a correct distribution of heat from walls) and gas 
temperatures (for a right interface/steam transfer) are now 
considered.  


As one example of V2 validation, IKE (Germany) 
applied ICARE2 to the Phébus FPT4 experiment on 
melting of a debris bed, made of UO2 and ZrO2 particles of 
2 to 5 mm size. The calculated temperatures are in very 
good agreement with the measurements, which indicates 
that the heat transport phenomena in the dry debris bed are 
well described by the chosen Imura/Yagi correlation for 
the effective heat conductivity and the Gunn correlation for 
the convective heat transfer. The final material distribution 
is also very well captured (Fig.8), indicating a very good 
behaviour of the 2D magma model. As concerns fission 
products, the ASTEC V2 prediction is very good for the 
release of volatile species while a tendency to over-predict 
the release of medium volatile species is observed. 
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Fig.8: Comparison of Phébus FPT4 post-test radiography 
(left) with calculated volume fraction of material (right) 


As another example of V2 assessment, AREVA-NP 
SAS (France) performed a benchmark between the ASTEC 
V2.0 and MAAP4.07 codes on a transient of failure of SG 
feed-water system in a PWR 900 MWe. It is additionally 
supposed here that the active emergency core cooling 
systems (ECCS) are unavailable: only passive cooling 
systems (hydro-accumulators) are available. Two ASTEC 
calculations were performed: the one named CAND using 
the candling 1D model of corium relocation along the rods 
and the one named MAGMA using the 2D corium 
relocation model within the core. The timing of calculated 
events is similar between both codes during the core 
degradation phase except for the vessel lower head rupture 
that occurs sooner with ASTEC. The corium masses in the 
vessel lower head are close at time of vessel rupture. Fig.9 
shows the comparison of the in-vessel hydrogen cumulated 


release mass: though the core degradation phase starts a 
little bit earlier with ASTEC than with MAAP, a very good 
agreement is obtained between both codes when using the 
MAGMA model in ASTEC V2. This comparison will 
focus in the next months on the ex-vessel phase and on the 
behaviour of fission products. 


 
Fig.9: Comparison ASTEC-MAAP of calculated produced 


in-vessel hydrogen between in a reactor benchmark 
 


VII.B. Storage in DATANET of experimental data 
 
The objective of the DATANET database is to collect 


the available experimental data in a common format in 
order to ensure preservation, exchange and processing of 
SA experimental data, including all related documentation 
on an internet based protected site. The data are both 
previous experimental data that SARNET partners are 
willing to share within the network and all new data 
produced within SARNET. DATANET is based on the 
STRESA tool developed by the Joint Research Centre 
(JRC) in Ispra (Italy) and now managed by JRC IE 
(Institute for Energy) in Petten (The Netherlands). It 
consists of a network with several local databases where 
all access rights are managed in accordance with the rules 
adopted in the SARNET consortium. The protection of 
confidential data is an important feature that is taken into 
account as the information security of the database. 


In SARNET FP7, three new STRESA nodes were 
opened and the results of over 200 experiments from 42 
facilities have now been implemented. The storage by 
partners of new experiments will continue. JRC IE will 
also create new local STRESA nodes for partners with a 
small volume of experimental data and support the users 
through training sessions when necessary. 


 
VIII. SPREADING OF EXCELLENCE 


 
The existing public web site (www.sar-net.eu) is being 


continuously improved to make it more attractive and to 
provide more information on the SA research field to the 
general public. For communication between all network 
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members, the e-collaborative Internet Advanced 
Communication Tool (ACT) is used like in SARNET FP6 
project but with substantially improved features.  


About 320 papers related to SARNET work in the last 
5 years have been presented in conferences or published in 
scientific journals. Efforts will continue in that direction. 
The dissemination of information is also done through 
periodic newsletters or participation to public events.  


Three conferences ERMSAR (European Review 
Meetings on Severe Accident Research) have been 
organized during the last 5 years successively in France, 
Germany and Bulgaria as a forum for the SA community. 
They are becoming one of the major yearly events in the 
world on this topic. The 4th one was hosted by ENEA 
(Italy) on May 11-12, 2010 in Bologna (Italy). 


The Education and Training programme is focusing on 
raising the competence level of the university students 
(Master and PhD) and researchers engaged in SA research. 
Towards this purpose, in the wake of SARNET FP6 
project, education courses are being developed on the SA 
phenomenology. The teaching will not be a survey but an 
in-depth treatment so that the students and researchers will 
be able to understand the methodology in the topics further 
and use analysis computer codes, mainly ASTEC, more 
effectively for any type of European NPP. The best-
estimate analysis will be supplemented with an uncertainty 
analysis. Links with the European ENEN association 
(European Nuclear Education Network) will be maintained 
and strengthened. Besides, training courses will be 
proposed for plant operators and for researchers who are 
interested in the severe accident management procedures. 
Here, the emphasis should be in identifying what these 
procedures are based on and why they are effective. Three 
one-week educational courses were organised during the 
last 5 years, gathering from 40 to 100 persons. A 4th course 
was organised by University of Pisa and CEA in Pisa in 
January 2011.  


The textbook on SA phenomenology was drafted 
during the SARNET FP6 project. It covers historical 
aspects of water-cooled reactors safety principles and 
phenomena concerning in-vessel accident progression, 
early and late containment failure, fission product release 
and transport. It contains also a description of analysis 
tools or codes, of management and termination of SA, as 
well as environmental management. It gives elements on 
Generation III reactors. After the final review done in 
2010, the publication is planned in mid-2011. 


A programme enables university students and 
researchers to go into different laboratories for education 
and training in the SA area. Some stages for master thesis 
may be organised in the ENEN framework to obtain the 20 
credits (ECTS) necessary for the achievement of the 
European EMSNE (European Master of Science in 
Nuclear Engineering) certification. The staff deputation 
programme that was a success in SARNET FP6 project (35 


delegations with an average duration of 3 months) is 
continuing: a researcher from one laboratory can spend 
several months in another European Laboratory where 
he/she would participate in an area of the SA research 
ongoing there.  


 
IX. CONCLUSION 


 
After a first phase of four and a half years, the 


SARNET network of excellence is continuing from April 
2009 for four years more. A significant progress is 
foreseen in the next years towards solving the pending 
issues for current NPP SA through new experiments and 
modelling, in particular in the ASTEC integral code used 
as European reference code. An important next task in 
2011-12 will be the update of the SA R&D priorities, 
notably using the results of all international programmes 
(OECD/NEA, ISTP, ISTC…). Efforts will continue on the 
transfer of knowledge to younger generations through the 
ERMSAR periodic international conferences, educational 
courses and delegations in laboratories. 


A first step towards a sustainable integration of the 
European SA research capacities has been reached. A 
strong link must be kept with the “PSA2 community”, in 
continuation of the ASAMPSA2 EC FP7 project on PSA2 
best-practice guidelines [25]. 


The European SNETP (Sustainable Nuclear Energy 
Technology Platform), that gathers all nuclear fission 
actors and aims at providing the stakeholders and the 
public with a 2020–2050 vision on R&D, has delegated to 
SARNET the R&D SA coordination for Gen.II-III NPPs. 
The challenge is to prepare the network self-
sustainability after the end of EC funding after 2013: such 
a living and unique pool of experts should assess the 
remaining issues on SA and propose relevant R&D 
programmes to address them. 
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Abstract – KAERI has developed a hybrid heat exchanger for the SO3 decomposer and operated 
a small-scale gas loop for its performance test. The hybrid heat exchanger has semicircular 
printed circuits in the hot gas side and Sine-shaped plate-fins in the process gas side. The 
contacted surface with SO3 mixture gas is enhanced to use Silicon Carbide-coating and ion-beam 
mixing technologies to improve the resistance against the surface corrosion and thermal stress at 
its operation condition. The gas loop was designed to simulate the SO3 decomposition in the 
laboratory scale. It was categorized into the nitrogen loop for an intermediate loop and the 
sulfuric acid loop for H2SO4 and SO3 decomposition processes.  In this study, we carried out the 
performance tests for the main components of the nitrogen loop. They included a gas-bearing 
turbo blower, the heaters and the water-cooled printed circuit heat exchanger. In addition, the 
feasibility test for the hybrid heat exchanger was performed at the sulfuric acid condition. The 
experimental results showed the effect of the surface modification on the corrosion resistance. 


 
I. INTRODUCTION 


 
Hydrogen has drawn an attention as an alternative to 


fossil fuels, the main source of carbon dioxide emissions. 
At present, a wide array of hydrogen production methods 
has been investigated to meet the massive hydrogen 
demand in the future. Nuclear hydrogen production, where 
a Very High Temperature gas-cooled Reactor (VHTR) is 
employed as a thermal energy source, has been highlighted 
for a massive, economic and clean hydrogen production.1,2 
Especially, the sulfur-iodine(SI) cycle with VHTR has 
shown great chance for the industrial-scale  massive 
hydrogen production.1 Research aimed at SI cycle coupled 
to a VHTR for nuclear hydrogen production is in progress 
at Korea Atomic Energy Research Institute.3  


This nuclear hydrogen production system consists of 
the following three subsystems; a primary VHTR system, 
an intermediate loop system, a SI cycle-based hydrogen 
production system. Heat generated by nuclear fission is 
transferred from the VHTR to the intermediate loop 
through intermediate heat exchangers and is finally 
transferred to the hydrogen production system through an 
addition set of process heat exchangers as shown in Figure 
1. Especially, the SO3 decomposer is one of the main 
technical challenges due to its severe operation conditions 
including large pressure difference, high temperature and 
the corrosive working fluid in the process gas side.  


 


 
 


Fig. 1. Chemical Reaction Flow Diagram of SI Process 
 
At KAERI, Kim et al.4 developed a hybrid heat 


exchanger design to withstand its severe operation 
condition. The base material is metal, and the contacted 
surface with SO3 mixture gas is modified by the silicon 
carbide (SiC) coating and ion-beam mixing technologies5. 
Kim et al.6 performed various sensitivity studies for the 
thermal design of a laboratory-scale SO3 decomposer for 
this loop. 
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Figure 2 Flow Diagram of Small-scale Gas Loop 


 
In order to test its performance and integrity in a 


laboratory scale, Hong et al.7 constructed a small-scale gas 
loop at KAERI. Hong et al.8,9 and Kim et al.10 have 
operated the gas loop at the various conditions.   


In this paper, the experimental results were 
summarized and discussed from the performance tests of 
the main components with a water-cooled printed circuit 
heat exchanger. In addition, the feasibility test for the 
hybrid heat exchanger was performed at the sulfuric acid 
condition. The experimental results showed the effect of 
the surface modification on the corrosion resistance at the 
boiling condition of the sulfuric acid. 


 
II. EXPERIMENTAL SETUP 


 
The primary goal of the small-scale gas loop is the 


integrity and feasibility test of a laboratory-scale process 
heat exchanger for the sulfur trioxide decomposition as 
Figure 2. The gas loop consists of the hot gas loop and the 
process gas loop. The hot gas loop simulates the 
intermediate loop of the nuclear hydrogen production 
system. A process gas loop is an open loop, which 
simulates the decomposition of sulfuric acid into water, 
SO3, SO2, and oxygen via SI process. 


II.A. Hot Gas Loop (Primary System) 
 


The gas loop was designed to withstand the maximum 
temperature of 1000℃, the maximum pressure of 6.0 MPa, 
and to operate at a mass velocity of 2.0 kg/min. The 
working fluid is nitrogen for simple high pressure gas 
experiments. Nitrogen loop is composed of a gas-heating 
system, a hot gas duct, a hybrid heat exchanger, a water-
cooled printed circuit heat exchanger(PCHE), a water 
cooled shell tube type heat exchanger, a gas-bearing 
circulator, a water cooling system, an nitrogen supply 
system, a nitrogen purification system, and a bypass flow 
control valve as shown in Figure 2. The nitrogen 
temperature is controlled by adjusting the power to the 
heaters using direct voltage controllers. The primary mass 
flow rate to the gas heating system is controlled by the 
circulator inverter and the bypass flow control valve. The 
accumulator maintains the nitrogen loop at a constant 
pressure. 


The gas heating system of this nitrogen loop is divided 
into two compact gas heaters as a pre-heater and a high 
temperature heater. The design outlet temperatures of the 
pre-heater and the high temperature heater are 500℃ and 
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1000℃, respectively. The heated material of the pre-heater 
is Inconel-625 whose design temperature is 850℃.  The 
heater element high temperature heater was made of C/C 
composite, because it withstands a temperature up to 
1600℃. The turbulent flow regime in the heaters must 
always be maintained to obtain the large heat transfer 
coefficient and the compact size of the heaters. Therefore, 
2´2 array was selected to maintain the turbulent flow at 
the outlet of the high temperature heater which has the 
lowest Reynolds number in the gas heating system. 


In addition, the heaters have three mechanical 
requirements including flow induced vibration, acoustic 
vibration, and the thermal stress.   Especially, the thermal 
stress is the most important requirement. Thermal stress 
results from the thermal expansion difference by the 
temperature gradient. Below 450℃, creep and creep –
rupture effects are usually negligible in the steels and 
nickel-chromium-iron alloys used in a VHTR. So, the 
pressure vessels are internally insulated to protect the direct 
contact between the metal vessel and the high temperature 
gas. The liner between the heated element and the insulator 
was installed to reflect the thermal radiation from the 
heated element, maintain the flow channel, and prevent the 
large dust ingress from the insulator to the gas flow. The 
insulator material is Kaowool, which has the thermal 
conductivity of 0.2 W/m K. Liner materials of the preheater 
and the high temperature heaters are Inconel 800H and 
Molybdenum, respectively, adequate for their operating 
temperatures. In addition, the liner has the sliding joints to 
buff the thermal expansion. The insulator thickness was 
determined to maintain the vessel temperature(≤ 300℃). 
The insulator thickness and the vessel thickness was 
enough low to neglect the thermal stress. Figure 3 shows 
the schematic diagram and the picture of the high 
temperature heater. 


Hot gas duct links the outlet of the high temperature 
heater to the inlet of the process heat exchanger. The hot 
gas duct also has the internal insulator and the liner. The 
materials of the insulator and the outer vessel are Kaowool 
and stainless steel 316 as the heaters of the gas heating 
system. The liner of the hot gas duct was made of alumina 
due to the relatively smaller temperature gradient than the 
high temperature heater. The insulation thickness (≥ 27 
mm) was determined at the following thermo-hydraulic 
design requirements; the surface temperature (≤ 300℃) 
and the heat loss (≤1 kW/m)  


Fig. 4 shows the pictures and drawings for this hybrid 
heat exchanger. Hot gas side has semicircular channels 
similar to a printed circuit heat exchanger (PCHE). This 
design is known to have advantages in its compactness and 
robustness for a large differential pressure across the plate. 
Process gas side has Sine-shaped channels like a plate-fin 
heat exchanger. The channel size is determined to allow 
enough space for the catalysts to accelerate thermal 


decomposition of SO3. The Sine-shape is selected to 
maximize the surface enhancement effects by ion-beam 
mixing and SiC coating technologies. Park et al.5 explained 
the fabrication process for hybrid heat exchanger in detail. 
The length and the width of the effective heat transferred 
region are 0.15 m ´  0.15 m due to the limit of ion-beam 
mixing chamber size.  Song et al.11 performed high-
temperature structural-analysis, thermal analysis modeling, 
and thermal expansion analysis for the laboratory scale 
hybrid heat exchanger at the experimental condition. 


 
Figure 3 Schematic Diagram of High Temperature Heater 


 


 


 
 


Figure 4 Hybrid Heat Exchanger5, 11 
 


283







Proceedings of ICAPP ‘11 
Nice, France, May 2-5, 2011 


Paper 11454 


   


A water-cooled printed circuit heat exchanger (PCHE) 
was installed to cool the hot gas from the hybrid heat 
exchanger to room temperature. So, one stack of hot gas 
had two stacks of water to obtain enough coolability at the 
high temperature of inlet condition. The core dimension is 
130 mm (W) ´   220 mm (L) ´  145 mm (H). As shown in 
Fig. 5, the channel lengths of the effective heated region of 
the water side and the hot gas side are 0.185 m and 0.187 m, 
respectively. The material of the heat exchanger body is 
stainless steel 316 because the plate temperature is very 
low for the heat transfer coefficient of water to be much 
higher than that of nitrogen.  
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Figure 5 Water Cooling PCHE 


(A-type: Hot Gas, B-type: Water) 
 
High temperature experimental loop requires the 


control of gaseous impurities. Oxygen, steam, and the oil 
vapor induced by a circulator will contaminate and damage 
the sophisticated high temperature components such as the 
heated element of the high temperature heater. In the case 
of oxygen and steam they are removed through the room 
temperature adsorption of the nitrogen purification system. 
Because gas bearing circulator without oil lubricant has 
been operated in this nitrogen loop, there is no need of oil 


vapor removal process in this loop. Fig. 6 shows the body 
mounted on two pairs of the ANSI Class 1500 flanges with 
enough strength to withstand the design pressure of the 
loop. The diameter of impellor was 50 mm and the rotor 
was designed to adapt to a single stage and foil bearing 
system.  
 


 
Figure 6 Gas-bearing Circulator 


 
The scalable pressure transmitters produced by 


Rosemount Inc. were used to measure the pressure and 
differential pressure in the nitrogen loop. The measured 
positions of the pressure were the inlet of the pre-heater 
and the accumulator. The differential pressure transmitters 
were installed at the inlet and the outlet of the circulator 
and the bypass line. The primary mass flow rate was 
measured through the U-tube coriolis mass flow meter 
produced by Micro Motion. In a coriolis mass flow meter, 
the “swing” is generated by vibrating tubes in which the 
fluid flows. The mass velocity is determined from the 
swing angle and the vibration frequency. In this loop, there 
are many K-type thermocouples to measure the temperature 
at the various positions. The thermocouples have the sheath 
diameter with 1/16 inch and the grounded junction for the 
fast response time. Especially, the thermocouples whose 
sheath diameter is 1/8 inch were added at the hot gas 
positions as shown in Fig. 7. The radiation bias errors at the 
hot gas temperature measurement were corrected through 
the Reduced Radiation Error (RRE) method based on the 
measured temperature difference between 1/16 inch and 1/8 
inch thermocouples10. 


284







Proceedings of ICAPP ‘11 
Nice, France, May 2-5, 2011 


Paper 11454 


   


 
Figure 7 Two Thermocouples in the Hot Gas Region 


 
II.B. Process Gas Loop (Secondary System) 


 
The process gas loop is designed to withstand the 


maximum design temperature of 950℃ and the maximum 
design pressure of 1.0 MPa. The sulfuric acid mass flow is 
controlled by the acid feed pump.  


The 96wt% sulfuric acid is evaporated and 
dehydrolyzed as it passes the high temperature sulfuric acid 
heating system by the alternative voltage. The system is 
composed of two components; a sulfuric acid evaporator 
and a sulfuric acid dehydrolyzer. Due to the harsh corrosion 
characteristic of the boiled sulfuric acid, SiC tubes are used 
in the heat transferred region of the sulfuric acid heating 
system. The evaporator has Teflon lined inlet plenum and 
Hastelloy C276 outlet plenum. The dehydrolyzer has both 
Hastelly C276 inlet and outlet plenums. The heat is induced 
by indirect heating of Kanthal coil heaters on the SiC tube 
surface. The SiC tube surface is electrically insulated by 
quartz tube. All the SiC tubes are surrounded by the 
thermal insulator. 


SO3 is fractionally decomposed into SO2 and oxygen 
in the process heat exchanger with catalyst. Via a high 
temperature acid hybrid cooler12, SO3 and steam is 
combined to sulfuric acid vapor and the vapor is condensed 
to the sulfuric acid liquid. The cooler has a Teflon-lined 
outlet plenum and a Hastelloy C276 inlet plenum. SiC is 
used as the material of the heat-transferred tube as the 
heating system. The hybrid cooler was designed with two 
cooling zones; an air cooling zone and a water cooling 
zone to isolate the cooling water from the corrosive 
environment of the inlet plenum as shown in Figure 8. 


In the separator, the two-phase mixture is separated 
into the lighter sulfuric acid and the gas mixture with SO2 
and oxygen. The gas mixture is vented to the atmosphere 
after SO2 is removed by a scrubber. The lighter acid liquid 
is cooled to room temperature via the acid cooler and 
drained in the tank.  


 


 


Figure 8 High Temperature Acid Hybrid Cooler 
 


III. RESULTS AND DISCUSSION 
 


During the normal operation of the circulator, the main 
reason of the circulator failure was the overheating of the 
circulator internal a due to the solid particles. The solid 
particles from the friction between the thrust bearing and 
the radial bearing accelerated the wear of the bearing 
bushes. Figure 9 shows a damaged bearing and bearing 
bushes. After the long time operation, the solid particles 
soiled between the stator and the shaft; the magnet was 
burnout and separated from the shaft due to the loss of the 
magnetism by an inordinate temperature rising as shown in 
Figure 10. Solid particles and high operation temperature 
were the interactive factors which accelerated the circulator 
fail. To minimize the generation of solid particles, the 
surface hardness of bearings was improved by a special 
coating with thermal process of the bush surface. To supply 
the suitable flow rate to the bearing, the hole was drilled on 
the bearing cover.  
 


 
Figure 9 Damaged Bearing & Bearing Bushs 
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Figure 10 Magnet Separated from the Shaft 


 
The mass flow meter could not be installed in the 


bypass line due to its large loss coefficient. But the bypass 
flow rate could be calculated from the valve constant and 
the pressure drop of the bypass mass flow control valve. 
Most of the bypass line pressure drop is the form loss by 
the bypass flow control valve. It was assumed that the valve 
pressure drop is equal to the bypass line pressure drop. The 
valve constant is determined from the design data. The total 
flow rate of the loop is the sum of the measured primary 
mass velocity and the calculated bypass mass flux. Figure 
11 shows the performance curve of the circulator based on 
the measured compression ratio and the calculated 
volumetric flow rate. The experimental results were 
obtained at the various system pressure and motor rotation 
speed. 


 


 
Figure 11 Performance Curve of the Circulator 


 
The performance of the gas heating system and the 


water-cooling PCHE was estimated at the experiment 
without the link of the process heat exchanger. Figures and 
12 and 13 show the histories of temperatures, the pressure 
drops and the primary mass flow rate when the heater 
power was gradually increased in the nitrogen loop. All 
radiation errors of the temperature at the hot gas region 
were corrected by the RRE method10. Rising the loop 
temperature rising increases the system pressure and the 
primary mass flow rate. When the outlet temperature of the 
high temperature heater was above 673℃, the bypass line 
pressure drop was suddenly increased. In the contrary the 
primary mass flow rate was suddenly decreased. The 
opened fraction of the bypass control valve was decreased 
and the rotation speed of the rotor was increased to 
maintain the primary mass flow rate. After the measured 


outlet temperature of the high temperature heater was 
above 800℃, the primary mass flow rate could not be 
maintained because of the concern about the overheating of 
the circulator internal. The contrary linkage between the 
primary mass flow rate and the outlet temperature of high 
temperature heater resulted from the larger thermal loss 
effect than the temperature rising effect. A water-cooling 
PCHE showed enough coolability to cool down the hot gas 
into the room temperature. 
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Figure 12 Temperature Histories 
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Figure 13 Pressure Drops and Mass Flowrate 


 
At the inspection after the test, it was found that the 


oxide dust from the heaters blocked the micro flow channel 
of the PCHE as shown in Figure 14. The flow blockage was 
the main reason of the sudden increase of the pressure drop 
and the sudden decrease of the primary mass flow rate. The 
source of the oxide was the humidity of the insulator in the 
heating system. During the humidity removal operation, the 
outer surface is not enough warm due to the internal 
insulator of the nitrogen heating system. But there was 
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almost no damage in the heated elements of the high 
temperature heater. 


 


 
Figure 14 Heater Internals after Performance Test 
 
The performance test was carried out for the main 


components of the process gas loop. In the case of the 
steam test, the outlet temperature of the dehydrolyzer was 
up to 500℃. The Kanthal heater temperature was up to 
900℃. Especially, the feasibility test of the process heat 
exchanger was performed at the boiled sulfuric acid 
condition without the connection between the hot gas loop 
and the process gas loop. Figure 15 shows the picture of 
the process gas channel through the boroscope. The 
modified surface was no change of the surface color after 
the test, but the color change was found on the side surface 
without the surface enhancement. There was no severe 
damage in the process gas loop. 


 


 
 


Figure 15 Internal Corrosion of Hybrid Heat 
Exchanger after Test 


IV. CONCLUSIONS 
 


Experimental results showed that the main components 
of the small-scale gas loop mostly had the good 
performance to simulate SO3 decomposition in the nuclear 
hydrogen production system. Especially, the gas-bearing 
circulator was stably operated for the long time. The gas 
heating system also had enough heating ability at the high 
pressure condition. 


But the dust control is required to prevent sudden flow 
blockage of the PCHE at the higher temperature condition. 
The heating system baking operation procedure will be 
updated to effectively remove the humidity of the thermal 
insulator in the nitrogen heating system.  


In the present, the performance test of the laboratory 
scale hybrid heat exchanger is in-progress to measure its 
overall heat transfer coefficient, give the input data for the 
structural analysis and estimate its integrity at the SO3 
decomposition condition. 
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Abstract – It is now well recognised that nuclear energy can play an important, perhaps vital, role 
in decarbonising the electricity production sector and significantly reducing the emission of 
greenhouse gases. However, there appear to be limits to the growth of nuclear power as a global 
response based on issues of government policy, financing, supply chain constraints, resources 
(human, institutional and physical), public acceptability and industrial capability. Examples of 
factors that may limit the growth of nuclear power include: 
 Uncertainties among governments about the level of intervention needed to support 


investment in nuclear capacity, especially in liberalized electricity markets.  
 The high investment cost of nuclear power, which may require innovative ways of reducing 


financing costs, through better risk sharing, long term supply contracts or action by world 
financing organizations to enable newcomer countries to introduce the technology. 


 Supply chain limits due to the long period without significant nuclear growth in many 
regions, the consequent lack of capacity for fabrication of some key components, and the 
complexity that arises because much of the supply chain is now out-sourced. 


 The need to ensure that human and material resources are available to construct and operate 
nuclear power plants. 


 The requirement for public involvement in decision-making and the imperative to show that 
high level waste can be disposed of safely. 


 The need for industry to prove that it can overcome first of a kind issues and construct 
nuclear power plants to time and budget in different parts of the world. 


This paper will use recent NEA work in these areas to analyse the constraints and suggest ways by 
which they can be overcome, based on the need to achieve significant nuclear growth by 2050 to 
respond to the current unsustainability of energy production. 


 


 
I. INTRODUCTION 


 
The 2010 World Energy Outlook [1] makes clear that 


current energy supply and consumption patterns are 
unsustainable. In most energy scenarios to address climate 
change concerns, nuclear energy is now widely considered 
to be an essential plank in the process of reaching a low 
carbon economy. But some people argue that nuclear power 
cannot respond fast enough to reach the levels that are 
required to provide a globally significant impact. Recent 
delays in countries such as the US seem to reinforce this 
view. Nevertheless, recent nuclear developments in Asia, 
especially in China, are impressive and suggest that it is 
possible to build reactors at a rapid pace. Off-setting this 


optimism is the fact that the actual and proposed nuclear 
growth in China is only a small percentage of the spending 
on new coal and gas fired generation. 


 
The issue is complex when considering a technology 


such as nuclear power, since significant growth requires a 
range of initiatives at government, industry, public and 
investor levels, if the required level of new build 
construction is to occur. In the following sections we will 
consider the various estimates of growth that have been 
proposed and the challenges that need to be addressed if 
such growth is to be achievable. This will involve actions 
by a range of players, of which arguably governments are 
the major contributors. 
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II. GROWTH SCENARIOS AND NUCLEAR 


CAPACITY 
 
Nuclear generating capacity worldwide presently 


amounts to some 375 GWe, providing about 14% of global 
electricity. Although growth in capacity since 1990 has 
been slow, a recent rise in construction starts is expected to 
result in an increased rate of capacity growth by the end of 
the present decade. For the longer term, several scenarios 
have been prepared that illustrate the potential for more 
rapid nuclear expansion over the following decades. 


 
In the NEA’s Nuclear Energy Outlook 2008 [2] a 


number of nuclear growth scenarios were analysed. These 
included low and high scenarios of between 580 and 1 400 
GWe by 2050 (9-22% of global electricity). In a more 
recent International Energy Agency (IEA) scenario [3], 
based on a 50% reduction in CO2 emissions by 2050, 
nuclear capacity reaches 1200 GWe (24% of global 
electricity supply) by that date. Consistent with these, the 
International Atomic Energy Agency (IAEA) forecast to 
2030 [4] indicates between 546 and 803 GWe of nuclear 
capacity by 2030, for the low and high estimates 
respectively. For 2050, estimated nuclear capacity increases 
to 590 and 1415 GWe respectively. 


 
The higher estimates for 2050 all assume that an 


average of 20-30 large new nuclear plants per year can be 
built over the coming 40-year period. A higher rate of new 
builds will be required later in the period, particularly since 
most existing units are likely to retire in the 2030s and 
2040s, after taking current expectations of lifetime 
extension into account. 


 
These scenarios all show strong growth in nuclear 


generating capacity across most regions of the world. In 
particular, growth is expected to be most dramatic in China, 
with India and Russia also showing strong growth. In 
OECD countries, much of the projected new build is to 
replace existing plants as they shut-down, but significant 
overall capacity growth is expected in some countries, 
notably the United States, Japan and Korea. 


 
III. ACTIONS NEEDED FROM GOVERNMENT 


 
A decision to rely on nuclear energy to provide a 


proportion of national energy supply is clearly for each 
country to make individually, taking into account its unique 
circumstances. For countries without an existing nuclear 
programme and the associated legal, regulatory, 
institutional and industrial infrastructure, building the first 
power reactors is a major undertaking. The time from 
initial decision to obtaining the first nuclear electricity is 
likely to be 10 years or more. 


 
Once such a decision has been made there are 


numerous steps that a government needs to take to prepare 
for a nuclear programme. For countries with an existing 
programme, but where no new nuclear build has taken 
place for many years, there may also be a significant 
amount of work to do in preparing for a re-launched 
nuclear programme. 


 
The Nuclear Energy Technology Roadmap [3], 


prepared jointly by the NEA and IEA in 2010, sets out the 
main steps that governments will need to take to facilitate 
and encourage the rapid expansion of nuclear energy that is 
projected in the scenarios discussed above. These are 
summarised here. 


 
It is clear that no nuclear programme can proceed 


without clear and sustained government policy support, as 
part of the national strategy to meet energy and 
environmental policy objectives. Given the long timescales 
involved, broad political support for the nuclear 
programme is likely to be required. To this end, 
governments need to communicate with stakeholders and 
the public to explain the role of nuclear energy in national 
energy strategy, seeking to build support through 
involvement in the policy-making process. To ensure that 
the programme proceeds as planned, governments need to 
work with the nuclear and electricity industries to 
overcome obstacles to nuclear development, especially 
where nuclear energy is being used for the first time or 
after a long period with no new nuclear capacity. 


 
As will be discussed further below, financing of 


nuclear power plants is expected to be a major challenge in 
many countries. Ensuring that electricity market 
arrangements support the large, long-term investments 
required in nuclear power plants, providing sufficient 
confidence that electricity prices will provide an adequate 
return on investment, is essential. Policies to encourage 
investment in low-carbon electricity sources, such as 
carbon trading schemes, carbon taxes or mandates on 
electricity suppliers to use low-carbon sources, can help 
encourage nuclear investment. In some cases, governments 
may also need to consider providing some form of support 
or guarantee for private sector investment in new nuclear 
plants. 


 
Governments also have a responsibility to develop and 


implement plans for the long-term management and 
disposal of all types of radioactive wastes. This includes 
establishing an appropriate institutional framework, 
providing support for required RD&D activities, and 
ensuring adequate long-term funding for both waste 
management and decommissioning. 
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In each country, the system of nuclear energy-related 
legislation and regulatory oversight must provide an 
appropriate balance between protecting the public and the 
environment while providing the certainty and timeliness 
required for investment decisions. Countries with existing 
systems may need to consider reforms, while countries 
launching new nuclear programmes should observe 
international best practice in developing the necessary 
nuclear energy legislation and regulatory institutions. To 
the extent possible, regulatory design requirements should 
be harmonised with other countries to facilitate the building 
of standardised designs. 


 
Nuclear programmes require highly qualified and 


skilled human resources. Governments clearly have a role 
to play in ensuring that such  human resources are available 
to meet the anticipated needs of the nuclear programme, 
including in government, electricity utilities, industry, and 
regulatory agencies. Many governments will also wish to 
support the development of domestic industry to participate 
effectively as sub-contractors and component suppliers in 
nuclear power plant projects both at home and abroad. 
Nuclear energy related R&D is another area for 
government involvement, both to support operating plants 
and to develop advanced nuclear technology for the longer 
term. 


 
IV. INDUSTRY ROLE 


 
While governments will have a vital role in facilitating 


and driving nuclear programmes, the nuclear and electricity 
supply industries, both nationally and globally, clearly have 
to play their part. In countries with existing nuclear 
capacity, the continued safe and efficient operation of 
nuclear power plants is clearly vital. In many cases, plant 
owners are investing in upgrading and preparing for 
extended lifetimes. Continued cooperation and 
dissemination of experience among nuclear plant operators 
is required. 


 
Over the next few years, nuclear power plant vendors 


need to fully establish the latest Generation III+ nuclear 
power plant designs by constructing reference plants in a 
few countries around the world, to refine the basic design 
and any regional variants, and build up global supply 
chains and capacities. In many cases, such first-of-a-kind 
(FOAK) projects are already underway or are expected to 
start in the near future. Beyond FOAK plants, it is vital that 
nuclear vendors demonstrate that Generation III+ designs 
can be reliably built on time and within expected costs. To 
this end, they will need to make continuous efforts to 
reduce construction times and control costs by using 
standardised designs to the extent possible, refining the 
construction process and further strengthening supply 
chains. 


 
To support expanded nuclear construction, the nuclear 


and related engineering industries worldwide will need to 
invest in increasing the industrial capacities needed to build 
nuclear power plants. They will also need to strengthen and 
broaden their global supply chains while maintaining the 
necessary high quality and safety standards. A 
commensurate increase in skilled human resources will also 
be needed, requiring more investment in training 
programmes. 


 
V. RESOURCES NEEDED 


 
A study undertaken within the NEA [5] considered 


whether there were any raw material limitations arising if 
there was a hypothetical ten times expansion of nuclear 
technology (i.e. a much larger expansion than considered in 
any realistic scenario). The study was based mainly on data 
for Generation II reactors, but with a comparison against 
Generation III requirements. 


 
The study’s conclusions highlight the general 


availability of the vast majority of required raw materials 
with one exception, uranium. As a result, the challenge of 
producing sufficient uranium to fuel a rapid expansion of 
global nuclear generating capacity to ten times the size of 
the current fleet of reactors is discussed in some detail. In 
consideration of the goals of sustainable development, it is 
concluded that a move to reprocessing and recycling of 
nuclear fuel would be required to provide sufficient nuclear 
fuel for the hypothetical expanded fleet considered in this 
report. The later development of the expanded fleet under 
consideration would therefore have to focus on the 
construction of fast reactors in order to make the most 
efficient use of the uranium mined. 


 
Other raw materials were identified as materials of 


concern (bentonite, fluorite/fluorspar, indium, manganese, 
zircon sand and gadolinium) because requirements for a ten 
times expansion of the current nuclear fleet would take a 
significant share of current production capability. However, 
given the time required to develop such a large fleet of 
nuclear reactors, it is expected that production of most of 
these materials could be increased sufficiently to meet 
requirements of the expanded nuclear fleet, since the 
currently defined resource base for each one of these raw 
materials is considered sufficiently large. 


 
The latest version of the “Red Book”, Uranium 2009: 


Resources, Production and Demand, [6] indicates that 
current uranium supplies could last 100 years with known 
conventional resources, so use of recycling or a switch to 
thorium could be needed for long term sustainability 
(Table I). Given the industry’s commitment to uranium, this 
is consistent with introduction of Generation IV reactors. 
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TABLE I. Approximate ratios of uranium resources to 
current annual consumption 


 Known 
conventional 


resources 


Total 
conventional 


resources 


With 
Unconventional 


resources 


With present 
reactors and 
fuel cycles 


100 300 700 


With fast 
reactors and 
recycling 


>3 000 >9 000 >21 000 


 
Another major issue is the availability of trained 


human resources. While industry has taken a strong lead in 
increasing the available training, a major expansion would 
not be possible without a great increase in nuclear 
education and training. This needs to be of three types: 


 Nuclear education and training for nuclear engineers. 


 Nuclear induction and training for technical staff. 


 Nuclear awareness training for the large number of 
contractors who would be used on nuclear sites. 
 
Key to developing appropriate resources will be 


schemes to develop mobility in the nuclear workforce, 
mutual recognition of training and increased growth in 
international centres for education and training. There are 
encouraging signs – some nuclear engineering courses in 
the US have re-opened after declining significantly, 
vendors report a major growth in interest from new 
graduates, and all major vendor countries have expanded 
their international schools. However, demand also 
continues to grow and despite these major initiatives, the 
supply of human resources has not yet reached a 
sustainable level. This is particularly true for training 
courses for the large number of technical staff that will be 
needed. More effort is also required to increase mutual 
recognition at the technical training level, as well as with 
universities. 


 
The long lifetimes of nuclear power plants, extending 


over several human generations, make knowledge 
management an important consideration. Preservation of 
knowledge is important for achieving safe and effective 
lifetime extension of existing units, as well as for designing 
and building new plants that benefit from experience. 


 
VI. COSTS AND FINANCING 


 
A recent joint study by NEA and the IEA, The 


Projected Costs of Generating Electricity: 2010 Update, 
[7] provides a number of important new insights on the 
competitiveness of nuclear power.  For the nuclear power 


plants in the study, the overnight investment costs vary 
between US$ 1 600 and 5 900D/kWe with a median value 
of US$ 4 100/kWe. The study considered different 
Generation III technologies including advanced PWR and 
BWR designs. 


 
At a 5% discount rate, the levelised costs of nuclear 


electricity generation in OECD countries range between 
US$ 29/MWh  (Korea) and US$ 82/MWh (Hungary). 
Investment costs represent by far the largest share of total 
levelised costs, around 60% on average, while O&M costs 
represent around 24% and fuel cycle costs around 16%. 
These figures include costs for refurbishment, waste 
treatment and decommissioning after a 60-year lifetime. 


 
At a 10% discount rate, the levelised costs of nuclear 


electricity generation in OECD countries are in the range 
between US$ 42/MWh (Korea) and US$ 
137/MWh (Switzerland). The share of investment in total 
levelised generation cost is around 75% while the other 
cost elements, O&M cost and fuel cycle costs, represent 
15% and 9% respectively. Again, these figures include 
costs for refurbishment, waste treatment and 
decommissioning after a 60-year lifetime. 


 
Coal without carbon capture equipment, followed by 


coal with carbon capture equipment and gas-fired 
combined cycle turbines (CCGTs), are more competitive 
than nuclear energy at a 10% discount rate in Europe under 
the assumptions of the study. However, in Asia and 
America, nuclear energy remains the most competitive 
technology even at a 10% discount rate. The results 
highlight the paramount importance of discount rates and, 
to a lesser extent, carbon and fuel prices when comparing 
different technologies. Carbon pricing of over US$ 40 per 
metric tonne of CO2 would be required before nuclear 
would be globally competitive with a 10% discount rate. 
Actions to reduce the cost of capital are thus vital. 


 
Nuclear power has a number of special characteristics 


and circumstances which make investment in new NPPs 
different in several important respects from other large 
projects. It is these special features that can make nuclear 
financing particularly challenging. They include: 


 The high capital cost and technical complexity of 
NPPs, which present relatively high risks during both 
construction and operation. 


 The relatively long period required to recoup 
investments or repay loans for NPP construction, 
which increases the risk from electricity market 
uncertainties. 


2576







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11008 


   


 The often controversial nature of nuclear projects, 
which gives rise to additional political and regulatory 
risks. 


 The need for clear solutions and financing schemes for 
radioactive waste management and decommissioning. 


 The need for NPPs to operate at high capacity factors, 
preferably under baseload conditions. 
 
The higher capital costs of a NPP mean that its overall 


economics are more dependent on the cost of capital, or 
discount rate, which applies to the investment in its 
construction. With any investment, higher risks demand 
higher returns. Thus, the cost of capital will depend on 
potential investors’ assessment of the risks involved. This 
will vary depending on who the investors are, the legal and 
regulatory framework in which the plant would be built, as 
well as national energy policy and the political background. 


 
Many of the risks presented by the special factors 


noted above can be mitigated by appropriate government 
actions, which will be necessary before any NPP project 
can move forward to realisation. Other risks, including 
those inherent in any large construction project, can be 
transferred to or shared with other parties by appropriate 
structuring of the project, in order to reduce the risks to 
investors. Nevertheless, a large share of the risk will remain 
with the utility and other investors in the plant. 


 
Options for dealing with financing include: 


1. In regulated markets – use of price guarantees, long 
term contracts and market structuring. 


2. In liberalised markets – there is less scope for market 
mechanisms, so government support or equity/debt 
sharing needed. 


3. For smaller grids – Build Own Operate schemes (such 
as to be used in Turkey and Vietnam), better 
availability of export credits and support from 
international financial institutions. 
 
Small and medium reactors may play a role in the 


future, as they lower the capital hurdle. Government 
support could include loan guarantee schemes but a clear 
signal via suitable CO2 pricing mechanisms will be vital in 
many cases. Currently there is no clear consensus on such a 
mechanism. 


 
VII. PUBLIC INVOLVEMENT 


 
The NEA/IEA Nuclear Energy Technology Roadmap 


[3] recommended that: Governments should communicate 
with stakeholders and the public to explain the role of 
nuclear energy in national energy strategy, seeking to 


build public support through involvement in the policy-
making process. 


 
Introducing nuclear energy or expanding its role 


requires building support from all stakeholders in civil 
society, including the public at large, based upon a rational 
assessment of its risks and benefits. Although concerns 
about security of energy supply and the threat of global 
climate change have tended in recent years to increase 
public recognition of the benefits of nuclear energy, several 
factors continue to weaken public support in many 
countries. These include concerns about nuclear safety, 
radioactive waste management and disposal, and the 
potential proliferation of nuclear weapons. Civil society is 
often reluctant to accept nuclear energy, mainly because its 
benefits are not perceived to outweigh its drawbacks. 


 
The establishment of communication channels with all 


stakeholders is a necessary step towards promoting better 
understanding of the risks and benefits of nuclear energy, 
and the role it can play alongside other energy options. 
Beyond provision of information, however, civil society 
should be engaged in the policy-making process for 
deciding the future of nuclear energy programmes, in the 
context of overall national strategy to meet energy and 
environmental policy goals. Enhancing public involvement 
in shaping the future of nuclear energy is essential to build 
trust and ensure broad support. 


 
Linked to this issue is the need for the industry and 


government to demonstrate that it can manage waste 
successfully. The construction and operation of a deep 
geological repository is a key step. Encouraging progress is 
being made in Finland and Sweden and with the 
commitments by the European Commission, but this 
remains an Achilles heel for the industry. 


 
VIII CONCLUSIONS 


 
Nearly all recent studies looking at moving the world 


to a low carbon future emphasise the important role of 
nuclear power. However, concerted action is needed to 
ensure that this role can be realized. Among the major 
actions we believe to be fundamental are: 


1. A clear and stable government commitment to nuclear 
energy, as part of a national strategy to meet energy 
policy and environmental objectives, is a prerequisite 
for a successful nuclear programme. Effective and 
efficient legal and regulatory frameworks also need to 
be in place. 


2. Financing the very large investments needed to build 
nuclear power plants will be a major challenge in many 
countries. Government support, such as loan 
guarantees, may be needed in some cases. Price 
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stability in electricity and carbon markets will also 
encourage investment in nuclear plants. 


3. Global industrial capacity to construct nuclear power 
plants will need to double by 2020 if nuclear capacity 
is to grow in the 2020s and beyond. 


4. An expanding nuclear industry will need greatly 
increased human resources, including highly qualified 
scientists and engineers and skilled crafts-people. 
Industry recruitment and training programmes will 
need to be stepped up. Governments and universities 
also have a vital role to play in developing human 
resources. 


5. The management and disposal of radioactive wastes is 
an essential component of all nuclear programmes. In 
particular, progress needs to be made in building and 
operating facilities for the disposal of spent fuel and 
high-level wastes. While solutions are at an advanced 
stage of technological development, there are often 
difficulties in gaining political and public acceptance 
for their implementation. 
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Abstract – This paper presents a comprehensive overview of the international activities 
performed in the field of Best Estimate and Uncertainty analysis in the Thermal-hydraulics field. 
It initially covers the history of the methodology, the evolution of the tools and methodologies 
that have been developed (such as CSAU, Westinghouse's ASTRUM, AREVA's RLBLOCA, CIAU 
and the GRS Methodology). The current use of these methods in licensing new plants or in 
justifying power uprates will be addressed together with the international benchmarking and 
research activity within the context of the International Atomic Energy Agency (IAEA), the 
Organization for Economic Co-operation and Development - Nuclear Energy Agency 
(OECD/NEA) and the European Commission's Joint Research Centre. The results of the 
OECD/NEA BEMUSE project together with insights from other BEPU related activities will be 
provided. The article will also propose the next steps that are needed in order to consolidate 
these modern Safety methods for the licensing of nuclear power plants. It will stress the need to 
focus on the user effect and how to reduce it by trainings and release of certificate proving the 
level of the code user.. 
  


 
 


I. INTRODUCTION 
 
The worldwide nuclear renaissance consists of both 


new builds and the investments in increasing power 
production of the plants. The latter challenges seriously 
the margin left to safety design limits which were 
calculated during the initial licensing generally using very 
conservative tools and hypothesis. Advance numerical 
tools and methods today allow demonstrating that safety 
margins (Fig. 1) are still respected and that power uprates 
are possible respecting the initial safety limits. These tools 
are modern fully validated thermal-hydraulic codes, 
coupled thermal-hydraulic/neutron-kinetic codes and 
methodologies that use realistic hypotheses rather than 
conservative ones and that estimate also the uncertainty1. 


They are commonly called Best Estimate Plus 
Uncertainty (BEPU) and have had an exponential 
development in the last 10 years to assist utilities in 


licensing power uprates. This paper will present the 
History of BEPU and the current Methods that are 
available.  It will summarize the activity of the IAEA, NEA 
in this field and continue with the main results of the latest 
international benchmarks, to finally conclude on future 
needs. 


 
II. HISTORY OF BEPU AND METHODS 


 
The acceptance criteria that are commonly used 


throughout the world today for thermal-hydraulics were 
established in 1973 in the USA. At that time, recognizing 
lack of knowledge of fundamental physical phenomena, 
the regulation was formulated to account of unknown 
phenomena. Several conservative “Required Features” 
were mandated in Appendix K to 10 CFR 502. (e.g. decay 
heat based on ANS 1971 model + 20%; metal-water 
reaction calculation based on the conservative Baker-Just 
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model; the heat transfer was limited to steam only for low 
flooding rates).  


 


 


Figure 1 – Safety Margin Definition 


 


A number of system codes such as CATHARE, 
RELAP5, ATHLET, TRAC, CATHENA and TRACE are 
today available for deterministic analyses to perform 
Design Base Accidents that are used to prove that NPP is 
designed according to established design criteria, and for 
which the damage to the fuel and the release of radioactive 
material are kept within authorized limits. 


The first efforts to move away from conservative 
methods was stated for the first time by US NRC through 
the Code Scaling, Applicability and Uncertainty (CSAU) 
evaluation methodology3 (which was a process rather than 
a method) that included fundamental concepts connected 
with the code adequacy, the model development, the code 
assessment and qualification. 


 


II.A. Types and Characteristic of Methods 
 


The basic steps of BEPU start with verifying that the 
code includes all the physical models needed to represent 
correctly the phenomena that have been identified as 
highly ranked but moreover that the code has been used in 
the past for similar applications and that it has been 
qualified against relevant experimental data. The OECD 
Committee on the Safety of Nuclear Installations (CSNI) 
has published extensive separate effects4,5 and integral 
effects6 test matrices that provide information on existing 
experimental data. 


Clear user guidelines should also be available to provide 
examples of how to develop a plant model. Other essential 
elements of the model development process include an 


understanding of the code limitations and the need to 
perform nodalization and numerical sensitivity analysis 


The first application of the CSAU methodology 
was in the calculation of the Peak Cladding Temperature 
(PCT) during a Large Break LOCA (LBLOCA) design 
basis accident event for a Westinghouse 4-loop Pressurized 
Water Reactor (PWR) with the uncertainty to a 95% 
confidence level. The peak temperature was calculated 
using the TRAC thermal-hydraulic system code and was 
given as a single-valued number with uncertainty bands. 


 
A number of uncertainty methodologies have 


since then evolved in other countries. These methods, 
although sharing a common goal with CSAU, use different 
techniques (input or output propagation) and procedures to 
obtain the uncertainties on key calculated quantities. More 
important, these methods have progressed far beyond the 
capabilities of the early CSAU analysis. Presently, with the 
availability of powerful CPUs, the uncertainty bands can 
be derived (both upper and lower) for any desired quantity 
throughout the transient of interest, and not only point 
values like PCT. 


 
Nowadays, the current challenge is the use of 


these CPU intensive methods for the whole Final Safety 
Analysis Report (FSAR), making reference to the physical 
barriers to the release of the fission products and to the 
safety functions, other than considering the existing 
acceptability threshold to obtain a coherent a 
homogeneous level of safety can be ensured for all the 
aspects that are part of the FSAR.  
 
Two independent approaches for estimating the 
uncertainties associated with the predictions of system 
codes can be identified within BEPU methods:  
 
• Propagation of code input uncertainties: this can be 


evaluated as being the most common procedure 
nowadays, full used for licensing by industry and 
regulators. It consists of a statistical combination of 
values from selected input uncertainty parameters (in 
principle an unlimited number of input parameters can 
be used) to calculate the propagation of the 
uncertainties throughout the code and on any selected 
out parameter 


• Propagation of code calculation output errors: this is 
the only working alternative to the previous method 
and is also being used for industrial applications such 
as the licensing of Argentina’s Atucha-2 NPP7. It 
makes full and direct reference to the available 
experimental data and to the results from the 
assessment process against qualified computer codes 
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to derive uncertainty. In this case the uncertainty 
prediction is not propagated throughout the code 


 
Within the first method it has to be considered that the 


entire set of the actual number of input parameters for a 
typical NPP input deck, ranges up to about 1x105 input 
parameters, could theoretically be considered as 
uncertainty sources, only a ‘manageable’ number (10-50) 
is actually taken into account in practice after selection by 
experts. Ranges of variations, together with suitable 
Probability Density Function (PDF) are then assigned for 
each of the uncertain input parameter actually considered 
in the analysis. The number of computations needed for 
obtaining the desired confidence in the results can be 
determined theoretically by the Wilks formula8 and range 
between 50-200 depending on the confidence needed The 
main drawbacks of such methods are connected with the 
need of engineering judgment for defining the number of 
the input uncertain parameters, for fixing the range of 
variation and the PDF for each uncertain input parameter. 
It has to be noted that if the code/nodalization is incorrect, 
the reference results and the results of the uncertainty 
calculations will be incorrect.  
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Figure 2 - Propagation of code input uncertainties 


 
The second method based on the propagation of 


code calculation output errors includes currently only a 
few applications from industry.. The use of this method 
depends on the availability of ‘relevant’ experimental data, 
connected with the specific NPP transient scenario under 
investigation. If there is such data typically from Integral 
Test Facilities (ITF) and assuming the code correctly 
simulates the experiments, it follows that the differences 
between code computations and the selected experimental 
data are due to errors. If these errors comply with a 
number of acceptability conditions9, then the resulting 
(error) database is processed and the ‘extrapolation’ of the 
error can take place. Conditions for the application of the 
method is  building up the NPP nodalization with the same 
criteria as was adopted for the ITF nodalizations, 


performing a similarity analysis and demonstrating that 
NPP calculated data are “consistent” with the data 
measured in a qualified ITF experiment.  


The main drawback of this method is that it is not 
applicable in the absence of relevant experimental 
information. Furthermore, the process of combining errors 
originating from different sources (e.g., from different 
ITFs) is not based upon fundamental principles and 
requires detailed validation. 
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Figure 3 - Propagation of code output errors 


 
 


II.B. Propagation of code input uncertainties method 
 
The first method has evolved sensibly in the years. In the 
United States, the first US NRC approved Best Estimate 
LOCA methodology was the Westinghouse BELOCA 
methodology, patterned after the CSAU, and using 
response surfaces to estimate PCT uncertainty distribution 
with the 95th percentile PCT determined from a Monte 
Carlo sampling and accepted as the licensing basis PCT. 
  
It is based on the use of WCOBRA/TRAC computer code 
with a clearly assessed and identified source of biases and 
uncertainties. The uncertainties are incorporated into the 
process, and a procedure is developed where the results 
from several calculations are used to very the compliance 
to the acceptance criteria. Based on the current 10 CFR 
50.46 rule, an emergency core cooling system design is 
required to satisfy three main criteria: (1) the PCT should 
be less than 2200 F, (2) the local maximum clad oxidation  
should be less than 17%, and (3) the core-wide oxidation  
should be less than 1%. In 1999 it was extended to other 
plants design (AP600 and 2-loops plants with upper 
plenum injection). In 2000, 14 plants in U.S. had 
Westinghouse Best Estimate LOCA (BELOCA) 
methodology as licensing basis as well as the Ringhals unit 
2 in Sweden10.  
 
Framatome ANP licensed its realistic LB-LOCA 
methodology in 2003 which followed the CSAU approach 
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but was the first to use a non-parametric order statistic 
method, eliminating the need for response surfaces of 
CSAU. This “distribution-free” or nonparametric 
statistical sampling technique allowed determining the 
tolerance limits from unknown distributions by randomly 
sampling the input parameters.  
 
In 2006, there were 7 completed realistic LB-LOCA 
analyses with 3-loop and 4-loop Westinghouse and 
Combustion Engineering pressurized water reactors11. 
In the same period as Framatome ANP's Realistic LB-
LOCA, Westinghouse updated its methodology to use 
these new techniques non-parametric order statistic and 
licensed an Advanced Statistical Treatment of Uncertainty 
Method (ASTRUM) 10. One main advantage of ASTRUM 
is that the number of runs (sample size) is fixed (124 runs) 
and it is independent on the number of uncertainty 
attributes considered in the sampling process. 
In U.S., by 2006, 24 plants were licensed or analyzed with 
the Westinghouse 1996/1999 BELOCA methodologies and 
10 plants analyzed or being analyzed with ASTRUM. 
 
The use of non-parametric order statistics in safety 
analysis is not fully consistent within the industry since 
several methods have developed and which has led to an 
extensive public debate among regulators and researchers. 
 
In Germany, the use of best estimate codes is allowed, in 
combination with conservative initial and boundary 
conditions and efforts are being conducted to include 
uncertainty evaluation in the regulation with a revision in 
the German Nuclear Regulation. There is also 
recommendation of the Reactor Safety Commission to 
perform LOCA licensing analysis12.  
 
An important feature of the method is the possibility to 
evaluate sensitivity measures of the importance of 
parameter uncertainties for the uncertainties of the results 
by giving a ranking of input parameters. This allows 
knowing where to focus resources to improve the state of 
knowledge. 
 
It is important to point out that the ranking is a result of 
the analysis and not of the prior expert estimates and 
judgements which is known to be very costly. 
 
In Canada, the Canadian Nuclear Safety Commission 
recently conducted a research program that resulted in a 
guide for safety assessment and applications of Best 
Estimate Analysis and Uncertainty (BEAU) 
methodology13. 
 
 
 


II.C. Propagation of code output errors method 
 
The second method includes only a few 


applications from industry and can be represented by the 
Uncertainty Method based upon Accuracy Extrapolation9 
(UMAE) which is ‘embedded’ into a Code with the 
capability of Internal Assessment of Uncertainty14,15 
(CIAU). 


 
The basic idea of the CIAU can be summarized in two 
parts (see also Fig 4): 
• Consideration of plant status: each status is 


characterized by the  value  of  six  relevant 
quantities 
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Figure 4 - Propagation of code output errors 


 
 


(i.e. a hypercube) and by the value of the time since the 
transient start. 


• Association of an uncertainty to each plant status. 
 
Referring to any plant transient scenario, the status of a 
plant can be characterized by six driving quantities (Qd) 
and by the transient time (t). In the case of a PWR the six 
quantities are: a) the upper plenum pressure, b) the 
primary loop mass inventory (including pressurizer), c) the 
steam generator pressure, d) the cladding surface 
temperature at 2/3 of core active length (starting from the 
bottom of the active fuel), e) the core power and f) the 
steam generator downcomer collapsed liquid level. In 
relation to each of the driving quantities Qd and to the 
transient time t, upper and lower boundaries must be fixed 
together with a minimum-optimal number of intervals 
(pd).  The six dimensions constitute the ‘phase-space’ 
domain, a) to f) above, and each combination of intervals 
pd identifies one hypercube in that domain. Therefore, a 
hypercube and a time interval characterize a unique plant 
status in the frame of the CIAU uncertainty evaluation. All 
plant statuses are characterized by a matrix of hypercubes 
and by a vector of time intervals.  
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The uncertainty in code prediction is constant within each 
plant status. 


 
III. IAEA and OECD/NEA ACTIVITIES 


 
III.A The IAEA 


 
The International Atomic Energy Agency (IAEA) together 
with the Organization for Economic Co-operation and 
Development - Nuclear Energy Agency (OECD/NEA) and 
the European Commission's Joint Research Centre, have 
been organizing a set of Technical Meetings regarding the 
use of Modern Safety Methods for the Licensing of 
Nuclear Power plants. These meeting were held in 
September 2005 and 2009 in Pisa, Italy, in Budapest in 
September 2008, and in Bled, Slovenia in June 2010. 
 
The main objective of these Technical Meetings was to 
provide a forum to exchange results and present issues 
associated with the use of Advanced Safety Methods with 
focus on Deterministic Safety Analysis using Best 
Estimate plus Uncertainty methods and on Probabilistic 
Safety Analysis (PSA) with all domains covered (research, 
benchmarking, licensing) as the main goal was to provide a 
forum for experts to be updated in the technological 
advances.  
 
The IAEA has recently released a specific Safety Guide16 
on the use of Deterministic Safety Analysis for Nuclear 
Power Plants where general guidelines for the use of 
BEPU methods are addressed. 
The guide also foresees the next step in BEPU analysis 
which is the use of probabilistic arguments for the 
availability of systems rather than the classical ‘most 
unfavorable single failure’ criterion and the assumption of 
a coincident loss of off-site power in the analysis of design 
basis accidents.  
 
 


III.B The OECD/NEA CSNI 
 
The OECD/NEA CSNI was the first to propose 
international benchmarks to assess Uncertainty methods 
since 1994. Several meetings were held and covered in the 
1998 Uncertainty Methodology Study17 where five 
methods were used on a 5% Small break LOCA on the 
LSTF facility. Uncertainty bands were identified and in 
some cases they did not envelope the experimental values 
which implied a bad modeling. 
 
The main activity promoted by the OECD/NEA in the last 
year was the BEMUSE18,19 (Best Estimate Methods plus 
Uncertainty and Sensitivity Evaluation) program. The 
BEMUSE programme focused on the application of 


uncertainty methodologies to LB LOCAs (first applied to 
results from an integral test facilities and then to full scale 
NPP) and its objectives were to evaluate the practicability, 
quality, and reliability of the methods in applications 
relevant to nuclear reactor safety, to develop common 
understanding in this domain and to promote/facilitate 
their use by the regulator bodies and the industry. 
 
The results of the program clarified several issues on the 
adequate number of runs, the number and selection of 
uncertain parameters, the sampling technique and the 
treatment of code failures. It was also noted that there 
were still relevant discrepancies among the reference 
calculations of the users implying a difficult task in 
comparing the methods among them. 
 
 


III. FUTURE NEEDS  
 


The increasing use of BEPU methods for licensing NNP 
have become commonplace for power uprates as using the 
older too conservative methods would have not satisfied 
licensing requirements. Although many commercial 
licensed methods are today available, international 
benchmarks show that the critical issue is still linked with 
the user effect. Since the beginning of numerical 
simulations, the user effect has been always a fundamental 
bottleneck and the key issue to evaluate the final quality of 
the results of the calculations. These considerations are 
even most relevant today since due to the uprates, the 
safety margins have decreased. It is thus fundamental to 
master and to diminish this effect. 
In particular, two different kinds of user effects can be 
distinguished in the BEPU applications: one is dealing 
with the code-user effect (the BE part of BEPU), the other 
is connected with the approach for evaluating the 
uncertainty (the PU part of BEPU).  
 
Regarding with the code-user effect, the effective way to 
reduce it can be achieved by establishing a system where a 
certificate of qualified code user released by a certified 
authority has to be requested by the regulatory body for 
any submission of a licensing calculation. In relation to the 
reduction of the user effect connected with the uncertainty 
approach can be achieved trying to minimize as much as 
possible the engineering judgments involved in any step of 
the method (see for instance the discussion about the 
uncertainty approaches described in Figure 2 and 3). 
  
Although the effort will be huge (as it is linked to 
code/code version/type of transient) it will provide greater 
confidence in the reference calculation and the consequent 
BEPU results. 
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IV. CONCLUSIONS 
 


BEPU methods are slowly replacing conservative 
methods to licence power uprates as they allow better 
representation of physical phenomena which are necessary 
to satisfy licensing requirements. The BEPU methods 
themselves have now reached a high level of maturity and 
complete add-on toolboxes are today available to perform 
the analysis as add on modules to a reference calculation. 


 
Currently BEPU analysis is usually used for the most 
critical reference transient due to the high resources 
involved. If it was to be applied to all licensing transients it 
will give a better overview of the importance of each (GRS 
method) and moreover it will help identify the 
uncertainties of parameters that need to be addressed first. 
It can therefore be considered as a tool that is a 
magnifying glass on the current state of knowledge of the 
physical laws affected by uncertainties and help redirect 
efforts in the right area of investigation. 
 


After the original US NRC CSAU method there have 
been several evolutions associated with the input or output 
parameter methods. The former case then evolved from 
parametric methods to “distribution-free” or 
nonparametric statistical sampling techniques which are 
currently the state of the art. The IAEA, the OECD/NEA 
and the EC have sponsored workshops, benchmarks and 
reports on these topics and have closely followed them 
during their evolution. 


The future evolution will be linked in using 
probabilistic arguments for the availability of systems, in 
correcting the reference calculations and for extending the 
methods for the whole spectrum of licensing transients. 


 
 


NOMENCLATURE 
 
ASTRUM - Advanced Statistical Treatment of 


Uncertainty Method 
BEAU - Best Estimate Analysis and Uncertainty 
BEMUSE - Best Estimate Methods plus Uncertainty 


and Sensitivity Evaluation 
BEPU - Best Estimate plus Uncertainty 
CIAU - Code with the capability of Internal 


Assessment of Uncertainty1 
CSAU - Code Scaling, Applicability and Uncertainty 
CSNI - Committee on the Safety of Nuclear 


Installations 
FSAR - Final Safety Analysis Report  
ITF - Integral Test Facilities 


LB LOCA - Large Break LOCA 
LOCA – Loss of Coolant Accident 
OECD - Organization for Economic Co-operation and 


Development 
PCT - Peak Cladding Temperature  
PWR - Pressurized Water Reactor   
NEA = Nuclear Energy Agency  
US NRC – United States Regulatory Commission 
UMAE - Uncertainty Method based upon Accuracy 


Extrapolation 
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Abstract – A high-pressure melt ejection test using prototypical corium was conducted at Atomic 
Energy of Canada Limited’s (AECL) Chalk River Laboratories. This test was planned by AECL to 
study the potential for an energetic interaction between molten fuel and water under postulated 
single-channel flow-blockage events. The experimental program was designed to address 
regulator concerns surrounding this very low probability postulated accident event in CANDU 
and ACR-1000 Reactors. 
 
The objective of this experiment was to confirm that a highly energetic “steam explosion,” and 
associated high-pressure pulse, does not occur for a molten fuel moderator interaction (MFMI) at 
conditions relevant to an ACR-1000 reactor. Instead, the finely fragmented melt particles transfer 
energy to the moderator as it is dispersed, creating a modest pressure pulse in the calandria 
vessel. 
 
This high-pressure melt ejection test consisted of heating up a ~12.5 kg thermite mixture of U, 
U3O8, Zr, and CrO3 inside a 1.14 m length of insulated pressure tube. When the molten material 
reached the desired temperature of ~2400oC, it was ejected into the surrounding 63oC water.  The 
dynamic pressure history revealed that three separate ejection events occurred at static pressure-
tube pressures of 0.4, 0.6 and 2.1 MPa.  The dynamic pressures on the inner vessel walls recorded 
values near or below the static pressure-tube pressures.  The mean particle size of the corium 
measured following the test was 0.355 mm.  From this analysis, it was concluded that the pressure 
history and debris morphology obtained from the 12.5 kg corium test is consistent with the forced 
interaction mode. 


 
 


I. INTRODUCTION 
 
One of the very low probability accident events 


postulated for CANDU®1 and ACR-1000®2 [1] Reactors, 
where an array of fuel channels contain the nuclear fuel 
and high temperature, high pressure coolant (Figure 1), 
involves severely reduced coolant flow to a single fuel 
channel.  Extraneous debris in the heat-transport system 
piping could block the coolant flow path to a fuel channel.  
Alternatively, a leak in an inlet feeder could cause coolant 
stagnation within a fuel channel. In such a postulated 


                                                           
1 CANDU® (CANada Deuterium Uranium) is a registered trademark 


of Atomic Energy of Canada Limited (AECL). 
2 ACR-1000® (Advanced CANDU Reactor®) is a registered 


trademark of Atomic Energy of Canada Limited (AECL). 


scenario, the fuel in the affected channel could heat up, 
melt the fuel sheath, and cause the channel to rupture, 
triggering a reactor trip and emergency coolant injection.  
Conservative safety analysis assessments consider the 
implications for the worst-case scenario, which would 
involve the ejection of molten material from the 
high-pressure fuel channel into the heavy-water moderator 
at near atmospheric pressure.  The predictions are that the 
ejected melt under high pressure differential will be finely 
fragmented and will transfer energy to the moderator as it 
is dispersed, creating a modest pressure pulse in the 
calandria vessel.  This method of melt-water interaction is 
called the forced interaction mode.  AECL has confirmed 
these assumptions with a series of experiments performed 
at CANDU conditions with a corium mass of 5, 14.5, and 
22 kg [2]-[5].  AECL has undertaken an additional 
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experiment, described in this paper, to confirm these 
assumptions for the ACR-1000 Reactor conditions and to 
demonstrate that a highly energetic “steam explosion”, and 
associated high-pressure pulse, can be ruled out.  This 
experiment was similar to previous experiments performed 
at CANDU conditions except that the pressure and 
temperature were planned to be increased to 12 MPa3 and 
320oC4, respectively, simulating the primary heat transport 
system of the ACR-1000 reactor. 


The objective of the fifth MFMI experiment was to 
melt ~12.5 kg of corium inside an instrumented pressure 
tube and eject ~2400oC melt at a pressure of 12 MPa into 
~70oC water through a rupture, initiated at a machined 
defect on the pressure tube, to confirm that forced 
interaction is the dominant mode of interaction between 
molten corium and water.  This molten fuel moderator 
interaction (MFMI) experiment was considered to be 
merely a confirmatory test, with a secondary objective of 
providing data for code validation. 


 
II. TEST APPARATUS AND FACILITY 


 
The test section is a 1.14 m long section of Zr-2.5Nb 


pressure tube [0.1038 m inner diameter (ID) and 0.0043 m 
thick wall] placed concentrically inside a 1.04 m long, 
0.13 m ID, and 3 mm thick quartz tube. The quartz tube 
insulates the pressure tube from the surrounding water. The 
pressure tube/quartz-tube assembly is submerged in ~70°C 
water at a depth of 1.4 m. Two end hubs, attached to the 
ends of the pressure tube with an O-ring seal, have 
penetrations for two pressure transducers, a thermite fill 
port, two ignition wires, CO2 gas inlet and outlet ports, 
steam-injection lines, and two Type-C thermocouples. A 
schematic of the assembled test section with the 
penetrations is shown in Figure 2. Four Type-K 
thermocouples were spot welded on the outside surface of 
the pressure tube along the bottom to measure the wall 
temperature. 


The pressure-tube/quartz-tube assembly was bolted to 
a stainless steel frame that provided structural support to 
the steam-injection vessel, the steam-injection line, and the 
quick-acting ball valves. A schematic of the structural 
frame supporting the test section and the steam-injection 
vessel is shown in Figure 3. 


A V-shaped groove was machined on the outside 
surface of the pressure tube to weaken a section of the wall 
at the 6 o’clock position to ensure a predictable rupture at a 
defined location.  The defect is a 440 mm long section with 
a 60° groove, leaving a wall thickness of ~1 mm at the 
weakest section. 


 


                                                           
3 An increase of 2 MPa from CANDU-6 Primary Heat Transport 


System (PHTS) pressure. 
4 An increase of 10oC from CANDU-6 PHTS temperature. 


II.A. Thermite and Igniter System 
 


During the test, a thermite mixture that produces a 
CANDU typical corium was loaded into the pressure tube.  
This mixture consisted of 
58.2 U/7.7 U3O8/15.1 Zr/19.0 CrO3 (wt%).  These reactant 
chemicals have been demonstrated to produce a corium 
consisting of 73 UO2/11 Zr/6 ZrO2/10 Cr (wt%) [6]. 


A heating element buried in the thermite mixture was 
used to pre-heat the thermite to the auto-ignition 
temperature.  In order to power the thermite igniter, a 
three-stage operation was required: (a) making the 
connections to the igniter circuit within the test section, (b) 
closing the door interlocks and key switch, and (c) the PLC 
logic closing the contact. 


 
II.B. Confinement and Auxiliary Systems 


 
The confinement for the MFMI experiment consists of 


an outer confinement vessel and an inner tank. The outer 
vessel is cylindrical, 1.5 m diameter and 5.0 m high 
(Figure 3). The top of the confinement vessel is hinged 
providing full diameter access to the vessel interior. The 
bottom of the confinement vessel is filled with concrete 
and an energy absorbing 38 mm thick honeycomb sheet 
placed on top of the concrete to absorb part of the pressure 
pulse from the pressure tube rupture and distribute the load 
evenly over the bottom head of the vessel.  The 
confinement vessel has flanged connections for process 
and instrumentation feedthroughs.  The lines from the 
preheated water tank, the helium supply lines, and steam 
vent lines penetrate the confinement tank via these 
feedthroughs in the flanges.  A vent line off the top of the 
confinement vessel, a vacuum line at the bottom of the 
vessel and the rupture disc placed in one of the flanges are 
available to depressurize the vessel through the room 
ventilation system fitted with HEPA filters. 


Inside the confinement vessel is the inner tank, which 
holds water (simulating the moderator), instrumentation 
and the structure supporting the test section.  It is an open 
top tank which has an inside diameter of 1.25 m and a 
height of 2.9 m.  Instrument sensors for level, pressure, 
and temperature measurement are located at various 
locations inside the tank.  The locations of the pressure 
transducers are shown in Figure 4.  The steam-injection 
vessel, designed to provide ~23 L of saturated steam at 
10 MPa, is connected to the test section via a steam-
injection line that consists of two quick-acting ball valves.  
The piping throughout the steam-injection system is 
nominally 38 mm diameter and connected in parallel 
below the quick-acting ball valves to each end of the 
pressure tube.  The purpose of the steam-injection vessel 
and piping is to deliver steam to the test section just prior 
to pressure tube rupture, simulating the coolant flow to the 
channel. 
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II.C. Data Acquisition, Instrumentation and Control 


System 
 


The data acquisition system (DAS) configuration 
includes both high-speed and low-speed measurement 
sampling.  The low-speed data sampling occurred at 10 Hz 
and high-speed data sampling occurred at 100 kHz.  The 
corium temperature was measured using two tungsten 
sheathed Type-C thermocouples.  Nine piezo-electric 
transducers were used to measure the pressure within the 
water and on the walls of the inner tank.  The dynamic 
range of four transducers was 0 to 35 MPa and the 
dynamic range of the remaining five were 0 to 69 MPa 
with the ability to sustain a 103 MPa maximum pressure 
and up to 135°C operating temperature.  The piezo-electric 
transducers were threaded to the housing, flush with the 
wall surface.  The location of the pressure transducers is 
shown in Figure 4. 


Three precision quartz shear ICP accelerometers with 
a range of ±100g, ±250g, and ±500g were used to measure 
accelerations of the inner tank. 


Four 100 ohm Platinum, three wire strand RTD’s were 
used to monitor the moderator water temperature at various 
elevation within the inner tank. 


 
III. EXPERIMENTAL PROCEDURE 


 
The following is a summary of the test procedure 


followed during the test. 
 


1. Mix and load the thermite into the pressure tube. 
2. Connect the test section to the steam injection vessel, 


place the apparatus into the inner tank, and close the 
confinement vessel lid. 


3. Evacuate the confinement vessel three times and back 
fill with helium to reduce the oxygen concentration in 
the vessel. 


4. Turn the power on to the moderator heating system 
and heat the water to 91°C. 


5. Turn the power on to the steam injection vessel. 
STAGE 1: 
6. When steam injection vessel temperature reaches 


260°C, turn the low speed DAS on and flip Stage 1 
switch to pump water into the inner tank. 


7. Pump turns off automatically on high-level float 
switch. 


8. When steam injection tank water reaches 315°C, turn 
on high-speed data acquisition system. 


9. When steam-injection vessel temperature reaches 
320°C, turn on the master switch, which enables 
automatic thermite ignition by the PLC. 


STAGE 2: 
10. Flip Stage 2 switch and pressurize the steam injection 


vessel to 12 MPa using helium gas and energize the 


igniter power supply to charge the capacitors and 
maintain on standby mode. 


STAGE 3: 
11. Flip Stage 3 switch to supply nitrogen gas to energize 


quick acting ball valves and maintain them on standby 
mode. 


STAGE 4: 
12. Flip Stage 4 switch to ignite the thermite using PLC. 
13. When the pressure-tube pressure exceeds 0.1 MPa, the 


PLC automatically increases the pressure-tube 
pressure to 12 MPa by injecting helium downstream 
of the quick acting ball valves and opens the quick 
acting ball valves to direct 12 MPa saturated steam 
into the pressure tube. 


STAGE 5: 
14. If ball valve does not open automatically within 2 s, 


activate Stage 5 switch and direct 12 MPa saturated 
steam into the pressure tube. 


STAGE 6: 
15. If pressure tube does not rupture within 5 minutes, 


activate Stage 6 switch to automatically bring the 
bump system at 16 MPa helium gas pressure to the 
pressure tube via the steam injection vessel. 


 
If pressure tube does not rupture with the bump 


system for 30 s, terminate the test and vent the steam 
injection, pressure tube and the confinement vessel. 


 
IV. EXPERIMENTAL RESULTS 


 
The results obtained from the fifth corium test are 


described in this section. 
 


IV.A.  Experimental Uncertainty 
 
A summary of the instrument uncertainties at the 


maximum measured values is given here: 
• Corium temperature at 2500oC                            ±50oC 
• Steam temperature at 320.6oC                            ±3.3oC 
• Static pressure at 12 MPa                            ±0.035MPa 
• Tank Water Temperature at 63.2oC                     ±2.0oC 
• Dynamic pressure at 1.4 MPa                       ±0.05MPa 
• Accelerometers 5880 m/s2 (500g)       ±58.8 m/s2 


(±6g) 
 


IV.B. Test Results 
 


The ACR-1000 MFMI test was completed in the 
MFMI facility at AECL’s Chalk River Laboratories.  The 
steam injection vessel was pressurized with 17 L of water 
to 13.7 MPa and a temperature of 320.6oC.  The 3200 L of 
inner tank water was at an average temperature of 63.2oC 
(sub-cooling = 40.1oC) during pressure tube rupture.  The 
12.5 kg of thermite, loaded inside the pressure tube was 
ignited and the corium temperatures reached >2400oC.  
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Approximately 37 ms after thermite ignition, a leak 
developed in the pressure tube causing a small dynamic 
pressure pulse.  Upon opening of the steam injection 
valves, an additional dynamic pressure pulse was detected, 
however, the test section pressure continued to rise.  A 
final dynamic pressure response was measured 0.03 s later 
and was accompanied by a depressurization of the test 
section. 


For the representation of the data, the arbitrary “zero” 
is taken as the time at which the dynamic pressure 
transducer located at the bottom of the inner tank responds 
to the ejection of molten material.  In this test, the second 
significant response, near the time the steam injection 
valves opened, is used as the arbitrary zero. 


 
IV.C. Initial Transients of Inner Tank Water, Cover Gas 
and Steam Injection Vessel Prior to Melt Ejection 
 
The moderator water was pre-heated to 91°C and 


stored in the insulated storage tank.  During the test, pre-
heated water was pumped into the inner tank.  The water 
pump took approximately 30 minutes to pump 3200 L of 
water into the inner tank.  The response of the RTD's 
placed at different elevations in the inner tank is shown in 
Figure 5 (top).  As shown in the figure, the RTD 
temperatures started at ~22ºC (measuring ambient air 
temperature) when the water pump was turned on.  When 
water encountered the first RTD, it began to record a sharp 
increase in temperature reaching 65.7ºC.  A similar trend 
was shown by the other three RTD’s indicating the water 
filling the tank.  The water temperature cooled gradually to 
an average of 63.2ºC just before pressure-tube failure.  The 
barometric pressure at the time of the test was 99.6 kPa.  
The saturation temperature and the sub-cooling at the mid 
plane of the pressure tube, including the height of water, 
were 103.3°C and 40.1ºC, respectively. 


The temperature and pressure in the gas space of the 
confinement tank are shown in Figure 5 (middle).  The 
confinement vessel pressure for this test was typically 
below atmosphere and reached a gauge pressure of 1.0 kPa 
at the time of rupture.  The confinement tank gas space 
temperature averaged 69.2oC at the time of rupture. 


The steam injection vessel pressure and temperature 
shown in Figure 5 (bottom) were 13.9 MPa and 320.6oC, 
respectively, just after the steam injection ball valves 
opened to pressurize the test section. 


 
IV.D. End Hub Pressure Measurements 


 
Once the steam injection vessel pressure and 


temperature reached the target values, the Stage 4 switch 
was flipped to ignite the thermite at –18.9 s.  In Stage 4, 
the PLC started the current supply to the nichrome wire at 
-17.3 s, preheating the thermite mixture to its auto ignition 
temperature.  The thermite took 17.2 s to ignite from the 


time Stage 4 switch was flipped.  The pressure tube 
pressure began to increase upon ignition and end hub #1 
recorded a maximum localized spike in pressure of 
2.1 MPa at a time of -1.86343 s.  However, the pressure 
only leveled out to a value of 0.64 ± 0.02 MPa and 
0.65 ± 0.02 MPa for end hub #1 and #2, respectively 
(Figure 6).  This is significantly lower than the expected 
~3 MPa, indicating a premature leak in the pressure tube.  
The rapid pressure fluctuations near the time of ignition 
are also an unexpected response. 


At 0.0 s the steam injection vessel valves opened, 
resulting in a rapid increase in pressure.  The pressure in 
the test section did not reach the desired 12 MPa but 
instead peaked at a value slightly larger than 2.8 MPa and 
1.6 MPa for end-hub #1 and #2, respectively, at +0.03 s, 
before both pressures rapidly fluctuate.  Following the 
pressure fluctuations, the pressure immediately began to 
decrease at end hub #1.  End hub #2 remains near 1.6 MPa 
for another ~0.04 s before decreasing.  Both static pressure 
transducers failed at ~3 s (not shown). 


The differences in end hub pressure response have 
occurred in previous experiments.  The reason for this is 
not known but could be related to the ignition of the 
thermite, the release of the steam injection plugs and/or the 
failure mechanism of the pressure transducers. 


 
IV.E. Dynamic Pressure Transducer Measurement 


 
Fluctuations in the dynamic pressure were measured 


simultaneous to the fluctuations in the end-hub pressures 
near the time of thermite ignition (-1.9 s, not shown).  This 
was considered the first significant response from the 
dynamic pressure transducers.  The dynamic pressure 
magnitude was approximately 0.07 MPa with spurious data 
points reaching higher values.  The pressure pulse width 
was approximately 30 ms long.  The magnitudes remained 
at or below the end hub pressure of 0.79 and 0.08 MPa. 


The dynamic pressure transducers did not measure any 
pressure pulses between the time of thermite ignition (-
1.9 s) and the time the steam injection valves were opened 
(0.0 s).  Figure 7 shows the dynamic pressure transducer 
measurement responses relative to the end hub pressures 
near the time the steam injection vessel valves were 
opened (0.0 s).  The response at 0.0 s is considered the 
second significant response from the dynamic pressure 
transducers.  The maximum dynamic pressure measured 
was ~0.98 MPa with a half period of ~6 ms.  This pressure 
was below the driving pressure measured at the end hubs 
of the test section.  Oscillations in dynamic pressure 
transducer continued for approximately 5 pulses.  Only the 
first measured pulse is of interest since it represents the 
leading pressure wave from the ejection of corium from 
the test section. 


 


1193







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11245 


 


IV.F. Inner Tank Acceleration Measurement 
 


Figure 8 shows the inner tank acceleration and end 
hub #1 pressure near 0.0 s.  Two important features can be 
taken from this graph.  First, the opening of the valves on 
the steam injection line and the response of the dynamic 
pressure transducers occured at the same time as the initial 
response of the accelerometer (0.0 s), which measures an 
acceleration in excess of 200g.  Second, the fluctuating 
measurements of the end-hub and dynamic pressure 
transducer at 0.03 s correlates with accelerations in excess 
of 1000g, greater than the measurement range of the 
transducer.  The acceleration measurements at the time of 
thermite ignition were about 1-2g. 


 
IV.G. Long Term Cooling of the Melt 


 
The water temperature was used to assess the long 


term cooling characteristics of the melt.  Figure 5 shows 
the water temperature for up to 8.3 minutes after the 
pressure-tube failure.  Two of the four RTD’s, namely 
RTD #3 and RTD #4 appear to have been damaged as their 
temperature was approaching room air temperature and it 
is unlikely that the temperature of the inner tank water 
could have cooled down below 60°C within the time span 
available.  Only RTD #1 and RTD #2 were used in the 
steady-state water temperature calculations.  The steady 
water temperature indicates the establishment of a balance 
between heat loss from the tank and heat gained from the 
melt debris.  The time when the steady state is reached is 
the end of quenching process.  A temperature increase of 
4.7°C was calculated using the average water temperature 
immediately before pressure-tube rupture and the average 
water temperature when the water-tank temperature 
reached quasi-steady state after melt through (200 s, 
Figure 5).  The average temperature increase was used to 
calculate the energy absorbed by water during melt 
cooling.  Using 3200 L of water and 12.475 kg of thermite, 
the energy transferred is calculated to be 61.8 MJ (= [283.5 
kJ/kg – 263.8 kJ/kg] x 3200 L/1000 L/m3 x 980 kg/m3).  
Within this amount of energy in the water, the steam 
injection vessel at 13.7 MPa and 320.6°C would have 
added 20.3 MJ (= [1457 kJ/kg – 264 kJ/kg] x 17 kg).  
When the energy added by the steam is subtracted, the 
energy from the melt is calculated to be 40.5 MJ, which is 
larger than the melt energy of ~16.3 MJ at 2400°C 
obtained in Reference [6].  This discrepancy could be 
explained by considering the conditions in the steam 
injection vessel to be saturated liquid, rather than saturated 
steam, at the time the steam injection valves opened.  This 
suggests that the measured temperature was lower than the 
actual steam temperature. 


 
 
 


IV.H. Post-Test Debris Analysis 
 


A post test debris analysis was completed using a set 
of sieves after the obvious “non corium” debris was 
removed.  The obvious non corium debris was quartz and 
Zircar.  The corium mass recovered from the debris pool 
was 12.2335 kg and 0.235 kg of corium remained inside of 
the test section.  An immeasurable amount of corium was 
smeared on the Zircar discs and inner tank, therefore, an 
exact mass balance of corium could not be made.  The 
corium trapped inside of the pressure tube and the smeared 
corium remnants were not used in the particle size 
analysis. 


The slurry from the inner tank was poured into a set of 
sieves of 2.36 mm, 1 mm, 425 μm, 180 μm, 75 μm, and 
38 μm size meshes.  The debris greater than 1 mm was 
mainly quartz, Zircar, and tantalum particles. 


The mean corium particle size was calculated on a 
weight basis using the geometric mean of the diameter 
openings in two adjacent sieves in the stack [7].  The 
calculated mean diameter of the debris particles was 
0.355 mm. 


 
IV.I. Post Test Acceleration Measurement 


 
The energy (E) required to crush the honeycomb 


structure placed beneath the inner tank can be calculated 
using the relationship: 


 
E = fcrAcrs  (1) 
 
where, fcr is crush strength of the honeycomb, Acr is 


the surface area crushed during the event, and s is the 
depth of crush.  The dynamic crush strength is 8% higher 
than the static crush strength.  For the 6.35 mm cell, 
17.8 μm web thickness and aluminum 5052 material type, 
the static crush strength is 276 kPa.  Under dynamic 
conditions the crush strength is 298 kPa.  The area of the 
inner tank bottom (1.37 m diameter) was 1.48 m2.  The 
energy absorbed by the honeycomb was 6.3 kJ (= 298 kPa 
x 1.48 m2 x 0.0142 m).  Compared to the energy in the 
melt, using the ejected melt mass only, the work done on 
the honeycomb becomes 0.015% (= 6.3e3 J/41.9e6 J x 
100). 


 
V. DISCUSSION 


 
V.A. ACR-1000 Corium Test 


 
The test proceeded as expected up to the time of 


thermite ignition.  The thermite ignited at -1.9 s as 
indicated by the rapid increase in test section pressure.  
Shortly after this, at -1.86343 s, there was a spike in the 
pressure measured at the end hubs.  There is evidence to 
support that this was the development of the first leak, 
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although it appears to have been small.  The dynamic 
pressure transducers recorded their first measurement at 
this time (0.4 MPa).  The pulse width was ~30 ms long, 
similar to the small pressure leak seen in a the previous 
14.5 kg test [5].  The end hub pressure measurements 
immediately recorded a change in slope with the pressure 
only reaching 0.64 MPa.  Based on the amount of thermite 
and the free volume in the test section, the pressure should 
have reached 3.0 MPa.  This suggests a leak or that the 
thermite did not fully ignite.  Based on the temperature 
measured in test section and the pressure tube melt 
throughs, the thermite was fully ignited.  The opening of 
the steam injection valves at 0.0 s both caused the pressure 
in the test section to increase and the dynamic pressure 
transducers to respond again.  If there was already a small 
leak, then steam injection valves opening would cause 
another ejection of melt material and pressure pulse in the 
inner tank, and the test section pressure would continue to 
rise, as observed in the experiment.  Approximately 30 ms 
after this dynamic pressure response, another dynamic 
pressure response was measured and accompanied by a 
decrease in test section pressure.  The pulse widths of these 
two measurements were approximately 6 ms and their 
magnitudes were slightly less than the driving pressure.  
These measurements are similar to pressure measurements 
of previous tests (except for the 14.5 kg test [5]). 


Post test examination revealed two melt throughs, one 
located at the axial center facing the west wall, and the 
other on the north end (End hub #1) facing east.  Based on 
the individual responses of the dynamic pressure 
transducer, it is likely that the north end was the location of 
the first failure.  The post test examination showed that the 
north end had more bulging around the opening and that 
the pressure tube was partially ballooned.  The melt 
through at the axial center was smaller and had less of a 
bulge. 


Post test particle analysis found that the mean particle 
size was 0.355 mm, similar in magnitude to the previous 
experiments where forced interaction was determined to be 
the dominant mode. 


 
V.B. Application of Success Criteria 


 
Two primary variables, namely the measured transient 


dynamic pressure and the particle size distribution, are 
used for the determination of the interaction mode between 
the melt and water in the MFMI experiments.  Each of 
these primary variables must conform to a subset of 
criteria, as described below: 


 
Dynamic Pressure History: 
1. The pressure transient starts to increase in a time 


frame consistent with the start of melt ejection. 


2. The peak magnitude of the pressure transient is less 
than the driving pressure, i.e., is less than the pressure 
in the test section at the time of rupture. 


3. The pressure starts to decrease shortly after the end of 
melt ejection.  It is understood that the melt ejection is 
probably more rapid in air than in water, and hence an 
appropriate allowance will have to be added. 


4. Sharp and large pressure spikes (in excess of the 
driving pressure) do not occur after the overall 
pressure transient has decreased to the steady state 
level. 


 
Debris Size: 
1. If the mean size of the debris is less than 1 mm and the 


dynamic pressurization history is consistent with that 
predicted for forced interaction, then forced 
interaction will be deemed to be the dominant mode. 


2. If the mean size of the debris is less than 1 mm and the 
dynamic pressurization history is consistent with that 
predicted for free interaction, then free interaction will 
be deemed to be the dominant mode. 


3. If the mean size of the debris is greater than 1 mm, 
and provided there is evidence that the material had 
not solidified in the pressure tube prior to pressure 
tube rupture, then the portion of melt having a mean 
size of debris greater than 10 mm is considered to 
have potential for free interaction.  Measured corium 
temperatures will be used to determine the possibility 
for melt solidification inside the pressure tube prior to 
melt ejection. 


 
The primary variables were analyzed using the set of 


criteria for dynamic pressure history and debris size.  From 
this analysis, it was concluded that the pressure history and 
debris morphology obtained from the ACR-1000 corium 
test is consistent with forced interaction mode. 


 
V.C. Comparison to Previous Tests 


 
The normalized dynamic pressure measured in the two 


non-corium tests and the five corium tests, i.e., the 5 kg 
corium [2], the first and the second 25 kg corium [3, 4], the 
14.5 kg corium [5] and ACR-1000 tests are compared in 
Figure 9.  The dynamic pressures in this figure were 
located on the bar below the test section and normalized 
with the average end hub static pressure.  For this test, data 
near the ejection at 0.0 s was normalized to 1 MPa (the 
average at time of dynamic pressure response).  It should 
be noted that the end hub pressures for this test were 
continually increasing and there were significant 
differences in their measurements at the time of ejection.  
The changing driving pressure caused the dynamic 
pressure response to have a base signal superimposed on 
the otherwise typical dynamic pressure response.  In 
comparison to previous tests, the initial slope of the first 
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pulse was smaller in magnitude.  This may be due to the 
fact that a failure location already existed, so the slope was 
more characteristic of the pressure tube pressure increase 
due to the steam injection valve opening rather than an 
almost instantaneous rupture of the pressure tube.   


Regardless of these differences, what is important in 
the ACR-1000 test is the results based on the applying the 
success criteria.  The dynamic pressures measured 
remained below the driving pressure of the test section and 
were consistent with pulse magnitudes and widths seen in 
previous experiments determined to be of the forced 
interaction mode. 


The mean particle size and the weight percent 
distribution for this and previous tests are shown in 
Figure 10.  The ACR-1000 particle weight percent 
distribution is similar to all but the 14.5 kg corium test [5].  
The largest weight percent was found to be in 425 μm 
sieve size.  These results were found to be consistent with 
previous experiments in which forced interaction was 
deemed the dominant mode of interaction. 


 
V.D. Impulse From Measured Dynamic Pressure 


Transients 
 


The specific impulse at the inner tank wall can be 
calculated by integrating the measured dynamic pressure 
transients over the time duration of the pressure transient.  
The numerical relationship used in obtaining the specific 
impulse from measured dynamic pressure is given in 
Equation (2): 


∑
=


Δ×=
n


i
ii TPI


1


 (2) 


where I is the specific impulse (kPa-s), i index for the 
data points, n is the total number of data points within the 
pulse width, Pi is the pressure, and ΔTi is the time interval 
between two data points.  There are 100 data points per 
millisecond.  For the ACR-1000 corium test, the specific 
impulse was calculated for the three dynamic pressure 
responses at -1.865 s, -0.00079 s, and +0.03 s.  The pulse 
widths were 30 ms (-1.865 s to –1.835 s), 8 ms (-0.00079 s 
to +0.00721 s), and 5 ms (+0.03 s to +0.035 s). 


For the first pulse, the specific impulse was fairly 
small, ranging from 0.2 to 0.7 kPa-s and an average of 
0.5 kPa-s.  The second pulse had an average of 4.3 kPa-s 
and the third pulse had an average of 1.3 kPa-s. 


While the driving pressure for the third pulse was 
larger than the second, the specific impulse was lower.  
This was due to the interference of the reflecting waves 
from the second pulse.  The magnitudes of the specific 
impulses measured in this test compare well with the 
measurements of previous tests when considering the 
magnitudes of the respective driving pressures.  This also 
supports that there is a similar mode of interaction between 
the tests (i.e., forced interaction). 


VI. CONCLUSIONS 
 


The ACR-1000 MFMI test was completed in the 
MFMI facility at AECL’s Chalk River Laboratories.  The 
steam injection vessel was pressurized with 17 L of water 
to 13.9 MPa and 320.6oC.  The 3200 L of inner tank water 
was at an average temperature of 63.2oC (sub-cooling = 
40.1oC) during pressure tube rupture.  The 12.5 kg of 
thermite, loaded inside the pressure tube was ignited and 
the corium temperatures reached >2400oC.  Approximately 
37 ms after thermite ignition, a leak developed in the 
pressure tube causing a small dynamic pressure pulse.  
Upon opening of the steam injection valves, an additional 
dynamic pressure pulse was detected, however, the test 
section pressure continued to rise.  A final dynamic 
pressure response was measured 0.03 s later and was 
accompanied by a depressurization of the test section. 


The experiment was designed to address one of the 
very low probability postulated accidents with severely 
reduced coolant flow to a single fuel channel.  Under these 
severely restricted flow conditions, the molten fuel is 
ejected at the system pressure (~12 MPa) into the 
moderator.  Since melt ejection in the ACR-1000 MFMI 
test occurred at a pressure significantly lower than 12 MPa, 
the results are not entirely representative of the conditions 
expected during the postulated single channel events in an 
ACR-1000 reactor.  However, the conditions of this 
experiment can be considered conservative since the 
conditions needed for a steam explosion become more 
probable for corium ejections at lower pressure. 


All three low pressure melt ejections produced 
pressure pulses of magnitudes less than the pressure tube 
pressure, indicating forced interaction for all events.  The 
maximum dynamic pressure pulses had magnitudes of 
~0.07, ~0.98, and ~1.0 MPa and were 30 ms, 8 ms, and 
5 ms long, respectively.  The average test section 
pressures, determined at the time the dynamic pressure 
transducers responded, were 0.4, 0.64 and 2.1 MPa. 


Out of the ~12.5 kg of thermite used in the 
experiment, approximately 0.235 kg of corium remained 
inside of the test section.  The total debris collected inside 
the inner tank was 18.74 kg.  The debris inside the inner 
tank consists of corium, quartz, and Zircar.  Although 
quartz and Zircar particles interfered with the particle size 
analysis, the debris from the test showed that the majority 
of the corium particles were less than 1 mm in diameter.  
The mean size of the debris was 0.355 mm.  An analysis of 
the confinement vessel gas inventory indicated 14.5% 
hydrogen. 


Based on the analysis of the ACR-1000 MFMI test, it 
can be concluded that corium consisting of 
73 UO2/11 Zr/6 ZrO2/10 Cr (wt%) ejected at pressures of 
0.4, 0.64 and 2.1 MPa into water with a 40.1°C subcooling 
results in forced interaction of the molten fuel and 
moderator.  
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NOMENCLATURE 
 


ACR Advanced CANDU Reactor 
AECL Atomic Energy of Canada Limited 
CANDU CANadian Deuterium Uranium 
HEPA High Efficiency Particulate Air 
ID Inner Diameter 
MFMI Molten Fuel Moderator Interaction 
PLC Programmable Logic Controllers 
RTD Resistance Temperature Device 
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Figure 1.  A schematic of a CANDU primary heat 
transport system (Legend:  1. Steam line leading to 
electric turbines, 2. Pressurizer, 3. Steam generator, 
4. Pumps, 5. Inlet headers, 6. Calandria vessel, 7. Fuel 
channel, 8. Moderator recirculation pump, 9. Heat 
exchanger, and 10. Online refueling machines). 
 


 
 
Figure 2.  A schematic of the test section shown in Figure 2 
with insulated pressure tube and steam injection ports. 
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Figure 3.  A schematic of the steam-injection vessel, 
confinement vessel, inner tank and the test section.  The 
adjacent channels shown in this figure were removed in 
this test. 
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Figure 4.  A schematic of the piezo-electric and piezo-
resistive dynamic pressure transducer locations in the inner 
tank. 
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Figure 5.  RTD response (top) and confinement tank 
temperature and pressure (middle) due to filling the inner 
tank with water.  Steam injection vessel temperature and 
pressure (bottom). 
 


 
 
Figure 6.  Response of static pressure transducers at the 
time of dynamic pressure response. 
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Figure 7.  Response of static and dynamic pressure due to 
steam injection vessel. 
 


 
 
Figure 8.  End hub #1 pressure and acceleration 
measurement near rupture time. 
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Figure 9.  Comparison of normalized dynamic pressure 
measured below test section for the ACR-1000 and 
previous tests. 
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Figure 10.  Particle weight percent distribution for the 
ACR-1000 and previous tests. 
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Abstract – The supercritical carbon dioxide (S-CO2) Brayton cycle is being considered as a 
promising candidate for the next generation nuclear reactors power conversion system. Major 
advantages of the S-CO2 Brayton cycle compared to other Brayton cycles are: (1) high thermal 
efficiency in relatively low turbine inlet temperature, (2) compactness of the turbomachineries and 
heat exchangers and (3) simpler cycle layout at an equivalent thermal efficiency. However, these 
advantages can be still utilized even in the water cooled reactor technologies under special 
circumstances. A small and medium size water-cooled nuclear reactor (SMR) has been gaining 
interest due to its wide range of application such as electricity co-generation, small-scale power 
generation, seawater desalination, district heating and propulsion. Another key advantage of the 
SMR is that they can be transported from one place to another mostly by maritime transport due to 
their small size. Therefore, the combination of a S-CO2 Brayton cycle with a SMR can reinforce 
any advantages coming from its small size if the S-CO2 Brayton cycle has much smaller size 
components, and simpler cycle layout compared to the currently attached steam Rankine cycle to 
SMRs. In this paper, SMART (System-integrated Modular Advanced ReacTor), a 330MWth 
integral reactor developed by KAERI (Korea Atomic Energy Institute) for multipurpose utilization, 
is considered as a potential candidate for applying the S-CO2 Brayton cycle and advantages and 
disadvantages of the proposed system will be discussed in detail. SMART incorporated all the 
latest safety features of the pressurized water reactor technology into the design as well as 
utilizing new technologies such as passive safety, system simplification and modularization, 
innovations in manufacturing and installation. The feasibility of the S-CO2 cycle combined with 
SMART will be discussed on the base of preliminary results of cycle operating points, and cycle 
thermodynamic efficiency from in-house code developed by KAIST (Korea Advanced Institute of 
Science and Technology) research team. Furthermore, preliminary turbomachinery sizes are 
estimated from another in-house code developed by KAIST team and all the obtained results will 
be compared to the existing SMART system along with its implication to other existing or 
conceptual SMRs in terms of overall performance.  


 
 


I. INTRODUCTION 
 


Recently, the effort to promote and diversify the 
utilization of the nuclear energy has been nurtured with 
nuclear renaissance movement. A small and medium size 
nuclear reactor (SMR) is considered to be one of the 
suitable candidates for a wide range of application such as 
electricity co-generation, small-scale power generation, 
seawater desalination, district heating and propulsion. As a 
part of the SMR development, SMART (System-integrated 
Modular Advanced ReacTor), a 330MWth integral reactor 


is under development by the Korea Atomic Energy 
Institute (KAERI) for multi-purpose utilization. To 
enhance economy, SMART not only incorporated all the 
latest safety features of the pressurized water reactor 
technology into the design, but also applied new 
technologies such as passive safety, system simplification 
and modularization, innovations in manufacturing and 
installation. However, SMRs including SMART is 
inherently less cost-effective than the large size reactor 
with the electricity generation capability above 1000MWe 
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even with abovementioned features are reflected in the 
design. 


While new types of reactor were designed and proposed, 
BOP (Balance of Plant) was undoubtedly steam Rankine 
cycle until now. Since it is well proven technology and has 
a reasonable thermal efficiency in water cooled reactor 
operating range.  However, during the development of the 
next generation reactors, gas Brayton cycle came into the 
spotlight as an alternative for a high temperature reactor. 
Gas Brayton cycle has higher efficiency than steam 
Rankine cycle in higher operating temperature (usually 
above 500 degree C). Another merit of gas Brayton cycle is 
that it tends to have smaller turbomachinery than the 
components in the steam Rankine cycle. Especially, the 
supercritical carbon dioxide (S-CO2) cycle has the smallest 
turbomachinery among other cycles developed for nuclear 
application. Although it has good features such as high 
efficiency and small size, the technology for the gas 
Brayton cycle which could operate in high temperature and 
pressure for closed cycle was not supported in the past. But, 
nowadays the technology for the S-CO2Brayton cycle is 
beginning to gather attention, and the cycle can be also 
coupled to a conventional water-cooled reactor even 
though marginal efficiency can be traded with other 
substantial advantages. Thus, in this paper we will analyze 
and compare merit to de-merit of coupling the S-CO2 
Brayton cycle to SMRs such as SMART. 


 
II. Small and Medium sized Reactor (SMRs) 


 
II.A. Various types of SMR 
 


As the nuclear power plant becomes larger, the initial 
investment to construct a large plant increases which 
results in higher financial risk for a business entity with 
limited resources. Most developing countries which do not 
have rapid changes in electricity demands cannot willingly 
afford the large size plants. Therefore, they are becoming 
more interested in a SMR with less risk on financial side as 
well as less perturbation to their original electricity grid. 


Table 1. SMRs under development in nuclear nations 


Name Capacity 
(MWe) 


Company Nation 


IRIS 100-350 Westinghouse U.S.A. 
NuScale 45 Nuscale Power U.S.A. 
CAREM 27 CNEA Argentina 
KLT-40S 35 OKBM Russia 


 
As more and more attention is given to a SMR, each 


nuclear nation around the world is researching and 
designing various types of reactor. Table-1 shows several 
SMRs that some nuclear nations are currently developing. 
Westinghouse developed a 100~350MWe capacity reactor, 
IRIS and Nuscale Power in the United States completed the 
preliminary design of the 45MWe capacity reactor, 


NuScale and CNEA in Argentina are looking at the smaller 
capacity reactor, CAREM and OKBM in Russia improved 
the previous reactor design for an icebreaker and designed 
a 35MWe capacity reactor, KLT-40S. It is reported that 
Russia succeeded in loading two KLT-40S in a barge [1] as 
well. 


 
II.B. SMART (System-integrated Modular Advanced 


ReacTor) 
 


KAERI is developing SMART for various purposes of 
nuclear energy. As Fig.1 shows, the principal feature of 
SMART is an integrated system which any components of 
the second loop system and valves were removed that can 
potentially cause accidents such as a loss-of-coolant 
accident (LOCA) to enhance safety. SMART can be 
utilized not only for electricity production but also for 
desalination, and district heating. The capacity for SMART 
is now 330MWth; if it only produces electricity, its 
electricity generation capacity is around 100MWe. If it 
combines electric generation with desalination, it can 
produce 90MWe and 40,000 tons of fresh water daily. 
KAERI expects one SMART reactor can supply the 
electricity and water for the 100,000-person-living city [2]. 


 


 
Fig. 1. SMART reactor [3] 


 
III. Supercritical CO2 (S-CO2) Brayton cycle 


 
Brayton cycle operating fluid is at single phase (mostly 


gas) and is consisted of compressors, heat exchangers, and 
turbines. Brayton cycle is generally used in gas turbine 
technologies for power generation purpose or aircraft 
propulsion, which is generally an open cycle. However, for 
a nuclear application the closed Brayton cycle is necessary 
to reduce risks of public exposed by an accidental release 
of radioactivity from a nuclear power plant.   
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During the development of the next generation reactor 
technologies helium Brayton cycle has been the most 
studied gas Brayton cycle. However, to gain economy, it 
requires over 900 ˚C of high operating temperature, which 
is suited for high temperature heat source application. 
Under this condition, most structural materials face 
significant challenge to have reliable performances. If any 
cycle can be competitive in a wide range of operating 
temperature with reasonable efficiency, it can be applied 
not only to the next generation reactors but also to the 
current reactor systems as well [4].  


In 1967, Feher compared several fluids such as 
ammonia, carbon dioxide, water for the application of the 
supercritical fluid cycle and found out that CO2 is the most 
appropriate candidate in a view of moderate temperature 
range, chemical stability and corrosiveness [5]. Dostal 
analyzed several CO2 characteristics and noticed that the 
density is high and the compressibility is low near the 
critical point. Therefore, if the cycle is composed to take 
advantage of these characteristics, the total thermal 
efficiency becomes higher because the work in a 
compressor decreases and the work output from a turbine 
increases. However, the specific heat changes dramatically 
and that influences the inlet and exit temperatures of heat 
exchangers, therefore a special consideration of the heat 
exchanger design is required [4]. 


Reviewing the past study of S-CO2 cycle, recompressing 
cycle had been selected as the most promising option [4]. 
Fig.2 is reconstructed from Ref. [4] data for this paper. It 
shows efficiencies of superheated steam cycle, supercritical 
steam cycle, helium Brayton cycle with two inter-coolers 
and supercritical CO2 recompression cycle. 


 


 
Fig. 2. The cycle efficiency in temperatures-reconstruction from 


Ref. [4] 


 
The advantages and identified issues for coupling the S-


CO2 cycle to SMRs are: 
1) High efficiency: Many researchers compared the S-


CO2 cycle efficiency under high temperature condition 
for the next generation reactors. As Fig.2 shows, S-


CO2 cycle always shows higher efficiency than 
selected helium cycle and comparable efficiency with 
superheated steam cycle in certain temperature range 
[4]. However, one point that has to be stressed in Fig.2 
is that below 350 °C there is no calculated efficiency 
for comparison. Since our interest is in the range of 
310 °C (core outlet temperature of SMART or less for 
other water cooled SMRs), an analysis for estimating 
the efficiency is necessary since the trend of efficiency 
with respect to turbine inlet temperature shows a non-
linear behavior.  


2) Compactness of turbomachinery: S-CO2 cycle that 
shows high efficiency does not need large components 
such as low pressure turbines in a steam cycle. From 
Ref. [4], it was already demonstrated that the size of a 
turbine in the S-CO2 cycle is the smallest compared to 
those of steam and helium cycles. Because the S-CO2 
cycle has higher operating pressure than the steam 
cycle, its fluid density is high and its turbine shows 
very compact size as much as one tenth of a steam 
cycle turbine. As the fluid is compressed near the 
critical point, the size of a compressor is much smaller 
than that of a helium cycle compressor and becomes 
comparable with a pump in the steam cycle. In 
summary, although the S-CO2 cycle operates with 
supercritical gas, the size of turbomachinery is very 
compact. However, the advantage of turbomachinery 
sizes have to be re-calculated and verified for the case 
of coupling the S-CO2 cycle to a SMR, since the 
turbine inlet temperature has changed which results in 
different cycle operating conditions.  


IV. S-CO2 cycle combined with SMART 
 
IV.A. Cycle layout and analysis method 


 
This study will be mainly based on the S-CO2 


recompressing cycle coupled to SMART as shown in Fig.3. 
A distinguished characteristic of the recompressing cycle is 
that there are two compressors and recuperators, 
respectively.  
In the cycle, S-CO2 flows to a turbine after absorbing heat 


from the reactor through IHX (Intermediate Heat 
exchanger) (point 1). After generating electricity, the fluid 
goes through high temperature recuperator and low 
temperature recuperator (points 2, 3, 4) and the flow is 
divided: one goes to a precooler where the remaining heat 
is rejected to the surrounding and the other goes to a 
recompressing compressor. The reason why the flow is sent 
to a recompressing compressor is to save rejected heat and 
increase the total thermal efficiency of the cycle. After the 
precooler, S-CO2 goes to the main compressor (points 5 
through 6). Then, the fluid receives heat from the low 
temperature recuperator (point 7) and two flows merge 
before entering the high temperature Recuperator (points 8 
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to 9). After the high temperature recuperator, the fluid is 
transported to the reactor (point 10) and the total process 
begins all over again.  


 
Fig. 3. S-CO2 Recompressing Brayton cycle 


 
 In order to assess the S-CO2 recompressing cycle coupled 
to SMART an in-house code developed by KAIST research 
team [6] was modified to estimate the proposed system 
performance. This code has several subroutines for each 
component such as a turbine, a compressor and a heat 
exchanger. This code can optimize cycle operating 
conditions for given layout by maximizing thermal 
efficiency of the cycle. The total mass flow rate of the 
cycle is determined from the calculated temperature and 
pressure of each component. Since the detail structure and 
the verification of the cycle code were already well 
summarized in Ref. [6], it will not be repeated here in 
detail.  
Even though the turbomachinery in the S-CO2 cycle are 


expected to be compact, the volume of S-CO2 heat 
exchangers can be larger compared to water heat 
exchangers due to: (1) inherently less heat transfer 
capability of the fluid itself, (2) single phase heat transfer 
shows smaller heat transfer capability than two phase heat 
transfer (e.g. steam generator vs. IHX), which can 
compromise the advantage rooting from the cycle physical 
size. With this aspect, Printed Circuit Heat Exchanger 
(PCHE) is introduced instead of conventional IHX. 
Therefore, the size of each heat exchanger is estimated as 
well as the efficiency of the total cycle.  
In the adopted cycle layout, there are several heat 


exchangers: IHX (Intermediate Heat exchanger), HTR 
(High temperature Recuperator), LTR (Low temperature 
Recuperator) and PC (Precooler). All these heat exchangers 
are assumed to be PCHE (Printed Circuit Heat Exchanger) 
type, since PCHE was considered to be one of the best 
solutions for reducing the size of gas to gas heat exchanger 
in the previous work [4].  The size of each heat exchanger 
was reduced from the heat exchanger design from the 


previous work [6] by reflecting the amount of power 
handled by the cycle.  
In the cycle code, a heat exchanger performance is 


estimated by first dividing the channel into a number of 
given meshes. This is because the S-CO2 Brayton cycle 
experiences a dramatic change of fluid property, it cannot 
be fully analyzed through simple log-mean temperature 
difference method. 
Temperature and pressure in each mesh are determined by 


considering heat transfer and friction pressure drop. Heat 
transfer coefficient is determined from Dittus-Boelter type 
correlation developed by Ngo et al. [7], which is suited for 
PCHE type channels. The friction factor is also adopted 
from the same reference [7]. 


 
IV.B. Results discussion 


   


Table 2. Design specification of the S-CO2 cycle in SMART 
condition 


Reactor Outlet 
temperature(K) 


581.38 Turbine pressure ratio 2.5095 


Max 
pressure(MPa) 


20 Turbine efficiency 0.9 


Precooler water 
side inlet 


temperature (K) 


300.15 Compressor efficiency 0.89 


Precooler water 
side outlet 


temperature (K) 


305.15 Recompressing 
compressor  
efficiency 


0.89 


Precooler outlet 
pressure (MPa) 


0.147 Precooler water side 
Pump efficiency 


0.75 


IHX pressure drop 
(MPa) 


0.15 Electric generator 
efficiency 


0.98 


Table 3. Preliminary results of the S-CO2 cycle in SMART 
condition 


Thermal  
Efficiency 29.4% Volume of H-T 


Recuperator (m3) 21.4 


Volume of 
Precooler (m3) 21.6  Volume of L-T 


Recuperator (m3) 16.3 


Turbine 
work(MW) 164.6 Main Compressor 


work (MW) 24.8 


Recompressing 
compressor 
work (MW) 


44.3 Pump work (MW) 0.23 


Main 
Compressor 


Massflow(kg/s) 
1336.6 


Recompressing 
compressor 


Massflow(kg/s) 
856.6 


Total 
Massflow(kg/s) 2193.2 Recompressing 


fraction 39.1% 


 
It is noted that the following results are the preliminary 


results of the coupled system. More investigations are 
required to optimize the cycle as well as the individual 
component. The current design conditions and calculated 
results for SMART reactor coupled to S-CO2 cycle are 
shown below.  Many variables assumed in Table 2 for the 
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cycle calculation (e.g. pressure ratio, efficiency of 
turbomachinery etc.) are taken from previous works [4 & 
6]. These variables will be studied more carefully in the 
future by reflecting more realistic component design and 
performance of the proposed system. The preliminary 
result shows that the proposed cycle thermal efficiency is 
around 29.4%. This value is not far from the value we can 
expect from Fig 2. Figs. 4 and 5 show the operating 
condition at each point indicated in Fig. 3.  
The geometry of IHX was estimated from the calculated 


cycle operating conditions. The design parameter for 
SMART core is referred from the design report from Ref. 
[2]. The preliminary design of the IHX is given in Table 4.  
 
 


 
Fig. 4. P-T diagram  


 
Fig. 5.  T-S diagram  


 


 Table 4. IHX Design(SMART condition) 


Capacity(MWth) 330 Volume(m3) 13.1 
Inlet T(K) 
(Water side) 


583 Inlet P(MPa) 
(Water side) 


15 


Outlet T(K) 
(Water side) 


543.58 Outlet P(MPa) 
(Water side) 


14.97 


Inlet T(K) 
(S-CO2 side) 


465.53 Inlet P(MPa) 
(S-CO2 side) 


19.98 


Oulet T(K) 
(S-CO2 side) 


581.34 Outlet P(MPa) 
(S-CO2 side) 


19.83 


Primary 
Massflow(kg/s) 


1585 Secondary 
Massflow(kg/s) 


2193.2 


 
IV.B.2. Comparison of S-CO2 cycle to current design 


of SMART  
 


The preliminary cycle efficiency and size of heat 
exchangers for the proposed cycle can be compared to the 
current design of SMART. Since the current design of 
SMART only provides the steam generator inside the 
reactor, specific design parameters of SMART BOP cannot 
be compared directly. The size of SMART steam generator 
is based on Ref. [2]. From Table 5, SMART currently has 
cassettes type steam generator around the reactor core. 
There are 12 cassettes in the reactor according to Ref. [2]. 
 


Table 5. Design parameter for steam generator (SMART) 
Function Steam production 


Characteristic Inside the Integrated vessel 
Type Helical 


Number of cassettes 12  
Heat Removal Capability 27.5MWt/cassette 
Design temperature(K) 623 
Design pressure(MPa) 17 


Cooling water temperature(K) 453 
Cooling water pressure(MPa) 5.5 


Steam temperature(K) 557 
Steam pressure(MPa) 3.5 


Tube material type PT 3V(Ti alloy) 
Number of module per cassette 6 


Number of tube 324 
Average length of a tube (m) 15.8 
Average area of a tube (m2) 168.8 


Cassette weight(kg) 2000 
 
The volume of cassettes can be estimated from diameter 


and height. The diameter of cassettes is 1.159m, the height 
is 4.64m and the volume is 4.9 m3; therefore the total 
volume of SMART steam generator is 59 m3.  
Table 6 summarizes the comparison between the proposed 


systems to the current SMART design. The S-CO2 
recompressing cycle coupled to SMART shows 
comparable thermodynamic efficiency to the current steam 
cycle SMART. However, the proposed system requires 
much smaller size of heat exchanger than the current steam 
generator cassettes. Furthermore, the total volume of heat 
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exchangers in the recompressing S-CO2 cycle is even 
comparable to the current size of steam generator installed 
in SMART. In other words, the total physical size of the S-
CO2 cycle can even fit within the reactor pressure vessel if 
the turbomachineries are small enough. This suggests a 
new possibility for SMR to reduce the total physical size of 
the system significantly by shifting to the S-CO2 cycle 
from the current steam cycle.  


Table 6. Comparison with SMART Reactor Design 


 S-CO2 Cycle 
coupled to 
SMART 


(Preliminary) 


Current 
SMART 
Design 


S-CO2 
Simple Cycle 


coupled to 
SMART 


(Preliminary) 
Thermal Power 330MWth 330MWth 330MWth 


Thermal 
Efficiency 


29.4% 30.3% 25.8% 


Electric 
generation 


97MWe 100MWe 85MWe 


Operating 
Pressure 


20MPa 15MPa 20MPa 


Volume of IHX / 
Steam generator 


13.1 m3 59m3 13.1 m3 


Volume of total 
HXs in the cycle  


72.4 m3 


(IHX+HTR+L
TR+PC) 


N/A 43.2 m3


(IHX+RCT+ 
PC) 


 
 As a further stretch of this idea, we have also examined 
the case for coupling simple S-CO2 Brayton cycle to 
SMART.  The simple S-CO2 Brayton cycle has only single 
path of fluid flow and one recuperator in the cycle (i.e. no 
recompressing compressor and no low temperature 
recuperator). The preliminary results calculated from the 
same in-house code developed by KAIST are shown in 
Table 6 as well. The results show that by sacrificing some 
thermodynamic efficiency further we can gain a lot from 
the total size of BOP. By optimizing the components and 
the cycle performance further, we expect that selecting the 
simple S-CO2 Brayton cycle can be also a strong candidate 
for future SMRs application.  
 


IV.B.3. Turbomachinery size of the S-CO2 cycle  
 


The S-CO2 turbomachinery was found to have the 
following features according to the previous work [9]: 
small Mach number; significant gas bending stress; small 
tip diameter and high hub/tip ratio; wide and thick blades; 
short blade height and low aspect ratio; high chord 
Reynolds number; and a flat annulus flare. They are also 
very compact in terms of dimensions and number of stages, 
compared to other machines in power conversion systems 
[9]. 


When the S-CO2 cycle is coupled to SMART, the turbine 
inlet temperature is lowered to 310 °C compared to the 
next generation reactor case which was more than 550 °C. 
Therefore, the turbomachinery design has to be modified 


accordingly to reflect different operating conditions. In this 
paper, we will only focus on the axial type turbomachinery, 
even though there were some indications that the radial 
machine can be more suitable for the S-CO2 compressors. 
This option will be investigated in the future.  


 
IV.B.3.1. In-house S-CO2 turbomachineries design code 
 
The uniqueness of S-CO2 turbomachineries is that the 


property variation in the turbomachineries is far from the 
ideal gas assumption. Therefore, estimating the enthalpy 
change and pressure variation has to be performed on the 
basis of real gas. The modifications to the ideal gas base 
turbomachinery design tools to incorporate the S-CO2 
property variation were already suggested in Ref. [9] and 
demonstrated some success. The KAIST-Khalifa 
University joint research team has developed an in-house 
turbomachinery design code based on Ref. [9] 
recommendations along with some added new features. All 
the thermodynamic property of S-CO2 is calculated from 
the NIST property subroutines.  


At the early stage of turbomachinery design, the 
efficiency of a turbomachinery is very dependent on the 
estimated pressure losses. There are four kinds of primary 
loss sources as shown in Fig.6. Before we go into further 
discussion, it should be noted that the experimental data 
and respective empirical correlation for the pressure losses 
are not well established for the S-CO2 turbomachineries. 
However, the loss models were selected because they were 
thought to be the most general and widely applicable 
models in the literatures.  


 


 
Fig.6. Primary loss sources in the axial-flow gas turbine [10] 
 


First, the profile loss is generated by boundary layer 
growth and blade wake on the blade surface and is 
represented by wake momentum thickness, solidity, and 
flow angle. Aungier correlations [11] are used for 
estimating the loss of compressor, Balje-Binsley 
correlations [12] are selected for that of turbine. The 
annulus loss is associated with the end-wall boundary 
layers, and the secondary flow loss is due to the cascade 
and trailing vortices. Cohen’s correlation [13] is used for 
predicting the endwall loss of compressor. The annulus 
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loss and the secondary flow loss for turbine can be 
calculated together by Kacker-Okapuu[14].  


*Compressor 
-Profile loss: Aungier correlations 
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where is the blade pitch. 
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- Profile loss: Balje-Binsley correlation 
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where θ* and Hte are the boundary layer momentum 


thichness and the trailing-edge boundary layer form factor. 


- Annulus loss and secondary flow loss : Kacker-Okapuu 


correlation 
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The design variables are operating conditions, number of 
stages and flow coefficient, which is the ratio of axial 
velocity to mean blade rotating velocity. The design 
variables are changed to avoid excessive aerodynamic 
loading that can cause stall during nominal operation while 
the size of each designed turbomachinery was minimized.  


 
IV.B.3.2.Preliminary design results  


 


From the developed code, preliminary design results 
of the S-CO2 turbomachineries for the SMART case are 
summarized in Table 7. It is noted that the designed 
turbomachineries physical sizes are not far from the 
proposed designs of Ref. [9]. Operating conditions were 
provided from the previous results calculated by the in-
house cycle code for the S-CO2 cycle coupled to SMART.  
More detailed geometries are shown in Figs. 7 and 8 for 
the S-CO2 main and recompressing compressors and the 
turbine, respectively. As a result, total turbomachineries 
can fit within 1 m of diameter and 1.5 m of axial length of 
geometry. In other words, volume of 1.5 m3 and 
considerably less weight of entire turbomachinery system 
can make the total BOP system much easier to modularize 
and enables wider option for the transportation of the 
whole nuclear reactor system to the selected destination. 
However, more detail analysis regarding the designed 
turbomachienery has to be followed to validate and 
identify if the design is sound under all the possible 
operating conditions and modes of these components.   
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(a) Main compressor 
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(b)  Recompressing compressor 
 


Fig.7. Estimated dimension of compressors 
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Fig.8. Estimated dimension of turbine 


 


Table 7. Specifications calculated from the in-house code 


 
parameter Main 


compressor 
Recompressing 
compressor Turbine 


Mass flow rate (kg/s)  1336.6 856.5 2193.2 


Inlet temperature ( K)  305.15 340.8 583.15 


Inlet pressure (MPa)  8 8 20 


Pressure ratio 2.5 2.5 2.5 


Hub diameter a (mm) 366 718 920 


Tip diameter a (mm) 468 774 1004 


Hub-to-tip ratio a  0.782  0.928 0.925 


axial length (mm) 680  226 342 


Number of stages 10 7 4 


Rotational speed (rpm)  3600 3600 3600 
Number of rotor/stator 
blades a  39/37 124/122 104/106 


Required/Produced power 
(MW) 24.8 43.3 185.4 


Total efficiency (%)  91.01 93.7 96.64 


a. (1st stage) 
 
 


VI. CONCLUSIONS 
 


In this paper, we discussed the potential benefits that 
can be exploited by coupling the S-CO2 Brayton cycle to a 
SMR (small modular reactor) such as a Korean version 
SMR, SMART. Although the cycle was identified to 
possess better efficiency in high temperature operating 
region (~550°C), the efficiency of the S-CO2 cycle within 
SMART operating range showed a comparable efficiency 
to the existing steam Rankine cycle ~30%. Even at this 
comparable efficiency, the greatest advantage of the S-CO2 
cycle is the compactness of the entire cycle: the total size 


of turbomachineries and heat exchangers. From the 
preliminary calculation we have demonstrated that the total 
volume of the cycle components is approximately at the 
same size with the cassettes type steam generator utilized 
in the current design of SMART. In other words, 
potentially the entire BOP (balance of plant) with the S-
CO2 cycle can be modularized into single component, and 
it can be even fitted inside the reactor pressure vessel. This 
advantage can increase the competitiveness of SMRs by 
reducing the capital cost further which in turn reduces the 
financial risk involved, easier operation and management, 
and provides the possibility to transport the system by 
various means for various purposes.  


However, this conclusion is solely based on simple 
calculation results from a very preliminary study. For more 
exact and realistic assessment of the proposed system, 
more thorough investigation based on definite 
experimental data is required.  Furthermore, the proposed 
system will bring up totally different and new types of 
safety and inspection issues, which in other words transient 
and structural behaviors under various circumstances of the 
proposed system have to be understood very well for 
commercialization in the future. 
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Abstract – Rolls-Royce has launched a Civil Nuclear business unit providing nuclear components 


and services.  Rolls-Royce is already a well known name in other industrial sectors, providing 


high technology solutions to challenging engineering problems.  Two early Civil Nuclear service 


contracts have presented the opportunity to apply technology solutions from other sectors to the 


nuclear industry. 


The first was a heat shield design where cutting edge Computational Fluid Dynamics and 


Transient Heat Transfer Coefficient rig testing were deployed to optimize the design. 


The second was the removal of failed components from a nuclear pressure vessel, where Rolls-


Royce developed a solution combining submersible vehicle and low force, high speed cutting 


technologies. 


These contracts demonstrated the benefit of applying unusual technologies to resolve nuclear 


issues and the potential for leveraging previous high value work in preference to developing new 


solutions from scratch.  
 


 
 


I. INTRODUCTION 
 
The civil nuclear industry in the UK is entering a 


renaissance fuelled by the need for additional low carbon 
electricity.  There is also a desire to realize the full value of 
existing plant, which is now all more than fifteen years old.  
Rolls-Royce has a history of nuclear engineering dating 
back to when the technology entered the UK in the 1950’s, 
mainly supporting the Royal Navy submarine fleet.  The 
Company also has a recognized pedigree in the realization 
of technology solutions in aerospace and a number of other 
sectors in the power industry.  The requirements of the civil 
nuclear industry, combined with proven nuclear 
engineering expertise and the capability to deliver 
innovative technology solutions positioned Rolls-Royce 
ideally to create a Civil Nuclear business within its Nuclear 
Sector. 


Since the business was started, a number of projects 
have been completed in connection with existing nuclear 
plant.  Much of this work has centered around performing 
specialized inspections or other operations in inaccessible 
and sometimes inhospitable environments.  Other work has 


focused on the design of modified parts and their 
validation. 


This paper describes two projects where it has been 
possible to apply technology not normally associated with 
the nuclear industry to in-service issues.                                                                                                                                                                                                                            


 
II. STEAM GENERATOR PIPE BIFURCATION 


WELD TEMPERATURE REDUCTION 
 
A steam generator bifurcation weld was predicted to be 


using creep life too quickly.  There were over 500 of the 
stainless steel bifurcations in a single steam generator and 
the only practical way to extend the creep life was to 
reduce their temperature. 


Creep life is highly temperature sensitive, so relatively 
modest reductions in the metal temperature would return a 
useful life increase. 


Two methods of reducing the temperature were 
considered.  Firstly, the power of the plant could be 
reduced to reduce gas and steam temperatures.  Secondly, a 
device could be fitted to reduce the metal temperature for 
given operating conditions. 
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Reducing the operating conditions reduces the 
generating capacity of the plant and is therefore a costly, 
although relatively simple and sure way of addressing the 
creep life issue.  This paper describes the alternative 
approach of reducing the metal temperature without 
reducing the operating conditions. 


 
II.A. Design Summary 


 


The bifurcations were situated inside the steam 
generator casing in a position that was man-accessible with 
difficulty.  The space between the bifurcations was 
relatively restricted and, as with most of this sort of plant, 
as-built dimensions could not be guaranteed to be within 
drawing tolerances.  The bifurcation was an asymmetric 
joint between a 2 inch (51mm) pipe and two 1.5 inch 
(38mm) diameter pipes.  Figure 1 shows the geometry. 


 
 
 
 
 
 
 
 
 
 
Fig 1: Bifurcation Geometry showing the subject weld 
 
High temperature and pressure Carbon Dioxide passes 


over the outside of the pipes, superheating steam on the 
inside.  The internal flow in the bifurcation is combining 
flow and the Carbon Dioxide is flowing in the opposite 
direction from the large pipe to the smaller pipes. 


 
Previous trials had been completed using thermal 


insulation within a sheet metal box that enclosed the 
bifurcation region.  These had shown some promise, so the 
objective was to improve thermal performance and ease of 
fitting the ‘shroud’. 


 
The mechanical design strategy adopted was to 


minimize the heat transfer coefficient on the outside of the 
pipe.  This involved reducing the flow past the weld to a 
minimum, allowing the metal to reach a temperature closer 
to that of the cooler internal steam.  Insulation was not 
included to preclude the possibility of the leakage flow 
through the shroud being channeled close to the pipe 
surface. 


 
As longevity and ease of fitting the device were 


important design criteria, a thick-walled box was designed.  
The box was manufactured in two halves, with a machined 
‘tongue and groove’ seal around the mating surfaces.  A 
removable bush (again in two halves) was designed for 


each pipe exit.  A range of bush internal diameters was 
provisioned to enable the device to be selectively 
assembled to give the best possible sealing around the 
pipes. 


 
The shroud is located by its contact with the three 


pipes, enabling small amounts of ‘out of position’ of the 
pipes to be accommodated by sliding up or down on the 
two parallel pipes. 


 
Retention of the shroud in position was achieved by 


using a sprung retaining clip.  The clip requires to be 
sprung to install or release it but, in use, it acts as a latch so 
there is no tension.  This ensures that the clip will not 
relieve in creep. 


 
Easy installation is achieved by designing a ‘scissor’ 


tool which locates on each half of the device.  The two 
halves are introduced into the correct location by the 
operator working from the ‘handle’ end of the tool.  As the 
handles are moved towards one another, the two halves are 
clamped together, allowing the spring clip to be inserted.  
Pushing down on the handles of the tool released it from 
the device, allowing it to be withdrawn and re-used on the 
next installation. 


 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 


Fig 2: Shroud with retention clip and insertion tool in place 
 


About 30% of the pipes are adjacent to structural 
components which reduce lateral access more severely.  For 
these locations, a significantly more complicated 
mechanical design was produced.  As many of the 
principles applied to the main design as possible were 
duplicated on the restricted access shroud. 


Subject weld 
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II.A. Thermal Validation 


 


It was always intended that the shroud would be tested 
on an operational steam generator.  However, such testing 
is relatively expensive and time-consuming to perform.  It 
was therefore essential that as much prior validation was 
completed as possible.  In most respects, the design was 
very low risk.  However, because of the criticality of 
temperature to creep, validation of the reduction in metal 
temperature was seen to be of primary importance. 


 
A validation programme was devised on the basis of 


the process that would be used for critical aerospace 
designs.  The approach is staged in such a way as to 
minimize validation costs at the start of the programme 
until confidence in the fundamental concept has been 
established.  As successive ‘gates’ in the process are 
passed, greater investment in the validation is justified. 


 
Simple one dimensional heat transfer calculations, 


based on estimated heat transfer coefficients and customer-
supplied fluid conditions confirmed that the required 
temperature reduction could probably be achieved.  
Sensitivity calculations were also performed on this basis 
to check that the temperature reduction was not excessively 
dependent on any particular assumption. 


 
This was followed by a CFD analysis based on 


accurate geometry and the customer-supplied fluid 
conditions.  Initially, the bifurcation was analysed without 
the shroud fitted.  This provided a datum case for 
comparison with the shrouded case.  The analysis was then 
extended to included the shrouded case.  Leakage flows 
through the pipe bushes were modeled, particularly in order 
to determine the likely extent of the effect of the hot gas 
entering  the shroud around the large pipe.  The sensitivity 
to bush leakage areas that could result from adverse 
tolerance situations was examined to ensure that the design 
intent could not be frustrated by poor assembly.  A CFD 
analysis of the internal flow was also completed and the 
two analyses used as boundary conditions for metal 
temperature predictions.  Again, the predictions supported 
the viability of the design. 


 
The weakness of this validation process was that it 


depended on the heat transfer coefficients on the gas side 
that had been calculated by the CFD analysis.  These in 
turn depended on assumptions of turbulence etc..  In 
parallel with this preliminary CFD analysis, a rig test was 
being performed to measure the heat transfer coefficicients.  
This enabled the CFD and metal temperature predictions to 
be calibrated and repeated, to ensure the highest possible 
accuracy. 


 


 
II.B. Thermal Validation Test 


 
A thermal validation test methodology which has been 


used with success for turbine blade cooling design for a 
number of years was considered appropriate to validate this 
design.  This was due to the relatively small change in 
metal temperature expected as a result of fitting the shroud 
relative to the difference between the steam and Carbon 
Dioxide temperatures.  A similar thermal challenge exists 
with blade cooling systems, where the blade material must 
be optimally cooled against external gas temperatures 
considerably in excess of its melting point. 


 
The technique employed is a transient thermal test on a 


component which is coated with liquid crystals.  A step 
change in fluid temperature is applied at inlet to the rig, 
causing a thermal transient to occur in the component.  The 
liquid crystals change colour as their temperature changes.  
By video recording these changes, the heat transfer 
coefficient required to cause the observed rate of change 
can be calculated.  This technique has the advantage that 
information can be gathered for the whole surface of the 
component.  Many of the disadvantages of high 
pressure/high temperature rigs are removed by the test 
being performed at pressures and temperatures close to 
ambient conditions.  Fig 3 shows the rig during the testing. 


 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3 – Transient Heat Transfer Rig 
 
The first task in designing the rig is to establish a 


scale.  This decision is based on a combination of visibility 
and non-dimensional similarity of the flow and heat 
transfer conditions, while keeping pressures and 
temperatures low.  In this case, the rig was produced at life 
size.  Both the duct in which the test piece is situated and 
the test pieces themselves are machined from Perspex for 
ease of manufacture and, more importantly, good visibility.  
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The rig operates at a mean pressure of close to 
atmospheric, achieved by applying vacuum to the outlet.  
The working fluid for the facility is air, so again the 
difference in properties between air and Carbon Dioxide 
need to be factored into the model scaling. 


 
The air entering the model is heated by an electrical 


heater.  Video cameras are used from several angles to 
obtain as much information on one test as possible.  
Synchronisation of the test is achieved using a computer 
control of the flows, temperatures, measurements, video 
recording etc..  Another significant advantage of this type 
of testing is that each run takes around a minute.  Even 
allowing for set up time, multiple runs can be completed in 
a working day. 


 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Fig 4: Datum Heat Transfer Coefficients 


 
Figure 4 shows the heat transfer coefficients measured 


on the unshrouded bifurcation.  The results show that the 
subject weld acts like a ‘turbulator’, causing locally 
enhanced heat transfer.  This will result in higher metal 
temperatures. 


 
The heat transfer coefficients measured on the 


shrouded model (Fig 4) are in most cases around 25% of 
those in the equivalent position on the unshrouded 
bifurcation.  They are at levels which suggest little more 
than free convection, suggesting that the required metal 
temperatures could be achieved. 


 
A series of sensitivity tests were run to evaluate the 


effect of leakage through the bush clearances.  The results 
in Fig 4 are for the test with the largest clearances 
considered possible on all three pipe penetrations.  Better 
results were obtained where the clearance was smaller but 
the experimental data showed that the sensitivity to 
expected clearance variation was acceptably small. 


 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 


Fig 5: Datum Heat Transfer Coefficients 
 


As a check of the repeatability of the experiments, tests 
with a range of Reynolds Numbers were run.  The results 
for various locations on the model were then plotted on log 
scales on the basis of HTC vs Reynolds Number. 


 
An example of the results is shown in Fig 6.  The 


straight line agreement indicates that, as expected, a power 
law with a sensible exponent can be used to correlate the 
heat transfer coefficient with Reynolds number. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
  


 
 


Fig 6: HTC consistency check 
 


II.C. Closing the Loop 


 


Having completed the experimental programme, the 
results needed to be fed back into a metal temperature 
prediction for the bifurcation.  This was achieved by 
matching a CFD analysis of the model test to the achieved 
model results.  In the event, the assumptions used for the 
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initial metal temperature predictions gave quite close 
agreement with the measured results, so little matching was 
required.  Assumptions consistent with this matched CFD 
analysis at model conditions were then applied to a CFD 
model run at boiler operating conditions.  Reference 1 
describes a novel analysis method which allowed the CFD 
analysis to be coupled with the metal temperature 
prediction without the requirement for excessive computing 
resources.  This process yielded the final metal temperature 
prediction, giving as much confidence as possible that the 
required temperature reduction would be achieved. 


 
An experimental technique not normally used in the 


nuclear industry, and a novel analysis process were 
combined to give a high level of certainty that the design 
solution to reduce the bifurcation weld temperature would 
work in the operational environment.  Both techniques 
were aimed at increasing confidence in the design using 
cost-effective validation. 


 
The shrouds were fitted into a steam generator for a 


thermocoupled test and preliminary results indicate that a 
reduction in temperature has been achieved.  The main 
shroud design proved straightforward to fit, although the 
ones designed for the restricted access locations were 
significantly more difficult. 


 
 


III. PRESSURE VESSEL RECOVERY 
 


During 2010, Rolls-Royce was invited to devise a 
method to recover a damaged pressuriser vessel.  A typical 
pressuriser is shown as Fig 7. 


 
III.A. The Challenge 


 
The recovery required three stainless steel heating 


elements to be removed from the vessel without causing 
any collateral damage and without leaving debris in the 
vessel.  The elements were supported by two tube plates, in 
addition to a penetration for each of them in the base of the 
vessel.  They were 7/8in (22mm) in diameter, 100in (3m) 
long, with 0.160in (4mm) wall thickness.  The steel was 
known to be very hard and, between the tube plates, the 
elements had split, so that they would no longer pass 
through the holes in the tube plate. 


 
The top of the heater elements is about 40ft (13m) 


from the manway at the top of the vessel and the inside of 
the vessel has residual radioactivity.  Access to the lower 
parts of the elements is through an 18in (450mm) ‘keyhole’ 
in the upper tube plate and a 12in (315mm) gap around the 
edge of the lower tube plate.  Because of the large vertical 
dimensions, restricted access and the radioactivity, person 
entry to the vessel was considered hazardous.  The 


intention was to restore the vessel to as close to its design 
condition as possible, minus the three elements.   


 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 


Fig 7: Typical Pressuriser 
 


There was sufficient redundancy in the element array 
that the pressuriser could function without the three 
elements.  The recovery operation could take place with the 
pressuriser dry or with water at a level up to 18in (450mm) 
above the top of the elements. 


 
Significantly, the recovery was required to be 


completed in the minimum possible timescale. 
 


III.B. Method Options 
 
Rolls-Royce elected to only consider solutions that did 


not include planned person entry to the vessel, due to the 
hazards outlined above. 


 
The obvious deployment method would therefore be a 


long manipulator, operated from the manway.  Because of 
the access route to the lower area of the vessel is quite 
difficult, the manipulator would need to have a number of 
degrees of freedom and also possess sufficient rigidity to 
operate at the long distances from the manway.  The two 
consequences of these requirements were that the 
manipulator would need a significant design, development 
and manufacture timescale and that it would be heavy.  The 
potential for collateral damage would therefore be 
significant and the requirement for minimum timescale 
would not be met. 


 
It was Rolls-Royce’s view that recovering the 


pressuriser would be better achieved by removing the 
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deteriorated material than trying to justify stabilizing it with 
the addition of new materials or devices.  To minimize 
change to the design state of the vessel, it was viewed as 
necessary to cut the elements into sections between the tube 
plates and then to remove any ‘pucks’ which were left in 
the tube plate.  The degree of interference between the 
pucks and the tube plate was not known. 


 
Hydraulically operated shears were the first option 


considered for cutting the element sheaths.  These were 
rejected because they would have been relatively heavy, 
shattering of the hard sheath material may have occurred 
and because the pucks would have been left with distorted 
ends which would definitely not have passed through the 
tube plate. 


 
Before long, the opportunity to combine three 


somewhat novel techniques to provide a solution emerged.  
Firstly, Rolls-Royce has for many years pioneered the use 
of high speed, low force cutting to remove metal samples 
from high value assets.  Secondly, on a number of 
occasions, the company has designed and developed 
submersible vehicles for a number of applications from 
inspection to submarine rescue.  Thirdly, miniature 
pneumatic percussion hammers have been developed for 
bespoke engineering operations.  These three techniques 
presented the opportunity to rapidly deploy a solution to 
the pressuriser recovery. 


 
Initially, the concept of deploying tools directly 


powered by a submersible vehicle was considered.  
However, it rapidly became apparent that a submersible 
vehicle of a size that could access the required areas of the 
pressuriser would not be able to supply sufficient auxiliary 
power for machine tools.  The concept was therefore 
adapted to using the submersible vehicle to ‘tow’ tools into 
place, then retreat and allow the tool to perform its function 
under independent power. 


 
III.C. The Solutions 


 


An off-the-shelf submersible vehicle was required to 
allow tools to be designed immediately and therefore 
minimize deployment timescales.  The Seabotix LBV150-4 
(Fig 8) was selected due to its ability to access all areas of 
the vessel, its four-axis control,  its ability to control three  
actuators and the combination  of thin tether and excess 
thrust which allows a payload to be carried and gives good 
maneuverability. 


 
The vehicle was equipped with good forward visual 


capability and the option of side/rear capability was added 
as an option.  An interface device was designed to support 
and manipulate the tools under or on top of the vehicle.  
This device (Fig 9) used two of the vehicle’s manipulator 


channels to effect its movement.  The two movements were 
to swing the tool from its stowed position under the vehicle 
to its working position and to grab or release the machine.   


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig 8: Seabotix LBV150-4 submersible vehicles 
 


An additional manually operated function was 
incorporated to allow the payload and vehicle to enter 
through the manway and then swing the payload into its 
stowed position.  A pintle connection was designed as the 
means of providing a secure mechanical connection 
between the tools and the interface devices – allowing 
flexibility in deployment methods. 


 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Fig 9: Interface device 


 
The primary tool for the operation was a high speed, 


low force disc cutter (Fig 10).  A metal disc was coated 
with cubic Boron Nitride as an abrasive material.  The disc 
is powered by an air motor and mounted in a custom-
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designed chassis which also acted as a jig and carried an 
actuator to advance the disc through the cut.  Pneumatically 
operated locators were positioned to allow the machine to 
locate off the heating elements on either side of the subject 
element.  The machine was designed with sufficient 
flexibility in location arrangements to allow heater 
elements on both the inner and outer rings to be cut.  
Because the disc was required to spin at high speed in 
water, windage loss necessitated a much more powerful 
motor than is usual for applications in air.  As with all of 
the devices described, the materials were chosen to be 
compatible with the chemistry of the primary circuit.  


 
The cutting machine performance was validated by 


taking a number of cuts underwater.  It was found that each 
disc could perform at least five cuts.  The proposed cut 
sequence was optimized so that five cuts could be used on 
one disc before the machine needed to be removed from the 
vessel for reconfiguration and disc replacement.  This 
planning minimized the potential for dose uptake as 
deploying and removing the vehicle and machine from the 
vessel was the most dose intensive part of the operation. 


 
The second major tool was the puck removal tool, 


which could be configured to perform one of two functions 
(Fig 11).  The first function was hole sawing.  This was 
used to remove most of the material in the bore of the 
heater element and ensure that it was not applying any 
outward force on the sheath.  The second function was 
percussion hammering.  In this mode, the machine applied 
high frequency ‘hammer’ blows through a mandrel on to 
the sheath.  This technique was validated in the work shop 
and shown to be extremely effective in removing a piece of 
element very securely clamped in steel plate of the same 
thickness as the tube plate. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 


Fig 10: High Speed, Low Force Cutting Machine 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig 11: Puck Removal Machine 
 


In order to combine the elements of the solution into a 
system capable of delivering the end-to-end recovery 
process, a number of challenges needed to be overcome. 


 
The largest system-wide challenge was that of 


buoyancy.  While the high speed, low force cutting 
machines are relatively lightweight, they do weigh several 
times more than the available payload of the submersible 
vehicle.  Being irregularly shaped, they also represent off-
centre loads, which would seriously affect that 
manoeuverabikity of the vehicle.  For these reasons, a 
design target of neutral buoyancy for each vehicle payload 
was set, with off-centre loads limited to approximately 10% 
of the payload.  This was achieved by calculating the 
weight in water and centre of gravity of each component.  
Buoyancy tanks were then designed for each payload to 
offset the weight and its off-centre load contribution.  The 
buoyancy tanks were designed at the same time as the 
payload and produced out of nylon using a rapid 
prototyping machine.  The tanks were filled with expanding 
foam to add structural rigidity.  In general, buoyancy 
management by design was effective in achieving near 
satisfactory trim.  In the case of some of the payloads, 
minor adjustment was required following tank testing.  
Careful buoyancy management was a key enabler to allow 
a vehicle that was small enough to access all areas of the 
vessel to operate relatively large tools.     


 
A comprehensive remote visual inspection system was 


specified to ensure that all operations could be viewed, 
regardless of whether they were in line of sight of the visual 
equipment on the vehicle. 
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A submerged debris removal system was 
manufactured.  A suction pipe was connected to a canister 
in which a 15 micron filter was contained.  The water was 
sucked through this using a three phase submersible pump.  
Detailed attention was given to providing a bespoke 
universal connection system that would allow the suction to 
be applied to all machines, to ensuring that suction was not 
compromised by filter blockage and to managing the filter 
catch. 


 
Pneumatic clamps were designed and manufactured to 


allow cut sections of element to be withdrawn from the 
vessel with a lanyard.  Careful design of the clamp jaws 
was required to ensure that all potential configurations of 
deteriorated element could be clamped satisfactorily.  As a 
mitigation against transport of the cut sections of the 
elements exceeding the payload capability of the vehicle, 
variable buoyancy tanks which could be remotely flooded 
or evacuated were designed.  


 
Validation of the whole system was required and 


operator training was also necessary so that any operational 
difficulties could be overcome prior to entering the subject 
plant.  To achieve the necessary speed of deployment of the 
validation and training facility, the bottom 16ft (5m) of the 
vessel was mocked up in plywood in four sections, three at 
the bottom of the vessel and one to simulate the manway.  
Instead of flooding the mock-up to the required depth, it 
was submerged in a diving facility, obviating the necessity 
for it to be leakproof or pressure bearing.  Fig 12 shows the 
mock-up leaving the sub-contractor’s premises to be 
installed at the diving facility. 


   
Using this facility, all aspects of the operation were 


validated and trained out with the deployment team, giving 
confidence that the operation on the pressuriser would 
proceed smoothly.  Unfortunately, shortly before site 
deployment, our client chose to adopt a different recovery 
solution.  At this point, the Rolls-Royce solution became 
part of our client’s back-up strategy, providing a high level 
of solution diversity to mitigate any risks associated with 
the prime solution.  


 
 


IV. CONCLUSIONS 
 
The two case studies presented show how it is possible 


to apply novel techniques to resolve nuclear in-service 
issues.  While, in absolute terms, the application of these 
technologies can be costly, proven methods of technical, 
cost and timescale risk reduction can be effective in 
controlling the project.  In relative terms, if the alternative 
to applying the technology is extended loss of generation or 
application of much larger site teams, cost-effectiveness 
becomes much easier to establish.  Applications of 


technology can also be effective back-up solutions in 
situations where a quick, labour intensive solution is the 
primary strategy but where an otherwise unmitigated risk of 
failure exists. 


 
Applying technology which has been generated for 


other purposes in, for example, the aerospace or defence 
sectors, is an attractive way of reducing technology 
development timescales and costs.  As plants progressively 
age, issues may arise which can only be resolved by such 
use of technology.                                                                                                                                                                                                                                                                                                                                  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig 12: The Pressuriser Mock-up ships from Patterns Derby 
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Abstract - On 28th September 2010, the German government adopted and published the guidelines for its energy 
road map through to 2050. This energy concept also announces the figured targets for the next years. This paper 
analyses these targets, among which the main goals are a strong growing momentum of renewable energies (by 
2020, 35% of Germany’s power needs will be supplied by renewable energies and 80% by 2050), a significant 
decrease in CO2 production (-40% by 2020) and a major reduction in the energy consumption (- 50% of 
primary energy by 2050). 
 
This document provides an overview of the increased power production through renewable energies in Germany 
in 2009, and the induced costs of this resolute policy to assist the development of these energies. 
 
The targets of this energy concept were defined on evolution scenarios, established by the Ministries and 
clarified in the document. These scenarios are mainly based on offshore wind energy and photovoltaic energy.  
 
Thus, three main problems may arise regarding feasibility: production costs, geographical restrictions and the 
difficulty to maintain power grid stability with unpredictable energies. Nevertheless, in the short term, this 
concept also allows an extension of the German nuclear power plants' life time: 8 years for the oldest and 14 
years for the most recent. Subsequently, the new status of nuclear energy in Germany, until now considered as 
"transition energy", has been clarified.  
 
 
 


I. GERMAN ENERGY CONCEPT 
 


 
On 28th September 2010, the German government 
adopted the energy concept which will serve as the 
basic guidelines for the German energy policy 
through to 2050. It describes the path towards the 
era of renewable energies (EnR) in nine strategic 
action fields, including the development and 
implementation of an overall and long-term 
strategy, while at the same time maintaining the 
vital flexibility required to develop new techniques 
and savings. EnR must provide the majority of the 
energy mix in the future, progressively replacing 
conventional sources of energy. Nuclear energy is 
considered to be "transition energy", and the 
operation of nuclear power plants should be 
extended, in exchange for help from the power 
producers to develop these EnRs. 
 


Three main lines will be retained from these 9 fields 
of action:  
 
- EnRs as the back bone of future energy supplies: 
The government’s aim is to develop EnR on a 
massive scale, in order to provide 60% of the final 
energy consumption and 80% electricity generation 
by 2050. The main challenges are the development 
of offshore and onshore wind power, sustainable 
operation and production of bioenergy, reinforcing 
the use of EnR for heat generation and use of EnRs 
as well as a better integration of EnR in the supply 
of energy.  
 


For the development of offshore wind power, 
delayed due to financing problems and technical 
difficulties, the government would like to achieve 
an output of 25 GW from installations by 2030 
(total investment estimated at €75 bn. ). The 
German public bank (KfW) will set up a support 
fund of €5 bn., responsible for granting preferential 
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loan interest rates for the development of the first 
10 offshore parks. The repowering of onshore wind 
power structures will be accelerated in the context 
of a joint Bund-Länder-districts initiative. 
Authorisation procedures will be simplified and 
public acceptance should be improved. Lastly, the 
development of bioenergies will continue in 
compliance with sustainability criteria and the 
guarantee of non-competition with agricultural land 
and food production. 
 
- Reinforcement of energy efficiency: The 
government would like to use the energy efficiency 
potential in private housing, the public sector and 
industry. To do this an energy efficiency fund will 
be set up by the state Ministry for the economy 
(BMWi), for the amount of €500M /year, to finance 
information campaigns, advisory actions and 
demonstration projects as well as to introduce 
cutting edge technologies on to the market. 
Furthermore, the national Initiative for the climate 
by the state Ministry for the economy (BMU) will 
be reinforced (an additional €200M /year as of 
2011). The government and the energy sector also 
undertake to study the possibility of introducing an 
energy economy certificates market ("white 
certificates") on the same principle as the CO₂ 
emissions market. All of this should lead to the very 
ambitious objective of reducing the primary energy 
consumption by 50% by 2050. 
 
- Nuclear energy and fossil fuel power plants for 
the transition to EnR:  
Nuclear energy is considered as transition energy to 
progressively reach the era of EnR. The government 
would thus like to extend the service life of nuclear 
power plants by an average of 12 years (8 years for 
the oldest plants and 14 years for the most recent). 
It intends to modify the nuclear output law 
(Atomgesetz) and set new energy production quotas 
for each plant. Contributions will be requested from 
the 4 power producers (E.ON, RWE, EnBW and 
Vattenfall) in exchange for the profits induced by the 
extension to plant operations. There will be 2 types 
of levies1: a tax on nuclear fuel (2011-2016) set at 
€145/gram of nuclear fuel consumed (approx. 
€18/MWh), i.e. €2.3 bn. /year to boost the state 
budget; a voluntary contribution of €9/MWh, 
credited to the "climatic-energy fund" to help 
implement the concept. 
 
In conclusion, the long-term aim announced for 
2050 is to produce 80% of electricity needs from 
renewable energies, along with an overall reduction 
of 50% in primary energy consumption. In the short 
term, and even if these energies are described as 
transition energies, this concept represents an 
extension in the useful life of nuclear power plants 
                                                 
 


as well as the fight to maintain coal subsidies on a 
European level at least until 2018. 
 
 


II. APPRAISAL OF THE SHARE OF 
RENEWABLE ENERGIES IN GERMANY IN 


2009 
 
 


In 2009 the bottom line was as follows: 
 
- 8.9% of the primary energy consumption (8.1% in 
2008) 
- 10.3% of the final energy consumption (9.3% in 
2008) 
- 16.1% of electricity consumption (15.2% in 2008) 
- 8.8% of the final energy consumption for heat 
(7.4% in 2008) 
- 5.5% of the fuel consumption (5.9% in 2008) 
 
 
Despite a drop of 6% in German energy 
consumption in 2009, due to the economic crisis, 
EnRs took a greater share of energy supply in the 
fields of electricity and heating: 
 
- Wind power is down despite an increase in 
potential output: Thanks to 1.917 MW of gross 
construction (2008: 1.667 MW), the potential 
output installed in Germany reached 25.777 MW by 
the end of 2009. The electricity production of 37.8 
TWh remained low due to a year with little wind. 
- Revival of biogas: Thanks to an acceleration in 
the construction of biogas facilities, 23.6 TWh of 
electricity (including biogenic waste, landfill gas 
and sewage gas: 30.5 TWh) were produced in 2009 
from solid, liquid and gaseous biomass; around 3.5 
M tonnes of biofuel was consumed; a total of 
125,000 wood pellet heaters were installed. 
- At the forefront in the development of 
photovoltaic solar energy: With installations 
representing 9,800 MWp (3,800 installed in 2009), 
Germany was the world leader in 2009, with 6.2 
TWh of electricity produced (1% of the total 
production). 1.6 million m² of solar energy 
collecting surface area was built in 2009, for a total 
of 13 million m² installed by the end of 2009. 
- Record investments: With €20M of investments in 
the construction of installations, EnR thus 
progressed in 2009 despite the negative trend 
caused by the economic crisis. 
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This evolution is shown on the diagram and table below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 
Final energy consumption 
(EEV) 


% 


Electricity generation2 4.7 5.4 6.4 6.7 7.8 7.5 9.2 10.1 11.6 14.2 15.2 16.1 
Heating supply3 3.6 3.8 3.9 4.2 4.3 5.1 5.5 6.0 6.2 7.4 7.4 8.8 
Fuel consumption4 0.2 0,2 0.4 0.6 0.9 1.4 1.8 3.7 6.3 7.2 5.9 5.5 
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In conclusion, the share of renewable energy in 
electricity generation has increased in the last ten 
years from 5.4% to 16.1% i.e. + 10.7%. This effort 
is quite remarkable and represents political 
determination and major investments. 
However, the announced aim of 35% of electrical 
energy produced by renewable energies in 2020, 
will require a significant acceleration since the 
result will need to be twice as good over the next 
ten years. 
 
How feasible is it? 
 
Faced with these objectives, the question of 
feasibility is immediately asked. 
 
It is essential to first take stock. Due to a strong 
policy in support of renewable energies since 2000, 
these energies which represented 3% of electricity 
generation in 1995 represented 16.1% of the 
production in 2009 (compared to 22.6% for nuclear 
power and 43% for coal). This production comes 
from wind power, for around 6.3%, solar energy 
1%, water power 3.2 %, biomass 4.3% and waste 
0.8%. This represents a major financial investment, 
with imposed repurchase for 20 years and whose 
related surcharge is paid by consumers. This 
surcharge is currently estimated at about 5 billion 
per year, i.e. a surcharge for the individual of 
around 2 c/kWh in 2010 and more than 3 c/kWh in 
2011.  
 
 Various studies conducted by German Ministries 
establish the scenarios corresponding to the energy 
concept targets in precise figures. To achieve the 
desired quantities, the official scenarios are mainly 
based on the increase in photovoltaic solar energy 
and offshore wind power. For onshore wind power 
the sites are beginning to reach saturation point. 
The plan is to complete the last remaining sites and 
to refit the older sites with more modern and higher 
performance equipment (Repowering). The final 
increases estimated due to these last few sites and 
by this repowering, remain limited. Officially, 
reaching the objectives definitely relies on 
photovoltaic solar energy and offshore wind power.   
 
For these scenarios, there are three sorts of 
problems in terms of feasibility: a cost and 
investment problem, a geographical limitation 
problem and a network monitoring problem, due to 
these uncertain energies. 
 
- From an economic point of view, the repurchase 
agreements over a 20-year period already 
established represent a surcharge already 
undertaken of around 75 billion euros. We therefore 
see that if the costs of renewable energies (EnR) 
remain at the current level, the economic effort, to 
move from 17 to 80% of electricity generation by 


EnR, would not be tolerable. On the other hand, 
these costs drop considerably, with the 
corresponding industrialisation efforts. To sum up 
and in relation to the costs of coal and nuclear 
power (4 to 5 c/kWh), onshore wind power comes 
close (9 c/kWh the first 5 years and 5 the following 
15 years), solar energy drops considerably but 
remains expensive (30 to 40 c/kWh) and biomass is 
stable at around 10 c/kWh.  
 
However major uncertainties remain as to the final 
cost of offshore wind power, as well as the drop in 
cost the photovoltaic energy in the future. And we 
have seen that these two techniques are planned as 
the two pillars to achieve the detailed objectives. 
The cost of the investments is estimated at €20M 
per year and in the long term would be 
compensated by the reduction of fossil energy 
importation. 
 
- From a geographical point of view, limitations 
appear for onshore wind power and for the 
quantities of available biomass. In this respect, it 
should be noted that the farming community 
becomes an increasingly important player in energy 
production. We will also note that the problem of 
biofuels is hardly mentioned, if only to say that it 
should not compete with food production, which 
would mean putting an end to first generation 
biofuels. On the other hand biogas is promoted. 
Currently about 20% of cultivated land is already 
used to produce energy, which significantly 
transforms the farming environment. The target of 
30 % should soon be reached which shows the 
limits of what is possible. 
 
- The most serious problem is from the point of 
view of network stability with these uncertain 
energies. In Germany, as elsewhere, the daily peak 
in consumption occurs early in the evening when 
people get home from work. With 80% of EnR 
production based on solar energy and wind power, 
we see that there will systematically be a lack of 
sun at this peak time. What will we do on days 
without wind? A hoard of partly complementary 
ideas is now flourishing on energy storage, 
reinforcing the network, or Smart Grids, etc.…In 
fact we also implicitly count on the possibilities of 
our neighbours: nuclear power for France, water 
power for Norway, or even Desertec from countries 
to the south. Some production installations with 
gas, will certainly also be kept as backup to EnRs. 
All these provisions also represent major 
investments. 
 
In conclusion, the scenarios for the future are 
extremely ambitious, with considerable investment 
costs. In addition the planned technical pillars to 
reach these objectives are solar energy and offshore 
wind power which are also very expensive. It 
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should also be noted that in 2009 we saw an 
explosion in the importation of solar panels, 
particularly from China, and the related difficulties 
for local productions. 
 


 
III. CURRENT SITUATION WITH 


RESPECT TO NUCLEAR POWER 
PLANTS 


 
 
The 17 German nuclear power plants currently 
operating, spread over 12 sites, with a total gross 
electrical output of 21,497 MW produced a total of 
148.8 billion net KWh of electricity in 20085, which 
represents 23.4% of the gross German electricity 
production6.  
 
The BWRs operated by Vattenfall had operating 
incidents in 2007, and have been shutdown since 
that date for repairs and modifications. The fifteen 
other reactors operated properly in 2008 and 2009 
with average availability rates of 90 % in 2008.  
The nuclear power plants are currently operated by 
four companies: EnBW, E.ON, RWE and 
Vattenfall Europe.  
 
Germany is the 5th largest generator of "nuclear" 
electricity in the world, behind the United States, 
France, Japan and Russia. Furthermore, the German 
nuclear power plants are among the most 
productive in the world: five of the ten plants to 
have generated the most electricity in 2008 are 
German7. With a production of 12.09 billion gross 
KWh for 2008, the Bavarian plant Isar 2, after a 
long supremacy of nearly 10 years, is the second 
best nuclear power plant in the world in terms of 
electricity generation, after the Chooz B1 plant in 
France8.  
 
The nuclear technology (fuel cycle, construction of 
power plants, nuclear industry services and 
equipment, electricity generation and safety 
organisations) represented 40,000 direct jobs in 
2008 in Germany and 150,000 ancillary jobs. 
 
 


IV. EXTENSION OF THE LIFE TIME OF 
EXISTING POWER PLANTS 


 
The law authorising the extension of the power 
plants’ life time was signed by the President in 
December 2010. This extension is 8 years for the 
oldest plants and 14 years for the most recent. 


                                                 
 
 
 
 


 
These authorisations are combined with the creation 
of a certain number of taxes and new levies. In 
addition, the cost of the work required for the 
related upgrading of certain safety aspects, is still 
under discussion and estimation. 
 
These aspects along with a lack of long-term 
forecasts make the German nuclear market less 
attractive. At the end of December 2010, EDF had 
resold its 49% share in EnBW to the land and 
Vattenfall was in negotiation with Eon to sell the 
two power plants in which it holds majority shares. 
 


V. CONCLUSION 
 


Germany continues to be torn, on the one hand, 
between an economic world that needs energy and 
requests an extension to the service life of nuclear 
power plants and an extension to coal and lignite 
and on the other hand between opinions that 
currently fiercely defend the promotion of 
renewable energies. 
 
In conclusion, Germany, while endeavouring to 
extend the life of nuclear power plants, is taking a 
very ambitious path in relation to renewable 
energies for ideological and political reasons.  
This will lead to many actions in the years to come: 
- Research into new, cheaper photovoltaic cells 
- Powerful incentives for energy savings (combined 
with an increase in costs) 
- Development of Smart Grids 
- Development power storage technologies 
- Improvement and reinforcement of transport 
networks 
- Complementarity with neighbouring countries 
(including by Desertec) 
- Development of offshore wind power 
- Occupation of the last onshore wind power sites 
and Repowering for the old sites  
- Etc. 
 
It is clear that all of these actions constitute a 
genuine technical and economic challenge. 
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Graph 1: Gross electricity generation in 2009 


Sources: BMWi ; BDEW ; Statistik der Kohlenwirtschaft e.V 
 


 


 
 


 
 


Diagram 2.a: Regional spread of the four large electricity generators in Germany 
Diagram 2.b: Spread of nuclear power plants in Germany 
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Abstract – The Economic Simplified Boiling-Water Reactor (ESBWR) is a Generation III+ 4,500-MWt reactor that uses 
natural circulation for normal operation and has passive safety features. The U.S. Nuclear Regulatory Commission (NRC) 
issued the ESBWR Final Safety Evaluation Report and Final Design Approval in March 2011 and is scheduled to issue the 
U.S. Federal Design Certification by fall of 2011.  The GEH Advanced Boiling Water Reactor (ABWR) is a Generation III 
3926-MWt reactor that uses forced circulation and active safety systems.  GE Hitachi Nuclear Energy (GEH) is offering the 
ABWR and the ESBWR to meet power demands of the international nuclear community interested in Nuclear Power Plants 
(NPPs).  


This paper provides a brief overview of the international interest in NPPs and the ABWR and the ESBWR in particular. 
Interest in GEH BWRs is worldwide and involves European, Middle Eastern, North and South American, and Asian 
countries.  After an overview of international interest in building NPPs to meet country-specific power demands, the paper 
reviews European countries interested in ABWR and/or ESBWR.   


A discussion of licensing challenges and opportunities follows and is prefaced with a brief summary of the efforts within 
international community to harmonize safety regulations.  This section provides details on how the ESBWR design meets key 
safety requirements of the International Atomic Energy Agency (IAEA) and European Utility Requirements (EUR) document 
and is followed by a detailed evaluation of unique safety requirements of select European countries.  While emphasizing the 
advantages of a standard plant design and regulatory harmonization, this paper recognizes that there are still country-
unique safety requirements and therefore describes some potential examples of conceptual design changes to the ESBWR to 
meet these unique safety requirements.  This paper concludes by noting that the standard ABWR and ESBWR designs meet 
all of the international safety requirements and are flexible enough to meet country unique safety requirements. 


 


I. INTRODUCTION 


The NRC established 10 CFR Part 52 regulations in 
1989 (as amended) as a new regulatory process for 
standard design approvals and certification.  The 
certification of the GEH Advanced Boiling Water Reactor 
(ABWR) and the NRC review of the ABWR Design 
Control Document (DCD) was the initial proof-of-concept 
for the 10 CFR Part 52 Process.  The NRC certified the 
GEH ABWR design in May of 1997 and the process of 
GEH ABWR certification renewal is currently underway.  
The ABWR is a Generation III 3926-MWt reactor that uses 
forced circulation and active safety systems 


GEH also looks forward to NRC publication of a 
design certification rule for the Economic Simplified 
Boiling-Water Reactor (ESBWR), which is a Generation 
III+ 4,500-MWt plant design that uses natural circulation 
for core cooling, employs passive safety features, 
minimizes the use of safety-related pumps and valves, and 
establishes a design framework for a fully digital control 
room that can be modernized as technology advances 
without modification to the certified design. 


The ESBWR design certification application, which 
included a DCD, was submitted on August 24, 2005, and 
accepted by the NRC for docketing and review on 
December 1, 2005. 
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Funded in part by the U.S. Department of Energy as a 
demonstration project under its Nuclear 2010 Program, the 
ESBWR DCD and supporting documents have undergone 
a comprehensive review by the NRC.  The NRC staff and 
their consultants technically reviewed the ESBWR DCD 
and issued ~6000 Requests for Additional Information 
(RAIs) to which GEH fully responded.  These RAIs and 
the revised DCD incorporating the RAI response became 
part of the licensing basis for the plant. 


The ESBWR DCD review process started in August 
2005 and continued until December 2010 when all issues 
were resolved and closed to the satisfaction of the NRC 
staff and their consultants.  Once all issues were closed the 
staff issued a Final Safety Evaluation Report (FSER) and 
Final Design Approval in March 2011. 


The Advisory Committee on Reactor Safeguards 
(ACRS), an independent advisory group of technical 
experts, began reviewing the NRC Staff’s advance Final 
Safety Evaluation Report (FSER) in August 2010.  On 


October 20, 2010 they concluded that there is reasonable 
assurance that the ESBWR design can be built and 
operated without undue risk to the health and safety of the 


public.  The design certification now proceeds to 
rulemaking.   


Rulemaking provides a high degree of finality for the 
design certification application.  Under this process, the 
NRC publishes a public notice of the proposed rule in the 
Federal Register for the purpose of seeking public 
comments. The NRC reviews the comments and makes 
any changes to the final rule, which is then published in 
the Federal Register and becomes an appendix to 10 CFR 
Part 52.  The NRC published a proposed rule for the 
ESBWR certified design in January 2011, and expects to 
publish the final rule in September 2011.   


Once the ESBWR design is certified, a Combined 
License applicant in the U.S. may reference the certified 
design rule in an application for a nuclear power plant.  By 
resolving the majority of technical issues through 
rulemaking, and not in the Combined License application 
review, an applicant has a high degree of regulatory and 
schedule certainty for licensing nuclear power plants in the 


future.   


GEH is offering the GEH ABWR and the ESBWR to 
meet the power demands of the international nuclear 


 


 
Figure 1 – 3D Rendering of a ESBWR Nuclear Power Plant 
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community interested in Nuclear Power Plants (NPPs).  
Although both plants were developed as a standard plant 
design, they are flexible enough to meet country unique 
safety requirements. 


Figure 1 is a 3D representation of the ESBWR and 
illustrates what a completed plant might look like at a 
suitable site.   


Figure 2 illustrates the site plot plan with approximate 
dimensions required for an ESBWR.  Note that the 
ESBWR power block is compact and the plant footprint is 
small compared to other designs. 


II. WORLD WIDE INTEREST IN ABWR AND 
ESBWR 


Interest in GEH BWRs is worldwide and is 
accompanied by a desire for reliable low carbon emission 
sources of base load electric power production. The U.S. 
Department of Energy’s study “International Energy 
Outlook,” July 2010, predicts that “…world energy 
consumption grows by 49% from 2007 to 2035.  The total 
world energy use will rise from 495 quadrillion BTUs in 
2007 to 590 quadrillion in 2035.” 1   


Reliable, clean, low carbon emission energy 
production will be a key in the future to prevent global 
climate change as energy demand increases with increasing 
world population.  Even with robust growth of renewables 
and clean-fossil fuel there is an expected shortfall in 
worldwide clean energy production.2   


The global recession of 2008 and 2009 had a 
significant negative impact on world energy demand.  In 
2008, world energy consumption contracted by ~1.2% and 
~2.2% in 2009 as manufacturing and consumer demand for 
goods and services declined.  Historic world energy 
demand growth rates are predicted to return to normal by 
2015.1   


Electrical generation from nuclear power is predicted 
to increase from ~2.6E03 GWe in 2007 to ~4.5E03 GWe in 
2035.  This represents an increase of 73% in nuclear 
generating capacity and translates to the addition of ~1400 
NPPs rated at 1500 MWe (assuming a capacity factor of 
90%) by 2035.  This will present a significant challenge 
for the current nuclear industry to fulfill.  Figure 3 
illustrates world energy use projections by energy source, 
including nuclear power from 2007 to 2035. 
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Figure 2 – Approximate ESBWR NPP Plot Plan 
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Worldwide load growth projections, individual 
country electrical needs, and the desire for more low-
carbon power production have sparked new interest in 
Generation III and III+ NPPs.  The shortfall of worldwide 
electrical generating capacity, combined with concerns 
about environmental consequences of greenhouse gas 
emissions, diversity of energy supplies, and improved 
energy security have led to renewed interest in nuclear 
power generation.  The long-term prospects for electric 
generation from NPPs continue to improve worldwide, and 
this development has resulted in significant interest in the 
ABWR and ESBWR. 


If the nuclear industry is to meet this future demand 
for clean low carbon generating capacity at the levels 
predicted above, then the licensing and construction 
process for new NPPs must be streamlined, and specific 
customization of NPP designs must be avoided to the 
maximum extent possible.  Internationally consistent safety 
regulations and true internationally standard NPP designs 
will be needed.   


European, Middle Eastern, North and South American, 
and Asian countries have all expressed interest in the 
ABWR and ESBWR as technologies needed to meet 
country specific electric load growth demand.  Among 
others, several European countries, Brazil, India, Mexico, 
Taiwan, Turkey, and the UAE have all studied the ABWR 
and/or the ESBWR for reliable low-carbon emission, base 
load electric generation.  The details of European interest 
are covered in Section III.   


 


III. EUROPEAN INTEREST IN GEH BWRS 


Energy policy is among the key priorities of the 
“Europe 2020,” the EU’s growth strategy for the coming 
decade3.  An essential element for a Europe that is more 
efficient in the use of resources is the gradual transition 
towards a low-carbon economy, with nuclear power 
playing a key role in the European Energy Policy.  


The contribution of nuclear energy to overall 
electricity supply in Europe will substantially decrease 
unless new plants are built, and NPPs in service are 
operated beyond their current life expectancy.  The need 
for carbon-free power that provides for energy security and 
competitive costs is one of the key reasons for interest in 
the Generation III and III+ NPPs like the ABWR and 
ESBWR seen in countries such as Finland, the United 
Kingdom, Poland, Sweden, Lithuania, the Netherlands, 
and Switzerland.  The interest in new NPPs in several of 
these countries is discussed in detail in this section. 


The GEH ABWR offers a proven design using active 
safety systems, load following capability, and known 
construction costs from the ABWRs constructed and 
operated in Japan and licensed in Japan, Taiwan and the 
U.S.  The fact that the ABWR is the only Gen III reactor 
constructed and in operation (since 1996), is an important 
point that is not lost on the European utilities.   


European interest in the ESBWR is logical since the 
ESBWR, once known as the “European Simplified Boiling 
Water Reactor”, was essentially developed for, and with 
the assistance of, Europe.  For example, the passive safety 
systems of the ESBWR were tested in Switzerland and 
Italy, and natural circulation was proven at Dodewaard 
(GEH BWR/1) in the Netherlands, which successfully 
operated for 30 years.  With its natural circulation and 
passive safety systems, the ESBWR is the logical next step 
in the BWR evolution and overall reactor simplicity. 


New Nuclear Power in Finland4 


Finland generates about 82 billion kWh per year and 
has high per capita electricity consumption of ~16,000 
kWh/yr per capita. While some power comes from nuclear 
(22.6 billion kWh, 27.8% in 2009) and hydroelectric (12.6 
terawatt-hours (TWh), 15.5% in 2009), much of it is either 
imported (12.4 TWh, 15.3% net in 2009) or generated 
from imported fuels (mostly coal and some gas). Coal is 
imported from Russia and Poland, and natural gas comes 
from Russia.  In 2009, 14% of electricity consumed was 
imported from Russia. 


Finland is part of the deregulated Nordic electricity 
system, which faces shortages, especially in dry years, 
when hydroelectric generation is curtailed. 
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In 2008, the Finish utility, TVO, applied for a decision 
in principle (DIP) to construct a 1000-1800 MWe NPP - 
Olkiluoto 4 (OL-4). The Finish parliament and the 
Radiation and Nuclear Safety Authority (STUK), approved 
the GEH ESBWR as one of the potential NPP designs for 
OL-4.  The ESBWR was approved with TVO’s DIP to 
progress to the next phase in the NPP selection process.  
GEH is working closely with TVO on the OL-4 project. 


Since 2006, STUK has been in the process of 
reforming the Finnish Regulatory Guides (YVL Guides) 
taking into account its experiences from OL-3.  A new 
structure and a standard format for the YVL Guides has 
been developed.  STUK currently has ~70 YVL Guides, 
and these will be consolidated into 37 YVL Guides with a 
compact presentation of requirements.  When complete, 
the reform of the YVL Guides will eliminate undue 
prescriptiveness, provide consistent terminology and will 
reflect IAEA safety standards.  The YVL Guide reform 
process is well along and will be completed by the end of 
2011.  The reformed YVL Guides are to be applied to new 
NPPs in Finland.  The consolidation and reform process of 
YVL Guides will provide requirement clarity and 
traceability during the NPP licensing process, and GEH is 
encouraged by this effort.  


New Nuclear Power in United Kingdom5 


In the late 1990s, nuclear power plants contributed 
around 25% of total annual electricity generated in the UK, 
but this has gradually declined as old plants have been shut 
down and age-related problems affect plant availability. 


In 2009, electricity from nuclear power plants 
produced just over 69 billion kWh net, or 18% of total 
electricity supply from all sources (371 billion kWh net). 
Gas-fired generation accounted for 44% of total (165 
billion kWh); coal-fired 28% (104 billion kWh); wind 
2.5% (9.3 billion kWh); hydroelectric 1.3% (5.2 billion 
kWh); and other renewables 3% (11.5 billion kWh, mainly 
from biomass). 


Net electricity imports from France in 2009 were 2.8 
billion kWh, less than 1% of overall supply, compared 
with 12.5 billion kWh in 2008, or 3.7% of final electricity 
consumption. Per capita electricity consumption was 5220 
kWh in 2009. 


In the UK, the question of new nuclear build was 
effectively ruled out until 2006, when a review of energy 
policy reversed the government's opposition to new 
nuclear.  Government policy in England and Wales has 
since been supportive of new nuclear plants.  


To facilitate new nuclear build, UK has begun 
implementing several measures, in particular the 
following: 


• Streamlining the planning process. 


• Carrying out strategic siting assessment and 
strategic environmental assessment processes to 
identify and assess suitable sites for new nuclear 
plants. 


• Ensuring that the regulators are equipped to pre-
license designs for new build proposals (the 
“Generic Design Assessment” or GDA process). 


• Introducing legislation to ensure 
decommissioning and waste management 
liabilities will be met from operational revenue. 


• Strengthening the EU Emissions Trading Scheme 
to build investor confidence in long-term carbon 
pricing. 


The UK government projects that there will be a 
requirement of 60 GWe of net new generating capacity by 
2025, of which 35 GWe is expected to come from 
renewables. The Draft National Policy Statement for 
Nuclear Power Generation6 states that the expectation is 
for "a significant proportion" of the remaining 25 GWe to 
come from nuclear, although the government has not set a 
fixed target for nuclear capacity. 


GEH suspended its ESBWR efforts in the UK Generic 
Design Assessment (GDA) process in 2008 in order to 
focus on the NRC certification process for the ESBWR.  
While it was a difficult decision, it was an important one 
given that GEH was already in the U.S. process.  GEH did 
not want to create situations where a requested change by 
the NRC would have to be reviewed and concurred by the 
UK Health and Safety Executive (HSE) and vice versa.  
Also during this time, EdF had just purchased British 
Energy, leaving no potential UK NPP sites available for 
other utilities. 


In October 2010, the ACRS issued its safety 
recommendation for the ESBWR design.  The ESBWR 
passed this rigorous review and the design was found to 
be robust.  


This is an important accomplishment that may not 
have been realized had GEH been involved with the GDA 
process concurrently.  While this is a U.S. milestone, it is a 
direct reflection of GEH’s ability to work with regulators 
worldwide in order to ensure evolving regulatory 
requirements are understood and met.  GEH believes the 
work spent with the NRC can be directly leveraged to the 
GDA process. 


Since 2008, the UK Nuclear Decommissioning 
Authority (NDA) has made other sites available to 
companies other than EdF, such as Horizon and 
NuGeneration.  In addition, EdF has indicated that it may 
sell some of its British Energy acquired sites.  This now 
makes the UK market more open, and GEH looks forward 
to continuing the dialogue on building new plants with 
Horizon at Wylfa and Oldbury. 
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Prior to GEH’s suspending its involvement in the 
GDA process, ESBWR completed Steps 1 and 2 of the 
process.  GEH and the ESBWR may be required to revisit 
these steps and answer questions regarding the changes to 
the design that occurred during the NRC review process 
since suspension of the ESBWR GDA in 2008.   


New Nuclear Power in Poland7 


In 2008, Poland produced some 156 billion kWh gross 
from 33 GWe of mostly coal plants. Domestic supply 
accounted for almost all of this at 156 billion kWh and, 
subtracting line losses and energy industry use, domestic 
consumption was 118 billion kWh, or 3090 kWh/yr per 
capita.  Poland has the largest reserves of coal in the EU 
(14 billion tonnes) and, in 2008, 92% of electricity came 
from coal, as well as 89% (279,000 TJ) of the nation's heat 
usage (313,000 TJ). About half of the country's gas supply 
comes from Russia. Poland has traditionally been a net 
electricity exporter, mostly to the Czech Republic and 
Slovakia, but recent years have seen a reduction in export 
levels, as domestic demand continues to grow, and the 
country appears set to become a net importer unless 
capacity additions are made.  Poland's own electricity 
consumption is forecast to grow by 54% to 2030, but 
under the EU's strict climate policy targets the country will 
need to diversify away from coal. 


The Polish cabinet decided early in 2005 that for 
energy diversification, and in order to reduce CO2 and 
sulfur emissions, the country should move immediately to 
introduce nuclear power, so that an initial plant might be 
operating soon after 2020.  A 2009 resolution by the 
council of ministers calls for construction of at least two 
plants in Poland. 


A Polish government policy document stated in 2010 
that the "nuclear power development program is the 
greatest undertaking in the history of the Polish energy 
market and the entire post-war economy."  The policy 
document proposes the following objectives by 2030: at 
least 4.5 GWe of nuclear capacity, several potential sites 
selected, and one low- and intermediate-level waste facility 
in operation by 2020. A five-stage plan envisages 
legislation for a regulatory framework by mid 2011, 
investor, site, technology and construction arrangements 
over 2011-13, technical plans and site works 2014-15, 
construction of the first unit 2016-20 and successive units 
constructed by 2030.   


The Polish utility, Polska Grupa Energetyczna SA 
(PGE), is currently looking at a total of 4 units at two sites 
(two units per site).  GEH is working closely with PGE to 
bring new nuclear to Poland.  Both the ABWR and 
ESBWR, along with other technologies, are being 
considered by PGE as potential designs for Poland’s first 
nuclear units. 


Nuclear safety regulation in Poland is the 
responsibility of the National Atomic Energy Agency 
(PAA), an independent authority.  The PAA has been in 
existence to oversee Poland’s research reactors, but now 
with the government’s decision to pursue civilian nuclear 
power, the regulatory framework for a civilian NPP 
program must be established, and this is a key ingredient to 
new nuclear in Poland.  PAA has taken steps, such as 
cooperation with IAEA and the U.S. NRC, to help put this 
regulatory framework in place. 


New Nuclear Power in Sweden8 


Sweden's electricity consumption has been rising, and 
it has one of the world's highest individual levels of 
consumption.  Over 40% of domestic production is 
nuclear, and up to half hydroelectric, depending on the 
season (affecting hydroelectric potential). In 2008, Sweden 
generated almost 146 billion kWh, of which 42% was from 
nuclear (61.3 billion kWh). 


Electricity imports and exports vary according to 
season, with Finland, Norway and Denmark providing the 
main traffic.  In 2004, net exports were 2 TWh, and in 
2005, 7.4 TWh. In 2006, net imports were 6 TWh, and in 
2007, net imports were 1.3 TWh.  Per capita consumption 
is about 14,800 kWh/y. 


On June 18, 2010, the Swedish Parliament passed a 
law that allows construction of new nuclear reactors to 
replace the 10 aging NPPs that produce 42% of Sweden’s 
electricity.  This reversed the decision of a referendum 30 
years ago.  Sweden is looking to eliminate its dependency 
on oil and fossil energy and to avoid importing electricity 
in the future.  Preliminary planning has begun to replace 
the 10 aging reactors.  


Following the Swedish parliament vote, a utility in 
Sweden performed a preliminary evaluation of several 
NPP designs, including the ESBWR.  GEH continues to 
work closely with this utility. 


Nuclear safety regulation in Sweden is the 
responsibility of the Swedish Radiation Safety Authority 
(SSM).  The Swedish Radiation Safety Authority is an 
authority under the Ministry of the Environment with 
national responsibility within the areas of nuclear safety, 
radiation protection and nuclear non-proliferation.  SSM 
was created on July 1, 2008 with the merging of the 
Swedish Nuclear Power Inspectorate and the Swedish 
Radiation Protection Authority. 


New Nuclear Power in Switzerland9 


Electricity consumption in Switzerland has been 
growing at about 2% per year since 1980.  In 2007, 
electricity production was 68 billion kWh gross, mostly 
from nuclear and hydroelectric, requiring 2.5 TWh of net 
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import to match demand.  This was less than previous 
years.  Electricity is imported from France and Germany 
and up to 26 TWh/yr is exported to Italy. Per capita 
consumption is 7650 kWh/yr.  In 2007, nuclear power 
contributed 26.5 TWh net, 43% of Swiss demand. 


The Swiss electorate supported a ten-year moratorium 
on new plant construction during a national referendum in 
1990.  However, in a 2003 referendum which would have 
made the moratorium binding and memorialized the 
moratorium in the constitution, the Swiss voters firmly 
rejected two anti-nuclear proposals, which were originally 
put forward in 1998.  


The Swiss government announced early in 2007 that 
the existing five nuclear power reactors should be replaced 
in due course with new units.  The new energy policy 
included renewables, energy efficiency and gas-fired 
plants, but had nuclear continuing to carry the main load.  
Although hydroelectric was also included in the 
renewables portfolio, it is not amenable to expansion in 
Switzerland. 


The Swiss Federal Nuclear Safety Inspectorate (ENSI) 
has reviewed applications for the three plants, which 
would all be replacements for existing nuclear power units, 
and drawn up definitive appraisals for the Swiss Federal 
Office of Energy.  


All three applications are for 1450 MWe (+ 20%) 
advanced reactors.  All advanced reactors will use hybrid-
cooling systems to minimize water consumption.  The 
Swiss utilities will be replacing existing nuclear capacity 
and/or smaller units - two 365 MWe pressurized water 
reactors (PWR) at Beznau, a 985 MWe PWR at Gösgen 
(Niederamt), and a 372 MWe boiling water reactor (GEH 
BWR) at Mühleberg which are all currently scheduled for 
closure in the period 2019-2029.  There will be a public 
referendum for the general licenses for these sites in 2013. 


Replacement of existing nuclear units, part of the 
energy policy announced by the Swiss government in 
2007, will avoid predicted energy shortfalls by 2020 as 
reactors close and an electricity import agreement with 
France is phased out. Switzerland's other operating nuclear 
power plant, Leibstadt, a 1165 MWe GEH BWR, is not 
scheduled for closure until 2034. 


In 2007, Axpo (a Swiss utility) and BKW FMB 
Energie AG (BKW, formerly known as Bernische 
Kraftwerke AG) agreed to proceed jointly in order to build 
two new nuclear power stations at Beznau and Mühleberg 
form the purpose of (a) replacing nuclear power generating 
capacities which are reaching the end of their operating 
lives, and (b) compensating for French import agreements 
which are due to expire.  This consortium of Axpo and 
BKW was given the name Resun (Replacement Suisse 
Nucleaire) AG.  More recently, in December 2010, Alpiq (a 


Swiss utility) has indicated that it will join Axpo and 
BKW, and its Niederamt site will be included in the joint 
venture.  This arrangement is waiting final approval from 
the Swiss government. 


GEH received an invitation in December 2010 from 
Resun to join the public pre-qualification process for new 
NPPs.  GEH has been working closely with Resun and is 
evaluating the submission of the ABWR and/or ESBWR 
for the two new nuclear power stations. 


It is evident from the above discussion that many 
European countries are looking to replace their aging NPPs 
with new NPPs in order to avoid greenhouse gas 
emissions, to diversity of energy supplies, and to improve 
energy security.  The ABWR and ESBWR will play a key 
role in the plans of some of these countries. 


IV HARMONIZATION OF SAFETY 
REGULATIONS WITHIN EUROPE 


For the nuclear industry to meet future demands for 
new NPPs worldwide at levels predicted in Section II, 
specific customization of NPP designs must be avoided to 
the maximum extent possible and standardized designs 
must be the goal. 


The ABWR and ESBWR were designed as “standard 
plants” under the rules established in 10CFR Part 52 and 
were designed to meet the goals of the Utility 
Requirements Document, the European Utility 
Requirements document, and all U.S. regulations 
governing NPP designs in the U.S.   


Experience has shown that, if a standard design is to 
be deployed in a particular country, it normally must be 
adapted to comply with national safety standards.  
However, if the differing national safety standards are 
harmonized, a standard design may be placed into the 
licensing process without major changes (other than those 
dictated by site specific conditions) and become an 
international standardized design.  


Harmonization of nuclear safety requirements and 
standard NPP designs will lead to greater efficiencies, 
higher levels of safety and increased cooperation among 
regulators.  Regulatory design reviews, which are central 
to the national licensing processes, would be improved, in 
both effectiveness and efficiency, by sharing methods and 
data arising from safety evaluations.  This would minimize 
the time (a) required to license a specific standard design 
in any given country, and (b) for an NPP to go from 
project inception to commercial operation, saving 
resources and project costs. 


Recently, leading national regulatory authorities and 
utilities have created several international organizations to 
look at harmonizing national nuclear codes, standards and 
safety goals recognizing the benefits of standardization.  
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Among those international organizations are the 
Multinational Design Evaluation Program (MDEP), the 
World Nuclear Association Working Group on 
Cooperation in Reactor Design Evaluation and Licensing 
(CORDEL), the Western European Nuclear Regulators 
Association (WENRA) and FORATOM’s European 
Nuclear Installations Safety Standards (ENISS) Initiative. 


 The nuclear regulators of France, Finland, and the 
U.S. established MDEP initially in 2005 to exchange 
technical data during certification of the Evolutionary 
Pressurized Reactor (EPR).  MDEP has evolved beyond 
just cooperation on a single design and enhances 
cooperation among regulators as they review all new 
reactor power plant designs.  This is accomplished by 
sharing resources and knowledge, thus improving 
efficiency and effectiveness of the licensing review 
process. 


MDEP is currently administrated by the OECD’s 
Nuclear Energy Agency and is working on a broad range 
of activities, including increasing multi-national 
convergence of codes, standards and safety goals in 
participating countries.  Those countries currently involved 
in MDEP are: Canada, China, Finland, France, Japan, 
South Africa, South Korea, Russia, the UK and the U.S. 
The IAEA also participates in MDEP meetings. 


CORDEL was established by the World Nuclear 
Association (WNA) in January 2007 to promote 
cooperation among all parties involved in the development 
of new nuclear power plants, including reactor vendors, 
operators and utilities, and national and international 
regulatory bodies.  The aim of CORDEL is to facilitate 
discussions between the nuclear industry and nuclear 
regulators (national and international) on the benefits of 
achieving a convergence of safety standards globally.  
CORDEL is following a three-phase process to achieve 
standardization, beginning with mutual acceptance by 
regulators of review data and ending with internationally 
valid design approval.  


WENRA was created in February 1999 and is a 
network of Chief Regulators of EU countries with nuclear 
power plants and Switzerland, as well as of other 
interested European countries, which have been granted 
observer status.  


The main objectives of WENRA are to develop a 
common approach to nuclear safety, to provide an 
independent capability to examine nuclear safety in 
applicant countries and to be a network of chief nuclear 
safety regulators in Europe exchanging experience and 
discussing significant safety issues. 


WENRA currently has 17 members: Belgium, 
Bulgaria, Czech Republic, Finland, France, Germany, 
Hungary, Italy, Lithuania, Netherlands, Romania, 


Slovakia, Slovenia, Spain, Sweden, Switzerland and the 
United Kingdom.  WENRA at present has 5 observing  
non-nuclear countries: Austria, Ireland, Luxemburg, 
Norway and Poland. 


In support of the work of WENRA on the 
harmonization of European safety standards for existing 
nuclear power plants, European license holders created the 
ENISS Initiative, in May 2005, in Brussels. ENISS is 
administered by FORATOM (a European nuclear 
advocacy group). 


The principal mission of ENISS is to bring together (a) 
decision-makers, operators and specialists from the nuclear 
industry with (b) national regulators, in order to identify 
and possibly agree upon the scope and substance of 


harmonized safety standards.  ENISS currently represents 
the nuclear utilities and operating companies from 17 
European countries with nuclear power.   


ENISS provides the European nuclear industry with 
the platform to express its views, provide expert input and 
interact fully with regulators throughout the 
standardization process. ENISS’ first task has been to 
present a common industry position with regard to the 
Safety Reference Levels that WENRA has proposed. By 
engaging in constructive debate with WENRA and playing 


a dynamic role in the process, ENISS also defends the 


industry's interests in a proactive way.  Another task of 
ENISS is to strengthen the industry influence in the 
revision work of the IAEA Safety Standards, as well as in 
the European Directive on Nuclear Safety.10 


With the establishment of MDEP, CORDEL, 
WENRA and ENISS, key international programs are in 
place that will eventually result in international 
harmonization of nuclear safety standards globally.  Efforts 
on the part of these programs will likely lead to 
international standard NPP designs.  Once harmonization 
of nuclear safety standards is achieved globally, sustained 
growth in new NPPs to meet the global demand for new 
electric generation will be possible.  


V. ESBWR KEY SAFETY FEATURES VERSUS 
NATIONAL SAFETY REGULATIONS 


At the current time, harmonization of national safety 
standards is an ongoing process.  As such, an international 
standardized NPP design does not yet exist.  The ABWR 
and ESBWR standard plant designs have undergone 
review to adapt them to comply with some of the more 
rigorous national safety standards.   


During the early design stage when the ESBWR 
concept was being developed, the EUR was used as design 
guidance. Both the ABWR and the ESBWR standard plant 
designs meet the intent of the IAEA and EUR safety 
requirements and are flexible enough to meet country 
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unique safety requirements.  GEH is planning to complete 
a self-assessment of the ESBWR against the current 
revision of the EUR in the near future. 


Finland’s Radiation and Nuclear Safety Authority 
(STUK) and another European utility, through feasibility 
studies to build a new NPP in their countries, have 
reviewed the ESBWR standard plant design.  The 
conclusion of the STUK feasibility study for ESBWR was 
“The design objectives and principles of the plant 
alternative are in main parts consistent with the Finnish 


safety requirements.”11 The European utility performed a 
similar assessment of the ESBWR standard plant design 
and reached a similar conclusion.   


Without international standardization, GEH expects 
that some modifications to the ESBWR standard plant 
design will be necessary to meet country specific safety 
requirements.  Table 1 is a summary of the type of design 
modifications that may be necessary to meet country 
unique safety requirements in Finland and another 
European country: 


As an example of modifications to the ESBWR 
standard plant design needed to meet country unique safety 
requirements, the GEH design team has recently identified 
a potential solution to help meet STUK requirements for 
aircraft impact.  This potential solution involves splitting 


the equipment within the U.S. Standard ESBWR Electrical 
Building (EB) into two separate “trains” and placing this 
equipment in separate buildings on either side of the 
Turbine Building (TB).  These split EBs would also house 
support systems associated with achieving plant cold 
shutdown that would be located in the Turbine Building 
(TB).  The split EBs and associated equipment would 
perform the function of the equipment currently in the 
Ancillary Diesel Building.  These new buildings have been 
designated as Electrical & Auxiliary Building A & B. This 
potential solution is in the preliminary stages of design. 


VI. CONCLUSIONS 


There is a worldwide need for a significant number of 
new NPPs in the future to meet the growing worldwide 
electrical power demand.  The number of NPPs required 
cannot be delivered with a “business as usual” mentality.  
The demand can only be met with international safety 
regulation standardization and international standard NPP 
designs.  GEH is offering the ABWR and the ESBWR to 
meet the power demands of the international community 
interested in NPPs.  


A recent U.S. DOE study shows projected growth of 
world energy demand to 2035.  Based on the results of this 
study, ~1400 new 1500 MWe NPPs will be needed by 
2035 to meet projected international electrical demand. 


 


SUGGESTED DESIGN CHANGE REQUIRED 
IN FINLAND 


REQUIRED 
IN SWEDEN 


2 x 100% Fuel and Auxiliary Pool Cooling System (FAPCS) Yes No 


Single Failure Proof Stand-by Liquid Control System (SLCS) Yes Yes 


Secondary Containment HVAC Yes Yes 


Fuel Burnup < 45 GWD/MTU Yes No 


Containment Filtered Vent Yes Yes 


Diverse Water Level Indication Yes No 


Diverse Parameters for Trip Initiation Yes Yes 


Containment Isolation Diversity Yes Yes 


Dedicated On-Site Power System for Severe Accidents Yes No 


I&C For Severe Accidents Yes No 


Severe Accident RPV Depressurization Yes No 


Severe Accident Extra Containment Wetwell Volume Yes No 


Severe Accident Wetwell Spray Yes No 


Aircraft Impact Modifications Yes Yes 


Protection for Fast AC Voltage Transients Yes Yes 
 


Table 1 ESBWR Modifications To Meet Country Unique Safety Requirements 
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The interest in NPPs and in the ABWR and ESBWR 
in particular, is worldwide and involves several European 
countries, Brazil, Egypt, India, Mexico, Taiwan, Turkey, 
and UAE.  In Europe, specific interest in ABWR and/or 
ESBWR has been expressed by Finland, the United 
Kingdom, Poland, Sweden, Lithuania, the Netherlands, 
and Switzerland.  The overviews provided for the power 
requirements in Finland, the United Kingdom, Poland, 
Sweden, and Switzerland, as well as each country’s 
national plan for new NPPs to meet future electrical 
demand, show that a number of nuclear power plants will 
be needed to achieve national goals for low carbon 
emissions and for electricity growth. 


Licensing challenges and opportunities exist, but there 
are efforts within MDEP, WENRA, CORDEL and ENISS 
to harmonize safety regulations internationally and to 
support standard NPP designs.  The ABWR and the 
ESBWR designs meet key safety requirements of the 
International Atomic Energy Agency (IAEA) and 
European Utility Requirements (EUR) document and are 
strong candidates for the first internationally standardized 
NPP designs. 


Standardized plant design and regulatory 
harmonization provide advantages, although there is still 
much work to be done in this area.  Some modifications to 
the ESBWR standard plant design may be necessary to 
meet country specific safety requirements.  Potential 
examples of design changes to the ESBWR to meet unique 
safety requirements of Finland and another European 
country demonstrate that the list is not extensive.  It is 
evident from the list of design changes that the standard 
ABWR and ESBWR designs are flexible enough to meet 
(a) country unique safety requirements, and (b) 
international NPP safety requirements. 
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Abstract – The protection-system of GEN III+ reactors partially relies on self-powered neutron 
detectors (SPNDs), in-core devices measuring the neutron flux. The goal of this paper is to 
estimate the robustness and reliability of those detectors for surveillance purposes, using 
mathematical models. The results of research might serve as the basis for decision-making 
regarding future development and amelioration of the system.   


 
 


I. INTRODUCTION 
 
The GEN-III NPPs (Nuclear Power Reactors) rely on a 


wide and rich instrumentation, including the Self-Powered-
Neutron-Detectors - SPND - which, as it can be the case for 
cobalt ones [REF. 1], are adopted as part of a protection 
system for safety purposes. Those devices, also called 
collectrons, provide indirect measurements of the neutron 
flux assembly-wise averaged values, which are used, 
through a suitable algorithm, to reconstruct the core hot 
spot (the place in the core where the power peaks). 
 
For operation and safety reasons, it is worth quantifying the 
increase in the uncertainty affecting the reconstructed hot 
spot value, when one or more SPNDs fail. More precisely, 
the aim is to determine if, in some cases, the uncertainty 
affecting the reconstructed power value in the hot spot 
exceeds acceptable, pre-defined limits. 
 
Two major difficulties need to be addressed: 
 
- This is an inverse problem, of non-linear nature; 


 
- Due to the physical features of the multiplying system, 


the collectrons receive directly only a very small 


fraction of the neutrons emitted in the hot spot; actually, 
most of neutrons reaching the SPNDs are the 
descendants of the descendants… of the descendants of 
the “primitive” information-carriers. 


 
Accordingly, the mathematical approach has been 
subdivided into three steps: 
 
- Direct problem. Establishing a model for the prop-
agation of neutrons. For a given position and intensity of 
the hot spot, how many neutrons originating there and how 
many of their direct descendants will be collected in each 
SPND? The method we adopted consists in discretizing 
the core into roughly regular parallelepipeds and assessing 
the emission of neutrons from one parallelepiped to its 
nearest neighbours. In a first approximation, the emission 
is assumed to be isotropic and the neutrons are assumed to 
be mono-energetic; 


 
- Inverse problem. Setting-up a probabilistic method 
allowing the reconstruction of the hot spot value, relying 
on SPND measurements. This method rests upon transfer 
functions, which provide the asymptotic contribution of 
each individual collectron to the intensity of the hot spot. 
We build the join probability law, which allows us to 
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appreciate the quality of the reconstruction. We use this 
method on many samples of SPND measurements, which 
enables us to determine how frequently the uncertainty of 
the reconstruction is not acceptable. 


 
- Global approach. The adaptation of the probabilistic 


approach called EPH (Experimental Probabilistic 
Hyper-surface) for the current target settings. This 
method is used to handle the uncertainties relying on a 
general principle of maximal entropy (minimal 
information).  


 
Both methods can be adopted to simulate the breakdown of 
one or several SPNDs; thus the sensitivity of the 
uncertainty of the hot spot reconstruction to the 
breakdowns can be determined. The larger this uncertainty 
is, the higher the risk will be for the protection system to be 
unreliable. 
 
In a first approach, neutrons are assumed to be mono-
energetic. In a second approach, this model has been 
extended by accounting for two types of neutron families 
(as usual, the fast and thermal neutrons). 
 
The paper is intended to describe the above mentioned 
methodologies, present their preliminary application to a 
GEN III-type reactor core, drive some general conclusions 
on the reliability of the protection system adopting such 
measurement devices, and define the main steps for further 
improvements and applications 


 
II. ASSUMPTIONS 


 
The collectrons - SPNDs - are used to monitor the 


propagation of neutrons in the reactor core and provide 
information on the hot spot. They are arranged inside the 
core in 12 vertical arrays, each containing 6 of them. In 
total, 72 devices measure gamma rays originating from 
neutron capture. 
 
The objective of the work is to estimate the deterioration of 
the quality of reconstruction of the hot spot value, when 
one or more SPNDs are considered as unreliable.  
 
The approach is based on several assumptions about the 
core configuration and the neutrons propagation: 
 
- Arrays are modelled as roughly 4-meter-high and 21.5-


cm-long parallelepipeds, discretized into 7 vertical 
three-dimensional 60-cm-cells. SPNDs are not located 
exactly at the centre of each mesh; this approximation is 
considered as inconsequential. Moreover, it is assumed 
that the presence of a SPND in a cell has no impact on 
its neutronics behaviour. 
 


- The zero-burn-up assembly-wise infinite multiplication 
factors have been normalised in order to guarantee a 
roughly critical condition; 


 
- The fission neutrons are isotropic; moreover the 


neutrons do not have privileged directions. 
Accordingly, the leakage is assumed to be proportional 
to the surfaces in contact. Likewise, the capture of the 
neutrons by the collectrons is also isotropic; 


 
- The hot spot emits neutrons continuously; 
 
- The core boundary condition is a non-reflective black 


absorber (represented by a medium the multiplication 
factor of which is zero). 


 
- In a first approximation, neutrons are supposed to be 


monochromatic: namely they have equal kinetic energy 
and belong to a single family. 


 
- In the implemented model, the energy of neutrons is 


taken into account the following way: they are divided 
into two families, with the averaged simplified features 
below: 


 
a) Fast neutrons (high energy): they do not interact 


with the atoms owing to their speed; thus, they do 
not participate in the fission process and so, they 
are non-fission-engendering neutrons. Because of 
the “shocks” with the nuclei of the medium, the fast 
neutrons slow down, lose their energy and become 
thermal neutrons. This process is called slowing-
down. We assume that the fast neutrons which 
leave one cell are fully slowed-down when arriving 
in the neighbouring one. 


 
b) Thermal neutrons (low energy): the speed of such 


neutrons is low enough to create fissions and give 
birth to fast neutrons. The amount of fast neutrons 
created by fission depends on the infinite 
multiplication factor of the medium where the 
fission takes place. The process of emission of fast 
neutrons after the fission is assumed to be 
instantaneous and localized in the same cell. 


 
- The hot spot emits only fast neutrons; 


 
- The SPNDs are sensitive to the thermal neutrons only. 


 
III. DIRECT PROBLEM 


 
The first step of the work consists in modelling the 


direct problem: for a given position and intensity of the hot 
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spot in a cell of the core, how many neutrons does each 
SPND receive?  


The mathematical difficulty to address comes from the fact 
that, due to the multiplying features of the media, most of 
the neutrons collected by the SNPDs do not originate from 
the hot spot. Actually, they are the descendants of the 
descendants... of the descendants of neutrons emitted by the 
hot spot. 


The method we developed uses a cross, which is moved 
across the reactor, and calculates the neutrons propagation 
at every step. This cross is composed of one cell with its 
neighbours (4 neighbours in 2D, 6 neighbours in 3D). We 
describe the method by using relative values. 


The cross is first placed at the hot spot. At 1T 1 , this 
point emits 1 neutron, spreading to the 4 neighbouring 
regions with equal probability 1/4 at 2T 2 . The value of 
the quantity of neutrons Q  contained in each cell of the 
core (except the hot spot) at the step T NT N  is determined 
by induction: 
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where ( , )i j  are the coordinates of the cell in the core, 
,i ji j,i j,


 


is the infinite multiplication factor of the material( , )i j . The 
quantity of neutrons in the hot spot cell at the step T NT N  
is calculated the same way, except that the hot spot emits 1 
additional neutron at each step. 


The principle is generalized and extended to the 3D-model, 
with a 3D-region composed of 7 parallelepipeds. The 
method is convergent: the quantity of neutrons received by 
each cell is stabilized after a few hundreds of runs for the 
2D model, a few thousands of runs for the 3D model. 


This direct model has been improved by the consideration 
of the uncertainties in the materials composition, as well as 
in the isotropy of the neutrons emission from a cell; the 
model is thus closer to the physical reality. An uncertainty 
of 10%10%  is assigned to the probability for a neutron to 
head for one of the neighbouring cells and 2.5%2.5%  on the 
value of the multiplication factor of the cell material. These 
uncertainties are independent from one cell to another. 


Thus, a more realistic representation of the propagation is 
obtained because probability laws are now available. 


IV. RECONSTRUCTION OF THE HOT SPOT VALUE 
USING TRANSFER FUNCTIONS 


 
The solution of the inverse problem relies upon the 


transfer functions. The method aims at answering the 
following question: knowing the quantity of neutrons 
collected by SPNDs at a time, what is the probability law 
for the hot spot intensity? This allows the quantification of 
the uncertainty on the intensity reconstruction. 
 
The transfer function from the hot spot to the SPND i is 
defined by the ratio between the intensity of the hot spot 
and the quantity of neutrons collected by the SPND. For 
instance, in the deterministic case, for 10000 neutrons 
emitted in the hot spot, SPND 1 collects 209 neutrons. The 
transfer function from the hot spot to SPND 1 is thus  
10 000


209
. As a result, we can deduce that, for instance, if the 


collectron 1 measures an intensity of 50 neutrons, then the 
hot spot intensity is 2 392 neutrons. 
 
When taking into account the uncertainties linked to the 
neutrons emission, this transfer function is a random 
variable, represented by its probability law. We could say 
(for instance): given that SPND 1 measures an intensity of 
50 neutrons, the hot spot intensity is 2 200 with 
probability1 3 , and 2 500 with probability2 3 . 


 
Therefore, the value collected in each SPND allows us to 
obtain probability laws of the hot spot intensity: the density 
of the intensity reconstructed with the SPND i  is called


i
f . 


 
The combination of the laws given by each collectron 
enables a better knowledge of the hot spot intensity. 
Assuming the devices to be fully independent from each 
other, the final density of the hot spot value is: 
 


1


1
collectronsHS N


f f f
C


1
collectronsHS N1HS N1 collectronsHS NcollectronsHS N


f f ff f f
1


f f f
1


HS N
f f f
HS N1HS N1
f f f


1HS N1CHS NCHS NHS N
f f f
HS NCHS N
f f f
HS N                  (2) 


 
where C  is a normalization coefficient, and 


collectrons
N is the 


number of collectrons. 
 
The independence assumption means that the errors made 
by a measurement device do not influence the errors made 
by other ones, which is actually the case. 
 
The final aim is not only to obtain a reconstruction method 
of the hot spot intensity, but also to characterize the quality 
of the reconstruction, in particular in the case of a 
breakdown of one (or several) SPND (s): is the uncertainty 
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on the reconstructed average value low enough to 
guarantee the reactor safety? 


At this point, interest is focused on the 90% confidence 
interval: it quantifies the uncertainty around the 
reconstructed average value. This confidence interval is 
limited by the 5% and 95%-percentiles, defined as follows: 
the probability for the hot spot value to be higher than the 
5% percentile value is 0.95. 


We compare the percentiles value with the expected value: 
if the relative deviation is higher than 5%, then the IRSN 
will consider the reconstruction as being poor, in the sense 
that our knowledge of the hot spot intensity is not sufficient 
enough to ensure safety. 


This method can be applied for the simulation of SPND 
failures: the impact of the failure on the uncertainty of the 
hot spot reconstruction can thus be quantified with an 
indicator. 


IV.A. Results 


Both in 2D and 3D, whenever one SPND is lost, the 
corresponding uncertainty on the reconstructed value of the 
hot spot increases.  


Unfortunately, the method strongly couples the uncertainty 
on the reconstructed values to the quantities measured by 
the SPNDs, which is a drawback for its reliability and 
generality.  


To avoid this problem, in the 2D model, the reconstruction 
is applied to a large number of SPND measurements 
(2,000). Then, the histogram of the uncertainties given by 
the successive breakdowns of the 12 SPNDs is built; which 
enables to determine which SPND is more relevant to the 
hot spot intensity reconstruction reliability. 


Table I provides the reconstruction uncertainty averages, as 
well as the probability for the uncertainty to be higher than 
or equal to 5%. Both indicators allow assessing the system 
reliability. 


Whichever SPND breaks down, the law is "shifted" to the 
right by the breakdown. This means that the uncertainty of 
the reconstruction is higher when a SPND breaks down 
than when all the 12 devices are available. This result is 
straightforward: the quantity of information is higher when 
all collectrons work simultaneously. 


Moreover, the results are consistent with the reactor 
topography: on average, the reconstruction is more 


uncertain when one of SPNDs close to the hot spot breaks 
down, and the probability for the uncertainty of the 
reconstruction to exceed the target threshold (5%) shows-
up higher when the SPNDs closest to the hot spot are 
failing (SPNDs 4, 7, 9 and 11). Accordingly, these devices 
are more relevant to the information on the hot spot than 
the ones located far away. 
 


TABLE I 
Quality of the Reconstruction Depending on SPNDs 


Breakdown 


  


Average 
uncertainty of 
the hot spot 


intensity 
reconstruction 


Probability of 
the uncertainty 


to be higher 
than or equal 


to 5% 
12 SPNDs working 4,03% 5,72E-04 
Breakdown of SPND 1  4,15% 1,14E-03 
Breakdown of SPND 2 4,21% 1,72E-03 
Breakdown of SPND 3 4,13% 1,72E-03 
Breakdown of SPND 4 4,21% 3,43E-03 
Breakdown of SPND 5 4,18% 1,14E-03 
Breakdown of SPND 6 4,23% 1,14E-03 
Breakdown of SPND 7 4,26% 2,86E-03 
Breakdown of SPND 8 4,16% 1,14E-03 
Breakdown of SPND 9 4,21% 2,86E-03 
Breakdown of SPND 10 4,13% 5,72E-04 
Breakdown of SPND 11 4,21% 2,29E-03 
Breakdown of SPND 12 4,15% 5,72E-04 
 
In conclusion, the sensitivity of the hot spot reconstruction 
to the SPND availability and position is confirmed, as 
expected. Nevertheless, the increase of the uncertainty in 
the worth case of the loss of a full column does not seem 
too large, compared to its already quite high value when all 
the detectors are available. ( 45.7 105.7 10 4 ). 
 
In 3D, the reconstruction procedure is applied to a smaller 
number of SPND measurements (due to calculation time, 
about 20 cases have been studied). The histogram of 
uncertainties obtained for successive breakdowns of the 72 
SPNDs is then built-up. 
 
Results are similar to those obtained in 2D: when the 
breaking down device is located next to the hot spot, the 
reconstruction shows a poorer quality. However, whichever 
SPND breaks down, the reconstruction is better than in 2D: 
the uncertainty never exceeds 2%; so that the probability to 
be higher than the fixed threshold is closer to zero. 
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V. PROBABILISTIC HYPERSURFACE 


SCM has developed a mathematical model called 
EPH, which is used in order to reconstruct or predict the 
information resting upon data already given or calculated. 
This method relies upon a physical principle of maximal 
entropy: no artificial assumptions are made. The key point 
is the “propagation” of the information from measured 
points (incoming data) to any unknown ones with 
probability laws depending on the distance.  


The results are presented in the form of a collection of 
probability densities. Such a density takes the form of a 
Dirac function at the measurement point location (the value 
is known precisely), and becomes less and less 
concentrated when moving further away from it. At the end 
of the process, the so-obtained individual laws are 
recombined to get a single one depending on the distance 
of the target-point from the measurement points.  


Adoption of this methodology allows reconstructing the hot 
spot value in a global manner, without relying upon the 
quantities of neutrons recorded by each device.    


The EPH has been developed and significantly 
implemented in order to address current problems in 
nuclear safety [REF 2]. In the present case, the major 
difficulty is to handle the non-homogenous multiplying 
medium. 


The main principles of the method are the following: 


Taking into account the uncertainties connected with the 
neutrons emission and according to the transfer function, 
the probability law for reconstruction is deduced for each 
independent device. These collectron-dependent 
probability laws characterise the likelihood of each 
collectron to reconstruct the intensity of the hot spot 
subject to their positions.  


EPH provides a way to recombine them into a single 
probability law taking into account the deterioration of 
information with the distance: the larger the distance from 
the hot spot is, the flatter the probability law for the SPND 
will be. The speed of deterioration is governed by a general 
principle of maximum entropy: at the core edge the 
reconstruction has the worst quality (uniform law), moving 
towards the measure points (namely, approaching the 
SPND) it becomes more and more precise assuming the 
form of a Gaussian function:        
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where X  is the hot spot, j  is the amount of neutrons,


n
C  


is the value associated with the n thn th  collectron (in our 
case, it is not a precise value, but a probability law for 
reconstruction mentioned above); the parameter 


 
is the 


coefficient connected with the entropy and finally 
n
d is the 


distance which is presented as a combination of all possible 
paths connecting the hot spot and the n thn th collectron 
multiplied by their probability: 
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(5) 
 
The resulting probability is given by the formula: 
 


       1, ,( )j j n jXp p pj j n j1, ,j j n j1, ,p p p1, ,p p p1, ,j j n jp p pj j n j1, ,j j n j1, ,p p p1, ,j j n j1, ,1, ,j j n j1, ,j j n j1, ,p p p1, ,p p p1, ,1, ,j j n j1, ,p p p1, ,j j n j1, ,                           
(6) 


 
V.A. Quality of the Reconstruction in 2D 


 
First of all, we assume that the hot spot emits a given 


amount of neutrons. Then, assuming a random deviation 
from 1 4  within a range of 10%10%  they are propagated in 


the space of the reactor core and the amount received by 
each collectron is counted off (in the 2D description, only 
12 of them are described). Simulating this process many 
times, samples are obtained which allow constructing the 
probability laws for each device. Then, these laws are 
combined according to EPH rules.           
 
The resulting probability laws are assessed with the 
“relative variances”:  
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V.B. Obtained Result: 


 
Finally, the reconstruction of the hot spots which are 


located near the reactor core centre is made. 
 
If all 12 collectrons are assumed to be reliable and 
participate in the hot spot reconstruction, then the 
probability law has the following characteristics: 
 


central (12 )
1


3,8%captorsV 3,8%
 
,   


 
central (12 )


2
3,8%captorsV 3,8%
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Simulating a breakdown of one of the detectors closest to 
the hot spot, the reconstruction relies upon the 11 
remaining ones:  


central (11 )
1


3,9%captorsV 3,9%
 
,   


 
central (11 )


2
4,0%captorsV 4,0%


    
 


Then, removing 2 the closest collectrons, only the 10 ones 
left are used for the reconstruction: 


central (10 )
1


4,2%captorsV 4,2%
 
,  


  
central (10 )


2
4,2%captorsV 4,2%


    
 


Every time, excluding one detector, the quality of the 
reconstruction worsens, but it still remains acceptable: in 
no case the threshold is attained. 


Reconstructing of the boundary hot spots resting upon all 
12 SPNDs gives: 


(12 )
1


5,1%boundary captorsV 5,1%
 
,    (12 )


2
5,0%boundary captorsV 5,0%


    
 


Removing the closest collectron:  


(11 )
1


5,8%boundary captorsV 5,8%
 
,
   


(11 )
2


5,6%boundary captorsV 5,6%
    


 


In this case the relative variance overstepped the threshold. 


When considering a deviation from 1/4 within a range of 
15%15% , the quality of reconstruction is the following:  


(12 )
15% 1


5,4%central captorsV 5,4%
 
,
   


(12 )
15% 2


5,5%central captorsV 5,5%
    


 


V.C. Quality of the Reconstruction in 3D 


The propagation of neutrons in three-dimensional 
space is coordinated with the dimension of the 
parallelepiped. More exactly, each emitted neutron gives a 
fraction 0.212  in four horizontal directions and 0.076  in 
two vertical directions. The procedure follows the same 
steps as before.   


 
The quality of the reconstruction is:  


central (72 )
1


1,11%captorsV 1,11%
 
,   


 
central (72 )


2
0,89%captorsV 0,89%


    
 


The loss of one or even a few among the closest collectrons 
does not affect the reconstruction significantly.   


The same way, the sensitivity of the reconstruction has 
been evaluated assuming the value of the multiplication 
factors to be variable within a range of 2.5%2.5%  around 


their original values. Again, the reconstruction quality is 
not deteriorated significantly: 0.1%0.1%  in 2D and on 
0.05%0.05%  in 3D.  


 
 


VI. MULTI-ENERGY MODEL 
 


The model has been improved: we added the energy 
variable. As previously stated, two neutron families are 
considered: 
  
- The family of fast neutrons (high energy), which do not 


take part in the fission process. Travelling through the 
cells, the fast neutrons slow-down and thermalize. It is 
assumed that, on average, each fast neutron thermalizes 
when moving from one cell to the neighbouring one;   
    


- The family of thermal neutrons (low energy), which 
create fissions and thus give birth to fast neutrons. The 
quantity of fast neutrons created in one cell depends on 
the corresponding infinite multiplication factor. The 
process of emission of fast neutrons after the fission is 
assumed to be instantaneous and localized in the same 
cell. 


 
This way, each cell contains two populations of neutrons.  
 
Collectrons are sensitive to thermal neutrons only; 
moreover it is assumed that the hot spot emits only fast 
neutrons. 
 


VI.A. Propagation in 2D: 
 


The difference with the mono-energetic system is that, 
in the present model, the time needed for thermalization is 
to be taken into consideration. Accordingly, in 2D, the 
newborn fast neutrons do not leave the cell immediately 
after the fission, remaining there 2 3T  


( 625 10 secT sec25 10 sec625 10 sec ), and the time needed for 
thermalization is1 3T . So that, the duration of a complete 


cycle is approximatelyT . Taking this information into 
account, the quantity of neutrons received by each 
collectron at each step of propagation is evaluated, in order 
to check the convergence of the system. 
 
The convergence of the multi-energy system in 2D is 
proven, establishing the amount of time needed for the 
complete stabilization of the quantities of emitted neutrons 
collected by each device. It is roughly 0.01 0.02sec0.01 0.02sec
(depending from the intensity of the hot spot). 
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VI.B. Results Obtained with the Use of Transfer Functions 


In 2D, the results obtained prove to be a little bit more 
penalizing than in the previous model: the average 
uncertainties are a little more important (the average 
uncertainty with one collectron missing is 3.7% , while it 
was 4.2%  with mono-kinetics neutrons).  


Moreover, the probability for the uncertainty of the 
reconstructed value of the hot spot intensity to be higher 
than the threshold is often close to zero, except when the 
breakdown affects the collectrons which are located very 
close to the hot spot. In these cases, the probability to 
exceed the threshold is the same as in the previous model 
( 32 E 3 or 35E 3 , depending on which SPND is missing). 
These values look quite high, which could ask for 
complementary, more accurate, investigations. 


TABLE II  
Quality of the Reconstruction Depending on SPNDs 


Breakdown Taking into Account Two Types of Neutrons 
 


  


Average 
uncertainty of 
the hot spot 


intensity 
reconstruction 


Probability of 
the uncertainty 


to be higher 
than or equal 


to 5% 
12 SPNDs working 3,56% 0 
Breakdown of SPND 1  3,70% 0 
Breakdown of SPND 2 3,74% 0 
Breakdown of SPND 3 3,66% 0 
Breakdown of SPND 4 3,76% 0 
Breakdown of SPND 5 3,70% 0 
Breakdown of SPND 6 3,77% 0 
Breakdown of SPND 7 3,82% 5,31 E-03 
Breakdown of SPND 8 3,69% 0 
Breakdown of SPND 9 3,75% 2,65 E-03 
Breakdown of SPND 10 3,68% 0 
Breakdown of SPND 11 3,76% 2,65 E-03 
Breakdown of SPND 12 3,69% 0 


VI.C. Results Obtained with the EPH Method 


Using EPH, the reconstruction of the hot spot is 
performed taking into account the new conditions. The 
quality of the reconstruction obtained widely agrees with 
the previous conclusions. 


 
VI.D. Propagation in 3D 


 
The multi-energy model of neutrons propagation in 3D 


appears to be much more complex because of the non 
equilateral discretization of the core: each three-
dimensional cell takes the form of parallelepiped with the 
height (60 cm) which is almost 3 times the side of the 
square (21.5 cm). This information has been embedded in 
the model assuming a vertical passage equal 2T  and 
horizontal one equal T .  
 
This system is also convergent within0.01sec . 


 
The distribution of neutrons takes a different form due to 
the new conditions regarding the speed of propagation in 
each direction.  
 


VI.I. Results Obtained with the EPH Method 
 


The characteristics of the probability law of 
reconstruction were changed. They indicate a slight 
degradation of the quality: 
 


central (72 )
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1,19%captorsV 1,19%
 
,   


 
central (72 )


2
1,06%captorsV 1,06%


    
 


 
Nevertheless, as in the previous investigation, the results 
obtained do not differ significantly from the 2D ones, 
which demonstrates that the mono-energetic system is 
rather efficient, despite the simplifications. 
 


IV. CONCLUSIONS 
 


 Two different and independent mathematical 
approaches have been adopted in order to investigate the 
reliability and robustness of the in-core SPND-based 
protection system of the GEN-III type reactors, against the 
detector failures. The results show a quite good 
convergence and the same trends.  
 
As expected, the sensitivity of the hot spot reconstruction 
to the SPND availability and position is confirmed. 
Nevertheless, the increase of the uncertainty in the worst 
case - loss of a full column of SPNDs due, e.g., to an 
electrical connection failure - does not seem too large, 
compared to its already quite high value when all the 
detectors are available.  
 
As expected, the sensitivity appears to be lower in 3D, 
mainly due to a smaller individual contribution of the 
detectors to the hot spot value reconstruction. 
 
Finally, more precise calculations accounting for the energy 
dependence of neutrons do not change the results 
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significantly, except when the breakdown affects the 
collectrons which are located very close to the hot spot. 
These cases could require complementary and more 
accurate investigations. 
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Abstract – This work is a review of the papers devoted to investigation of the thermal 
conductivity in single crystal and polycrystalline UO2 and (U,Pu)O2 using molecular dynamics 
simulations, with inter-atomic interactions described by different potential models. Two main 
approaches are used to calculate the thermal conductivity by MD. In the first approach the 
thermal conductivity is given by the autocorrelation function of the energy current based on the 
Green-Kubo relations. In the second approach the thermal conductivity is defined from the 
energy current and temperature gradient using the Fourier law. The main results of the molecular 
dynamics simulation of the heat conductivity of the UO2 and (U,Pu)O2 are presented. 
  


 
I. INTRODUCTION 


 
The thermal conductivity of nuclear fuel is a key 


parameter for fuel performance studies. Different 
approaches are used to determine the thermal conductivity. 


For unirradiated materials a large set of measurements 
is available for LWR UO2 and (U, Pu)O2 that was used for 
the development of a range of models, from correlations to 
physical studies of the phonons propagation, with 
parameters adjusted to measurement results. The 
development of high performance computing leads to an 
increase of the number of theoretical studies based on 
molecular dynamics (MD) simulations, for which the 
choice and improvement of the inter-atomic potentials is 
required. 


For irradiated fuel, the thermal conductivity has been 
estimated from in-pile fuel central temperature 
measurements1 and by direct out-of-pile measurements2 3 . 
As these experiments are available in a reduced number, 
and their interpretation is delicate, a range of theoretical 
approaches can be found in literature, with different 
objectives: from the prediction of the effect of single 
parameters to semi-empirical models for the thermal 
conductivity. As the number of parameters is large, i.e. 
fresh fuel composition, irradiation conditions, inventory 
and physical state of the fission products, microstructure 
evolution (porosity, bubbles, grain size, etc.), the empirical 
correlations usually use the burn-up and temperature as 
key parameters. Theoretical approaches are used to 
improve these correlations and deal with the effect of 
isolated parameters: point defects, grain size or 


concentration of a given fission product. In particular MD 
studies are suited for this purpose and are efficient when 
used to determine physical parameters required as an input 
for mesoscopic or macroscopic models. In the latter case, 
MD alone can not be applied because of the prohibitive 
calculation time and infrastructure required for a 
representative sample. The involvement of mesoscopic 
models is essential, as the main objective is to assess fuel 
performance with a reasonable calculation time, from the 
start of the irradiation to the end-of-life in the reactor. This 
paper presents a review of the results obtained by MD. 


Molecular dynamics (MD) is a computer simulation in 
which atoms and molecules are allowed to interact for a 
period of time by approximations of known physics, giving 
a view of the motion of the particles, and providing a 
better understanding of the processes on a molecular level. 


In the two next sections (II and III) the principles of 
MD simulation are shortly presented. Then, the two main 
approaches used to determine the thermal conductivity and 
the main results are reviewed: the equilibrium molecular 
dynamics (EMD) in section IV and the non-equilibrium 
molecular dynamics (NEMD) in section V. Finally, the 
different approaches are discussed and compared in 
section VI and an analysis on their applicability is 
presented.  


 
II. PRINCIPLES OF MD SIMULATION 


 
The process of a MD simulation can be summarized 


as follows: at each time step, the forces on the atoms are 
computed and combined with the actual positions and 
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velocities to generate new positions and velocities a short 
time ahead. 


There are two main elements in each MD simulation: 
the interaction potential (potential energy) for the particles 
and the equations of motion governing the dynamics of the 
particle. 


II.A. Potential Functions 
 
A MD simulation requires the definition of a potential 


function that describes the potential energy between 
interacting particles. Most potential functions are 
empirical and consist of a summation of bonded forces 
associated with the electrostatic interaction, the covalent 
interaction and non-bonded forces associated with van der 
Waals forces. Empirical potentials represent quantum-
mechanical effects in a limited way. They contain free 
parameters such as atomic charge, van der Waals 
parameters reflecting estimates of atomic radius, 
equilibrium bond length, etc. 


The simplest form is the "pair potential", in which the 
total potential energy can be calculated from the sum of 
the energy contributions between pairs of atoms. One of 
the most simple and popular pair potentials used in MD is 
the Lennard-Jones potential (Eq. (1)). In this potential the 
first term (the r−12 term), which is the repulsive term, 
describes the Pauli repulsion at short ranges due to 
overlapping of electron orbitals and the second term (the 
r−6 term), which is the attractive long-range term, describes 
attraction at long ranges (van der Waals force, or 
dispersion force). Whereas the functional form of the 
attractive term has a clear physical justification, the 
repulsive term has no theoretical justification and is just an 
approximation of the Pauli repulsion. As a result, this 
potential function incorrectly reproduces the repulsion part 
of the interaction between pairs of particles. 
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where ε  is the depth of the potential well, σ  is the finite 
distance at which the inter-particle potential is zero, and 


ijr  is the distance between the pair of interacting atoms.  


The Buckingham potential describes the repulsive 
term that originates from the Pauli exclusion principle by a 
more realistic exponential function of distance, in contrast 
to the r−12 term used in the Lennard-Jones potential.  


In general, potential models proposed for the UO2 


system can be subdivided into two types: 
1. The first type is the fully ionic model2 4 which 


consider ions to be fully ionized. Simulations made 
on this basis reproduce basic properties of the ionic 
fluorite structure of UO2 system such as crystal 


cohesion energy E0 and lattice parameter a (density 
ρ), compressibility βT (elastic constants cij) at 
relatively low temperatures rather well but fail to 
reproduce the thermal expansion αT. 


2. The second type is the partly ionic model with 
account of covalent contribution like that proposed 
by Ida6 and Kawamura7 which consider ions to be 
only partly ionized. In this model an effective ionicity 
is introduced, ζ , to replace the formal charges of the 


ions with effective charges, ζ⋅= zzeff , which are 


generally fractions of the formal charges. This type 
of models was recently successfully applied to the 
UO2 system and mixed oxides8 9 10. The advantage of 
the partly ionic potential models is the possibility of a 
better description of αT and βT as well as of the lattice 
parameter in a wider temperature range. At the same 
time the value of effective ionicity (~60%) 
introduced in such models is quite arbitrary and its 
constant value in a wide temperature range is difficult 
to prove. 


Both these types of pair potentials describe rigid ion 
models which assume that an ion is a massive point charge 
and cannot be deformed, contradictory to the shell-core 
model, in which an ion is described as a massless charged 
shell bound to a massive core by a spring. 


For accounting of the electrostatic interaction (long-
range interaction) the Coulomb law (Coulomb potential) is 
usually used. The classical approach to evaluate Coulomb 
energies and forces in a simulation is the Ewald 
summation method where the sum over all Coulomb 
interactions is decomposed into a real space and a Fourier 
part. Also several alternative methods exist for the 
evaluation of the Coulomb interaction between the 
particles. One of the most popular is the Wolf summation 
that in comparison to the traditional Ewald sum is 
computationally more efficient11, conceptually more 
transparent and easier to implement in practice. Yakub 
proposed a modification of the Ewald scheme which was 
proved to be effective for ionic systems both spatially 
uniform and ordered. An effective electrostatic interaction 
potential of two ions was introduced, pre-averaged over all 
orientations of the main cell. Other approaches for an 
effective accounting of the Coulomb interaction were 
proposed and investigated by Carré12. 


The first requirement to simulate nuclear fuel is the 
reproduction of thermophysical properties. The ability to 
reproduce properties and behavior of nuclear fuels is 
mostly related to the accuracy of the potential function. 
The second requirement is to reproduce specific features 
of the fuel behavior, like the Bredig transition13 for UO2 at 
a temperature of about 2400 K.  


This type of transition is related to the collapse of the 
oxygen sub-lattice. Collapse of the oxygen sub-lattice 
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leads to an additional absorption of energy at that 
temperature. At this temperature a local peak in heat 
capacity is observed. At high temperatures a slight increase 
in thermal conductivity is observed which is related to the 
increased mobility of oxygen ions and to an increased 
influence of electronic heat conductivity. 


Govers presented two papers14 15 with an extended 
review of the inter-atomic potentials for UO2. In the first 
article14 they estimated the range of applicability of the 
available inter-atomic potentials for UO2 by static 
calculations. The second study15 complements the static 
calculation, presented in the first study14 by including 
dynamic simulations of the temperature evolution of 
different elastic properties and by calculating of the bulk 
melting temperature. In these two articles Govers showed 
that there is no "universally good" inter-atomic potential. 
But, rigid ion potentials with non-formal charges (Eq. 
(12)) generally provide better agreement with the 
experimental data, both in terms of static and dynamic 
calculations, and can reproduce the anharmonicity of the 
real material. 


The drawback of potentials with non-formal charges 
will appear when considering charged defects since it 
raises the problem of assuming (or not) the same ionicity 
of the defect and of the matrix. In this perspective, 
potentials with formal charges seem easier to handle. 


Consequently, the choice of the potential is a difficult 
compromise between its range of applicability based on 
the different results shown and its "physically acceptable" 
applicability. 


 
II.B. Equation of Motion 


 
The second main point in MD simulations is the 


integration of the equations of motion. Since the potential 
energy is a function of the atomic positions of all the 
atoms in the system, it has a complicated nature and there 
is no analytical solution. There are several numerical 
algorithms that have been developed for integrating the 
equations of motion. The most popular are: 


1. Verlet16, 
2. Leap-frog, 
3. Velocity Verlet, 
4. Beeman’s and 
5. Symplectic reversible integrators. 


The most widely used finite-difference method is a 
third order Stormer algorithm first used by Verlet16 and 
widely known as the Verlet’s method. 


Newtonian (NVE - microcanonical), constant 
temperature (NVT-canonical) or constant pressure–
temperature (NPT-grand canonical) ensembles are usualy 
used to perform MD simulations. The last two techniques 
use normally the Nosé–Hoover thermostat17 to control the 
temperature. 


The usual time step that is used for the numerical 
solution of equations of motion is about 1-2fs. Then, the 
force acting on each atom is assumed to be constant during 
the time interval. The atoms are then moved to the new 
positions, an updated set of forces is computed and a new 
dynamics cycle goes on. 


 
III. EARLY STUDIES 


 
Among the first articles, devoted to molecular 


dynamics simulation, were the works of Rahman18 and 
Verlet16, in which liquid argon was studied. A classical 
864-body problem with a truncated pair interaction of 
Lennard-Jones type, with periodic boundary conditions, 
was investigated. 


Then, Catlow4 presented a comprehensive theoretical 
survey of defect structures and energies in uranium 
dioxide and related non-stoichiometric phases. The author 
used the Buckingham type pair potential (Eq. (2). 
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where A , ρ  and c  are the parameters of the pair 


potential, ijr  is the distance between the pair of interacting 


atoms. 
Potential parameters for UO2 were obtained by fitting 


to a wide range of crystal data. The results of the defect 
calculations establish several important points: divalent 
Frenkel defects are the predominant form of atomic 
disorder; electronic (hole-electron) disorder is, however, 
far more extensive than any such atomic process. The 
authors also propose a defect model and suggest a new 
interpretation of transport data on UO2. Most calculations 
were performed using the HADES program, written by 
Norgett19. 


 
IV. EQUILIBRIUM MOLECULAR DYNAMICS 


 
In equilibrium MD (EMD) simulation the 


macroscopic system parameters are uniform in the 
simulation cell (in average over the simulation time), and 
all the macroscopic parameters are averaged over the 
simulation at equilibrium conditions. 


In EMD simulations devoted to the investigation the 
thermal conductivity of materials, the approach of Green-
Kubo20 is used.  


 
IV.A. Principles of the Green-Kubo Approach 


 
The main points of this method is that the thermal 


conductivity, λ , of an ionic system can be expressed by: 
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where L  is the phenomenological coefficient which 


relates the local macroscopic fluxes of charge, Zj
�


, and 


energy, Ej
�


. 


According to the Green-Kubo relationship20, based on 
the fluctuation-dissipation theorem, such 
phenomenological coefficients, which are related to non-
equilibrium phenomena, can be calculated under thermal 
equilibrium conditions. Therefore, the phenomenological 
coefficients are given by the time integrals of the auto-
correlation functions of microscopic fluxes of charge 


Zj
�


and energy Ej
�


 (Eq. (4) to (6)). 
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And the microscopic fluxes, Zj
�


and Ej
�


, can be 


calculated by Eq. (7) and (8). 
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where im  is the mass of the i-th atom, iv  is its velocity, 


iz  is the ionic charge of the atom, ( )ijrV  and ijF
�


 are the 


potential energy and force between the pair of the atoms 
respectively. 


The Green-Kubo formula can be written in discrete 
form as21 
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where jjR  is the autocorrelation function of Ej
�


, V  is the 


volume of the material, bk  is the Boltzmann constant, t∆  


is the time step, N  is the total number of time steps in the 
EMD simulation and M  is a suitably large number to 
represent the integration up to infinity, constrained by 
M < N . 


 
 


IV.B. Main Results 
 


Sindzingre and Gillan5 presented an extensive series 
of molecular dynamic simulations of UO2 in the solid and 
liquid states in which they calculated diffusion coefficients 
and some of the thermodynamic properties. The 
simulations are based on a rigid-ion pair potential of the 
Buckingham type (Eq. (2)), the same as in the work of 
Catlow4. The calculations assumed that UO2 is fully ionic 
and consist of U4+ and O2- ions. The modeling was 
performed in a range of temperatures from 1500 K up to 
the melting point. The most important conclusion was that 
the presented model reproduces the oxygen superionic 
conduction suggested by the neutron scattering 
experiments, which is indicated by the diffusion 
coefficient of the ions. It is known that the heat 
conductivity of UO2 has a minimal value at a temperature 
of about 2000 K and then increases by about 60% of the 
minimal value before melting. This was explained by the 
increasing influence of electronic heat conductivity 
because of high electronic excitation at temperatures 
above about 2400 K. Simulations have shown that oxygen 
diffusion coefficient of UO2 raises to a liquid-like value at 
temperatures above about 2400 K. 


 
To prove that the increase in the thermal conductivity 


is related to high electronic excitation, Lindan and Gillan22 
performed molecular dynamic simulations of UO2 in two 
different ways: one is considering only heat transfer by 
lattice vibrations (phonon heat transfer) and the other one 
is with consideration of the electronic heat transfer. 


The simulation was done on a system of 32 cations 
and 64 anions, using a time step of 5 fs. The simulations 
are based on rigid-ion pair potential, that is the sum of the 
short-range Buckingham potential and a long-range 
Coulomb potential (Eq. (11)). 
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The results (Fig. 1) show that without consideration of 


the electronic part, the heat conductivity continues to 
decrease above temperatures of 2000 K, that is in 
contradiction with the experimental results. But with 
consideration of the electronic part, the heat conductivity 
increases at temperatures above 2000 K and is in a good 
agreement with the experimental results. 


 
Karakasidis and Lindan23 modified the potential of 


Lindan and Gillan22 by re-fitting the potential parameters 
to improve its stability. This improvement affected the 
dynamic behavior, notably by a reduction of the oxygen 
diffusion coefficient in the superionic state. The thermal 
conductivity did not change. Simulation time was 1500ps 
and 600ps at 1987K and 3088K respectively. 


 
In a paper of Higuchi24 an attempt to use molecular 


dynamics simulation to study the effect of accumulation of 
solid fission products in the fuel was made. The pair-
potential, presented in the work of Karakasidis and 
Lindan23, of the form Eq. (11), was used. The effect of 
impurity mass and its concentration in the fuel was 
investigated. It was shown that the heat conductivity of the 
fuel is decreasing with the decreasing impurity mass. 


 
Motoyama25 calculated the heat conductivity of UO2 


in a temperature range from 300 to 3000 K. A pair 
potential, represented by a Buckingham short-range 
potential and Coulomb long-range potential, of the form 
Eq. (11), was used in that study. The calculations were 
performed for a system of 1500 ions with a time step of 1 
fs. At temperatures below 2100 K results are in a good 
agreement with the experimental results (Fig. 1). But, at 
temperatures above 2400 K calculations show a decrease 
in thermal conductivity with temperature. 


 
K. Yamada investigated8 9 the variation of the 


thermodynamic properties of PuO2 and UO2 with 
temperature. The calculations were performed for a system 
of 324 ions (108 cations and 216 anions) arranged in the 
fluorite structure. The potential function used in this study, 
the Borne-Mayer-Huggins (BMH) potential, was a 
partially ionic model with potential parameters given by K. 
Kawamura7. The potential consisted of three terms: long-
range Coulomb interactions, the Buckingham short-range 
pair potential and the Morse-type potential, applied only to 
cation-anion pairs. 


For the partly ionic model (PIM) the potential 
function is given by the Eq. (12), and by the Eq. (13) for 
the fully ionic model (FIM).  
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where *
ijr  is the bond length of the anion-cation pair in 


vacuum; jia , and jib ,  (with units of length) are 


empirically derived terms related to the relative sizes and 
compressibility of the atomic species; 0f  is a constant 


with dimensions of energy per unit length; D and ijβ  


denote the depth and the shape of the Morse potential. 
The equations of motion were integrated using an 


integration time step of 2fs. The calculations were 
performed at constant pressure-temperature (NPT) and 
constant volume-temperature (NVT). A 104 time steps 
equilibration run was made at the desired temperature and 
pressure (20ps). The calculations were performed by a 
program based on MXDRTO26.  


The obtained results for thermal conductivity are in 
good agreement with the experimental data (Fig. 1). The 
results have also shown that the Bredig transition did not 
occur in the simulated PuO2 system even at 2500 K (=0.94 
of melting temperature). 


 
Kurosaki27 investigated UO2, PuO2 and (U,Pu)O2. The 


pair potential proposed by Ida6 for the FIM BMH potential 
(Eq. (13)), was used. All the calculations were performed 
for the system of 216 anions and 108 cations initially 
arranged in a fluorite lattice. The results for the thermal 
conductivity (Fig. 1) are in good agreement with the 
experiment, including the Bredig transition. The Bredig 
transition is confirmed by the heat capacity behaviour and 
rapidly increasing values of oxygen diffusion coefficients 
at the temperatures of about 2400 K. At that temperature a 
local peak is observed in the heat capacity behaviour. 


 
Basak10 simulated UO2 after having improved the 


parameters of the inter-atomic potential of Yamada9. Inter-
atomic parameters for UO2 were obtained by fitting 
experimental compressibility data up to 1600 K. All the 
calculations were performed for a system of 216 anions 
and 108 cations initially arranged to fluorite lattice. The 
lattice parameter and the linear thermal expansion 
coefficient were calculated in the temperature range of 
300-3000 K and were in good agreement with the 
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experimental results. The Bredig transition was also 
successfully reproduced for the simulated UO2 system and 
the corresponding temperature was between 2300 and 
2700 K, which is in the range of the literature data. 


 
The study of Terentyev28 is devoted to a molecular 


dynamics study of thermal and transport properties of UO2 
(Fig. 1), PuO2 and (U,Pu)O2 (Fig. 5). The simulation was 
performed in the NVT and NPT statistic ensembles with 
the MOLDY code of Refson29 with a time step of 0.5 fs. 
The cubic box of 405000 atoms (15 lattice parameters 
along side) and periodic boundary conditions have been 
applied to simulate an infinite crystallite. The potential 
function used in this study was taken from Yamada9, of the 
form Eq. (12). An influence of plutonium in the UO2 
matrix is clearly seen for thermal conductivity (see Fig. 5) 
and the heat capacity. 


 
Arima30 performed the simulation for UO2 and PuO2 


in a temperature range from 300 to 2000 K, and their 
thermal properties, e.g. heat capacity and thermal 
conductivity, were evaluated by comparison of 
experimental data and theoretical calculations. For 
performing molecular dynamics simulation Arima used the 
Born-Mayer-Huggins (BMH) pair potential for the 
partially ionic model (PIM) of the form Eq. (12) and for 
the fully ionic model (FIM) of the form Eq. (13). In the 
present PIM the ionic bonding of 67.5% is assumed for 
both UO2 and PuO2 systems. Arima30 presented two 
reasons for the application of the proposed ionic bonding. 
One is that this value is appropriate for ceria-based 
materials and Ce is often analogous to Pu. Another reason 
is that in general, an oxide material cannot be clearly 
categorized into the ionic or covalent crystal and the 
ionicity in the covalent crystal is evaluated by the 
following empirical equation presented by Pauling31: 


 


( ){ }4/exp1exp1 2
OMOMP χχ −−−=−  (14) 


 
where χ  is the electronegativity and the subscript M is 


Ce, U or Pu. 
Arima30 showed that the BMH potential with the PIM 


much better describes the lattice constant in a wide range 
of temperatures than the BMH potential with the FIM. 
Therefore, in consideration of the results, the BMH 
potential with PIM was used to evaluate the thermal 
properties for both UO2 and PuO2 systems. 
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Fig. 1. UO2 thermal conductivity deduced from MD compared to 
the recommendation of Harding32. 


 
Arima30 made MD simulation of thermal conductivity 


up to 2000 K (Fig. 1). In this temperature region the heat 
conductivity is defined by the vibrations of the lattice and 
electrons. But Arima30 did not perform MD simulations at 
higher temperatures to check if the BMH potential with 
PIM will properly reproduce the thermal conductivity in 
that range. 


MD results on UO2 thermal conductivity are presented 
on Fig. 1, and also a comparison with the recommendation 
of Harding32. 


 
V. NONEQUILIBRIUM MOLECULAR DYNAMICS 


 
In non-equilibrium MD (NEMD) simulation, the 


macroscopic system parameters are not uniform across the 
simulation cell. This kind of simulation is used to 
investigate dynamic properties of the system, in particular 
the thermal conductivity. In NEMD a direct method is 
used to determine thermal conductivity. 


 
V.A. Thermal Conductivity Determination by the 


Direct Method 
 


In the direct method approach, a heat current is set up 
in the simulation cell by adding energy to the particles in 
one layer and taking away the same amount of energy in 
another layer. Thus, the heat flow in the simulation cell is 
created and the resulting temperature gradient is 
determined (Fig. 2). Thus, this method is a simulation of a 
real experimental measurement. The thermal conductivity 
is then calculated from the Fourier law: 


 


dx


dT
Q ⋅−= λ  (15) 
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where Q  is the heat current and dxdT / is the temperature 


gradient. 


 
 
Fig. 2. Simulation cell used in the direct method for the 
determination of the thermal conductivity. The heat source and 
sink are located at a quarter of the cell length away from the 
center of the cell. The same amount of energy, E∆ , is added to 
the atoms in the heat source, and removed from those in the heat 
sink. This setup results in two equivalent heat currents Q  in 


opposite directions. 
V.B. Main Results 


 
Watanabe33 calculated thermal conductivity of UO2 as 


a function of temperature using the direct method in 
molecular dynamics simulation (see Fig. 2). He compared 
the results obtained from two independent short-range 
interaction models: the potential by Yamada8 (of the form 
E. (13)), and the Busker potential, that is the traditional 
Buckingham potential (Eq. (2)). 


Another important factor that was considered is that 
the thermal conductivity, determined by simulation, 
depends on the size of the simulation cell by the relation: 
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where a  is the lattice parameter, bk  is the Boltzmann 


constant, cN  is the number of atoms in the cell, Sv  is the 


mean sound velocity, ∞l/1  is the mean free path of the 


phonons and ZL  is the length of the cell. Therefore, the 


thermal conductivity is expected to increase when the 
length of the cell increases, until it reaches an asymptotic 
value.  


The infinite cell size bulk thermal conductivity was 
obtained by considering cells of different lengths and then, 
using Eq. (16), by the extrapolation of the conductivity 
values to the infinite length of the sample, that is to the 


( )Z
L


L
Z


/1lim
∞→


= 0.  


Watanabe33 also calculated the thermal conductivity 
of a model fine-grained polycrystalline UO2 as a function 
of the grain-size. Grain boundaries are modelled as a 
change in the orientation of the crystal and the angles are 
being distributed randomly between the different grains. 


Watanabe has shown that the thermal conductivity of 
polycrystalline UO2 significantly depends on the grains 
size in the range up to 1000 nm. When the grains size 
tends to zero the thermal conductivity also tends to zero 
and with the increase of grains size the thermal 
conductivity approaches its maximal value (see Fig. 3). 


 
Watanabe33 investigated the thermal conductivity only 


in a temperature range from 300 K to 2000 K. This region 
does not include the region of the Bredig transition. It 
would be interesting to investigate the influence of the 
grain size on the thermal conductivity in this region.  


 
In his next paper34 Watanabe calculated the thermal 


conductivity of off-stoichiometric UO2 as a function of the 
defects concentration and temperature using the direct 
method and with the Buckingham pair potential.  


Anion defects, the dominant defects in UO2 systems, 
are shown to significantly reduce the thermal conductivity. 
Lattice dynamics calculations show how this reduction 
arises from changes in the nature of the lattice vibrations, 
as characterized by the polarization vectors and 
participation ratios. In addition, 235U isotopic defects are 
shown to have a negligible influence on the thermal 
conductivity. Results of the calculations by Watanabe34 are 
presented in the Fig. 4, as well as the results of 
calculations with the recommendation of Martin35. 
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Fig. 3. Grain-size dependence of the thermal conductivity of 
polycrystalline UO2 using Yamada's model at T=300 K (see Eq. 
(13))33 


 
One of the main conclusions is that the temperature 


dependence of the thermal conductivity is getting weaker 
with the increase of defect concentrations. 
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Fig. 4. Bulk thermal conductivity of UO2+x as a function of 
degree of off-stoichiometry at 800 and 1600 K.34 


 
 
Arima36 37 presented the results of EMD and NEMD 


investigation of thermal conductivity for 
hypostoichiometric36 and hyperstoichiometric37 UO2 and 
(U,Pu)O2 using the BMH inter-atomic potential with PIM 
(Eq. (12)). He has shown that for the (U0.8Pu0.2)O2-x 
(x=0.0-0.06) solid solutions, the thermal expansion 
coefficient varied from 11 to 12⋅10-6


 K-1
 and decreased a 


little with increasing O/M ratio. 
For the hypostoichiometric36 UO2 and (U,Pu)O2 the 


thermal conductivity calculated by the Green–Kubo 
formula showed a similar behaviour as the experimental 
data. The difference in the O/M ratio had a more 
significant effect on the thermal conductivity than the Pu 
content. This tendency is also predicted by the theoretical 
modelling. The results showed that the temperature and 
O/M ratio dependences were caused by the Umklapp 
process and the phonon–defect interactions, respectively36. 


For hyperstoichiometric37 UO2 and (U,Pu)O2, EMD 
and NEMD simulations were performed to evaluate the 
thermal conductivity as a function of temperature, oxygen 
stoichiometric parameter and Pu content. Both MD and 
NEMD show that the thermal conductivity deceases with 
increase of temperature. This is related to the Umklapp 
process. 


 
Arima37 has also compared stoichiometric UO2 to 


(U0.8,Pu0.2)O2, and showed that the effect of Pu addition is 
relatively small. On the other hand, for 
hyperstoichiometric UO2+x, the thermal conductivity 
decreases with the increase of x, as observed 
experimentally38. For hypo-stoichiometric (U,Pu)O2-x, the 
thermal conductivity decreases with increasing x (Fig. 5) 
in agreement with the measurement results of Duriez39 and 
Philipponneau40. 
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Fig. 5. The thermal conductivity of stoichiometric and hypo-
stoichiometric (U1-y,Puy)O2-x. 
 


 
VI. DISCUSSION 


 
From the point of view of the methodology, compared 


to the EMD calculation with Green–Kubo relationship, the 
analysis of the published results has shown that the NEMD 
calculation gives the thermal conductivity with less 
fluctuations and with less CPU time, but for the NEMD 
calculation larger cells are needed to provide sufficient 
accuracy. Also, the NEMD thermal conductivity depends 
on the cell size and this effect has to be investigated. 


One drawback of the NEMD is that even for large 
simulation cells, the temperature gradients that have to be 
used are much larger than in real materials, artefacts 
therefore can be introduced. Also, each calculation has to 
be repeated for several cells with increasing size. From the 
point of view of the predictive capability, results were 
obtained for UO2


33 37 including the effect of non-
stoichiometry34 37, but publications dealing with MOX 
remain limited to a small number of Pu content (20 and 30 
at.%) 28 36 37.  


No publication investigated the effect of the Pu 
content in MOX over a range that would allow a 
comparison with the experimental studies available39 40 41. 
Such calculations remain difficult as the valence effect due 
to the introduction of the Pu atoms requires complex 
potentials and the distribution (periodic or random42) of 
these atoms in the UO2 matrix is not perfectly understood.  


However, the experimental results available on MOX 
fuels often correspond to samples with a heterogeneous 
distribution of the Pu atoms and a resulting non-uniform 
distribution of the stoichiometry or even to a not perfectly 
controlled stoichiometry40. MD calculations considering 
perfectly homogeneous samples would allow to quantify 
the effect of the Pu content as only parameter.  


The number of publications related to AmO2 is 
reduced43 44 but this field becomes more relevant with the 
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investigation of advanced MOX fuels containing 
americium.  


 
VII. CONCLUSIONS 


 
The approaches used to calculate the thermal 


conductivity by MD and the main results obtained for UO2 
and MOX were reviewed. The determination of the 
thermal conductivity remains delicate because of the 
statistical and macroscopic nature of this property. Results 
are available for UO2, including the effect of non-
stoichiometry, but very limited for MOX, where only a 
few Pu contents were investigated. The contribution of 
MD to the understanding of the effect of the Pu 
introduction in UO2 is expected to be significant and this 
topic deserves further studies.  


In particular, the possibility to consider ideal samples 
in the MD is an advantage, as the stoichiometry, Pu 
distribution and density of the real samples are often not 
perfectly controlled and introduce uncertainties in the 
measured thermal conductivity. Understanding the Pu 
effect in unirradiated MOX will lead to improved models 
that will also impact the understanding of the thermal 
conductivity of irradiated fuels45, because the burn-up 
effect is usually introduced in fresh fuel correlations that 
are usually used as starting point46. 
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Abstract – To close the fuel cycle, high conversion ratio reactors are unavoidable in the long run 
because uranium resources are not indefinite on earth. Fast Reactors are the most promising 
choice in terms of performance, flexibility and industrial reality. They can be fueled using either 
plutonium or Low Enriched Uranium fuels. In this paper, the differences in between the two 
options are highlighted, basically focusing on the natural uranium resources required in each 
case. Scenarios of nuclear power plants expansion worldwide are analyzed, indicating plausible 
transition between the present generations of reactors and the future generation IV delivering a 
sustainable nuclear energy. 


 
 
 


I.   INTRODUCTION 
Uranium resources are under high scrutiny [1] because 
electric power from nuclear energy is expected to steadily 
increase in the 21st century, more than doubling by 2050 
[2]. A too strong demand would lead to unacceptable rise 
in the uranium price [3]. The solution put forward today is 
the introduction of high conversion ratio reactors making a 
better use of the uranium fuels. Fast reactors (FR) using 
plutonium fuels may even completely relieve the pressure 
on future uranium resources for many thousands years. 
However, plutonium is not a natural resource and large 
quantities of plutonium require time to be built up in Light 
Water Reactors (LWR). To make up for the possible short 
term shortage of plutonium, the use of uranium fuels to 
start FR has been proposed from the early days [4,5,6,7]. 
Although commercial reactors rely on plutonium fuels 
which show better performance, a number of FR either 
experimental (EBR II, Fermi, Dounreay, Rapsodiei, KNKi) 
or prototypes (BN-350, BN-600) have used uranium 
enriched driver fuels. Currently, BN-600 in Russia is the 
only large size reactor operating with enriched uranium 
fuel. Recently, this possibility has been mentioned in a 
MIT Report on the fuel cycle [8] as a mean to postpone the 
reprocessing of LWR used fuels in the US. Although this 


                                                           
i Rapsodie in France and KNK in Germany used a mix of 


approximately 70% enriched uranium and 30% plutonium fuels.  


study is restricted to the US situationii, and putting aside 
the inherent contradiction for closing the FR fuel cycle 
(one would have to reprocess the used fuels from these fast 
reactors no matter what), it is worthwhile to study whether 
the use of enriched uranium as a driver fuel for FR may 
actually offer some advantages. What are the differences 
when compared to standard MOX fuels? Could this option 
allow a faster transition to the sustainable Gen IV reactors? 
What are the drawbacks expected from the use of fissile 
uranium in lieu of plutonium? And finally, what will be the 
expected impact on uranium resources? 
 


II.   URANIUM RESOURCES 
If nuclear energy were to develop worldwide on a large 
scale, the introduction of fast reactors will be mainly 
driven by the strong demand of uranium resources. It has 
been previously shown that there is a threshold in uranium 
price above which FR are economically competitive with 
present LWR [9].  
In its last year’s Red Book [1], the OECD/NEA has revised 
its evaluation of uranium resources in the world. When 
taking into account the increase of available resources and 
the fact that the construction rate of new reactors is lower 
than initially projected, there is confidence on future 
supply of uranium for at least decades. With identified 
resources exceeding 6.3 million tons (and adding 


                                                           
ii It is obvious that the MIT study is not applicable to many other 


countries in the world, especially China and India, which exhibit 
continuously growing thirst in energy consumption. 
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prognosticated and speculative resources in excess of 10.4 
million tons), the fear of uranium shortage is fading. At the 
present consumption rate of 60 kt/year, fuel for nuclear 
reactors can be provided for more than 300 years. 
Nevertheless, in a scenario leading to a massive growth of 
nuclear new build, a heavy strain on uranium economy is 
to be expected. That corresponds to the “Blue Map” 
scenario given by the International Energy Agency (IEA) 
perspectives in which greenhouse gas release ought to be 
heavily reduced by 2050 [2]. In any low carbon emission 
alternative, nuclear appears to be unavoidable, with the 
“Nuclear Blue Map” scenario shooting at a high 
1500 MWe installed in 2050. At this level, the deployment 
of fast reactors will be the only way to prevent an 
uncontrolled surge of uranium price. In a more reasonable 
scenario, uranium resources should be sufficient to allow a 
mid term steady increase of the nuclear share of world 
electric power while starting at the same time the 
deployment of fast reactors in a long term perspective.   
 


III.   FAST REACTORS DEPLOYMENT  
We shall consider here that the deployment of fast reactors 
in the world can start at an industrial scale in 2040. Today, 
most of commercial fast reactors are fueled with Mixed 
Oxides (MOX) elements inside the core, containing the 
fertile element 238U and a mixture of plutonium isotopes, 
the main fissile ones being 239Pu and 241Pu. For a given 
neutron spectrum in the reactor, the plutonium isotopic 
vector will be expressed in terms of fissile equivalent 239Pu 
[10]. During the cycle, in the equilibrium configuration, 
fissile isotopes are burnt while at the same time an 
equivalent amount of fissile plutonium is formed by 
neutron capture.  


III.1. THE FRENCH SCENARIO 
In France, the question of which fuel material to use in FR 
is not a matter of discussion because plutonium is readily 
available in the actual fuel cycle. With 58 PWR running 
since 25 years, enough fissile isotopes have been produced 
to allow starting FR at any time [11]. Moreover, France 
has chosen to reprocess the used fuel since the very 
beginning, so both the industrial capacity and the R&D 
support are active and effective. Although reprocessing of 
FR fuels deals with some specific features, the mastering 
of the separation techniques and the knowhow 
accumulated since decades give great confidence in the 
future recycling of plutonium. This activity would be in the 
continuation of what has been already achieved for the re-
use of plutonium in MOX fuelsiii. Therefore, the French 
scenario is very straightforward. A progressive transition is 
                                                           


iii As of today, 22 out of the 28 CPY-type 900 MWe PWR are 
authorized to operate with less than 30% of full charge as MOX (a mix of 
uranium and plutonium oxide) fuel.   


envisioned between a full PWR fleet and a complete FR 
one. If one assumes a fixed amount of electric power 
needsiv, then the replacement of a PWR by a FR can be 
smoothly done, almost one to one, between 2040 and 2100, 
and even beyond. This is the reference scenario in France, 
as can be seen in the following figure.  
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Figure 1 – Evolution of the nuclear reactor fleet in 


France in the 21st century assuming a constant 
electricity production with time [12].  


Basically, the reference scenario boils down to operating a 
fleet of LWR that will provide enough plutonium to start 
an equivalent number of FR. 
Can this scenario be adapted to other countries?  
The answer is yes, because what has been done in France 
can be realized in any other country as well. Nothing is 
preventing a country willing to increase its nuclear share of 
electricity to start building a number of LWR then 
progressively switch to FR whenever enough fissile 
material has been produced. Two questions are then to be 
figured out: 
1. Will uranium resources be sufficient to deploy this 


reference scenario at an international scale? 
2. If a country is lacking fissile material, is there a way to 


speed up the FR breakthrough using uranium driver 
fuels? 


III.2. TRANSITION SCENARIOS 
In order to compare the different fuel cycles, three different 
kinds of FR will be considered: 


FR1. The fissile element is plutonium.  
FR2. The first driver fuel is made of Low Enriched 


Uranium (LEU) but all subsequent refueling are 
done with plutonium MOX fuels. 


FR3. The fissile element is uranium 235Uv.  
 
                                                           


iv Actually, in spite of the continuous reduction in energy intensity, 
the total electricity demand in France is steadily increasing every year 
(+7 TWh/y). So the scenario of a constant future nuclear production is 
probably underestimated as renewables are far from catching up.   


v Uranium can be used either in the form of ceramics (oxides or 
carbides) or metallic fuels. In this paper, we shall only consider oxides, 
but the conclusions are basically independent of the fuel form. 
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FR1 is the standard type corresponding to the fast reactor 
used in the reference scenario. This is usually the way any 
commercial FR is envisioned to operate. FR3 is a fast 
reactor exclusively fueled by LEU, as is BN-600 today. 
FR2 is an intermediate type in which only the driver fuel is 
uranium and all subsequent reloading are done with MOX 
fuels.  
Large scale deployment of fast reactors in the world will 
occur only if the following conditions are simultaneously 
satisfied: 


1. At least one or many FR prototypes have been 
constructed and operated, demonstrating safety level 
designs equivalent to present generation of PWRvi.  


2. The additional investment cost needed for the 
construction of a FR as compared to a LWR should 
be affordablevii 


3. Uranium price is high enough to actually make FR 
economically competitive with LWR [9].  


 


IV.   DRIVING FAST REACTORS WITH 
URANIUM FUELS 


When there is not enough plutonium available, a fast 
reactor can be fueled using uranium oxide. The fissile 
isotope will then be 235U instead of 239Pu. In that event, it is 
necessary to raise the fuel enrichment significantly higher 
than standard PWR fuels. Typically, depending on the FR 
core design, the required enrichment may vary between 
13% and 20% (see Annex). 
However, in a fast neutron spectrum, the capture cross 
section of the fissile isotope 235U is 50% higher than the 
239Pu one. In addition, the number of neutrons emitted par 
fission is also higher for the plutonium fuel (3 n/fission for 
239Pu to be compared with 2.5 n/fission for 235U). The 
neutron balance appears undoubtedly in favor of 
plutonium, providing an average number of liberated 
neutrons per absorbed neutron significantly higher than for 
uranium (ηPu = 2.93 while ηU = 2.33). Two consequences 
follow: the first is that breeding FR with uranium fuel will 
require more fissile material to reach the same reactivity 
level. The second will result in a lower breeding gain for 
the uranium loaded core as compared to the plutonium one. 
This is experimentally confirmed on the Russian reactor 
BN-600. This reactor has be running for decades with 


                                                           
vi The EPR safety level is considered today as the highest standard. 


Even if safety features are difficult to directly compare in between fast 
reactor and light water reactor, a Gen IV reactor type will not be accepted 
if it were to be estimated less safe than third generation reactors. 


vii It is generally admitted that the investment cost of a FR will be 
higher than an equivalent LWR. Given the fuel cost savings in operation, 
a cost premium of +25% can be considered as acceptable. The actual EPR 
construction cost (3000 € per installed kW) is on the way to represent the 
baseline reference cost for third generation reactors. 


enriched uranium fuels (21.7% on average)viii exhibiting a 
breeding factor of only 0.85.  
In order to confirm these facts, neutronics calculations 
have been performed using the FR sodium cooled core 
SFRV2B [13]. 
 


 
Figure 2 - SFR_V2B core configuration 


 
 


Assembly and core characteristics SFR V2 


Power (thermal / electrical) (MW) 3600 1450
Pellet and hole diameter (mm) 9.43 2.5 


Pin diameter (mm) 10.73 
Spacer wire diameter (mm) 1 


Number of pins per assembly 271 
S/A pitch on diagrid (mm) 210.8 
Fuel volume fraction (%) 43.7 


Sodium volume fraction (%) 27.6 
Structure volume fraction (%) 20.0 


Fissile height (cm) 100 
Total fissile+fertile height (cm) 100 


Fuel zone diameter (m) 4.7 
Mean core power density (W/cm3) 207 


Table I - SFRV2B: Assembly and core 
characteristics. 


 
The SFRV2B has been initially designed with MOX fuel 
and the performance with this kind of fuel has been 
accurately analyzed. Core physics study has been 


                                                           
viii More precisely, the core is divided in three zones with three 


different enrichment grades (17%, 21% and 26%). In the near future, a 
progressive switch to MOX fuels has been scheduled. 
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conducted using the ERANOS code [14]. A simplified RZ 
model was used to evaluate the impact of LEU fuel in core 
management. For this study, only the fuel type has been 
modified, keeping the pins and core dimensions constant. 
Uranium enrichment for LEU fuel was determined in order 
to obtain the same End Of Cycle (EOC) reactivity and the 
same cycle length as with plutonium fuel. 
 


BOL EOL BOL EOL
U235 155 59 10614 4387
U236 0 22 0 1252
U238 61762 53890 62856 55693
U tot 61917 53970 73471 61332
Pu238 433 273 26
Pu239 5749 6538 4042
Pu240 3598 3684 434
Pu241 998 655 25
Pu242 1258 1096 1
Pu tot 12131 12246 4527


Pu content (%) 16,4% 18,5% 6,2
U235 enr. (%) 14,4% 7,2%


MOX fuel LEU fuelkg


 
Table II – Fuel isotopic distribution at the beginning 
of life (BOL) and end of life (EOL) with a uranium 
loaded fuel and a plutonium one. Both calculations 


are done using the same reactor design. 


The results obtained indicate that: 
• To reach the same reactivity at the beginning of the 


life, a 3600 MWth MOX loaded core needs 8.3 tons 
of equivalent 239Pu whereas a uranium loaded core 
requires 10.6 tons of 235U. 


• In a plutonium loaded core, one needs 5.7 tons of 
fissile equivalent 239Pu per GWe for a breeding gain 
close to zero (isogeneration)  


• For the same core loaded with uranium, one needs 
7.3 tons of 235U with a negative breeding gain of 
-0.15 (breeding factor of 0.85) 


 
To summarize, a FR core loaded with uranium will request 
+30% additional fissile materials when compared to a 
plutonium loaded fuel.  
 


V.   COMPARISON AND RESULTS 


V.1. HYPOTHESIS 
The deployment will be analyzed at the world scale. We 
shall assume that fast reactors will be readily industrially 
available by 2040. The main argument for the development 
of FR being sustainability let us calculate the needs in 
uranium resources in the three configurations described 
above (FR1, FR2 and FR3).  
To start FR with plutonium, one would need enough fissile 
material that can be produced either by LWR or by 
uranium loaded FR. The rate of introduction of plutonium 
FR maybe hampered by the lack of plutonium disposed 
from LWR used fuels. In that event, FR could be started 
with LEU fuels. That may eventually results in an 
increasing demand for uranium resources, in contradiction 
with the primary goal backing the use of FR. 
Consequently, it is important to quantify the economic 
pressure that will then be added onto the uranium market.  
In order to compare the three options, a number of 
common hypothesis have been fixed: 


 All options start with the present world nuclear 
landscape (370 GWe in operation in 2010 out of which 
83% are Light Water Reactors) 
 A fixed objective of 2000 GWe for the total installed 
nuclear power has been setix.  
 The rate of increase of LWR nuclear power plants is 
limited to a maximum value of 10 GWe/year. 
 Fast reactors are introduced starting from 2040. 
 The initial stock of plutonium is assumed to be zero. 
 Regarding fuel needs and fuel management, the LWR 
and FR characteristics are taken as indicated in Table III. 
 The fuel cycle timex has been fixed equal to 10 years. 


 


Initial Load 3.3 t U5/GWe 6.0 t éq. 
Pu9/GWe 8.0 t U5/GWe


Annual Load 0.95 t U5/GWe/y 1.2 t éq. 
Pu9/GWe.y 1.6 t U5/GWe/y


0.20 t U5/GWe/y 0.0 t U5/GWe/y 0.70 t U5/GWe/y


0.17 t éq. 
Pu9/GWe.y 1.25 t éq. 


Pu9/GWe.y 0.70 t éq. 
Pu9/GWe.y


Uranium Fuel
FRFuel


Annual 
Discharge


LWR Plutonium fuel
FR


 
Table III – Nuclear fuel material inventory for the 
reactors considered (Light Water Reactors, Fast 


Reactors with uranium fuels and Fast Reactors with 
plutonium fuels). 


                                                           
ix This is equivalent to 16000 TWh/year, representing (2/3) of the 


electricity consumption by 2050 as projected in the Blue Map scenario of 
the IEA even taking in account the energy intensity improvements. 


x This is the time needed for cooling, reprocessing and then re-
fabricating a new fuel element using the recovered fissile elements. 
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V.2. FAST REACTOR DEPLOYMENT 
The FR deployment rate is shown in Figure 3 for the three 
options considered. Compared to the reference solution 
(FR1), starting FR with a uranium driver fuel (FR2) makes 
little change in the introduction rate. However, the 
introduction of exclusively uranium fueled FR (FR3) 
significantly speed up the process. 
In fact, the initial loading of uranium fuel in a FR is 
equivalent to allocating a large quantity of resources once 
for all at the beginning of the reactor life (1850 tons of 
natural uranium per GWe). While in a standard PWR, the 
levy is done on a yearly basis at a rate of 175 tons/y. The 
economical analog would be like running two businesses, 
the first requiring a high fixed initial capital and the second 
an annual investment. Regarding resources inventory: 


FR1. Running a LWR is like consuming a given capital 
while generating annual interests. The second 
business opens as soon as the accumulated interests 
are large enough to cover the second business 
expenditure.    


FR2. Operating a FR with a uranium driver fuel is like 
adding an investment with a high enough interest 
rate to run the second business.  


FR3. Running a FR with only uranium fuel is similar to 
the LWR case but with a higher consumption rate 
generating at the same time higher annual interests.  
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Figure 3 – Fast Reactors deployment rate with time. 
The use of uranium fuels allows a faster transition 


between LWR and FR. 


V.3. URANIUM RESOURCES 
The cumulated uranium consumption will depend on the 
number of LWR and FR introduced and on the choice of 
the fuel management (uranium or plutonium). In all three 
options evaluated, the FR penetration will lead to 
approximately half of the total nuclear power installed in 
2100 (from 40% to 60% depending on the scenario). That 
time frame would mark a high peak in uranium resources 
demand. In all three scenarios, nuclear electricity will 


ultimately be mainly produced by fast reactors in 2200, the 
LWR prevailing throughout the 21st century and only 
vanishing in the course of the 22nd century. As such, the 
cumulated uranium consumption will follow an S-shape 
figure similar to the one shown in Figure 4. It is 
noteworthy to point out that the total integrated natural 
uranium needs will be bounded at a level comparable to 
the projected resources established today by the 
OECD/NEA (including identified and undiscovered 
resources). This estimation indicates that, under the 
hypothesis of a nuclear growth, introduction of FR enable 
pretty much controlling uranium resources. Conversely, 
uranium resources would rapidly spiral out of control if no 
Generation IV reactors are deployed, as revealed by the 
open cycle curve. 
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Figure 4 – Cumulated consumption in natural 


uranium resources for the three scenarios considered 
compared to the LWR open cycle. Starting FR with 
uranium fuels will call for an additional temporary 


increase in uranium resources. 


 
Another observation from the above results is that starting 
FR with uranium fuels save little if no resources as 
compared to the reference scenario where FR are fueled 
with MOX. This is not an obvious conclusion as one might 
expect a temporary increase in uranium demand followed 
by a catch up in resources due to the faster introduction of 
FR. Actually, this is not the case. Because of the superior 
performance of plutonium compared to fissile uranium, the 
reference scenario with FR MOX fuels is easily 
compensating for the deficit due to the later introduction of 
fast reactors into play. It is only in the long run that the 
curves intersect, leading to a lower ultimate consumption 
for the uranium fueled scenario. In order to be more 
definite about the precise advantages or disadvantages of 
each scenario, it would be worth pursuing this study by 
introducing a techno-economic analysis. In particular, it 
will be important to determine the elasticity of uranium 
price regarding the resources consumption level with time. 
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VI.   CONCLUSION 
It is perfectly feasible to start fast reactors using uranium 
fuels instead of plutonium. Low Enriched Uranium can be 
utilized either continuously or for the driver fuel only. 
However, it is not obvious that the savings in resources 
which is the primary goal for using this fuel can be 
actually reached. One of the reasons is the poor 
performance in a fast spectrum of the fissile isotope 235U 
when compared to 239Pu. To complete this study, more 
scenarios have to be considered to better evaluate the 
sensitivity of the results to the chosen parameters. Also, a 
coupled techno-economic approach will be necessary to 
assess the uranium price impact with time.  
Our first estimation indicates that the cumulated uranium 
resources requirements will be more or less the same 
whether fast reactors are either plutonium or uranium 
loaded. But a uranium loading would require a higher 
amount of initial outlay at the beginning of life, putting 
more pressure on the uranium market. 
Notwithstanding, the study also underlines that the 
ultimate uranium consumption shall steadily increase with 
the delay time in fast reactors industrial availability. The 
time to market for these reactors is a very sensitive 
parameter, regardless of the chosen fuel (uranium or 
plutonium). In the possible event of a high nuclear growth, 
it is of the utmost priority for a good management of 
uranium resources to introduce as soon as possible fast 
reactors in the world nuclear fleet. 
 


ANNEX:  Review of some FR characteristics 
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Abstract – A small-sized integral reactor SMART (System integrated Modular Advanced ReacTor), 
being developed in Korea since late ‘90s and targeting to get a standard design approval by the 
end of 2011, is introduced. To prepare the licensing of SMART design certification (DC) from 
regulatory side, it was asked  to have a clear definition of the design scope and level for DC 
before an official licensing process starts. The design scope and level for DC is well provided in 
the U.S. NRC SECY documents published in early ‘90s. But the contents are valid under one-step 
licensing process called COL of U.S. NRC while Korea keeps still the two-step licensing process. 
Thus referencing the concept of the SECY documents we have established the design scope and 
level for our SMART DC. Some examples of the results and issues raised during the review are 
briefly presented in the paper.  


 
 


I. INTRODUCTION 
 
In Korea, a small-to-medium sized integral type reactor, 


called as “System integrated Modular Advanced ReacTor 
(SMART)”, has been developed since late 1990’s by 
KAERI (Korea Atomic Energy Research Institute). The 
reactor can be utilized in such areas as seawater desalination 
and district heating. The designer is targeting to get a 
Standard Design Approval (SDA) by the end of 2011. 
SMART aims at achieving enhanced safety and improved 
economics, the enhancement of safety and reliability is 
realized by incorporating inherent safety improving features 
and reliable passive safety systems. The improvement in the 
economics is achieved through a system simplification, 
component modularization, reduction of construction time, 
and high plant availability. The design characteristics 
contributing to the safety of SMART which is a small sized 
integral type PWR with a rated thermal power of 330MWt 
are inherent safety features such as the integral 
configuration of the reactor coolant system and an improved 
natural circulation capability. By introducing a passive 
residual heat removal system and an advanced LOCA 
mitigation system, significant safety enhancement is 
achieved. 


 
To determine in advance the design scope and level for 


SDA is important for a successful licensing. Designer has 
provided a draft table of design scope and level referencing 
the U.S. NRC documents SECY-90-241(1) and SECY-90-
377(2). But the referenced documents and the definitions in 
them concerning design scope and level for SDA are valid 


under the one-step licensing process called COL (combined 
operating license)(3) of U.S. NRC. The COL was introduced 
under 10 CFR 52 and according to the Fig.A-1-4 of SECY-
90-377, licensing completes almost at the time of design 
certification except some site specific issues. On the other 
hand, Korea still keeps a two-step licensing process which 
means that even though the industry gets the SDA, they 
should also submit either PSAR (preliminary safety analysis 
report) and FSAR (final safety analysis report) to get a 
CP(construction permit) and an OL(operation license), 
respectively.  


 
This difference of regulatory framework clearly shows 


that it is not easy to directly apply the definition of SECY 
reports to the design scope and level for SMART. Moreover, 
we found that the definition of design scope and level 
described in the SECY report could result in different 
interpretation between the designer and regulatory staffs. 
Thus we found it is needed to have a common and easy to 
understand language between the regulator and the industry. 


 
Also it must be stressed that the concept of 


standardization seems not quite the same in Korea 
compared to that one when it was first introduced under 
10CFR52 in U.S. It is argued that the standardization is 
introduced in U.S at ’90s to provide economic viability and 
financial certainty which necessitates also introduction of 
the DC(design certification) to provide stability in design 
and cost. This concept of standardization and design 
certification is not in full conformance with what the Korean 
designer has in mind when they planned to apply the SDA 
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of SMART. One of the point the Korean designer had in 
mind is to have the regulatory body get involved in the 
development of new reactor in early phase of their design to 
reduce the risks coming from the regulatory licensing 
process. Because developing a new reactor needs a big 
financial investment and the effects are huge in case the 
design fails to get a licensing, the Korean government also 
agreed to this concept of design certification, even though it 
is not officially stipulated.  


 
These differences of the licensing process between 


Korea and U.S., and of the concept of DC in Korea made it 
necessary to newly define the design scope and level of DC 
for SMART. The conclusion we have reached might not be 
quite far from the definitions described in the SECY 
documents. In the language of SECY documents, we think 
Level 3 Tier 1 design is sufficient under our two-step 
licensing process, at least theoretically, for our SMART DC. 
Also we have expressed this definition in other formats 
using the safety review plan (SRP) language. The 
conclusion has reached through discussions with the 
designer and this paper presents briefly what we did so far. 


 
Section II introduces the main features of SMART 


systems including the verification test plan for design. The 
description on the system characteristics are needed to 
understand the SMART design we are dealing with. Section 
III summarizes the concept of design scope and level 
defined in the SECY documents. Section IV presents what 
we have developed concerning the scope and level of design 
for SMART DC expressed in SRP formats and Section V 
concludes. 


 
II. OVERVIEW OF SMART SYSTEMS 


 
II.A. Overview 


 
The SMART design incorporates new components and 


system features and the main design features are 
summarized in the following(4,5,6). 


The low power density design with about a 5w/o UO2 
fuelled core is proven to provide a thermal margin of more 
than 15% to accommodate any design basis transients with 
regard to the critical heat flux. This feature ensures the core 
thermal reliability under normal operation and any design 
bases events. Core reactivity control during normal 
operation is achieved by control rods and soluble boron. 
Burnable poison rods are introduced for the flat radial and 
axial power profiles, which result in the increased thermal 
margin of the core. By having nearly constant reactor 
coolant average temperature program in the reactor 
regulating system improves the load follow performance in 


view of a stable pressure and water level within the 
pressurizer. 


 
 A single reactor pressure vessel contains major primary 


components such as a pressurizer, steam generators and 
reactor coolant pumps as is shown in Fig.1. The integrated 
arrangement of the reactor vessel assembly enables the large 
size pipe connections to be removed, which results in the 
elimination of large break loss of coolant accidents. The in-
vessel pressurizer is designed to control the system pressure 
at nearly a constant level over the entire design bases events. 
The modular type once-through steam generator cassette 
consists of helically coiled heat transfer tubes to produce 
300C superheated steam in normal operating conditions. A 
small inventory of the steam generator secondary side water 
prohibits a return-to-power following a steam line break 
accident. 


 
Other improved design features include the canned 


motor reactor coolant pump which has no pump seals and 
thus the loss of coolant associated with pump seal failure is 
prevented. Four channel control rod position indicators 
contribute to the simplification of the core protection system 
and to the enhancement of the system’s reliability. 
Furthermore, an advanced man-machine interface system 
using digital techniques and equipment reduces the human 
error factors, and consequently improves the plant’s 
reliability.  


 
Engineered safety systems designed to function 


automatically on demand consists of a reactor shutdown 
system, safety injection system, passive residual heat 
removal system, shutdown cooling system, and a 
containment spray system. Additional safety systems include 
a reactor overpressure protection system and severe 
accident mitigation system. Under any circumstances, the 
reactor can be shutdown by inserting control rods or 
injecting boron. A passive residual heat removal system 
prevents over-heating and over-pressurization of the 
primary system in the case of emergency events. It removes 
the decay and sensible heat by the natural circulation of a 
two-phase fluid. The core is maintained undamaged for 36 
hours without corrective action by the operator. The reactor 
overpressure at any design bases events can be reduced 
through the opening of the pressurizer safety valve.  


 
More detailed description of the SMART nuclear 


systems is summarized in the following sections. 
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 Fig.1. Integral Structure of SMART 
 


II.B. Description of the Nuclear Systems 
 


II.B.1 Reactor Vessel Assembly 
 
The reactor assembly of SMART contains its major 


primary systems such as fuel and core, eight steam 
generators, a pressurizer, four reactor coolant pumps, and 
twenty-five control rod drive mechanisms in a single 
pressurized reactor vessel. The integrated arrangement of 
these components enables the removal of the large size pipe 
connections between major reactor coolant systems, and 
thus fundamentally eliminates the possibility of large break 
loss of coolant accidents (LBLOCAs). This feature, in turn, 
becomes a contributing factor for the safety enhancement of 
SMART. The reactor coolant forced by RCPs installed  
horizontally at the upper shell of the RPV flows upward 
through the core, and enters the shell side of the SG from 
the top of the SG. The secondary side feedwater enters the 
helically coiled tube side from the bottom of the SG and 
flows upward to remove the heat from the shell side 
eventually exiting the SG in a superheated steam condition. 
The large free volume in the top part of the RPV located 
above the reactor water level is used as a PZR region. As 
the steam volume of a PZR is designed to be sufficiently 
large, a spray is not required for a load maneuvering 
operation. Eight SGs are located at the circumferential 
periphery with an equal spacing inside of the RPV and 
relatively high above core to provide a driving force for a 
natural circulation of the coolant. 


 


II.B.2 Fuel Assembly 
 
The SMART core is composed of 57 fuel assemblies, 


the design and performance of which are based on the 
proven 17×17 array with UO2 ceramic fuel rods in the 
commercial PWRs. Each fuel assembly holds 264 fuel rods, 
twenty-four guide tube for control rods, and one 
instrumentation thimble which are mechanically joined in a 
square array. A total of eight space grids hold the fuel rods 
in their specified positions. Top and bottom space grids are 
made of inconel, and zircaloy is used for the middle space 
grids. 


 
II.B.3 Steam Generator Cassette 


 
SMART has eight identical SG cassettes which are 


located on the annulus formed by the RPV and the core 
support barrel (CSB). Each SG cassette is of a once-through 
design with a number of helically coiled tubes. The primary 
reactor coolant flows downward in the shell side of the SG 
tubes, while the secondary feedwater flows upward through 
the inside of the tube. In the case of an abnormal shutdown 
of the reactor, the SG is used as the heat exchanger for the 
passive residual heat removal system (PRHRS), which 
permits an independent operation of the PRHRS from the 
hydraulic condition of the primary system. Each SG cassette 
contains about 375 tubes with orifices for the prevention of 
a flow instability. 


 
II.B.4 Reactor Coolant Pump 
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The SMART RCP is a canned motor pump which does 


not require pump seals. This characteristic basically 
eliminates an SBLOCA associated with a pump seal failure 
which is one of the design basis events (DBEs) for 
conventional reactors. SMART has four RCPs horizontally 
installed on the upper shell of the RPV. Each RCP is an 
integral unit consisting of a canned asynchronous three 
phase motor and an axial-flow, single-stage pump. The 
motor rotor and the impeller shaft are connected by a 
common shaft rotating on two radial bearings and one axial 
thrust bearing, which uses a specialized graphite-based 
material. The cooling of the motor is accomplished by 
component cooling water which flows through the tubes 
wound helically along the outer surface of the motor stator. 
The rotational speed of the pump rotor is measured by a 
sensor installed in the upper part of the motor. 


 
II.C. SMART Safety and Related Systems 


 
The safety approach of SMART is based on a defense-


in-depth concept with extensive use of inherent safety 
features and passive engineered safety systems combined 
with proven active system. Inherent safety features  


incorporated into the SMART design enhance the accident 
resistance of SMART. SMART contains the major primary 
components such as a core, eight SGs, a pressurizer, four 
reactor coolant pumps, and twenty-five control rod drive 
mechanisms in a single reactor pressure vessel. The integral 
arrangement of the primary system removes the large size 
pipe connections between major components and thus, 
fundamentally eliminates the possibility of LBLOCA. The 
canned motor RCP eliminates the need for an RCP seal, and 
basically eliminates a potential for a SBLOCA associated 
with a seal failure. The modular type once-through steam 
generators are located relatively high above the core to 
provide a driving force for natural circulation flow. This 
design feature along with low flow resistance enables the 
capability of the system to have residual heat removal with a 
natural circulation when normal means to transfer residual 
heat from the core are not available. A large volume of 
semi-passive PZR can accommodate a wide range of 
pressure transients during system transients and accidents. 
Low core power density lowers the fuel element 
temperature rise under accident conditions and increases the 
thermal margin. Negative moderator temperature coefficient 
yields beneficial effects on a core self stabilization, and 
limits the reactor power during accidents.  


 
 
 
 
 
 


 


 


 


 


 


 
 


Fig.2. Schematic Diagram of SMART Safety Systems 
 


 


2666







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11257 
 


   


Besides the inherent safety characteristics of SMART, 
further enhanced safety is accomplished with highly reliable 
engineered safety systems. The engineered safety systems 
are designed to function automatically on-demand 
consisting of a reactor shutdown system and a passive 
residual heat removal system, a shutdown cooling system 
and a containment spray system. The schematic diagram of 
SMART safety systems are depicted in Fig.2. Additional 
engineered safety systems include a reactor overpressure 
protection system and a severe accident mitigation system. 


 
Reactor Shutdown System (RSS) 
The reactor shutdown system initiates a reliable and rapid 
shutdown if the monitored variables deviate from the 
permissible operating range to a degree that a safety limit 
may be breached. The reactor shutdown consists of control 
rods that absorb neutrons inside a core and a control rod 
drive mechanism (CRDM). The shutdown signal de-
energizes the CRDM and then the control rods drop into the 
reactor core by the force of gravity and immediately stop 
the neutron chain reactions. 
 
Safety Injection System (SIS) 
The SIS is provided to prevent core damage during a 
SBLOCA. The core is protected during a SBLOCA and 
covered by a large primary coolant inventory. When the 
pressure drops below 10 MPa in the PZR, the SIS is 
actuated automatically and cold water from IRWST is 
injected immediately into the reactor coolant system. The 
SIS consists of four independent trains with a 100% 
capacity for each train. The system provides a vessel 
refilling so that the decay heat removal system can function 
properly in a long-term recovery mode following an 
accident. 
 
Passive Residual Heat Removal System (PRHRS) 
The PRHRS passively removes the core decay heat and 
sensible heat by a natural circulation in the case of an 
emergency such as an unavailability of feedwater supply or 
a station black out. Besides, the PRHRS may also be used in 
the case of a long-term cooling for a repair or refuelling. 
The PRHRS consists of four independent trains with a 50% 
capacity each. Two trains are sufficient to remove the decay 
heat. Each train is composed of an emergency cool-down 
tank, a heat exchanger and a makeup tank. The system is 
cooled by cool-down water or by air when the cool-down 
tank is dried out. The system is designed to maintain the 
core un-damaged for 36 hours without any corrective 
actions by operators for the postulated design basis 
accidents. In the case of a normal shutdown of SMART, the 
residual heat is removed through the steam generators to the 
condenser with a turbine bypass system. 
 


II.D. Thermal-hydraulic Test 
 


The existing proven PWR technologies are basically 
utilized for the SMART design. However, it also adopts new 
and innovative design features and technologies that must 
be proven through tests, experiments, analyses, and/or the 
verification of design methods. A series of fundamental tests 
and experiments have been carried out throughout the 
SMART development phases to examine the physical 
phenomena related with the specific SMART design 
concepts. The main purpose of these experiments was two-
fold; to understand the thermal-hydraulic behaviour of the 
specific design concepts and to obtain fundamental data to 
be used, in turn, for further feedback to the optimization of 
design. Among the experiments conducted, specific SMART 
design-related experiments are as follows; 


• Boiling heat transfer characteristics in the helically 
coiled steam generator tube, 


• Experiment for natural circulation in the integral 
arrangement of the reactor system, 


• Two-phase critical flow tests with non-condensable 
gases to investigate the thermal-hydraulic 
phenomena of critical flow with the existence of non-
condensable gases, 


• Critical heat flux measurement for SMART-specific 
UO2 fuel rod bundles, 


• Experiments on the phenomena and characteristics of 
heat transfer through the condensing mechanism of 
the heat exchanger inside PRHRS tanks. 


 
Described below are brief introductions to the typical 


tests and experiments implemented to verify the SMART 
design characteristic. 


 
II.D.1 Two-Phase Critical Flow Test with a Non-


Condensable Gas 
 
The early SMART concept adopted an in-vessel 


pressurizer type with an inherent self-pressure regulating 
capability designed to operate via the thermo-pneumatic 
balance between the water, steam, and nitrogen gas which 
are the three fluids that fill the pressurizer. In the event of a 
rupture of a pipe line connected to the pressurizer at a high-
system pressure, a mixture of water, steam, and nitrogen is 
discharged through the break at critical flow conditions. The 
computer codes for the safety analysis of SMART need to 
use a verified and validated model for this critical flow. To 
investigate the thermal-hydraulic phenomena of the critical 
flow affected by the non-condensable break flow, a separate 
effects test facility was designed and installed at the KAERI 
site. The test data from the facility was used for the 
development and verification of the critical break flow 
model for SMART. 


II.D.2 Integral Effect Test 
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An experimental verification by an Integral Simulation 
for a Transient and Accident (VISTA) facility has been 
constructed to simulate the various transient and events of 
an integral reactor. The VISTA facility has been used to 
understand the thermal-hydraulic behaviour including 
several operational transients and design basis accidents. 
During the past five years, several integral effect tests have 
been carried out and reported, including performance tests, 
RCP transients, power transients and heatup or cooldown 
procedures, and safety related design basis accidents.  


 
II.D.3 Major Components Performance Test 


 
A performance test of the major components such as 


the RCP, SG, and CRDM was carried out. In the SMART 
SDA Program, additional performance tests for the RCP and 
CRDM are scheduled to be performed to verify the final 
design models. 


 
III. Design Scope and Level for Design Certification 


under 10 CFR  Part 52 of U.S. NRC 
 


On May, 1989 U.S. NRC issued a new rule, 10 CFR 
Part 52, that provided for early site permits, certified 
standard designs, and combined construction permits and 
operating licenses. This new rule makes one-step licensing 
process possible compared to the previous two-step 
licensing process of 10 CFR Part 50. 


 
The issue of the level of detail required by Part 52 is 


presented in the SECY-90-241. The levels are classified into 
4 levels and in this section we will briefly summarize the 
definitions of the 4 levels described in the SECY report. 


 
III.A  Four Levels of Detail for Design Certification 


 
Level 1 ; The degree of standardization resulting from 


this level of detail and the certification process will provide 
identical physical, functional, and performance 
characteristics of all structures, systems and components 
except for site specific characteristics. This level can be re-
phrased as to include procurement specifications as well as 
construction and installation specifications for all structures, 
systems, and components except site-specific details.  But 
the Level 1 status of design may exceed the requirements of 
Part 52. This level 1 is similar to that level of a final safety 
analysis report (FSAR) at the operating license (OL) stage. 


 
Level 2 ; The degree of standardization resulting from 


this level of detail and the certification process will provide 
physically similar, and identical functional and performance 
characteristics of all structures, systems, and components 
affecting safety, except for site specific characteristics. This 
level can be re-phrased as to finalize procurement 


specifications and construction and installation 
specifications for structures, systems, and components 
affecting safety. This differs from the Level 1 option which 
requires the same detail for all systems as well as exact 
physical location, configuration, and orientation of 
components and supports. In other words, for all pumps on 
systems affecting safety, the type, pumping capacity and 
head, and certain general physical attributes will be 
specified; but the exact locations of the inlet and outlet 
nozzles, exact weight, and mounting/supporting details will 
not be supplied.  


 
Level 3 ; The degree of standardization resulting from 


this level of detail and the certification process will provide 
identical functional and performance characteristics of all 
systems, structures, and components, except for site-specific 
characteristics. This level includes information necessary to 
permit the preparation of procurement specifications as well 
as construction and installation specifications for structures, 
systems, and components affecting safety. Unlike the Level 
2 option where we expect to have information (physical 
characteristics) for components on systems affecting safety, 
in the Level 3 approach, we will have performance 
characteristics on the major components for systems 
affecting safety. This is proposed by industry in conjunction 
with two-tiered concept. Tier 1 information will be certified 
by the rulemaking process and will not be changed without 
previous NRC approval and contains an independent 
description of the design and design bases, and inspection, 
test, analysis, and acceptance criteria (ITAAC). Tier 2 will 
include information demonstrating how Tier 1 criteria are 
implemented in the design and will be of sufficient detail for 
the staff to make its safety determination as to the adequacy 
of the design as described in Tier 1 and should not undergo 
any changes before COL without previous NRC approval. 


 
Level 4 ; This level provides identical functional 


characteristics for selected safety-related and risk-
significant structures, systems, and components. This level 
represents a conceptual design stage, so Level 4 is not an 
adequate level for design certification under Part 52. 


 
III.B  Design Scope for Certification under 10 CFR 


Part 52 
 
Regarding the scope of an application for design 


certification, Part 52 states that, with some exceptions for 
reactors of advanced design, “Any person may seek a 
standard design certification for an essentially complete 
nuclear power plant design…” An essentially complete 
design includes all structures, systems, and components 
which can affect safe operation of the plant except for site-
specific elements such as the service water intake structure  
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Fig.3. Design Scope for COL (from Regulatory Guide 1.206) 


 
 
 
and the ultimate heat sink.” Approximate quantification 


of the design scope is said to be 70-80 % of the total 
systems.  This is clearly depicted in the Fig.1 of Regulatory 
Guide 1.206(3) “Combined License Applications for Nuclear 
Power Plants” which is as shown in Fig.3 above. 


 
IV. Design Scope and Level for SMART Design 


Certification 
 
In Section III, we have analyzed the SECY documents 


on the design scope and level for standard design 
certification of U.S. NRC since those are the only 
systematic approach publicly known for this issue. It was 
clearly mentioned in the documents that the Level 2 which 
is required basically under COL licensing process for safety 
system is equivalent to the level of FSAR under two-step 
licensing process.  


 
Since Korea still maintains the two-step licensing 


process, the levels required under one-step COL licensing 
process certainly should not be asked for. Thus KINS 
(Korea Institute of Nuclear Safety) started to discuss this 
issue of defining design scope and level for DC with the 
SMART NSSS designer KAERI (Korea Atomic Energy 
Research Institute) since the end of Dec., 2008. Discussing 
also with the BOP designer, we found that the terminologies 
like Level 2, component procurement specification etc., 
which are the basic terms consistently used in the SECY 
documents, are not understood in the same way between the 
staffs of different organizations in Korea.  


 
One example of Level 2 for pump taken in the SECY-


90-377 is that, at the time of design certification, the 


designer should know the pump type (e.g., centrifugal or 
positive displacement), the pump flow, the shape of the 
pump head curve (e.g., continuously decreasing), the 
approximate shutoff head and net positive suction head 
(NPSH) requirements, the approximate motor horsepower 
and amperes, the pump style (e.g., close-coupled with end 
suction and top discharge or vertical in-line) and the size 
and approximate location of the pump nozzles.  


 
But what should be required of Level 3 for the same 


pump? Also how to specify the requirement  “the level of 
detail must permit NRC to reach a final conclusion on all 
safety questions associated with the design before 
certification” for the nuclear design, for example, of SSAR 
section 4.3? 


 
This shows clearly that even the NRC approach is 


systematic and clear, in certain sense, it still is difficult to 
apply the approach for reactors in different countries, under 
different licensing framework. Thus the design scope and 
level needs to be established  case by case in different 
countries , reflecting specific regulatory atmosphere.  


 
Referencing the spirits of the SECY document, we 


understood that, theoretically, the Level 3 is sufficient for 
our SMART under two-step licensing process except for 
certain safety systems essential to ascertain the safety of the 
reactor, even though the designer expects that much of the 
system can be designed to Level 2. 


 
On the other hand, it was still quite hard to have a 


common understanding what it means Level 2 and Level 3 
for the design of all the systems. In other words, it was 
needed to have a common and more easy to understand 
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language defining the design level. This was asked for, 
because taking into account the tight schedule planned for 
the licensing review, we might not have time to discuss this 
issue of design scope and level once the official licensing 
process gets started. Thus it was very important to have a 
conclusion and common understanding regarding the issue. 


After a long discussion between the KINS staffs and the 
designer, we finally came to the idea that it was much better 
to define the design level in the format of SRP (Standard 
Review Plan), of course, basically keeping the spirit of 
levels defined in the SECY documents.  


 


We will take an example of designing to Level 2 for the 
nuclear design of SSAR section 4.3. The simplified format 
we have looks like the following. It is basically summary of 
the current SRP because nuclear design is such a well 
established area and the designer will have no difficulties in 
designing to Level 2. Areas of review are the object of the 
SRP section 4.3. The contents to provide in design are the 
level designer are going to provide in the section 4.3 to 
Level 2. 


 
 


 
SSAR 


Chapter 
Areas of Review What to Provide in SSAR Design Level 


4.3 
Nuclear 
Design 


Nuclear Design of the fuel assemblies, 
control systems, and reactor core will be 
reviewed to confirm that fuel design 
limits will not be exceeded during 
normal operation or anticipated 
operational transients and that the 
effects of postulated reactivity accidents 
will not cause significant damage to the 
reactor coolant pressure boundary or 
impair the capability to cool the core. 


ᆞ design bases 
ᆞ core power distribution used in 


safety analyses   
ᆞ reactivity coefficients used in 


safety analyses 
ᆞ reactivity control systems and 


CVCS 
ᆞ control rod patterns and reactivity 


worths 
ᆞ stability 
ᆞ pressure vessel irradiation 
ᆞ analyses code systems and 


verification 


ᆞ designed to Level 2 
 
ᆞ to provide informations 


pursuant to SRP  


 
One example of designing to Level 3 comes from the design 
against severe accident 


 


 
SSAR 


Chapter 
Areas of Review What to Provide in SSAR Design Level 


19.2 Severe 
Accident and 
Containment 
Performance 


ᆞ H2 production and control 
ᆞ rapid depressurization of RCS 
ᆞ mitigation of DCH 
ᆞ ex-vessel coolability of 
coriumn 
ᆞ in-vessel retention of corium 
ᆞ steam explosion 
ᆞ containment overpressure 
ᆞ equipment survivability 
ᆞ containment performance 


ᆞ H2 production and control 
- consider in- and out-vessel hydrogen 


production 
- H2 control by PAR and Igniter 
- Evaluation of containment load and 


explosion load assuming complete H2 
burn 


ᆞ rapid depressurization  of RCS 
     - depressurization capability at TLOFW 
ᆞ mitigation of DCH 
     - probabilistic and deterministic 


evaluation of DCH load 
ᆞ ex-vessel coolability of corium 
     -  show integrity of containment liner for 


24 hrs 
ᆞ in-vessel retention of corium 


- evaluation of IVR capability 
ᆞ steam explosion 
    - evalution of in- and out-vessel steam 


explosion and spike effect 
ᆞ containment overpressure 
    -  FLC is satisfied for 24 hrs. 
 


ᆞ designed basically to 
Level 3 


 
ᆞ mid-loop operation 


will not be 
evaluated 


 ᆞ equipment 
survivability under 
SA condition will 
be evaluated on 
2011 


ᆞ analysis showing the 
fission product 
release after 24 hrs 
can be controlled 
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We made the above table for all the 19 chapters, to 3-
digit sections, of SRP discussing with the designer.  


 
Some 3-digit sections of SRP will be removed in SSAR 


description because it is understood to be out of the scope 
of the design certification. Typical sections are coming from 
the rad-waste systems. Thus the scope for design 
certification is estimated to be around 80% of the total 
system and we had no real concerns regarding the scope of 
the design. 


 
We hope this pre-establishment of design scope and 


level will make the licensing process more efficient, given 
the tight review schedule planned. We also think that this 
kind of approach needs to be developed and refined further 
to be used for other type of reactors. 


 
IV. CONCLUSIONS 


 
A small-sized integral reactor SMART is under 


development in Korea, targeting to get a standard design 
approval by the end of 2011.  A brief system description 
including the inherent safety characteristics and designed-
in-safety features is given. One of the major regulatory 
activities to prepare  for the licensing of SMART was to 
establish the design scope and level of DC. We have 
evaluated the U.S. NRC approach and found that basically 
Level 3 is enough for the design certification under two-step 
licensing process. But discussing with the designer, safety 
important systems are required to be designed to Level 2. 
We used the SRP format to make our design scope and level 
for design certification for a common understanding 
between the different organization. Brief results are 
presented in this paper. 


NOMENCLATURE 
 
APR1400 – Advanced Power Reactor 1400 
BOP – Balance of Plant 
CRDM – Control Rod Drive Mechanism 
COL – Combined Operating License 
DBE – Design Basis Event 
DC – Design Certification 
ITAAC – Inspection, Test, Analysis, and Acceptance 
Criteria 
KAERI – Korea Atomic Energy Research Institute 
KINS – Korea Institute of Nuclear Safety 
NSSS – Nuclear Steam Supply System 
PAR – Passive Autocatalytic Recombiner 
PRHRS – Passive Residual Heat Removal System 
PZR – Pressurizer  
RCP – Reactor Coolant Pump 
RCS – Reactor Coolant System 


RPV – Reactor Pressure Vessel 
RSS – Reactor Shutdown System 
SDA – Standard Design Approval 
SG – Steam Generator 
SIS – Safety Injection System 
SMART – System integrated Modular Advanced ReacTor 
SSAR – Standard Safety Analysis Report 
VISTA – Verification by an Integral Simulation for a 


Transient and Accident 
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Abstract –The experiments discussed in this paper look into different processes which may occur during a loss-of-coolant
accident in the pressure suppression pool of a Boiling Water Reactor (BWR). These processes include; a) development of a
thermal stratification, b) bubble dynamics and related water flow during continuous release of air and c) air blowdown and
associated water slug phenomenon in the water pool. The experiments have been performed in the THAI test facility, which is a
cylindrical vessel of 9.2 m height, 3.2 m diameter and a gas volume of 60 m 3. The variation in the investigated test parameters
included, steam and air mass flux, initial water pool temperature, blowdown pressures, downcomer submergence, etc. Experiments
discussed in this paper were performed with a vertical downcomer of 0.1 m diameter and 2m submergence depth in the water pool. For
the blowdown experiments, a separate interconnecting vessel of 1 m 3 volume was used to inject air at pressures between 3 bar and
10 bar. A high speed camera (1000 fps) was installed to visualize the formation and propagation of air bubbles in the
suppression pool and the resulting pool swelling phenomena. Customized instrumentation applied during the tests included
grids of densely spaced thermocouples and of pressure transducers at various locations in order to capture the temperature
distribution in the pool and the water slug induced pressure loadings, respectively. The present paper discusses the main
outcome of the selected experiments.


I. INTRODUCTION


The main objectives of the THAI (Thermal-hydraulics,
Hydrogen, Aerosol, and Iodine) experimental program are
to investigate open issues related to the thermal-hydraulics,
fission product (aerosol, iodine) transport and their
interaction with containment structures and passive safety
systems under realistic thermal hydraulic conditions [1].
The THAI experimental database is continuously used for
the verification and validation of Lumped Parameter (LP)
and Computational Fluid Dynamics (CFD) codes with 3D
capabilities [2, 3].
In the currently running THAI IV national project (2009-
2012), some of the experiments are directed towards
investigating the hydrodynamic behavior of a Pressure
Suppression Pool (PSP) in Boiling Water Reactors (BWR)
under accident typical scenarios. Instead of exact scaling of
the test parameters from a reactor accident scenario, the
experimental methodology is adapted in such a way that
various phenomena are investigated with systematic
variation in the test parameters as separate effect tests
under well controlled boundary conditions.
Related to the hydrodynamic behavior of BWR pressure
suppression pool, a number of safety relevant phenomena
remain to be investigated in details to understand the
processes as well as to validate the safety analysis tools,
where data needed for model validation are lacking. These
phenomena form the basis for the modeling of pressure and


temperature loads, gas distribution and fission product
transport in the pressure suppression pool and may have an
impact on the safety assessment of accident scenarios.
In many countries, a wide range of experimental programs
have already been carried out to understand the dynamic
response of a PSP during an accidental transient. These
programs range from relatively small laboratory-scale
experiments to full-size mock-up experiments [4, 5, 6, 7].
As most of these experimental programs had been
performed during the design phase of a BWR, the main
emphases was given to understand the mechanisms
allowing the development of correlations under desired
BWR operating conditions for which LP- or CFD codes
were validated [8,9].
The present experimental program considers specific
phenomena and characterizes the resulting mechanisms
together with the hydrodynamic behavior of a PSP, by carrying
out a systematic variation of test parameters. The test matrix
includes a spectrum of scenarios covering the onset of an
accident as well as late phases of condensable and non-
condensable gas release and associated hydrodynamic
behavior under well controlled thermal hydraulic
conditions. In total, three experimental series were defined
and the investigated phenomena included water slug
dynamics, flow with bubble-column, and thermal
stratification in the pool. The thermal stratification and the
bubble dynamics phenomena are relevant for severe
accidents. The pool surface temperature determines the
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partial pressure of steam in wet-well gas space. The bubble
dynamics is important in relation to the fission products
pool scrubbing effect. The investigation of water slug
dynamics is intended to resolve uncertainties from the
previous experiments. The experimental database
developed on the above-mentioned separate effect tests will
further foster validation and development efforts for LP-
and CFD codes directed towards nuclear safety analysis.


II. TEST FACILITY


THAI is a technical-scale experimental test facility built for
experimental nuclear reactor containment safety research.
The facility allows simulating various thermal-hydraulic
scenarios, ranging from turbulent free convection to
stagnant stratified containment atmospheres, and can be
combined with hydrogen, iodine and aerosol investigations.
Fig. 1 depicts the THAI facility configurations used during
the PSP investigations. Main component of the facility is a
60 m³ stainless steel vessel, 9.2 m high and 3.2 m in
diameter. The vessel is designed for a maximum over-
pressure of 1.4 MPa at 180°C and can withstand moderate
hydrogen deflagrations.
The cylindrical part of the THAI vessel is double-walled,
the inner wall being 22 mm thick. The 16.5-mm gap
between the walls is filled with thermal oil of the wall
heating/cooling system. The outer wall is made from 6-mm
stainless steel; its outside is covered by a 120-mm rock
wool thermal insulation. At each of the five levels at H =
2.1 m, 3.5 m, 4.9 m, 6.3 m and 7.7 m, four block flanges
of 150 mm nominal width and one 200-mm block flange
are integrated into the cylindrical vessel wall. Some of
these flanges are equipped with quartz glass windows to
perform laser based optical measurements.


For experimental investigations on the PSP hydrodynamics,
the THAI vessel represented a wetwell divided into gas
space and water pool. The geometric details of the
experimental configuration are given in Table I.
The test facility was equipped with additional components,
such as a vertical downcomer pipe, spray system, and an
external pressure vessel. The vertical down comer pipe was
positioned along the axis of the THAI vessel. For the
experiments described in this paper, a DN 100 (Ø 114.3 x
4.5 mm) stainless steel pipe was used as a downcomer pipe.
The experiments have been carried out with densely spaced
sensors and state-of-the-art measuring techniques to
provide better insight on the important phenomenon (e.g.,
flow distribution) occurring during the experiment. The
special instrumentation included thermocouple grid
(thermal stratification test), high speed camera (bubble
column test), and pressure transducer grid (water slug
experiment).


Table I
Geometric details of the THAI experimental


configuration


a) Thermal stratification b) flow with bubble-column c) water slug
Fig.1: Test facility configurations used for the investigated test series


Parameters


Volume of wetwell compartment (m3) 60


Volume of suppression pool (m3) 29


Volume of wetwell gas space((m3) 31


Number of downcomer’s 1


Diameter of downcomer (m) 0.1


Submergence depth (m) 2


Surface area of suppression pool water (m2) 7.82


Ad/Aw *100 0.1


Vw/Va 0.94
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III. RESULTS AND DISCUSSION


III.A. Thermal stratification in the suppression pool


In the late phase of an accident after the blowdown has
taken place, thermal stratification development in a PSP
due to the release of steam at low mass-flux can be
anticipated. The partial pressure of steam in the gas space
is determined by the pool surface temperature. Current LP-
models assume well mixed conditions, which leads to non-
conservative underestimation of the pressure in the wetwell
gas space if thermal stratification exists. The availability of
data on this issue for code validation purpose is very
sparse. In this study, focus is put on the thermal
stratification phenomenon, and therefore steam mass flux
and the initial pool water temperature were limited in
accordance with the condensation regime map for steam
[10] to exclude the possibility of chugging flow
development and to keep the steam-water interface as close
as possible to the downcomer outlet.


To carry out these experiments, the THAI vessel was filled
with water up to the elevation of 5.2 m making in a water
pool volume of 29 m3. The experiments were performed
with the constant steam mass flux of 2.3 kg/m2s and initial
water pool temperature was varied between 10 °C and
60 °C. The gas space above the water pool was filled with
air at 2 bar absolute pressure.


After preparation of the initial test conditions, the
experiments were performed in the two phases: in the first
phase steam was injected at the desired mass flow rate until
the stratification develops and the target maximum water
temperature difference of about 25°C between the
lowermost and uppermost water layer has been achieved. In
the second phase, stratification break-up by means of a
water spray and resulting water pool mixing behaviour was
investigated. A loop was installed to recirculate pool water
from the bottom part of the THAI vessel and sprayed back
on the pool surface, Fig. 1a. The cooling phase was
continued until a uniform temperature in the water pool had
been achieved.


Fig. 2 shows the development of thermal stratification
along the water pool elevation over a time span of 9 h.
Time t=0 corresponds to the initiation of steam injection.
With start of steam injection, a thermal boundary layer
develops over the length of the downcomer’s outer surface
due to heat conduction through the pipe wall. The
stratification process starts almost immediately above the
downcomer outlet after beginning of the steam injection.


Fig. 2: Temperature profiles in the water pool during the


heating-up phase. wT =40°C, sm =2.3 kg/m2s


Concerning the heat up rate along the elevation of water
pool, results showed that the heating-up rates were higher
at the higher elevations due to the occurrence of maximum
heat input by the rising warm water in the boundary layer
formed along the downcomer pipe wall. The heat up rate
decreased over time due to the increasing temperature of
the water pool. Fig. 3 depicts an example of the heating
rate as a function of water pool elevation.
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Fig. 3: Water pool heat up rate at different pool elevations,


for wT =10°C, sm =2.3 kg/m2s


The second test phase was started with the initiation of
water spray. The water was recirculated at a constant
volumetric flow rate of 12 Nm3/h and injected in the gas
space. For the investigated tests, the cooling rate increased
with a decrease in the initial water pool temperature. Fig. 4
shows the dimensionless temperatures for the investigated
three test cases at the water pool elevation of 4.6 m.
The normalization has been done by use of a dimensionless
temperature, defined as:


 =
EA


E














with,


 = actual temperature of the pool water
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A = initial temperature of the pool water at start of spray


operation


E = temperature of the pool water at end of cooling down


process
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Fig. 4: Dimensionless temperatures during the cooling-
down phase


III. B. Bubble column in the suppression pool


This test series was dedicated to investigate bubble-column
behavior in a water pool. Tests were carried out with a
steady release of air through a vertical downcomer into the
water pool. Steady state flow conditions allowed sufficient
measurement time for flow imaging to capture details of
bubble dynamics and water flow driven by the bubble
column in the suppression pool. The data were averaged
with respect to time at specific locations to provide data for
comparison with models. Each test was repeated several
times to capture the bubble dynamics and bubble rise/liquid
velocities at different locations along the downcomer while
maintaining identical thermal hydraulic conditions.
All of the experiments discussed herein were performed
with a DN 100 downcomer and a submergence depth of
2 m. Tests was performed at atmospheric pressure, and the
initial temperature of water in the pool was about 10°C. Air
mass flow rate was varied between 10 kg/h and 80 kg/h. A
high speed camera with a frame rate of 1000 fps was used
to record the formation and break-up behavior of bubbles
at different elevations.
Experiments indicated a distinct hydrodynamic behavior of
air bubbles with three characteristic zones. In the first zone
which is located near the downcomer outlet, the injected air
forms a bubble which expands further in the downward
direction. After a certain time delay, due to buoyancy forces
exerted on the surface, the bubble detaches from the
downcomer outlet tip and starts to move upward in the
form of a ring bubble. In the second zone, the ring bubble,
subjected to hydrodynamic instabilities, disintegrates into
large globules. In the third zone which exists far away from
the pipe outlet in the vicinity of the water surface, the
liquid turbulence further breaks-up the large globules into
small bubbles of approximately uniform diameter
independent of the injected gas flow rate. The process of
ring bubble formation at the downcomer outlet repeats


itself at a characteristic frequency. The combined processes
of formation and break-up generate a plume which causes a
large convection loop in the water pool. Fig. 5 shows a
schematic view of the bubble column with the three distinct
characteristic zones.


Fig. 5: Schematic of bubble column dynamics in the water
pool


For the investigated air mass flow rates between 10 kg/h
and 80 kg/h, the average ring bubble formation frequency
from the high speed film was estimated to be of the order
of 4 Hz. The ring bubble volume has been estimated from
the injected gas flow and the number of ring bubbles
formed per unit time. The ring bubble volume was found to
be increasing with an increase in the air mass flow rate. In
zone III, the average bubble diameter was of the order of 4
mm. A summary of the test parameters and estimated
results is given in Table II.


Table II
Test parameters and estimated values


am aT wT eW rD f
bV


10 20 10 156 0.1 3.6 0.00064


40 20 10 2488 0.16 4.2 0.0022


80 20 10 9949 0,21 4.2 0.0044


The injector Weber number (We) is defined as follows:


w


wDU
We





 0
2
0 (1)


Images were post processed to provide information about
the bubble rise velocity in the water pool. Fig. 6 depicts
contour maps of bubble rise velocity in the zone extending
from the downcomer outlet up to the elevation of 900 mm.
The maximum bubble rise velocity occurred in the
boundary layer along the downcomer wall and increased
with the air mass flow rate.


1503







Proceedings of ICAPP 2011
Nice, France, May 2-5, 2011


Paper 11389


(a) (b) (c)
Fig. 6: Contours of bubble rise velocity for the air


mass flow rates a) 10 kg/h, b) 40 kg/h and c) 80 kg/h


III.C. Air blowdown in the suppression pool


In this test series, the hydrodynamics of a large bubble
formed during air blowdown through a downcomer in a
water pool has been investigated. The dynamic effect
induced by a blowdown may have adverse effects on the
stability of structures present inside the wetwell as well as
on the opening of flaps installed on the wetwell ceiling for
controlled pressure relief. An accurate prediction of bubble
hydrodynamics is necessary for a precise estimation, pool
swelling phenomenon and associated pressure loadings.
Some of the pool models utilize a simplified bubble shape
at the downcomer outlet and assume that the water slug
formed by the rising bubble occupies about 80 % of the
pool surface. The present experiments will provide more
insight on this assumption.
In the test series, a separate pressure vessel (1 m3 volume)
was used to inject air into the water pool. The absolute
blowdown pressure was varied between 3 bar and 10 bar.
All the tests were carried out with atmospheric pressure in
the gas space of the THAI vessel. The sump region of the
THAI vessel was covered with a rigid plate (2 m away
from the downcomer outlet) equipped with three pressure
transducers to measure the pressure loadings on the base
plate, Fig.1c. Additionally, the loads induced by the
accumulated water slug were captured by dynamic pressure
measurements at various locations in the water pool and
gas space. The air blowdown into the water pool was
initiated by a fast opening valve (opening time < 0.1s).
Fig. 7 gives an example of the typical pressure recorded in
the pressure vessel during one of these tests.
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Fig. 7: Pressure evolution over time in the pressure vessel
at P=3 bar


At the time of blowdown initiation, the water column
height in the downcomer is equal to the downcomer
submergence depth and the remaining length of the pipe to
the pressure vessel is filled with air. After opening the
valve in the blowdown line, the water column in the
downcomer is accelerated into the pool by air pressure on
the water column upper edge. The water column ejecting
from the downcomer generates a submerged jet in the pool
and impinges on the base plate. The vent clearing time
varied between 100 ms to 200 ms for the investigated
blowdown pressures between 3 bar and 10 bar. The water
jet is followed by the air-water interface and subsequently
results in the formation of a bubble by the expanding air at
the downcomer outlet. After reaching the maximum
downward penetration depth, the expanded air bubble
displaces the pool free surface upward. The upward water
surface motion is driven by the difference between the
bubble pressure and the air pressure in the gas space.
Fig. 8 gives a visual impression of the air bubble dynamics
during the blowdown process recoded with a high speed
camera, namely, a) downward movement, b) upward
movement after reaching the maximum penetration depth,
and c) pool swelling followed by the outbreak of air bubble
above the water surface.


(a) Downward (b) Upward (c) Pool swelling
Fig. 8: Air blowdown process in the water pool
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The pressure recordings on the base plate for the blowdown
pressures of 3 bar, 6 bar, and 10 bar are shown in Fig. 9.
The pressure peaks occurred by the downward propagation
of the water jet from downcomer pipe clearing. Thereafter,
a decrease in pressures can be observed which could occur
when air comes into contact with the base plate.
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Fig. 9: Pressure recordings on the base plate for blowdown
pressures of (a) P=3 bar, (b) P= 6 bar, and (c) P = 10 bar;


Legends: Ο (r= 0m), ∆ (r= 0.3 m), □ (r= 0.6m) 


The magnitude of the pressure peak increases with an
increase in the blowdown pressure while keeping other test
parameters identical (pool height, pool temperature,
downcomer submergence). Results show that the
magnitude of pressure oscillations at the centre of the base
plate increases with blowdown pressure. From the camera


recordings it was confirmed that for the test case with 3 bar
blowdown pressure, bubble doesn’t reach the base plate.
After impinging on the base plate, the air bubble starts to
rise in the upward direction and expands. During this
process swelling of the water pool as a result of bubble
expansion takes place. In Fig. 10, rise in water level
starting from initial level of 5.3 m for the 6 bar blowdown
pressure test is shown. The plotted data represent the
process for the time duration in which measurements were
possible by the camera. After the plotted results, no data
points were available either because of too low
measurement resolution or the measurement view became
opaque due to the rising bubble. During vent clearing
(lasting about 120 ms) and downward propagation of the
air bubble, the water surface rises at a uniform rate as
depicted by the measurements near the downcomer and the
vessel wall, Fig. 10. Thereafter, during the pressurization of
the bubble, a water slug forms in the region around the
downcomer.
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Fig. 10: Water level rise during the blowdown process,
P= 6 bar


The pool swell velocity is one of the important parameters
to evaluate the water slug induced pressure loadings on
structures and components located within the wet well. The
pool swell velocity as a function of blowdown pressures is
shown in Fig. 11. The pool swell velocity increased with an
increase in the blowdown pressure. The estimation of the
swelling velocity is obtained by extracting the maximum
velocity at the elevation of 5.8 m relative to the bottom of
the pool.


(b)


(c)


(a)
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Fig. 11: Pool swelling velocities as a function of blowdown
pressures


IV. CONCLUSIONS


The present paper provides an overview of the suppression
pool related experiments carried out in the THAI test
facility. A spectrum of the postulated loss of coolant accident
(LOCA) scenario in a reactor has been considered to define the
test matrix. The experimental investigations covered various
phenomena, such as thermal stratification in the water pool,
bubble-column induced gas-liquid hydrodynamics, and air
blowdown behavior in the water pool to quantify dynamic
pressure loadings. A systematic variation of the test
parameters allowed better understanding of the phenomena.
The overall test parameters covering the three test series
involved: initial pool water temperature, downcomer
diameter, downcomer equipped with orifice, downcomer
submergence depth, injected gas compositions (air, steam
and air-steam mixture), and the initial wetwell pressure.
The experiments provide useful database related to the
suppression pool hydrodynamics for validation and further
development of LP and CFD codes.
The experimental series carried out to investigate thermal
stratification phenomenon provided water pool heat-up and
cooling-down rates as a function of initial water pool
temperature. The data may be useful for code validation
purpose in a specific phase of an accident in which the
well-mixed pool requirements are not met and a single
node analysis of pressure suppression pool will not be
appropriate.
The experimental investigations on bubble-column flow
considered the effect of injected air mass flow rate on the
bubble flow characteristics and resulting water pool
dynamics. For the investigated air mass flow rates ranging
between 10 kg/h and 80 kg/h results have shown that a ring
bubble formed at the downcomer exit with a characteristic
frequency of about 4 Hz. Experiments indicated distinct
hydrodynamic behavior of air bubbles with three
characteristic zones consisting of ring bubble, large


globules and small uniform bubble distribution,
respectively. In the third zone that existing near the water
pool surface, bubbles reach an equilibrium size of about 3-
4 mm diameter.
The experimental series related to the water slug flow
provided better insight on the air bubble dynamics during
the blowdown process and related water pool swelling
phenomenon. The magnitude of the pressure peaks at the
base plate increased sharply with an increase in the
blowdown pressure. By using high speed camera and
pressure transducer grids various processes occurring
during blowdown, such as vent clearing, water jet ejection,
pressure loads on bottom surface, gas space, and resulting
pool swelling as a function of blowdown pressure could be
clearly identified.
A detailed data analysis including the flow characterization
by means of particle image velocimetry is currently
underway.
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NOMENCLATURE


A cross-section area, m2


0D downcomer diameter, m


rD ring bubble diameter, m


f average ring bubble formation frequency, Hz


m mass flow rate, kg/m2


m mass flux, kg/m2s


P absolute pressure, bar


T temperature, °C


eW Weber number


0U gas velocity at downcomer outlet, m/s


V volume, m3


 density, kg/m3


 surface tension, N/m
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Subscripts
a air
b bubble
d downcomer
w water
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Abstract – We examine here the conditions in which fissile matter inventory and power could be 
stabilized in a Traveling Wave Reactor (TWR). We predict that the physical behavior of the system 
would be different from the generally accepted view, since we conclude that rather than being self-


sustaining, the chain reaction would slow down and eventually stop; the conversion of fertile 
matter into fissile matter in the reactor would appear to be incapable of guaranteeing stable, 
long-term operation without any external control. This is fairly consistent with the behavior of 


actual fast sodium reactors, with which we compare the TWR.  
The difference would appear to be essentially due to the zero reactivity hypothesis widely 


postulated in previous papers and presentations; this hypothesis implies that the system would be 
stable and it is this very hypothesis that we call into question in this paper  


 
 


I. INTRODUCTION: THE TWR CONCEPT 
 
Initially, a TWR has a fission zone at one end of the 


core, prolonged by a long fertile zone. Since the system is 
critical from the beginning, fissile isotopes are produced 
by conversion in the fertile zone, replacing the initial 
fissile matter that burnt out. The fission zone, where 
neutron flux and power are at their highest levels, 
gradually advances through the core (by a few centimeters 
to a few tens of centimeters per year) like a wave (soliton) 
which, given that the system is non-linear, has a self-
stabilizing shape and a phase velocity which depends on 
the wave amplitude. 


The proponents of the TWR claim that with a 
sufficiently long fertile zone, the reactor would be capable 
of operating for several decades without the need for fresh 
fuel.  


The original concept, widely attributed to Savelii M. 
Feinberg, has been examined in increasing depth by 
Michael J. Driscoll (MIT), Edward Teller and Lowell 
Wood (LLNL), Hugo van Dam (Delft University of 
Technology) and Hiroshi Sekimoto (Tokyo Institute of 
Technology), some of these works are described briefly in 
references 1, 2, 3 and 4. The TWR is envisaged essentially 
for critical fast spectrum cores, even though attempts are 
being made to extend it to sub-critical systems such as the 


Accelerator Driven System4 and even to thermal spectrum 
cores, especially PBMR5. We focus here only on fast 
spectrum cores. 


 
II. A PARADOXICAL CONCEPT 


 
A TWR starts with a small fissile load and should, 


thereafter, run almost indefinitely as the fertile matter is 
converted in the core and the resulting fissile matter 
consumed. The more conventional types of fast breeder 
reactor require regular amounts of fresh fuel since the 
more energy is produced, the further the core reactivity 
drops. Eventually there comes a time when the control 
systems can no longer maintain criticality at nominal 
power; for instance, the fast breeder reactor Super Phénix 
had an overall breeding factor (with blankets) of around 
1.2, and yet core burnup resulted in a drop in reactivity of 
3000 pcm (pcm: 10-5) per cycle, meaning that fresh fuel 
had to be loaded into the reactor every year. 


Note that in a fast reactor, the fission zone is 
surrounded by axial and radial blankets, giving neutrons 
leaving the fission zone in any direction, i.e. at a solid 
angle of 4 π, the chance of being captured by fertile matter. 
In the TWR, the fertile zone is on one side of the fission 
zone only; even supposing that there are highly effective 
lateral deflectors, the fission zone can only “see” the fertile 
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zone under a solid angle of 2 π at best. The TWR blanket 
should logically be half as effective as it would be for a 
fast reactor core. 


We go on to examine the behavioral differences 
between a fast reactor and a TWR, and the conditions in 
which TWR operation would be stable. We then 
investigate the possible reasons why its performance might 
not be in line with previous predictions. 


In this document, we use the values of the physical 
characteristics of large sodium fast reactors found in ref. 6. 


 
III. SELF-GENERATION CONDITIONS 


 
TWR operation is reputed to be stable so if the fission 


zone is to move forward, for each fissile nucleus that 
disappears, a fertile nucleus has to be converted into a 
fissile nucleus in front of the fissile nucleus that 
disappeared. There needs to be at least: 


◦  one neutron that causes fission to occur and keeps 
the chain reaction going, 


◦  one neutron that is captured in the fertile matter in 
front of the fissile nucleus that disappeared, 


◦  one neutron that is captured or moves to the back 
of the core, since neutron release is isotropic. 


We could assume that when the reactor first starts up, 
there will be a highly effective reflector behind the fission 
zone, but as this zone advances along the core, all that will 
be behind it will be burnt fuel whose neutron-reflecting 
properties should be more or less the same as those of the 
fertile zone ahead of the wave front. Therefore almost as 
many neutrons would be released towards the rear as 
would be reflected forwards, and vice versa, and they 
would more or less cancel each other out. 


Let us take η as the number of fission neutrons 
produced when one neutron is captured in a fissile nucleus. 
Soliton stability can only be obtained if η is higher than 3; 
The value of η depends on the nature of the fissile isotope 
and the energy of the incident neutrons, in the case of Pu-
239, η ≈ 3 in a fission spectrum. But no matter how the 
core is designed, the neutron spectrum will not be as hard 
as the fission spectrum, due mainly to the inelastic slowing 
down of U-238 at high energy and scattering on the 
structural materials and the coolant. 


Thus for a fast reactor spectrum, Table 2 of ref. 6 
indicates a η factor for Pu-239 of only 2.33, which leaves 
an average of 1.33 neutrons for fertile and sterile capture 
and leaks outside the system. Even ignoring sterile 
captures and leaks, no more than 0.66 neutrons on average 
are released forward to help create fissile matter ahead of 
the wave front. In these conditions, the fissile zone cannot 
move forward. 


Note that: 
◦ If U-235 was used to start the nuclear reaction, the 


situation would be worse since the value of η 
(1.88 in a fast reactor spectrum) would preclude 
self-generation even with a 4 π blanket. 


◦ In a thermal spectrum TWR, self-generation is 
even harder to obtain since the loss of fission 
products through capture is far higher than in the 
fast spectrum, and the η values of Pu-239 
(η = 2.11) or even U-233 (η = 2.29) are too low. 


 
IV. SELF-STABILITY CONDITIONS 


 
Nonetheless, let us assume that we have found a core 


design that generates enough fertile matter ahead of the 
wave front. The stability of the system must be checked. 
Starting with a state postulated to be only just critical, 
criticality must be maintained over time if the power is to 
remain stable. 


Using a one-dimensional axial and a one-speed 
neutron diffusion model, at the very instant the reactor is 
assumed to have gone critical, flux ),( txΦ  is the solution 
to the following equation: 


( ) 012 =ΦΣΦ+−+Φ∇ ∞ akD γ  (1) 


where 
D  neutron diffusion coefficient 
k∞  infinite medium multiplication (and at zero power) 
γ power feedback (negative) 
Σa  macroscopic absorption cross-section of the fuel 


(capture + fission) 
 


The reactor can be divided into two zones (fig. 1). 
◦ The fission zone (suffix 1) which stretches from 


the origin of the system (x = 0) to X1; it initially 
comprises Pu-239 and U-238 in the proportions 
needed for the reactor to be critical. 


◦ The fertile zone (suffix 2) which goes from X1 to 
X2 at the end of the system; initially it contains 
only U-238. 


Fig. 1.  One-dimensional diagram of a TWR core on startup 
(System assumed to be symmetrical in relation to x = 0) 
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In one-speed neutron theory, the adjoint flux is 
identical to the flux and we can calculate the worth, in the 
perturbation theory sense, of the fission and fertile zones, 
i.e. W1 and W2 respectively, using the following 
expressions: 
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The flux is obviously much higher in the fission zone than 
in the fertile zone, hence W1 >>W2. 
 
Let 
NPu and NU concentrations of isotopes Pu-239 and U-238 
Npf   concentration of fission products 
σf  and σc  microscopic effective cross-sections of 


fission and capture 
ν  number of neutrons released through fission 


 
Applying the perturbation method, the variation in reactivity 1δρ  caused by the variation in the number of fissile 


isotopes in the fission zone can be expressed as follows: 
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 (3) 
Likewise for the variation in reactivity 2δρ  caused by the disappearance of fertile isotopes and the simultaneous creation 


of fissile isotopes in the fertile zone: 
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 (4) 
With each fission, two fission products are created: 
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If we adopt the basic principle of the TWR concept, as many fissile isotopes should be created in the fertile zone as 
many fissile isotopes disappear from the fission zone, thus 


[ ] [ ]12 PuPu NN δδ −=   and  [ ] [ ]22 UPu NN δδ −= , 


The resulting overall variation in reactivity of the system 21 δρδρδρ +=  can therefore be expressed as follows: 
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where Γ  is positive. 


 
If we consider some typical effective cross-section 


values in a large fast breeder reactor: 


Pu-239  barnfPuPu 5.3)1( =− σν
 barncPu 55.0=σ  


 79.0=
+ cPufPu


fPu


σσ
σ


 


U-238  barnfUU 08.0)1( =− σν  


 barncU 27.0=σ  
Fission products barnpfc 25.0=σ  


Fission products may have an even greater effect on 
reactivity than their capture effect because they contribute 
to inelastic slowing down; this is ignored here. 


The effect on reactivity is therefore: 


( )21 14.335.3. WW +−Γ=δρ  


Since 21 WW >> , δρ  is bound to be negative. 


According to the above basic calculation, the creation 
of a fissile nucleus in the blanket, where the adjoint flux is 
low, cannot, as far as the reactivity of the system is 
concerned, offset the disappearance of a fissile nucleus 
from the fission zone where the adjoint flux is far higher. 


812







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11168 


   


If the reactivity is to remain exactly equal to zero at all 
times, each fission would need to produce more than one 
fissile nucleus, but then we would no longer be talking 
about a stable fissile material balance. Consequently, 
system stability cannot be considered as intrinsic and 
strictly speaking, equation (1) cannot be used to model 
flux beyond the initial instant. 


The same behavior is observed in fast reactors. For a 
core such as that of Super Phénix, the conversion rate is 
close to 1.2 (20% more fissile nuclei are produced than are 
destroyed), and yet the isotope and spatial evolution of the 
heavy nuclei leads to a reactivity variation of -2.5 
pcm/efpd (efpd: effective-full-power-day). Furthermore, 
the fact that fission products are created reduces the 
reactivity which drops to -10 pcm/efpd in total. 


 
V. PROBABLE BEHAVIOR OF A TWR  


 
Let ρ be the reactivity of the system; it can be deduced 


from multiplication factor keff : 


( ) effeff kk 1−=ρ  


Assuming that the system, at its nominal power, is just 
critical at the initial instant (ρ = 0 at time zero), the natural 
behavior of the system gives little reason to hope that it 
will stay in this state over the long term, given the 
conclusions of §IV. Judging from what is observed with 
fast reactors, the reactivity of the system should tend to be 
negative (ρ < 0) thereafter. 


Taking β , λ  and C as the fraction of delayed 
neutrons, the precursor radioactive decay constant and the 
precursor concentration, and v as the neutron velocity 
(one-speed neutrons are assumed here); the neutron flux 
and precursor evolution can be expressed by the point 
reactor kinetics equations: 


( )( )
tv


CkD a ∂
Φ∂


=+ΦΣΦ+−−+Φ∇ ∞
1112 λγβ  (6) 


( ) Ck
t
C


a λγβ −ΦΣΦ+−=
∂
∂


∞ 1  (7) 


For an actual core, there is no simple analytical way of 
solving this system and a numerical approach has to be 
used. 


The system remains quasi-critical at all times due to 
the negative power feedback γ . As long as the system 
never strays too far from these critical conditions, we can 
quite legitimately say, at least as a first approximation, that 
the flux distribution in the core always remains close to the 
fundamental mode determined in critical configurations. 


In these conditions, we can separate the time and 
space variables in the flux expression (ref. 7 and 8) and 
write: 


)().(),( tfxFtx =Φ  


◦ F(x) is the fundamental mode representing the 
flux shape when the reactor is critical; by 
convention it is normalized at an average value of 
one for the whole core. Strictly speaking, F(x) 
depends on the isotopic composition of the milieu 
and is therefore not totally independent of time, 
but the changes in isotopic composition occur 
very slowly and are not considered here. 


◦ f(t) represents the flux amplitude which varies 
with time t when the system is not strictly critical. 


The power generated at each point in the system is 
expressed as follows: 


∑=
i


ifii tfxFtxNtxp )()(),(),( σκ  


i denotes each type of fissile isotope and κ  represents the 
energy released by one fission. 


The overall power of the system )(tP  is calculated as 
follows 


∫= 2 ),()(
X


o
txptP  


which can be expressed in the form: 


( ) )(,)( tftxtP Π=  


where ( )tx,Π  is a term which changes slowly over time. 


The variation in f(t) can be described by the inhour 
equation, and for a very small value of the reactivity we 
will make the simplified assumption that the delayed 
neutrons are in quasi-equilibrium with the flux; this gives: 


)exp()( tftf o λβ
ρ


=  


The isotopic concentrations vary very slowly; we 
consider power generation to be homothetic to flux, thus:  


λβ
ρ


==
)(
)(


)(
)(


tf
tdf


tP
tdP  


This approximation, like the previous one, is not 
totally legitimate since we are considering situations which 
are certainly very close to criticality although we address 
the consequences of these very small reactivity differences; 
ensuing error is seen as small enough. 
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For example, we try to estimate the value of the 
reactivity resulting from the behavior of a core with the 
physical characteristics of a fast reactor: 


◦ variation in reactivity due to fuel burnup: -10 pcm/efpd 


◦ power coefficient: -10 pcm/%NP  (NP: nominal power) 


◦  103.0/ −= sλβ  


A power drop of 1% per day, caused by negative 
feedback, can compensate the reactivity effect due to the 
core depletion:  


210−−=PdP  per efpd or  7102.1 −⋅−=PdP per efps 
(efps: effective full power second) 


 
In these conditions, the reactivity is always very close 


to zero: 


9106.3 −⋅−==
P


dP
λ
βρ  


Nonetheless, this leads to a power variation such that: 


)10exp()( 7 tPtP o
−−=  


i.e. a 50% power drop approximately every 80 days. 
If we apply this relation to all power levels, we note 


that the total energy E that can be produced by the system 
is bounded 


⎟
⎠
⎞⎜


⎝
⎛−== ∫


∞


ρλ
β


000 )( PdttPPE  


With the approximations and parameter values 
considered above, E = 107 efps, i.e. around 110 efpd (see 
fig. 2). This is far from the decades of operation expected 
for a TWR. 


Figure 2 – Estimated typical behavior vs. time of a TWR 
 
Obviously, other data for the reactor characteristics 


will lead to other values for the power drop vs. time or for 
the total energy output of the system, but the trend should 
remains the same. 


In fact, the behavior of a basic TWR should be similar 
to that of a power reactor operating on an extended fuel 
cycle, when the reactivity control systems are no longer 
usable to offset the reactivity effect of the core depletion; 
then power drops to maintain core criticality thanks to the 
negative reactivity feedbacks. 


 
VI. WHY OUR CONCLUSIONS DIFFER FROM 


THOSE OF PREVIOUS STUDIES? 
 
We can see in previous studies3,9,10 that the system of 


equations (6) and (7) is not solved and that everything 
boils down to equation (1), the general neutronics equation 
for critical systems, with criticality imposed one way or 
another. 


For example: 


◦ in ref. 3, the term
tv ∂


∂φ1  is neglected completely in 


view of its relative magnitude compared to the 
other terms of the left-hand side of equation (6); 
but it is not compared with the difference of these 
terms, 


◦ in ref. 9, neutron production is strictly adjusted to 
the neutron lost by dividing the sources by keff , 


◦ in ref. 10, only the fundamental mode of the 
neutron flux behavior is addressed; this mode 
does not take into account the kinetics parameters. 


In these cases, this is tantamount to imposing strict 
criticality at all times; in the calculation model the neutrons 
created compensate exactly for those lost and so the 
neutron flux magnitude is nearly no longer time-
dependant. 


As long as the system never strays too far from these 
critical conditions, and we saw in the previous section that 
this should be the case, we can quite legitimately say, at 
least as a first approximation, that the flux distribution in 
the core always remains close to the fundamental mode 
determined in critical configurations; it is the fundamental 
mode, the solution to equation (1), which depends only on 
the system geometry and materials. In practice, this backs 
up the hypothesis that the shape of the soliton is quasi-
stable.  


The considerations in §III and §IV show that it is 
perfectly justified to doubt whether it is possible to keep 
the reactor strictly critical. 


In the fast spectrum, the neutron lifetime is of the 
order of 0.5⋅10-6 to 1⋅10-6 second. Even a slight shift away 
from criticality (10-8 to 10-9) is enough to produce a 
significant change in the total power after one day, since 
the flux varies exponentially and a large number (≈1011) of 
neutron generations happen. 


On the other hand, in the Hybrid Soliton Reactor 
study4, the system is sub-critical by design, so obviously 
the system is not assumed to be strictly critical for the 
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soliton stability demonstration. A continuous input of 
neutrons from an external moving source is modeled and 
ensures that the fission zone continues to advance. This is 
no longer a self-stabilizing system but one whose stability 
is maintained from the outside. 


 
VII. CONCLUSION 


 
As presented in the various publications analyzed, the 


self-stability of the TWR concept is an extremely attractive 
characteristic. It would appear that its physical behavior is 
quite the opposite. With a fuel design close to that used in 
fast reactors, we cannot understand how the conversion of 
fertile matter would be enough to make the fission zone 
advance and keep a constant magnitude. Furthermore, the 
proponents of the TWR base their judgment on studies 
which apply strict criticality to a system, which 
intrinsically should not exist; this makes stability inevitable 
and gives biased results for the long term behavior. 


It would no doubt be difficult, or even impossible, to 
carry out another study of TWR behavior without making 
the assumption that the system is, in theory, stable, using 
an analytical approach. We therefore have to find a 
numerical solution to reactor kinetics equations, making 
allowance for the complexity resulting from the fact that 
they contain terms whose orders of magnitude are 
extremely different. 


This type of study would nonetheless make it possible 
to specify the true limits of these systems and could even 
help us to determine how the design could be improved to 
make it viable. The risk is that if there were such a 
solution, it would be considerably more complex than the 
current TWR principle. 
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Abstract


A Finite Element Model of beryllium armored PFCs has been developed to evaluate erosion produced by
high thermal energy release on FW during ELMs. Key factors in determining the actual FW erosion are
the size of the heated area and the impact of vapor shielding and of evaporation cooling on heat load
reduction. A Monte Carlo model has been created to investigate low energy electron backscattering and
power distribution on metal surfaces. An excellent agreement between experiments and numerical results
has been found. Rather large uncertainties arise in evaporation cooling evaluation due to differences in the
available experimental correlations for beryllium vapor pressure. In order to investigate the reason for such
large uncertainties, classical Molecular Dynamic simulations of beryllium have been carried out. The latent
heat of vaporization has been estimated and an excellent agreement with data from fusion database has been
found, despite beryllium vapour pressure evaluation is rather inaccurate due the limits of the simple pair
potential employed. Density Functional Theory has been approached to circumvent the issues coming from
an inaccurate treatment of beryllium atoms interactions. The pairwise potential used in classical simulations
has been susequently corrected using DFT results, by forcing the potential itself to reproduce the computed
energy per atom. Electron contribution to thermal conductivity has been also evaluated using the electron
mean free path resulting from phonon-electron coupling. A good match for Beryllium thermal conductivity
has been found between numerical and experimental values.


1. Introduction


The design of a suitable interface between plasma
heated at millions of kelvin and the environment
is one of the most critical areas within nuclear fu-
sion research. The surface of interface components
should sustain the energy delivered by plasma as
electromagnetic radiation and transported through
charge carriers such as ions and electrons.


The ratio between available plasma energy and
heated surface increases with device dimension, so
that for ITER and future fusion reactors the en-
ergy density striking the tokamak walls will be or-
der of magnitude higher compared to what happens
in current facilities.


∗Corresponding author
Email addresses: matteo.diprinzio@ann.ansaldo.it


(M. Di Prinzio), donato.aquaro@ing.unipi.it (D. Aquaro)
1Part of the experimental data included in the article were


collected with behalf of GEA Procomac, Italy


The magnetic confinement and plasma instabil-
ities result in a fast release of plasma energy on
Plasma Facing Components. The ensuing thermal
and mechanical actions produce material damage,
erosion, thermal ablation and melting. Compo-
nents lifetime is strongly limited by such extreme
phenomena and require careful design and material
selection to avoid unwanted maintenance stops and
replacements.


The main aim of this research activity is to eval-
uate the Plasma Facing Materials (PFMs) erosion
due to thermal ablation, to understand how mate-
rial properties are affected by plasma interactions
and how correctly select PFMs, without relying
simply on empiric correlations with limited valid-
ity.


The main part of the performed work consist in
the development of Molecular Dynamics and Monte
Carlo Simulation aimed to evaluate the thermal
properties of PFMs and to investigate how high en-
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ergy electrons produced within the plasma carry the
energy towards tokamak chamber walls.


Disruptions, Vertical Displacement Events
(VDEs) and Edge Localized Modes (ELMs) pro-
duce a sudden temperature increase due to plasma
impact on the plasma facing surfaces. The main
effects of this strong heating are melting and
vaporization of the first surface layers [1]. The
resulting vapour cloud expands across magnetic
field lines and is heated and ionized by the in-
coming plasma. The vapour cloud could strongly
reduce the heat flux which reaches the component
surface and the overall erosion may decrease by
a factor of 500 [2, 3]. This effect is known as
vapour shielding, but it is not expected to occur
in all off-normal events.During longer transients,
e.g. VDEs, vapour shielding is not expected to
occur [4, 5]. Moreover the energy density would be
released fairly uniformly on first wall armour [5, 6].
Under these conditions vapour cloud and melt
layer dynamics could be less important than heat
transfer phenomena (surface evaporation, latent
heat absorption, coolant heat transmission) in
determining the overall first wall erosion, especially
for a metal as beryllium having a high vapour
pressure [7].


2. Analysis of thermal transients and plasma
ablation


A FEM model of PFCs geometry has been im-
plemented and the model has been assessed con-
sidering some experimental data found in the liter-
ature. The main phenomena which occur in the
PFCs (meltdown, evaporation, conductivity heat
transmission, convective cooling and thermal cri-
sis) have been modelled implementing FORTRAN
routines.


Parametric analyses have been carried out in or-
der to consider the large variations of the intensity
and the duration of the heat flux hitting the PFCs.
The results are used to evaluate FW erosion during
VDEs.


During ELMs part of pedestal energy is released
onto the main chamber walls. A rough estimate of
energy density released on FW has been attempted
on the basis of experimental results [8, 9]. The
stochastic nature of the VDEs and ELMs charac-
teristics has required to develop a statistical model
in order to superimpose their effects in terms of
erosion.


A probability distribution function has been as-
sociated to the deterministic value of the armour
eroded thickness, obtained by means of FEM analy-
ses. This probability has been obtained considering
the distribution function for the energy deposited
by the plasma, the frequency and the spatial distri-
bution of the off-normal event considered.


Boundary conditions are imposed at plasma in-
terface, where the incident heat flux accounts also
for both vaporization and radiative cooling. Sur-
face vaporization has unique features. Vacuum ves-
sel conditions establish an evaporative flux event
at small temperature. Vapor pressure evaluation
as a function of temperature needs to be evaluated
and gas dynamics should be employed to accurate
account for vaporizing.


A method has been enveloped to simulate the
thermal ablation by removing the eroded elements
from the model and by modifying their thermal re-
sistance.


Due to high vacuum conditions inside tokamak
devices, PFMs sublimation starts at low tempera-
ture. The main assumption in this model is that
condensation is negligible during short transients
and vapor cloud developing is essentially collision-
less [10].


The flux Φs of evaporating atoms is thus given
by the following relation:


Φs = ns


√
kBTs


2πm
(1)


Where ns is the atom density of vapor, Ts is the
surface temperature, kB is the Boltzmann constant,
m the atoms mass.


The atom density ns is related to the surface tem-
perature and the vapor pressure ps through the per-
fect gas law [11]. Vapor pressure can be evaluated,
in turn, by means of the Clapeyron’s relation, as an
exponential function of the heated surface temper-
ature Ts.


The resulting evaporative flux q′′s (Ts) is:


q′′s (Ts) =
√


1
2πmkBTs


· p0e−
Hvap
kBTs Hvap (2)


Where p0 is a reference pressure and Hvap is the
latent heat of vaporization per atom.


Increasing the evaporation flux results in a
not negligible collision rate among the evaporat-
ing atoms. The distribution at equilibrium is a
maxwellian with a non-zero mean velocity [10]. The
region between the heated surface and the point
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where equilibrium conditions are attained is called
Knudsen layer and has a thickness of the order of
the atoms mean free path [10]. Due to collisions
within the Knudsen layer, the evaporating atoms
are partially back-scattered and a fraction of the
emitted vapor condenses. When a Knudsen layer
develops eq.2 overestimates the evaporation cool-
ing.


The Knudsen layer problem does not permit an
exact solution [10]. Nevertheless the vapor cloud
dynamics through a Knudsen layer can be well de-
scribed by assuming different velocity distribution
functions for the evaporating atoms according to
their motion and position with respect to the heated
surface.


The fraction of the emitted evaporative flux
which back-condenses is ∼ 20% and can be eval-
uated imposing mass, momentum and energy bal-
ances. Rather different correlations are avail-
able in literature for computing beryllium vapor
pressure as a function of the surface temperature
[11, 12]. Figure 1 shows that the evaporative flux
is quite sensitive to uncertainties in beryllium va-
por pressure parameters and that the effect of back-
condensation is comparatively smaller.
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Figure 1: Beryllium evaporative flux computed us-
ing different parameters.


The progressive reduction of armour thickness,
due to the evaporation, is accounted for by means
of a FORTRAN routine which deactivates com-
pletely vaporized elements from the model mesh
and moves boundary conditions on the following
elements (that is, the surface, hit from the flux, be-
comes the face of the element immediately under
that deactivated). The same routine adjusts, at
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Figure 2: Comparison among experimental, FEM (differ-


ent thermal conductivity) and Raclette results.


each time step, the thermal conductivity of surface
elements in order to take into account the change
of thermal resistance due to thickness reduction.


2.1. Results from Finite Element Modeling


The numerical model, described in section 2,
has been implemented to simulate a series of high
heat flux exposure experiments, performed using
the JET neutral beam injector [13] and the Judith
electron-beam facilities [14, 4].


Figure 2 shows a comparison among the nu-
merical results, the experimental data and the
results obtained using the finite differences code
Raclette [5], a one-dimensional model expressly
developed in order to determine the thermal be-
havior of PFMs. FEM results are quite close to the
measured values, in particular before reaching the
melting point (for higher temperatures, the strong
increase in beryllium emissivity makes less reliable
experimental data [14]).


For thermal loads close to beryllium melting
threshold, the obtained results seem rather insensi-
tive to evaporative cooling evaluation and absorbed
heat flux. Uncertainties in thermal properties, in-
stead, can have more influence. The FEM results
shown in Fig.2 are obtained using values for Beryl-
lium thermal conductivity reported in [11].


VDEs simulation experiments have been per-
formed using the Judith electron beam, on beryl-
lium armored mock-up shown in Fig.3 [14]. The
applied thermal load has a trapezoidal shape, as
shown in Fig.4 and the maximum heat flux is
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Figure 3: Geometrical characteristics of beryllium mock-up


[14] and FEM mesh.
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Figure 4: Comparison between FEM and experimental re-


sults for VDE simulation experiments


60 MW m−2. A calorimeter and a two-color pyrom-
eter measure the absorbed energy and the surface
temperature, respectively. Only a fraction of the
incident heat flux seems to be actually absorbed
by the armour material (roughly 77% for beryllium
[14]).


Measurement accuracy of the surface tempera-
ture above melting point was affected by beryl-
lium emissivity uncertainties as well as in the JET-
NB experiment [13]. In Fig.4, the FEM tempera-
ture curve fits qualitatively better the experimental
curve than that of the numerical model developed
by the authors in [14], but the calculated tempera-
ture remains well below the experimental measured
values. Melt layer depth reaches 1300µm and the


Figure 5: Comparison between experimental (a) [4] and


calculated (b) profiles of Be crater.


residual calculated melt layer thickness is 1080µm.
The experimental measured value is about 1500µm
[14].


In the previously considered experiments, the en-
ergy deposition is rather uniform on armour sur-
faces, therefore temperature rise, melting and ero-
sion result uniform too on the heated surface. In
the experiment reported in [4], instead, a sample
plate in beryllium, 12 x 12 x 5 mm3, has been ex-
posed to 5 heat shocks of 2250 MW m−2, each last-
ing ≈ 5.5 ms, distributed on a circular surface of
16 mm2. Since the sample plate was not uniformly
heated, crater formation has been detected.


Taking advantage of the cylindrical simmetry
a two-dimensional numerical simulation has been
carried out. A heat convection coefficient of
500 W m−2 K−1 has been applied to the bottom of
the model to simulate the heat transfer to the cop-
per holder, as in [4].


Fig.5a shows the calculated erosion due to surface
vaporization. The calculated crater depth is about
18% deeper than actually measured (Fig.5b), while
numerical model described in [14] gives a much
closer value of 550µm.


Computed melt layer thickness is 260µm, about
30% lower than experimental range, 350-400 µm.
In figure 5 is also shown temperature pattern ob-
tained during the transients, when surface temper-
ature reaches its maximum value (t = 27.5 ms).


Figure 6 shows that uncertainties in actually ab-
sorbed heat flux could explain differences in calcu-
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Figure 6: Changes in vaporized and melt layer thicknesses


with applied heat flux.


lated and measured values for vaporized and resid-
ual melt thicknesses. If only 77% of applied heat
flux was actually absorbed, as suggested in [14],
maximum crater depth and melt layer thickness
would be, respectively, 481µm and 290µm. How-
ever, since heating and pressure are not uniform in
this experiment, erosion mechanism could strongly
depend on melt motion.


Benchmark between experiments and numerical
simulations points out that FEM results could bet-
ter match experimental data by proper adjustment
of thermal properties (for thermal loads around
melting threshold), evaporative cooling and ab-
sorbed heat flux (for higher heat loads). These find-
ings have been taken into account in subsequent
parametric analysis and components lifetime esti-
mate.


2.2. First Wall lifetime evaluation


During ELMs part of pedestal energy is released
on the main chamber walls. A rough estimate of en-
ergy density released on FW has been attempted on
the basis of experimental results [8, 9]. The stochas-
tic nature of the VDEs and ELMs characteristics
has required to develop a statistical model in order
to superimpose the effects of VDEs and ELMs.


A distribution of probability has been associated
to the deterministic value of the armour eroded
thickness, obtained by means of FEM analyses.
This probability has been obtained considering the
distribution function of the energy deposited by the
plasma, the frequency and the spatial distribution
of the off-normal events.
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Figure 7: Probability distribution function of the energy


reaching FW during ELMs referred to the average ELMs


energy loss.


Edge Localized Modes produce periodic energy
and particle pulses which spread across the Scrape-
Off-Layer (SOL) and strike mainly divertor plates
[8, 9].


Observations in JET pointed out that a non-
negligible amount of plasma energy may reach the
first wall. In order to estimate FW thermal ablation
produced by ELMs, some results about ELMs fea-
tures, obtained in JET and Asdex-Upgrade, have
been elaborated.


Figure 8 shows the tail of specific energy distribu-
tion function, assuming an interaction area of 80 m2


and an average ELMs energy loss of ≈ 11 MJ (as
expected for ITER [15]). The computed vaporized
thickness (10 times magnified) and maximum melt
layer depth versus specific energy are also shown.
Melt depth increases almost linearly with specific
energy in the range of interest and it is rather in-
sensitive to armour thickness reduction. Vaporized
thickness is nearly an order of magnitude lower.


It is difficult to estimate the average fraction of
melt loss fLOST, since the FEM model does not ac-
count for the melt motion. Melt loss fraction values
ranging from a few percent until 50% [6, 15] have
been estimated numerically or in experiment, de-
pending on many factors as halo currents density,
plasma pressure gradients, etc. In order to better
deal with these uncertainties, melt loss fraction has
been taken as a parameter.


The cumulative erosion due to VDEs has been
obtained by a random sequence of events with dif-
ferent time durations and specific energies set by
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Figure 8: Computed distribution function for specific en-


ergy release and ensuing erosion on ITER FW (assuming an


interaction area of 80 m2.)


a quasi-random number generator. Energy deposi-
tion is assumed toroidally symmetric [5, 6]. Lacking
more detailed information, the time durations and
specific energies of VDEs are assumed to have uni-
form probability distributions over the ranges used
for parametric analysis.


Random numbers are also employed to set ELMs
specific energy losses on FW during components
lifetime simulation (the minimum armour thickness
is assumed to be 2 mm) and thermal erosion is com-
puted using FEM results.


Figures 9 and 10 shows the results for the statis-
tical lifetime evaluation, obtained for a an initially
10 mm thick beryllium armour, varying ELMs in-
teraction area and fraction of melt loss.


2.3. Conclusions on thermal ablation simulations


FEM results have been compared to experimen-
tal data available from literature. The deviations
from experimental values seems connected to un-
certainties in thermal properties (beryllium vapour
pressure, thermal conductivity) used in simulations
and in actual power absorbed during tests.


Depending on still unknown features of energy
release on main chamber walls during ELMs, FW
armours lifetime could be reduced due to the cumu-
lative erosion produced by many heat pulses with
frequencies of 1-10 Hz. On the basis of the avail-
able data for JET and ASDEX-Upgrade a first
estimate of FW erosion due to ELMs has been
attempted. To deal with the great uncertainties
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Figure 9: Results for statistical simulation of FW lifetime,


computed varying fraction of melt loss (ELMs interaction


area: 80 m2; VDEs frequency: 0.4%).


about ELMs and VDEs erosion in ITER, a statis-
tical model has been developed for evaluating com-
ponents lifetime.


Results show a great scatter, from few hundreds
to more than 20000 discharges. A key factor in
determining the actual FW erosion, is the exten-
sion of the heated area during ELMs. In order to
partially address such uncertainty about the energy
distribution over PFCs, Chapter 3 is devoted to de-
scribe a coupled numerical-experimental analysis,
developed to evaluate the energy deposition of high
energy electrons.


3. Experimental and numerical Analyses of
electron deposited energy


The existing devices build to investigate nu-
clear fusion provided unique understanding of many
physical aspects of magnetic fusion, nevertheless it
is not possible to simulate the strong Plasma Facing
materials over-heating which are expected to occur
in ITER [1]. The impact of disruptions, ELMs, Ver-
tical Displacement Events on Plasma Facing Com-
ponents is currently investigated in several dedi-
cated facilities all around the world. In most facili-
ties an high power electron gun allows irradiation of
plasma facing components with different boundary
conditions (vacuum or ambient pressure, magnetic
fields, etc.) [16].


However experimental data provided by the irra-
diation facilities cannot be easily extended to the
foreseen tokamak conditions. The reason is that
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Figure 10: Results for statistical simulation of FW lifetime,


computed varying ELMs interaction area (fraction of melt


loss: 50%; VDEs frequency: 0.4%).


electron energy and distribution and irradiation ge-
ometry are usually quite different compared with
ITER [1]. As a consequence the experimental data
needs often further investigation and comparisons
with numerical models, usually Monte Carlo simu-
lations [17], are subsequently carried out.


Section 2 showed how both the extent of the
heated area during plasma instabilities and the en-
ergy distribution on PFCs are critical from the com-
ponents lifetime perspective.


With the aim to perform a validation of the
numerical method, a comparison between Monte
Carlo predictions and experimental results from
Electron Beam irradiation of polymers and metals
has been carried out.


Even though several authors recognized that the
electron energy distribution impinging on heated
surface has a strong impact on the PFMs erosion
[1, 18, 19], no extensive study has been carried out
to evaluate how the power deposition on PFMs is
affected by the electron energy distribution and by
the PFCs design details.


Electron transport simulation is a difficult task,
since the average energy loss in a single interaction
is very small (of the order of few tens of eV). As
a consequence high energy electrons suffer a large
number of interactions before being absorbed by
the medium. In practice detailed simulations are
feasible only when the average number of collisions
per track smaller than a few hundreds. What is
called a ‘detailed’ simulation of electron transport
using Monte Carlo method is very inefficient except


for very low energy and simple geometry (e.g. thin
slabs) [20]


Most of the existing MC codes for electron trans-
port simulations employs the so called multiple-
scattering theories, which embed the effect of a
large number of events in a track segment of a given
length (step). These approach is often called ‘con-
densed’ scheme and may lead to systematic errors,
since results depends on the assumed step length.


In all PFMs irradiation simulations and for the
analyses of experimental results, the code PENE-
LOPE (Penetration and Energy Loss of Positron
and Electrons) [20], developed and freely dis-
tributed by Nuclear Energy Agency, has been em-
ployed.


The simulation of electron and positrons is per-
formed by means of a mixed procedure. Hard
interactions with scattering angle θ and energy
loss W greater than pre-selected cut-off values θc


and Wc are simulated in detail. Soft interactions
with scattering angles or energy loss less than the
corresponding cut-off are described by means of
multiple-scattering approaches. This scheme is able
to handle in the correct way interfaces between dif-
ferent materials and results are quite insensitive to
the chosen cut-off values provided they are not too
large [20].


The software package PENELOPE includes the
cross section library and the subroutine required to
perform the sampling of particle step length, energy
loss and deflection, according to the mixed method
described in next sections. The main program, the
geometry through which the electron transport is
accomplished and the evaluation of the relevant
physical quantities (dose, energy deposition, etc.)
have been implemented in a number of dedicated
FORTRAN codes developed by the author.


Irradiation experiments aimed to study low en-
ergy electron heat deposition have been carried out
using an irradiator designed for different purpose,
i.e. the sterilization of caps for the food and bev-
erage industry. The apparatus is an electron-beam
irradiator manufactured and patented by GEA Pro-
comac, a sole shareolder company located in Sala
Baganza (Parma, Italy).


The sterilization is accomplished by a powerful
electron beam which delivers the required dose to
sterilize polymer caps crossing the beam.


Figure 11 shows a 3D model of the apparatus
for cap irradiation and sterilization. A steel frame
supports the shielded irradiation chamber and the
cabinet housing the control system and the emit-
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Figure 11: View of the apparatus for electron irra-
diation and sterilization of caps


ter power supply. Product to be sterilized (mainly
plastic caps) are conveyed to the top of the ma-
chine and then fed by gravity through a shielded
S-shaped channel.


An heated filament generates a cloud of electron
close to the cathode grid kept at a negative volt-
age of 150 kV by the power supply. Electrons are
accelerated through the vacuum chamber towards
the emitter copper baseplate. A rectangular win-
dow 25.5 mm long and ∼7 mm wide is opened in
the baseplate allowing for electrons to reach the ir-
radiated product.


Caps are delivered at a controlled rate by the
spacer star wheel and cross the irradiation cham-
ber following the long side of the emitter window.
Water cooled caps guide rails are installed where
electron irradiation is more intense preventing the
steel tubes from reaching too much high tempera-
tures.


Irradiation time is a crucial parameter for the
sterilization process. In fact once the irradiation
geometry is established, a simple relationship holds
between dose Dabs, irradiation time ∆tcross and
emitter current Ibeam:


Dabs = Kemitter · Ibeam ·∆tcross (3)


where Kemitter is the emitter efficiency, which de-
pends on the electron energy and the geometry of
the irradiation chamber. Caps crossing time is mea-
sured by a couple of photoeyes placed at the inlet
and outlet of the irradiation area. In this way all pa-


Figure 12: Geometrical model used in closure nu-
merical simulation


rameters affecting the irradiation process are known
and under control.


3.1. Comparison between experimental results and
Monte Carlo simulations


Dosimetry system has been provided by the US
company GEX and it is based on radiachromic
films. Following to radiachromic film irradiation, a
chemical reaction starts which produces in a short
time a visible color change. Color change is re-
lated to the film optical density increase and can
be measured by a calibrated spectrophotometer at
a specified wavelength.


Evaluation of dose distribution following to irra-
diation of involved geometry with low energy elec-
trons is challenging task. The main reason is the oc-
currence of shadowed areas where strong dose gra-
dients develop.


Backscattering simulation is difficult in particu-
lar since it is mainly produced by the small amount
of collisions resulting in large scattering angles.
Even though mixed simulation scheme should not
suffer condensed simulation drawbacks, it is worth-
wile to avoid large cutoff values for energy loss and
scattering angle, paying some penalty in terms-of
computational time.


Figure 12 shows the geometrical model created to
simulate dose distribution on the lateral surface of
a polypropylene cap shape. All along the internal
cap circumference run a folded ring that shadows
part of the lateral surface. Dose distribution in this
area is mainly affected by backscattered electrons,
since the ring thickness stops all directly impinging
electrons.
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Figure 13: Radiachromic films placement for
backscattering dosimetry test


Ratio P1/P2 Ratio P1/P3


Dosimetry 12 22
Monte Carlo 11 28


Table 1: Comparison between numerical and exper-
imental results


Dosimetry has also been carried out to evalu-
ate the absorbed dose and compare measurements
with numerical results. The finite size of the film
sensitive area (∼ 9mm2) is expected to limit the
dosimeter resolution. Figure 13 shows where the
radiachromic films have been placed, i.e. at cap
center (P1), within the inner corner (P2) and be-
neath the folded ring (P3).


The comparison between experimental data and
numerical results is shown in table 1. The numerical
model successfully predict the ratio between doses
at cap center and at inner corner P1/P2, while dose
under the folded ring is slightly underestimated.
MC simulation however allows an higher resolu-
tion, while dosimetry films average out the steep
dose gradient. The shape of the azimuthally aver-
aged dose on the closure lateral surface is shown in
fig.14. The strong dose gradient occurring below
the folded ring is clearly detectable.


Power distribution can be easily obtained once
the electron current and the emitter intrinsic effi-
ciency are accounted for. Emitter current is mea-
sured with good accuracy by the High Voltage
Power Supply, hence it can be deemed as known.
Emitter intrinsic efficiency is not easy to evaluate,
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Figure 14: Monte Carlo results for backscattering
on cap lateral surface.


since it is related to the geometry details and elec-
tric field patterns within vacuum chamber. How-
ever since window geometry is known, a good esti-
mate is that ∼ 60% of striking electrons reach the
foil. Beam transport between foil and irradiation
chamber has been directly simulated.


Figure 15: Numerical results for E-beam power dis-
tribution


Figure 15 shows how beam power is shared
among the different components exposed to elec-
trons inside the irradiation chamber. A large
amount of electron energy is dumped to air, even
tough power absorbed by the tungsten reflector and
steel rails is large also. The quite large air heating
allows a quick check on the numerical model predic-
tion, since it is easy to measure the air temperature
increase ∆Tair between outlet and inlet irradiation
chamber.


Air from the environment at 20◦ is blown through
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the cap channel from the outlet section located at
the bottom of the device. Air flow rate V̇blow is mea-
sured by an hot filament probe while compressed air
flow V̇compr used to cool the emitter foil is read by a
rotameter. Both air flows mix together before com-
ing out through the outlet section on the top of the
machine, where outlet temperature is also probed.
Air heating is simply given by:


˙Qair = ρairCp(V̇blow + V̇compr)∆Tair


and the experiment measured value are given in the
following table:


V̇blow [m3h−1] V̇compr [m3h−1] ∆Tair [K] ˙Qair [W]


80 20 50 1530


Since water cooling removes easily the energy re-
leased to the guide rails, it can be reasonably as-
sumed that air heating is the sum of direct vol-
umetric heating and the irradiation chamber wall
heating. The following table shows a comparison
between experimental and computed data.


Air heating [W] Wall heating [W]
1110 411


Total MC [W] Measured [W]
1521 1530


The actual air heating can be predicted with high
accuracy by the MC numerical simulation, even us-
ing a simplified geometrical model.


Numerical simulation has also been used to eval-
uate the peak factor in the power distribution on
the Ti foil produced by the beam generated by the
opposite emitter.


Figure 16 compares the computed power distri-
bution for the irradiated foil and the power pro-
file evaluated from dosimetry tests. MC simula-
tions clearly allows a much finer resolution but the
general appearing of both surface plots looks quite
similar. Numerical simulation provides a peak fac-
tor of 1.3, while the ratio between the maximum
measured dose and the average dosimetry result is
1.4. Due to some details of the irradiation chamber
not included in the numerical model, the dosimetry
power distribution is somewhat distorted, account-
ing for the reported departure.
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Figure 16: Energy deposition on emitter window.
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3.2. Divertor irradiation simulation and Beryllium
backscattering analysis


In this section MC method is employed to simu-
late divertor irradiation following to a plasma dis-
ruption, which is a relevant thermal load for the
design of ITER divertor [21, 1]. In particular a
comparison is carried out to verify the heating re-
duction following to the development of a cold va-
por cloud shortly after the disruption start. The
cold cloud should develop following to the fast va-
porization of PFMs tiles and screen the divertor
target plates from the further incoming high energy
particles generated within the hot plasma (vapour
shielding [1, 3]).


With the aim to provide an evaluation of the dis-
cussed heating reduction, a comparison between the
electron irradiation with and without vapor shield-
ing has been carried out.


Figure 17 shows a comparison between the ac-
tual divertor geometry foreseen for ITER and the
simplified model used in MC simulation.


A full tungsten vertical target has been assumed,
while a vapor cloud with mixed composition has
been modeled. Materials involved and other simu-
lation parameters are summarized in the following
table:


Condition Material gas density [g cm−3]


Vacuum C, Be 2.1 · 10−10


Vapor shielding C, Be, W 2.1 · 10−4


Condition VT material Energy


Vacuum Tungsten 150 keV
Vapor shielding Tungsten 150 keV


The gas density introduced in the model has been
computed by assuming a neutrals pressure of 1
Pa during operating conditions. Neutral gas has
been assumed to be composed mainly by Be and C
atoms, since the electron cross section for hydrogen
and helium is quite small and can be neglected.


The electron source has been assumed isotropic
since, following to a disruption, the magnetic fields
degrade shortly. The effect of external fields can
be added but their evolution is not easy to predict,
so for the present calculation, is not taken into ac-
count.


The electron energy distribution has been as-
sumed to be Maxwellian, with an average temper-
ature of 150 keV. This temperature is quite larger
compared to the expected plasma temperature for
ITER (∼18 keV). However it is assumed that low


energy electrons are absorbed within the plasma it-
self before they can reach Plasma Facing Compo-
nents (coulomb scattering wihin plasma decrease
abrubtly with electron energy) [22]. Most of E-
beam facilities indeed use high beam energy to in-
vestigate diruption effects [18].


Since the filtering due to ionized plasma is al-
ready accounted for in the source spectrum, only
cross sections for neutrals have been considered in
the electron transport through the gas phase.


The overall problem has been reduced to a two-
dimensional problem, allowing for a consistent re-
duction of computational time. The electron source
position is indicated in fig.17. It corresponds
roughly to the location of the X point where mag-
netic field is small and confinement of charged par-
ticle is poor.


(a) Divertor geometry
Model.


(b) Actual design for ITER
Divertor.


Figure 17: Geometry used in MC simulation of di-
vertor VT.


Figure 18 shows the computed profile of the elec-
tron energy distribution along the divertor VT. Re-
sults obtained with and without vapor shielding are
compared. MC simulations point out that a cold
and dense vapor cloud can actually reduce the over-
all thermal load on the VT by a factor 1.6.


Condition VT Heat Load Gas Heat Load


Vacuum 13 keV 1.5 · 10−2 eV
Vapor shielding 8.2 keV 82 keV


Condition Peak Factor Average energy


Vacuum 2 200 keV
Vapor shielding 2.5 260 keV


Table 2: Results from MC simulation of divertor
heating


The heating reduction is mainly due to the va-
por shielding, since the fraction of emitted energy
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absorbed by the gas phase increases dramatically
as it is shown in table 2. However it is also evi-
dent that the corresponding reduction in VT ab-
sorbed energy is not impressive, considering that
the gas phase density was assumed to increase by a
factor 106 and that a quite large amount of mate-
rial (∼35 µm ) has been vaporized into the divertor
area. Moreover it should be noted that the energy
deposition profile along VT is somewhat distorted
by the vapor shielding effect, since the peak factor
in the power distribution is 25% higher.


The fraction of electrons reaching the target is
reduced when vapor shielding is effective, but the
energy distribution results shifted towards higher
energies. The average energy of electrons as they
reach the VT is reported in table2 and is 30% higher
when the vapor cloud is accounted for.
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Figure 18: Dose profile along the Vertical Target


The numerical results presented in this section
are clearly obtained using a simplified model which
does not take into account some important parame-
ters, such as the actual electron source distribution
and geometry, the effect of magnetic fields and the
feedback between the erosion model and the heat
deposition. The aim of the simulation was however
to show that relevant results for design and engi-
neering can be obtained without increase too much
the complexity of the numerical tool, thereby re-
ducing the computational effort.


In ref.[14] unexpected experimental results in
beryllium irradiation has been related to a pos-
sible mismatch between applied and actually ab-
sorbed power during samples irradiation. Authors
in ref.[14] and ref.[23] claims the electron backscat-
tering can reduce the actually absorbed heat flux.
A Monte Carlo evaluation of Beryllium backscat-
tering has been carried out in order to investigate
the impact of electron reflection on PFCs overheat-


ing and eventually to introduce corrections within
FEM input.


A 1 cm thick square beryllium slab with 10 cm
side length has is exposed to a mono-energetic elec-
tron beam impinging orthogonally. No assumptions
are made about the possible interaction of the strik-
ing electron beam with the developing cloud of va-
porized material. In this way only the contribution
of electron backscattering and X-rays generation to
the reduction of absorbed power is evaluated.


Figure 19 shows the heat flux reflection analysis
results. Both bakscattered energy and fraction of
backscattered electrons are reported. It can be seen
that the fraction of backscattered electrons is higher
compared to reflected energy. This can be explained
by noting that primary backscattered electrons de-
posit part of their energy within the material sur-
face layers before escaping away. As long as electron
energy increases, another mechanism contributes to
waste the applied heat flux, namely the X-rays gen-
eration which becomes stronger as light speed is
approached. X-rays escape explains why at MeV
energy range the reflected heat flux is higher than
backscattered electrons fraction.
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Figure 19: MC simulation results for reflection of
applied heat flux in beryllium.


The fraction of impinging input power which is
actually absorbed is more than 90% except for very
low electron energy. This is in contrast with find-
ings in ref.[4] and ref.[14], where it is claimed that
the actually aborbed heat flux during E-Beam ir-
radiation tests is ∼77%. It is possible that such a
departure can be due to a very low applied volt-
age (< 1 keV) resulting in a low electron energy.
However it seems more likely that part of impingng
electron energy is actually absorbed by the vapor-
ized material cloud developing in front of the heated
surface.
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4. Molecular dynamics simulation


The evaluation of vaporization rate results very
sensitive to the different available empirical rela-
tionships, while a careful description of vapor cloud
evolution in terms of non-equilibrium gas dynamics
does not produce appreciable changes in the subse-
quent FEM analysis.


Several numerical models have been developed
in the past in order to take into account complex
phenomena occurring during plasma-material inter-
actions, such as vapor shielding [2], melt splashing
[6], sputtering and deposition [1]. Since from the
first investigations [23], it has been clear that the
thermal behavior of most materials is mainly re-
lated to their own thermal properties and that poor
improvement in the erosion evaluation come from
adding more complexity in the predictive models.


In this section a different approach is introduced
which avoids empirical correlations and relies on
first principles analysis. The aim of this research
activity is to evaluate material physical properties,
to be introduced into the macroscopic numerical
models, using Molecular Dynamics Simulations.


Molecular Dynamics (MD) is a statistical model,
such as Monte Carlo simulation, since the results
accuracy increases with computational time. How-
ever MD simulations do no take advantage of a
large amount of random numbers: the determinis-
tic phase-space trajectory of a system is simulated
and the Liouville theorem grants that the averages
of observable quantities converge to their true ther-
modynamic value [24, 25].


In MD simulations a pairwise potential is usually
employed to speed up calculations. Beryllium po-
tential shown in fig.20 has been obtained as an effec-
tive pair potential by fitting experimental beryllium
lattice data.


Unless the simulation goal is to study a small
cluster of atoms, MD computations employ periodic
boundary conditions. Atoms are allowed to move
usually within a cubic box (different shape are also
available [25]), which is replicated throughout the
space to form an infinite lattice.


4.1. Evaluation of Beryllium evaporative latent
heat


In order to evaluate the beryllium latent heat of
vaporization a number of Molecular Dynamics sim-
ulation at constant temperature have been carried
out. The atoms density has been reduced step by
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Figure 20: Pair potential for beryllium (Ueda)


step, so that the system follows an isotherm on the
p–V diagram (see fig.21).


A simple two body-potential, developed for beryl-
lium self-sputtering evaluation [26], has been em-
ployed in MD simulations:


φ(r) =
16e20f(r/aBe)


r
− cBe


r8 + r80


f(x) = 0.35e−0.3x + 0.55e−1.2x + 0.1e−6x


(4)


Where aBe, cBe and r0 are parameters chosen in or-
der to reproduce experimental properties of beryl-
lium crystal lattice and ab-initio calculations [26].
Their values are aBe = 0.1817 Ȧ, cBe = 2835 Ȧ8eV
and r0 = 2.490 Ȧ. The potential energy is expressed
in eV and e0 is the elementary electron charge.


A Nosé-Hoover thermostat has been employed
in all runs, in order to both keep constant the
sample temperature and generate states in the
NV T−ensemble [25, 27]:


R̈i =
Fi


Mi
− ζṘi


ζ̇ =
g


Qm
(kBT − kBTs) .


(5)


Here g is the number of degrees of fredom of the sys-
tem (for an atom g = 3), ζ is a new ”heath bath”
dynamic variable [27] and Qm is the associated fic-
titious ”mass” parameter. The values of particles
velocity, Ṙi, are used to evaluate at each time step
the istantaneous temperature T , while the ensem-
ble temperature Ts is constant during the simula-
tion. R̈i and Fi are the atoms accelerations and
interaction forces, respectively. In all runs temper-
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ature has been kept fixed at 2000 K, which is rep-
resentative of the typical temperature foreseen in
ITER during off-normal events [1].


The number of beryllium atoms is 3456 in all
runs. System dimensions are not too large, in or-
der to save computing time, but they nevertheless
provide adequate statistics in computing thermody-
namic averages during the simulations. Atoms are
arranged inside a cubic cell whose length is consis-
tent with the fixed average atoms density, using the
skew start method [27], i.e. by spreading atoms uni-
formly within the available space. Periodic bound-
ary conditions are applied along 3 perpendicular
directions.


Pressure is computed by means of the virial equa-
tion [25]:


psV = NkBTs +
1
3


N∑
i=1


Ri · Fi (6)


Where V is volume, N is the number of atoms, Ri


and Fi are, respectively, the position and the force
acting on atom i.


System equilibration, which becomes quite slug-
gish during phase change transition, has been
checked, looking for possible drifts of the average to-
tal energy during each run. Phase change has been
monitored displaying periodically the atoms posi-
tions and analyzing the sample structure through
the Radial Distribution Function [25].


All MD runs have been performed using the code
Moldy [27] (available under GNU license condi-
tions), which has been modified in order to include
the required potential forms [26].


Figure 21 shows the positions of the simulated
thermodynamic states on the pressure-specific vol-
ume (p–V) diagram. As clearly stated in ref.[25],
in MD simulations it is rather difficult to obtain
coexistence of two phases, due to the small dimen-
sions of the simulated samples. Increasing the sim-
ulation box length in a NVT simulation produces
metastable liquid states with no traces of vapor
phase. Such metastable liquid states are also ob-
tained from common real gas equations (e.g. Van
Der Waals law) and in carefully controlled experi-
mental conditions [28].


Dashed line in fig.21 is an isotherm computed
using the Clausius relation for real gas:


ps =
RTs


v − b
− a


Ts (v + c)2
(7)
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Figure 21: Isotherm for beryllium at 2000K in the
pV diagram.


parameter analytical expr. value


a
27R2T3


cr
64pcr


7.995 · 107 kg−1 m5 s−2 K


b 3RTcr
8pcr


− vcr 0.4902 · 10−3 m3 kg−1


c vcr − RTcr
4pcr


0.58118 · 10−3 m3 kg−1


Table 3: Parameters in eq.7, computed by least-
square fitting of MD data


Where v is the specific volume, R the real gas con-
stant for beryllium. a, b, c are parameters linked
to the critical pressure pcr, temperature Tcr and
volume vcr, obtained by least-square fitting of data
computed during MD runs (metastable states only,
in fig.21). Table 3 reports the obtained values and
the corresponding analytical expressions.


As the specific volume is further increased, the
points on isotherm in fig.21 become unstable. Void
channels and region free from atoms develop within
the system during simulations.


Figure 22 shows a graphical representation of
beryllium atoms during a simulation at density of
1500 kg m−3. A cavity produced by the mechani-
cal instability which affects the simulated system is
also shown.


An analogue behavior can be seen at low densi-
ties, near the saturated vapor region. In this case
the vapor phase is unstable and micro-drops of liq-
uid metal develop inside the vapor phase, decreas-
ing pressure and producing poor equilibrated sys-
tems. Figure 23 shows small drops of liquid phase
interspersed in the vapor phase during a simulation
performed at 5 kg m−3.


2818



Lynne

Typewritten Text

Proceedings of ICAPP 2011Nice, France, May 2-5, 2011Paper 11486







Figure 22: Graphical view of beryllium atoms dur-
ing a simulation at high density.


At higher specific volumes equilibrium conditions
are more easily approached and the thermodynamic
states are roughly placed along an hyperbolic curve
branch.


Figures 21 and 24 show that the internal branch
of the computed isotherm, where pressure increases
with volume, is unstable and that thermodynamic
states move towards the real isotherm where coex-
istence of liquid and vapor occurs. Since the en-
semble averages computed for the unstable states
are unreliable due to lack of thermodynamic equi-
librium, they have not been taken into account in
the fitting procedure of eq.7.


In order to locate the thermodynamic coexistence
states along the real isotherm in the p-V diagram,
the Maxwell equal-area construction may be em-
ployed [25, 24].


A large number of state points would be re-
quired in order to perform the numerical integra-
tion needed to evaluate the equilibrium pressure.
However eq.7 can be easily analytically integrated
and difficulties introduced by the poor equilibrated
thermodynamic states on the isotherm’s unstable
branches may be overcome.


The points where the true equilibrium pressure
overlaps with the pressure computed via eq.7, set
the limits of coexistence between phases. By com-
puting the total energy in these two points it is
possible to evaluate the latent heat of vaporization
for beryllium.


The computed enthalpy of vaporization for beryl-
lium results 35.2 · 106 J kg−1, which is in very


Figure 23: Graphical view-of beryllium atoms dur-
ing a simulation at low density.


-20


-15


-10


-5


0


5


10


15


20


25


100 101 102 103 104 105


pr
es


su
re


 (
M


P
a)


specific volume (cm3 g-1)


Beryllium isotherm on p-V diagram


metastable states
non-eqilibrium states
Be isotherm - 2000K


Figure 24: Detail of the simulated isotherm and of
the real isothermal curve.


good agreement with the value reported in ref.[11],
36.6 · 106 J kg−1, while the vapor pressure at 2000
K is ∼56 Pa.


Figure 26 shows a comparison among evaporative
heat fluxes in vacuum computed from MD data (us-
ing eq.7) and from correlations available in litera-
ture [11, 12]. The slope of the solid curve (from MD
data) is close to that computed from vapor pressure
reported in ref.[11] (dashed line) and it is connected
to the latent heat of vaporization.


The gap between the two curves is due to the
lower vapor pressure evaluated from MD data. The
excellent agreement between computed and exper-
imental latent heat can be partially explained re-
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Figure 25: Total energy computed during MD sim-
ulations of beryllium at low density.
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Figure 26: Comparison among evaporative flux
computed from MD-data and from available exper-
imental correlations.


calling that vapor enthalpy is rather insensitive to
pressure fluctuations at temperatures not too close
to the critical point [28].


Beryllium computed vapor pressure poor agree-
ment with the available experimental data is related
to the following reasons:


• the inherent instability of MD simulations
when dealing with coexisting phases.


• the approximated pair potential employed in
the simulations.


Direct simulation of phases in equilibrium re-
quires that an interface between the coexisting
phases is established. since the evanescent interface


in not stable unless its dimension is of the same
order of density fluctuation wavelength occurring
during melting or vaporization [25, 24].


Several indirect method have been proposed to
evaluate equilibrium properties of multiple-phase
thermodynamic system [29, 30]. Most of these ad-
vanced simulation techniques involve Monte Carlo
simulations or a mix between MC and MD simula-
tions. Despite the inherent difficulty in multi-phase
system simulation, the main source of approxima-
tion in beryllium MD simulation is the interaction
potential.


A valuable test for the accuracy of a pair po-
tential is the comparison between a well known
property (such as the critical temperature) and the
corresponding numerical or analytical expression in
terms of main potential parameters (well depth, at-
tractive tail, etc.) [31, 29]. In ref.[29] the critical
temperature Tc is shown to be proportional to the
attractive tail apot of pair potentials.


Tc ∝ apot = −2π
3


∫ ∞
xmin


r
dv(r)


dr
r2dr (8)


where xmin is the position of the potential mini-
mum. Assuming that this general result holds also
for a pair potential given by eq.4, a rather high
critical temperature would be obtained for beryl-
lium, ∼8000 K, well above the actual value, which
is ∼6200 K. This rather large departure could ex-
plain the low computed vapor pressure shown in
fig.26.


5. Density Functional Theory and ab initio
simulation


The ultimate approach to evaluate from first
principle the basic property of matter involves elec-
tronic configuration calculation. The advantage
of this approach is that no assumptions are made
about the effective forces acting among atoms. Such
forces can be instead computed from electrostatic
interactions between electrons and nuclei and from
electron dynamics itself. The primary goal of the
following first principle calculations will be the eval-
uation of a physically sound pair potential for beryl-
lium. Such a potential should be able to repro-
duce the equilibrium properties of Be crystal lattice
(computed from first principles).


Moreover dynamical quantities can also be eval-
uated, by taking advantage of Hellmann-Feynman
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theorem and by exploiting the mass difference be-
tween nuclei and electrons, i.e. allowing for a clas-
sical treatment of ions motion. As for electronic
structure calculations, no assumptions are made
about the forces acting among atoms. Neverthe-
less it will be possible to evaluate with good accu-
racy thermal transport quantities, such as thermal
conductivity, which strongly affect PFCs behaviour
under moderate heat load, as shown in sec.2.


The exact description of a system involving nu-
clei and electrons is given by the Schrödinger equa-
tion. Solving this equation is almost unfeasible, un-
less the mass difference between electrons and ions
is exploited. In this way the problem can be sep-
arated into an electronic problem at fixed nuclei
and a nuclear problem under an effective potential,
generated by the electrons. Such approximation is
known as adiabatic or Born-Oppenheimer approxi-
mation.


Several methods have been developed in order
to solve the resultin decopled equations, the most
popular being the direct Hartree-Fock method and
the method based on Density Functional Theory
approach.


Density Functional Theory is a ground state the-
ory which rely on the electron charge density as the
relevant physical quantity.


Considering a system of N interacting electrons
under an external potential V (r) (e.g. the Coulomb
attraction exerted by nuclei), if the system has
a non-degenerate ground state, there is only one
ground-state energy density n(r) which corresponds
to a given V (r). Hoenberg and Kohn prooved also
the less obvious opposite result [32] that there is
only one external potential V (r) that yields a given
ground state density n(r).


The important consequence of the HK theorem is
that the ground state energy E is also determined
by the ground state charge density, so that E can
be expressed as a functional of n(r). In this way the
N -body problem of Schrödinger equation is reduced
to the determination of a 3 variables function n(r)
which minimize the functional E[n(r)].


The unkonwn KS potential can indeed be ex-
pressed as the sum of 3 potentials. The Hartree
term and the external potential are usually the most
important. Since the exchange correlation term is
usually small it can approximated without loosing
too much accuracy: this is the fundamental idea of
DFT applications.


Even though the exchange correlation term cor-
responds to a non-local operator, it is common to


approximate it with a function of the local density
n(r). Several other recipes are available according
to the purpose of the calculation.


5.1. Results of electronic calculations for beryllium


The KS equations have been solved for beryllium
atoms, using the package ”quantum espresso” freely
available under GNU license conditions. Several
FORTRAN routines are available within the pack-
age and allow to set all parameters affecting the
accuracy of calculations. Most important parame-
ters are the approximations used to evaluate the ex-
change correlation energy and the potential shape
outside the core regions of atoms. Moreover for
metals it is very important to correctly sample the
Fermi surface where partially electron occupied en-
ergy bands occurs. This is generally accomplished
by increasing the amount of points in reciprocal lat-
tice space used to build the electron wave-functions
[32].


A local density approximation (LDA) has been
employed with the exchange correlation term given
by an analytical form by Perdew and Zunger [32].


The DFT approach can be extended to systems
formed by many atoms, provided further approxi-
mations are introduced to reduce the computational
effort. When dealing with a regular lattice of atoms
or even with a cluster whose atoms keep a regular
pattern, the KS wavefunction basis can be given by
a set of plane waves [32].


A further approximation is the use of pseudo-
potential, i.e. only the outer shell of the electrons
are involved in the calculation, while the inner core
remain frozen. This is quite always acceptable,
since inner electrons do not take part to chemical
binding.


Once DFT is used to find a first-principle inter-
action potential, classical MD simulations could be
carried out with the straightforward method, i.e.
by integration of Newton equation of motion.


MD simulations based on DFT potential take ad-
vantage of a remarkable result, that highly simplify
the solution of equations of motion. The forces act-
ing on ions depends explicitly only upon ions po-
sition Ri. This remarkable result follows from the
Hellmann-Feynman theorem [32].


The aforementioned numerical recipes have been
implemented to evaluate ground state properties of
beryllium. Once the ground sate electronic struc-
ture and lattice parameter have been determined,
temperature has also been added and forces be-
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Figure 27: GS Charge density plotted over a lattice
symmetry plain for fixed atom positions


tween atoms have been evaluated through Hellman-
Feynman theorem.


The pseudo-potential has been constructed by
assuming that the actual outer orbital and the
one generated within the frozen core approxima-
tion match beyond a given cutoff radius rco = 2.1
a.u (atomic units, 1 a.u.∼ 0.53Å).


Beryllium atoms have been arranged in an hexag-
onal lattice and placed at proper lattice symmetry
position [33]. Several separate calculations have
been subsequently carried out for both atom posi-
tions configurations, at different lattice parameters
to find the corresponding equilibrium value.


The ground state charge density n(r) should be
evaluated in ab initio calculations by summing the
plane-waves expansion over an infinite number of
reciprocal lattice k-points:


n(r) =
∑
k


∑
i


|ψk,i(r)|2 (9)


where i runs over the occupied bands. In met-
als, such as beryllium, an accurate sampling of the
Fermi Surface is needed. The sum in this case in-
cludes also bands with fractionary occupation num-
bers, and the charge density is spread over en-
ergy levels located at the boundary between va-
lence band and conduction band. Several equiva-
lent recipes exist, most used is Gaussian broadening
[32], which has been employed also in this case.


Figure 27 shows the computed ground state
charge density n(r) for the lattice configuration
with pre-selected equilibrium atoms positions, cho-
sen according to available crystallographic data


[33]. The charge density is evaluated on a plane
normal to the lattice symmetry axis (001). The
regular patterns of Be atoms arranged in an hexag-
onal array is clearly visible.


The equilibrium atoms configuration obtained
through self-consistent DFT simulations can be
used to evaluate the equilibrium lattice energy ac-
cording to Ueda pair-potential, eq.4. Moreover by
computing the crystal energy for different lattice
volumes (corresponding to different values of lat-
tice constant a and keeping c/a ratio constant), it
is possible to evaluate the energy - volume curve
according to Ueda potential and compare it with
DFT results.


A realistc pair potential to be employed in clas-
sical MD simulations should reproduce the lattice
equilibrium properties. As a consequence DFT re-
sults can provide a benchmark for the simple pair-
potential under evaluation and can suggest possible
changes to improve the pair potential peformance.


A simple FORTRAN routine has been imple-
mented to evaluate the potential energy for a given
atoms configuration as predicted by a pair-wise po-
tential. A sum over lattice positions is carried out:


U(a,b, c) =
1
2


∑
n,m,l


∑
i


φ (‖na +mb + lc + ri‖)


(10)
where U (a,b, c) is the energy per atom which is
only a function of the lattice vectors a,b, c. φ(r) is
the UEDA potential eq.4, while ri are the equilib-
rium atom positions. The summation in eq.10 in-
volves as many as unit lattice replicates as required
to achieve convergence (for short-ranged potentials
a few replicates are required) and the factor 1/2
accounts for the equal sharing of interaction energy
between atom pairs.


Figure 28 shows a comparison between lattice
energy plotted as a function of lattice constant a
(V ∝ a3), computed through DFT simulations and
using eq.10. It is apparent that both computational
routes provide a quite similar shape for the energy-
volume curve at zero temperature. Nevertheless the
simple pair potential proposed in eq.4 predicts a
sligthly larger equilibrium value compared to DFT
simulations.


DFT results can be used to improve the classical
MD simulations capability and to introduce suit-
able corrections into the pair potential eq.4.


Figure 28 shows that theorethical shape of
energy-volume curve is well reproduced by the ef-
fective Ueda pair potential. An improved potential
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Figure 28: Comparison between beryllium energy-
volume curves computed through DFD simulations
and using pair potential eq.4


can then be obtained by simply translating the min-
imum value of eq.4 in order to fit the equilibrium
lattice volume predicted by DFT simulations. The
required traslation ∆σ can be evaluated by the fol-
lowing expression:


∆σ =
a0,pp − a0,DFT


a0,pp
· σ0 (11)


where a0,pp and a0,DFT are the equilibrium lattice
constants predicted by original pair-wise potential
eq.4 and DFT simulations, respectively. The in-
teratomic distance corresponding to the minimum
interaction energy according to eq.4, σ0, can be
evaluated numerically and is ∼2.33Å. A modified
expression for Ueda potential [26] can then be ob-
tained:


φ(r′) =
16e20f(r′/aBe)


r′
− cBe


r′8 + r80


f(x) = 0.35e−0.3x + 0.55e−1.2x + 0.1e−6x


r′ = r + ∆σ.


(12)


where all parameters have been already defined in
eq.4 and r′acccounts for the correction δσ.


Figure 29 shows the comparison between DFT
simulations results and the energy-volume curve
computed using the modified pair potential eq.12.
It can be seen that the modified potential correctly
reproduce the self-consistent quantum results.
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Figure 29: Comparison between beryllium energy-
volume curves computed through DFD simulations
and using pair potential eq.12


5.2. Evaluation of Beryllium thermal conductivity


In section 2 it has been shown that an accurate
knoweldge of beryllium thermal transport proper-
ties is required to predict PFCs temperature tran-
sients and ensuing thermal erosion. This is espe-
cially true at moderate thermal loads, where va-
porization cooling plays a minor role.


Again first principle simulations can provide a
valuable tool to evaluate thermal transport prop-
erties without empirical assumptions. This is par-
ticulary useful for fusion applications, where high
quality grade materials are employed and material
microscopic behaviour is very important.


Once the ground state electronic structure has
been evaluated for beryllium crystal at 0 K, a num-
ber of Molecular Dynamics Simulations have been
carried out at increasing temperature. The aim of
these additional simulations was to evaluate macro-
scopic properties arising from atoms dynamics, i.e.
thermal diffusivity, as long as phase change point is
approached.


Atoms motion, often referred to as phonon diffu-
sion to emphasize the quantum nature of the pro-
cess, is one source of energy transport within ma-
terials. For metals like beryllium electron contri-
bution to thermal diffusion must also be taken into
account, since the high mobility of electrons within
conduction band provide a very fast path to energy
transport, many times more effective than phonon
energy transport at ordinary temperature.


Beryllium thermal conductivity kth can then be
expressed as the sum of the ionic motion contribu-
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tion kth,i and the conduction band electron conduc-
tivity kth,el [34]:


kth = kth,i + kth,el (13)


Thermal conductivity due to ionic motion (or
phonon vibration) can be evaluated through first
order perthurbation theory within the framework
of statical physics. Thermal conductivity can also
be expressed as the time correlation function of a
suitable quantity, in this case the energy flux [35].


Since ionic motion provides only a small contri-
bution to the overall thermal transport process in
metals, a simpler approach can be used to eval-
uate thermal conductivity kth,i. The analogy be-
tween atoms motion and thermal transport can be
exploited and the following simplified expression re-
lating thermal conductivity and diffusion coefficient
can be used:


kth,i =
10
3
CvρBe


N0
D. (14)


In eq.14 D is the diffusion coefficient, Cv is the spe-
cific heat, ρBe is beryllium density and N0 is the
Avogadro’s number.


As previously mentioned electron motion pro-
vides the larger contribution to thermal transport
within metals. Electron thermal conductivity can
be evaluated within the framework of free electron
gas theory [34]:


kth,el =
π2


3
n̄elk


2
BTλel


melvF
(15)


where n̄el is the spatially averaged electron density,
vF is the Fermi electron speed, i.e. the electron
speed corresponding to the Fermi energy [34], mel is
the electron mass and λel the conduction electrons
mean free path.


Equation 15 can be found by assuming that ther-
mal transport is carried out mainly by electrons cor-
responding the energy levels within the conduction
band. Since electron attraction by fixed ions and
repulsion between electrons themselves nearly ne-
glect each other, it is assumed that electron motion
occurs like within a weakly interacting gas: it con-
sists of free fligths interrupted by occasional colli-
sions with other particles (mainly ions, since cross
section for electron-electron collisions is compara-
tively small) [34].


All quantities in eq.15 are known or can be com-
puted through DFT simulations. Fermi energy cor-
responds to the upper energy level which is fully


kth,i (W m−1K) vF (m s−1) n̄el (m−3)
1.4 2.5·10−6 24.7·1028


λel (m) kth (W m−1K)
1.5·10−9 150


Table 4: Main parameters used to evaluate beryl-
lium thermal conductivity at 500 K


occupied at zero temperature. Self consistent cal-
culation of ground state electron density directly
provides Fermi energy, which for beryllium is 14.3
eV.


Electron mean free path λel is mainly determined
by collisions with phonons propagating through the
ions array, except vor very thin conductors (in that
case also collisions with surfaces contribute) and
very low temperature (where lattice impurities have
the larger cross section for electron collisions). As a
consequence molecular dynamics simulations taking
explictly into account phonon creation and diffu-
sion are required to evaluate it. The code Quantum
Espresso provides a dedicated routine to evaluate
phonon transport, that can be run in parallel with
MD DFT simulations.


Parameters required to evaluate thermal conduc-
tivity in beryllium are reported in the table 4. As
expected thermal transport due to ionic motion is
small compared to electron contribution, so that
the error involved in using the approximated ex-
pression eq.14 can be deemed as acceptable. Elec-
tron mean free path λel has been evaluated at 500
K and it is strongly affected by temperature, since
as long as ionic motion increases, more phonons are
created and collisions with electrons become more
frequent. The theorethical predicted value closely
approaches the experimental data at the reference
temperature.


6. Conclusions


A correct design of Plasma Facing Components
(PFCs) and a careful choice of Plasma Facing Ma-
terials are challenging tasks for the development of
future fusion reactors. Even large devices under
construction such as the ITER tokamak, will ex-
perience strong power transients, with a resulting
thermal load on PFCs which is by far beyond the
capacity of past and current nuclear fusion experi-
ments.


Plasma material interactions include several dif-
ferent phenomena ranging from atomic scale ero-
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sion to melting and vaporization of large areas dur-
ing plasma disruptions. Plasma instability develop-
ment, which would be probably unavoidable at first
stage of this technology, will result in fast heat de-
position on PFMs. The sudden increase in plasma
exposed surface temperature is expected to pro-
duce a strong vaporization of volatile PFMs such
as beryllium and sublimation and melting of tung-
sten and carbon coated divertor target.


The main aim of the research activity was to in-
vestigate the underlying physics of plasma mate-
rial interactions following to energy deposition on
PFMs and to develop a numerical evaluation tool
able to approach the overall matter from different
sides and perspective. Hence several different com-
plementary topics have been treated and described
in the previous chapters:


• the thermal transient evolution and the life-
time reduction of PFMs due to thermal abla-
tion have been investigated using a mixed de-
terministic (FE model) and stochastic (Monte
Carlo Model) approach.


• the high energy electron transport through
PFCs has been investigated and supported by
an extensive experimental activity carried em-
ploying Electron Beam Irradiation.


• the fundamental problem of material thermal
and physical properties evaluation has been ad-
dressed, using a first principle approach based
on Molecular Dynamics Simulations and Den-
sity Functional Theory.


A Finite Element Model of beryllium armored
PFCs has been developed to evaluate erosion pro-
duced by high thermal energy release on FW dur-
ing ELMs and VDEs and to investigate heat-sink
overheating during longer transients. Simulation
of melting, material ablation by vaporization, heat
transfer to coolant in different regimes and poten-
tial occurrence of thermal crisis have been success-
fully modeled through FORTRAN routines.


Depending on still unknown features of energy
release on main chamber walls during ELMs, FW
armours lifetime could be reduced due to the cumu-
lative erosion produced by many heat pulses with
frequencies of 1-10 Hz. On the basis of the avail-
able data for JET and ASDEX-Upgrade a first
estimate of FW erosion due to ELMs has been at-
tempted. The developed statistical method rep-
resents a novel approach that can be rather use-
ful whenever reliable data on sensitive components


lifetime are missing or must be extrapolated from
different sources. Moreover it helps to combine in
straightforward fashion different probability distri-
bution functions (PDFs).


Results show a great scatter, from few hundreds
to more than 20000 discharges, mainly due to inher-
ent uncertainties in PDFs. Nevertheless the model
provides a clear indication on the most critical fac-
tors affecting component lifetime. A key factor in
determining the actual FW erosion, is the size of
the heated area during ELMs, since, when specific
energy does not exceed melting threshold, erosion
becomes negligible. Also the impact of vapor shield-
ing on heat load reduction and the extent of melt
layer removal have a strong impact on PFCs life-
time.


Heat loads produced by high energy electrons
irradiation has been investigated from both ex-
perimental and computational perspective. A low
power E-Beam developed for sterilization purpose
has been subsequently employed for the experimen-
tal investigation. Experimental Data have been ex-
tensively used to validate a Monte Carlo numerical
tool developed for low energy electron and photon
transport. The numerical simulation successfully
predicted the dose distribution for several plastic
caps with different shapes and sizes. Such irradi-
ated geometry is quite challenging for MC simula-
tions, since shadowed areas with strong dose gradi-
ents and interfaces between different materials are
common. Electron dose distribution has been eval-
uated using a calibrated dosimetry system, based
on radiachromic films, which change color upon ir-
radiation. A good agreement between experiments
and numerical results has been found for backscat-
tering and also a good match between measured
and computed peak factor for accelerator window
heating. Moreover the numerical model successfully
predicted also the total power delivered to the irra-
diation chamber.


The power distribution following to a disruption
within ITER divertor region has been simulated. In
particular a correlation between vapor absorption
of incoming high energy particles has been inves-
tigated. Simulation results showed actually a de-
crease in PFMs overheating due to vapour shield-
ing, but with higher peak factors and an harder
energy distribution of impinging particles.


Vapor shielding could be more effective when
Beryllium armoured PFCs are overheated. Simple
Monte Carlo simulations considering Be slab irra-
diated at different electron energy have been car-
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ried out in order to clarify the impact of electron
backscattering on actually absorbed heat flux. In-
deed simulation results show that backscattering
cannot contribute significantly to heating reduc-
tion, unless irradiation occurs at very low electron
energy.


Rather large uncertainties arise in evaporation
cooling evaluation due to differences in the avail-
able experimental correlations for beryllium vapor
pressure. In order to investigate such large depar-
tures, classical Molecular Dynamic simulations of
beryllium have been carried out. In this prelimi-
nary work the latent heat of vaporization has been
estimated, employing a simple two-body potential
for interaction between beryllium atoms.


In MD simulations metastable conditions, rather
than true coexistence of different phases, are usu-
ally obtained. In order to overcome these draw-
backs the averages computed during MD sim-
ulations have been least-squared fitted and the
Maxwell equal-area construction has been used to
locate the coexistence points on the real isotherm-
isobar curve. The latent heat of vaporization
has been subsequently estimated and an excellent
agreement with data from fusion database has been
found. Beryllium vapour pressure evaluation pro-
vided by MD simulations is rather inaccurate due
the limits of the simple pair potential employed for
beryllium.


Density Functional Theory has been approached
to circumvent the issues coming from an inaccurate
treatment of beryllium atoms interactions. Beryl-
lium atoms electronic structure has been calculated
and a number of simulations to investigate beryl-
lium crystal properties have been carried out. The
lattice features at 0 K have been correctly repro-
duced and the energy per atom as a function of lat-
tice volume has been computed. The pairwise po-
tential used in classical simulations has been suse-
quently corrected using DFT results, by forcing the
potential itself to reproduce the computed energy
per atom.


The electronic structure results for beryllium can
also be employed within dynamical simulations.
The energy transport through the crystal lattice has
been simulated by evaluating the coupling bewteen
electrons and phonon modes. Electron contribu-
tion to thermal conductivity has been subsequently
evaluated using the electron mean free path result-
ing from phonon-electron coupling. A good match
for Beryllium thermal conductivity has been found
between numerical and experimental values.


The obtained results show that this innovative
approach can actually predict with good accuracy
equilibrium properties and provides a useful tool to
understand how materials behave at a fundamental
level. Next steps aimed to improve the previous re-
search activity are performing of classical MD sim-
ulation usng the shifted pair potential developed
from fisrt principles and the extension of DFT sim-
ulations to lattice with impurities or imperfections.
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Abstract – In the present study, the coolant flow in the containment pool and debris 
transportation are analyzed using Computational Fluid Dynamics (CFD). The flow field is 
calculated using Volume of Fluid (VOF) method and transport fraction of debris is evaluated 
using the lagrangian particle tracking method. The particle dynamic equations are calculated 
after achieving a steady state of the flow field. A friction force between sediment debris and the 
containment floor is added to particle dynamic equations. The transport fraction calculated using 
the particle tracking method is compared to that calculated using the evaluation method in 
guidelines of PWR recirculation sump evaluation methodology (NEI 04-07). The evaluation 
method in NEI 04-07 shows more conservative with respect to the transport fraction than the 
particle tracking method. 


 
 


I. INTRODUCTION 
 


In the event of a loss-of-coolant accident (LOCA) at a 
pressurized nuclear power plant, strong pressure waves and 
strong steam jet impinge upon thermal insulation, coatings, 
and concrete near the break. The materials can be damaged 
and be dislodged. Then they become debris in the 
containment building.[1] Some of this debris can be 
transported in the containment water pool to the vicinity of 
the sump and increase the pressure drop across the sump 
screen, at which point the emergency core cooling system 
(ECCS) can fail to re-circulate coolant to the reactor core. 
In 1992, accidents of recirculation sump blockage occurred 
in nuclear power plant units in the USA and Sweden. After 
the accidents the United States Nuclear Regulatory 
Commission (USNRC) prescribed that the pending 
problem of the plugging event is a high priority ranking 
safety issue, designating it Generic Safety Issue (GSI) 191.  


Many countries having nuclear power plants have made 
efforts to resolve GSI 191 and a number of studies have 
been carried out to evaluate the potential for sump clogging 
and the recirculation sump performance. In 2004, the 
Nuclear Energy Institute issued NEI 04-07, guidance for 
the evaluation of recirculation sump performance. 
Guidance of the computational fluid dynamics analysis of 
the containment pool flow and evaluation of debris 
transport, respectively, is presented in NEI 04-07 and the 
Safety Evaluation Report (SER) for NEI 04-07 Appendix 


III. [2] In the evaluation process of the recirculation sump 
performance, it is very important to predict the flow field of 
the containment pool, because the transport characteristics 
of debris depend on the local velocity and the turbulence in 
the flow field.  


In the SER for NEI 04-07, the containment pool flow is 
simulated using the commercial CFD code FLUENT, and 
the possibility of debris transport to the sump strainer is 
evaluated with the velocity field and streamlines analysis. 
Maji et al. [3] set up a test flume representing a reduced 
containment pool and performed an experimental study to 
investigate the flow field and floor transport characteristics 
of several types of debris. They also simulated the flow in 
the test flume and compared the CFD results with the 
experimental results. However, few studies have been 
carried out to analyze a real sized containment pool flow 
using a two-phase flow model and transport characteristics 
of the debris using a Lagrangian approach. 


This study presents a CFD analysis of the coolant flow 
in the containment pool with a two-phase flow model. 
Based on the simulation results, the debris transport is 
calculated and possibilities of debris transport to the sump 
strainer are evaluated using the Lagrangian particle 
tracking method. 
 


II. NUMERICAL METHOD 
 
Geometry and boundary conditions 
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To investigate the containment pool flow and the debris 
transport, the geometry of the containment pool of KSNP 
(Korea Standard Nuclear Powerplant) is considered. The 
minimum anticipated depth of the containment pool is 
assumed to be 3.13 ft (0.95 m). Because the two-phase 
flow model considers both air and water phase, the height 
of the fluid domain of the two-phase model is larger than 
the minimum anticipated depth. The fluid domain of the 
containment pool is shown in Fig.1. 


A hot leg double ended guillotine break is assumed for 
the accident scenario, and it is assumed that the water 
flowing into the containment pool is concentrated on only 
one region, similar to a pipe inlet, thus taking a
conservative point of view. Also, the inflow position is 
assumed to be in the vicinity of the break location. In the 
long term recirculation cooling mode, the LPSI pump 
(1,235 gpm) and the HPSI pump (5,120 gpm) are engaged 
and the total flow rate is assumed to be 6,355 gpm. This 
flow rate is applied at the break location for the inlet
(inflow) and outlet (outflow) boundary conditions. The 
boundary condition of the top surface is an opening for air 
flow. A no-slip condition is applied at the walls except for 
the top surface in both models.


Equations for fluid flow


To calculate the containment pool flow, the differential 
equations for a turbulent and incompressible fluid flow are 
the continuity equation and Reynolds Averaged Navier-
Stokes equations The RNG k-ε model is used for 
turbulence modeling because this model treats swirling 
flows better than the standard k- ε model does.  


The VOF (Volume of Fluid) model is used to simulate 
the flow fields of water and air in the containment pool. 
The VOF model can model two immiscible fluids by 
solving a single set of momentum equations and tracking 
the volume fraction of each of the fluids throughout the 


domain. The interface of two immiscible fluids is tracked 
by solving a continuity equation for the volume fraction of
one of the phases. For the secondary phase, this equation 
has the following form:


( ) ( ) 0=⋅∇+
∂
∂


sssss v
t


ραρα
(1)


where the subscript s is the secondary phase, α is the 
volume fraction, and v is the velocity. The volume 
fraction equation will not be solved for the primary phase, 
and the primary phase volume fraction can be computed 
based on the following constraint:


1=+ sp αα (2)


where the subscript p is the primary phase. The Geometric 
Reconstruction scheme is used to capture the two-phase 
boundary within one computational cell.


For the discretization of the convection term, a second 
order upwind scheme is adopted. It is assumed that the 
fluid domain is at rest for the initial set of conditions. The 
transient calculation is done until steady state solutions are 
achieved. The governing equations are solved using the 
commercially available CFD code, FLUENT.


Particle tracking method


Debris transportation is simulated using the DPM 
(Discrete-Phase Model) of FLUENT. Debris is assumed to 
be comprised of non-spherical particles and the motions of 
particles are governed by the following force balance
equation: 


Fig. 1 Containment pool geometry of fluid domain


(a)  Friction force = Drag force (stop)


(b) Friction force =< Drag force (about to move)


Fig. 2 Force balance between friction and drag
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where u and pu  are the coolant velocity and the 


particle velocity, respectively, ρ is the density of coolant, 
and pρ is the density of the particles. pd  


is the particle 
diameter and xF is an additional acceleration (force/unit 
particle mass). CD is a drag coefficient that depends on the 
particle Reynolds number; the drag law of Haider and 
Levenspiel is applied. 


The density of the dry NUKON fiber is 2,800 kg/m3. 
Actually, wetted insulation debris mostly consists of water 
[1]; the density of this insulation debris is slightly larger 
than the density of water. Therefore, it is assumed that the 
NUKON particles have virtual mass (= 1010 kg/m3) and 
virtual particle velocity in the water. 0.0001 m particle size 
for fine debris is considered. Also, 0.02 m particle size for 
small debris and 0.08 m particle size for large debris are 
considered.  


When debris settles at the bottom floor and moves 
along the floor, friction force acts at the contact surface 
between the debris and the floor. As shown in Fig. 2, the 
drag force is equal to the friction force when the debris is 
stopped. When the debris is about to move, the debris 
overcomes the maximum static friction force, which equals 
the drag force by fluid flow at the speed of tumbling 
velocity. Therefore, we propose the following 
considerations for the dynamics of sediment debris motion. 


 
i) Tumbling velocity > fluid velocity  > 0 
Kinetic friction force always acts. The kinetic friction 


coefficient is one-tenth of the static friction coefficient, 
from a conservative point of view. 


 
ii) Debris particle is stopped 
If fluid velocity > tumbling velocity, the debris particle 


can have motion but kinetic friction force resists the motion. 
If fluid velocity < tumbling velocity, debris particle halt is 
sustained with the maximum static friction force. 


 
The friction force is added to the source term of the 


particle dynamic equation. Calculating the friction force 
and adding it to the particle dynamic equation are carried 
out using the FLUENT User Define Function (UDF). The 
calculation procedure of particle tracking is shown in Fig. 3.  


About 20,000 particles are injected into the fluid 
domain after the steady state solution is achieved. The 
injected particles are equally spaced at 1 m in the tangential 
direction of the top surface and 0.25 m in the normal 
direction of the top surface. Also, to investigate the 
transport characteristics of the sediment particle on the 
containment floor, 10,000 particles representing 1 inch, 2 
inch, and 3 inch debris are injected at a height of 0.01 m 
above the containment floor. 
 


III. RESULTS AND DICUSSION 
 
Flow field 


 
The velocity contours at the three heights (0.01 m, 0.5 


m, and 0.9 m) are shown in Fig. 4. A flow from the break 
location to the outer annulus zone is observed.   


Relatively high velocity is observed in the vicinity of 
the break location and the entrance way to the inner 


 
Fig. 3 Numerical calculation procedure of Lagrangian particle tracking with the friction force 
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circular region. The coolant passed from the entrance way 
flows to the sump along the outer annulus wall. The 
maximum magnitude of velocity at the free surface is 0.39 
m/s. Since the free surface buffers the velocity to be higher 
because the free surface can move freely with its velocity, 
the region of the contour plane near the bottom wall (Fig. 4 
a), where the velocity magnitude is larger than 0.2 m/s, is 
larger than that of the free surface. 
 
Debris transport 


According to the Safety Evaluation Report for NEI 04-
07 Appendix III [2], the transport fraction of debris 
transported to the sump screen and available to accumulate 
on the screen can be evaluated by calculating the fractional 
areas, which are a percentage of the area in excess of the 
threshold velocity. The percentage of fractional areas to the 
entire area (= transport fraction) with respect to the 
tumbling velocity of small size debris and large size debris 
calculated at a height of 0.01 m is 36  % and 26 %, 
respectively (Fig. 5). The region with red color represents  


   
(a) Plane of 0.01 m from the bottom (b) Plane of 0.5 m from the bottom (c) Free surface 


Fig. 4 Velocity contours with height 


  


(a) Small size debris (b) Large size debris 
Fig. 5 Fractional area (red: exceed the tumbling velocity) 


   
(a) Fine debris (b) Small size sediment debris (c) Large size sediment debris 


Fig. 6 Results of particle tracking 
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TABLE 1 


Transport fraction with evaluation method 
Evaluation 
method 


Fine debris Small debris Large debris 


NEI 04-07 N/A 36 % 26 % 
Particle 
tracking 
method 


89.7 % 20 % 18 % 


 
the velocity that exceeds the threshold velocity in Fig. 5. 


Fig. 6 shows the debris behavior with time as 
determined from the results of the particle tracking. The 
transport fraction of the debris is also evaluated based on 
the results of particle tracking. After sufficient time has 
elapsed, particles reaching the sump strainer and trapped 
are counted. The number of trapped particles divided by 
the number of initial injected particles is the transport 
fraction. The transport fraction of suspended particles is 
89.7 %. This result means that a very large portion of 
suspended fine particles can easily reach the sump strainer, 
and thus the strainer could be blocked with these fine 
particles. On the other hand, if the size of the fine particles 
is smaller than the minimum mesh size of the strainer, the 
fine particles could have direct downstream effects, 
including wear of rotational machinery and valves and 
decreased nuclear fuel integrity. 
The transport fraction of small and large sediment particles 
is 20 % and 18 %, respectively. The results of the evaluated 
transport fraction are shown in Table 1.  


The transport fraction of sediment particles calculated 
using the particle tracking method is much lower than that 
based on the threshold velocity. The method using the 
threshold velocity does not consider the gravity effect, the 
inertial effect, or the buoyancy effect. Therefore, the 
method is conservative. 


 
IV. CONCLUSIONS 


 
In the present study, the three dimensional containment 
pool flows are simulated using the VOF method. 
Evaluation of the transport fraction of insulation debris is 
carried out using lagrangian particle tracking method. A 
special treatment, FLUENT UDF, is used to consider the 
friction force between a debris particle and the bottom floor 
of the containment building. Our code calculate the source 
term representing the friction force in the particle dynamic 
equation. 


The results of fine debris particle tracking show that 
nearly 90 % of all suspended particles in the containment 
pool could affect sump blockage and generate downstream 
effects. 


The evaluation method of the transport fraction based 
on the threshold velocity is more conservative than the 
method using the particle tracking method.  


To achieve better evaluation results for debris transport, 
it will be necessary to perform an experimental study to 
investigate the characteristics of debris motion in water as 
well as the drag coefficients of insulation debris of various 
types, shapes, and sizes.  
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Abstract-Nuclear power plant safety is granted through the demonstration that regulatory acceptance 
criteria are fulfilled by the provided (calculated) analyses of the NPP performances and sufficient safety 
margins are respected during normal operation, anticipated transients and postulated accident conditions. 
Safety margins are very hard to determine in absolute terms, numerical calculations are used to assess 
their values. Over the last 30 years an extensive effort has been carried out aiming to improve the 
knowledge of the nuclear power plant behaviour under transient scenarios. The development of Best 
Estimate (BE) computer codes are the direct consequence of these noteworthy efforts. 
 
The availability of more sophisticated and specialized computer codes gives the analyst the possibility to 
perform very detailed analysis in all the fields involved in the safety of a NPP: thermal-hydraulics, CFD, 
3D neutron kinetics etc. The possibility to create a software environment where a multidisciplinary 
problem can be solved adopting different specialized codes able to exchange data among them is a fruitful 
approach to the problem aiming to improve the results. 
 
The computational tools, adopted in best-estimate approach in licensing, include a) the best estimate 
computer codes; b) the nodalizations together with the procedures for the development and the 
qualification; c) the uncertainty methodology. 
 
The Nuclear Research Group of San Piero a Grado of the University of Pisa has developed a software 
platform with 15 interacting computer codes. Such platform covers the reactor simulation multidisciplinary 
problem from generation of neutron cross-sections, through system thermal-hydraulic analyses, up to 
detailed structural and fuel mechanics studies and it embeds software procedures for automatized data 
transfer between codes. Together with methodological procedures for nodalizations development and 
qualification the platform leads to a great decrease of the human induced error in the results. The 
developed platform has been tested and successfully applied to perform the safety analyses required by the 
Chapter 15 of the Final Safety Analysis Report of the CNA-2 nuclear power plant in Argentina. 
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Abstract - Important material properties of the pyrolytic carbon for use as coating layers of the 
coated particle fuel for HTGR are analyzed and reviewed by comparing the results obtained among 
different works as well as by using different measurement methods. The important properties 
reviewed in view of the in-reactor performance in this work are structure, density and porosity, 
anisotropy, Young’s modulus (E), fracture stress and hardness as well as their changes upon 
irradiation by neutron. Results of the review indicate that the post-irradiation density increases as the 
pre-irradiation density increases in general leading to a densification by neutron irradiation. Also, the 
Young’s modulus increases as the pre-irradiation density increases, but depending on the source gas 
of the PyC coating, these variations are quite different. The fracture stress shows an increasing 
tendency with increasing pre-irradiation density and neutron fluence level, but the data obtained from 
the literature in this review scattered to a large extent.  


 
 


I. INTRODUCTION 
 
Understanding of material properties of pyrolytic 


carbon (PyC) coating layer of coated particle fuels for use 
in HTGR is of extreme importance in the evaluation of fuel 
performance during irradiation since among the 4 multiple 
coating layers in the current SiC-TRISO coated fuel 
particle design, coating consists of 1 SiC layer derived 
from MethylTri-chloroSilane (MTS) and 3 PyC layers 
derived from hydrocarbon gases forming the deposited 
coating layers by the Chemical Vapor Deposition (CVD) 
method. The structure and roles of each PyC coating layer 
in the fuel performance are well known; the porous buffer 
PyC layer adjacent to the fuel kernel microsphere mitigates 
stresses generated due to fuel kernel densification/swelling 
during the in-reactor irradiation and acts as a void volume 
for gaseous fission products and a sacrificial body for 
fission fragments. The dense Inner PyC (IPyC), the outer 
layer of the buffer layer, is a gas-tight coating protecting 
kernel from Cl2, a gaseous by-product during the next SiC 
layer. The IPyC coating layer acts as diffusion barrier of 
most metallic fission products and reduces the tensile stress 
on the SiC layer. The Outer PyC layer, next to the SiC layer 
and the most outer layer, acts as diffusion barrier of 
gaseous and metallic fission products, reduces tensile stress 
on SiC and provides bonding surface for overcoating prior 
to fuel element manufacturing as well. 


The coating of PyC layers and their material property 
measurements have been extensively investigated and 
periodically reviewed-1-3 and their relevant models have 
been suggested during the last decades for their use in the 
analyses of in-reactor performance of materials, along with 
the coated particle fuel fabrication technology development 
during three decades since the early 1960’s mainly in the 
USA and Germany for their HTGR programs.4-6 Recently, 
several countries started their own HTGR development 
programs and joined the collaboration on the VHTR 
nuclear system as one of the Generation IV International 
Forum (GIF) international collaboration program. 


 In this work, material properties of PyC derived from 
CVD are reviewed and analyzed through the currently 
existing experimental results in view of the material 
physical and mechanical properties in relation to its 
structure and the changes of important properties upon 
neutron irradiation, which are important for predicting the 
irradiation performance of the coated particle fuel. 


 
II. STRUCTURES AND PROPERTIES OF 


PYROLYTIC CARBON 
 
The material properties of PyC deposited by fluidized 


bed CVD coating technology are influenced by the 
deposition conditions; that is, source gas used, 
concentration of the source gas (pressure fraction), gas 
flow rate, temperature and time, which are important 
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parameters determining the PyC deposition rate which in 
turn determine the structure and properties of PyC layers. 
The properties are inter-related with the resulting structures 
obtained in the deposited layer.  


Several important early works have been performed to 
elucidate the relationship between material properties and 
deposition conditions1,7-19 and it can be noted in these 
literatures that the deposition temperatures covered a range 
of 1373 ~ 2373 K, the hydrocarbon source gas 
concentrations of 1 ~ 100% of the total gas volume and/or 
a partial pressures of 7x10-3 ~ 1.0 atm. with various flow 
rates. The hydrocarbon source gases used were mainly 
methane (CH4) in the early period of the studies (up to mid-
1970’s) to obtain the so-called ‘High Temperature Isotropic 
(HTI)’ PyC, but later, the so-called ‘Low Temperature 
Isotropic (LTI)’ PyC with lower temperature ranges and 
higher molecular weight hydrocarbon source gases such as 
propane and propylene have been found to be more 
attractive for an easier control and industrial applications. 
The primary reason for the use of LTI PyC is that the 
irradiation-induced dimensional changes in isotropic PyC 
deposited at temperatures below 1773 K (LTI PyC) were 
considerably smaller than those in isotropic PyC deposited 
at higher temperatures (HTI PyC).20 


Current practice for coating PyC layers for producing 
coated particle fuels is that acetylene (C2H2) gas is used for 
the porous buffer PyC layer and propylene (C3H6) or a gas 
mixture of acetylene and propylene is used for the dense 
inner- and outer-PyC (IPyC and OPyC) coating layers. 21-23 


for which investigations were carried out and published in 
the literatures in 1975 for a comparison,22 and later by 
German investigators for their establishment of a coating 
process.25,26  There can be subtle differences, however,  
between apparently identical PyC’s deposited from 
different hydrocarbon gases, as shown in the 
microstructures and the variation of density difference (sink 
float – Hg porosimetry) as a function of deposition rate.19,24 
Up to date, few works on the differences in properties have 
been made between the PyC’s from methane and those 
from the acetylene and propylene gas mixture-derived PyC. 
In addition, most studies on PyC properties have been 
carried out under BISO fuel design consideration and, it 
should be noted that under the circumstance of two 
different BISO and TRISO fuel designs, the associated 
states of the mechanical stresses during irradiation would 
be different. 


 
II.A. Structures and Anisotropy of PyC 


 
The following three structural properties are generally 


considered as important for the material properties of PyC, 
namely, microstructure, crystalline arrangement and its size 
and deposit density. Microstructure of a deposit is one 
which originates from a crystallite arrangement and its size, 
Lc, and these are largely affected by the deposition 


mechanism, influencing the density and porosity of the 
deposits. The density is also the one, which, together with 
the structural anisotropy, usually depending on the 
microstructure, influences the material properties, and 
hence the behavior of a deposit during irradiation. 


II.A.1. Microstructure and anisotropy 
Since the early studies, four distinct microstructures 


have been identified as columnar, laminar, granular and 
isotropic PyC, which have been discussed in detail1 and 
summarized by Martin.6 In the fluidized bed coating of 
coated particle fuels, many of the PyC properties are 
affected by their anisotropy and thus, it is important to 
measure their degree of anisotropy since ideally isotropic 
coatings are favored more for coated particle fuels, as 
pointed out by Bokros and Price that they are more stable 
dimensionally under irradiation than anisotropic carbons.27 
The anisotropy of PyC, together with the density and 
crystallite size, determines the important material 
properties, as emphasized by several investigators,3, 13, 28, 29  
which can affect elastic properties and dimensional changes 
during irradiation.  


II.A.2. Apparent crystallite size 
The apparent crystallite size, Lc, of pyrolytic carbon 


deposited from hydrocarbons is generally influenced by the 
deposition rate which is controlled by the hydrocarbon gas 
concentration and the deposition temperature, and 
accordingly, it varies considerably from 20x10-8 m to a size 
larger than 100x10-8 m, depending on the temperature and 
the gas used. However, for isotropic PyC, it ranges rather 
narrowly between about 20x10-8 m and about 50x10-8 m.  


II.A.2. Density and porosity 
The density of PyC deposited by a fluidized bed CVD 


coating is an important parameter that must be controlled in 
order that the particles behave satisfactorily during an 
irradiation, as it affects and represents a number of 
mechanical and physical properties such as the elastic 
constants and the thermal conductivity. The density of a 
PyC deposit is generally influenced by the decomposition 
rate, which again is affected by the decomposition 
temperature and the hydrocarbon gas concentration in the 
fluidizing gas: with low deposition rates, high densities can 
be obtained, and vice versa. However, a low deposition rate 
can lead to highly anisotropic structures.29 Related to the 
density, the porosity is also an important parameter, which 
can play an important role in fission gas retention and 
migration during irradiation.  
 


II.B. Material properties of PyC 
 


The material properties required for fuel performance 
modeling during irradiation are, among others, Young’s 
modulus, fracture strength, creep behavior, and other 
physical properties including thermal expansion and 
conductivity. These properties should be validated for the 
change during irradiation. The most authoritative and 
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frequently quoted source of measurement of these 
properties is probably the CEGA database 6, 30, compiled 
from studies carried out during early periods of PyC 
investigations. 


Recently, University of Manchester in Great Britain 
carried out a systematic investigation on PyC coating 
regarding the effects of deposition conditions on its 
microstructure and anisotropy by using the TEM, Raman 
spectroscopy and SAED (Selected Area Electron 
Diffraction),31,32 and the relation between structure and 
mechanical properties by using nano-indentation technique 
for the measurement of Young’s modulus and hardness.33  


Studies have also been conducted for thermal 
properties such as the thermal conductivity and heat 
capacity,13, 15, 34 the thermal expansion coefficient and its 
variation with irradiation and temperature as they are 
important for the irradiation behavior of PyC 3, 35, 36  


II.B.1. Young’s modulus and fracture strength 
Mechanical properties of an as-deposited PyC layer, 


connected somehow with its density and other structural 
parameters, have been investigated extensively along with 
the works performed for the structural studies of its 
strength and elastic modulus. Early works carried out in the 
1960’s, for PyC coating and the mechanical properties 
investigated were based on methane as a source 
hydrocarbon gas.7, 9, 10 The works on the coating and 
associated studies with the extension of source gases to 
propane, propylene and also a mixture of acetylene and 
propylene gases at low temperatures were also conducted. 
12, 13, 16, 17 Recently, these works were reviewed and 
discussed fairly in detail by the authors 37, 38 Porosities were 
also compared among these different PyCs during the 
microstructural studies.19 Parts of the results by the authors 
are reproduced by selecting representative data for 
comparison.37  


These mechanical properties were measured mostly 
by the 3-point bending test, with flat specimens prepared 
together with particle coatings in a fluidized-bed furnace by 
inserting a small disc to be coated and separating the 
coating layers from the disc surface. More specifically, 
several alternative methods were adopted due to the 
spherical form of a specimen to measure the Young’s 
modulus of the coated PyC layer by crushing coated 
particles or with ring specimens prepared by a separation 
from the coated particle coating layers.39-41 Other 
mechanical properties such as a creep,42 fatigue behavior43 
and Poisson’s ratio44 were also studied, however to a lesser 
extent, as they can provide information for a modeling of 
an in-reactor performance of a coated particle fuel.  


Fig.1 and 2 show, respectively, the variations of 
Young’s modulus and fracture stress together with their 
corresponding BAF values as a function of PyC coating 
density, reproduced from the results of the review work 
recently carried out by the authors.37, 38 In Fig. 1, it reveals 
that the modulus increases with the density of PyC coating 


layer, showing higher modulus (20 GPa < E < 50 GPa) for 
LTI-PyC than for HTI-PyC with lower fraction of source 
gas (E < 20 MPa). Although HTI-PyC could obtain high 
density with low BAF (isotropic), the Young’s moduli for 
HTI-PyC were low. LTI-PyC obtained using large fraction 
of propane shows comparable densities and modulus to 
those obtained with HTI-PyC in large fraction methane. 


1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2


10


15


20


25


30


35


40


45


50


Yo
un


g's
 m


od
ul


us
, x


10
3  M


Pa


1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2


0.8


1.2


1.6


2.0


2.4


2.8


3.2


3.6


4.0


4.4


Ba
co


n 
An


iso
tro


py
 F


ac
to


r


 11% CH4, 1623 K~2023 K (2.0-1.1)
 40% CH4, 1623 K~2093 K (4.1-1.1)
   3% CH4, 2273 K~2673 K (1.7, 1.2)
   7% CH4, 2273 K~2573 K (1.1)
 11% CH4, 2273 K~2673 K (1.05)
40% C3H8, 1473 K~1823 K (1.2-1.0)


PyC coating density, g/cm3


Fig. 1. Variation of Young’s modulus and the BAF obtained from 
the same specimens as a function of PyC coating density with 
various deposition conditions (solid symbols: Young’s modulus; 
BAF : open-cross symbols. The values given in parentheses in the 
legend indicate ranges of the BAF values obtained for the given 
deposition conditions) 


 
In Fig. 2, it can be noted that the dependency of a 


fracture stress on the density seems unclear. For LTI-PyC 
with methane, it has a value between 280 and 490 MPa, 
while it is between 175 and 210 GPa for HTI-PyC with 
comparable densities. When propane was used as a source 
gas, the LTI-PyC obtained at temperatures below 1823 K 
showed a tendency of an increasing fracture stress together 
with modulus with an increasing density. The fracture stress 
of LTI PyC derived from propane shows higher values than 
that of HTI PyC derived from methane. This result will 
need some more detailed and systematic experiments for a 
re-evaluation. Bongartz et al. measured the Young’s 
modulus and fracture stress by use of the ring test 
technique,39, 41 of which the results are reproduced in Fig. 3. 
They did not give details of deposition conditions of PyC, 
however, indicating the PyC derived from propylene. Their 
results show a clear increasing variation of both the 
Young’s modulus and fracture stress with the PyC coating 
density. The variation of Young’s modulus ranged from 
about 10 to about 50 GPa and the fracture stress from 200 
to 650 MPa, showing higher values than those obtained in 
early works, considering the source gas temperature used. 
Bearing in mind the methods employed for the sample 
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preparation and measurement, their results seem to be more 
reliable. 
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Fig. 2. Variation of fracture stress and the BAF obtained from 
the same specimens as a function of PyC coating density with 
various deposition conditions (solid symbols: fracture stress; 
open-cross symbols: BAF. The values given in parentheses in the 
legend indicate ranges of the BAF values obtained for the given 
deposition conditions) 


 
Recent measurements on Young’s modulus made by 


Lopez-Honorato et al.33 with acetylene and a mixture of 
acetylene and propylene as source gas and using nano-
indentation technique are reproduced in Fig. 4, which 
shows the variation of Young’s modulus as a function of 
deposition temperature depending on the source gas used 
and its different fractions. It can be revealed from these 
measurements that the addition of propylene gives higher 
coating rate and density thereby, and less variation in 
density (from 2.1 down to 1.35 g/cm3 in the range of 
temperature studied) than the pure acetylene (from 2.1 
down to 1.85 g/cm3). The Young’s modulus decreases as 
the deposition temperature increases, varying in the range 
between 10 and 35 GPa, comparable with those obtained in 
early works in the similar density range studied. Although 
the work published by Lopez-Honorato et al. 33 does not 
give the results for the relationship between the density and 
the modulus and hence, cannot be compared directly with 
that obtained from the early works described above, the 
results obtained for LTI PyC in early works seem similar to 
those obtained by their study. 
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Fig. 3. Variations of Young’s modulus and fracture stress as a 
function of PyC coating density, reproduced from the work by 
Bongartz et al. Measurements were made using the brittle ring 
test 39, 41 


 
 


     
Fig. 4. Variations of Young’s modulus as a function of deposition 
temperature with different fractions of source gases, reproduced 
from the work by Lopez-Honorato et al.33 


 
II.B.2. Density and porosity 


In early works, density and porosity of deposited PyC 
were evaluated by studying a crystallite formation and their 
measurements with different methods; namely, the sink-
float method and a mercury porosimetry, where the surface 
pores formed during deposition were measured with 
different liquid amounts of penetration into the pores.19, 24, 


45, 46 These relationships were also investigated in more 
detail by a Transmission Electron Microscopy in relation to 
crystallite formation and the arrangements of growth 
features for different source gases used.19, 47-49 Specifically, 
Ford et al.24 investigated the density variation of buffer and 
dense PyC coating layers and their properties when using 
other hydrocarbons as a source gas than methane, such as 
acetylene, butane, propane and propylene. Among them, 
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thermal decomposition of acetylene is exothermic only and 
for others is endothermic. Moreover, the endothermicity of 
propane is too high and hence, the reaction is difficult to 
control for an appropriate rate of deposition. 


Most of the measurements performed during the early 
works provided explanations on the pores formed by the 
growth feature arrangements and the open porosity 
measured either by the sink-float method or by a mercury 
porosimetry. However, from the aspect of a performance 
during irradiation, information on both open and closed 
porosities is important. Martin3 discussed their relationship 
in relation to deposition rates, by quoting the works by 
Ford et al.24, Allen et al.45 Ford and Bilsby46 Open and 
closed porosities are related to the density of PyC coating 
and strongly dependent on the morphology of coating, 
which is affected by the deposition conditions and, the 
partial pressure of the source gas and the temperature, in 
particular. Ford and Bilsby46, Kaae19 and Pollman et al.49 
discussed the formation of pores in terms of ‘growth 
features’ for the crystallite arrangement examined by TEM, 
which are of about 0.5 μm in diameter with pores 
occasionally occurring at their boundaries. Open porosity 
associated with the PyC coating is primarily due to the 
amount of surface-available porosity, which can be 
measured either by sink float method or by mercury 
porosimetry. The penetrating behaviors of the liquids used 
in the two methods are different, leading to a difference in 
porosity measurement between the two methods. The 
difference is shown in Fig. 5, which allows mentioning that 
the surface-available porosity of propane-derived PyC is 
quite different from that of propylene-acetylene- (and 
propylene-) derived PyC, i.e., the former increases with 
increasing coating rate and the latter nearly constant.18 


 
Fig.5.Variation of difference between sink float density and 
mercury porosimentry density as a function of PyC coating 
rate with different source gases for an intermediate density 
range (1.77 – 1.83 g/cm3), reproduced from the work by 


Kaae18 
 


III. CHANGE IN MATERIAL PROPERTIES OF PyC 
DUE TO NEUTRON IRRADIATION 


 
Physical properties of PyC layers change during 


irradiation corresponding to a modification in their 
structures. In particular, an initially isotropic PyC becomes 
anisotropic and this anisotropy can develop extensively 
with irradiation dose5, as quoted by Martin.3 A number of 
studies have been performed on the dimensional changes of 
PyC coating layers as a function of the neutron dose due to 
the importance of maintaining the integrity of coating 
layers. Overall dimensional change of layers depends on 
the density (or porosity) and anisotropy. An example of the 
behavior based on the experimental results is given by Fig. 
6, where Kaae5 demonstrated the dimensional changes as a 
function of neutron dose, both parallel and perpendicular to 
the plane of deposition. These indicate both densification 
and swelling and their variations depending on the 
anisotropic properties. In parallel with the studies on the 
dimensional change, extensive studies have been carried 
out on the creep behavior with neutron dose, the so-called 
irradiation creep. Early estimates of irradiation creep 
constant have been made by Price and Bokros50 and many 
others. 


 
Fig. 6. Typical dimensional change of PyC on irradiation dose3 
 
While a recent review work37 has contributed to the 
relationship between the material properties and structural 
parameters, an integration of the data and modeling on the 
irradiation behavior of PyC coating layers remains at the 
preliminary stage since the middle of 1970’s for the early 
BISO design. In this work an attempt was made to analyze 
the experimental results on materials property changes of 
PyC coating layers due to neutron irradiation. This was 
accomplished by collecting and comparing existing data 
from the early period of HTR coated particle development. 
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III.A. Density change of PyC coating layer due to neutron 
irradiation 


 
The current specifications of the density used among 


several organizations range between 1.85 and 1.95 g/cm3 
for dense PyC layers and 0.85 and 1.20 g/cm3 for buffer 
layer.29 If the density of a dense PyC layer is lower than 1.6 
g/cm3 the inner and outer PyC layers would densify so 
rapidly during irradiation that stresses would be built up 
which are higher than those for a fracture of the layers.  


Fig. 7 shows the variation of the post-irradiation density 
as a function of the pre-irradiation density when different 
hydrocarbon gases were used.27, 51 As the pre-irradiation 
density increases from about 1.5 g/cm3 to 1.95 g/cm3 the 
post-irradiation density increases also from about 1.9 g/cm3 
to 2.15 g/cm3, implying that densification takes place 
during irradiation in general. At low temperature in 
irradiation with a fluence of 1.5x1021 n/m2, the slope was 
estimated about 0.67 while it was about 0.55 for the fluence 
higher than 2.0x1021 n/cm2 in the density range between 1.5 
and 1.95 g/cm3. However, the densification due to 
irradiation becomes negligible at higher temperatures than 
about 1173K and with neutron fluences above 2.0x1021 
n/cm2 and PyC pre-irradiation density above 1.95 g/cm3, as 
shown in Fig. 7. 
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Fig. 7. Variation of post-irradiation density as a function of pre-
irradiation density depending on the neutron dose for different 
source gas-derived PyC27, 51 


 
III.B. Change in directional length of PyC coating layer 


due to neutron irradiation 
 
As shown in Fig. 827 and Fig. 951, PyC coating layers 


show different behaviors for their directional length change 
with different hydrocarbon source gases; namely methane 
and propane. However, for both hydrocarbons, as the pre-
irradiation density increases the length change parallel to 
the deposition direction remains negative and increases 


linearly, while the length change perpendicular to the 
deposition direction becomes positive above a density of 
about 1.8 g/cm3. It is to be noted, also, that at low 
temperature (893K) the variation of length change as a 
function of pre-irradiation density shows the same variation 
in both parallel and perpendicular directions, while at 
higher temperatures, length changes in perpendicular 
direction become positive at high pre-irradiation density. (2. 
g/cm3) 
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Fig. 9. Variation in lengths of propane-derived LTI PyC as a 
function of pre-irradiation density with different temperature and 
neutron dose (pr and pp denote parallel and perpendicular to the 
deposition direction, respectively) 51 


 
III.C. Change in Young’s modulus and fracture stress of 


PyC coating layer due to neutron irradiation 
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As the mechanical properties vary considerably 


depending on the source gas, i.e., methane and propane or 
propylene, the change in mechanical properties by neutron 
irradiation should be analyzed considering the source gas 
used as well. There are a few works on the change in 
mechanical properties of PyC by neutron irradiation, with 
methane and propane or propylene as source gases by 
Kaae51 and Price and Bokros.50 


III.C.1. Young’s modulus 
Fig. 10 shows the variation of the Young’s modulus of 


PyC layer deposited from propane as a function of pre-
irradiation density in different neutron irradiation 
conditions; with neutron fluences of 3.7x1025 and 8.3x1025 
n/m2 at two different ranges of temperatures of each fluence 
level, reproduced based on the data obtained by Kaae.51 As 
can be noticed, the modulus increases with increasing the 
pre-irradiation density of PyC as well as the neutron dose. 
It should be noted that the difference in temperature at the 
same fluence level has little effect on the modulus at the 
range of temperature investigated. 


Fig. 11 shows the variation of the Young’s modulus of 
PyC layer deposited from methane as a function of pre-
irradiation density in different neutron irradiation 
conditions; with neutron fluences of 1.5x1025, 1.6x1025, 
2.2x1025 and 2.4x1025 n/m2 at different temperatures of 
each fluence level. In comparison with the data obtained 
from the propane as the source gas, the change in Young’s 
modulus of PyC shows different behavior: The modulus of 
PyC as deposited decreases slightly with density increase. 
The modulus of PyC derived from methane source gas by 
irradiation does not change significantly as a function of 
pre-irradiation density, in contrast to PyC deposited from 
propane source gas. This can be attributed to the lower 
fluence irradiation conditions and the temperatures 
compared with the previously mentioned data above. 
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Fig. 10. Variation of the Young’s modulus of PyC layer deposited 
from propane as a function of pre-irradiation density in different 
neutron irradiation conditions, reproduced based on the data 
obtained by Kaae51 
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Fig. 11. Variation of the Young’s modulus of PyC layer deposited 
from methane as a function of pre-irradiation density in different 
neutron irradiation conditions, reproduced based on the data 
obtained by Price and Bokros50 
 


III.C.2. Fracture stress 
Fig. 12 and 13 show the variations of the fracture stress of 
PyC layer deposited from propane and methane, 
reproduced based on the data obtained by Kaae.51 and Price 
and Bokros,51 respectively, as a function of pre-irradiation 
density in different neutron irradiation conditions. The 
fracture stress shows an increasing tendency with 
increasing density and neutron fluence level for PyC 
deposited from propane, as shown in Fig. 12. However, the 
data obtained from these literatures scattered to a larger 
extent than the modulus measurement data probably due to 
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the difficulties in the measurement and sample preparation 
skills. However, the ranges of the fracture stress can be 
derived by excluding some out-ranged data points for the 
propane-derived PyC. Then, the fracture stress increases 
nearly linearly from the range of 350 - 435 MPa at the 
density of 1.5 g/cm3, to the range of 550 - 600MPa at the 
density of 2.0 g/cm3. The variation of fracture stress of PyC 
derived from methane shows no clear dependence on the 
pre-irradiation density or irradiation conditions. 
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Fig. 12. Variation of the fracture stress of PyC layer deposited 
from propane as a function of pre-irradiation density in different 
neutron irradiation conditions, reproduced based on the data 
obtained by Kaae.51 
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Fig. 13. Variation of the fracture stress of PyC layer deposited 
from methane as a function of pre-irradiation density in different 
neutron irradiation conditions, reproduced based on the data 
obtained by Price and Bokros.50 
 


IV. SUMMARY AND CONCLUSIONS 
 


In this work, the important material properties of PyC 
and their changes due to irradiation are reviewed and re-
evaluated in order to better predict PyC behavior during 
irradiation. From the review and analysis in this work, the 
following conclusions can be drawn. 
(1) The material properties of PyC vary with the 3 


commonly characterized structural properties, i.e., density, 
anisotropy and crystallite size.  


(2) Both the open and closed porosity are strongly 
dependent on the microstructure of PyC, which is 
determined during coating process. Therefore, 
measurement of both the open and closed porosity is 
essential for the complete characterization of the PyC 
density. Evaluation of both open and closed porosities is 
particularly important for buffer coating layer as they are 
involved in the kernel-coating mechanical interaction 
(KCMI) 


(3) There are few measured data of anisotropy on the 
irradiated PyC deposited from different source gas. 
Measurement of anisotropy, which affects a number of 
material properties of PyC, is to be carried out not only 
on the pre-irradiated materials but also on the irradiated 
materials in order to predict the change in material 
properties after irradiation. 


(4) In the early developmental period, the material 
properties of PyC were mostly measured by using PyC 
specimens derived from methane. However, the PyC’s 
that are currently used for SiC-TRISO coated particle 
fuels are either acetylene-derived for the porous buffer 
layer or an acetylene/propylene mixture or propylene for 
the dense PyC layers. The material properties, therefore, 
of these different PyC are to be re-evaluated for more 
updated database than those of previous methane-derived 
PyC. 


(5) The Young’s modulus increases with the density of PyC 
coating layer, showing higher modulus (20 GPa < E < 50 
GPa) for LTI-PyC than for HTI-PyC with lower fraction 
of source gas (E < 20 GPa).  


(6) For LTI-PyC with methane, the fracture stress has a 
value between 280 and 490 MPa, while it is between 175 
and 210 MPa for HTI-PyC with comparable densities. 
When propane was used as a source gas, the LTI-PyC 
obtained at temperatures below 1823 K showed a 
tendency of an increasing fracture stress together with 
modulus with an increasing density. The fracture stress of 
LTI PyC derived from propane shows higher values than 
that of HTI PyC derived from methane. This result will 
need some more detailed and systematic experiments for 
a re-evaluation. 


(7)  The behaviors of the change in Young’s modulus and 
the fracture stress of PyC on irradiation are different 
when different source gases are used: The Young’s 
modulus increases with increasing the pre-irradiation 
density of PyC as well as the neutron dose with propane 
as source gas. The difference in temperature at the same 
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fluence level has little effect on the modulus at the range 
of temperature investigated. Generally, the fracture stress 
shows an increasing tendency with increasing density and 
neutron fluence level. However, the data obtained from 
these literatures scattered to a larger extent than the 
modulus measurement data. 


(8) As the pre-irradiation density increases from about 1.5 
g/cm3 to 1.95 g/cm3, the post-irradiation density increases 
linearly from about 1.9 g/cm3 to 2.15 g/cm3, implying that 
densification takes place during irradiation in the range of 
mentioned pre-irradiation density. At low temperature in 
irradiation with a fluence of 1.5x1021 n/m2, the slope was 
estimated about 0.67 while it was about 0.55 for the 
fluence higher than 2.0x1021 n/cm2. in the density range 
between 1.5 and 1.95 g/cm3. 


(9) For both methane and propane, as the pre-irradiation 
density increases the length change parallel to the 
deposition direction remains negative and increases 
linearly, while the length change perpendicular to the 
deposition direction becomes positive above a density of 
about 1.8 g/cm3. 


(10) The Young’s modulus increases with increasing the 
pre-irradiation density of PyC as well as the neutron dose 
for the propane-derived PyC. The difference in 
temperature at the same fluence level has little effect on 
the modulus at the range of temperature investigated. The 
fracture stress of PyC derived from propane increase 
nearly linearly from the range of 350 – 435 MPa at the 
density of 1.5 g/cm3, to the range of 550 -600MPa at the 
density if 2.0 g/cm3 . The variation of fracture stress of 
PyC derived from methane seems again unclear and 
shows a variation indenpendent of the irradiation 
conditions. 


(11)  It is suggested that these changes be re-evaluated with 
the source gas currently used and that the modeling work 
be performed with the data to be obtained thereof. 
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Measurement of Residual Stresses in Thick Reduced Pressure Electron  


Beam Welded Components 
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Abstract – Residual stresses are introduced into engineering components during welding and are 
usually considered undesirable. [The knowledge of these stresses can help to determine the 
structural integrity of the component, and therefore understanding the distribution and magnitude 
of residual stresses]. In this paper three components (plate weld, pipe weld and curved plate 
section weld), supplied by Rolls Royce plc, have been welded using the Reduced Pressure Electron 
Beam technique. Several techniques are available for measuring the residual stresses in welds. 
However, only the deep hole drilling technique is capable of determining these residual stresses in 
very thick components.  The outcome of the measurement process showed that the tensile residual 
stresses in the EB welded plate are confined to a region either side of the EB weld that 
corresponds to about 20% of the wall thickness. Post weld heat treatment in the cuved plate 
section weld showed significant reduction in the residual stress.  


 
 


I. INTRODUCTION 
 
Electron beam welding is a fusion welding process in 


which a beam of high velocity electrons is passed between 
the butt-joint of the two materials being joined. The faces 
of the butt-joint melt and fuse together as the kinetic energy 
of the electrons is transformed into heat. In order to create 
a narrow weld joint the process is often carried out in a 
vacuum to prevent dispersion of the electron beam. The 
requirement of the vacuum presents a practical issue for 
welding large components due to the operational cost and 
sizes of vacuum chamber available. Recent developments 
by the Welding Institute (TWI) in creating a moveable seal 
and vacuum system has opened up the use of EBW on 
large, practical engineering components. Electron Beam 
welding is relatively fast process and provides a higher 
quality weld with fewer defects. Nevertheless, the 
determination of the residual stresses introduced by this 
novel welding technique remains important in determining 
the structural integrity of the component. In this project 
Rolls-Royce plc (RR) studied three components welded 
using the Reduced Pressure Electron Beam (RPEB) 
technique. In order to determined the residual stress 
distribution the Deep-Hole Drilling (DHD) technique was 
chosen as the thickness of the components exceeded the 
capability of other measurement techniques, like neutron 
diffraction. Earlier work on similar components showed 
that non-uniform stresses were present in such welds with 


steep gradients and high levels of plasticity during the 
measurement process [1]. This earlier work highlighted the 
use of the incremental DHD (iDHD) technique, a modified 
version of the DHD technique which avoids the problem 
associated with plasticity occurring when magnitude 
triaxial stresses are present. This paper first introduces the 
DHD technique as well as its modified version iDHD and 
then presents the residual stress distributions through three 
components for a total of 7 measurement locations. 


 
II. DEEP-HOLE DRILLING TECHNIQUE 


 
The DHD technique is a semi-invasive, mechanical 


strain relief technique (i.e. the strain of the component is 
measured during stress relief from the removal of a small 
amount of material). The analysis of measured distortion 
was developed by Leggatt et al [2] and later extensively 
refined, [3, 4, 5]. A modified technique called iDHD has 
been recently developed to measure residual stresses in 
components expected to have high triaxial stresses much 
above yield. 
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II.A. DHD TECHNIQUE 
 


The procedure used for the DHD technique can be 
divided into five stages [3], as shown in Figure 1 for a 
simple welded component: 
1. Reference bushes are attached to the front and rear 


surfaces of the component at the measurement 
location. 


2. A reference hole (1.5mm or 3mm diameter) is 
gundrilled through the component and reference 
bushes. 


3. The diameter, Ø0, of the reference hole is measured 
through the entire thickness of the component and 
reference bushes. Diameter measurements are taken at 
0.2mm increments in depth and at 22.5o increments in 
angle about the axis of the reference hole.  


4. A cylinder (i.e. core) of material (approximately 5mm 
or 10mm outside diameter), containing the reference 
hole along its axis is cut from the component using 
electro-discharge machining (EDM). 


5. The diameter, Ø, of the reference hole is re-measured 
through the entire thickness of the cylinder and 
reference bushes. Diameter measurements are taken at 
the same locations as those measured in Stage 2. 
 
The diameter, Ø0, of the reference hole measured in 


Stage 3 is the diameter when stresses are present. During 
Stage 4 the stresses are relieved, hence the diameter, Ø, of 
the reference hole measured in Stage 5 is the diameter 
when stresses are not present. The differences between the 
measured diameters in Stages 3 and 5 enable the original 
residual stresses to be calculated. 


 


 
Fig. 1. Schematic of the 5 stage procedure used during 


the DHD technique 
 


II.B.iDHD TECHNIQUE 
 
If a component contains, for example, high magnitude, 


tri-axial residual stresses then during the trepanning process 


the material will undergo plastic relaxation. If this occurs 
then the deformed shape of the reference hole will not be 
representative of the original residual stress field and so 
inaccurate results will be calculated. Therefore if it is 
thought that plasticity will occur during the DHD process 
then the modified technique, called iDHD, will be used.  


 
During the iDHD technique the core is extracted in 


incremental machining steps using EDM and the diameter 
of the reference hole is measured between each increment. 
The diameters of the reference hole measured at each stage 
are then compared against each other and the original 
residual stresses present are calculated. The last increment 
corresponding to the stage 4 of the DHD technique, 
therefore standard DHD analysis can also been done. 
Further details of the iDHD technique were presented by 
Mahmoudi et al. [6]. 


 
III. RPEB WELDED COMPONENTS 


 
All three RPEB welded components were initially 


provided in the as-welded state. All the components 
supplied by RR were fabricated by TWI Ltd. The SS plate 
and SS pipe were measured in the as-welded state while the 
curved plate was measured both in the as-welded and 
PWHT state. 


 
III.A. SAMPLE DIMENSIONS 


 
Stainless Steel (type 316) Plate: This specimen 


comprised of two plate sections welded together through 
the thickness of the plates using the RPEB welding process, 
see Figure 2. Both plate sections were manufactured from 
type 316 stainless steel and due to the nature of the welding 
process no weld material was deposited. 


 
Stainless Steel (type 304) Pipe: Two cylindrical pipe 


sections (14 inch schedule 160 pipe) were butt welded 
together through the thickness using the RPEB welding 
process. The axial length of the weld cap was 
approximately 5mm. A schematic diagram of the welded 
component is shown in Figure 3. 


 
SA508 Steel curved plate section: This RPEB welded 


component had an outer diameter arc length of approx. 
740mm and a height of 433mm. The weld centreline was 
located at roughly the mid-height position and was carried 
out through a wasted wall thickness section of the 
component, see Figure 4. The weld was assumed to have a 
width of about 6mm throughout the thickness of the 
specimen. The as-welded specimen was subjected to post-
weld heat treatment (PWHT) process based on the 
requirements of the ASME section III code and consisted 
of heating the sample at a rate of 20oC/hour above 300oC a 
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hold temperature of to 607oC for 3.5 hours and then 
cooling at a rate of 20oC/hour until below 300oC.  


 


 
Fig. 2. (a) Schematic diagram of the RPEB weld 


stainless steel plate showing the front view and top view 
with DHD locations (b) Photograph of the component. (All 
dimensions given in mm) 


 


 
Figure 3 Photograph of the component at locations DHD 4 & 5 


 
III.A. MEASUREMENT LOCATIONS 


 
Seven DHD/iDHD residual stress measurements were 


carried out on the three RPEB welded components. DHD 
1, DHD 6 and DHD 7 were carried out with the extraction 
of Ø10mm cores containing Ø3mm reference holes whilst 


DHD 2 – DHD5 were carried out with the extraction of 
Ø5mm cores containing Ø1.5mm reference holes. For these 
RPEB welded components the differences in core size were 
due to the desired gauge volume and also depth of 
measurement required. 


 
Stainless Steel (type 316) Plate: Three iDHDs were 


performed on the Stainless Steel Plate, two of which were 
along the weld centreline and one perpendicular to the weld 
centreline (i.e. 90 degrees to weld plane). The first iDHD 
(DHD1) was performed perpendicular to the weld plane 
and was located at a distance of 312mm from the right hand 
edge of the plate as shown in Figure 2. The other two 
iDHDs, along the weld centreline were carried out at a 
distance of 300mm (DHD 2) and 265mm (DHD 3) from 
the left hand edge and of the welded component as shown 
in Figure 2.  


 
Stainless Steel (type 304) Pipe: Two DHDs were 


performed along the weld centreline in the radial direction 
(from the outer surface) of the welded pipe. The first 
measurement (DHD 4) was located at the 180° location, i.e. 
in the steady state weld region, while the second 
measurement (DHD 5) was located in the centre of the 
weld slope-down region (from full power to zero), as 
shown in Figure 3. At this location there is likely to be only 
partial penetration of the weld overlapping the original 
weld pass.  


 
SA508 Steel curved plate section: Two measurements, 


one iDHD in the as-welded state (DHD6) and one DHD 
after PWHT (DHD7) were carried out in the curved plate 
section perpendicular to the weld centreline (i.e. 90o to the 
weld plane).  Both measurements were along the specimen-
axial direction at mid-thickness. 


 


 
Figure 4 (a) Photograph of the RPEB weld curved plate section  
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IV. RESULTS AND DISCUSSION 
 


The distortions of the reference hole and core were 
converted into residual stresses using the appropriate 
Young’s Moduli and Poisson’s ratios, which are shown in 
Table 1. Cross-weld tensile tests were performed by TWI 
using material extracted from similar welded specimens. 
For the 304L pipe weld and 316L plate weld the 0.2% 
proof stress was measured to be approx 300MPa at 20°C. 
The 1% proof stress was ~400MPa, roughly equivalent to 
the maximum yield strength allowing for strain hardening 
[1]. 


 
TABLE I 


Material Properties of the RPEB weld components 


Material Young’s Modulus Poisson’s Ratio 
Type 316 Stainless Steel 195 GPa 0.3 
Type 304 Stainless Steel 195 GPa 0.3 
SA 508 Steel 202 GPa 0.3 
 


For DHDs 1, 2, 3, 6 and 7, the analysis used to convert 
the measured distortions of the reference hole into stresses 
assumes isotropic, Plane Strain conditions. For DHDs 4 
and 5 (SS pipe – weld centreline) isotropic, Plane Stress 
conditions were used and as such the Poisson’s ratio was 
not required. The plane strain analysis is almost identical to 
the plane stress analysis (which is normally used) with the 
only difference being the use of a modified Young’s 
Modulus, E*, which results in higher magnitude residual 
stresses being calculated.  
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Figure 5 Residual stress profiles measured at location DHD 1 SS 
plate - 90° to weld plane) assuming Plane Strain Conditions 


Stainless Steel (type 316) Plate: The residual stresses 
measured at DHD1, DHD2 and DHD3 using a combination 
of the DHD and iDHD techniques are shown in Figure 5, 6 
and 7 respectively. At location DHD 1, the measurement 
was carried out up to a depth of 320mm using a 
combination of the DHD and iDHD techniques. The 
residual stresses in the longitudinal and through-thickness 
direction were found to be tensile for the majority of the 
component thickness. High tensile stresses were observed 
in the weld region with a maximum tensile stress of 
352MPa and 190MPa in the longitudinal and through 
thickness direction respectively. Like DHD 1, DHD 2 was 
carried out using a combination of the DHD and iDHD 
techniques, and accurate results were obtained up to a 
normalised depth of 0.65mm. Maximum tensile stresses 
were found to occur near to the surface in the longitudinal 
and transverse directions with values of 801MPa, and 
389MPa respectively. Measurement results have not been 
included from normalised depth of 0.65mm onwards as 
there was an indication of a cavity present within the 
specimen that compromised the measurements.  DHD 3 
was carried out to check the initial results provided at DHD 
2 and the measurement process was undertaken by 
machining from the opposite surface to DHD 2.  DHD 3 
was carried out through the weld centreline adjacent to 
DHD 2 with a separation of 0.42mm and accurate results 
were obtained at depths from 0.26mm to 0.98mm. 
Maximum tensile stresses in the longitudinal and transverse 
directions were found to exist at a depth of roughly 
0.23mm with values of 819MPa, 355MPa and 352MPa 
respectively.  
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Figure 6 Residual stress profiles measured at location DHD 2 (SS 
plate – weld centreline) assuming Plane Strain Conditions 
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Figure 7 Residual stress profiles measured at location DHD 3 (SS 
plate – weld centreline) assuming Plane Strain Conditions 
 
Stainless Steel (type 304) Pipe: DHD measurements 


were carried out on the stainless steel pipe at two different 
locations, i.e. the steady state weld region at 180° (DHD 4) 
and the slope down weld region at 25° (DHD 5). The 
residual stresses measured at location DHD4 and DHD5 
are shown in Figure 8 and Figure 9 respectively.  At 
location DHD 4 the hoop stresses were tensile throughout 
the weld with a maximum tensile stress of 297MPa at a 
depth of 0.67mm, while the stresses in the axial direction 
were in tension at the surface, then decreased into 
compression before finally increasing again to reach a 
maximum tensile stress of 200MPa at a depth of 0.67mm. 
At location DHD 5 the hoop and axial stresses were similar 
to that measured in DHD 4 but with predominantly higher 
stress levels. Maximum hoop and axial stresses of 338MPa 
and 314MPa were recorded at a depth of 0.65 and 0.77mm 
respectively. Comparing the measurements at the two 
locations it can be seen that, the weld slope down region 
(DHD 5) was found to have higher axial stresses than at the 
steady state region (DHD 4). Also the inner half of the pipe 
weld is more highly tensile and contains the peak stresses. 
A possible reason is that the pipe hoop stiffness is greater at 
the inner surface.  


 
SA508 Steel curved plate section: The measured 


residual stresses at location DHD 6 assuming plane strain 
conditions are shown in Figure 10. It is evident that the 
maximum hoop stress of about 600MPa occurred at about 
15mm to one side of the weld centreline. The radial stress 
was found to exhibit peak values either side of the weld 
centreline. Similar to the measurements in the as-welded 
condition it was found that the residual stresses after 
PWHT (DHD7) had peak values either side of the 
centreline of the RPEB weld as shown in Figure 11. PWHT 
reduced the hoop stresses from 600MPa to 70MPa, i.e. a 
88% reduction.  
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Figure 8 Residual stress profiles measured at location DHD 4 (SS 
pipe – steady state) assuming Plane Stress Conditions 
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Figure 9: Residual stress profiles measured at location DHD 5 
(SS pipe – slope down) assuming Plane Stress Conditions 
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Figure 10 Residual stress profiles measured at location DHD 6 
(SA508 Plate section - 90° to weld plane) assuming Plane Strain 
Conditions 


Normalised Depth, mm


0.0 0.2 0.4 0.6 0.8 1.0


R
es


id
ua


l S
tre


ss
, M


Pa


-50


0


50


100


150


Hoop-DHD
Radial-DHD
Shear-DHD


 


Figure 11 Residual stress profiles measured at location DHD 7 
(SA508 Plate section - 990° to weld plane) after PWHT assuming 
Plane Strain Conditions 


 
IV. CONCLUSIONS 


 
For the SS plate, tensile stress peaks were observed 


near the surfaces, while remaining constant elsewhere. The 
measurements on the SS pipe show that the inner region of 
the pipe has higher residual stresses, seen in both the steady 
state and slope down regions. In fact little difference was 
seen between the steady state and slope down residual 
stresses apart from an offset in the axial residual stresses of 
roughly -100MPa. The results on the SA508 plate section 
show that the high tensile residual stresses are confined to 
the region in and around the RPEB weld corresponding to 
about 20% of the wall thickness. The PWHT was found to 
be very effective in reducing the residual stresses by 88% 
despite the weld being highly constrained. The peak tensile 
residual stresses were found in the HAZ region, not in the 
weld. The residual stresses were found to be higher 
magnitude within the thicker plate components, with peaks 
greater than yield magnitude. High residual stresses were 
measured within all components in the as-welded state and 
so use of the iDHD technique for measurement was 
essential. 
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Abstract – Modeling of stiction in steam turbine control valve is presented in this paper. Instead 
of a detailed physical model of the control valve stiction, the data-driven models are adopted for 
modeling the stiction to obtain an easier stiction identification and faster calculation time. Some 
computational results by using the MARS thermal hydraulic analysis code are presented to show 
the effect of stiction on the total mas flow at the inlet of the high pressure turbine. 


 
 


I. INTRODUCTION 
 


The steam turbine control valves play a pivotal role in 
regulating the output power of the turbine in a commercial 
nuclear power plant. Generally, a turbine system consists 
of such main components as a boiler or steam generator, 
stop valves, control valves and turbines that are connected 
by piping. In the conventional system, the turbine system 
comprises a lot of stop and control valves. The steam is 
provided by a boiler or steam generator. In an abnormal 
case, the stop valve shuts off the steam flow to the turbine. 
The steam flow to the turbine is regulated by the control 
valves. The control valves are provided to regulate the flow 
of steam to the turbine for starting, increasing or 
decreasing the power, and maintaining speed control with 
the turbine governor system. Unfortunately, however, the 
control valve suffers from inherent nonlinearities like the 
static friction (stiction), backlash, and deadband1-3.These 
nonlinearities in the control valve limit the control loop 
performance and cause a stability problem in the system. 
Moreover, this condition renders the design of the control 
system more complex and hard to be handled. In this paper, 
an artificial stiction modeling is presented of a steam 
turbine control valve as part of the Control Adaptive 
Linearized Analysis (CALA) by using MARS, a thermal 
hydraulic analysis code developed at the Korea Advanced 
Energy Research Institute. MARS covers thermal hydraulic 
analysis including noncondensable gas transport, control 
systems, heat transfer to and from the solid surfaces, and 
nuclear reactor kinetics. In this paper, the system 
nodalization refers to Ulchin Units 3&4 powered by the 
Optimized Power Reactor 1000 MWe (OPR1000). The 
nodalization covers the primary and secondary systems. 
The stop valves and control valves of the steam turbine are 


considered in the nodalization process. Ulchin Units 3&4 
have four stop valves and four control valves in the high 
pressure turbine. The stop valves and control valves are 
modeled as trip type and servo type valves, respectively. 
Instead of a detailed physical model of the control valve 
stiction, the data-driven models are adopted for modeling 
the stiction to obtain an easier stiction identification and 
faster calculation time2,3. By adopting similar modeling 
approaches for experimental work CALO for the Control 
Adaptive Linearized Operation, the stiction model will be 
applied to the control system of the control valve instead of 
the control valve model itself. Thus, an artificial stiction 
model can be obtained by this approach.  


 
II. CONTROL VALVE STICTION 


 
According to the Instrument Society of America (ISA), 


stiction is defined as the resistance to the start of motion, 
usually measured as the difference between the driving 
values required to overcome static friction upscale and 
downscale4. In a control valve, stiction exists when the 
static friction exceeds the dynamic friction inside the valve.  


A simple relationship between the valve input 
(controller output) and the valve output (valve position) is 
shown in Fig. 1. The dashed line denotes the equilibrium 
states (linear state). In these states, total forces on the valve 
actuator are balance. The input and output of valve change 
in an ideal situation along this line without any friction. 


In the case a friction arises, the relationship of valve 
input and output is disturbed. As shown in Fig. 1, the 
relationship of input-output of a valve that suffering from 
stiction is described by the solid line. It consists of four 
main parts i.e. deadband, stickband, slipjump, and the 
moving phase. For example, the valve comes to rest or 


972







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11062 


   


changes the position at point A, the valve sticks. If the 
input of the valve (the controller output) overcomes the 
valve deadband and the valve stickband, AB and BC 
respectively, the valve jumps to a new position (D) and 
continue to move. The valve may stick again in between 
points D and E due to a very low or zero velocity. In this 
paper, S and J are used to represent total of deadband and 
stick band (in %) and slipjump (in %), repectively. 


 


 
Fig. 1. Relationship between input and output of valve. 


 
III. COMPUTATIONAL ANALYSIS 


 
In this paper, the turbine system refers to Ulchin Units 


3&4 powered by OPR1000 depicted in Fig. 2. Ulchin Units 
3&4 have four stop valves and four control valves in the 
high pressure turbine four stop valves and four control 
valves those connected to two steam generators. The stop 
valves and control valves are modeled as trip type and 
servo type valves, respectively. Moreover, it is assumed 
that the nonlineality flow characteristic of the control valve 
has been compensated as discussed in the previous paper5.  


For the control valve stiction model, instead of a 
detailed physical model of the control valve stiction, the 
Kano model in Fig. 3 is adopted for modeling the stiction 
to obtain an easier stiction identification and faster 
calculation time. By adopting similar modeling approaches 
for experimental work CALO, the stiction model in CALA 
will be applied to the control system of the control valve 
instead of the control valve model itself. Thus, an artificial 
stiction model can be obtained by this approach as depicted 
in Fig. 4. 
 


 
Fig. 2. Ulchin units 3&4 steam turbine system. 


 


 
Fig. 3. Kano model of stiction2,3 . 
 


 
Fig. 4. Control system block diagram in CALA. 
 
In this computational analysis, three cases were 


analyzed. The first case assumes that there are no stiction 
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on all the control valves. Thus the controller output and 
stiction lift have a linear relationship as shown in Fig. 5 (a). 
In this case, the power reference is changed from 0.8 per 
unit (pu) to be 0.925 pu at t = 600s by a change rate 0.125 
pu/min. Figs. 5(b) and 5(c) show the total mass flow of the 
high pressure turbine and stem lift, respectively. 
 


 
(a) 


 (b) 


 (c) 
 
Fig. 5. Case 1. 
 
The second case assumes that only one of control 


valves has stiction (S = 7.5% and J = 2.5%). The reference 
change scenario is same with the first case. The 
computational result of this case is shown in Fig. 6. It can 
be seen that the stiction make a fluctuation on the total 
mass flow.  


The effect of stiction will be getting significant in the 
case of all control valve are suffering from the stiction, as 
depicted in the third case, as shown in Fig. 7. In this case, 


all off control valves have stiction as in the second case. As 
the system was equipped with the nonlinear characteristic 
compensation, the effect of stiction on mass flow will be 
linear to stem lift as depicted in Figs. 7(a) and 7(b), 
respectively. Due to the stiction, the controller output and 
stem lift correlation are not linear as depicted in Fig. 7(c). 
 


       Fig. 6. Case 2. 
 
Cases 4 and 5 are similar to cases 2 and 3, respectively. 


The difference is only on the reference change procedure. 
In these cases, the power reference is changed from 0.9 pu 
to be 0.775 pu at t = 600s by a change rate -0.125 pu/min. 
Figure 8 shows the total mass flow of the high pressure 
turbine of case 4. Note that the stiction produces 
fluctuations on the total mass flow. 


The effect of stiction will get significant in case 5, 
because all the control valves suffer from the stiction, as 
depicted in Fig. 9. In this case, all off control valves have 
stiction (S = 7.5% and J = 2.5%). Due to the stiction, the 
controller output and stem lift correlation are not linear as 
shown in Fig. 9(b). 


 
IV. CONCLUSIONS 


 
Modeling of stiction in steam turbine control valve 


was presented as part of CALA. The data-driven models 
are adopted in CALA for modeling the stiction to obtain an 
easier stiction identification and faster calculation time. 
The computational results demonstrate that the stiction will 
initiate fluctuations on the total mass flow at the turbine 
inlet. 
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u controller output [%] 
y stem lift [%] 
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Fig. 7. Case 3 
 


      Fig. 8. Case 4. 
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Fig. 9. Case 5. 
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Abstract - The SCRAM system of KERENATM is based on the concept of German BWR power 
plants where the energy for the fast hydraulic control rod insertion is provided via pressure 
vessels. In contrast to the existing SCRAM systems, where nitrogen is used to provide the pressure 
as driving force, for KERENATM electrically heated water/steam tanks will be used. The advantage 
of this design is, that in case of a scram, non-condensable gases are prevented from entering the 
RPV. Therefore negative impact on the heat transfer capacity of the Emergency Condenser 
(passive safety system for residual heat removal from the RPV) is avoided. Another difference 
compared to existing systems is that the two ring manifolds (ring lines) are not connected. Each 
ring line is supported by three scram vessels and each vessel can insert 50 % of the control rods at 
the required time. To avoid thermal loads in the piping system and the control rod drives hot water 
should not reach the piping system. So, the steady state temperature profile and the amount of cold 
water which is available is of special interest. In order to stop the leakage mass flow into the RPV 
as soon as possible after a scram a pressure suppression system is installed in the KERENATM 
scram vessels. To study the temperature profile in the scram vessel as well as the pressure 
reduction 1:1 scaling tests were carried out. Beyond that, the operating behavior, e.g. how long 
does it take to reach steady state conditions, how long does it take to bring the vessel back into 
operational conditions can be analyzed as well.  
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I. INTRODUCTION 
 
The KERENATM is a medium capacity boiling water 


reactor. It combines passive safety systems with active 
safety equipment of service proven design. The passive 
systems utilize basic laws of physics, such as gravity and 
natural convection, enabling them to function without 
electric power or actuation by instrumentation and control 
(I&C) equipment. They are designed to bring the plant into 
a safe and stable condition without the aid of active 
systems. Furthermore, the passive safety features partially 
replace active systems, something which reduces costs 
significantly and provides a safe, reliable and economically 
competitive plant design. 


In the course of the KERENATM development 
program, which started in 1992, all passive safety systems 
were tested either under full scale conditions or in a 
downscaled configuration. In order to complete functional 
verification of the safety systems of the KERENATM, the 
results of the downscaled component tests will now be 
validated by means of tests conducted in a full-scale set-up. 


The usage of passive safety systems forced a 
modification of commonly used BWR scram system 
leading to saturated water/steam to pressurize the vessels 
of the scram system. 


In this contribution the results of the KERENATM 


scram vessel tests are described. 
 
 
 


II. THE KERENATM SCRAM SYSTEM 
 
The purpose of the scram vessel is to provide energy 


for fast hydraulic control rod insertion. In operating BWR 
power plants this is done by accumulator vessels which are 
filled with water and pressurized with nitrogen. In 
KERENATM no nitrogen will be used since non-
condensable gases could be introduced into the RPV in 
case of a malfunctioning scram tank isolation valve. Those 
gases could accumulate in the Emergency Condensers and 
diminish the heat transfer capacity. Instead of nitrogen 
steam is used which is generated by heaters in the upper 
part of the vessel. For KERENATM six vessels, two ring 
line manifolds and the connecting lines to the control rod 
drives comprise the scram system. The two ring lines are 
not connected. Each ring line is supplied by three scram 
vessels whereas one vessel can insert half of all control rod 
drives which is sufficient to bring the reactor to „hot sub-
critical“ condition in the required time1. This means that 
each ring line has a capacity of 150 % (Figure 1). Each 
scram vessel is connected via a quick-opening valve and an 
isolation valve to one of the two ring manifolds. The scram 
activation is done either automatically or manually. 
Automatic activation is done by the reactor protection 
system or by a diverse means the Passive Pressure Pulse 
Transmitters (PPPT)1.  


 
Fig. 1: Schematic set-up of the KERENATM scram system. 


 
 
The scram vessel (Figure 2) itself has a height of 7.5 m 


and in the upper part of the vessel a heating system is 
installed. To reduce the heat losses the vessel is insulated 
from the top until ~ 0.2 m below the heater. By this 
construction a certain temperature profile will develop. 
During normal operation the scram vessel has a pressure of 
16.0 MPa and a temperature profile of approximately 
2.5 m is expected until the water temperature reaches 
ambient temperatures. The amount of water below remains 
cold and since hot water or steam must not enter the piping 
system only the cold water can be used for control rod 
insertion.  


A thermo skirt is installed in the KERENATM scram 
vessel which has two different functions (Figure 2). First to 
reduce thermo mechanic stress and second as pressure 
suppression system. The thermo skirt starts just below the 
heater and ranges down almost to the ground. Cold water 
remains in the gap between the vessel wall and the thermo 
skirt and when (hot) water or steam gets into contact with 
the cold thermo skirt the steam condenses. By this the 
water between the skirt and the vessel wall acts like a heat 
sink and reduces thermo mechanic stresses. Beyond that 
the pressure is reduced and pressure equalization between 
scram vessel and RPV is reached earlier.  


For a quick availability a forced cool down mechanism 
will be installed. Therefore an orifice is installed in the top 
of the vessel. Nevertheless the thermal stress must be as 
low as possible and thus the diameter of the orifice can be 
controlled depending on the temperature drop in the vessel. 


 
III. TEST SET-UP AND TEST EXECUTION 


 
For the scram vessel tests a tank in 1:1 scaling was set-


up and connected to a blow down tank which simulates the 
RPV. Both vessels are connected via DN 200 pipe were a 
quick-opening and closing valve were installed. Both 
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valves are self-acting hydraulic valves, which means that 
pressure must be provided to keep them closed. This  


 


 
 
Fig. 2: Schematic picture of the SCRAM vessel. 
 
 


pressure was provided either by the scram vessel or a third 
vessel, the so called SAS-tank. 


The SAS-tank was only used to control the valves at 
the test facility. Unlike to KERENATM, where the control 
rods are injected a fast closing (tclosing ~ 1 s) shut-off valve 
was installed at the test facility. This valve simulates the 
end of the mass flow when the control rods reached the 
limit stop. The isolation valve which separates the scram 
tank from the RPV 20 seconds after the scram initiation 
was not tested. In case of a faulty non closing tank 
isolation valve in KERENATM a leakage after scram will 
continue until pressure equalization of the scram vessel and 
the RPV is reached. To simulate this, an additional pipe 
(DN 50) was installed. By that the purging water flow of 
the control rods during normal operation could tested as 
well. Depending on the tested plant scenario orifices were 
mounted into the pipes which simulated the mass flow for 
a certain number of control rods respectively the specified 
number of participating scram vessels, a non closing scram 
tank isolation valve or the purge flow. A simplified P&ID 
of the test set-up is shown in Figure 3. To generate the 
steam a heater was installed which was set-up by four 
heater rods each with 25 kW. During steady state only one 
heater rod was used. To minimize the heat losses the upper 
part of the vessel was insulated. Since the temperature 
profile inside the vessel was of great interest 
thermocouples were installed at 16 different heights and up 
to 7 different radial positions (Figure 4). Pressure 
differences were measured at six different levels 


(Figure 5). The amount of water which flowed through the 
pipes in a certain time was measured by the level increase 
in the blow down tank. 


 


 
 


Fig. 3: Simplified P&ID of the SCRAM test set-up.  
 
At the beginning all valves were closed. Before every 
scram the starting conditions (water level and pressure in 
the scram vessel, water level in the blow down vessel) 
were assured. Therefore the vessel was (re-)filled with 
water and heating up started with all four heating rods. 
Since the level measurement was done by pressure 
differences at different heights, which depend on the 
density, the water was not filled up until the starting point. 
By this the volume increase due to density changes was 
compensated during heating up. After reaching the starting 
conditions the scram tank isolation valve was opened and 
according to the plant scenario, the by-pass line which 
simulates the purge flow respectively the leakage after 
scram, was opened as well. By opening the scram valve the 
scram was initiated and after a few seconds the scram tank 
isolation valve was closed with the provided pressure in 
the SAS-vessel. Since the volume flow was one of the 
boundary conditions the scram time was adjusted in that 
way, that the expected volume flow was matched. This was 
achieved by the pressure difference before and after scram. 
This difference was used as a trigger value for the SAS-
tank to close the scram tank isolation valve. In the case that 
the by-pass line was opened, the water level decreased 
until pressure equalization or the temperature reaches at 
least 100 °C which was set as a security level. 
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Fig. 4: Level and radial position of each thermocouple inside the 
scram vessel. At least up to 7 radial positions were 
measured at each level. 


 
 
 


IV. TEST RESULTS 
 


In this chapter the results of the KERENATM scram 
vessel tests are presented. The data shown here are first 
results of the experimental data for the three scenarios 
simulating a malfunction of the scram tank isolation valve, 
steady state conditions during normal operation and the 
design case were two vessels perform the scram. 


 


 
  


Fig. 5: Installed pressure measurement system at the KERENATM 
scram test facility.  


 
 


Steady state 
 
The temperatures at different levels for steady state 


conditions are shown in Figure 6. The temperature reached 
ambient temperature (< 50 °C) about 1.3 m below the 
heater rods. The distance between saturation temperature 
and ambient temperature was smaller than expected. The 
heating power which was required to maintain steady state 
conditions - equal to the heat losses - was approximately 
22 kW. 
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Fig. 6: Temperatures measured at different levels in the scram 


vessel during steady state. The heat loss was according to 
the necessary heating power (for keeping the pressure 
constant) 22 kW.  


 
 
Design case 
 
For the design case scram, that is a scram with two 


tanks, the vessel was filled up with water and heated up 
until 15.5 MPa. The pressure was 0.5 MPa below the 
normal operation pressure of 16.0 MPa representing the 
tolerance allowed for KERENATM normal operations. The 
scram was initiated and closed after 2.6 seconds. The 
volume transferred to the blow down vessel was 1100 liters 
representing the volume of the 157 control rods. That 
means the vessel pressure decreased to 11.0 MPa. The 
pressure in the blow down tank was only increased from 
9.0 MPa to 9.7 MPa (Figure 7). Due to the fast pressure 
decrease flashing was expected to occur in the scram 
vessel. The flashing effect was not in the focus of the 
testing program. Therefore no detailed analysis of this 
effect have been performed. After closing the scram tank 
isolation valve the pressure in the scram tank decreased 
further due to the condensation of steam at the thermo 
skirt. This can also be seen in the decreasing temperature 
profile in the scram vessel (Figure 8) where the 
temperatures decreased after closing the scram tank 
isolation valve. During the scram the temperature in the 
upper region of the vessel (level 01-05) dropped down to 
320 ° C and continuously decreased to 310 °C. In contrast 
to the decreasing temperature in the upper part of the 
vessel the temperature in the lower part of the vessel 
increased during the first two seconds, especially in the 
mid range (level 06-11). But again, all temperatures 
decreased after reaching the peak temperature due to the 
interaction with the thermo skirt. Nevertheless at level 13 
the water temperature was below 70 °C which is a security 
level for the KERENATM control rod drive system. 


Therefore the water volume below level 13 can be used for 
the scram. The volume from the pipe nozzle to level 13 is 
more than 900 liter which is enough to get all control rods 
into the core by a two tank scram. 


 
Fig. 7: The black and the red curve show the pressure of the 


scram tank and the blow down tank as function of test 
time. The green line shows the volume that was 
transferred between the tanks during the test. 


 
 
Faulty scram activation 
 
In case of a faulty activation of one scram valve the 


question was raised if all control rods are inserted fully into 
the reactor core. For this kind of test the starting condition 
7.7 MPa in the blow down tank and 15.5 MPa 
(conservative approach considering the tolerance of 
0.5 MPa) in the scram vessel was adjusted. The scram time 
was tuned to 4.2 seconds. Additionally a malfunction of the 
scram vessel isolation valve was simulated. This resulted in 
a leakage mass flow from the scram tank into the blow 
down tank. The leakage stopped as soon as pressure 
equalization between the vessels was reached. Therefore 
the scram tank isolation valve was closed and the bypass 
line stayed opened for this test. The pressure equalizes 
11.4 seconds after closing the scram tank isolation valve. 
The pressure decrease in the scram vessel was 
∆p = 6.5 MPa (Figure 9). The pressure in the blow down 
tank increased in this time up to 9.0 MPa. Due to the larger 
volume of the RPV in comparison to the blow down vessel 
the counteracting forces of the gas volume are lower than 
in KERENATM. Since enough water was transfered to the 
blow down vessel this result can be regarded to be 
conservative. 
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Fig. 8: Temperature profile for a scram with two scram vessels. 


 
The pressure in the scram vessel still decreased after 


closing the scram tank isolation valve (Figure 9). This was 
caused by the pressure suppression system. Therefore, 10 
seconds after the scram ended, the pressure in the scram 
vessel was lower than in the blow down tank. So the water 
flew back from the blow down tank into the scram vessel. 
This mass flow was stopped by closing the bypass line 
72 seconds after closing the scram tank isolation valve. 
After closing the bypass line the volume transferred 
between the vessels was ∆V = 1350 liter. At the time of 
pressure equalization the volume increase was more than 
1700 liters which is sufficient to bring all control rods into 
the core. 


The temperature profile (Figure 10) showed a 
stratification at the beginning of the test. Nevertheless the 
absolute temperatures were different compared to the 
design case test described before. Obviously steady state 
conditions were not reached at the beginning of the test. 
During the scram the thermocouples above the heater rods 
measured a decreasing temperature as function of time. 
When the scram was initiated the temperatures below the 
heater rods raised up to 335 °C in the levels 6-12. After 
reaching the peak temperature, the temperature decreased 
due to the pressure suppression system of the vessel. At 
level 13 a temperature increase was observed that was 
significantly lower than in the other levels. Due to the 
leakage after scram the temperature at level 13 continued 
to increase until pressure equalization due to the hot water 
coming down. The peak temperature at level 15 was 70°C. 
Therefore no potential risk, for the pipes or control rods 
exist, even when a lot of water was transferd to the blow 
down tank and a leackage after scram occur. Nevertheless 
the oscillation of the temperature at level 14 and 15 can not 
explained sufficiently up to now.  


 


 
 


Fig. 9: Pressure and volume increase for a faulty scram activation 
scenario. 


 
 


 
Fig. 10: Temperature profile for a faulty scram activation 


scenario. 
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Abstract – FRAPCON-EP models have been extended to better represent mixed oxide steady state 
fuel behavior under the Reduced moderation Boiling Water Reactor (RBWR) conditions. RBWR 
fuel is designed to operate with higher peak burnup, linear heat rate, and fast neutron fluence 
compared to typical LWRs. Therefore, assessment of fuel behavior is a critical task for its core 
performance. The fuel pellet radial power profile is calculated based on plutonium radial 
variation and edge peaking due to resonance absorption of neutrons. It is found that the edge 
power peak is much smaller than in typical LWRs due to the harder neutron spectrum. The oxygen 
potential directly affects fuel thermal conductivity and fission gas diffusivity. Plutonium migration 
towards the high temperature may potentially lead to power peaks at the central radial locations. 
The selected fuel thermal conductivity model for mixed oxides accounts for the oxygen-to-metal 
ratio variation, burnup effects due to fission product precipitates, radiation damage and porosity. 
In addition, Zircaloy-2 cladding corrosion/hydrogen pickup models in FRAPCON-3 have been 
updated to reflect accelerated corrosion/hydriding, due mainly to secondary particle precipitate 
dissolution. Based on experimental data, acceleration is assumed to occur above 1.0E+26 n/m² of 
fast neutron fluence (>1MeV). Analysis of RBWR fuel was made together with neutronic dose 
calculation using the reference power history. The neutronic analysis shows that RBWR fuel fast 
fluence-to-volumetric heat generation ratio is approximately 80 % more than in typical LWRs. 
Initially, an analysis was performed with traditional Zircaloy-2 and reference mixed oxide fuel 
pellet with 95 % theoretical density. It was found that accelerated corrosion/hydriding may result 
at peak burnups as low as 30 MWd/kg. Furthermore, excessive fuel swelling may result in 
significant cladding strain and axial irradiation growth, which may lead to creep induced fracture 
as well as fuel bundle distortion problems. Also, significant cesium axial migration and 
precipitation at the fuel blanket interfaces was predicted. However, a simulation with 90 % 
theoretical density fuel and without accelerated corrosion/hydriding provides comparable results 
to current BWR fuel behavior.  Therefore, development of irradiation resistant Zircaloy is 
recommended for the success of the RBWR design. 


 
 


I. INTRODUCTION 
 
The Reduced Moderation Boiling Water Reactor 


(RBWR) concept is under consideration to develop a 
sustainable nuclear fuel cycle using Light Water Reactor 
(LWR) technology [1]. Similar to every other innovative 
fuel design, the assessment of RBWR fuel performance is a 
very critical step towards achieving realism in this concept. 
The reduction in moderation hardens the neutron spectrum 
and allows reaching a high conversion ratio using mixed 
oxide (MOX) fuel. As can be seen in Fig. 1, the core has a 
highly heterogeneous structure, consisting of active fuel 


regions and blanket regions, in order to satisfy operating 
with a negative void reactivity coefficient. As a result, high 
peak linear power (>40 kW/m) and high peak burnup 
(>100 MWD/kg) is allowed at active fuel regions in order 
to operate with reasonably high power density and cycle 
length [1-2]. 
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Fig.1. Schematic of RBWR axial core configuration [1] 


 
At high neutron energies, neutron-fuel reaction 


probabilities (microscopic neutron cross-sections) come 
down by one to two orders of magnitude with respect to 
thermal neutrons [3]. In order to generate the same power,  
higher neutron flux levels are needed. Combination of high 
neutron flux and harder neutron spectrum may exceed the 
dose limit of the available cladding materials, via 
destabilizing dense oxide film on the cladding. 
Furthermore, operating with high burnup and high linear 
heat rate may lead to excessive swelling of the fuel and 
straining of the cladding, irradiation growth in axial 
direction, significant fission product transport, and high 
fission gas and volatile fission product release. A reliable 
fuel performance tool is required to analyze all these 
important phenomena. Previously, FEMAXI-RM, a LWR 
fuel behavior code, has been used to do a similar 
assessment [2]. However, the code’s constitutive models 
for fuel swelling and as-fabricated porosity behavior are 
highly empirical and limited. It may not be applicable to 
the RBWR fuel operating range (high burnup, high 
temperature), the fuel chemistry models are missing, and 
finally, the neutron fluence effects on corrosion/hydriding 
behavior of the cladding have not been examined, 
explicitly [2].  


The current study extends FRAPCON-EP (Enhanced 
Performance), a steady state fuel performance tool [4] in 
order to analyze RBWR fuel behavior. FRAPCON-EP is 
equipped with physical models to describe various 
phenomena affecting fuel pellet dimensional changes 
including high temperature and high burnup conditions.  
Compared to FRAPCON-3 [5], FRACON-EP includes 
relevant models for intra- & inter-granular gas swelling, 
solid fission product swelling, RIM porosity evolution, as-
fabricated porosity migration and central void formation, 
hot pressing of the as-fabricated porosity, and cesium axial 
migration. This study extends the capability of FRAPCON-
EP, further, by adding mechanistic models for spatial 
evolution of oxygen-to-metal ratio and actinides, burnup 
evolution of oxygen potential. Furthermore, fuel thermal 
conductivity and fission gas diffusion coefficients are 


updated with more appropriate constitutive relations for 
MOX fuel. The radial power distribution calculation 
scheme in FRAPCON was modified in order to account for 
accurate edge peaking for the RBWR fuel pin and 
plutonium redistribution effects. Finally, the fluence limit 
at which accelerated corrosion/hydriding starts was 
modeled empirically based on experimental observations. 
The resulting code was applied to the reference RBWR 
fuel pin and possible design problems and remedies are 
discussed Here. 
 
 


II. MODEL DEVELOPMENT 
 


II.A. Cladding Accelerated Corrosion/Hydrogen 
Pickup 


 
         Corrosion and hydriding, no doubt among the most 
fuel life limiting phenomena in LWR environments and 
responsible for approximately half of the fuel failures in 
BWRs [6]. Typically in a BWR environment, inclusion of 
fine precipitates improves the stability of a dense oxide 
layer, reducing corrosion/hydrogen pickup rate, 
significantly [7]. During operation, these precipitates tend 
to amorphize under fast neutron irradiation. Above a 
threshold fast neutron fluence, such as 1.0E+26 n/m [8], 
destabilization and acceleration in corrosion and hydrogen 
pickup may result [8-9]. A more recent study [10] 
speculates that hydride precipitates may also be 
responsible for accelerated corrosion at high burnup BWR 
fuel.  The current study is a high level description, 
assuming 1.0E+26 n/m² as the threshold fast neutron 
fluence limit, leaving detailed characterization as future 
work. The oxidation rate in FRAPCON is increased by a 
factor of 2.2 above this threshold in order to match the 
experimental observations [9]. Note that FRAPCON-3’s 
corrosion correlation for BWRs does not have any 
dependency on neutron fluence. Furthermore, FRAPCON-
3’s hydrogen pickup fraction for Zircaloy-2 per oxidation 
is 30 %, which was found to be excessively high. It is 
lowered to 7.5 % in order to match GERMAN Zircaloy-2 
experimental data for hydrogen pickup, still in a 
conservative manner [9]. Comparison of 
corrosion/hydrogen pick up database with a calibrated 
version of FRAPCON-EP is shown in Fig. 2 and Fig. 3. 
The approximate BWR power history used for these 
simulations is given Fig. 4. 
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Fig. 2. Comparison of oxide thickness experimental 


data and FRAPCON-EP predictions  
 


 
Fig.3. Linear Heat Rate variation as a function of 


burnup 
 


 
Fig. 4. Linear Heat Rate variation as a function of 


burnup 
 


II.B. Oxygen Evolution in Fuel Pellet 
 
Typically, MOX fuel is fabricated in hypo-


stoichiometric form to control oxygen evolution at high 
burnup. As burnup developes, reduction in actinide content 
and low oxygen affinity of the fission products leads to an 
increase in oxygen to metal ratio (O/M). Once, the oxygen 
to metal ratio reaches stoichiometry (~1.995), 
Molybdenum starts to oxidize, acting as buffer to further 
increase in O/M. After nearly complete oxidation of 
molybdenum occurs, fuel may reach to 
hyperstoichiometric state. Excess oxygen availability may 
increase corrosion/hydriding and influence various phases 


formed at fuel/clad interface and degrades fuel thermal 
conductivity at high burnup. Burnup evolution of O/M is 
solved by (1) using thermodynamic equilibrium relations, 
assuming ideal solution and using molybdenum 
partitioning method [11], and (2)  charge balance within 
the actinide and fission product mixture, as described in 
Ref. [11] and the method has also been adopted in FEAST-
OXIDE code [12].   


In addition to burnup evolution, oxygen tends to 
redistribute under the applied temperature gradient. 
Oxygen in a hypostoichiometric fuel tends to migrate to 
colder locations [13]. The model developed for the 
FEAST-OXIDE code [12] and Ref. [13] have been adopted 
in this study to desribe spatial evolution of oxygen. 


 
The relevant equations and constitutive models for 


thermal diffusion simulations are as folows: 
 


2                             (1)QJ D c c T
R T


⎛ ⎞= − ∇ + ∇⎜ ⎟
⎝ ⎠  


 
Q: Molar effective heat of transport (J/mol) 
T: Fuel temperature (K) 
R: Gas Constant = 8.314 J/mol/K (or 1.987 cal/mol/K) 
D: Diffusion coefficient of the fuel constituent of interest 
(m²/s) 
c: The concentration of the diffusing species (mol) 
J: Current (mol/m²/s) 
 
The equation of continuity is: 


.                                                  (2 )c J
t


∂
= −∇


∂
                             


 
 
The oxygen diffusion coefficient is as follows: 


6
O


9128D 1.39 10 exp                       (3)
T


− ⎛ ⎞= × × −⎜ ⎟
⎝ ⎠  


Oxygen heat of transport (J/mol) is given as a function of 
the charge of plutonium (Vpu) and the charge of Uranium 
(Vu):


 
4


6 6 5 2


34


8.12 10 exp(4.85 ) 3.3


3.96 10 2.37 10 3.6 10 3.3 4.0  (4)


3.5 10 exp( 17 ) 4.0


Pu Pu


o Pu Pu Pu


U U


V V


Q V V V


V V


−


−


⎫⎧− × <
⎪⎪ ⎪= − × + × − × ≤ <⎨ ⎬


⎪ ⎪− × − ≥ ⎪⎩ ⎭


 
II.C. Radial Migration of Actinides 


 
During operation, if the fuel temperature is high 


enough, uranium and plutonium tend to redistribute under 
the applied temperature gradient. Plutonium diffuses to the 
hotter inner regions and uranium diffuses to cooler regions 
[11]. The process becomes effective only above 70 % of 
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the melting point. The model included in FEAST-OXIDE 
code [12] was adopted in this study.  Similar to oxygen 
redistribution, the model is based on thermal diffusion 
(Eq.1 and 2).  


 
Plutonium Diffusion Coefficient (m²/s): 


4 55351D 0.34 10 exp                               (5)Pu T
− ⎛ ⎞= × × −⎜ ⎟


⎝ ⎠  
T = Temperature (K) 
 
Plutonium Heat of Transport (cal/mol): 


35000                                                     (6)PuQ =
  


II.D. Fuel Thermal Conductivity 
 


Ref. [14] description of the mixed oxide fuel thermal 
conductivity correlation is adopted in this study similar to 
FEAST-OXIDE code [12].  The correlation is based on 
JOYO reactor experimental database. As-fabricated mixed 
oxide fuel thermal conductivity ( 0k ) is given as the sum of 
phonon and electron conduction. In addition, the correction 
factors are included to describe the effect of dissolved solid 
fission products ( 1F ), precipitated solid fission products (


2F ), radiation damage ( 3F ) and porosity ( 4F ). 
 


1 2 3 4                                               (7)ok F F F F k=                                                       


9


24


1 4.715 10 16361exp
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F
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4 1F Pα= −  
 
Where, 
 
k: Mixed oxide fuel thermal conductivity (W/m/K) 


O/M: Oxygen to metal atomic ratio 


T: Temperature (K) 


β: Burnup (at %) 


P: Fuel Porosity 


: Porosity factor 2.5 


 
II.E. Fission Gas Behavior 


 
The current study adopts MOX fuel fission gas 


diffusion coefficient from FEAST-OXIDE  [15]. The 
model includes an enhancement coefficient for low 
temperature diffusion based on the stoichiometric state. 
The constitutive relation is given as follows: 


 
10 20 2635000 150007.6 10 exp 2.3 10 exp 3 10  gas Pu oD W R W


T T
− − −⎛ ⎞⎛ ⎞⎛ ⎞ ⎛ ⎞= × − + × × − + × × ×⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠⎝ ⎠


 


PuW : Correction factor for MOX fuel =1.75 


R: Rating (W/kg) 


T: Temperature (K) 


oW  is unity if the O/M is below1.995. Otherwise it is 


given as follows: 


exp                         
5.6o
BuW ⎛ ⎞= ⎜ ⎟


⎝ ⎠  


where Bu is the burnup unit in at %. 


    
 


In addition to fission gas diffusion coefficient, some of the 
constitutive models in intra-granular fission gas behavior 
of FRAPCON-EP [4] have recently been updated in order 
to capture morphological evolution of gas bubbles at 
temperatures below half of the melting point in a more 
accurate manner. Typically, at low burnup (~10 MWd/kg), 
intra-granular gas bubble diameter reaches ~1 nm [16], and 
towards 50 MWd/kg, it reaches ~2-3 nm [17]. 
Furthermore, intragranular gas bubble concentration 
remains on the order of 1.0E+24 (1/m³) at high burnup 
(~50 MWd/kg) [17]. In order to capture this approximate 
behavior, intragranular gas bubble sink strength in 
FRAPCON-EP was multiplied by a factor of 50 and gas 
bubble nucleation constant was lowered by an order of 
magnitude. It was found that the sensitivity of the old 
model and new model to the total intragranular gas 
swelling (sum of the intragranular gas bubbles and gas 
atoms in solution) is rather low; however, these changes 
improved capturing morphological evolution of 
intragranular gas and total porosity predictions. 
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II.F. Fuel Pellet Radial Power Profile 


 
Typically, LWR fuel operates with large edge power 


peaking (>200 %) due to plutonium buildup at the 
peripheral RIM region of the fuel pellet. RBWR fuel 
operates with high plutonium content and with a harder 
neutron spectrum. Preliminary neutronic studies showed 
that edge peaking remains between 1.1-1.2, which is very 
low compared LWR operating conditions. Therefore, the 
radial power profile is left as user-defined and the profile 
in Fig. 5 was used in this study as initial condition.  


 


 
Fig. 5. Normalized radial power distribution 


 
The study assumes radial profile will be affected by 


possible actinide migration, which may occur at high 
temperature operations at the inner radial parts of the fuel 
pellet. It is assumed the power is proportional to plutonium 
content of each radial node as follows: 


 


0
0


P = P                                                      (8)PuC
C


 


 
 P: Normalized radial power density at a radial node 
(W/m³) 


0P : Initial normalized radial power profile (Fig. 5) 


PuC : Plutonium atom fraction at a radial node 


0C : Initial plutonium atom fraction 
 


II.G. Neutron Spectrum Calculation 
 


To assess the fast neutron flux of the cladding (above 1 
MeV) in RBWR conditions, an assembly level neutronic 
study was performed using MCNP5 [18] in burnup 
dependent form. The fast flux-to-specific power ratios 
were calculated for both RBWR and PWR assemblies for 
comparison purposes. Burnup calculations were performed 
via MCODE [19] which is a coupler between the MCNP 
[18] and ORIGEN2 [20] codes.  


For a fixed thermal power, MCODE calculates the 
tallied flux per fission source neutron [n/cm2fsn] and 


power fraction in each burnable region. To convert the 
tallied flux to the physical flux [n/cm2s], it is multiplied by 
the flux normalization factor (FMF) which is normalized to 
the thermal power of the system which is assumed to be 
critical. 


 


effave kQ
vPFMF
⋅
⋅


=       in units of [fsn/s]                  (9) 


 
where P is the total power of the system [W], v is the 
average number of neutrons produced per fission, Qave is 
the average recoverable energy released per fission 
[J/fission], and keff is the eigenvalue of the system. A 
separate MCNP F4 flux tally was performed at the desired 
average burnups to determine the fraction of fast flux (E>1 
MeV) to total flux. 


To obtain an accurate axial power distribution for the 
RBWR core, the reflectors and shielding above and below 
the active fuel region were modeled. In addition, the active 
region was divided into 15 separate burnable zones. The 
void fraction distribution, as prescribed by [21] was also 
averaged into 15 corresponding coolant zones. Since most 
of the power is generated in the lower and upper fissile 
zones, the fast flux-to-specific power ratio was calculated 
for these two regions only. Therefore, the local specific 
power for these fissile zones was used to calculate the fast 
flux-to-specific power ratio, whereas in the PWR, the ratio 
was calculated over the entire assembly since it is axially 
uniform. The PWR model is a full-length Westinghouse 
17x17 assembly with top and bottom reflectors, uniform 
4.5% enrichment, and no poisons (burnable or soluble). 
The calculated fast flux-to-specific power ratios and other 
properties at various burnups are shown in Table-1. Note 
that the ratios for the RBWR assembly are roughly 1.8 to 
2.6 times higher than those for the PWR assembly. 
FRAPCON uses a default value of 2.5E+16 n/m2s/(W/g), 
which corresponds to the end-of-life value from these 
neutronic simulations. The ratio increases substantially 
with burnup in a LWR because of the increase in total flux. 
v  increases from 2.46 to 2.73 as the built-up fissile Pu 
contributes more to the power. In addition, the eigenvalue 
decreases from 1.40 to 0.94. Combined, they result in a 
60% increase in FMF from BOL to EOL and the resulting 
60% increase in total flux. This effect is typical for LWRs. 


However, in the RBWR, v does not change since only 
Pu contributes to the power from BOL to EOL and the 
eigenvalue change is from 1.04 to 0.97. Therefore, the total 
flux remains relatively constant. The fast flux fraction 
decreases slightly as the spectrum softens due to the 
depletion of fissile Pu. The local specific power in the 
fissile regions decreases as the power begins to shift 
towards the axial blankets where fissile Pu has been bred. 
This is the dominant effect which increases the fast flux-to-
specific power ratio with burnup for the RBWR. 
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To better conceptualize the effect of the different 
ratios, the beginning-of-life (BOL) flux spectra of the two 
assemblies for a fixed specific power (normalized to the 
RBWR fissile zone’s 66 kW/kg) were plotted in Fig. 6. 
Note that the area under the RBWR curve is more than 
twice the area under the PWR curve, corresponding to the 
ratio values of 3.95E+16 and 1.52E+16 n/m2s/(W/g) at the 
BOL conditions. Given these findings, the RBWR fuel 
performance study assumed that the fast flux-to-specific 
power ratio was 80 % higher than FRAPCON’s default 
value of 2.5E+16 n/m2s/(W/g). 
 


TABLE-1: RBWR and PWR flux and specific power 
properties  


 BOL (0 MWd/kg) 


 


Specific 
power 
[W/g] 


Flux 
[n/cm2s] 


Fast 
flux 


fraction 


Fast 
flux/spec. 


power ratio 
[n/m2s/(W/g)] 


PWR 37.81 2.46E+14 0.235 1.52E+16 
*RBWR 65.97 1.04E+15 0.235 3.95E+16 


 MOL (19.5 MWd/kg) 


 


Specific 
power 
[W/g] 


Flux 
[n/cm2s] 


Fast 
flux 


fraction 


Fast 
flux/spec. 


power ratio 
[n/m2s/(W/g)] 


PWR 37.81 2.98E+14 0.242 1.95E+16 
*RBWR 55.39 1.06E+15 0.218 4.24E+16 


 EOL (48.75 MWd/kg) 


 


Specific 
power 
[W/g] 


Flux 
[n/cm2s] 


Fast 
flux 


fraction 


Fast 
flux/spec. 


power ratio 
[n/m2s/(W/g)] 


PWR 37.81 3.86E+14 0.243 2.49E+16 
*RBWR 49.33 1.07E+15 0.210 4.59E+16 
 * fissile zones only 
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Fig. 6. BOC flux spectra normalized to RBWR fissile 


zone specific power of 66 kW/kgHM 
 
 
 
 


III. ANALYSIS OF THE REFERENCE RBWR MOX 
FUEL PIN WITH TRADITIONAL ZIRCALOY-2 


 
Selected reference RBWR fuel pin properties are 


given in Table-II. Axial power profile and operating peak 
linear heat rate history is given in Fig. 7 and Fig. 8, 
respectively. Towards end of life, burned fuel is shuffled to 
low power peripheral regions. Fast-flux to power ratio of 
the active fuel regions are assumed to be 4.6E+16 
n/cm²/s/(W/g). 


 
TABLE II 


Reference RBWR fuel description 


Property Value 
Driver fuel composition (U, 20Pu)O2 
Blanket fuel composition 
Fuel theoretical density 
Fuel pellet type 
Initial O/M 
Clad 
Fuel pin diameter (mm) 
Fuel pellet diameter (mm) 
Clad thickness (mm) 
Fuel height (cm) 


UO2 
95 % 


Solid cylindrical 
1.97 


Zircaloy-2 
10.8 
9.2 
0.7 


           100 
Initial fill gas pressure 
(MPa) 
Plenum height (cm) 
Coolant Pressure (MPa) 
Peak Burnup (MWd/kg) 


1.0 
36 
7.2 
109 


 


 
Fig. 7. Normalized axial power profile of reference 


RBWR fuel 
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Fig. 8. Peak linear heat rate history of reference RBWR 


fuel 
 


Fig. 9 shows the variation of fuel centerline 
temperature at the peak axial location. Due to thermal 
conductivity degradation with burnup, fuel centerline 
temperature rises significantly towards end of life. This 
may reduce the margin to melting, significantly. Fig. 10 
shows the variation of fission gas release. Consistent with 
Ref. [2] studies, cumulative fission gas release is around 40 
% towards the end of life.  


 


 
Fig. 9. Peak fuel centerline temperature of reference 


RBWR fuel 
 


 
Fig. 10. Fission gas release of reference RBWR fuel 


 
         Fig. 11 describes the burnup variation of the fuel 
swelling components at peak power location. Due to the 
high temperature operation, fission gas swelling rises due 
to grain edge tunnel formation in early irradiation. Later, 


grain refinement and RIM formation at the peripheral 
regions contributes to the higher gas swelling rate. Solid 
fission product swelling rate first decreases as a function of 
burnup due to increased temperature and volatile fission 
product release. Late in life, the rate again increases due to 
lower operating temperatures. As-fabricated porosity 
redistributes early in life leading to central void formation. 
The remaining porosity is subjected to irradiation induced 
densification and creep induced hot pressing, as described 
in Fig. 11. Fig. 12 shows that solid fission product swelling 
is high at fuel/blanket interfaces. It is due to cesium axial 
migration via evaporation/condensation process. 


 
Fig. 11. Fuel swelling components of reference RBWR fuel 


peak power location 
 
 


 
Fig. 12. Solid fission product swelling of reference 


RBWR fuel peak power location 
 
Burnup variation of oxygen to metal ratio is given in 


Fig. 13. First, O/M increases linearly with burnup. Once, 
stoichiometric state is reached, molybdenum starts to 
oxidize, acting as buffer to hold O/M at stoichiometry. 
Once, molybdenum oxidation ceases, fuel O/M ratio again 
starts to increase at high burnup, contributing thermal 
conductivity degradation and potentially the clad 
oxidation. 
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Fig. 13. Burnup variation of oxygen to metal ratio for 


reference RBWR fuel peak power location  
 


Fig. 14 describes O/M radial variation at peak power 
location. Typically, inner parts are hypo-stoichiometric 
early in life, degrading fuel thermal conductivity in these 
locations. At high burnup, excess oxygen tends to diffuse 
inner regions. Fig. 15 describes the radial variation of 
plutonium at peak power location. It appears that 
plutonium concentration mildly increased at the inner side. 
Although the fuel attains high temperatures, the time it 
spends above 2000 °C is not high enough for significant 
plutonium migration. 


 


 
Fig. 14. Oxygen to metal ratio radial variation for 
reference RBWR fuel peak power location 


 


 
Fig. 15. Plutonium radial variation for reference 


RBWR fuel peak power location 


 
Burnup variation of clad hoop strain is given in Fig. 


16. Shortly after densification period, hard contact between 
fuel and clad takes places due to fuel swelling and fuel 
thermal expansion. Clad straining continues linearly with 
burnup up to the last cycle. Once the fuel moves towards 
periphery, the mechanical interaction ceases due to lower 
fuel thermal expansion. As can be seen in Fig. 17, blanket 
regions appear to have low clad hoop strain, This may be 
favoring use of high theoretical density fuel in these 
locations. In addition to clad hoop strain, clad irradiation 
growth is estimated to be between 1-1.5 % which may lead 
to fuel bundle distortion problems. 


Fig. 18 shows that corrosion rate increases around 30 
MWd/kg peak burnup. It exceeds 100 microns at the end of 
life, which is twice as high compared to typical BWR fuel 
given in Fig. 2. Similarly, hydrogen pickup value given in 
Fig. 19 is excessively high compared to typically observed 
values in BWR fuel (Fig. 3). Since hydrides are the major 
life limiting elements in Zircaloy-2 material, development 
of advanced cladding material is apparently the key 
element of RBWR design. 


 
 


 
Fig. 16. Burnup variation of clad hoop strain for 
reference RBWR fuel peak power location 


 
 


 
Fig. 17. Clad hoop strain axial variation at end of life 


for reference RBWR fuel 
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Fig.18. Burnup variation of peak clad oxide thickness of 


reference RBWR fuel 
 
 


 
Fig. 19. Burnup variation of peak clad hydrogen pickup for 


reference RBWR fuel 
 


IV. ANALYSIS OF THE 90 % THEORITICAL 
DENSITY RBWR MOX FUEL PIN WITH A 


HYPOTHETICAL ADVANCED ZIRCALOY-2  
 


In order to reduce the cladding hoop strain and 
possibly relief clad axial elongation, using 90 % smear 
density RBWR fuel at the active high power regions of the 
fuel is proposed. The proposed cladding material is a 
hypothetical, irradiation resistant, Zircaloy-2 with no 
accelerated corrosion/hydriding up to the neutron fluence 
range of reference RBWR. All other properties given in 
Table-II are kept the same. Fig. 20 shows that porosity 
removal due to irradiation induced densification has 
significantly increased. As a result, clad collapse period at 
early life becomes longer. Peak clad hoop strain remains 
below 0.6 %. End of life plenum pressure is 5.1 MPa, 
which is less than the coolant pressure. In order to control 
clad collapse it may also be possible to increase initial fill 
gas pressure. 


 
 


 
Fig. 20. Fuel swelling components of 90 % theoretical 


density RBWR fuel at peak power location 
 


 
Fig. 21. Burnup variation of clad hoop strain for 90 % 
theoretical density RBWR fuel at peak power location 


 
Fig. 22 and Fig. 23 shows that corrosion and hydriding 


values with no acceleration is closer to typical BWR 
operating conditions [8].  In addition to 
corrosion/hydriding, one may need to guard against 
irradiation growth while designing advanced zircaloys 
considering the steady state limits only.  
 


 
Fig. 22. Clad Oxide thickness for the reference RBWR fuel 


with 90 % theoretical density at peak power location 
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Fig. 23. Clad hydrogen pickup for the reference 


RBWR fuel with 90 % theoretical density at peak power 
location 


 
V. CONCLUSIONS 


 
         The work extended FRAPCON-EP LWR fuel 
behavior tool to model/simulate steady state behavior of 
RBWR fuel. Improvements were made on intragranular 
gas model of FRAPCON-EP. Fission gas diffusion 
coefficient and fuel thermal conductivity have been 
updated in order to simulate MOX fuel well. Furthermore, 
diffusion models for oxygen to metal ratio and plutonium 
variation were added for spatial and burnup variation. 
         Operation with high linear heat rate and high burnup 
results in operation with high fuel centerline temperatures. 
High fission gas and volatile fission product release from 
the active fuel regions are inevitable. Excessive fuel 
swelling could be remedied by reducing the active fuel 
theoretical density. However, excessive corrosion and 
hydriding, and also irradiation growth due to increased 
dose at the clad requires adoption or development 
advanced zircaloys in order to keep the fuel failure 
probability at an acceptably low levels. 
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Abstract – In minor actinides transmutation strategies for fast spectrum reactors, different 
possibilities regarding the core loading are considered. We study both homogeneous patterns with 
various minor actinides (MA) content values and heterogeneous schemes with higher percentages 
of MA (Np, Am and Cm) at the periphery of reactor. We analyze the capability of transmutation of 
each design and the reactivity coefficients such as the Doppler constant, void worth and the 
fraction of delayed neutrons. The EVOLCODE2 code is the computational tool used in this study. 
It is based on MCNPX and ORIGEN/ACAB codes and allows carrying out burn-up calculations to 
get the isotopic evolution of fuel composition. This study is framed by the CP-ESFR project. 


 
I. INTRODUCTION 


 
One of the goals of fourth generation nuclear systems 


is the minimization of nuclear waste and the reduction of 
the long term stewardship burden by an accurate 
management of nuclear waste. This requirement will 
involve an outstanding reduction of the long term 
management charge and will exploit the energy potential 
of uranium both fissile and fertile isotopes, extending the 
uranium resource. 


 
Generation IV will also improve current reactor designs by 
recycling actinides, not only the bred plutonium-239, but 
also the other actinides found in the waste as well. This 
innovation in fuel utilization will reduce the radiotoxicity 
and heat generated by the waste, transmuting it to shorter-
lived fission products and making it easier to dispose. 
Then in the future nuclear fuel will be used more and in a 
better way through core configurations that accomplish the 
energetic and safety targets. 


 
Figure 1. Radioactive capture and β decay reactions 
involved in MA generation. 


 
In actual Light Water Reactors (LWRs), part of the 


238U content is transformed by means of radioactive 
captures in plutonium and minor actinides (MA) following 
the sequence describe in Figure 1.  


 
Figure 2. Isotopic composition of a discharged LWR 
subassembly. 
 


The isotopic composition of a typical discharged 
LWR assembly is shown in Figure 2, where the amount of 
MA and Pu is outstanding. Radiotoxicity of this fuel is at 
the beginning of the final repository time mainly due to 
fission products (Figure 3) and afterwards (hundreds of 
years) due to Pu and MA decays.  


 


 
Figure 3. Radiotoxicity of LWR spent fuel in terms of 


the final disposal time. 
Fission products are complicated to be treated since 


some are gasses and other are very unstable isotopes. But 
nowadays reprocessing techniques allow to separate 
actinides from the spend fuel so that they can be reutilized 
in new fresh fuel. 
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The key point of this transmutation task is the fast 


neutron spectrum, since it not only provides a breeder 
character transforming fissible 238U into fissile 239Pu, but 
also performs the transmutations of Am, Cm and Np by 
fissioning and decaying into stable elements. This fact can 
be seen in Figure 4 where the 235U and 241Am fission 
cross section are shown. It is important to notice the 
augmentation of the 241Am fission probability for 
energies larger than 0.1 MeV, getting even larger values 
than 235U fission cross section from 1 MeV on.  


 


 
Figure 4. Fission cross section of 235U and 241Am. 
 
But we should pay attention not only to fission, but 


also to capture cross section. The fission to capture ratio 
both for thermal and fast spectrum is plotted in Figure 5. 
For the majority of the actinides, except for 245Cm, this 
ratio is larger in fast spectrum, which means that fast 
reactors are appropriated for MA transmutation and Pu 
breeding. 


 


 
Figure 5. Fission to absorption cross section ratio in 
thermal and fast spectrum (source: KTH). 


 
In the present study we analyze a variety of strategies 


that can be applied in fast neutron reactors in order to 
reduce both the MA created in the fast reactor itself and 
the MA produced in present LWRs. 


 
Aspects such as fuel manufacture or safety reactivity 


coefficients play an important role in the choice between 
homogeneous, heterogeneous or a mixed multirecycling 
model. In the homogeneous strategy MA are diluted in all 


fuel assemblies of the core [(U+Pu+MA)O2], while in the 
heterogeneous model they are mixed only in subassemblies 
of the periphery of the core [(U+MA)O2]. A third 
possibility would be a mixed configuration where some 
fuel assemblies are spread out over the core 
(U+Pu+MA)O2. Because of the position of such 
subassemblies Pu are should be added or not. For instance 
homogeneous layout includes Pu content needed for 
reaching the critical reactivity. Nevertheless for 
heterogeneous schemes no Pu is needed since that strategy 
only takes advantage of the neutron flux leakage in the 
blanket. 


 
This work is framed under the activities conducted 


within the SP2.1 of the European CP-ESFR project. 
 


II. REACTOR CORE DESCRIPTION 
 


We have studied four core schemes. The first one 
(Base case in the following) is a reference calculation with 
no MA. It contains MOX fuel in the driver divided in two 
coaxial regions with different Pu enrichment so that the 
radial power distribution is as flat as possible. This core 
will be used as a comparison for MA transmutation 
capacities with the other cases and to check the effect of 
the MA presence in the reactivity and in the reactivity 
coefficients. 


 
Figure 6. Radial section of the heterogeneous core. 
 
The heterogeneous layout (HET20 in the following) 


is an extended version of the Base case, since it enlarges 
the core by adding an additional ring in the periphery with 
subassemblies that contains 80% depleted uranium and 
20% in mass of MA (Figure 6). Similar designs can be 
found in Ref 1 and 2. 


 
The two final cores are homogeneous layouts with 


2.5% and 4% content of MA in mass in every subassembly 
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of the core. They will be referred to as HOM2.5 and 
HOM4 respectively (Figure 7). 


 
The proportions of Np, Am and Cm used in the 


study corresponds to the MA fuel vector from a 45000 
MWd/tHM irradiated LWR fuel after 30 years of cooling 
time. 


Figures 6 and 7 show the position of the two types 
of control reactivity devices modelled. One contains 
natural boron carbide and the other enriched boron carbide 
(in B-10). Some other nominal properties of the cores are 
shown in TABLE 1. 


 
Figure 7. Radial section of the homogeneous core. 
 


TABLE 1. Main geometrical characteristics 
Layout Homogeneous Heterogeneous 


Core nominal power 3600 MWth 3600 MWth 
Assembly 


configuration Hexagonal Hexagonal 


Fuel composition 
MOX (driver) 
(U + MA)O2 


(blanket) 
(U+Pu+MA)O2 


Irradiation time 
(efpd1) 20000 2000 


 
III. COMPUTATIONAL TOOL 


 
EVOLCODE2 (Ref. 3 and 4) is the computational 


tool used in this work to estimate cores burnup. It is an in-
house development to automatically couple MCNPX and 
ORIGEN/ACAB codes for static and burnup calculations 
(Figure 8). 


 
The MCNPX code allows an important degree of 


heterogeneity description in the reactor core model. Fuel 
material heterogeneously evolves along several burnup 
steps. In each step, EVOLCODE2 calculates a one-group 
cross section library for every core cell under MCNPX 
predicted spectra conditions and feeds ORIGEN code (or 
ACAB) to provide the inventory evolution under 
irradiation. After this stage, EVOLCODE2 automatically 


                                                           
1 EFPD: Equivalent full power days. 


generates a new MCNPX input to estimate new spectra 
and relative fluxes for the next burnup step. 


 
The geometrical and material composition description 


of the cores has been very precisely taken into account in 
the calculation thanks to the advantages of MCNPX code. 
Specifically every ring of subassemblies has been divided 
axially into 10 sections in order to describe the axial 
evolution of the isotopic composition as well. 


 
The irradiation time performance has been computed 


in 10 EVOLCODE2 steps with 200 days per step. A 
simplified single batch cycle of 2000 EFPD has been 
assumed instead of several real batches. The neutronic 
cross section basic library and radioactive decay data used 
in this work is the JEFF3.1 database. 
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Figure 8. Schematic description of EVOLCODE2 


modules. 
 
The computation has been made with a cluster of 64 


processors (Xeon 5450 quadcore 3.0 GHz) and each 
configuration took 26h for the whole burn-up calculation. 


 
IV. RESULTS 


 
First, the values of keff along the cycle are presented 


in Figure 9. A comparison between all cases is shown. The 
keff initially is higher when no MA’s are present (because 
the presence of MA acts as neutron poison) and has the 
flatter behaviour. When MA are considered, the reactivity 
swing is larger, being the HOM4 case the one with the 
highest change.  
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Figure 9. Calculated keff values as a function of burnup 
time for the four cases analyzed. 
 


Depending on the strategy, the maximum reactivity 
(due to the amount of fissile material) is reached at 
different irradiation times. After that point the effect of the 
MA and fission product poisoning is larger than the Pu 
breeding and the keff starts to decrease. The explanation of 
this behaviour of keff can be seen in evolution of Pu 
isotopes. In Figure 10 to Figure 13 the 238Pu and 239Pu 
evolutions are plotted for all cases. 


. 


 
Figure 10. Mass evolution of 238Pu for homogeneous and 


Base layouts. 
 


The total amount of 238Pu is decreasing with burnup 
when there are not MA, whereas for HOM2.5 and HOM4 
cases this isotope is produced by the alpha-decay of 242Cm. 
This fact can also be seen in the blanket and driver of 
HET20 case. 


 
Figure 11. Mass evolution of 238Pu for the heterogeneous 
strategy. 
 


For 239Pu, all cases behave in a similar way, since this 
isotope is produced by the radioactive capture of 238Pu. 
Again due to the presence of MA, the amount of 239Pu is 
higher in HOM cases. 


 


 
Figure 12. Mass evolution of 238Pu for homogeneous and 


Base layouts. 
 


 
Figure 13. Mass evolution of 239Pu for heterogeneous 
strategy. 
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The initial actinides masses of the three cases are 
plotted in Figure 14. And the final actinide masses after 
2000efpd are plotted in Figure 15. 
 


 
Figure 14. Mass of Actinides at BOL 


 
Figure 15. Mass of Actinides at EOL 
 


The transmutation capabilities are shown in Figure 
16. The transmutation factor is computed as the proportion 
of minor actinides that have been consumed. There is no 
net transmutation in the HET case, although after 2000 
days of irradiation the amount of MA produced and 
consumed is almost the same. On the contrary, HOM 
layouts present a positive net transmutation from the very 
beginning of irradiation. HOM 4% shows a larger 
transmutation factor, reaching a value of 35% at EOL. 


 
In Figure 17 and Figure 18 the specific evolutions of 


Np, Am and Cm are shown. As a general trend in all cases, 
Am and Np are consumed, whereas Cm is generated. 
Depending on the particular case, this consumption is 
different. TABLE 2 shows the initial and final MA masses 
and the particular transmutation factor for each actinide. 
 


In Figure 19 the annual variation of transmutation 
rate is plotted. At the very beginning of the irradiation this 
rate is negative, since some MA are produced, but after 
500 efpd a constant rate is reached by the HOM cases. The 
HET rate is always negative with a slightly positive slope. 
This fact indicates that the residence period of time of the 


blanket under irradiation should be of the order of 4000 
efpd (twice the period analyzed here) for an optimization 
of the transmutation, although fast neutron fluence in the 
cladding might exceed the damage limit. 


 
TABLE 2: MA mass balance and transmutation factor 


 Layout Mass (kg) at 
BOL 


Mass (kg) 
at EOL 


Transm. 
factor 


Np HOM2.
5 312.4 188.4 39.7 


Am HOM2.
5 1418 972.3 31.4 


Cm HOM2.
5 121.9 268.5 -120.3 


Np HOM4 500.0 284.4 43.1 
Am HOM4 2271 1410 37.9 
Cm HOM4 195.2 386.9 -98.2 
Np HET20 463.8 440.8 5.0 
Am HET20 2106.50 2058.7 2.3 
Cm HET20 181.005 281.1 -55.3 


 
 


 
Figure 16. Comparison of the transmutation factor in terms 


of the burnup time 
 


 
Figure 17. Minor Actinide Masses for HOM 2.5 and 


HOM4 
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Figure 18. Minor Actinide Masses for HET20 


 


 
Figure 19. Comparison of the transmutation rate per year 


in terms of the burnup time 
 


TABLE 3: Evolution of the minor actinides element 
masses evolution 


Case  BOL (kg) EOL (kg) 
Base 0 393 
Hom.4% 2974 2099 
Hom 2.5% 1862 1438 
Het 20% 2762 2783 


 


 
Figure 20. Neutronic spectrum in the driver and blanket of 
HET 20 case 


 


 
Figure 21. Neutronic spectrum in the driver at BOL and 
EOL for HET 20 case. 
 


For HET20 case, the energy spectrum of the neutron 
flux at beginning of irradiation for driver and blanket 
regions is plotted in Figure 20. A significant difference in 
the spectrum can be seen in driver and blanket regions due 
to the composition of the fuel and the geometrical position. 
Figure 21 shows spectra at BOL and EOL in the driver of 
HET20 case where the little effect of 2000 efpd burn-up 
can be distinguished on the spectrum. 
 


Radial and axial total fluxes have been calculated for 
these configurations. The evolution of the radial 
distribution in the central plane (10 cm high region) along 
the HOM4 cycle is provided in Figure 22. It shows the 
change in the position of the maximum flux as a function 
of time. At the beginning it is located in the outer radial 
part, and subsequently it is displaced to the centre of the 
core. 
 
 


 
Figure 22. Radial flux distribution as a function of burnup 
(efpd) in the HOM4 case 
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In order to complete the results, we present the Void 
Worth and the Doppler constant (Figure 23 and Figure 24 
respectively). They deteriorate quickly as the MA content 
increase in the homogeneous cases, while the coefficients 
remain close to the Base ones in the heterogeneous case. 
 


 
Figure 23. Void Worth at BOL and EOL 
 


 
Figure 24. Doppler Constant at BOL and EOL. This result 
has been calculated with the JEFF3.1 library. Recent 
studies show the possibility of significant differences using 
the JEFF3.1.1 library 
 
 


V. CONCLUSION 
 


A methodology to compute burn-up calculations with 
EVOLCODE2 for Sodium Fast Reactors with 
heterogeneous/homogeneous strategy of MA management 
has been presented. 


 
Among the three strategies studied (HOM 2.5 %, 


HOM 4% and HET 20 %) for a possible design of a 
Sodium Cooled Fast Breeder Reactor, the one with better 
transmutation results is the HOM 4%, which shows higher 
absolute and relative values (12 Kg-MA/TWhe, 29% 
respectively). Nevertheless, reactivity coefficients 


deteriorate significantly, close to 6$ for void worth in 
preliminary estimations (a value to be confirmed in coming 
studies). Concerning transmutation in blankets with 20% 
MA content, results show a very little or no transmutation 
values when considering Np, Am and Cm together, though 
a positive small value for Np and Am is obtained. 
However, reactivity coefficients can be even better than the 
breakeven core not dedicated to MA transmutation. 
 


Therefore it seems that a balance between these two 
design options should be pursued by selecting appropriated 
MA content and load pattern in the reactor. 
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Abstract 
In the framework of the French law of the 28th of June 2006 about nuclear materials and waste management, 
the CEA, EDF and AREVA French partners launched a coordinated research program on Sodium-cooled 
Fast Reactors (SFR). The SFR project is in a R&D phase, with the objective of improving safety, economical 
competitiveness and sustainability of such a reactor. The main milestones are the following: 


- An assessment of progress and industrial perspectives is due for 2012 
- A prototype devoted to validate the SFR technologies, to demonstrate the actinides transmutation 


and able to perform irradiation experiments is to be built in the 2020 decade 
- SFR reactors are planned to be industrially deployed in the second part of the century. 


 
In order to meet the SFR project objectives, the improvement of the pool type reactor design options 
regarding structures design simplification, In Service Inspection and Repair (ISIR) and decay heat removal 
capabilities is a key issue. 
Design works were performed within this guideline by the three partners for the reactor structures, including 
thermal-hydraulics and thermo-mechanical analyses. The concerned structures are the following: 


- The inner vessel. Different options were investigated: the single conical redan like the Phénix 
reactor inner vessel, variants of cylindrical inner vessel designs, together with more advanced 
options. 


- The core support structure. Several options were investigated: the diagrid supported by a box core 
support structure like the EFR (European Fast Reactor project) design option and variants of the 
integrated core support structure. 


- The upper closures. Metallic and concrete options for the roof slab and rotating plugs, together 
with different design options for the above core structure. 


This paper presents a status of the studies for these structures; the most promising design options are 
highlighted. 
These studies will be used as starting basis for the demonstrator prototype ASTRID (Advanced Sodium 
Technological Reactor for Industrial Demonstration) pre-conceptual design, launched end 2010. 


 
 


I. INTRODUCTION 
 


ITHIN the framework of the French Act, dated 
from June 28th 2006, which requests an assessment 
of the industrial perspectives of nuclear waste 


management and transmutation by 2012, the Generation IV 
systems, and especially the sodium-cooled fast reactors are 
considered as one of the most suitable technology to be 
developed. Thus, since 2007, the CEA, EDF and AREVA 
French partners launched a coordinated research program 
on Sodium-cooled Fast Reactors (SFR). The main design 


improvement objectives of this R&D program were 
defined taking into account the feedback from experience 
from past SFR reactors operation (e.g. Phénix, 
Superphénix). They are the following: 


- Improved design of a core with enhanced safety, 
- Better resistance to severe accidents and external 


hazards, 
- Optimization of the energy conversion system in 


order to reduce sodium risks, 
- Improvement of the pool type reactor design 


options regarding internal structures design 


W 
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simplification, In Service Inspection and Repair 
(ISIR) and decay heat removal capabilities, 


- Reduction of the environmental impact while 
reinforcing resistance to proliferation, 


- Improvement of the reactor performances and 
economics. 


 
Design works, including thermal-hydraulic and 


thermo-mechanical analyses, were performed within this 
guideline by the three partners for the following reactor 
structures: 


- the inner vessel, 
- the core support structure, 
- the upper closures (roof slab, rotating plugs, 


above core structure). 
 


This paper presents a status of the studies for these 
structures; the most promising design options are 
highlighted. 


 
II. INNER VESSEL 


 
The inner vessel ensures the separation between the 


hot and the cold pools of a pool type reactor. 
 
For Phénix the inner vessel is a single conical wall 


withstanding both the thermal gradient and the pressure 
difference between the hot and cold pool, see Fig. 1. 


 


 
Fig. 1. Phénix reactor architecture 


 
For Superphénix the inner vessel is a double wall 


structure, see Fig. 2. The upper conical wall withstands the 
thermal gradient between the hot and cold pool, and the 
lower toroidal wall withstands the pressure difference. 


 


 
Fig. 2. Superphénix reactor architecture 


 
For SFR different options were analyzed: the single 


conical redan like the Phénix reactor inner vessel, variants 
of cylindrical inner vessel designs, together with more 
advanced options <1>. 


The main objectives, the advantages (A) and 
drawbacks (D) of the different concepts are summarized 
hereafter: 


 


 
Single 


conical redan 


- Main objectives: address difficult 
design points for the reactor block 
identified at the end of the EFR 
Detailed Preliminary Project (slab, 
inner vessel, diagrid, core support, 
gas entrainment…) 


- (A) Concept with the highest 
readiness level  


- (A) Compatibility with all the 
studied concepts of core support 
structures and primary components 
(heat exchangers and pumps) 


- (A) Thermal protection of the core 
support structure and main vessel 


- (D) Limited accessibility to the core 
support structure for ISIR from the 
upper closures 


- (D) Sensitivity to creep, fatigue and 
buckling damages  


 


 
Cylindrical 
inner vessel 


outside IHX/PP 
components 


circle 


- Main objectives: simplify the 
reactor design and provide a better 
access to internal components for 
ISIR 


- (A) No buckling risk of the inner 
vessel 


- (A) Direct access from the roof for 
ISIR of the core support structure 


- (A) Potentiality of deep DHX in 
the hot pool  


- (D) Requires a large core support 
structure 


- (D) Risk of high temperature on 


Core


 


 


IHX


Core 


IHX
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the upper core support structure 


 


 
Cylindrical 
inner vessel 


located within 
IHX/PP 


components 


- Main objectives: simplify the 
reactor design and DHX 
protection immersed in the cold 
collector 


- (A) Lower risk of vortices at the 
hot pool free level 


- (A) DHX protection by the inner 
vessel in case of core accident 


- (A) Potentiality of deep DHX in 
the cold pool 


- (A) Compatibility with all the 
studied concepts of core support 
structures and primary 
components (heat exchangers and 
pumps) 


- (D) Larger hot free level variations 
and vertical dimension of the 
reactor 


- (D) Tricky between the IHX and 
the inner vessel connexion 


- (D) complex IHX handling 
 


 
Stratified redan 


inner vessel 
<2> 


- Main objectives: improve the 
performance of residual power 
removal systems, particularly 
natural convection in the vessel, as 
well as more robust demonstration 
of its initiation; increase the 
compactness of the vessel for 
economic reasons. 


- Two types of pumps: one type for 
the core feedback and the second 
one for the IHX feedback 
operating in forced convection. 


- Thermal gradient located between 
the double wall inner vessel 


- Same pressure between hot and 
cold pools 


- (A) More robust demonstration of 
natural convection initiation 


- (D) Complex control of the 
thermal gradient location 


- (D) primary pumps number and 
feasibility 


 
The analysis of the different options shows that the single 
conical redan is the more mature and therefore the less 
risky design option. Nevertheless, regarding the 
advantages of the innovative options in particular 
concerning the ISIR, it is recommended to keep going 
design works on such options.  


 
III. CORE SUPPORT STRUCTURE 


 
The core support structure functions are: 
- The core support and assemblies positioning in 


order to ensure the reactivity control and rods fall 
in normal and accidental conditions 


- The core feeding by sodium coolant in normal 
and accidental conditions, preventing the events 
of loss of flow and gas flowing through the core 


- The core melting mitigation by a design 
compatible with different scenarii of the accident 
and able to accommodate the implementation of 
an internal core catcher. 


 
For SFR several options were investigated: the diagrid 


supported by and sliding onto a box core support structure 
like the EFR (European Fast Reactor project, see Fig. 3) 
design option and variants of the integrated core support 
structure. 


The first design option (EFR type) considers a 
strongback supported by a skirt welded onto the main 
vessel at the toro-spherical bottom. The strongback is part 
of the cold pool and is not leaktight. The main vessel 
cooling system used a derived cold flow from the diagrid 
lower plate through pipes routing to the main vessel 
cylindrical part. The diagrid is able to slide onto the 
strongback and fed by primary pipes connected by a 
flexible coupling to the primary pumps outlet. 


 


 
Fig. 3. EFR Core Support Structure 


 
The main issues of this design option are:  
- the justification of the design by damages analysis 


using the RCC-MR 2007 updated rules and for a 
60 years lifetime 


- the limited compatibility with a large internal core 
catcher  


- the access and means for ISIR from the upper 
closures and the main vessel outside (e.g. using 
UT) to the strongback in particular to its lower 
plate 


- the free cobalt hardfacing materials used for the 
sliding parts 


- the design of the main vessel cooling system 
- the primary pipes failure accident 
 


Core 


 


 


IHX   


Core 


 


 


IHX
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Another design is investigated with an Integrated 
Diagrid Strongback (IDS), in order to simplify the core 
support structure and suppress the differential thermal 
expansion between the diagrid and the strongback. The 
pump connection is fully integrated in the structure, see 
Fig. 4. An annular feeding plenum is located at the upper 
part periphery, in order to limit the size of the pressurized 
volume. The IDS is laid and able to slide onto a main 
vessel flange at the torospherical bottom. The space 
available for an internal core catcher is slightly increased. 


 In order to reduce the number of welds different plate 
thicknesses are studied for the IDS (up to 150 mm). 


 


 
Fig. 4. SFR Core Support Structure with IDS 


 
The specific issues of this option are the following: 


- thermal-hydraulics and thermo-mechanical 
behavior 


- industrial feasibility of a large box structure 
- non destructive examination (e.g. using UT) of 


the IDS through the main vessel/IDS sliding 
connection. 


 
A last option considers a larger and transverse IDS. 


The IDS is laid and able to slide onto a main vessel flange 
which is located on the cylindrical part, see Fig. 5. 


 
Fig. 5. SFR Core Support Structure with transverse IDS 
 
This option is proposed for the cylindrical inner vessel 


with components located outside the inner vessel 
components circle. A primary pump with axial suction is 
better adapted to this architecture. This option allocates 
more space at the bottom for a very large core catcher. 


The industrial feasibility issue of this option is even 
more sensitive due to the larger size of the IDS. 


 
The analysis of the different options shows that the EFR 
type option is the more mature and then the less risky 
design option. Nevertheless, regarding the advantages of 


the IDS options in particular concerning the simplification 
of the design, the reduction of welds number, and the ISIR, 
it is recommended to keep going design works on such 
innovative options.  


 
IV. UPPER CLOSURES 


 
The upper closures of the primary vessel are made of 


3 main structures: 
- the roof slab, 
- the rotating plugs (one or two depending of the 


fuel handling option), 
- the above core structure (ACS). 
 


I.A. The Roof Slab 
 
The roof slab is the largest structure of the upper 


closures. The roof slab ensures the following functions: 
- The confinement of the primary circuit in the 


same way as the main vessel and the rotating 
plugs 


- The support of the components (IHX,PP, 
DHX…), the rotating plugs and the ACS  


- The radiological protection of the personnel in 
normal operation and during maintenance periods. 


 
The roof slab of Superphénix is a metallic box 


structure filled by concrete for radiological protection. It is 
cooled by a water cooling system. 


For SFR the objective is to reinforce the design 
regarding the cooling system and the pressure resistance to 
whole core accident. Two main options are studied: 


- A metallic box structure filled by concrete and 
cooled by a gas cooling system, 


- A fully metallic box structure with thick plates 
and cooled by an internal gas cooling system. 


 
I.A.1 Fully metallic design 


 
The reference design for the SFR work program is the 


fully metallic option. The minimum steel thickness is 
700 mm to ensure the radiological protection. The material 
used for the steel 16MnNiMo5 (16MND5 or 13S 
according to RCC-MR). 


The design option considers two half-parts, welded 
together at mid thickness, see Fig. 6. The thickness of each 
half-part is optimized, taking the fabrication limits and 
radiological protection requirements into account. 


 


 
Fig. 6. Section View of Steel Roof Slab, 0,9 m high 


 
An assembly with 12 sectors is proposed, see Fig. 7. 
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Fig. 7. Isometric View of Steel Roof Slab 


 
For a SFR 1500 MWe pool concept, the slab diameter 


is about 17 m. The following issues have been identified: 
- Procurement of large forgings with appropriate 


metallurgical characteristics through the thickness 
- Welding of the forged parts 
- Gas cooling system, 
- Manufacturing costs and planning. 
Considering these issues, alternative solutions with 


thinner plates and additional steel plates for radiological 
protection are studied to reduce the level of risk of the 
design. It leads to increase the slab height from 0.9 m to 
1.1 m. 


 
I.A.2 Concrete-steel design 


 
As a back-up design, a steel-concrete design is 


investigated. This design of roof slab is based on a steel 
box structure filled with concrete for the radiological 
shielding and cooled by a gas cooling circuit. 


The advantage of this concept is to reduce 
significantly the steel quantity and the costs. Nevertheless, 
this economical advantage is counterbalanced by an 
increase of the slab height, with consequences on the 
reactor height and a lower resistance to whole core 
accident. 


 
I.B. The Rotating Plugs 


 
The rotating plugs (one or two) functions are: 
- The confinement of the primary circuit in the 


same way as the main vessel and the roof slab 
- The support of the components (fuel handling 


machine) and the ACS  
- The radiological protection of the personnel in 


normal operation and during maintenance periods. 
 


In order to ensure the handling of all core assemblies, 
one or two rotating plugs, depending on the fuel handling 
design option, are used. They are supported by the slab and 
are able to rotate independently during handling periods. 


The use of two rotating plugs is less compact than a 
pantograph with only one rotating plug and a slotted ACS 
with pantograph type FHM, but the two plugs technology 
is more robust and mature (Phénix, Superphénix). 


 


 
Fig. 8. Rotating Plugs 


 
The design option for the plugs is similar than the 


metallic roof slab option with the same manufacturing 
issues to be addressed, but with lower diameters.  


The dissymmetrical geometry of the large rotating 
plug is identified as an additional issue regarding the 
thermal behavior of the structure. Therefore, the cooling 
system of the large rotating plug must be optimized, in 
order to guarantee a homogeneous temperature in the 
structure. 


A back up design option is a steel box structure filled 
by concrete and cooled by gas. 


 
Concerning the small rotating plug, the additional 


issue is induced by the huge number of penetrations used 
for the instrumentation and the control rod drive 
mechanisms which leads to a complex manufacturing and 
internal gas cooling. Therefore, a back up design with only 
one forged thick plate is proposed. 


 
I.C. The Above Core Structure 


 
The ACS functions are: 
- Control of the core reactivity by ensuring the 


control rods fall in normal and accidental 
conditions (e.g. in seism), 


- Support of the core instrumentation, 
- Thermal and radiological protection of the small 


rotating plug, 
- Thermal hydraulic function in the hot pool. 
The above core structure is fixed to the small rotating 


plug and dips into the hot pool, see Fig. 9. The ACS is 
impacted by the core outlet flow and thermo-mechanically 
loaded by the sodium free level variations. 
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Fig. 9. Conical ACS 


 
Conical geometries are the proposed options to reduce 


the impact on the reactor diameter as it is on the radial 
critical path. 


The thermo-mechanical and vibratory behavior of the 
ACS is a critical issue considering the requested lifetime of 
60 years,  


The ACS removal and replacement is also considered 
but only for an exceptional situation. 


Different options are studied with different values of 
porosity levels to the core outlet flow and varied deflection 
of the core outlet flow. 


 
Other alternatives are studied: 
- Slotted ACS with a pantograph option for the fuel 


handling machine 
- Two parts ACS see Fig. 10 (one part in the Small 


Rotating Plug and the other on the Large Rotating 
Plug). 


 


 
Fig. 10. Two Parts ACS 


 
These alternatives lead to reduce the reactor diameter but 
are more innovative and induce more complexity in the 
ACS design. 
 


V. CONCLUSIONS 
 
This paper presented a status of the studies performed 


to improve the pool type reactor design options regarding 
the SFR project objectives. For each structure (inner 


vessel, core support structure, roof slab, rotating plugs, 
ACS) the different design options are presented. The most 
promising options are highlighted as well as the less risky 
and back-up options. 


The outputs of these studies will be used as a starting 
basis for the demonstrator prototype ASTRID (Advanced 
Sodium Technological Reactor for Industrial 
Demonstration) pre-conceptual design, launched at the end 
of 2010. 


 


NOMENCLATURE 
 


ACS Above Core Structure 
ASTRID Advanced Sodium Technological Reactor for 


Industrial Demonstration 
DHX Decay Heat eXchanger 
EFR European Fast Reactor 
FHM Fuel Handling Mechanism 
IDS Integrated Diagrid Strongback 
IHX Intermediate Heat eXchanger 
ISIR In Service Inspection and Repair 
PP Primary Pump 
SFR Sodium-cooled Fast Reactor 
UT Ultrasonic Testing 


 


REFERENCES 
 


<1> G. FRANÇOIS, J.P. SERPANTIÉ, J.F. SAUVAGE, P. 
LO PINTO, M. SAEZ; Sodium fast reactor concepts; 
Proceedings of ICAPP ‘08 Anaheim, CA USA, June 
8-12, 2008; Paper 8096; 2008. 


<2> G.-M. GAUTIER, R. LAVASTRE, P. ALLEGRE; SFR 
innovative design: the Stratified Redan Concept; 
ICAPP 2011, Paper 11165 


576








Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11443 


 


 


Analysis of Thermohydraulic Limits during WWER-1000  


Nuclear Power Plants Heat-up Using RELAP5 System Code 


 
 


M.Saghafi1, J.Jafari2  
1Energy engineering department of Sharif University of technology, Tehran, Iran 


2NSTRI, Development of Reactors and Accelerators School, Tehran, Iran 
 


 
Abstract – Plant heat-up is a process which all operating systems such as primary coolant 
circuit, pressurizer, primary and secondary sides of the steam generators and etc. are transferred 
from a cold shutdown to a hot standby status. During plant heat-up, some thermohydraulic 
limitations such as maximum and minimum allowable pressure and maximum rate of increase in 
pressure and temperature which are recommended by plant commissioning program and NPP 
safety related documents should be considered. Maximum allowable pressure prevents brittle 
fracture in reactor vessel, Minimum allowable pressure in the inlet of the reactor coolant pumps 
(RCPs) prevent pump cavitations and maximum allowable rate of increase in temperature and 
pressure respectively prevent thermal and mechanical shocks. Thus, tuning pressure and 
temperature increasing rates during plant heat-up is important from plant safety point of view.  
The RELAP5 system code was used to model and analysis the behavior of WWER-1000 plants 
during heat-up. In plant heat-up, at first the primary circuit pressure increases by injection of N2 
gas into pressurizer in order to providing minimum required NPSH for operation of the RCPs. 
After short time RCPs are turned on to operate which increase the primary coolant circuit 
temperature through friction losses. At a time which specified by heat-up procedure the 
pressurizer heaters are turning on to increase the primary circuit pressure. Heat transfer from 
primary to secondary side in the steam generators causes increasing of the secondary side 
temperature and pressure. Temperature and pressure of primary and secondary circuits increase 
until plant reaches to hot standby condition. The results show that the thermohydraulic 
parameters during plant heat-up are in an acceptable range and have a good agreement with 
available data in technical documents. 
Keywords: Heat-up, WWER-1000, RELAP5, thermohydraulic  


 
 


              I. INTRODUCTION 
 
The WWER-1000 (V-446) is a pressurized water 


reactor (PWR) that produces 3000 MW thermal power and 
generates 1000 MW electrical power. The reactor plant 
consists of four circulating loops and a pressurizing system 
connected to the reactor with each loop containing a 
horizontal U-tube steam generator and a main circulating 
pump [1]. The schematic of the reactor coolant system 
(RCS) is shown in Fig. 1.  


Plant heat-up is defined as the series of operations 
which bring the RCS from a condition where the reactor is 
subcritical and the RCS is at nearly ambient temperature 
and pressure are at their normal operation zero power 
values[1]. Coordination of pressure and temperature for 
plant heat-up is important to plant safety. Each plant has 


slightly different heat-up procedure because of its unique 
design features [2]. 


The RELAP5 computer code is a light water reactor 
transient analysis code developed for the U.S. Nuclear 
Regulatory Commission (NRC) for use in rulemaking, 
licensing audit calculations, evaluation of operator 
guidelines, and as a basis for a nuclear plant analyzer. 
RELAP5 is a highly generic code that, in addition to 
calculating the behavior of a reactor coolant system during 
a transient, can be used for simulation of a wide variety of 
hydraulic and thermal transients in both nuclear and 
nonnuclear systems. The RELAP5 hydrodynamic model is 
a one-dimensional, transient, two-fluid model for flow of a 
two-phase steam-water mixture that can contain 
noncondensable components in the steam phase and/or a 
soluble component in the water phase [3]. 


1449







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11443 


   


 
 


Fig. 1. The schematic of the reactor coolant system [4]. 
 


 
II. THERMOHYDRAULIC LIMITS IN HEAT-UP  


 
During heat-up, temperature and pressure variations 


are restricted by the need to observe some thermohydraulic 
limitations [2]. Plant heat-up criteria are specified in the 
technical specifications for each plant in terms of 
allowable pressure-temperature limits. 


 
II.A. Maximum pressure to avoid brittle fracture 


 
A brittle fracture is characterized by rapid crack 


growth with no visible plastic deformation. But ductile 
fracture is characterized by much slower crack growth with 
appreciable plastic deformation before and during growth.  


Brittle fracture produces a sudden failure without 
warning. In addition the actual magnitude of the fracture 
stress is highly variable and cannot be predicted accurately. 
For this reasons brittle fracture is a dangerous situation and 
must be avoided at all costs [5]. 


Many materials exposed to low temperature lose their 
toughness and ductility. The major concern for metals at 
low temperature is brittle fracture, which can cause vessel 
failure. Under low temperature conditions, some normally 
ductile metals may fail at low-stress levels without 
warning of plastic deformation [6]. 


Reactor pressure vessels are made of carbon steel 
which has a body-centered cubic lattice structure and is 
therefore subject to brittle fracture [2]. 


The maximum allowed pressure of the primary system 
is determined by the ductility of the pressure vessel steel. 


As temperature decreases, so does the allowed pressure 
because the vessel steel is more susceptible to failure at 
low temperature. The maximum allowed pressure versus 
temperature for wwer-1000 plants is shown in Fig. 2. 
There are two separated curves because stresses are 
different for heat-up and cool-down. 


 
The pressure required to operate a pump without 


causing cavitation is called net positive suction head 
(NPSH). Therefore the pressure head available at the pump 
inlet should exceed the NPSH required. This is specified 
by the pump manufacturer, and is a function of the pump 
design. Cavitation in a centrifugal pump has a significant 
effect on pump performance. Cavitation degrades the 
performance of a pump, resulting in a fluctuating flow rate 
and discharge pressure. Cavitation can also be destructive 
to pumps internal components [7]. 


In order to avoid cavitation at the pump impellers 
during the heat-up procedure, the system pressure must be 
held throughout above the saturation pressure 
corresponding to the coolant temperature. 


The minimum allowable pressure increase as plant 
temperature rises because the saturation pressure rises with 
temperature. The minimum allowed pressure versus 
temperature for reactor coolant pumps in wwer-1000 
plants is shown in Fig. 3. 
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Fig. 2. Maximum allowable pressure versus coolant 
temperature under plant heat-up and cool-down [1]. 


II.B. Minimum pressure for RCPs operation 
 


 


 
  


Fig. 3. Required NPSH values versus coolant temperature [1]. 
 


 
II.C. Maximum rate of temperature and pressure 


increase to avoid thermal and mechanical shocks 
 


When the material goes from a thermal configuration 
to another one, the resulting transient temperature fields 
will lead to variation in the thermal expansion condition at 
adjacent places. Therefore, thermal stresses may result in 


thermal shock crack propagation, which can shorten the 
lifetime expectancy for the material. The maximum 
allowed heat-up rate of the reactor and the coolant in 
WWER-1000 plants is 20 °C/h [1]. 


Rapid pressure change in reactor coolant system in 
plant heat-up may result in mechanical shod and crack 
generation in reactor structural materials. The maximum 
allowed pressure increase rate in reactor coolant system of 
WWER-1000 plants is 1 MPa/min [1]. 


 
 
III. HEAT-UP PROCEDURE IN WWER-1000 plants 


 
First, the entire plant is normally in the cold shutdown 


condition. In this condition the RCS is not under pressure 
and is at a temperature of about 50˚C. Water level in 
pressurizer and steam generator secondary side are in their 
zero load set points. 


The primary pressure is raised to approximately 
1.96MPa by injection of Nitrogen gas into pressurizer in 
order to provide minimum required NPSH for operation of 
the RCPs. After reaching the required pressure, 3 RCPs are 
started [8]. 


After RCPs start-up, the RCS pressure raises to 3MPa 
by switching on the pressurizer heaters. In parallel with 
this operation the mixture of nitrogen gas and vapor 
discharge form pressurizer in order to replace Nitrogen gas 
by vapor. This operation lasts for approximately two hours. 
Then gas removal system disconnects and pressurizer 
heaters turned off [8]. 


The power of the three RCPs heat-up the primary 
coolant system and temperature rise slowly due to friction 
losses to 195˚C. Then the pressurizer heaters turn on while 
RCS pressure reaches the hot standby condition. The 
fourth RCP starts up when the primary coolant system 
temperature reaches 200˚C.   


The excess volume due to the primary coolant 
expansion is removed from the RCS by the CVCS letdown 
line (automatic control of the pressurizer level). 


During hot standby, the system pressure is maintained 
automatically by the pressurizer heaters. The average 
reactor coolant temperature is maintained at its zero power 
value by adding heat from operation RCPs and removing 
heat by automatic operation of the turbine bypass valves to 
the condenser. 


In the hot standby condition the reactor is subcritical 
and the reactor coolant system is held in a pressure and 
temperature range corresponding approximately to the zero 
loads operating.  


 
 


IV. MODELING IN RELAP5 
 


The RELAP5 model configuration provides a detailed 
representation of the primary, secondary and safety 
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systems. The primary system has been modeled using four 
coolant loops each one including one RCP and horizontal 
steam generator. In this modeling, the actual parameters 
and dimensions are used to describe the flow areas, 
volumes, hydraulic diameters, elevations, heat transfer area 
and heat structure masses. 


Fig. 4 provides a nodalization diagram for the model, 
showing the reactor vessel components and one coolant 
loop with the pressurizer; the other three loops have 
similar nodalizations. 


The pressurizer is connected with loop 2 via surge-line 
joining the bottom part of the hot leg and is connected with 
loop 3 via spray-line. Relief valves are modeled on the top 
of the pressurizer. 


A hot, average and hot-rod heated flow paths and a 
core bypass channel represent the reactor core region. The 
reactor vessel model includes a down comer, lower plenum 
and outlet plenum. The pressurizer system includes 
heaters, spray and pressurizer relief valves. The safety 


system representation includes accumulators, high and low 
pressure injection systems and reactor scram system. The 
model of the make up and blow-down systems includes 
associated control systems. 


The primary side of steam generators has been 
modeled by ten vertical volumes simulating the hot and the 
cold header and by eight groups of horizontal tubes.  


The steam generator secondary side model includes 
down comer, lower plenum, upper plenum, cold package, 
hot package, separator, steam nozzles, steam headers and 
main steam lines. 


RELAP5 heat structure components are used to 
represent fuel rods, vessel structural internals (core barrel, 
core baffle, lower and upper plates, etc.), the reactor 
vessel, main coolant pipelines steam generator primary and 
secondary structural materials. Heat transfer from the 
primary to the secondary side is modeled by heat structure 
components.  


 
 


 
  


Fig. 4. RELAP5 nodalization of primary and secondary circuits of WWER-1000 NPP. 
 


V. RESULTS  


1452







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11443 


   


Pressure variations in the primary and secondary 
circuit are shown in figure 2. Both of these circuits are 
initially at atmospheric pressure. The pressure in the 
primary circuit is increased at first by injecting nitrogen 
and then turning on pressurizer heaters. The pressure in the 
secondary circuit also increases to 6.09 MPa. At this point 
the pressure in the secondary circuit is stabilized by 
periodic dumping of steam to condenser and as a result the 
temperature remains constant in both primary and 
secondary circuits. 


The time course of the temperature in the reactor 
primary and secondary circuit and the volume of water in 
the pressurizer during plant heat-up are shown in Fig. 5. 


Because of high mass flow rate in the primary circuit 
and the small amount of transferred energy from  pumps to 
the fluid, the temperature variations of both primary and 


secondary circuit are the same. Turning on the fourth pump 
after 200°C increases the temperature change rate. The 
maximum temperature increase rate in this process is 
15.9°C/hr and it is at initial times when water has its 
highest density and the maximum amount of energy is 
spent in order to circulate water. Heat transfer from steam 
generators to secondary circuit causes the secondary fluid 
to get boiled. The generated steam is dumped in the 
secondary circuit at 6.09MPa pressure; as a result 
temperature remains constant at saturation temperature in 
the secondary circuit and it causes the temperature of the 
primary circuit to be kept constant and the plant to reach 
hot standby condition. 


The curve of reactor coolant system pressure as a 
function of temperature ranging from cold shutdown to hot 
standby condition is shown in Fig. 6. 


 


 
  


Fig. 5. Pressure in primary and secondary circuits. 
 


 


 
  


Fig. 6. Mean coolant temperature in primary circuit, secondary circuit and pressurizer. 
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In order to analyze thermohydraulic limitations in the 
plant heat up, it is necessary to use pressure-temperature 
curve. The difference between the upper limit for brittle 
fracture protection and lower pump cavitation limit curve 
is the plant "operating window".  The operating window is 
the states that the plant must be operated during heat-up. 


Pressure-temperature curve of plant heat-up is 
compared with the available plant safety documents in 
figure 7 and are delineated with the allowable limits. The 
most critical states are at temperature 50 and 195 which the 
heat up curve has the least difference with NPHS curve. 


Because the rotational speed of the pumps is constant 
the volumetric flow rate of the pumps is constant. As a 
result the mass flow rate variations (figure 8) are resulted 
from decrease in fluid density (figure 9) in the plant heat-
up. The flow rate in the fourth circuit is initially in reverse 
direction and by turning on the fourth RCP the flow rate of 
all of the circuits gets equal. 


Considering the fact that in Hot Standby state, the 
temperature of the primary circuit is constant, therefore the 
total power of the pumps is transferred to the secondary 
circuit, therefore this state could be used to bench mark 
pumps modeling. As a result analytical method used to 
calculate the amount of transferred heat from pumps to the 


fluid and compare it with the total heat transferred to the 
secondary side of the steam generators .The transferred 
energy to the fluid through pumping is calculated by using 
the Eq. (1) and Mass flow is calculated by using the Eq. 
(2). 


 
 


2 1 ..
P PdW dm m P


dt dtρ ρ
⎛ ⎞− Δ⎛ ⎞= =⎜ ⎟ ⎜ ⎟


⎝ ⎠⎝ ⎠


&                             (1) 


 
 


.m Q ρ=&                                                                   (2) 
 
In hot standby state at 278°C volumetric flow rate is 


21200 m3/hr and density is 768 kg/m3 therefore mass flow 
rate calculated by the Eq. (2) and equals to 4522.66 kg/s. 
By using Eq. (1) the transferred heat to the fluid in hot 
standby state is 3.675 MW for each pump. In other words 
in hot standby state where there are no temperature 
variations in primary and secondary circuits, 14.7 MW 
power should be transferred from pumping into the 
primary circuit fluid and from primary circuit to secondary 
circuit which is shown at in fig. 10. 


 
 


 
  


Fig. 7. Pressure–temperature diagram showing the heat-up curve and thermohydraulic limitations. 
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Fig. 8. Mass flow rate in primary coolant circuit. 
 


 


 
  


Fig. 9. Density of primary coolant during plant heat-up. 
 


 


 
  


Fig. 10. Total power transferred to secondary side in steam generators. 
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VI. CONCLUSIONS 
 


Considering the fact that the primary circuit pressure 
is always under the allowable pressure to avoid brittle 
fracture in the heating process, In case of any fracture in 
the primary circuit it is ductile fracture and there is a 
warning before the fracture. In other words leak before 
break concept is always maintained. 


In the heating process of the plant the maximum 
temperature increase rate is 15.9 °C/hr which is below the 
allowable rate of 20 °C/hr in order to prevent thermal 
shocks in sensitive components such as reactor pressure 
vessel. 


The pressure of the primary circuit is above NPSH 
curve of the pump in the plant heat up and the pump 
operation is not disturbed by cavitation production process 
and the pump is not damaged. 


The maximum pressure increase rate is 0.056MPa/min 
which is smaller than 1 MPa/min and is in the order of 
0.06 MPa/min which is exerted in safety documents. This 
means that the components of the primary circuit are not 
under mechanical shocks in the heating process. 
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NOMENCLATURE 
 


CVCS Chemical and volume control system 
m Mass 
NPSH Net positive suction head 
P Pressure 
Q Volumetric flow 
RCP Reactor coolant pump 
RCS Reactor coolant system 
t Time 
W Pumping energy 
WWER Russian-style pressurized water reactor 
ρ density 
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Abstract – In this study, we focused on the implementation of an upwind method for a new 2-
dimensional 2-fluid model including the surface tension effect in the momentum equations. This 
model consists of a complete set of 8 equations including 2-mass, 4-momentum, and 2-internal 
energy conservations having all real eigenvalues. Based on this equation system with upwind 
numerical method, we first make a pilot 2-dimensional code and then solve some benchmark 
problems in order to check whether this model and numerical method is able to properly solve 
some fundamental one-dimensional two-phase flow problems or not.  


 
 


I. INTRODUCTION 
 
Engineering difficulties exist in the analysis and 


prediction of two-phase flow phenomena because of the 
coexistence and interaction of liquid and gas phases. That 
is one of the representative difficulties and is related to the 
safety problem on the nuclear power plant in cases of 
Loss-of-Coolant-Accident situations and so on. Therefore, 
it is important to analyze that the simulation of two-phase 
flow relevant to the interfacial transport phenomena in this 
field. 


However, especially for the two-phase flow analysis, 
there is no complete theory of phase interaction treating 
nucleation, breakup/coalescence, and implosion of bubbles. 
For these reason, it is difficult to describe the behavior of 
two-phase flows especially on the critical flow including 
non-equilibrium effect between phases. 


In this study, we adopt a two-fluid model considering 
the effect of mass, momentum, and energy interactions to 
simulate more realistic two-phase flow than the 
conventional model did.  


A hyperbolic two-fluid model had developed by 
present authors and it has been applied to analyze one-
dimensional two-phase flow problem. However, in order to 
simulate real problems, the above one-dimensional model 
needs to be extended to at least two-dimensional equations 
and adopted to an upwind numerical method. 


Upwind methods applied on the hyperbolic two-fluid 
models can be found in the following references: Toumi 
and Kumbaro [1] used the Roe scheme to calculate one-
dimensional two-fluid equations with virtual mass terms. 


Flux Vector Splitting (FVS) method is also applied to the 
two-fluid model by Stadke et al. [2]. However, the above 
models used in the references [1, 2] have been mostly 
limited to one-dimensional two-phase flow problems. 


For these reasons, we need to derive a two-
dimensional two-fluid model from the one-dimensional 
two-fluid model which is previously suggested by Chung 
et al. [3]. Because the resulted two-dimensional model 
becomes mathematically hyperbolic as will be shown in 
the chapter of characteristic analysis, an upwind numerical 
method can be adopted to solve this equation system. We 
can assume that the non-equilibrium process governs two-
phase flow due to its monotonic variation of void fraction 
in the bubbly flow regime. Consequently, we make a 
preliminary two-dimensional computer code and treat one-
dimensional benchmark problems and discuss on the 
calculated results in some detail.  


 
II. Model Definition 


 
1. Governing Equations 
 


Treating the two-phase water-air/water-vapor flows, we 
assumed that the flow pattern is homogeneous bubbly flow. 
The governing equations of the two-dimensional two-
phase flow are derived from the mass, momentum, and 
internal energy conservation laws as follows. 
 
Mass balance equation: 


( ) ( ) ( )k k k k k k k k
k


u v


t x y


       
   


  
 (1) 
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Momentum balance equation (x-direction): 


2( ) ( ) ( )
( )k k k k k k k k k k k k


k k i kx


u u u v p
p p M


t x y x x


          
     


    
(2) 


 
Momentum balance equation (y-direction): 


2( ) ( ) ( )
( )k k k k k k k k k k k k


k k i ky


v u v v p
p p M


t x y y y


          
     


    
(3) 


 
Internal energy balance equation: 


( ) ( ) ( ) ( ) ( )k k k k k k k k k k k k k k k k
k k


e u e v e u v
p E


t x y t x y


              
            


(4) 


 
where subscript k=l is for fluid and k=g for gas phase and i 
for an interfacial value. ρ, p, u, v, and e are density, 
pressure, x-directional flow velocity, y-directional flow 
velocity, and specific internal energy, respectively. The 
volume fraction α represents a volume fraction defined as 
follows: 
 


k
k


V


V
   (V: total volume, Vk : volume occupied by k-phase) 


 
The right-hand sides of the above equations represent 
source terms that arise from phase transition, interfacial 
physics, viscous effects, etc. 
 
2. Interfacial Pressure Jump Term 
 


The pressure difference due to the surface tension on 
the interface of a bubble can be derived from the Young 
and Laplace equation as follows: 


 
2


( ) ( )g l g i i l
i


p p p p p p
R



       (5) 


 
where Ri is bubble radius and σ is the surface tension 
coefficient. When we assume a finite but inifinitesimal 
surface thickness δ as shown in Fig. x, the bubble radius Ri 
can be written in terms of bubble inner radius Rg, outer 
radius Rl, and surface thickness δ. Consequently, the Young 
and Laplace equation is modified to the following form 
(see Chung et al.[3]): 
 


2 2


/ 2 / 2g l
g l


p p
R R


   
   


            
 (6) 


 
where 


l gR R   . 


The surface tension is also related to the surface 
thickness; that is, the surface tension coefficient is 
proportional to the surface thickness and the fluid bulk 
modulus, /c L   , with constant c=4 as mentioned in 
Present[4]. In addition, the fluid bulk modulus can be 


divided into two parts in terms of the contributions to the 
liquid and gas phases. Accordingly, we can rewrite the 
above relation as  


 
4


g lL L L




    (7) 


 
Using this equation and the geometric relation between 


the surface area and the volume for infinitesimal dilation 
of a bubble, the right-hand side of Eq. (6) is rearranged as 
follows (see Chung et al.[3]): 
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Taking the limit 0iR  , we finally get 
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where ai is the interfacial area intensity and Ci is the 
coefficient of interfacial pressure jump term. In this study, 
we consider only the bubbly flow regime with small void 
fraction, so we can assume the shape of bubbles to be 
perfect spherical. For this reason, we can extend this one-
dimensional model to a two-dimensional model and it is 
reasonable to use the following correlations for the 
interfacial area density, 3 /i g ka R . 


The coefficient of interfacial pressure jump Ci becomes 
constant, having an order of magnitude O(10-1). Since the 
fluid modulus is 2


k k kL c  and it holds that Lg<<Ll, the 


mixture bulk modulus yields /m g gL L  as shown in 


Chung et al.[3]. We assume here that the order of 
magnitude of the mixture bulk modulus with constant is 
almost equal to that of the gas by taking  110g O   for 


bubbly flow, which then gives 2
i m g gC L c . It is noted that 


although the terms of Eqs. (9) - (12) are very small 
compared with other momentum terms; they make the 
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equation system hyperbolic, that is, a well-posed initial-
value problem. 
 
3. Characteristic Analysis 
 


The governing equations can be rearranged as matrix 
form in terms of the primitive variable vector, V. 


 
V V V


A B C
t x y


  
   


    (13) 


[ ]T
g g l g l g lV p u u v v e e


 
 
For matrix transformation, we use the stiffened-gas 
equation of state (SG EOS) as follows: 
 


( 1)k k k k k kp e       (14) 


 
where k=g or l and γk is the specific heat ratio of each 
phase. 


Multiply the inverse matrix of A 
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On the Jacobian matrix Gx, we can obtain eight real 
eigenvalues as 
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It is noticed that these eigenvalues are the same as those of 
one-dimensional model and of earlier two-dimensional 
model [3]. 


 


 
III. Numerical Method 


 
Internal energy equations include time derivative terms 


of void fraction. Assuming that liquid phase is 
incompressible, Toumi [5] treated those terms as 
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Using a constitutive relation, Mukejord et al. [6] proposed 
the evolution equation for liquid volume fraction as 
follows 
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where 2 2


g l l l g gc c      . 


For discretization of equations, time derivative term of 
void fraction is substituted by Eq. (18). Therefore, the 
equation system can be rearranged as follows: 
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where xF  and 


yF  are conservative flux vectors. Hx , Ix , Jx , 


Hy , Iy  and Iy represent nonconservative vectors for spatial 
derivative terms. 
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The conservative and nonconservative vectors of y-
direction are very similar to those of x-direction. 


The numerical flux in the HLL approximation reads 
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(21) 


 
where 


1/2,i jS 



 and 
1/2,i jS 



 are the fastest wave speeds at the 


mesh interface. The HLL scheme was originally proposed 
by Harten et al. [7] for solving the Riemann problem 
approximately. The method assumes that a wave 
configuration for the solution consists of two fastest waves 
separating three constant states. The resulting HLL 
approximate Riemann solver with appropriating wave 
speed estimation becomes very efficient and robust 
approximate Godunov-type method.  


Various choices are possible for the wave speed 
estimations. Here we use the Davis’ [8] estimations like 
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, 1/2 4 , 4 , 1 8 , 8 , 1max 0, ( ) , ( ) , ( ) , ( )i j i j i j i j i jS    
      ,(24) 


 


, 1/ 2 3 , 3 , 1 7 , 7 , 1min 0, ( ) , ( ) , ( ) , ( )i j i j i j i j i jS    
      .(25) 


 
According to Saurel and Abgrall [9], the nonconservative 
term can be discretized as follows. 
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IV. Results and Discussions 
 


1. Shock-tube problem 
 


This problem was investigated by many researchers [1, 
5, and 10]. The liquid phase is water, and the gas phase is 
air. The length of shock tube is 10m. A diaphragm is 
located at the middle and initial primitive variables are 
defined as 
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 (28) 


 
Figure 1 shows the plot of void fraction, pressure, 
velocities and densities for gas and liquid phases. The 
results are calculated up to 6 ms in Fig. 1.  
 


 
(a)                                         (b) 


 
(c)                                        (d) 


 


 
(e)                                         (f) 


 
Fig. 1 Two-phase shock-tube problem  
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(a) void fraction, (b) pressure, (c) gas velocity, (d) liquid 
velocity, (e) gas density, and (f) liquid density. 


 
It is noticed that a slow kinematic wave exists evidently 


in the middle by interfacial interactions of phases as shown 
in Fig. 1. This is the same results with those of Toumi’s 
numerical solutions [1]. As a result, the physical 
characteristics of this two-fluid model are very sound and 
reasonable so that we can treat a two-phase problem 
dominated by wave propagations. 
 
2. Water Faucet problem 
 


We calculated a water faucet problem proposed by 
Ransom [10] as the second benchmark problem. Assuming 
that the pressure variation of vapor phase is ignored, the 
analytic solution for void fraction and liquid velocity can 
be found as follows: 
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and 
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. (30) 


 
Figure 2(a) shows void fraction and liquid velocity 


depending on grid number. As grid number is bigger, the 
discontinuity of void wave is more steepened. For this 
reason, we choose the finest grid, N=1,200 to prevent 
excessive numerical diffusion induced by the 1st-order 
accurate HLL scheme and then the time evolution of 
results with analytic solution is plotted in Fig. 2(b). The 
present results are good agreement with analytic solutions. 


 


 
(a) Grid convergence 


 


  
(b) Time evolution 


 
Fig. 2 Water faucet problem: void fraction (left) and liquid 


velocity (right). 
 


V. CONCLUSIONS 
 


By deriving the two-dimensional two-fluid model from 
the earlier one-dimensional model considering the mass, 
momentum, and energy interactions between the liquid and 
the gas phases, we make a preliminary study of one-
dimensional two-phase flow by solving some benchmark 
problems. Before two-dimensional calculations, we first 
look into the characteristics of the two-fluid model 
extended from one-dimensional model to two-dimensional 
model including the interfacial pressure jump terms: The 
two-dimensional two-fluid model here is mathematically 
hyperbolic and its eigenvalues indicate the characteristic 
speeds of wave propagations in the two-phase fluid. 
Owing to the hyperbolicity, we can solve the equation 
system using an upwind numerical scheme like HLL 
method. 


From the calculated results on the shock tube problem, 
the properties of wave propagations in the two-phase fluid 
are different from those in the single-phase fluid. From the 
view point of wave propagation, the present result shows 
reasonable wave characteristics including void wave 
propagation. This kinematic wave is mainly due to the 
interfacial interactions between gas and liquid phases. 


The second example is a water faucet problem 
compared with the analytic solution. The solutions 
calculated by the interfacial pressure jump terms with HLL 
scheme are less dissipative. The comparable results 
obtained by including the interfacial pressure jump terms 
with analytic solutions show that the interfacial pressure 
jump terms make the solution stable and accurate. 


Consequently, although the simulation is limited to the 
one-dimensional analysis on the two-phase flows, the 
calculated results shows that the present two-dimensional 
two-fluid model and the numerical method can be applied 
to the prediction of two-dimensional two-phase flow 
problems by considering the non-equilibrium effects 
between the phases properly in the future.  
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NOMENCLATURE 
 


C       Sound speed 
F       Conservative flux vector 
G       Conservative flux vector 
I        Nonconservative vectors 
L       Bulk modulus of gas or liquid phases 
M     Momentum source 
p      Pressure 


R      Bubble radii 
U      Conservative variable vector 
V      Primitive variable vector 
      Void fraction 


       Density 
      Hypothetical thickness of bubble 
      Eigenvalue 
       Surface tension 
v      Velocity 
       Mass source  
      Source vector 
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Abstract –This research investigated the influence of sand fineness on the tensile behavior of 
HPFRCC according to the types of fiber.  Two high strength deformed steel fibers investigated are 
H- and T- fibers.  Those two fibers have totally different pullout mechanisms due to different fiber 
geometry.  Two types of sand with different fineness were investigated; however, the content of 
sand in the matrix composition was identical in four matrices. T- fiber showed higher sensitivity to 
the sand fineness while the tensile behavior of HPFRCC with H- fiber was a little influenced by 
the sand fineness.  In other words, as the fineness of sand increases, T- fiber reinforced HPFRCC 
produced much enhanced tensile strength and energy absorption capacity while H- fiber 
reinforced HPFRCC showed a little enhancement.  


 
 


I. INTRODUCTION 
 
There is a strong interest in the development of high 


energy absorption construction material to improve impact 
resistance of containment building due to increasing 
accident by terror.  One of potential approaches is to 
enhance the impact resistance of containment building by 
applying High Performance Fiber Reinforced Cement 
Composites [HPFRCC].  HPFRCC is characterized by 
unique strain hardening tensile behavior accompanied by 
very fine multiple micro-cracks while normal concrete and 
Fiber Reinforced Concrete show strain softening behavior 
right after first crack formation. (Fig. 1) (Naaman [1972, 
1987], Naaman and Reinhardt [1996, 2006], Lankard 
[1985], Yang et al. [2007], Kim et al. [2009])   For the 
application of HPFRCC into buildings and civil 
infrastructure, there has been a few researches. (Vasconez 
et al. [1998], Canbolat et al. [2005], Parra-Montesinos et al. 
[2005])  However, it is hard to find any information about 
the application of HPFRCC into containment building. 


As shown in Fig. 1, the tensile resistance of HPFRCC 
increases after first crack formation. In addition, HPFRCC 
generates multiple micro cracks during strain hardening 
and the width of multiple cracks is maintained under 
certain limit.  The application of HPFRCC into 
containment building, thus, is expected to bring much 
favorable effects such as high energy absorption capacity; 
durability; and, load carrying capacity.  The high energy 
absorption capacity is based on the unique strain hardening 
behavior of HPFRCC with high strain capacity.   


 


 


 
Fig. 1 Typical tensile behavior of HPFRCC with 2% Twisted steel 


fiber. a) tensile stress – strain response up to peak stress. b) 
cracking behavior at different strain levels. (Kim et al. [2008]) 


 
The expectation on higher impact resistance of 


HPFRCC than FRC and normal concrete is based on the 
static material properties.  Since, the speed of loading or 
deformation is quite different according to the types of 
extreme load conditions such as seismic, impact and blast.  
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The behavior of HPFRCC under seismic and impact load 
conditions should be clearly understood for application of 
HPFRCC to increase impact resistance as shown in Fig. 2.  
Only a few references are currently available for behavior 
of HPFRCC under higher strain rates. (Douglas and 
Billington [2005], Kim et al. [2008], Kim et al. [2009], 
Yang and Li [2007]) 


 


 
Fig. 2 Available test equipments and information for HPFRCC 


under various strain rates. (Kim et al. [2009]) 
 


The strain rate effect on the tensile behavior of 
HPFRCC with high strength deformed steel fibers has been 
recently investigated by Kim et al. [2009].  They 
investigated two types high strength deformed steel fibers 
including Hooked (H-) and Twisted (T-) fibers.  Fig. 3 
shows that the rate sensitive tensile behavior of HPFRCC 
is highly dependent upon the type of fibers and can be 
correlated with the fiber pullout behavior under different 
load speeds. 


 


 
Fig. 3 Rate dependent tensile behavior of HPFRCC (Kim et al. 


[2009]) 
 
As shown in Fig. 3, as the speed of loading (or 


displacement) increases, the pullout response and the 
tensile response of HPFRCC are influenced or changed; 
and the rate sensitivity is also dependent upon the type of 


fibers.  Although the responses are sensitive to strain rates, 
it could be clearly noticed that HPFRCC with T- fiber 
produces favorable rate sensitivity, i.e., higher load 
carrying and energy absorption capacity under higher rates.  
Thus, the application of HPFRCC is believed to be one of 
potential solutions for the enhancement of impact 
resistance of containment building. 


However, most of current HPFRCCs employ silica 
sand instead of normal crushed sand.  Since the very high 
cost of HPFRCC is still one of main obstacles, the use of 
silica sand might increase the cost of matrix.  In addition, it 
is questioned whether the strain hardening behavior can be 
obtained by using normal crushed sand because the 
interfacial properties between fiber and matrix are very 
different according to the type of sand.  There are a few 
experimental studies about the influence of fine aggregates 
on the tensile behavior of fiber reinforced cement 
composites. (Elsharief et al. [2003], Gurrero and Naaman 
[2000], Igarashi et al. [1996], Sahmaran et al. [2009])  
Therefore, there is still not enough information about the 
influence of sand fineness on the tensile behavior of 
HPFRCC with high strength deformed steel fibers. 


Thus, the objective of this paper is to investigate the 
influence of sand fineness on the behavior of HPFRCC 
with high strength deformed steel fibers.  The detailed 
objectives are: 1) to investigate the different types of sand 
on interfacial bond properties; 2) to investigate the 
influence of the sand fineness on the tensile behavior of 
HPFRCC; and 3) to determine whether the application of 
normal crushed sand can generate strain hardening 
behavior. 


 
II. STRAIN HARDENDING CONDITION 


 
The tensile performance of HPFRCC is dependent 


upon many material parameters including the material 
properties and geometry of fibers, the strength and 
stiffness of matrix, and the interfacial bond property 
between fiber and matrix.  In order to obtain strain 
hardening behavior, the post cracking strength pcσ  at 


point B should be higher than the first cracking strength 
ccσ  at point A as shown in Fig. 4.  Both first and post 


cracking strength of HPFRCC are influenced by interfacial 
bond strength τ  as described in Equations 1 and 2.  
(Naaman and Reinhardt [1996]) 


 
( ) ( )fffeqfmucc dLVV ατσσ +−= 1                     [1] 


( )fffeqpc dLVτσ Λ=                                          [2] 


Where, fV = fiber volume fraction, fL = fiber length, 


fd = fiber diameter, muσ = tensile strength of matrix, τ = 


bond strength, α = factor equal to the product of several 
coefficients for considering average stress, random 
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distribution and fiber orientation, Λ = factor equal to the 
product of several coefficients for considering average 
pullout length, group reduction and orientation effect. 


 


 
  
Fig. 4 Typical tensile strain softening and hardening 


behavior of FRC, HPFRCC, and UHP-FRC [Naaman and 
Reinhardt (1996, 2006)] 


 
The interfacial bond property is the most important 


parameter governing the tensile behavior of HPFRCC.  
Components of bond strength at the interface between 
fiber and matrix are classified into physiochemical, 
frictional and mechanical bond components.  There has 
been much research to improve the bond strength at the 
interface; and, consequently many different types of fibers 
have been developed.  One of strategies to improve bond 
strength at the interface is to utilize mechanical bond such 
as the development of deformed steel fibers including 
Hooked (H-) and Twisted (T-) steel fibers.  Those two 
fibers are well known for their high performance in 
generating high bond strength.  However, the pullout 
mechanisms are quite different between those two fibers. 


The mechanical bond strength of deformed steel fibers 
is also dependent upon the interface properties such as 
stiffness, strength, fracture energy, and frictional 
coefficient in addition to their pullout mechanism.  Sand 
fineness of matrix surrounding fiber is also thought to be 
one of important parameters governing interfacial 
properties such as local matrix stiffness and friction 
coefficient.  Thus, this research investigated the influence 
of sand fineness on the interfacial bond properties and the 
tensile behavior of HPFRCC.  


 
III. EXPERIMENTS 


 
Both single fiber pullout and uniaxial tensile test 


programs were designed to investigate the influence of 
sand fineness on the interfacial bond properties and the 
tensile behavior of HPFRCC with 2% high strength 


deformed steel fibers as a volume ratio.  Two types of sand 
investigated are normal crushed sand and very fine silica 
sand, and two types of high strength steel deformed steel 
fibers used are Hooked (H-) and Twisted (T-) fibers. 


 
TABLE I 


Composition of matrix mixtures by weight ratio and 
compressive strength 


Sand Cement
(Type III)


Fly
ash NS SS80


Silica 
fume 


Super-
plasticizer Water ckf


(MPa)
0.8 0.2 1.0 - 0.07 0.04 0.26 92 
0.8 0.2 - 1.0 0.07 0.04 0.26 125
 


TABLE II 


Properties of fibers 


Name Diameter
(mm)


Length
(mm)


Density 
(g/cc) 


Tensile
Strength
(MPa)


Elastic
Modulus


(GPa) 
Hooked (H-) 0.375 30 7.9 2311 200 
Twisted (T-) 0.3* 30 7.9 2428** 200 
*Equivalent diameter **Tensile strength of the fiber after 
twisting 


 
MATERIALS AND SPECIMEN PREPARATION 


The matrix composition and compressive strength are 
shown in Table I while the properties of fibers are shown 
in Table 2.  Two types of sands, normal crushed sand and 
silica sand, are used in matrix with same weight ratio as 
summarized in Table II.  The photos for the sands and the 
particle size distribution are provided in Fig. 5.  
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Fig. 5 Photos for normal crushed sand [NS] and very fine 


silica sand [SS80] 
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Fig. 6 Hooked and Twisted fibers 


 
TEST SET-UP AND PROCEDURE 


The geometry of single fiber pullout test specimen and 
test set-up are shown in Fig. 7 while the geometry of direct 
tensile test specimen is provided in Fig. 8.  Detail test 
procedure and measurement methods can be found in Kim 
et al. [2009].  The applied loading velocity is 1mm/min for 
both single fiber pullout and direct tensile tests.  The 
embedded length of fiber in single fiber pullout specimen 
is 15mm and the gage length of tensile specimen is 175mm. 


 


 
Fig. 7 Fiber pullout specimen geometry and test set-up 
 


 
Fig. 8 Direct tensile specimen geometry and test set-up 
 
 


TEST RESULTS 
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Fig. 9 Fiber pullout stress – slip curves 
 
Single fiber pullout stress – slip curves are shown in 


Fig. 9.  Each curve shown in Fig. 8 and Fig. 9 is averaged 
at least from five to eight specimens.  It is clear that the 
sand fineness generated a considerable influence on the 
fiber pullout resistance.  In fine silica sand (SS80), both H- 
and T- fiber produced higher pullout load (or stress) than in 
normal crushed sand (NS).  Although both fibers showed 
enhancement in pullout resistance, T- fiber seems to be 
more efficient in mortar with very fine micro silica sand.  It 
is also found that the mechanical bond component of the 
two deformded steel fibers is effective in the matrix 
containing normal crushed sand.  Thus, it is expected that 
the reinforcement of high strength deformed steel fibers, 
H- and T- fibers, in matrix with normal crushed sand can 
produce strain hardening FRC under uniaxial tensile tests. 


To describe and compare the fiber pullout 
performance quantitatively, averaged values for maximum 
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pullout load (or stress), pullout energy, and equivalent 
bond strength are summarized in Table III.  The values, 
summarized in Table III, are averaged at least from five to 
eight pullout specimens.  Equivalent bond strength is 
calculated by using Equation [3] Detailed information 
about the equivalent bond strength and its influence on the 
tensile behavior can be found in Kim et al. [2007].  


28 ffpullouteq LdE πτ =                                        [3] 


Where, pulloutE  is the area under pullout load – slip 


curve, fL = fiber length, fd = fiber diameter.  


Pullout energy ( pulloutE ), the area under the pullout 


load – slip curve, of H- and T- fibers during fiber pullout is 
much influenced by bond properties, at the interface 
between fiber and matrix, which are influenced by the 
types of fiber and sands mixed in matrix.  


 
TABLE III 


Averaged values for pullout test results 


Maximum pullout load 
point Fiber 


type 
Sand 
type Slip 


(mm) 
Stress 
(MPa) 


Pullout 
energy 


(N-mm) 


eqτ  


(MPa) 


NS 0.857 1755 666 5.0 H- SS80 1.064 1859 802 6.1 
NS 4.125 1434 1004 9.5 T- SS80 5.013 1812 1330 12.5 


 
Tensile test results are graphically expressed in Fig. 10.  


Averaged tensile stress – strain, which is valid up to peak 
stress, curves are illustrated in Fig. 10 according to the 
type of sand.  As shown in Fig. 10, it is clear that the 
influence of sand fineness on pullout resistance is 
translated into tensile behavior of HPFRCC.  It is observed 
that there is clear enhancement in the tensile strength of 
both H- and T- fiber reinforced HPFRCC.  In addition to 
the enhancement of tensile strength, the multiple micro-
cracking behavior of HPFRCC is influenced by the type of 
sand or sand fineness as shown in Fig. 9 and Fig. 10.  
Averaged values for tensile parameters, e.g., first cracking 
strength, post cracking strength, number of cracks within 
gage length and average crack spacing, describing the 
tensile behavior of HPFRCC are summarized in Table IV. 


 
TABLE IV 


Averaged values for tensile parameters 


Fiber 
type 


Sand 
type 


ccσ  
(MPa) 


pcσ  


(MPa) 
pcε  


(%) 


# of 
cracks 
(ea) 


Averaged 
crack spacing 


(mm) 
NS 7.8 10.7 0.451 18 9.913 H- SS80 7.9 12.6 0.546 42 4.173 
NS 8.8 12.9 0.450 23 7.681 T- SS80 9.7 15.4 0.519 47 3.728 
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Fig. 10 Tensile stress – strain curves 
 
Based on the tensile test results as shown in Fig. 10 


and Table IV, the influence of sand fineness is clearly 
noticed.  


 
IV. EVALUATION OF EXPERIMENTAL RESULTS 
 
The influence of sand fineness on the equivalent bond 


strength is illustrated in Fig. 11 and Table III.  The mortar 
mixture including micro silica sand [SS80] instead of 
normal crushed sand [NS] enhanced the equivalent bond 
strength for both H- and T- fiber.  Equivalent bond strength 
of H- fiber in mortar with NS is 5.0 while H- fiber in 
mortar with SS80 generated 6.1MPa.  The equivalent bond 
strength of T- fiber in mortar with SS80 is 12.5MPa, the 
value is much higher than that, 9.5MPa, of T- fiber in 
mortar with NS.  Although both H- and T- fiber in mortar 
with SS80 generated enhanced bond strength, the 
enhancement of T- fiber bond strength is almost twice as 
that of H- fiber.   


Overall, T- fiber produced much higher equivalent 
bond strength than H- fiber.  The different performance in 
terms of pullout energy during fiber pullout and eventually 
in equivalent bond strength is due to the different fiber 
pullout mechanisms. (Kim et al. [2007])  T- fiber utilizes 
untwisting elastic and plastic moment to generate 
mechanical bond component. Due to this unique pull 
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mechanism; T- fiber shows slip hardening behavior until 
70-90% of fiber embedded length.  (Naaman [1999, 2003], 
Sujiravorakul [2001]) 
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Fig. 11 Influence of sand fineness on equivalent bond strength 


 
While T- fiber employs almost whole embedment 


length of fiber, H- fiber makes use of small portion of 
embedded length at the end hook.  Thus, the amount of slip 
at maximum pullout load is much smaller than that of T- 
fiber.  Detailed values can be found in Table III.  In 
addition, it is noticed that the slip at maximum pullout load 
point is different according to the types of sand; i.e., H- 
fiber with NS showed 0.857mm slip capacity while H- 
fiber with SS80 showed 1.064mm slip capacity.  T- fiber 
also showed enhancement in slip capacity from 4.125mm 
to 5.013mm.  Thus, it is clear that the use of fine micro 
silica sand in mortar mixture is favorable for higher 
amount of pullout energy from both enhanced slip capacity 
and pullout load.  It is possible that this influence of sand 
fineness on single fiber pullout resistance is translated into 
the tensile behavior of HPFRCC. 


The influence of sand fineness on tensile parameters is 
illustrated in Fig. 12.  The tensile parameters investigated 
are first cracking strength ccσ , post cracking strength pcσ , 


strain capacity pcε , and averaged crack spacing.  The 


averaged crack spacing was estimated based on the number 
of multiple micro cracks within gage length.   


As shown in Fig. 12, post cracking strength is much 
sensitive to sand fineness while first cracking strength is 
little sensitive to sand fineness.  For instances, the post 
cracking strength of H- fiber reinforced HPFRCC is 
10.7MPa in matrix with NS and 12.6MPa in matrix with 
SS80, respectively while the first cracking strength of 
HPFRCC with H- fiber is 7.8MPa in matrix with NS and 
7.9MPa in matrix with SS80, respectively.  T- fiber 
reinforced HPFRCC is more sensitive to the fineness of 
sand in terms of tensile strength.  The first cracking 
strength of HPFRCC with T- fiber is 8.8MPa in matrix 
with NS and 9.7MPa in matrix with SS80; and, the post 
cracking strength of HPFRCC with T- fiber is 12.9MPa in 
matrix with NS and 15.4MPa with SS80, respectively.  
Thus, there is clear influence of sand fineness on post 
cracking strength of HPFRCC.  In addition, the sensitivity 


is dependent upon the types of fiber.  T- fiber reinforced 
HPFRCC is more sensitive to the types of sand. 
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Fig. 12 Influence of sand fineness on tensile parameters 


 
Besides the tensile strength of HPFRCC, strain 


capacity and multiple micro-cracking behavior (number of 
cracks and averaged cracking spacing) are also strongly 
influenced by sand fineness as shown in Fig. 12 and Table 
IV.  Both H- and T- fibers in mortar with fine micro silica 
sand generated more numbers of multiple cracks within 
gage length in comparison with in mortar with normal 
crushed sand.  The numbers of cracks within gage length 
of specimen reinforced with H- fibers are 18ea in mortar 
with SS80 and 42ea in mortar with SS80.  And, the 
numbers of multiple cracks within gage length of specimen 
reinforced with T- fibers are 23ea in mortar with SS80 and 
47ea in mortar with SS80, respectively.  The averaged 
crack spacing of HPFRCC with T- fiber is 7.681mm and 
3.728mm in mortar with NS and SS80, respectively while 
H- fiber reinforced HPFRCC produced 9.913mm and 
4.173mm averaged crack spacing in mortar with NS and 
SS80, respectively.  Therefore, it is certain that the use of 
fine micro silica sand in HPFRCC with high strength 
deformed steel fibers is beneficial in generating multiple 
micro cracks. 


The use of micro silica sand [SS80] produced 
favorable effects on the overall tensile behavior of 
HPFRCC compared with HPFRCC with normal crushed 
sand [NS].   


 
 


V. SUMMARY AND CONCLUSIONS 
 


This study investigated the influence of sand fineness 
on the pullout behavior of two deformed high strength 
steel fibers including H- and T- fiber; and eventually on the 
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tensile behavior of HPFRCC with those fibers.  Two types 
of sand, normal crushed sand [NS] and micro silica sand 
[SS80], were applied in an mortar mixture, with identical 
weight ratio, of HPFRCC.  Although both T- and H-fibers 
show favorable effect in the use of very fine micro silica 
sand, they exhibit different sensitivity according to sand 
fineness.  The following conclusions can be drawn from 
the limited experimental study that was conducted.   


 
 T- fiber produced much higher equivalent bond 


strength than H- fiber in both types of sand.   
 Both types of sand, NS and SS80, in the mixture of 


HPRFCC with high strength deformed steel fibers, 
could produce tensile strain hardening behavior 
accompanied with multiple micro cracks. 


 High strength steel Hooked fibers (H- fibers) showed 
little sensitivity to sand fineness while Twisted (T- 
fibers) fibers produced clear sand fineness sensitivity.  
The different sand fineness sensitivity is based on their 
different pullout mechanisms. 


 The use of fine micro silica sand in mortar mixture is 
favorable in generating higher pullout energy and 
equivalent energy during fiber pullout since it increases 
both pullout stress and slip capacity at maximum 
pullout load point. 


 Post cracking strength of HPFRCC is more sensitive to 
sand fineness than first cracking strength of HPFRCC 


 Besides the tensile strength of HPFRCC, strain 
capacity and multiple micro-cracking behavior (number 
of cracks and averaged cracking spacing) are also 
strongly influenced by sand fineness.  The use of SS80 
is much better in generating multiple micro-cracks. 
 
Since there is a direct correlation between fiber pull-


out behavior and tensile stress-strain response of the 
composite, both single fiber pullout test and direct tensile 
test results demonstrated clear influence of sand fineness 
on the behavior of HPFRCC.  More types of sands with 
different fineness will be investigated for future 
publication. 


ACKNOWLEDGMENTS 
 
The research described herein was sponsored by Basic 


Science Research Program through the National Research 
Foundation of Korea (NRF) funded by the Ministry of 
Education, Science and Technology (2010-0003161); and, 
by the Human Resources Development of the Korea 
Institute of Energy Technology Evaluation and Planning 
(KETEP) grant funded by the Korea government Ministry 
of Knowledge Economy (No. 20104010100520).  The 
authors are grateful to the sponsors for the financial 
support.  The opinions expressed in this paper are those of 
the authors and do not necessarily reflect the views of the 
sponsors. 


 


REFERENCES 
Canbolat, B. A., Gustavo, J. P. and Wight, J. K., 


“Experimental study on Seismic behavior of 
HPFRCC coupling Beams,” ACI structural journal, 
Vol. 102, No. 1, Jan.-Feb. 2005, pp. 159-166. 


Douglas, K. S., and Billington, S. L., “Rate dependence in 
High-performance fiber reinforced cement-based 
composites for seismic application,” in Proceedings, 
HPFRCC-2005 International Workshop, Honolulu, 
Hawaii, USA, 2005 


Elsharief A., Cohen M. D. and Olek J., “Influence of 
aggregate size, water cement ratio, and age on the 
microstructure of the interface transition zone,” 
Cement and Concrete Research, Vol. 33, 2003, pp. 
1837-1849. 


Gurrero P. and Naaman A.E., “Effect of Mortar Fineness 
and Adhesive Agents on Pullout Response of Steel 
Fibers,” ACI Materials Journal, Vol. 97, No. 1, 2000, 
pp. 12-22. 


Igarashi S., Bentur A. and Mindess S., “The effect of 
Processing on the Bond and Interface in Steel Fiber 
Reinforced Cement Composites,” Cement and 
Concrete Composites, Vol. 18, 1996, pp. 313-322. 


Kim D.J., Naaman A.E., and El-Tawil S., “High 
Performance Fiber Reinforced Cement Composites 
with Innovative Slip hardening Twisted Steel Fibers,” 
International Journal of Concrete Structures and 
Materials, Vol. 3, No. 2, 2009, pp. 119-126. 


Kim, D. J., El-Tawil, S., and Naaman, A. E., “Loading rate 
effect on pullout behavior of deformed fiber”, ACI 
Materials Journal, Vol.105, No. 6, November-
December 2008, pp.576-584 


Kim, D. J., El-Tawil, S., and Naaman, A. E., “Rate-
dependent tensile behaviour of high performance 
fiber reinforced cementitious composites”, Materials 
and Structures, ISSN 1359-5997 (in print), 1871-
6873 (online), Vol. 42, 2009, pp.399-414. 


Kim, D. J., Naaman, A. E., and El-Tawil, S., “High tensile 
strength strain hardening FRC Composites with less 
than 2% fiber content,” in Proceeding of Second 
International Symposium on Ultra High Performance 
Concrete, Germany, E. Fehling, M. Schmidt and S. 
Stűrwald, Co-Editor, Kassel University Press GmbH, 
Heft 10, No. 10, March 2008, pp. 169-176 


Kim, D., El-Tawil, S. and Naaman, A.E, “Correlation 
between single fiber pullout behavior and tensile 
response of FRC composites with high strength steel 
fiber”, in High Performance Fiber Reinforced 


2307







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11468 


   


Cement Composites (HPFRCC-5), H.W. Reinhardt 
and A.E. Naaman, Editors, RILEM Proceedings , Pro 
53, Cachan, France, 2007, pp. 67-76.   


Lankard., D. R., “Slurry Infiltrated Fiber Concrete 
(SIFCON) : Properties and Applications,” Very high 
strength cement based materials, Vol. 42, Materials 
Res. Society, Pittsburgh, 1985, pp. 277-286. 


Naaman A.E., and Reinhardt H.W., “Characterization of 
High Performance Fiber Reinforced Cement 
Composites,“ In proceeding of 2nd International 
Workshop on HPFRCC, Chapter 41, in High 
Performance Fiber Reinforced Cement Composites: 
HPFRCC 2, Naaman A.E., and Reinhardt H.W., 
Editors, RILEM, No. 31, E. & FN Spon, London, 
1996, pp. 1-24. 


Naaman, A. E., “Engineered Steel Fibers with Optimal 
Properties for Reinforcement of Cement 
Composites,” Journal of Advanced Concrete 
Technology, Japan Concrete Institute, Vol. 1, No. 3, 
November 2003, pp. 241-252. 


Naaman, A. E., “Fibers with slip-hardening Bond,” in High 
Performance Fiber Reinforced Cement Composites – 
HPFRCC 3,” H.W. Reinhardt and A.E. Naaman, 
Editers, RILEM Pro 6, RILEM Publications S.A.R.L., 
Cachan, France, May 1999, pp. 371-385. 


Naaman, A.E, “A Statistical Theory of Strength for Fiber 
Reinforced Concrete,” Ph.D. Thesis, Massachusetts 
Institute of Technology, 1972, 196 pages 


Naaman, A.E., “High Performance Fiber Reinforced 
Cement Composites,” Concrete Structures for the 
future, IABSE Symposium, Paris, France, September 
1987, pp. 371-376 


Naaman, A.E., and Reinhardt, H.W., “Characterization of 
High Performance Fiber Reinforced Cement 
Composites,” Proceedings of 2nd International 
Workshop on HPFRCC, Chapter 41, in High 
Performance Fiber Reinforced Cement Composites: 
HPFRCC 2, A.E. Naaman and H.W. Reinhardt, 
Editors, RILEM, No. 31, E. & FN Spon, London, 
1996, pp. 1-24. 


Naaman, A.E., and Reinhardt, H.W., “Proposed 
Classification of FRC Composites Based on their 
Tensile Response “  Materials and Structures, Vol. 39, 
page 547-555, 2006. 


Parra Montesinos, G.,  J. P., Sean, W. U. and Shih-ho, C., 
"Highly Damage-Tolerant Beam-Column Joints 
Through use of High-Performance Fiber-Reinforced 
Cement Composites," ACI Material Journal, Vol. 102, 
No. 3, May-June 2005, pp. 487-494. 


Sahmaran M., Lachemi M., Hossian K.M.A and Li V.C., 


“Influence of Aggregate type and size on Ductility 
and Mechanical Properties of Engineered 
Cementitious Composites,” ACI Materials Journal, 
Vol. 106, No. 3, 2009, pp. 308-316. 


Sujiravorakul, C., “Development of High Performance 
Fiber Reinforced Cement Composites Using Twisted 
Polygonal Steel Fibers,” Ph.D. thesis, University of 
Michigan, Ann Arbor, Feb. 2001. pp. 230. 


Vasconez, R.M., Naaman, A.E., and Wight, J.K., "Behavior 
of HPFRC Connections for Precast Concrete Frames 
under Reversed Cyclic Loading," PCI Journal, Vol. 
43, No. 6,  Nov.Dec. 1998, pp. 58-71. 


Yang, E. H.  and Li, V. C., “Rate dependence in 
Engineered Cementitious Composites,” in 
Proceedings, Proceedings of International RILEM 
Workshop on HPFRCC in Structural Applications, 
Published by RILEM SARL, pp. 83-92, 2006. 


Yang, E. H., Yang, Y., and Li, V. C., “Use of high volumes 
of fly ash to improve ECC material properties and 
material greenness,” ACI Materials Journal, Vol. 104, 
No. 6, Nov.-Dec. 2007, pp. 620-628. 


2308







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice






Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11095 


 


Discernment as a key factor for resilience at a nuclear power plant 


 
 


Margaretha Engström 
Vattenfall Research & Development AB 
R&D area Hydro and Nuclear Power 


Evolving Nuclear Systems 
SE-162 87 Stockholm 


Sweden 
Tel:+46 8 739 63 88 


 Fax:+46 8 739 58 82  
Email: margaretha.engstrom@Vattenfall.com 


 
 


Abstract – A nuclear power plant’s safety is characterized of many barriers of both deterministic 
and probabilistic kind. There are different methods and these are applicable to foresighted possible 
events and imaginable unlikely events. But inconceivable complex events with unexpected 
consequences, so-called ”black swans”, cannot be managed instrumentally. In those cases it is 
important to have resilience in the nuclear operation based on the employee’s practical wisdom 
and a learning organization.  
Hitherto the words attitude and craftsmanship has been expressed as important for safety. In re-
search the concepts have been investigated in their context. The discernment, that is an aspect of 
tacit knowledge, should not be seen as detached from the knowledge that is able to formalize. 
Discernment is showing itself in a context, at a certain moment with the right conditions that exist 
at that time, as well individually and in a working group as in socio-technical surroundings. 
Discernment is built intersubjectively with conversations and reflections at a place of work where 
the basis of value has a sense. In order to illuminate the discernment of the nuclear power plant 
employees, two methods were used with different perspective and with the purpose to get the 
people going outside the beaten thinking track to grasp such things that cannot be specified. Arts 
subjects, the humanities and hermeneutics contributed to the research in contrasting to positivism. 
The research result is that discernment individually and in the working group’s practice has been 
shown to be an emergent phenomenon that because of its non-linearity cannot be defined or 
described in analytical-reductional terms. Therefore it is the time process, with certain conditions 
for how the discernment is framed and how it is expressed momentary in certain events, that are 
elucidated for giving the principles for this emergent process. 
Shift teams and their managers with good discernment have shown that they can comprehend and 
be masters of critical situations. Dialogues and analogue impulses can make people aware of tacit 
knowledge by reflections and experience exchange. It is an activity that should be kept alive for 
good discernment. The importance of seeing the soft factors from a positive perspective than from 
traditional ”human factor” is that they enhance the good things. Positive prime movers are 
encouraged, as they can work to build-up discernment, good culture and at last a good operational 
and nuclear safety. This inherent energy contributes to a positive practice and sustainable 
questioning lines of act in relation to surrounding factors. A good discernment individually and in 
practice brings elasticity against unexpected events. There are no general solutions, but 
universality in principles for conditions and expression can be described. When discernment is an 
immanent phenomenon it cannot be controlled but only given the right conditions. Dialogues 
about the skill give examples and different perspectives in a continuous learning process, creating 
a common meaning and resilience in the operations by a practice. This common and daily practice 
making is a contribution to safety. The discussion will embrace the above factors by examples.  
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I. THEORETICAL BACKGROUND 
 


Nuclear safety has besides barriers and preventions or 
control measures, also been based on statistical methods 
comprising normal distribution of risks. Risk is defined as 
the frequency of an event (f) multiplied by the 
consequence of the same (s), resulting in an undesirable 
condition. These outcomes approximated by a distribution 
in line with a Gauss curve or other known statistical 
distribution, either they are based on facts from occurred 
events or on well presumed and with other means well-
founded figures instead of facts. The methods are 
probabilistic with confidence intervals that turned out to 
correspond quite well with the most common events. The 
scientific basis is positivistic where you approach the 
problem separate from the object. There is a direct link 
between cause and effect.  


 
Complexity theory is beginning to be used in risk 


research. The problem with unexpected events, also called 
unknown unknowns, which has not been able to be 
foreseen or not even to be imagined, is that they most 
likely do not track the Gauss curve. The normal 
distribution supposes that all events are independent of 
each other, however covariance exist in normal probability 
theory. The nuclear power process is complex with tight 
coupling between different functions and outcomes. These 
unexpected and undesirable events can emerge in a non-
linear way, in complexity theory called emergence. 
Emergence signifies results with qualities not existing in 
including parts, i.e. no existing main thread to explain it in 
a general way. The result emerges in a self-organisation 
where fractal geometry elucidates the more or less hidden 
order lying in the principle but not the result. Every result 
is dependent on the context, which means an immanent 
side of the problem, and is therefore not possible to 
describe in a general way.  


Within many different disciplines, e.g. technological, 
biological and societal, the difference between the 
predictable events described by probabilistic extrinsic 
methods, and the total unexpected events has in principal 
been illustrated with complexity theory connected to 
fractal geometry, in accordance with the picture below.  
 
 
 
 
 
 
 
 
 
 


 
Fig. 1, Fractal curve               Gauss curve 


 
The tails of the curves are different1. As long as it is 


about normal or expected events, the both curves model 
the events. In these cases the probabilistic methods are 
suitable and the events are possible to estimate. When the 
case is unexpected, such as rare events, or a chain of 
events, with great consequences going outside the 
confidence interval, the Gauss curve is not appropriate. In 
accordance to normal distribution such events probability 
should be small. In reality these unexpected events have 
shown up to emerge more often in many fields. Any 
reporting of unexpected nuclear power incidents in 
accordance to fractal geometry has not been found. It 
could be that they are too rare for detecting a pattern that 
present a value of the exponent in the below described 
relation. A hypothesis is that the fractal curve also is valid 
for the field of nuclear power incidents since it has shown 
to have a universal validity. These unexpected events are 
called black swans2 or fat tails3, and the principle for them 
can be described in a power law, where the exponent often 
is unknown: 
 
f(s) α s-p  


 
The number of events or the frequency of them (f) with 


a special magnitude of the consequence (s), are 
proportional to the magnitude of the consequence raised to 
an exponent (-p). In the risk defined as (f) multiplied with 
(s), (f) and (s) is normally supposed to be independent. 
And they are supposed to be that as long there are no 
“black swans”. In the “fat tails”, the exponent (-p) has an 
effect on the result. As (-p) is not known in advance, it is 
not possible to estimate what is going to happen. This is a 
hallmark of not possible application of extrinsic and 
general methods for unexpected events. The power law is a 
way to describe universality in physics, which occur at 
phase transitions. A phase transition is an immanent 
process like emergence by self-organizing which is best 
studied by the particular cases. Therefore this research is 
carried out by attendance observation with an intrinsic 
view from the operation people’s narrations and reflections 
at work and at dialogue seminars. 


 
Pattern recognition is the method that is usually used 


for estimating the value of the exponent. Within nuclear 
power operation the employees are the only ones having 
discernment to notice this pattern intuitively by practical 
experience after long period of employment. Their tacit 
knowledge with discernment is an answer how to manage 
these unexpected complex events following fractal 


                                                           
1 There is e.g. an explanation in Mandelbrot Benoît, A maverick’s 


apprenticeship 
2 From the philosopher Karl Popper’s method based on falsification. 
3 Taleb Nassim Nicholas, Error, Robustness and the fourth Quadrant 
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geometry. Therefore the starting point is different examples 
of events, where discernment and practice of the operation 
staff is shown with their appropriate acting. The contextual 
unique cases show differences in outcomes but conformity 
in a universal mode. In this way universality of these black 
swans in the fat tails of the fractal curve, are possible to be 
illustrated. The cases are from experienced nuclear 
operators and shift leaders, and studied from a socio-
cultural view with linguistic philosophy instead of the 
expanding theory of science, Resilience Engineering. 
Resilience Engineering has appeared to define the problem 
of unknown unknowns in a good and thoroughly manner, 
but with difficulties in the practical application. 


 
II. BACKGROUND FOR THE RESEARCH 


 
Why do nuclear operation personnel manage 


unexpected situations? The answer is that it depends on a 
discernment capability going beyond their knowledge from 
theory and practice.  


 
The issue about discernment of nuclear operators was a 


hard nut to crack already at the project for competence 
following-up system in Sweden 1980. The author was the 
training manager at Forsmark nuclear power plant and was 
in the project team with representatives from Sweden’s 
four nuclear power plants and the Nuclear Inspectorate. At 
that time it was discussed how to decide when shift 
engineers and operators are judicious. It could not be 
prescribed but judged by operation management. The issue 
came into question once more when the operators at 
Forsmark nuclear power unit 1 managed an unexpected 
power loss July 25, 2006. 


  
The incident occurred when unit 1 was in operation at 


full power. In the 400 kV switchyard a short circuit caused 
severe fluctuations, which propagated in to the plant. 
Forsmark 1 was disconnected from the external grid, and 
the reactor scrammed. The internal power supply was 
missing with exception of two of the four diesel driven 
generators that started automatically. In the control room 
instruments was influenced so the operators were not able 
to a full overview of the situation. The control room 
personnel were successful in restoring the power supply 
after 22 minutes, when the remaining two diesel generators 
started. This was done due to skilled and clever operators. 


 
Different types of safety aspects came up and 


improvements were made due to the technical faults shown 
in the incident. The normal and important reaction when 
faults happen is that they should be avoided in the future. 
The risk is that the excellence actions of the control room 
personnel in the situation do not experience the same 
interest. There was a sound knowledge in managing the 
chaotic course of events due to the loss of power in the 


unit Forsmark 1. When the operational process went 
beyond the expected, there was a discernment preceding 
the proper manipulation at the right moment. One question 
is why the important signals were sorted out and 
understood immediately. This professional skill is 
practiced at nuclear power plants in a lot of situations 
which are not incidents, and therefore not in the centre of 
attention. The discernment within the skill of nuclear 
power personnel is essential for operational safety, i.e. high 
availability, and reactor safety. It is also connected to the 
leadership and corporate culture. 


 
III. THE RESEARCH ISSUE 


 
Situations and conditions connected to discernment of 


nuclear personnel are investigated in a study. The 
investigation went behind the common methods to analyse 
different factors, instead it is based on a comprehensive 
view consisting of prerequisites and aspects emanating 
through language and mutual reflections. The aim was to 
reach qualities of discernment from different views 
depending of the recipients’ background. Another aim was 
trying to break the linear Cartesian thinking with simple 
cause-effect logic that is common. Intention was to depict 
a non-linear underlying course of judicious acting. 
Because discernment glimpses in unique situations and is 
one remedy for incidents on the fractal curve described 
above, you can see it in a fractal non-linear dimension. 
That means to study particular situations, because this is 
the dead end for analytical-reductional research. The 
research is instead performed in a social-cultural view 
connected to language philosophy. Ludwig Wittgenstein’s 
later philosophy with language-game implies that the 
words get their meaning in a context. The meaning is 
emerging beyond the replies from a conversation. The 
meaning of a situation for an individual is emerging from it 
if he or she has the right experience and knowledge. The 
following acting of the individual shows his or her 
discernment. Complexity theory can explain this non-linear 
occurrence, but is not a practical solution for further steps. 


 
Discernment together with proficiency and familiarity 


with the power plant, are different aspects of tacit 
knowledge. Tacit knowledge, substantiated knowledge and 
knowledge possible to substantiate are intertwined. They 
are different aspects of knowledge. In management theory 
the words “tacit knowledge” often represents implicit 
knowledge possible to substantiate. There are methods 
presented for making implicit knowledge explicit, but they 
are not dealing with tacit knowledge. The research 
tradition described here, use the concept tacit knowledge 
for such an implicit knowledge that is not possible to 
substantiate. Tacit knowledge is contextual, and cannot be 
generally handled without its context. Therefore it can only 
be studied in specific situations. The discernment aspect of 
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tacit knowledge is close to the old Greek idea of practical 
wisdom, phronesis. A person’s discernment takes long time 
to achieve when it is founded on experience and 
reflection.4 The level of discernment in a shift team is 
founded on acclimatization to a common practice. 


 
IV. METHODS FOR THE INVESTIGATION 


 
The character of discernment is not exact, and has to be 


reached from different ways. Two methods are applied for 
the study of nuclear personnel’s discernment. One is 
attendance observation in shift work and the other is open 
interviews. The result from these methods is put in context 
with help of the author’s experience. The basis for the 
subject field is knowledge and language philosophy with 
analogical descriptions. Professional skill contains both 
substantiated knowledge and tacit knowledge. Tacit 
knowledge is not possible verbally to formalize. The 
method to get a glimpse of tacit knowledge is therefore 
through arousing associations, dialogues and reflections 
with a socio-cultural perspective. 


 
Experience 


 
The author has a pre-understanding as employed by the 


power company Vattenfall since in the mid-seventies. Her 
work has been at Forsmark nuclear power plant for 12 
years, in organizational development for 2 years and in 
energy research for 22 years, whereof the last 2 years with 
nuclear power research.  
 


The experienced nuclear persons that contributed to the 
investigation where; interviews with control room 
personnel and dialogue seminars with leaders of control 
room personnel, operating instructors, their heads and 
safety personnel at the three Swedish nuclear power plants 
and the training company Kärnkraftsäkerhet och 
Utbildning AB (Nuclear safety and training), KSU, 
engineering and administrative personnel at KSU, and 
training officers and a maintenance manager at Ringhals 
nuclear power plant. 


 
Interviews 


 
The author accompanied two shift teams at Forsmark 


2 in their work during spring 2008. They were interviewed 
both separately and together in the shift team. When 
especially interesting issues were told, a common 
discussion was held in the shift team in order to find out if 


                                                           
4 Aristotle, Nichomachean Ethics 1142 a, Whereas young people 


become accomplished in geometry and mathematics, and wise within 
these limits, prudent young people do not seem to be found. The reason is 
that prudence is concerned with particulars as well as universals, and 
particulars become known from experience, but a young person lacks 
experience, since some length of time is needed to produce it. 


there was an agreement in the practice concepts. Each of 
them was told to describe special cases where their tacit 
knowledge was to help in the operation. Conversations 
with simulator instructors at KSU where carried on for 
having viewpoints from the Forsmark 2 operator trainers. 
Interviews where also made with shift heads at Ringhals 2 
and Ringhals 4 during 2010. They told stories about how 
their practice and discernment had helped them act for the 
best in operation. The operation personnel’s narratives of 
their professional skills start with question for their stories 
about when they have act in a way based on experience 
and practical skill that was valuable. The interviews were 
not aiming to guide the operation personnel with structural 
questions, but letting themselves tell. From the opening 
reply the dialogue developed. The contingency in what the 
replies contains, makes a development that the person’s 
professional skill emerges from. They described indirectly 
their discernment, which they could not formulate in 
another way. The author made notes of the contents of the 
conversations and the personnel adjusted or accepted the 
notes. 


 
The interview method is thus based on 


phenomenological narratives. The interviews are made as 
process inquiry – Socratic dialogue in the form “what”, 
“how”, “when” that describe and deepen the dialogue5. 
The word “why” is avoided, because it stops the story 
telling and leads to analysing. The description from the 
informants should be so full of details as possible with 
both facts and feelings. It is an inquiry method 
contributing to a progress with growing details in the 
narrative. The conversation method supposes an equal 
relationship with confidence between the interviewer and 
the informant. By that means the basis that the 
conversation is carried on are what in transactional 
analysis is called adult language. This is a condition for not 
treating the point at issue with emotional deadlocks. 


 
The Dialogue Seminar Method 


 
The other method is developed at Royal Technology 


Institute in Stockholm, and called the Dialogue Seminar 
Method. The method is based on the participants involving 
their senses and associations in a number of steps. They 
are in short: 


1) The preparatory part in the Dialogue Seminar 
Method deals with reading dialogue between an impulse 
text and the text writer who is a seminar participant. It is 
about connections between texts and the work. 


2) Next step is writing an own text from the thoughts, 
which arises.  


                                                           
5 Engquist Anders, Om konsten att samtala, pages 131 ff. 
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3) At the seminar the participants are reading their 
texts loudly for the seminar group, and they are listening 
on the other’s texts. 


4) They give viewpoints and experiences that are 
induced from the texts and the discussions. 


 
The dialogue seminars were during the year 2008. The 


seminar group had mutual reflections upon how concepts 
and words are interpreted, which leads to a common 
language about their professional skill. The prerequisite for 
a functioning dialogue seminar as a catalyst for 
illuminating the tacit knowledge of the participants is their 
common professional background and willingness to 
contribute constructively to the dialogues. 


 
The meaning is created from that which induces a text 


or an utterance, and emerged by this web of what is written 
or said earlier with the complexity of heterogeneous voices 
of various meanings. This results in a creative 
understanding. A dialogue implies that the conversation 
emanates from different approaches and opinions, and goes 
together or differentiates. With utterances and responses 
intersubjectively, the conversation converges to something 
new that the people participating in the dialogue would not 
have accomplished separately. A reflecting dialogue can 
evolve to a generating dialogue6, where new possibilities 
arise. A dialogue creates an intersubjective space with an 
own inner energy. This emerges from the participants 
together and is grasped on a common way. The 
prerequisite for the intersubjective aspects in the dialogue 
seminars is dynamical, and is based on that everybody 
personally is prepared. The replies imply a displacement of 
the context as the conversation continues. From this a 
totally new meaning arises beyond the contents of the 
certain replies.7 Experiences, knowledge, thoughts and 
feelings are connected in this conversation process, uniting 
history with now and future.8 Practice in nuclear power is 
based on dialogues and practical pointing out where the 
personnel explain how the work should be done. In control 
rooms there are continuously dialogues, and in that manner 
an intersubjective space is built where a common practice 
is constituted. By adaptation of different views and 
opinions a discussion is held about what could be useful. If 
the discussion changes over to deadlocks and 
controversies, it is restraining for the activity. Somewhere 
with differences in opinions and openness for delivering of 


                                                           


                                                          


6 Isaacs William, Dialogen och konsten att tänka tillsammans, page 
56 


7 Bohm David, On Dialogue, page 3 
8 Ibid. pages. 60 – 61: ”So we have experience, knowledge, thought, 


emotion, practice - all one process. … thinking implies the present tense - 
… thoughts is the response from memory - from the past. … feelings (..) 
present tense suggests the active present, that the feeling is directly in 
contact with reality. …  thoughts and felts are one process. … this tacit 
knowledge is (..) a kind of memory - they´re all there. ” 


and listening to these without being locked in own 
positions, there is a creative dialogue. 


 
V. A CRITICAL DISCUSSION ABOUT THE 


ANALOGUE METHOD 
 
This kind of research is not ordinary in technical 


systems. Therefore is this passage of use. 
 
 The analogue research method is well tested since a 


couple of decades. As it is not about the content in the tacit 
knowledge but how it manifests itself, it is instead the 
practical wisdom. The dialogue seminars give validity by 
the texts that are written before, and the replies at the 
seminars that are commented by the other participants in a 
constructive dialogue. All participants can then agree on 
the result. The notes from the seminars are confirmed on 
the next seminar and are corrected if so is considered. 


 
There is an induction problem with drawing 


conclusions from separate information and particular 
cases. Therefore, no general conclusions are drawn from 
the examples but certain principles that in no way are 
describing discernment completely. It is about to see 
similarities between the actions that discernment is shown 
through. Why can the interpretations be considered to be 
reliable and relevant? The philosopher Tore Nordenstam 
has three criteria formulated for how to confirm 
interpretations in action expressed hermeneutical 
disciplines.9 These are: 


  
1) the interpretation is appropriate for those who are 


described  
2) the interpretation explains for the outsiders what the  


people concerned are doing   
3) the interpretation functions as a basis for acting 


 
The notes have been read and accepted by informants 


and seminar participants, which fulfill the first criterion. 
Criterion number two is fulfilled as the results from the 
analysis are read and comprehended by those that 
scrutinized it. The intention under criterion number three is 
that the interpretation would be a basis in the further work 
to strengthen the discernment of nuclear power personnel. 
 


VI. THE INVESTIGATION 
 
The investigation was made in order to illuminate how 


the professional skill is manifested at the junctures where 
they emerge in dialogue seminars and discussions in 
control rooms, and the author’s own reflections from the 
professional life. The base is therefore practical situations 
selected for illustrating discernment. The content of acting 


 
9 Nordenstam Tore, Om validering i hermeneutisk forskning 
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is not described in detail but the formation of the principle 
for discernment in separate action. The action itself cannot 
be expected in the exact course. The character of 
discernment is approximate and not precise. 


  
The result from the investigation is based on the 


author’s experiences and minutes from the seminars and 
interviews, approved by the participants. From these ideas 
different aspects of discernment are depicted. It is about 
appropriate know-how at those being employed for 
training to a good professional skill, mental and emotive 
basis for discernment, concepts for description of want to 
be conveyed, the holistic character of discernment, inter-
subjectivity between colleagues, the practical ethics 
connected to discernment, and how discernment is 
expressed in action and practice. The practice and 
discernment of the personnel appears by their narrations. 
Some examples of quotation from the investigation are 
presented here: 


 
” When you make it by yourself, it is only by that time 


you realize the whole thing. Take the flow rate of water 
purification in the pools as an instance. When you turn on 
the filter after the layer, one valve is opening at the same 
time as another is closing. At that time it is important that 
the flow is not going to be too high or too low through the 
filter. How much the closing of the one valve corresponds 
to the opening of the other is a muscle memory. If you 
make a mistake, it goes wrong. This is written in the 
instruction, the operator explains, but you have not the 
understanding until you have made it.” 


 
”If you do not have the right thinking and do not have 


an inner picture, the instructions are not a joy to you. The 
inner picture is exemplified with a system when I turn on 
water here, and it is calmer there, i.e. what is happening. 
The inner picture contains cause and effect.” 


 
“The language we use is shortened and is nomenclature 


that has been learnt from courses. Practice is much a 
simplified nomenclature about what teaches. Even practice 
going by word of mouth exists.” 


 
“Discernment comes from older operators’ experience 


or from yourself or other people who has been present at 
the occurrence. Even instructions that give you information 
about what is normal, contribute to the discernment. We 
have the culture that if it is something we do not 
understand, we ask and use the competence of the whole 
shift team.” 


 
VII. CONCLUSIONS 


It was shown that a comprehensive view is needed 
regarding building up professional skill within the nuclear 
power industry. Examples on this is the importance of the 


professional training leading to answers about both why 
and what in the operation, parallel tasks with both 
monitoring and instruction formulation, the observance of 
rules and deviating of rules when it is needed, human 
operator versus automation, training on ordinary 
occurrences versus emergency cases, and creativity versus 
rules. 


 
But every incident is dependent on different 


circumstances. So the above list is only examples. 
Characteristic of professional skill, not to be more precise 
but of importance for a profound knowledge, is inter alia 
described through imagine of understanding and real 
understanding, the regulative rules leading to practice in a 
shift team, questioning of demands and observing limits of 
ones tasks, that the unexpected never can be planned, the 
acquiring of the discipline before accountability, trust and 
confidence in contractors and from the authorities, 
accountability and morality, presence and dialogue, and 
commitment and attention. 


 
The particular cases have different conclusions that 


cannot be presented in detail here due to lack of space. On 
a meta level a knowledge pattern could be seen in the 
dialogue seminars and interviews. There were simple and 
complex situations where knowledge was practice, and 
there were knowledge practice in similar and known or 
unique and unknown situations. For an overview these 
different kinds of knowledge needs are drawned in below 
picture10. 


 
  Complexity in cases                                                                          


                                                                       
   High                               5                                      
                                   4           8             
                                                           
                              3                                 
                                                        7    
                      2                                            
                                                            
    Low     1                                           6   Disorder 
                                                                 between 


cases       
           Generality      Universality      Particularity11      
  
Fig. 2 Research method due to relation between 


complexity and disorder.                              
                               


                                                           
10 The idea emerged from Murray Gell-Mann’s discussion about 


effective complexity in his book The Quark and the Jaguar.  
11 In the Arts, they do not distinguish between generality and 


universality. In science, universality has the correspondence with fractal 
geometry and phase shift. 
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1. Cause and effects are very similar between 
situations. Knowledge from training and 
experience is enough. 


2. Effects from a cause can be of different but 
limited number. Instructions and standard 
routines are appropriate practice together with 
knowledge from training. 


3. More complex course of events with some 
similarity to other situations. The gathered 
knowledge and experience in the whole shift 
group is used in structured discussions. 


4. With rare and complex events the ordinary 
experience from the operation and simulator 
training is not enough. Shift members with 
expert knowledge can contribute to the shift 
group discussions. In cases 1 – 4 knowledge is 
seen as an objective issue. 


5. In this case knowledge cannot only be seen 
from the outside. The mastery in the shift 
group has its solid foundation on long 
experience from totally different situations 
combined with aquired knowledge from 
reflecting and learning. A positive view and 
planning to manage these cases is not feasible. 
The analytical-reductional procedures reaches 
their dead end. 


6. Every case is unique in their particularity. Due 
to its simplicity it can be managed. 


7. If there is a slight similarity of a kind, stories 
can be told for future preparation. Competent 
personnel is able to manage the situation. 


8. Chaotic situations must be interpreted. They 
have high complexity and are therefore unusual 
course of events. If  the shift group together is 
in a possession of a good discernment in their 
practice, they can bring some order in the 
signal and manage the course of events. In 
cases 5 – 8 knowledge is seen from a human 
perspective as these cases are all in a 
contextual situation. 


 
This way of elucidate the nature of the inherent 


knowledge factors for subsequent work is an attempt to 
emphasize the significance of discernment. Discernment is 
needed in an environment with large variation. 
Discernment represent then the manyfold of possibilities to 
manage these variations, possibilities with different 
qualities that are practiced depending of the context. Once 
more, the message is to emphazise that the nature of tacit 
knowledge in general, and discernment especially, do not 
stand in any contrast to substantiated knowledge. On the 
contrary, all kinds of knowledge aspects are intertwined in 
the very same knowledge. 


 


 The theme is so complex that it is impossible to 
demonstrate all conditions for, and factors involved in, the 
application of professional skills regarding nuclear power 
operation. The discernment has an effect on quality, safety 
and effectiveness. It has appeared that working staff and 
managers with a sound discernment can comprehend and 
be master of critical situations. A discerning person and 
team can be trained by reflections and exchange of 
experience. Dialogues and application of analogies are 
powerful means to create, retain and increase the capacity 
for discernment. You need time for this and you must keep 
it going on. The importance of seeing the non-technical 
factors from perspective of strength, rather than from the 
traditional human factor, is that it strengthens the good. If 
the inner positive prime movers are encouraged they will 
function as a motor not needing fuel from outside. This 
inherent energy can contribute to a good practice and 
sustainably questioning the line of actions due to the 
contextual environment. An awareness of this is a 
possibility for conditions leading to a needed practice 
within organizations of nuclear power plants. An 
appropriate discernment will give resilience for unexpected 
course of events in nuclear operations. Only the conditions 
at each nuclear power plant can show how to manage this. 
There is no general solutions. A first step is to be aware of 
the contextual nature of discernment and to supplement the 
positivist thinking with thinking from the humanities and 
hermeneutics. 
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Abstract – The conventional alarm systems tended to overwhelm operators during the transient 
because of a large number of nearly simultaneous annunciator activations with varying degree of 
relevance to operator tasks. Thus alarm processing techniques were developed to support 
operators in coping with the volume of alarms, to identify which alarms are significant, and to 
reduce the need for operators to infer plant conditions. This paper proposed a proactive alarm 
reduction method for SMART (System-integrated Modular Advanced ReacTor) based on the 
contents of the past operating effects during the next time of the alarm reduction. And this paper 
designed and implemented the proactive alarm reduction system, constructed the environment for 
the human factors validation test. Also eight subjects actual working on an NPP (Nuclear Power 
Plant) tested the practical effectiveness of the proposed proactive alarm reduction method 
according to the procedure of human factors validation test under a dynamic simulator of a 
partial scope for an NPP. 


 
 


I. INTRODUCTION 
 
An AAS (Advanced Alarm System) of NPP (Nuclear 


Power Plant) is to assist the operator to monitor the 
systems and processes and to take the necessary                                                                                                                              
actions required to preserve the normal operating 
conditions. The AAS is primarily a digital alarm system 
employing advanced alarm process logics and a VDU 
(Visual Display Unit) based control and display for the 
alarms. Ideally, the AAS must only present meaningful 
information and must not flood the operator with 
miscellaneous data that he/she does not have to act upon. 
Also, irrelevant or unnecessary alarms have to be 
eliminated and the less important alarms suppressed.  


However, the results of existing research of alarm 
reduction had difficulty in verification and validation of 
the software because these used an inference engine of an 
expert system. Also, these had difficulty in the feedback of 
operation experiences for the alarm reduction processing. 
So, the results of existing research did not actually apply to 
an NPP. The project HPR-354 [1] describes the 
recommendations for an advanced alarm system. While the 
early recommendations concentrated on alarm suppression 
requirements and display methods, the recent ones, in 
addition, stress the purpose and lifecycle management of 


an alarm system. NUREG/CR-6684 [2] states: “The 
engineers responsible for configuration management of the 
annunciation system see a need for more online utilities for 
managing and verifying major updates”. Performance 
requirements are important to ensure that the alarm system 
is usable for operators in all relevant operational situations 
throughout the lifetime of the system.   


To meet the requirements, performance monitoring 
should be performed regularly and serve as input to the 
process of improving an alarm system. So, an alarm system 
is a basic operator support system for managing abnormal 
situations,  and it has the following two functions:  


• The primary function of an alarm system is to warn 
operators about a situation that is not normal. 
• The secondary function of an alarm system is to 


serve as an alarm and event log.  
The log function supports an operator’s need for the 


analyses of events that have lead to the current or previous 
process conditions. The alarm log information should also 
be used for monitoring and improving an alarm system’s 
performance [1, 2]. The existing implementations of 
various types of alarm reduction systems did not 
negatively affect the effectiveness of the alarm reduction 
and did not show an effect on the alarm reduction [2].   
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To overcome these problems of the results of existing 
researches, this paper proposed a proactive alarm reduction 
method for SMART (System-integrated Modular 
Advanced ReacTor) based on the contents of the past 
operating effects during the next time of the alarm 
reduction. Also, this paper proposed a method of human 
factors validation test for the alarm reduction method of an 
MCR for SMART.  This paper designed and implemented 
the proactive alarm reduction system, tested preliminary 
functional testing, constructed the environment for the 
human factors validation test. Also, eight subjects actually 
working at an NPP tested the practical effectiveness of the 
proposed proactive alarm reduction method according to 
the procedures of human factors validation test under a 
dynamic simulator of a partial scope for an  NPP. 


 
II. THE PROACTIVE ALARM REDUCTION 


 
The proactive alarm reduction method initially 


obtains ECA (Event Condition Action) rules and facts for 
alarm reductions based on the operating experiences of 
operators of an NPP. Also, the system validates rules and 
facts by using the independent reviews from different 
operators. The proactive alarm reduction method 
eliminates and suppresses alarms based on the ECA rules 
and facts for the alarm reduction under the alarm flood 
situation. The proactive alarm reduction method provides 
the alarm log analysis function of the alarm system which 
produces the validation of facts on the alarm reduction and 
the performance monitoring data based on alarm log data 
and feedback from the complementary modifications of 
rules and facts for the alarm reduction. Finally, the 
proactive alarm reduction method improves the efficiency 
of alarm reduction.  


Fig. 1 shows the structure of the proactive alarm 
processing. The structure consists of a database module 
(alarm reduction rules and reduction data), a primary 
function (alarm reduction) module and a secondary 
function (analysis of alarm log) module. The primary and 
secondary functions are independent.  


Alarms determined by processing to be less 
important, or otherwise unnecessary are eliminated and are 
not available to the operators. This is alarm filtering. 
Alarms determined by the processing to be less important, 
irrelevant, or otherwise unnecessary are not presented to 
the operators, but can be accessed upon request. This is 
alarm suppression. The log function supports an operator’s 
need for the analyses of events that have lead to the current 
or previous process conditions. The alarm log information 
should also be used for monitoring and improving an alarm 
system’s performance. The solutions to the identified 
problems and the complementary data for the reduction are 
reflected in the reduction data by using the user interface 
depending on an operator’s confirmation.   


 


• The primary function module is to prevent an alarm 
signal so that it is not available for an operator in any 
part of a system and to prevent an alarm from being 
presented in main alarm display, but the alarm is still 
available in a system at a more detailed level. The 
primary function uses active database techniques. 


• The nuisance alarm inputs from the I&C systems are 
filtered by using a dead-band and time delay. The 
filtered alarms are evaluated by a condition evaluator 
using the condition evaluation data. When a condition 
is satisfied, the action is fired by the activator.  


• The secondary function (analysis of alarm log) 
module logs and stores the alarm data from the 
primary function module and performs a statistical 
and correlation analysis based on the data pre-
processing results.  


• The analysis results of the secondary functions will be 
validation data for the effectiveness of an active data 
processing and performance measurements.  


• The condition evaluation data are modified according 
to the analysis results of the secondary functions 
through a user interface. The modification action 
should follow the administrative procedures.  
 


 
Fig.1. Structure of the Proactive Alarm Processing 


 
II.A. Data and Rules for Alarm Reduction 


 The alarm reduction rules consist of a time delay 
rule, a dead-band rule, a status alarm separation rule, a 
multi-setpoint rule, a cause-consequence rule and   a 
priority rule. The following represents the data structure 
for alarm reductions:  
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Alarm {  
 id : alarm id, name :alarm label,  
 status : alarm status (0 or 1),  
 comp_status : related component status (0 or 1), 
 kind : 0 (general status alarm) or 1 (trouble alarm) or 


2 (safety related alarm status and trouble ),  
 priority : 1 or 2 or 3,  
 multi-setpoint :multiset-point alarm id, 
 cause : cause-consequence alarm id,  
deadband : integral,  
 timedelay : integral  
} 


The following represents the structure of alarm reduction 
rules. 
 
 Rule rule-name; 
     Event event-expression; 
     Condition condition-expression; 
    Action Begin action-block End 
 


II.A.1 Time delay and dead-band rule 
The alarm system should incorporate the capability to 


apply time delay or dead-band to the alarm inputs to allow 
filtering of noise signals and to eliminate unneeded 
momentary alarms. Noise from plant instrumentation may 
result in signals that momentarily exceed the limit for 
alarm message activation for plant parameters. Time delay 
processing prevents this signal from generating a spurious 
alarm message to the operator.  The time delay and dead-
band  rule for alarm filtering are as follows: 
 
 Rule timedelay_alarm 
Event timeEvent  
Condition (comp_status==1)&&(Alarm.timedelay ≠ 0) 
Action Insert_timedelay_filtering_list(Alarm.id) 
 
Rule deadband_alarm 
Event timeEvent  
Condition   (comp_status==1) &&  
            (Alarm.deadband ≠ 0)) 
Action  Insert_deadband_filtering_list(Alarm.id) 
 


II.A.2 Status alarm separation rule 
Status indication, messages that indicate the status of 


plant systems but are not intended to alert the user to the 
need to take action, generally should not be presented via 
the alarm system display, because they increase the 
demands on the operators for reading and evaluating alarm 
system messages. The status_alarm rule for alarm 
suppression is as follows: 
 
Rule status_alarm 
Event timeEvent 


Condition (Alarm.kind ≠ 2) 
Action Insert_status_suppression_list(Alarm.id) 
 


II.A.3   Multi-setpoint rule 
The relationship between the multi-setpoints of a 


process variable is used to suppress lower priority alarms, 
e.g., when the level in the steam generator exceeds the 
high-high level setpoint, the high-level alarm is suppressed. 
The multi-setpoint rule for alarm suppression is as follows. 
 
Rule multi_setpoint_alarm 
Event timeEvent  
Condition (Alarm.multi ≠ null) && 
          (Alarm.status(Alarm.multi)== 1) 
Action Insert_multi_suppression_list(Alarm.multi) 


 
II.A.4 Cause-consequence rule 


A fault occurring in a certain part of the plant process 
propagates through the process following a cause-
consequence relationship. As a result of the fault 
propagation, an alarm occurring in a part of the process 
may cause another alarm in another part to be activated.  
But the consequence alarm is very important to operators 
in an upset situation of an NPP because it is possible for 
operators to well recognize the plant situation. So, this 
paper restricts the use of the cause-consequence rule 
within alarms of common resource loss such as power 
supply or pneumatic. The cause-consequence rule for 
alarm suppression is as follows:  


 
Rule cause_alarm 
Event timeEvent 
Condition (Alarm.cause ≠ null) &&  
          (Alarm.status(Alarm.cause) == 1)  
Action Insert_cause_suppression_list(Alarm.id) 
 


II.A.5   Priority rule 
Alarm prioritization refers to the determination of the 


relative importance to the operators of all current alarm 
conditions. Alarms determined by processing to be less 
important, irrelevant, or otherwise unnecessary are not 
presented to the operators. The priority rule for alarm 
suppression is as follows: 


 
Rule priority_alarm 
Event timeEvent 
Condition (Alarm.priority ==3) 
Action Insert_priority_suppression_list(Alarm.id) 
 


II.A.6   Deterministic behavior of alarm reduction rules  
The behavior of the alarm reduction rules should be 


deterministic. The internal expressions of alarm reduction 
rules are shown in Table I. The applied sequence and 
algorithm of alarm reduction rules are as follows: 
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(1) Sequential execution of application program 
(2) Detect signal of periodic event (1 sec time ) occurring 
(3) Transfer control to rule manager 
(4) Sequential rule triggering using reduction data 
(5) Evaluate condition and the condition is satisfied 


execute action 
(6) Repeat (4) –(6) until rule application of all occurring 


alarms had done 
(7) Return the application program 
 
Let s∈Alarm.id, e∈Event.id , c∈Condition,  


a1∈Actuator.id,  a2∈Action.id, p∈Params, 
 <s,e,c,a1,a2> ∈ Rule 


When EventRaised(s',e',p') 
      for each < s=s', e=e', c=*, a1=*, a2=* > ∈ Rule 
    If Satisfied(c, p') then DoAction (a1 , a2) 
 


TABLE I 
The Internal Expression of Reduction Rule 


Rule(sequence) Event 
Action 


Actuator.id Action.id 


deadband (1) time 1 : deadband_list 
(Alarm.id) 1 : insert 


Timedelay (2) time 2 : timedelay_list 
(Alarm.id) 1 : insert 


Priority (3) time 3 : priority_list 
(Alarm.id) 1 : insert 


stauts_alarm (4) time 4 : kind_list 
(Alarm.id) 1 : insert 


multi_setpoint (5) time 5 : multi_list 
(Alarm.multi) 1 : insert 


cause (6) time 6 : cause_list 
(Alarm.id) 1 : insert 


 
 


Rule 
Condition( I : operand, II : operator) 


I II I II II I II 
 (1) comp_status  == 1  && Alarm.deadband ≠ 0 
(2) comp_status ==   1  && Alarm.timedela


y  ≠ 0 


(3) Alarm.priorit
y == 3          


(4) Alarm.kind ≠ 2          


(5) Alarm.multi ≠ NULL && Alarm.status 
(Alarm.multi) == 1 


(6) Alarm.cause ≠ NULL && Alarm.status 
(Alarm.cause) == 1 


 
II.A.7   Analysis on the termination of rules 


The assurance of deterministic behavior for rules 
depends on how to assure the execution termination of the 
rule set. The typical analysis method for termination of 
rule set is a drawing of a trigger graph. The nodes are rules 
and the directional edges are the connection between the 


executed rule and possible triggering rule. Fig. 2 shows the 
trigger graph of the alarm reduction rules for SMART. This 
assures deterministic behavior of rules for alarm reduction.   


 
Fig.2. Trigger Graph of the Alarm Reduction Rules 


 
II.B. Alarm Reduction Data Complement using by Alarm 


Log Analysis 
 


To meet the requirements of HPR-354[1] and 
NUREG/CR-6684[2], performance measures of the 
proactive alarm reduction method include rate of incoming 
alarms (with priority distribution), number of alarms in 
main list with priority distribution, frequency distribution 
of alarms. And the alarm log analysis includes the data 
visualization environment for analysis of alarm log 
information Fig.3 shows the structure of the alarm log 
analysis.  


 
Fig.3. Structure of the Alarm Log Analysis 


 
Functions of the alarm log analysis are as follow and 


the analysis results are the performance measurement and 
reduction data for alarms.  These are input to complement 
data for alarm reduction under the operator confirmation 
by using the user interface. 


 
• A suitability of priority allocation for alarms depend on 


the frequency of occurring alarms 
• A definition of representative alarm according to the 


simultaneously occurring alarms 
 • An adjusting for time-delay or dead-band depend on 


the repeated occurring alarms for short time 
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• A setting up the maintenance strategy for alarms 
according to the analysis of max mean time between 
occurring time and reset time of alarms 


• An awareness of cause and consequence relationship, 
depending on the correlation analysis of two alarms 


 
III. THE HUMAN FACTOR VALIDATION TEST OF 


THE PROACTIVE ALARM REDUCTION 
 


III.A H/W Structure for the Human Factors Validation 
Test 


The test scope of the human factors validation for the 
alarm reduction method for SMART is limited to method 
validation. A simulator for SMART is under development 
and is not available for this test. So, the human factors 
validation test for alarm reduction is the based on the 
westinghous 3 loop type NPP of KOREA. The prototype 
for the human factors validation test was developed using 
the Visual C++, My SQL, iLOG View, iLOG Charts based 
on the windows XP Professional.  Fig.4 shows the 
structure for the human factors validation test of alarm 
reduction and the component list are as follow: 


 
• Simulation server for NPP 
• Alarm tile display server  
• Alarm tile display (simulation of alarm tiles) 
•Alarm processor for alarm reduction 
•Alarm log analyzer 
•Information display for NPP 
•Situation awareness evaluation system 
 
 Fig. 5 shows the real picture of the test and Fig. 6 


shows the Data Flow Diagram (DFD) of the alarm 
processing S/W.  


 
 
 


Fig.4. Structure for Human Factors Validation Test of Alarm 
Reduction 


Fig.5. Real picture for Test Environment 
 
 


 
Fig.6 DFD of Alarm Processing S/W 


 
III.B Evaluation Measurement of Effectiveness  


The evaluation measurements for effectiveness of the 
alarm reduction are as follows and these are measured by 
using the situation awareness evaluation system (TABLE 
II) that are implemented for this test. 
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• cognitive execution time: time that it takes a testee to 
determine the abnormal situation of the plant base on 
occurring alarms 
• accuracy of recognition: ratio that a testee hits the 


correct answer 
• objective situation awareness: the degree of a 


testee’s awareness of correct past, present, and future 
of key parameters of an NPP for a situation. This 
measures using by SACRI (Situation Awareness 
Control Room Inventory [3], Fig. 7) 
• subjective situation awareness: the degree of a 


testee’s awareness of his/her subjective response 
characteristics to an environment for a situation. This 
measured by using SART (Situation Awareness 
Rating Techniques [4], Fig.7) 


 
III.C Acceptance Criteria and Analysis of Test  


Results 
Case A  is the case  if there is no reduction, the case B 


is the case if you have an alarm reduction.  This test 
validates that case B is the same or higher than case A in 
terms of human factors effectiveness. However, 95% 
confidence interval and ±5% allowable error are applied. 
The independent samples t-test is conducted as a difference 
validation method on the cognitive execution time and 
accuracy. The paired samples t-test is conducted as a 
difference validation method on the   SART rating scales. 
The difference validation of situation awareness by using 
the SACRI is acquired by comparing the relevant criteria 
that are the sensitivity and the decision criteria. The 
sensitivity and the decision criteria can get by using the 
SDT (Signal Detection Theory). The   acquired data of 
SACRI evaluation have statistical significance by using the 
data normalization.  
 


TABLE II 
Contents of the Situation Awareness Evaluation System 


Page Contents Description 


Input of 
Information 


▪ sex(radio button) 
▪ age(radio button) 
▪ career(form field) 
▪ input finish 


(push button) 


▪ Testee input the 
information and click the 
finish button before test 
start 


Test Start ▪ start button 
(push button) 


▪ Testee click the start 
button(start time of test, 
start time of alarm 
recognition) 


Input the Plant 
Condition 


▪ input of plant 
    condition 


(push button) 


▪ If testee recognizes 
occurring alarms and can 
decide the plant condition, 
testee click the plant 
condition button 
 (termination of the 


cognitive execution time )


Recognition of 
Plant 


Condition 


▪ selection of 
scenario list 


(radio button) 
▪ selection finish 


push button 


▪ Testee selects scenario 
and click the radio 
button(counting of 
accuracy of recognition) 
▪ Testee click the selection 


finish button(finish time 
of alarm recognition) 


Situation 
Awareness 
Evaluation 


▪ evaluation items 
  of situation 
  awareness 
▪ selection items 
 (radio button) and 
 finish button of 
 evaluation 
(push button) 


▪ Testee reads the 
evaluation items and 
selects the radio button 
until the end of the items 
▪ Testee clicks the 


evaluation finish 
button(finish time of test) 


 


End of Test ▪ Finish 


III.D  Testee  
Testees should have the experience with the operation of 


a control room in an NPP. The number of the testee  is 8.  
 


 III.E Scenario  
The scenario requirements on this test are as follows.  
• The number of auto initiated component is many and 


the number of generated alarms is more than 100 per 
10 minutes.   
• The initial diagnosis is complicated in the alarm 


cognition. 
• The variance of the plant parameters is large. 
 


III.F Test Design 
The test sequence (TABLE III) is decided according to 


the randomized factorial design. The number of test is 48 
(the number of random selected scenario (3) x the number 
of testee (8) x alarm condition (2)). This test verifies that 
case B is the same or higher than case A in terms of human 
factors effectiveness. 
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Fig.7 SACRI and SART of Situation Awareness 


Evaluation System 
 


TABLE III 
Validation Test Sequence of Alarm Reduction 


case testee 1** 2 3 4 5  6 7 8 


A 


Op*. 1 1+ 3 2 
Op. 2 5 4 6 
Op. 3 7 8 9 
Op. 4 12 10 11 
Op .5 15 13 14 
Op. 6 16 17 18 
Op. 7 19 21 20 
Op. 8 24 22 23 


B 


Op. 1 26 25 27 
Op. 2 30 29 28 
Op. 3 33 31 32 
Op. 4 36 34 35 
Op. 5 38 39 37 
Op. 6 41 42 40 


Op. 7 43 44 45 


Op. 8 46 48 47 
* : Operator, **: Scenario Number, +: test sequence 


 


III.G Test Results 
Fig. 8 shows the example of analysis for SACRI with 


SDT.  The rate of alarm reduction is approximately 53 %. Table 
IV shows the results on the human factors validation test 
on the proactive alarm reduction method. 


Four measurements of proposed alarm reduction 
method (case B) are equal or greater than the existing 
method (case A) under alarm reduction situation. Finally, 
the proactive alarm reduction method meets the acceptance 
criteria for applying new MMI (Man-Machine Interface) 
techniques in the MCR of SMART.  


 
IV. CONCLUSIONS 


 
The nuclear regulatory agency of KOREA 


recommended that an alarm system for a main control 
room (MCR) of SMART (System-integrated Modular 
Advanced ReacTor) should be designed so that inadequate 
alarms could be eliminated and less important alarms be 
suppressed operators can focus on important alarms.  


The existing implementations of various types of 
alarm reduction systems did not negatively affect the 
effectiveness of the alarm reduction and did not show an 
effect on the alarm reduction.  


To overcome the problems of results of existing 
research, this paper proposed a proactive alarm reduction 
method for SMART (System-integrated Modular 
Advanced ReacTor) based on the contents of the past 
operating effects during the next time of the alarm 
reduction.  


 And this paper proposed human factors validation 
method of the alarm reduction method. A human factors 
validation test method defined the validation measures that 
were the cognitive performance time, the cognitive 
accuracy, objective situation awareness and subjective 
situation awareness which were measured by a situation 
awareness evaluation system. Human factors validation 
test method defined the test environment and a test 
procedure for human factors s validation test and analysis 
methods of test results based on statistics and signal 
detection theory. 


  This paper designed and implemented the proactive 
alarm reduction system, tested preliminary function testing, 
constructed the environment for the human factors 
validation test. Also eight subjects actually working at an 
NPP tested the practical effectiveness of the proposed 
proactive alarm reduction method according to the 
proposed the human factors validation test method under a 
partial scope dynamic simulator of an NPP. Four 
measurements of proposed alarm reduction method are 
equal or greater than the existing method under 53% alarm 
reduction situation of a MCR.  


Therefore, this proactive alarm reduction method is 
expected to be applied to SMART. This proactive alarm 
reduction method and this human factors validation test 
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method are expected to be inputted to the human factor 
verification and validation tests of a MCR of SMART. 
 


 
Testee Response 


Yes No 


Type 


(Signal) 
N=95 


P(S)=65.07% 


Hit Alarm 
N=70 


P(Hit)=73.68% 


Miss Alarm 
N=25 


P(Miss)=26.32% 


Noise) 
N=51 


P(N)=34.93% 


False Alarm 
N=15 


P(FA)=29.41% 


Correct Rejection 
N=36 


P(CR)=70.59% 


 
 
 
 
 
 
 
 


( 'd : sensitivity, β :decision criteria) 
 


 
Fig.8. Example of Analysis for SACRI with SDT (case B) 


 
 
 


TABLE IV  
Results of the test 


Measurements Result 


Cognitive Time (min) Same  A(4.26) ≒ B(4.36) 


Cognitive Accuracy Same  A(75.0) ≒ B(75.0) 
SACRI -Sensitivity Same  A(1.11) ≒ B(1.17) 


SACRI-Decision Criteria Different A(-0.275) ≒ B(-0.045) 


SART Higher  (p=0.025) 
A(50.46) < B(53.83) 
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Abstract – An improved ≈ 120 MWe (300 MWt) Secure Transportable Autonomous Reactor (STAR) 
Pb-cooled, pool-type, small modular fast reactor named the SUstainable Proliferation-resistance 
Enhanced Refined Secure Transportable Autonomous Reactor (SUPERSTAR) is being developed at 
ANL  for international or remote deployment on growing electrical grids integrating lessons learned, 
innovations, and best features from the previous STAR-LM, SSTAR, and ELSY concepts.  Initial efforts 
are focused on a near-term deployable SUPERSTAR demonstrator (demo) representing a first-of-a-
kind deployment.  Key new features of a SUPERSTAR demo concept including a long lifetime fissile 
self-sufficient converter core incorporating particulate-based metallic fuel, low pressure drop 
Intermediate Heat Exchangers incorporating compact diffusion-bonded Formed Plate Heat Exchanger 
technology exposing the reactor vessel to only cold Pb coolant, and a natural circulation Heavy Liquid 
Metal Coolant intermediate heat transport circuit are shown to be viable. 


 
I. INTRODUCTION AND BACKGROUND 


 
Two 73 MWt and eight 155 MWt lead-bismuth 


eutectic (LBE)-cooled submarine reactors were operated in 
the Soviet Union and the Russian Federation with 40 
reactor years operation underway together with 70 and 155 
MWt land prototypes for a total of 80 reactor years 
operating experience.1-2  Russian efforts have subsequently 
been devoted to developing land-based Lead-Cooled Fast 
Reactor (LFR) power plants for electricity generation along 
two main paths.  The first is development of the 75 to 100 
MWe (210 to 280 MWt) LBE-cooled SVBR-75/100 led by 
the Institute of Physics and Power Engineering in 
Obninsk.3-5  The second is the development of the 300 
MWe BREST-OD-300 and 1200 MWe BREST-OD-1200 
Pb-cooled fast reactors led by the Research and Design 
Institute of Power Engineering (NIKIET) in Moscow.6 The 
Russian Federal Target Program, “Nuclear Power 
Technologies for a New Generation for Period of 2010-
2015 and with Outlook to 2020,” envisions development of 
basic designs during 2010-2014 followed by construction 
of prototype and demonstration facilities with SVBR and 
BREST reactors during 2015-2020.  


The European approach to the LFR under the 
European Sustainable Nuclear Industrial Initiative (ESNII) 
involves the GUINEVERE zero power neutronics facility 
in operation at SCK-CEN in Belgium with solid Pb and a 


proton accelerator beam, the European Technology Pilot 
Plant MYRRHA at SCK-CEN beginning operation in the 
early 2020s, a LFR demonstrator (ALFRED) of about 100 
MWe (300 MWt) beginning operation in the late 2020s, 
and design and construction of a LFR proptotype of about 
600 MWe (1500 MWt) in the 2030s.7 


  Significant advances in LFR development have 
recently been realized for the 600 MWe (1500 MWt) 
European Lead-cooled SYstem (ELSY) concept for central 
station electric power generation.8-10 


  Development of Lead-Cooled Fast Reactor (LFR) 
Small Modular Reactors (SMRs) at Argonne National 
Laboratory (ANL) was initiated in 1997 resulting in the 
Secure Transportable Autonomous Reactor with Liquid 
Metal (STAR-LM) and Small Secure Transportable 
Autonomous Reactor (SSTAR) concepts.11-14 for 
international deployment or deployment on remote or small 
electrical  


  An improved ≈ 120 MWe (300 MWt) Secure 
Transportable Autonomous Reactor (STAR) Pb-cooled, 
pool-type, small modular fast reactor named the 
SUstainable Proliferation-resistance Enhanced Refined 
Secure Transportable Autonomous Reactor (SUPERSTAR) 
is being developed at ANL  for international or remote 
deployment on growing electrical grids integrating lessons 
learned, innovations, and best features from the previous 
STAR-LM, SSTAR, and ELSY concepts as well as other 
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concepts.  Initial efforts are focused on a near-term 
deployable SUPERSTAR demonstrator (demo) 
representing a first-of-a-kind deployment.  SUPERSTAR 
development seeks to achieve the largest thermal power 
limited by primary Pb coolant natural circulation heat 
transport at greater than 100 % nominal power inside of a 
reactor vessel and guard vessel having dimensions limited 
by the requirement of transportability by rail.  The 
objective is to maximize the economic performance of a 
transportable natural circulation LFR as measured by the 
capital cost per unit electrical power. 


Based upon the experience gained from development 
of LFR concepts and preconceptual designs, a number of 
general statements can now be made about Heavy Liquid 
Metal Coolants (HLMCs) and LFRs including the 
following: 


� HLMCs have key inherent properties which can 
be taken advantage of by the designer to reduce 
the plant cost and improve safety; 


� A LFR is not a Sodium-Cooled Fast Reactor 
(SFR) with a different coolant.  Effective LFR 
preconceptual designs differ in significant ways 
from SFR preconceptual designs; 


� Core designs having a conversion ratio of about 
unity can be developed for oxide, metallic, and 
nitride fuel that minimize the frictional pressure 
drop through the core by taking advantage of the 
lower neutron absorption in Pb relative to Na to 
open up the core; that is, increase the coolant 
volume fraction relative to a SFR.  A consequence, 
however, is that a LFR has a core with a larger 
diameter relative to a SFR with the same power 
generation.  This is a penalty that the designer 
must overcome when seeking to minimize the 
diameter and size of a LFR; 


� The primary coolant pumping power with Pb 
coolant for the STAR concepts utilizing natural 
circulation and ELSY with mechanical pumps is 
less than that for traditional SFR designs because 
of the greater hydraulic diameter and lower 
velocity for STAR and ELSY.  The required 
pumping power delivered to the fluid is given by 
Pumping power = ∆P (uA) where ∆P is the 
pressure drop and uA is the volumetric flowrate.  
The pressure drop is reduced by opening up the 
core while holding the conversion ratio at near 
unity and limiting the Pb velocity in the core (e.g., 
u < 1 m/s), and the volumetric flowrate is reduced 
by limiting the Pb velocity in the core.  Note that 
the actual power requirement for a pump also 
depends upon the pump efficiency; 
electromagnetic pumps are not expected to be a 
viable option because of their low efficiency with 
HLMCs; 


� The high Pb density enables Pb coolant pump 
installation in the primary circuit hot leg as in the 
ELSY concept.  This gives rise to a steady state 
cold pool elevation exceeding the hot pool 
elevation.  As a consequence, the greater cold pool 
elevation tends to drive coolant flow through the 
core following the postulated loss of the primary 
coolant pumps. 


 
II. ATTRIBUTES FOR INTERNATIONAL 


DEPLOYMENT 
 
With the current interest in SMRs, it is timely to list 


the attributes of the SUPERSTAR and the STAR concepts 
in general that make them SMRs that are ideally suited for 
international deployment: 


• Small (< 300 MWe) and medium (300 to 700 
MWe) sized reactors are better suited to growing 
economies and infrastructures of developing 
nations than classical economy-of-scale plants.  
They do not require as large financing as 
economy-of-scale plants that could be beyond the 
reach of affordability for developing nation 
utilities and can be deployed in increments with 
each reactor constructed in a shorter time than 
economy-of-scale plants enabling planning and 
financing to be spread out over time; 


• They are “right sized” for initially small but fast 
growing electric grids for which changes in load 
demand can be significant.  Small and medium 
sized reactors provide greater base load flexibility 
and STARs can provide load following capability;  


• They provide energy security for nations not 
wanting the expense of an indigenous fuel cycle 
and waste repository infrastructure but willing to 
accept the guarantee of services from a regional 
fuel cycle center by virtue of a long (15- to 30-
year) refueling interval; 


• The initial fissile inventory is large but the one-
time initial fissile loading is less than the lifetime 
235U consumption of a LWR for same energy 
delivery;  


• Once loaded, STARs are fissile self sufficient with 
a conversion ratio, CR ~ 1.0; 


• STARs provide proliferation resistance.  Access to 
fuel is restricted.  SUPERSTAR does not 
incorporate any in-vessel fuel handling equipment.  
There is no onsite refueling equipment.  Refueling 
equipment is brought onsite only at the time of 
refueling after which it is removed.  The long core 
lifetime further restricts access to fuel by reducing 
or completely eliminating the need for refueling.  
The design restricts the potential for misuse in a 
breeding mode.  The core design has a conversion 
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ratio of unity such that it self-generates as much 
fissile as is consumed; excess fissile is not created.  
The fuel form is unattractive in a safeguards sense 
by virtue of high radioactivity due to incomplete 
removal of fission products during reprocessing; 


• SUPERSTAR seeks to achieve a low enough cost 
to be economically competitive with alternative 
energy sources (e.g., diesel generators in remote 
locations); 


• SUPERSTAR is readily transported and 
assembled from transportable modules; 


• SUPERSTAR incorporates autonomous load 
following and a S-CO2 Brayton cycle power 
converter with a control strategy facilitating 
autonomous load following by the reactor.  It is 
not necessary for operators to change the reactor 
power through deliberate motion of control rods.  
The control rods are mainly for startup and 
shutdown as well as slow compensation of the 
burnup reactivity swing over the core lifetime.  
This supports the goal of making SUPERSTAR 
simple to operate reducing operating staff 
requirements and providing high reliability; 


• SUPERSTAR embodies a high level of passive 
safety reducing the number of accident initiators 
and the need for safety systems enabling the size 
of the exclusion and emergency planning zones to 
potentially be reduced. 


 
III. KEY NEW SUPERSTAR IMPROVEMENTS 
 
 SUPERSTAR (Fig. 1) is a natural circulation reactor.  


The benefits of natural circulation are: 1) eliminating the 
capital cost of primary coolant pumps; 2) eliminating loss-
of-flow accident initiators due to pump coastdown; 3) 
eliminating downtime due to failures of mechanical pumps 
which have been significant for sodium-cooled reactors; 
and 4) eliminating the potential problem of erosion of the 
pump impeller due to high velocities in the heavy liquid 
metal coolant (HLMC).  While the use of Ti3SiC2 has been 
identified for pump impellers to handle the last item, it 
remains to be demonstrated through testing whether this is 
a practical approach. 


Babcock & Wilcox states that their mPower reactor is 
rail shippable to any point in North America in an envelope 
of 15 feet (4.6 m) by 75 feet (23 m) and 500 tons (450 
tonnes).15  These limitations on diameter and height are 
assumed for SUPERSTAR.  The development of the 
SUPERSTAR preconceptual design also incorporates the 
use of hot channel factors as well as margins for other 
uncertainties further limiting the reactor power level. 


The use of lead-bonded nitride fuel that was the 
reference fuel for STAR-LM and SSTAR is envisioned for 
deployment of SUPERSTAR in the future.  However, it is 


 


 


Fig. 1.  SUPERSTAR Small Modular Lead-Cooled Fast Reactor. 


 
expected that significant testing will be required to qualify 
nitride fuel and gain regulatory acceptance for its use.  The 
timeframe for nitride fuel qualification is likely to be too 
long for near-term demonstration of a first-of-a-kind 
SUPERSTAR demo.  For this reason, the SUPERSTAR 
demo utilizes the innovative particulate-based metallic fuel 
(U-Pu-Zr) fuel form proposed by Walters, Wade, and 
Hoffman16 that doesn’t require a sodium bond eliminating 
the need to otherwise incorporate sodium inside of a LFR.  
The approach in incorporating this particulate-based 
metallic fuel form is to facilitate near-term deployment of a 
SUPERSTAR demo seeking regulatory approval for the use 
of the particulate-based metallic fuel by taking advantage 
of the existing experience and database for sodium-bonded 
cast metallic fuel together with testing and analyses 
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investigating effects of the particulate-based metallic fuel 
form.  Relative to lead-bonded nitride fuel, the particulate-
based metallic fuel form may introduce some drawbacks.  
Nitride fuel has a high thermal conductivity which limits 
the peak fuel temperature reducing the positive reactivity 
contribution resulting from a decrease in fuel temperature 
during specific transients and postulated accidents.  Unlike 
sodium-bonded cast metallic fuel that also has a high 
thermal conductivity, the thermal conductivity of 
particulate-based metallic fuel is expected to be lower due 
to the effect of the helium-filled internal porosity.  
Consequently, the peak fuel temperature with particulate-
based metallic fuel might be greater and the positive 
reactivity contribution from transient decrease in the fuel 
temperature greater than for the case of sodium-bonded 
cast metallic fuel or lead-bonded nitride fuel.  These effects 
need to be investigated. 


SUPERSTAR incorporates a long lifetime core with a 
15-year or greater core life and a goal to maximize the 
capacity factor.  There is no downtime for refueling.  Thus, 
the goal is to eliminate downtime due to the need to shut 
down the reactor for maintenance and repair or due to 
spurious events resulting in scrams or trips.  The initial 
target lifetime of 15 years is shorter than the 30-year 
lifetime of SSTAR and was calculated by Dave Wade to be 
the optimal lifetime for transitioning to a mainly fast 
reactor nuclear architecture over an interval of 100 years 
while capping greenhouse gas emissions at the current level 
or reducing greenhouse gas emissions to 50 % of the 
current level.  If it is not possible to achieve the 
requirements for SUPERSTAR with a core lifetime of 15 
years, then the core lifetime shall be increased as needed 
(e.g., 30 years).  


The peak cladding temperature exposed to the Pb 
coolant is limited to 550 °C (relative to 650 °C for STAR-
LM and SSTAR) with the goal of enabling the use of 
existing materials in the near term.  In particular, it is 
desired to use T91 ferritic/martensitic steel for both 
cladding as well as structures exposed to higher Pb 
temperatures.  T91 is selected for cladding as opposed to 
HT9 or other ferritic/martensitic alloys because data exists 
on the enhancement of corrosion resistance of T91 through 
application of the GESA treatment.17  T91 is selected for 
structural applications because it is an ASME codified 
structural material as opposed to HT-9 or other 
ferritic/martensitic alloys.   Increasing the silicon content of 
ferritic/martensitic alloys can increase the resistance to 
corrosion by HLMCs but it also reduces the structural 
strength and irradiation resistance.  An evaluation of recent 
data concerning T91 claims that it might not be suitable for 
use as cladding up to 550 °C due to the perceived large 
thicknesses of the protective oxide layers that form over 
long times.18   The layer thicknesses with T91 need to be 
further investigated to determine if they are a potential 
source of concern for the use of T91 in SUPERSTAR.  The 


use of T91 limits the Pb coolant velocity to about 1 m/s.  
There is a lack of agreement on the value of the limiting 
velocity; some researchers would claim that it is as high as 
3 m/s.  The former 1 m/s value is conservatively assumed 
for SUPERSTAR based upon experiment results.19 In 
particular, the full oxide layer that is a duplex layer 
consisting of a Fe3O4 outer layer and a spinel inner layer is 
observed to be present following exposure to LBE at a 
velocity of 1 m/s.  In contrast, after exposure to LBE at 3 
m/s, only the spinel layer might remain.  Although it is 
thought that the spinel layer essentially provides the 
resistance to erosion, the lower limit is conservatively 
assumed for SUPERSTAR.  Limiting the velocity to 1 m/s 
further reduces the pressure drop for Pb flow through the 
core. 


A means of setting and maintaining the dissolved 
oxygen concentration inside of the Pb coolant in the pool 
configuration of the SUPERSTAR vessel shall need to be 
identified or developed.  Iron and other steel constituents 
are removed from the cladding and structures over time and 
enter the Pb coolant.  An approach for filtering them from 
the coolant inside of the vessel also needs to be developed 


The potential problem with the oxide layer thicknesses 
on T91 at temperatures approaching 550 °C as well as the 
removal of iron and other constituents might be overcome 
by aluminizing the T91 surface with the GESA treatment17 
by implanting Al atoms at the surface.  The oxide formed at 
the surface provides greater corrosion resistance at higher 
velocities up to at least 3 m/s and the thickness of the oxide 
layer is relatively small.19  To be practical, it must be 
demonstrated that the entire outer surface of each fuel pin 
as well as the grid spacers in the core can be aluminized to 
produce a layer having suitable properties protecting all 
surfaces exposed to the flowing Pb coolant.  If it is 
necessary to use T91 with the GESA treatment, then 
additional time may be required for continued development 
and demonstration of aluminized T91 prior to deployment 
of a SUPERSTAR demonstrator. 


After investigating alternative options for control rods 
for SUPERSTAR, it has been decided to incorporate 
control rods having a net density greater than that of the 
surrounding Pb coolant.  This retains the benefit that the 
rods can be dropped should the control rod drives be 
deenergized or if the temperature above the core exceeds a 
threshold temperature thus adding a passive shutdown 
mechanism.  Tungsten-rhenium, W – 25 wt % Re or W- 26 
wt % Re, are refractory alloys having melting points of 
3120 and 3130 °C, respectively; the density of both alloys 
is 19,700 kg/m3.  The alloy ductile-to-brittle transition 
occurs over a range of -100 to 25 °C which is well below 
the reactor system operating temperatures.  Both W and Re 
contain isotopes with large neutron cross sections resulting 
in transmutation reactions.   W – 25 wt % Re was irradiated 
to a neutron fluence of 4 × 1022 n/cm2 in the fast flux of the 
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EBR-II reactor at 575, 625, and 675 °C corresponding to 
8.6 dpa at 1.4 × 10-7 dpa/s.20  Examination revealed that 
WRe3 precipitates during irradiation at high temperatures 
interpreted as a true homogenous irradiation-induced 
precipitation.  In SUPERSTAR, the W-Re would be 
utilized as a neutron absorber without a structural function.  
Tungsten oxidizes above 400 °C such that it must be 
protected from contacting the Pb coolant containing 
dissolved oxygen.  Thus, the W-Re shall need to be clad.  
T91 or T91 with the GESA treatment should be used as 
cladding for the control rods. 


Initial calculations investigating the effectiveness of 
tungsten-rhenium control rods for a preliminary core design 
indicate a negative answer for the use of the refractory 
alloy alone as the absorber material for neutrons.  However, 
the use of B4C absorbers enriched in B10 together with 
refractory alloy followers above them to increase the 
control rod net density is a viable approach for the 
fabrication of control rods providing sufficient absorbers 
and achieving a control rod net density sufficiently greater 
than that of the Pb coolant enabling the control rods to drop 
into the core under gravity with sufficient speed when 
released.      


SUPERSTAR incorporates an intermediate heat 
transport circuit utilizing Pb intermediate coolant to 
exclude the CO2 working fluid from inside of the 
containment, in contrast to STAR-LM and SSTAR that 
eliminated the intermediate circuit.  This eliminates the 
need to include a CO2 line break in the containment design 
basis.  Thus, the containment does not need to have a 
significant pressure retention capability simplifying the 
containment structural design and reducing the cost 
associated with the containment.  Carbon dioxide can be 
postulated to enter the intermediate coolant following a 
postulated rupture of the boundary between the Pb 
intermediate coolant and CO2.  The intermediate circuit 
incorporates a system to prevent the CO2 and any reaction 
products from entering the portion of the intermediate 
circuit located inside of the containment analogous to the 
Sodium-Water Reaction Pressure Relief System 
(SWRPRS) of a SFR.  The containment must withstand the 
thermal loads resulting from the postulated release of either 
Pb primary or intermediate coolant as well as burning of 
any combustibles inside of the containment as a result of 
the thermal loadings following primary or intermediate Pb 
release.  The containment only needs to have a small 
pressure retention capability to retain the postulated release 
of radionuclides. 


One might argue that incorporating an intermediate 
heat transport system adds the capital cost of that system.  
While that is true, it is expected that the cost savings to be 
realized from a containment having a low pressure 
retention capability will outweigh the costs associated with 
the intermediate heat transport system. 


In addition, because CO2 is a molecule and 
decomposes in a radiation field, it is not possible to have 
CO2 inside of a primary Pb-to-CO2 heat exchanger 
immersed in primary Pb inside of the reactor vessel.  
Decomposition of CO2 could give rise to species that more 
aggressively corrosively attack stainless steel and 
turbomachinery alloys as well as long chain molecules 
having a composition similar to CO that can gum up 
rotating machinery.  The latter phenomenon is part of the 
experience with the UK CO2 gas-cooled Advanced Gas 
Reactors (AGRs).  Activation of the Pb primary coolant 
through the formation of excited states of Pb isotopes, 
predominantly 207mPb which is a metastable/excited state of 
207Pb having a half life of 0.806 second created by neutron 
inelastic scattering, would result in gammas irradiating the 
CO2 causing CO2 decomposition.  Incorporation of an 
intermediate heat transport circuit isolates the CO2 from the 
primary coolant.  However, the intermediate Pb coolant 
must be suitably shielded from neutrons from the core as 
the intermediate coolant flows through the intermediate 
heat exchangers (IHXs), headers, and piping inside of the 
reactor vessel to prevent its activation as well. 


SUPERSTAR incorporates Pb-to-Pb IHXs inside of 
the reactor vessel that cool down the primary Pb coolant as 
it flows outward from the hot pool inside of the cylindrical 
shroud above the core into the cold pool in the annulus 
between the shroud and reactor vessel.  This feature 
enables the reactor vessel to be exposed to only the cold Pb 
inside of the cold pool during normal operation.  
Consequently, the reactor vessel can be fabricated of 
austenitic stainless steel such as Type 316 stainless steel for 
which no corrosion protection measures are needed for 
temperatures below about 425 °C.  It also eliminates heatup 
and cooldown transients and thermal stresses in the portion 
of the reactor vessel that would otherwise be exposed to 
hotter primary coolant during startup and shutdown 
operations.  This feature is a lesson learned from the 
preconceptual design of the ELSY concept in which the 
reactor vessel is only exposed to cold pool Pb as a result of 
the use of innovative spiral-tube steam generators. 


SUPERSTAR incorporates IHXs consisting of Formed 
Plate Heat Exchanger (FPHE, Heatric Divison of Meggitt 
(UK), Ltd.) compact diffusion-bonded heat exchangers.21  
The FPHEs provide a large surface area for interfacial heat 
transfer.  As depicted in Fig. 1, each IHX incorporates eight 
FPHE blocks welded together.  The primary Pb coolant 
flows outward through straight rectilinear channels while 
the intermediate Pb coolant flows inward through straight 
rectilinear channels in a Z configuration entering the 
channels through a nozzle and header on one side of each 
block near the outer radius and exiting the channels through 
a header and nozzle on the other side of the block near the 
inner radius.  Each FPHE thus incorporates what is referred 
to as a Z-I configuration. 


759







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11380 


   


SUPERSTAR incorporates a guard vessel surrounding 
the reactor vessel to retain Pb in the case of postulated 
rupture of the reactor vessel.  The FPHE IHX configuration 
maintains a closed flow path for primary coolant natural 
circulation at partial submergence potentially enabling the 
incremental Pb height above the IHX to be reduced further 
reducing the Pb mass.  The feature is based upon an 
innovation of ELSY in which the spiral-tube steam 
generators similarly maintain a closed Pb flow path at 
partial submergence. 


Four Direct Reactor Auxiliary Cooling System 
(DRACS) heat exchangers (HXs) for emergency decay heat 
removal are installed inside of the annulus.  By locating the 
DRACS HXs inside of the downcomer, they are normally 
immersed inside of the cold Pb exiting the IHXs.  A passive 
means of initiating heat removal through the DRACSs 
when needed is sought rather than a means requiring human 
intervention such as opening louvers on the air reject heat 
exchangers.  One such approach is to design the louvers on 
the air heat exchanger to require electrical power to close 
such that they passively open upon the loss of electrical 
power.  To always maintain a small natural circulation flow 
of the DRACS circuit intermediate coolant, the louvers 
incorporate an orifice that results in a small amount of heat 
rejection to air and natural circulation of the DRACS 
circuit intermediate coolant.  In this case, locating the 
DRACS inside of the cold Pb further reduces the heat 
removed from the Pb coolant during normal operation.  
Optionally, the DRACS circuits could be designed such 
that the louvers are always open and accept a greater loss 
of core power.  A key feature of the DRACS circuits is that 
the DRACS intermediate coolant flow is driven by natural 
circulation.  This imposes a requirement on the design of 
the DRACS HXs and piping to limit the frictional pressure 
drop. 


Given a small diameter reactor vessel and guard vessel 
together with exclusion of CO2 from the containment, it is 
natural to seek a small diameter and small volume steel 
shell containment for SUPERSTAR to reduce the 
containment building costs.  As another potential measure 
to gain regulatory acceptance of the containment, a 
“filtered vent” or “vent” on the containment may be 
incorporated   The containment would have a small 
pressure retention capability.  If it were to be postulated 
that the containment somehow became pressurized above a 
certain level, then the atmosphere inside of the containment 
could be deliberately vented from the containment through 
a passive device in which radionuclides present could be 
trapped to prevent containment failure due to 
overpressurization.  A vessel containing a water pool 
located outside of the containment could be used as a vent.  
Chemicals could be added to the water to enhance 
radionuclide retention.  Displacing a head of water 
downward into the pool for gas to start bubbling upward 


would be a natural pressure difference that would need to 
be overcome to start the venting process. 


The SUPERSTAR reactor and containment can be 
located underground as protection against aircraft crash.  A 
removable berm might also be erected at grade level 
providing additional protection. 


Refueling of SUPERSTAR requires access to the 
containment which requires removal of any berm or soil 
atop the containment structure for an underground 
containment.  Access to the core requires removal of 
control rod drives and control rod drivelines and/or IHXs 
to make room for temporary installation and operation of 
an in-vessel fuel handling machine.                                                                                                                                                                                                                                      


 
IV. CORE PRECONCEPTUAL DESIGN 


 
A preliminary core design utilizing particulate-based 


metallic fuel using plutonium from weapons was developed 
for SUPERSTAR for a 15-year core lifetime assuming a 
capacity factor of 0.9.  The core layout (Fig. 2) 
incorporates four enrichment zones having the 
compositions presented in Table I.   The core is composed 
of square-lattice fuel assemblies some of which incorporate 
control rods (Fig. 3).  Core conditions and dimensions are 
provided in Table II.  
 
 


  
 
Fig. 2. Core Layout Showing Enrichment Zones and Radial 
Reflector (Blue) Together with Axial Configuration. 
 


. TABLE I 


Enrichment Zone Initial Compositions 


Enrichment 
Zone 


Number of 
Fuel 


Assemblies 


Pu 
Fraction, 


wt % 


U 
Fraction, 


wt % 


Zr 
Fraction 


wt % 
A  24 7.01 82.99 10 
B 44 8.20 81.80 10 
C 60 9.81 80.19 10 
D 60 11.97 78.03 10 
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Fig. 3. Layout of Fuel Assembly with Control Rod Inside of 
Square Control Rod Guide Tube (Left) and without Control Rod 
(Right). 


 
. TABLE II 


Core Dimensions and Conditions 


Thermal Power, MWt 300 
Mean Pb Outlet Temperature, °C 480 
Pb Coolant Inlet Temperature, °C 400 
Maximum Coolant Velocity, m/s 1.0 
Peak Cladding Temperature, °C 550 
Fuel Inventory, tonnes 29.94 
Heavy Metal Inventory, tonnes 26.95 
Number of FAs without CRs 160 
Number of FAs with CRs 28 
Number of Shielding Assemblies 68 
Active Core Radius, m 1.32 
Total Core Radius, m 1.519 
Barrel Inner Radius, m 1.519 
Barrel Outer Radius, m 1.544 


Fuel Assembly Conditions 


FA 
without 
Control 


Rod 


FA with 
Control 


Rod 


FA Pitch, cm 16.011 16.011 
Pin Lattice 9×9 9×9 
Number of  Pins per Assembly 81 72 
Pin Pitch, cm 1.779 1.779 
Cladding Outer Diameter, mm 12.7 
Cladding Thickness, mm 1.12 
Fuel Smeared Density 0.75 
Fuel Column Height, m 2.20 
Fission Gas Plenum Height, m 3.30 
Total Pin Height, m 5.50 
Number of Grid Spacer Levels 9 
CR Guide Tube Outer/Inner Width, cm 4.828 / 4.450 
CR Cladding Outer Diameter, mm 40 
CR Cladding Thickness, mm 1.5 
CR Cladding-Pellet Gap, mm  0.26 
B4C Pellet Stack Height, m 2.60 
W-25Re Tube Outer Diameter, mm 36.48 
W-25Re Tube Inner Diameter, mm 18.24 
W-25Re Tube Height, m 7.00 
Shield Assembly Pitch, cm 16.011 
Pb/Steel Volume Fraction 85 / 15 


Over the core lifetime, a burnup reactivity swing of 
343 pcm equivalent to a maximum of 1.09 $ at End-of-Life 
is calculated.  This just slightly exceeds the criterion that 
the burnup reactivity swing should be limited to less than 
one dollar.  Unfortunately, the mean and peak discharge 
burnups are only 55 and 84 MWd/kg Heavy Metal, 
respectively, which is less than previously attained for 
STAR-LM and SSTAR nitride-fueled cores.  It may be that 
a core lifetime of 15 years at a capacity factor of 0.9 is too 
short to achieve a more effective utilization of fissile 
resources.  Additional core design analyses are needed.   
for longer core lifetimes (e.g., 30 years). 


   
V. PRIMARY COOLANT SYSTEM THERMAL 
HYDRAULIC PRECONCEPTUAL DESIGN 


 
The primary coolant system preconceptual design is 


carried out using the same one-dimensional natural 
circulation computer model previously applied to STAR-
LM and SSTAR.  For SUPERSTAR, hot channel factors as 
well as a 15 % overpower margin for both average core and 
hot channel conditions are additionally introduced 
accounting for uncertainties as well as a scram setpoint for 
overpower exceeding nominal power.  The hot channel 
factors are based upon the SFR hot channel factors 
presented by Walter and Reynolds22 but a two-sigma 
confidence level of 97.5 % is assumed for the present 
preconceptual design rather than the original three-sigma 
confidence level of 99.9 %.  Essentially the same hot 
channel factors are assumed with a transformation from 
three-sigma to two-sigma values.  There are significant 
differences between an open square-lattice LFR fuel 
assembly with larger diameter fuel pins incorporating grid 
spacers and a closed hexagonal SFR fuel assembly with 
tightly-packed wire-wrapped small-diameter fuel pins.  
Those differences are not yet reflected in the hot channel 
factors applied to SUPERSTAR.  Identification of more 
realistic hot channel factors for SUPERSTAR is an area 
where detailed three-dimensional calculations using 
advanced modeling and simulation may prove fruitful in 
reducing some of the uncertainties.  


Tables III and IV show primary coolant system as well 
as core average and hot channel conditions, respectively 


 
VI. INTERMEDIATE HEAT TRANSPORT SYSTEM 


THERMAL HYDRAULIC PRECONCEPTUAL DESIGN 
 
SUPERSTAR incorporates an intermediate heat 


transport circuit located between the primary Pb coolant 
and the supercritical CO2 working fluid.  Ideally, Pb is the 
first choice for the intermediate coolant because the 
postulated rupture of the boundary between the primary 
and intermediate coolants would simply introduce Pb into 
the primary coolant.  However, if the primary coolant core 
inlet temperature is 400 °C, then the intermediate coolant 
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inlet temperature to the IHX will be lower (e.g., 380 °C) 
which may not provide sufficient margin above the Pb 
freezing temperature of 327 °C to exclude concerns about 
freezing of the intermediate coolant.   Consequently, the 
use of lead-bismuth eutectic (LBE) for the intermediate 
coolant is also an option; a negative for LBE is that 
postulated rupture of the primary-to-intermediate coolant 
boundary would introduce LBE into the primary Pb coolant 
where the Bi would undergo transmutation reactions 
forming 210Po. 


    
TABLE III 


Primary Coolant System and Core Average Conditions 


Reactor Vessel Outer Diameter, m (ft) 4.57 (15) 
Reactor Vessel Height, m (ft) 22.86 (75) 
Thermal Power, MWt 300 
Active Core Outer Diameter, m 2.492 
Core Height, m  2.321 
Coolant Volume Fraction in Core  0.599 
Fuel Volume Fraction in Core  0.272 
Cladding Volume Fraction in Core 0.129 
Core Flow Area, m2 2.923 
Cladding Inner / Outer Diameter, cm  1.052 / 1.278 
Number of Fuel Pins in Core 15,040 
Average Power per Pin, kW 19.95 
Core Hydraulic Diameter, cm  1.911 
Number of Grid Spacer Levels 9 
IHX–Core Thermal Centers Height 
Difference, m 


15.5 


Pb Coolant Flowrate, kg/s 19,130 
Mean Pb Coolant Velocity, m/s 0.624 
Core Inlet Temperature, °C 400 
Core Mean Outlet Temperature, °C 508 
∆P Core / IHX, MPa 0.0334 / 0.0612 
∆P Primary Circuit, MPa 0.0946 


 
. TABLE IV 


Hot Channel Conditions 


Overpower Margin Above Nominal, % 15 
Pb Coolant Velocity, m/s 0.735 
Pb Velocity Through Grid Spacer, m/s 1.01 
Coolant Outlet Temperature, °C 537 
Peak Coolant Temperature on Cladding 
Outer Surface, °C 


550 


Peak Fuel Temperature, °C 599 
Fuel Temperature Margin to Melting, 
°C 


454 


Peak Pin Power, kW 25.23 
 
The assumed velocity limit of 1 m/s that must be 


observed with HLMCs is significant because it results in 
the need for a larger pipe diameter than suffices for other 


fluids for which higher velocities can be sustained limited 
by erosion of the pipe wall (e.g., 3 m/s).  For example, the 
transport of 50 MWt of power by Pb flowing at 1 m/s and 
undergoing a heatup of 80 °C inside of the IHX requires a 
flow area of 0.434 m2 corresponding to flow through a pipe 
having a diameter of 0.743 m.  The is approximately the 
inner diameter of a 30 inch Schedule 10 pipe for which the 
inner diameter is 0.746 m (29.376 in).  Routing such large 
diameter pipes into and out of the SUPERSTAR reactor 
vessel may be impractical because the reactor vessel is 
constrained to fit inside of an envelope of vessel diameter 
and height enabling trasnsportability by rail. 


It is possible to decrease the pipe diameter by lining 
the pipe with a material resistant to corrosion by HLMC 
and for which greater velocities may be sustained.  Such a 
material is expected to be Ti3SiC2 manufactured by 3-ONE-
2, LLC.23,24  It is stated that it can be pressed, slip cast, and 
injection molded.  It is machinable or can be thermally 
sprayed onto metals to form coatings.  It is described as 
stiff, thermal shock resistant, damage tolerant, tough, and 
fatigue resistant.  Its corrosion resistance has been tested at 
ANL by exposure to Pb with low oxygen potential at 800 
and 650 °C for 1000 hours in a quartz Harp loop.25  No 
evidence of Ti3SiC2 attack by Pb was observed.  It is thus 
assumed that cylindrical liner inserts manufactured from 
Ti3SiC2 are installed inside of intermediate circuit piping 
passing through the reactor vessel upper closure head and 
inside of the reactor vessel. 


For a velocity limit of 3 m/s for HLMC flowing inside 
of the liner, the transport of 50 MWt of power with an 80 
°C temperature rise inside of the IHX requires a flow area 
of 0.145 m2 corresponding to an inner diameter of 0.429 m 
(16.89 in).  This is somewhat below the inner diameter of 
an 18 inch Schedule 10 pipe for which the inner diameter is 
0.4445 m (17.5 in).  Thus, a liner 0.775 cm (0.305 in) thick 
would provide for the required flow area.   


The IHXs consist of FPHE21 blocks welded together to 
form a heat exchanger module with common intermediate 
coolant inlet/outlet headers for all blocks in one module 
(Fig. 4).   The blocks are oriented such that the primary Pb 
flow is horizontal in the radial direction from the inside to 
the outside (i.e., from the shroud towards the reactor 
vessel); the primary Pb flows from the hot pool inside of 
the shroud directly into the channels and is discharged 
directly into the cold pool between the shroud and reactor 
vessel.  This open flow configuration exists over the entire 
height of the heat exchanger.  The intermediate side HLMC 
flow enters the blocks through the inlet headers on the 
sides, flows through the heat exchanger in Z-shaped 
channels horizontally in a direction from the reactor vessel 
towards the shroud, and exits the heat exchanger through 
the outlet headers.  The flows to and from the headers are 
collected in the lined supply and return pipes connecting 
the IHX modules inside the reactor vessel to the rest of the 
intermediate circuit above the reactor vessel.  The flow in 
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the IHX modules is mostly counter-flow with the exception 
of the header regions where the flow is cross-flow.  It is 
desirable to reduce the relative length of the cross-flow 
region.  To reduce the fractional length of the cross flow 
region, the ratio of the block width to its length is 
decreased by dividing each block in half along its length 
and providing two entry and exit ports per heat exchanger 
as shown in Fig. 4.  With this arrangement, the block width 
is reduced in half while the length is conserved.   This 
arrangement could be achieved by fabricating the two 
halves separately and welding them together or by 
arranging the flow paths such that there would be two entry 
and two exit ports for intermediate coolant per plate.  


 


 


Side View Top View (different scale) 


Core 


Core 
Barrel 


Reactor 
Vessel 


IHX 
Modules 


IHX 
Headers 


IHX Supply 
and Return 


Pipes 
Reflector 


 
  
Fig. 4.  Schematic Illustration of Modular FPHE IHXs 


(Eight are Depicted versus Six in the 300 MWt Preconceptual 
Design). 


 
An analysis of the assumed IHX configuration is 


carried out using the Printed Circuit Heat ExchangerTM 
(PCHETM) model previously developed at ANL26 adapted 
to the FPHE configuration.  The channels are assumed to 
be straight (no zigzag) on both sides.  The model is used in 
a mode in which the required size of the heat exchanger is 
calculated.  The specified flow parameters on the primary 
side (inlet and outlet temperatures and flow rate) define the 
required heat duty.  That heat duty is matched in the 
calculations by iterative variation of the heat exchanger 
height which is also equivalent of changing the number of 
diffusion-bonded plates. The results of the IHX design 


calculations are presented in Table V.  The calculated 
pressure drops and flow velocities are small enough on 
both sides not to present a concern (The pressure drops do 
not include the headers and the channel entry/exit losses). 
The overall size of the IHX fits into the available space 
between the cylindrical shroud and the reactor vessel. 


 
. TABLE V 


 IHX FPHE Preconceptual Design 


 
Dimensions and Conditions Hot Side Cold Side 


Fluid Pb Pb 
Heat Duty per Half IHX, 
MWt 


25 
 


Number of Blocks  11 
IHX Height, m 6.6 
Inlet / Outlet Temperature, °C  480 / 400 380 / 459.8 
Channel Width, mm 5.0 5.0 
Channel Depth, mm 5.0 5.0 
Base Plate Thickness, mm 1.0 1.0 
Fin Thickness, mm 0.5 0.5 
Base Plate and Fin Material T91 
Plate Length, m 0.7 
Plate Width, m 0.3 
Block Height, m 0.6 
Number of Plates per Block 45 45 
Number of Channels per Plate 44 44 
Hydraulic Diameter, mm 5.0 5.0 
Mean Flow Velocity, m/s 0.367 0.366 
Flowrate, kg/s 2,193 2,193 
Pressure Drop, MPa 0.319 0.324 


 
Lead coolant natural circulation is an essential feature 


of SUPERSTAR.  An investigation has been carried out to 
explore the viability of also incorporating intermediate 
coolant natural circulation heat transport consideration of 
which is made possible by the low intermediate coolant 
pressure drops achievable with the utilization of compact 
diffusion-bonded heat exchangers in the IHX and 
intermediate coolant-to-CO2 heat exchanger.  The 
intermediate circuit configuration shown in Fig. 5 is 
assumed; the intermediate circuit is actually several 
independent intermediate circuits each one serving its own 
IHX located inside of the reactor vessel and its own Pb-to-
CO2 heat exchanger located at a higher elevation and 
surrounding the reactor cavity inside of the reactor 
building.  The upper containment boundary is assumed 
located above the reactor vessel upper closure head.  The 
vertical intermediate circuit pipes pass through the 
containment boundary.  Thus, there are horizontal piping 
segments connected to the HLMC-to-CO2 heat exchanger. 


The pipes are assumed to have an inner diameter of 
0.746 m appropriate for heat transport of 50 MWt by Pb 
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with a velocity of 1 m/s and a temperature rise of 80 °C 
inside of the IHX.  The HLMC-to-CO2 heat exchanger is 
assumed to have the same intermediate circuit thermal 
hydraulic performance as the IHX.  Frictional pressure 
drops are calculated for the two heat exchangers, the 
piping, as well as four ninety-degree elbow bends.  The 
horizontal length of the upper horizontal piping segment is 
assumed to be 5 m.  The vertical segments above the 
HLMC-to-CO2 heat exchanger are assumed to be 1 m high.  
As discussed above, the piping penetrating the upper 
closure head and inside of the reactor vessel will actually 
be of smaller diameter due to the incorporation of Ti3SiC2 
liners enabling higher Pb velocities significantly in excess 
of 1 m/s.  The smaller diameter segments will result in a 
somewhat higher pressure drop; this effect is neglected in 
the present analysis due to the significantly shorter lengths 
of these segments.  The total frictional pressure drop is set 
equal to the net driving head due to the density difference 
between the colder and hotter portions of the circuit.  The 
resulting equation is solved for the velocity in the pipes 
which is related to and greater than the velocity through the 
IHX and the HLMC-to-CO2 heat exchanger. 


Figures 6 and 7 show the Pb velocity in the piping and 
the power transported by the intermediate circuit, 
respectively, versus the height difference between the 
thermal centers of the Pb-to-CO2 heat exchanger and the 
IHX.  The 1 m/s limiting velocity is attained for a thermal 
centers height difference of 30 m (98.4 feet).  The 
corresponding power transported at this height difference is 
53 MWt.  This calculated height difference between the 
thermal centers of 30 m (98.4 feet) is not excessively larger 
than the 23 m (75 feet) height transportability limitation on 
the reactor vessel and guard vessel.  Thus, natural 
circulation heat transport is viable for each independent 
intermediate circuit having a nominal heat transport 
capability of 50 MWt.   


 
VII. SUMMARY 


 
SUPESTAR, an improved STAR natural circulation 


LFR preconceptual design, is under development 
integrating the lessons learned, innovations, and best 
features from earlier STAR natural circulation concepts as 
well as the ELSY forced flow concept.  Key new features 
have been shown to be viable including a long lifetime 
fissile self-sufficient converter core incorporating 
particulate-based metallic fuel, low pressure drop 
Intermediate Heat Exchangers incorporating compact 
diffusion-bonded Formed Plate Heat Exchanger technology 
exposing the reactor vessel to only cold Pb coolant, and a 
natural circulation HLMC intermediate heat transport 
system. 


 
 


 


 
 


Fig. 5. Assumed Configuration for Natural Circulation Analysis 
 


 


 
Fig. 6. Lead Velocity in Intermediate Circuit Pipes per IHX 
versus Height Difference Between Thermal Centers. 
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Fig. 7 Power Transported in Intermediate Circuit per IHX versus 
Height Difference Between Thermal Centers. 
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Abstract – After improvement of computational code for resolving GAIs, it became obvious sign 
and magnitude of power coefficient of CANDU reactors had changed. Accordingly, checking 
power coefficient by using up-to-date computational code became more necessary and how to 
manage the change of power coefficient became more important. Thus as a groundwork of study 
on power coefficient, envelopes of channel power and bundle power considering aging effect are 
obtained from sensitivity analysis on 9 aging element by using RELAP-CANDU/SCAN to ascertain 
about IAEA GSI AA2 and GAI 95G03 in Korean PHWR. The aging elements were considered as 
uncertainty factors in this study. And effect of flow rate on power coefficient is qualitatively 
analyzed, because aging lead to alteration of flow rate. These results will be used to analyze 
uncertainty of power coefficient and could contribute to achieve closure of GAI 95G03 and GSI 
AA2 partially.  


 
 
 
 


I. INTRODUCTION 
 
In the process of resolving GAI 95G03(Compliance 


with Bundle and Channel Power Limits) and 01G01(Fuel 
Management and Surveillance Software Upgrade), 
Canadian nuclear industry and its regulators upgraded their 
software like reactor physics code to a level of at least 
similar to the Industry Standard Toolset (IST). As results, it 
had become obvious that power coefficient of reactivity of 
CANDU reactors have large uncertainty.1 Therefore 
analysis by using up-to-date computational code should be 
carried out to confirm change of power coefficient. And 
then additional analysis like how to manage the change of 
power coefficient must be performed to ensure reactor 
safety. 


In the case of ROK, there are many studies about 
applying up-to-date computational code like WIMS-IST, 
DRAGON and RFSP-IST to analyze safety of Korean 
PWHR reactors. However there are few studies about 
application of RELAP-CANDU/SCAN which developed 
as a regulation code for independent analysis. 


Therefore in this study, compliance with bundle and 
channel power considering aging element is verified using 
RELAP-CANDU/SCAN. Through this, effect of aging on 
power could be checked and uncertainty range cased by 
aging could be checked. And then effect of flow rate 
change on power coefficient has been analyzed roughly as 
groundwork of study on power coefficient. 
 
 
 


II. BACKGROUND AND PREREQUISITE 
 


II.A. GSI AA2 and GAI 95G03 
 


GAI 95G03 and GSI AA2 derived from CNSC and 
IAEA respectively and those contains the issue, 
“Compliance with Bundle and Channel Power Limits” 
commonly. Generally, the limiting values for bundle and 
channel powers are specified in the Operating License for 
each station. Licensees must ensure compliance with these 
limits by following operation procedures, which are based 
on analyses. However analysis method for the channel and 
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bundle power is associated with errors in their calculations 
and these errors are not well-defined. If larger allowance 
for uncertainties were needed, channel and bundle power 
may become more limiting than bulk power.2,3 Various 
concerns about consistency and accuracy of compliance 
analysis and procedures has been expressed in CNSC and 
IAEA review. To achieve closure of GAI 95G03 and GSI 
AA2, additional analysis listed below should be 
performed.2, 3 


 


- Establishment of operating bundle and channel 
power envelops  


- Assessment and validation of errors in power 
measurements, power calculation methodologies 
and computer code  


 
Various countries make attempts to solve this generic 


safety issue. Argentina carries out the project about 
accident analysis which contains plant data preparation, 
input data preparation, cross checking procedures, input 
check preparation. In the case of Canada, licensees had 
been required to complete their related code validation 
program and perform additional analyses to address the 
identified issues related to methodology, models and 
computer codes.2,3 And then GAI 01G01 (Fuel 
Management and Surveillance Software Upgrade) raised as 
a follow-up to the closure of GAI 95G03. To close GAI 
01G01, computational code used in analysis on operating 
nuclear power plant should be upgraded as a level of 
Industry Standard Toolset (IST) by Canadian Licensees.4 


In the case of ROK, this issue is under review by KINS.2 
About this safety issue, KAERI stated that errors related to 
methodology used for obtaining bundle and channel power 
must be defined and validity of its allowance must be 
reviewed. KEPCO also mentioned that it is very important 
to make sure that maximum bundle and channel power 
considered every uncertainty does not exceed its limits. 
Introducing the latest technology from Canada has been 
pushed ahead by KEPCO. Other institutes have been trying 
to establish methodologies for data collection and analysis 
and performing various R&D programs to achieve 
technical independence from Canada.5 
 
 


II.B. Aging Element as Uncertainty Factors 
 


To analyze reactor safety in this uncertain situation, 
uncertainty factors should be identified. Thus in this paper, 
aging elements are considered as main uncertainty factors.  


Ageing on main heat transfer systems, as shown in 
Fig 1, causes phenomena such as creep and sagging of the 
pressure tube, corrosion and erosion, magnetite deposition, 
and degradation of various equipment including pumps. 
These ageing phenomena also bring about change in 
thermal hydraulic variables such as roughness, loss 


coefficient, flow channel area, thermal hydraulic diameter, 
fuel channel volume, and rated flow rate/head of the pump 
and so on. In addition, changes in thermal hydraulic 
variables eventually lead to a partial decrease in the flow 
rate, change in pressure/temperature in the primary system, 
and pressure dropping. As a result, thermal hydraulic 
conditions are changed. PCT and the safety margin during 
an accident are also affected in the end.  
 


 
Fig 1. Thermal-Hydraulic Effects due to Ageing 


 
 


Accordingly, thermal hydraulic factors affecting 
main safety variables due to ageing were selected as the 
ageing elements.  


The inlet & outlet feeder and end fitting, roughness 
due to effects such as magnetite deposition and corrosion 
gradually increase with the progression of ageing. In 
addition, the loss coefficient for the fuel channel changes 
due to sagging/bending of the pressure pipe and 
degradation of the orifice. Also roughness, hydraulic 
diameter, flow area, and volume within the pressure pipe 
are altered due to magnetite precipitation, corrosion, 
erosion, and so on. Roughness and hydraulic diameter 
within the steam generator also change for the same 
reasons. And the change in the rated flow rate and pump 
head according to the degradation of pumps must also be 
considered as important ageing elements in thermal 
hydraulic analysis. 


The final ageing elements selected are presented in 
Table 1.  


The variation of each ageing element affects the 
friction factor (fuel roughness, SG roughness), loss 
coefficient (fuel loss coefficient), hydraulic diameter (fuel 
channel hydraulic diameter, S/G hydraulic diameter, flow 
channel area), and flow (pump rated flow, pump head, flow 
area). According to previous study, these variations cause a 
decrease in the channel flow, a decrease in the pressure 
drop, and a change of heat transfer coefficient on a steady 
state due to an increase in the channel hydraulic friction. 


2063







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11107 


   


For instance, effect of aging element (fuel channel 
roughness) on the mass flow rate is shown in Fig 2.6  
 


TABLE I  


Identified Aging Components and Elements 


Component Ageing element Ageing Mechanism 


Fuel channel 


Roughness 
Corrosion 


(magnetite  precipitation)


Loss Coefficient 
Pressure Tube 


Creep & Sagging 


Hydraulic Diameter 
Pressure Tube Creep & 


Sagging / Corrosion 


Flow Area 
Pressure Tube 


Creep & Sagging 


Pump 
Pump Head Degradation 


Pump Rated Flow Degradation 


Steam 
Generator 


roughness 
Corrosion 


(magnetite precipitation) 


hydraulic diameter 
Corrosion 


(magnetite precipitation) 
S/G divider plates 


leakage area 
Degradation 
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Fig 2. Sensitivity Study of fuel channel roughness (Ex) 
– The behavior of primary flow rate during steady state 


 
 
 


II.C. Computational Code used in Sensitivity Analysis 
 


Computational code system used in sensitivity 
analysis of channel and bundle power on aging elements is 
represented in Fig 3.  


In this study, WIMS-ACEL and DRAGON are used to 
generate two group cross section, micro cross section for 
the fission products such as xenon and samarium and 
incremental cross section of various control devices.  


On the other hand, SCAN (SNU CANDU-PHWR 
Neutronics) is used to calculate reactor physics. The main 
feature of SCAN is implementation of automatic 
nodalization scheme suitable for finite difference solution 
to the three dimensional full two energy group neutron 
model which enables one to make flexible division of the 
reactor core into appropriate finer coarse-mesh structure. 


The accelerated iterative schemes which are currently used 
to improve efficiency are adopted in SCAN. Thus, SCAN 
code is quite accurate similar with up-to-date RFSP code. 
Especially, it is apprised that difference between RFSP (2g) 
and SCAN (2g) is less than 0.5%.7 


Therefore it might be expected that results from this 
computational code is reliable.  


 
 


 
 


Fig 3. Computational Code System  
used in sensitivity analysis 


 
 
 


 
III. DATA AND RESULTS 


 
III.A. Sensitivity Analysis and Safety Limits 


 
To verify compliance with bundle and channel power, 


firstly, sensitivity analysis, such as Fig 4 and 5, on steady 
state considering aging as uncertainty factor is performed.  
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Fig 4. Channel Power Sensitivity Analysis Considering 


Ageing #6 (Pump Rated Flow) 
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Fig 5. Bundle Power Sensitivity Analysis Considering 


Ageing #6 (Pump Rated Flow) 
 
 


Secondly, from these sensitivity analyses, envelopes of 
maximum channel and bundle power are obtained. And 
then these envelopes and safety limits are compared. The 
safety limits of channel and bundle power are listed 
below.8 


 


- Safety limit of channel power: 7300kW 


- Safety limit of bundle power: 935kW 
 
 
III.B. Envelopes of Maximum Channel and Bundle Power 


reflecting Aging Effect   
 


The envelopes of maximum channel power and bundle 
power obtained from sensitivity analysis are shown in Fig 
6~14. Through these figures, it is ascertained that every 
envelope does not exceed its limits and there are much 
safety margin between maximum channel and bundle 
power and the safety limits.  
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Fig 6. Envelopes of Channel/Bundle Power Considering 


Ageing Element 1 (Fuel Channel Roughness) 
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Fig 7. Envelopes of Channel/Bundle Power Considering 


Ageing Element 2 (Fuel Channel Loss Coefficient) 
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Fig 8. Envelopes of Channel/Bundle Power Considering 


Ageing Element 3 (Fuel Channel Hydraulic Diameter) 
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Fig 9. Envelopes of Channel/Bundle Power Considering 


Ageing Element 4 (Fuel Channel Flow Area and Node Volume) 
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Fig 10. Envelopes of Channel/Bundle Power Considering 
Ageing Element 5 (Pump Head) 


 
 


0.80 0.82 0.84 0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00


6986


6988


6990


6992


6994


6996


6998


7000


7002


7004
Pump Rated Flow


 Max. Channel Power
 Max. Bundle Power


n times


M
a


xi
m


um
 C


ha
nn


el
 P


o
w


er
 [k


W
]


751.5


752.0


752.5


753.0


753.5


754.0


754.5


755.0


755.5


756.0


756.5


757.0


757.5


M
a


xim
um


 B
undle P


o
w


er [kW
]


Fig 11. Envelopes of Channel/Bundle Power Considering 
Ageing Element 6 (Pump Rated Flow) 
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Fig 12. Envelopes of Channel/Bundle Power Considering 
Ageing Element 7 (SG Roughness) 
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Fig 13. Envelopes of Channel/Bundle Power Considering 
Ageing Element 8 (SG Hydraulic Diameter) 


 
 


0 5 10 15 20 25 30 35 40 45 50
6998


6999


7000


7001


7002


7003


7004


7005


7006


7007


7008
SG Divider Plates Leakage Area


 Max. Channel Power
 Max. Bundle Power


n times


M
a


xi
m


um
 C


ha
nn


el
 P


o
w


er
 [k


W
]


755.0


755.2


755.4


755.6


755.8


756.0


756.2


756.4


756.6


756.8


757.0


M
a


xim
um


 B
undle P


o
w


er [kW
]


Fig 14. Envelopes of Channel/Bundle Power Considering 
Ageing Element 9 (SG Divider Plates Leakage Area) 


 
 


Tendency of channel power and bundle power could 
be ascertained through Fig 6~14. If aging were progressed 
in fuel channel, maximum channel power would be 
increased. These results are come from decrease of actual 
flow caused increase of hydraulic resistance and decrease 
of flow area. But decline of pump rated flow caused by 
aging results decrease of maximum channel power. These 
might be affected by computational code and design. 
According to design criteria, flow rate is determined as 
power distribution. If some channel generated higher 
power, flow rate of these channels has to be higher than 
those of other low power channel. Effect of the other aging 
element on maximum channel power is minor.  


Meanwhile, progression of aging causes decrease of 
maximum bundle power. In this study, sensitivity analyses 
are implemented by obtaining new steady sate. Therefore 
total reactor power is fixed. As a result, maximum bundle 
power decreased to meet the total power. To ascertain 
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effect of aging element on bundle power, further works are 
needed.   


On the other hands, results in Fig 6~14 are briefly 
expressed in Table 2~3. The influence represents effect of 
aging element on maximum channel/bundle power and 
these are obtained from the difference of maximum values 
depending on 10% alteration of aging element. The 
reference value of maximum channel power and maximum 
bundle power is listed below. 


 
- Reference maximum channel power: 7000.30 kW 
- Reference maximum bundle power: 756.92 kW 


 
 


TABLE Ⅱ  


Identified Aging Components and Elements 


Aging Element n-times 
Maximum Channel 


Power [kW] 
Influence 


[%] 
Fuel Channel 
Roughness 


2 7006.76 0.00924 


Fuel Channel  
Loss Coefficient 


2 7009.83 0.01362 


Fuel Channel  
Hydraulic Diameter 


0.8 7008.27 0.05699 


Fuel Channel  
Flow Area 


0.9 7011.48 0.15983 


Pump Head 0.9 7000.90 0.00864 
Pump Rated Flow 0.8 6988.20 0.08637 


SG Roughness 10 7001.08 0.00012 
SG Hydraulic 


Diameter 
0.6 7000.36 0.00023 


SG Divider Plates 
Leakage Area 


50 6998.69 0.00005 


 
 
 


TABLE Ⅲ  


Identified Aging Components and Elements 


Aging Element n-times 
Maximum Bundle 


Power [kW] 
Influence 


[%] 
Fuel Channel 
Roughness 


2 755.74 0.01556 


Fuel Channel  
Loss Coefficient 


2 755.20 0.02270 


Fuel Channel  
Hydraulic Diameter 


0.8 755.31 0.10627 


Fuel Channel  
Flow Area 


0.9 755.61 0.17264 


Pump Head 0.9 754.15 0.36578 
Pump Rated Flow 0.8 752.00 0.32447 


SG Roughness 10 754.53 0.00351 
SG Hydraulic 


Diameter 
0.6 754.04 0.09513 


SG Divider Plates 
Leakage Area 


50 755.20 0.00046 


 
 
 
 


Through table 2 and 3, maximum channel power 
affected by fuel channel hydraulic diameter and pump 
rated flow dominantly and maximum bundle power 
affected by pump head, pump rated flow, fuel channel flow 
area and fuel channel hydraulic diameter dominantly.  


 
 


III.C. Effect of aging on power coefficient 
 


Power coefficient of nuclear reactor is important 
physics parameter governing the reactor safety. If reactor 
power changes, core temperature can be changed resulting 
change of reactivity. This causes change of reactor power. 
Generally, power coefficient mainly affected by fuel and 
coolant temperature changes. Eq. (1) represents power 
coefficient.9  
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When some aging factor makes power change large, 
those aging factors might be considered as dominant 
uncertainty factors. Through the table 2 and 3, it can be 
possible to determine dominant aging factors which affect 
large uncertainty to power coefficient. At this 
determination process, maximum channel power is 
considered more important than maximum bundle power, 
because maximum bundle power could be adjusted to meet 
total reactor power 2111.5MWth automatically. Therefore 
maximum channel power is considered more suitable to 
understanding effect of aging element on power coefficient.  


Through table 2 and 3, dominant affecting aging 
factor became clear. First dominant factor is fuel channel 
loss coefficient. If pump head change 10% of reference 
value, maximum bundle power will change 0.15983%. 
Second factor is pump rated flow. If pump rated flow 
changes 10% of reference value, maximum bundle power 
will change 0.08637%. Third factor is fuel channel 
hydraulic diameter. If fuel channel hydraulic diameter 
changes 10% of reference value, maximum bundle power 
will change 0.05699%.  


These all aging factor is deeply related channel flow 
rate. It is obvious that if fuel channel flow area is decreased, 
flow rate would be decreased. And decrease of pump rated 
flow cause decrease of flow rate. Increase of fuel channel 
roughness makes hydraulic resistance higher and this 
incline affect channel flow rate. Thus changing of aging 
element could be considered as change of flow rate.  


Especially, progress of aging cause local uncertainty 
on power, because each aging element affects power 
distribution, maximum channel and bundle power. And 
then alteration of local power cause unexpected change of 
local power. Thus change of flow rate caused by aging 
could be considered as an important local uncertainty 
factor on power coefficient. 


2067







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11107 


   


IV. CONCLUSIONS 
 


In this study, envelopes of channel power and bundle 
power considering aging effect are obtained from 
sensitivity analysis on 9 aging element to ascertain IAEA 
GSI AA2 and GAI 95G03 in Korean PHWR. In this 
process, every envelope about 9 aging element did not 
exceed safety limits. Namely compliance of channel and 
bundle power is verified in every case reflecting aging 
effect. And dominant aging factor is qualitatively 
determined by using sensitivity analysis and considering 
effect of flow rate. These results would be used to analyze 
uncertainty of power coefficient and could contribute to 
achieve closure of GAI 95G03 and GSI AA2 partially. To 
close the GAI 95G03 and GSI AA2, however, allowances 
and level of confidence should be determined and 
validation program of computer code is needed 
additionally. And sensitivity analyses of power coefficient 
considering effect of flow rate are needed as a further study. 


.  
 


NOMENCLATURE 
 
PHWR: Pressurized Heavy Water Reactor 
SG: Steam Generator 
GAI: Generic Action Item 
GSI: Generic Safety Issue  
CNSC: Canadian Nuclear Safety Commission 
IAEA: International Atomic Energy Agency 
KINS: Korea Institute of Nuclear Safety 
KAERI: Korea Atomic Energy Research Institute 
KEPCO: Korea Electric Power Corporation 
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Abstract – Currently, a process which has increased efforts in research and development for 
hydrogen production is the Sulphur-Iodine (SI) thermochemical cycle. This is because, 
theoretically, it has proven to be one of the most efficient. One way to obtain the required 
temperature ranges, that this process requires (850 - 900 °C), is through the use of helium 
obtained from Very High Temperature Reactors (VHTR). The coupling of a nuclear power plant to 
a chemical plant poses new safety issues that must be analyzed. Since the standards of the 
chemical industry are less restrictive than the nuclear ones, it is important to perform analyses 
related to the toxicity, flammability, corrosivity, etc. of the hazardous materials used in the SI 
thermochemical cycle, in order to design and implement safety measures to protect the facilities, 
the environment and the population. These safety measures include: emergency response plans, a 
minimum distance between the nuclear and the chemical plants, exclusion zones, etc. In order to 
determine the possible areas affected due to the release of toxic materials (acids, sulfides, etc.), or 
combustion (hydrogen), and even the release of a large amount of energy from a helium leak at 
very high temperature, simulations were performed with the Phast computer program. In 
particular, in this work, sulphuric acid, hydrogen, iodine, helium and sulphur dioxide were 
studied. The operating conditions of the SI hydrogen production plant were taken from a 
combination of the General Atomics preliminary design, and the conditions of the optimized 
design of the Korea Advanced Institute of Science & Technology; considering a production of 1 
kmol/s of hydrogen. The environmental conditions taken into account in the simulations were: 
average temperature 26 ºC, relative humidity 79%, and climate pairs: 1.5 m/s - F, 2 m/s - D, 5 m/s 
- D and 1.5 m/s - A. The simulated leak diameters were 1 and 40 inches. The results show that, 
without considering hydrogen storage, the worst effects regarding the hydrogen explosion are due 
to an overpressure wave of 0.02 bar, that does not go beyond a radius of 0.5 km. Concerning toxic 
materials leaks, the iodine cloud reaches a greater distance than the other substances. For this 
reason the results of iodine dispersion could be used to determine an exclusion zone for the 
chemical plant,  similar to what is used in the nuclear power plant regulation.  


 
 


I. INTRODUCTION 
 
Currently, hydrogen is used extensively as a chemical 


feedstock, e.g., in fertilizer production and petrochemical 
processes, and this use is increasing. Hydrogen demand as 
an energy alternative is expected to rise dramatically over 
the next few decades.  


The use of high temperature heat from nuclear plant to 
thermochemical water-splitting cycles (TWSC) for 
hydrogen  production has been studied1-3. For instance, 


Nazim Z. and T. Nejat4 have pointed out that the 
combination of TWSC and high temperature nuclear 
reactors (e.g., VHTR) would provide another route to 
hydrogen production with high efficiencies ranging from 
40 to 60%, depending on the cycle and the nuclear reactor 
temperature. Several hundred TWSCs have been screened 
over the past three decades, while few candidate cycles 
have been selected for further technological and techno-
economical evaluation; among them: General Atomics’  
(GA) sulfur–iodine (SI) cycle, Ca–Br (or UT-3) cycle 
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(University of Tokyo), hybrid sulfur cycle (Westinghouse), 
and hybrid Cu–Cl cycle (Argonne National Laboratory, 
USA). SI cycle, which is by far the most researched 
TWSC, consists of the following three main reactions 
reported by GA5: 


 
2H2O + SO2 + I2→ H2SO4 + 2HI   ~120ºC (Bunsen)  (1) 


 
H2SO4→ H2O+SO2+ ½O2 ~830-900ºC (SA)            (2) 


 
2 HI → H2 + I2    ~300-450ºC  (HIx)                        (3) 


 
As shown in the above equations, most of the 


substances involved in the SI thermochemical cycle are 
considered hazardous ones. Therefore, besides hydrogen 
release, a safety evaluation regarding the accidental release 
of the aforementioned substances is required. 


Since the standards of the chemical industry are less 
restrictive than the nuclear ones, it is important to perform 
analyses related to the toxicity, flammability, corrosivity, 
etc. of the hazardous materials used in the SI 
thermochemical cycle, in order to design and implement 
safety measures to protect the facilities, the environment 
and the population. These safety measures can include: 
emergency response plans, the minimum distance required 
between the nuclear and the chemical plants, exclusion 
zones, etc. In order to determine the possible areas affected 
due to the release of toxic materials (acids, sulfides, etc.), 
or combustion (hydrogen), and even the release of a large 
amount of energy through the leak of helium at very high 
temperature, simulations were performed with the Phast 
6.1 computer program6. In particular, in this work, 
sulphuric acid, hydrogen, iodine, helium and sulphur 
dioxide were studied.  


Although helium is not classified as a hazardous 
substance, it is worth mentioning that it was studied due to 
the fact that it not only displaces oxygen, but also flows at 
high temperatures. 


 
II. PROCESS CONDITIONS AND SIMULATION 


DATA 
 
New technologies for hydrogen production require an 


evaluation of safety issues, which is based on  suitable 
approaches. 


Phast6 is a software that not only gathers different 
comprehensive models, but also allows for the study of an 
accidental sequence, from the release to the explosion 
and/or toxic dispersion of a chemical. The consequences 
modelling package of Phast involves the progress of a 
potential incident from the initial release (discharge model) 
to far-field dispersion including the modelling of rainout 
and subsequent vaporisation to energy release from fire or 
explosion (flammable materials).  


The discharge model in an orifice can conceptually be 
considered in two stages: firstly, expansion from the initial 
storage conditions to the conditions in the orifice, followed 
by an expansion to ambient pressure outside the orifice, if 
the flow is choked. The Phast expansion model is assumed 
to be reversible and adiabatic, that is isentropic. Therefore, 
the mass flow rate through the orifice at pressure Po is  
given by equation (4), and the final temperature and 
velocity are calculated by energy and momentum balances, 
respectively. 


 


             (4) 
 


Where Cd is the discharge coefficient, Ao is the area of 
the orifice, ρo is the density of the material in the orifice 
and the remaining term represents the velocity of the 
material flowing through the orifice. 


The Unified Dispersion Model (UDM) used in Phast 
is formulated as an integral model. A set of differential 
equations is integrated to give the key variables describing 
the dispersing cloud as a function of distance or time. The 
same differential equations apply throughout all phases of 
the dispersion (e.g. jet, dense, passive). The former model 
adopts different sub-models for each subsequent phase for 
a pressurised continuous release: 1) near-field jet model 
with uniform concentration profile, 2) Gaussian jet model 
3) hybrid model [uniform profile, slumping], 4) dense-gas 
ground-level dispersion [uniform], 5) far-field Gaussian 
passive dispersion. The new UDM model eliminates the 
problems associated with the interfacing of each of the 
models and the discontinuities between them. 


The UDM also includes the effects of droplet 
vaporisation using a more realistic non-equilibrium model. 
Rainout produces a pool which spreads and vaporises. 
Vapour is added back into the cloud and allowance is 
made for this additional vapour flow to vary with time. In 
addition to the non-equilibrium droplet thermodynamics 
model, UDM also allows for an equilibrium model. 


The thermodynamics model is invoked while 
incrementally solving the dispersion equations in the 
downwind direction. In case of the non-equilibrium model, 
input data supplied by the dispersion model include the 
liquid component mass and the liquid component (droplet) 
or temperature. After each incremental step, UDM uses the 
thermodynamic model to calculate the cloud temperature, 
the cloud density, and the cloud volume (instantaneous) or 
cloud volumetric flow rate (continuous). 


The radiation model first determines the shape of the 
flame depending on the type: pool fire, jet fire or BLEVE. 
The flame shape of the pool fire is a function of the pool 
dimensions (depth and radius). The jet flame shapes 
resulting from the API Jet Fire and the Shell Jet Fire 
models are both stored as sets of circular disks. The 
BLEVE model assumes that the flame is a sphere. 
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Subsequently, it determines the effective view factor, this 
is defined as the proportion of radiation emitted by a flame 
surface and received by a set point. This factor is a funtion 
of the angle between the vector d from a point on the flame 
surface to the observer and the normal vector to the fire 
surface plane, the angle between d and the normal vector 
to the observer plane, and the atmospheric transmissivity. 
Finally, the incident radiation level is calculated as a 
function of the view factor at the flame surface, which is 
obtained by combining analytical and numerical methods. 


The program has three methods for calculating the 
effects of explosions: 1) the TNT method, it is the simplest, 
2) the Multi-Energy method, it is the most complex and 
requires most data about the surroundings, and 3) the 
Baker Strehlow method, it is more sophisticated than the 
TNT method but requires less detailed data than the Multi-
Energy method. However, the last two methods should not 
be used for in-building releases. 


Phast is useful because it does not require a lot of 
input data nor long calculation times, which is compatible 
with the requirements for studies on risk and safety, 
therefore these models are widely used in industrial risk 
analysis. 


The simulations should be based on process conditions 
(pressure, temperature, flowrates), atmospheric conditions 
— representative of the area where the chemical plant will 
be installed — and the proposed leak diameters.  


 
II.A. Process Conditions of the SI Thermochemical 


Cycle 
 
The SI thermochemical cycle was developed by 


General Atomics Corp. in the 1980s. Despite its high 
viability, when compared to other options, several 
technical improvements are still needed before it can  
contribute to massive hydrogen production.  


The operating conditions of the Bunsen reaction 
process were optimized to yield an over-azeotropic HI 
liquid solution, Lee B. J. et  al7,8  developed a flowsheet of 
the SI thermochemical cycle that can generate highly 
concentrated HI gas through the flash of over-azeotropic 
HI solution. Operating temperature and pressure for HI 
enrichment do not need to be increased as high as those for 
existing methods such as a cycle featuring reactive 
distillation columns; the operating conditions become less 
corrosive as a result. Enrichment of HI through L–L 
separation and flash is a simple and efficient method. 


Therefore, this study was based on the optimal 
operating conditions reported in the Lee B. J. et al 
studies7,8. The flowrates  were normalized for the 
production of one kg-mole per second of  hydrogen.  A 
schematic of the proposed flowsheet by Lee B.J. et al is 
shown in Fig. 1. The stoichiometric relationships and 
operating conditions used in this work are shown in Eqs. 
(5)–(7). 


 
(1 + 4) I2 + SO2 + (2 + 11) H2O → [H2SO4 + 5 H2O] 


    + [2HI + 4 I2 + 6H2O]      (120ºC, 5 bar)              (5) 
 
H2SO4 + 5 H2O →  SO2 + 6H2O + ½O2    


                                          (827ºC, 7 bar)              (6) 
 
2HI + 4 I2 + 6H2O → 5I2 + 6H2O + H2     


                                          (280ºC, 5 bar)              (7) 
 


It is worth mentioning that the consequence analysis 
for hydrogen storage was not studied. 


 
II.B. Supplementary Simulation Data 
 
The atmospheric conditions, considered by this study, 


were those representative of the Gulf of Mexico: average 
temperature 26 ºC and relative humidity 79%.  Three 
atmospheric stability classes were also considered: the very 
unstable class A, the neutral class D and the very stable 
class F. These stability classes were modeled at different 
wind velocities, forming the following climate pairs: 1.5 
m/s - F, 2 m/s - D, 5 m/s - D and 1.5 m/s – A. 


Simulations were made considering a leak diameter 
of 2.54 cm (1 inch) for toxic material and 101.6 cm (40 
inch, catastrophic rupture) for hydrogen and helium 
releases. 


The inventory of material to discharge was based on a 
material flowrate with a release time of 10 minutes. 


 
III. RESULTS 


 
In this section we present the main results of the 


simulations, focused on those affecting the largest areas. 
 
III.A. Hydrogen 
 
Phast allows defining three values of magnitude 


(toxicity, radiation intensity, overpressure) which are 
required to determine the distance  involvement. For this 
study, the results reported for hydrogen combustion or 
explosion were selected based on the associated effects. 
They are shown in Tables I and II. The complete tables are 
reported in Kent and Riegel's Handbook9. 


The summary of results from hydrogen simulations 
are shown in Table III. The specific input data for this 
simulation were; discharge pressure (gauge): 5 bar, 
discharge temperature: 50ºC, inventory of material to 
discharge: 7258 kg,  location: elevation 1 m, hole diameter: 
101.6 cm, dispersion concentration of interest: 4E4 ppm, 
outdoor release direction: down - impinging on the ground. 


 
 


 


403







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11184 


   


Fig. 1. Simplified schematic diagram of the flowsheet8 
 


 
TABLE I 


Effects of Thermal Radiation9 


Radiation 
intensity (kW/m2) 


Observed effect 


4 Sufficient to cause pain to personnel if 
unable to reach cover within 20 seconds; 
however, blistering of the skin (second 


degree burns) is likely; 0% lethality 
12.5 Minimum energy requiered for piloted 


ignition of wood, melting of plastic tubing. 
37.5 Sufficient to cause damage to process 


equipment 
 
 


TABLE II 


Effects of Explosion Overpressure on Structures9 


Pressure (bar) Damage 
0.02 “Safe distance”(probability 0.95 of no 


serious damage below this value); projectile 
limits; some damage to house ceilings; 10% 


window glass broken 
0.14 Partial collapse of walls and roofs of houses 
0.21 Heavy machines, industrial buildings 


suffered little damage; steel frame buildings 
distorted and pulled away from foundation 


 
  


III.B. Helium 
 
Although the helium pressure range in the VHTR is 4 


to 7 MPa, the pressure considered in our simulations was  
22 bar. This includes the pressure loss due to the distance 
between plants, and this value corresponds to the 
maximum operating pressure at the chemical plant to 
prevent the helium flow in the event of a leak in the heat 
exchanger. 


The summary of results from helium simulations are 
shown in Table IV. The specific input data for this 
simulation were; discharge pressure (gauge): 22 bar, 
discharge temperature: 900ºC, inventory of material to 
discharge: 1000 kg,  location: elevation 1 m, hole diameter: 
101.6 cm, dispersion concentration of interest: 2.5x105 
ppm (concentration was arbitrarily assumed as there is no 
toxicity levels for this substance), outdoor release 
direction: horizontal. Fig. 2 shows the graph of the helium 
cloud dispersion. 


 
III.C. Iodine 
 


The summary of results from iodine simulations are 
shown in Table V. The specific input data for this 
simulation were; discharge pressure (gauge): 7 bar, 
discharge temperature: 450ºC, inventory of material to 
discharge: 634.5 kg,  location: elevation 1 m, hole 
diameter: 2.54 cm, dispersion concentration of interest: 2 
ppm (concentration recommended by NIOSH as IDHL)10, 
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outdoor release direction: horizontal. In this case the 
mixture composition (HI-H2-I2) of the output flow HI 
descomposer H-2 (see Fig. 1) was considered. Fig. 3 
shows the graph of concentration versus distance (side 


view). In this figure we can see the shape of the cloud in 
approximately one hour. It can also be seen that the cloud 
begins to dissipate from the source of the leak, but it will 
move up to a distance slightly less than 10 km. 


 
 


 


TABLE III 


Results from Hydrogen Simulations  


Discharge data Concentration in the 
cloud 


Radiation Effects: 
BLEVE/Fireball 


Ellipse 


Radiation Effects: 
Jet Fire Ellipse 


Flash Fire Envelope Explosion Effects 


Final Temp. 41.4ºC Climate pair: 5m/s – 
D 


Climate pair: All Climate pair: 1.5m/s 
– A and F 


Climate pair: 5m/s – 
D 


Early Explosion, 
Climate pair: All  


Mass Flowrate: 
244.06 kg/s 


User Conc (40000 
ppm): 18.75 s 


RL 4 kW/m2: 
186.85 m 


RL 4 kW/m2: 
201.58 m 


Furthest LFL fracc: 
47.44 m 


Overpressure 0.02 
bar: 382.73 m 


Release Duration: 
2.46s 


UFL       (750000 
ppm): 14.47 m 


RL 12.5 kW/m2: 
108.44 m 


RL 12.5 kW/m2: 
163.64 m 


Furthest LFL: 43.22 
m 


Overpressure 0.14 
bar: 


99.10 m 
Orifice Vel.: 500 


m/s 
LFL       (40000 
ppm): 43.23 m 


RL 37.5 kW/m2: 
62.13 m 


RL 37.5 kW/m2: 
139.95 m 


 Overpressure 0.21 
bar: 76.68 m 


Exit Pressure: 3.16 
bar 


LFL Frac  (20000 
ppm):  47.44 m 


   Late Ignition, 
Climate pair: 1.5m/s 


– F 
Exit Temp.: -4.86ºC     Overpressure 0.02 


bar: 442.04 m 
Cd = 0.84     Overpressure 0.14 


bar: 
144.10 m 


Expanded Radius: 
1.41 m 


    Overpressure 0.21 
bar: 120.55 m 


 
 
 


 
 


Fig. 2. Graph of helium cloud dispersion. 
 


405







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11184 


   


 
TABLE IV 


Results from Helium Simulations 


Discharge data Concentration in the cloud 
Header 


Final Temp. -104.47ºC Climate pair: 5m/s – D 
Mass Flowrate: 364 kg/s User Conc (250000 ppm):  52 


m (corresponding to a height 
of 1.5 m) 


 
Release Duration: 2.8s  
Orifice Vel.: 500 m/s  


Exit Pressure: 5.66 bar  
Exit Temp.: 194.45ºC  


Cd = 0.74  
Expanded Radius: 0.45 m  


 
 
III.D. Sulphur Dioxide 
 
The summary of results from sulphur dioxide 


simulations are shown in Table VI. The specific input data 
for this simulation were; discharge pressure (gauge): 7 bar, 
discharge temperature: 697ºC, inventory of material to 
discharge: 298.2 kg,  location: elevation 1 m, hole 
diameter: 2.54 cm, dispersion concentration of interest: 3 
ppm (concentration corresponding to odor threshold  and 
ERPG-2), outdoor  
release  direction:  horizontal. In this simulation the 
mixture composition (H2O-SO3-SO2-O2) of the output flow 
SO3 descomposer S-3 (see Fig. 1) was considered. Fig. 4 
shows the graph of sulphur dioxide concentration versus 
distance. In this figure it can be seen the distance where the 
concentration is greater than ERPG-2, ie, where the cloud 
is more toxic than this level. 


 
III.E. Sulphuric Acid 
 
The summary of results from sulphuric acid 


simulations are shown in Table VII. The specific input data 
for this simulation were; discharge pressure (gauge): 7 bar, 
discharge temperature: 411ºC, inventory of material to 
discharge: 489 kg,  location: elevation 1 m, hole diameter: 
2.54 cm, dispersion concentration of interest: 0.75 ppm11 
(concentration recommended by ACGIH 1993-1994 as 
TLV STEL), outdoor release direction: horizontal.  


In this simulation the mixture composition (H2O-
H2SO4) inflow to H2SO 4 evaporator S-2(see Fig. 1) was 
considered. Fig. 5 shows the graph of sulphuric acid 
concentration versus distance. In this figure it can be seen  
the distance where the concentration is greater than the 
TLV STEL level. 


 
 


 
TABLE V 


Results from Iodine Simulations 


Discharge data Concentration in the cloud 
Header 


Final Temp. 199.95ºC Climate pair: 1.5 m/s – F 
Mass Flowrate: 1.05 kg/s User Conc (2 ppm):  9855 m 
Release Duration: 600s (distance reached to 1.57 h 


after release) 
Orifice Vel.: 234.88 m/s  
Exit Pressure: 4.35 bar  
Exit Temp.: 351.25ºC  


Cd = 0.86  
Expanded Radius: 0.02 m  


 
 


TABLE VI 


Results from Sulphur Dioxide Simulations 


Discharge data Concentration in the cloud 
Header 


Final Temp. 593.7ºC Climate pair: 5 m/s – D 
Mass Flowrate: 0.497 kg/s User Conc (3 ppm):  1279 m  


Release Duration: 600s (distance reached to 3.9 min 
after release) 


Orifice Vel.: 482.79 m/s  
Exit Pressure: 4.49bar  
Exit Temp.: 601.56ºC  


Cd = 0.86  
Expanded Radius: 0.02 m  


 
 


II.F. Summary 
 


The results show that, without considering hydrogen 
storage, the worst effects regarding the hydrogen explosion 
are due to an overpressure wave of 0.21 bar, that does not 
go beyond a radius of 0.5 km; for both cases: early 
explosion and late ignition.  


The helium release will affect the operators that are 
within a radius of 50 m from the leak, and the effect is due 
to the gas concentration.   


Concerning toxic materials leaks, the iodine is the 
most catastrophic release. The simulations show that the 
clouds of this material from a small leak (2.54 cm  
diameter) reach distances up to 10 km, however, the 
release time after the leak allows for evacuating people 
nearby. 


The sulphur dioxide and sulphuric acid releases reach 
a shorter distance than the iodine release, but we must 
remark that Phast does not include in its models the 
changes caused by chemical reactions with water 
(increased temperature and increased evaporation). 


 


 
 


406







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11184 


   


 
 


 
 


 Fig. 3. Graph of iodine concentration versus distance. 
 
 
 


 
 


Fig. 4. Graph of sulphur dioxide concentration versus distance. 
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Fig. 5. Graph of sulphuric acid concentration versus distance. 
 
 


TABLE VII 


Results from Sulphuric Acid Simulations 


Discharge data Concentration in the cloud 
Header 


Final Temp. 315.14ºC Climate pair: 5 m/s – D 
Mass Flowrate: 0.815 kg/s User Conc (0.75 ppm): 3203 m 


Release Duration: 600s (distance reached to 9.1 min 
after release) 


Orifice Vel.: 275.39 m/s  
Exit Pressure: 4.73 bar  
Exit Temp.: 379.08ºC  


Cd = 0.87  
Expanded Radius: 0.02 m  


 
    


IV. CONCLUSIONS 
 


The effects of hazardous releases involved in the 
hydrogen production chemical plant using the SI cycle 
show that, without considering hydrogen storage, a toxic 
material leak (iodine) is the most dangerous event.  


The helium release will affect the operators that are 
within a radius of 50 m from the leak, and the effect is due 
to the high gas concentration.  The simulations show that 
the areas affected by SO2 and H2SO4 are less than those of 


iodine; however, it has to be noted that Phast does not 
include, in its models, the dispersion change caused by the 
reaction with water from these materials. The 
incorporation of this reaction would affect the results of 
the concentration of the material and the temperature of the 
cloud dispersion. However, the dispersion models obtained 
are considered a good approximation, and the results can 
be used to determine the location of gas sensors and to 
design emergency systems, to mitigate the release of toxic 
materials. It is important to consider the design of the 
emergency systems because these materials would not only 
affect the nearby town, but are also contaminants. 


The results of the iodine dispersion could be used to 
determine an exclusion zone for the chemical plant,  
similar to what is used in the nuclear power plant siting 
regulation in 10 CFR 100.1112. For this, the simulations of 
the one inch leak size releases of toxic materials would be 
used; since they are much more likely than the catastrophic 
pipe failure. 
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NOMENCLATURE 
ACGIH American Conference of Governmental 


Industrial Hygienists 
BLEVE  boiling liquid expanding vapour explosion 
Cd          discharge coefficient 
ERPG-2 emergency response planning guideline  level 


2. It is the maximum airborne concentration 
below which it is believed that nearly all 
individuals could be exposed for up to 1 hr 
without experiencing or developing 
irreversible or other serious health effects or 
symptoms which could impair an 
individual's ability to take protective action. 


HIx        poly-hydroiodic acid 
IDHL  immediately dangerous to life and health. 


Represents the maximum concentration level 
of a substance from which one could escape 
within 30 minutes without escape-impairing 
symptoms or any irreversible effects. 


GA         General Atomics’ 
LFL        low flammability limit 
LFL frac 50% of low flammability limit 
L-L liquid-liquid 
NIOSH  National Institute for Occupational Safety 


and   Health 
RL          radiation level 
SA          sulphuric acid 
SI           sulphur-iodine 
UDM     unified dispersion model 
UFL       upper flammability limit 
TLV-STEL thershold limits values - short term 


exposure limit. It is the maximum 
concentration permitted for a continuous 15 
minute exposure period. 


TNT       trinitrotoluene 
TWSC   thermochemical water-splitting cycle 
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Abstract – The Loss of Feedwater Flow transient is one of the anticipated operational 
occurrences (AOOs) and is categorized as an incident of moderate frequency in FSAR chapter 15. 
A loss of feedwater flow may occur from feedwater pump failures, loss of off site power, operator 
errors, or reactor system variables such as a high water level (L8) trip signal. This study used 
RETRAN-3D program to analyze the Loss of Feedwater Flow transient for Lungmen ABWR at 
100% rated power/100% rated core flow and under the end of cycle operating condition. 
Feedwater flow was assumed to descend to 0 in 5 seconds and it resulted in the drop of vessel 
water level. Important system operational actions included (1) reactor scram and trip of four 
reactor internal pumps which are not connected to the motor generator sets initiated on low water 
level (L3), (2) six reactor internal pumps which are connected to the motor generator sets tripped 
on low-low water level (L2). The results from the RETRAN model were compared with the results 
of FSAR. It was concluded that the transient trends were in good agreement with FASR except the 
dropping time of vessel water level. The time of water level dropped from L3 to L2 was earlier in 
the RETRAN results due to differences of codes and models. In addition, this report also covered a 
sensitivity study of the variation of L3 setpoint to observe the effects on transient behaviors. It was 
found that the ascent of L3 setpoint per inch would accompany with an addition time of 16.60 
seconds for the water level reached L1.5. 


 
 


I. INTRODUCTION 
 
Lungmen nuclear power plant is the fourth nuclear 


power plant in Taiwan, consisting of two identical 
Advanced Boiling Water Reactors (ABWRs) with 3926 
MWt rated thermal power and 52.2×106 kg/hr rated core 
flow. The core has 872 bundles of GE14 fuel. According to 
the power-flow map for 10 Reactor Internal Pumps (RIPs), 
an ABWR can be operated at 100% rated power under the 
conditions from 85% rated core flow to 111% rated core 
flow. For the Loss of Feedwater Flow (LOFW) transient, it 
is anticipated that the condition of 100% rated 
power/100% rated core flow is the more limiting case. A 
loss of feedwater flow may occur from feedwater pump 
failures; loss of off site power, operator errors, or reactor 
system variables such as a high water level (L8) trip signal, 
and the LOFW transient is categorized as an incident of 
moderate frequency in FSAR1. 


This study used RETRAN-3D program to analyze the 
LOFW transient at 100% rated power/100% rated core 
flow and under the End of Cycle (EOC) operating 
condition. The LOFW transient resulted in a reduction of 
vessel water inventory, causing the drop of vessel water 
level. The Reactor Protection System (RPS) would send 
out a trip signal to scram the reactor when the low water 
level setpoint L3 had been reached, and control rods 
started to run in within one second. Furthermore, four RIPs 
which are not connected to the Motor Generator (M/G) 
sets were tripped at L3. The vessel water level continued to 
drop to the low water level setpoint L2. At this time, the 
remaining six RIPs which are connected to the M/G sets 
were tripped and the Reactor Core Isolation Cooling 
System (RCIC) operation was initiated. 


Since the L3 setpoint affected the scram time during 
the transient, a sensitivity study of the L3 setpoint was 
performed to observe the effects on transient behaviors for 
the LOFW event. 
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II. ANALYSIS METHODOLOGY 


 
II.A. Program and Modeling 


 
The RETRAN-3D program is designed for best-


estimated evaluation of light water reactors, and has been 
approved by the United States Nuclear Regulatory 
Commission. This code is one of the major thermal-
hydraulic analysis codes applied by Institute of Nuclear 
Energy Research (INER) and National Tsing Hua 
University. The RETRAN-3D program and the one-
dimensional RETRAN model for Lungmen nuclear power 
plant were employed to determine the system responses for 
the LOFW transient. This methodology has been used for 
other researches2. 


Fig.1 shows the RETRAN nodal diagram for 
Lungmen nuclear power plant. The RETRAN model is 
based on PDM3, OPL34, RETRAN user’s manual5 and 
FSAR, and comprises 91 control volumes, 120 junctions, 
and 50 heat conductors. The reactor core is divided into 
two parallel flow channels, active channel and bypass 
channel with 25 nodes, respectively. The active channel 
simulates coolant flow region in 872 bundles of GE14 fuel 
but water rods, and the bypass channel simulates the other 
flow region besides the active channel. There are 10 RIPs 
located in the annular region of the lower downcomer, and 
these RIPs are classified into 3 groups in the RETRAN 
model. The group 1 and group 2 both contain 3 pumps 
which are powered through M/G sets, while the group 3 
contains 4 pumps which are powered directly through a 
13.8 KV bus. Every group has a common suction and 
discharges the coolant into lower-lower plenum. 4 steam 
lines are lumped into an equivalent steam line that is 
divided into 6 control volumes precisely to get a well 
simulation for the transfer effect of the pressure wave. 
There are 18 safety relief valves (SRVs) in the Lungmen 
design and each valve can be operated in safety function or 
relief function. The safety function of SRVs is modeled as 
5 groups of valves with 5 different opening setpoints in the 
simulation. Similarly, the relief function of SRVs is 
modeled as 6 groups of valves with 6 different opening 
setpoints. The steam released through safety relief valves 
will be dumped into the suppression pool which is 
modeled as a huge control volume to simulate a hot sink. 4 
turbine control valves (TCVs) are modeled by negative fill 
junctions. An equivalent turbine bypass valve (TBV) is 
modeled to represent 10 bypass valves in the actual device, 
and the bypass function is designed to have a capacity of 
110% rated steam flow. 


 
II.B. Control Systems 


 
The major control systems of the Lungmen RETRAN 


model involve (1) Feedwater Control System (FWCS), (2) 


Steam Bypass and Pressure Control System (SBPCS), (3) 
Recirculation Flow Control System (RFCS). 


Fig. 2 depicts the FWCS of the RETRAN model. The 
primary function of FWCS is to regulate the feedwater 
flow into the reactor vessel to maintain vessel water level 
within operation limits. The FWCS provides logic for 
controlling the supply of feedwater flow in response to 
automatic or manual control signals. A fault-tolerant, 
triplicated, digital controller employs water level, 
feedwater flow, and steam flow signals to form a three-
element control strategy to accomplish this function. When 
the feedwater flow signal or the steam flow signal is not 
available, single-element control based on the water level 
is used. In this study, the feedwater was tripped manually 
to simulate a loss of feedwater flow. 


Fig. 3 illustrates the SBPCS for the RETRAN model. 
The SBPCS is designed to control the pressure of reactor 
vessel during plant startup, power generation, and 
shutdown operation by adjusting the TCVs and the TBV. 
When steam output changes, the SBPCS will send signals 
to the Electro-Hydraulic Control (EHC) system which 
regulates the TCVs in response to the pressure regulation 
demand. The excess steam flow will be discharged to the 
main condenser directly through the TBV, whenever steam 
production exceeds the turbine steam flow demand. 
Moreover, the SBPCS can initiate feedwater pump trip and 
turbine trip upon detection of a high water level (L8) 
signal. 


The RFCS for the RETRAN model is shown in Fig. 4. 
It can be separated into two parts; one is the gang speed 
control, the other is the individual pump speed control. The 
gang speed control contains the master controller and the 
flow controller and sends out a gang speed demand signal. 
Downstream the gang speed control is the individual pump 
speed control. There are 3 individual pump speed controls 
for 3 groups of RIPs. The pump speed is decided through 
the calculation of the individual pump speed control. The 
main function of RFCS is to provide controls of all RIPs 
and transient mitigation. During steady state operation, the 
RFCS provides a function to change the power level by 
regulating the recirculation flow. During the transient, the 
RFCS reduces the recirculation flow rapidly through trip 
of RIPs, or by running back the RIPs to minimum speed 
for mitigating the transient. The RFCS is one of the control 
systems which are conjunct with the Automatic Power 
Regulation (APR) system and facilitates automatic plant 
operation. In addition, the RFCS can be switched to the 
manual control mode by the operator. The manual control 
mode is accomplished by setting core flow demands or 
pump speed demands for particular requirements of RIPs’ 
operation. In the transient safety analysis, the RIPs are 
controlled manually and the pump speed demand is 
assumed to maintain in a constant value. 
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Fig. 1. The RETRAN nodal diagram for Lungmen nuclear power plant. 


 


 
Fig. 2. The FWCS of the Lungmen RETRAN model 
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Fig. 3. The SBPCS of the Lungmen RETRAN model 


 


 
Fig. 4. The RFCS of the Lungmen RETRAN model 
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III. ANALYSIS CONDITIONS AND ASSUMPTIONS 
 


III.A. Initial Conditions 
 
The analysis of LOFW transient and the sensitivity 


study were performed at the initial condition of 100% rated 
power/100% rated core flow and under EOC. TABLE I lists 
some important thermal hydraulic parameters. 


 
TABLE I 


The initial condition of  
100% rated power/100% rated core flow 


Parameters Values used for  
RETRAN simulation 


Power (MWt) 3926 
Core Flow (lbm/sec) 31972.18 
Active Core Flow (lbm/sec) 27628.10 
Core Bypass Flow (lbm/sec) 4344.08 
Feedwater Flow (lbm/sec) 4679 
Vessel Steam Flow (lbm/sec) 4679 
Dome Pressure (psia) 1040 
Core Exit Pressure (psia) 1045.13 
Core Inlet Pressure (psia) 1056.71 
Narrow Range Water Level 
(ft above TAF) 13.63 (L4) 


Core Inlet Enthalpy (BTU/lbm) 526.34 
Feedwater Enthalpy 
(BTU/lbm) 395.05 


 
III.B. Assumptions 


 
Following were some assumptions used in the analysis: 


(1) No credit for the motor driven feedwater pump start 
upon the trip of all turbine driven feedwater pumps. 


(2) Reactor scram initiated as the water level dropped to L3 
with a delay time of 0.85 second. 


(3) The RIPs of group 3 tripped as the water level dropped 
to L3 with a delay time of 0.85 second. 


(4) The RIPs of group 1 tripped as the water level dropped 
to L2 with a delay time of 1.0 second, and the RIPs of 
group 2 tripped 6.0 seconds later than the group 1. 


(5) The RCIC were initiated as the water level dropped to 
L2 with a delay time of 29 seconds. 


(6) The Selected Control Rod Run In (SCRRI) and the RIP 
run back function were not available during the 
transient. 
 


IV. RESULTS 
 
The sequence of events is presented in TABLE II and 


the analysis results are compared to those from FSAR. The 
results of FSAR are calculated by ODYN6, which is based 
on the use of a one-dimensional neutron kinetics and 
thermal-hydraulic simulation of the reactor core. ODYN is 
employed in the GE safety analysis process to predict 


transient behaviors for BWR and ABWR. The system 
model in the ODYN code is composed of reactor vessel, 
steam line, recirculation system, feedwater system, 
recirculation control system, feedwater control system, and 
pressure regulator etc.. 


 After the LOFW transient began, feedwater flow 
terminated approximately at 5 seconds (see Fig. 5). The 
core power level (see Fig.6) and pressure (see Fig.7) 
reduced due to the decrease of core inlet subcooling. As the 
core power declined, the turbine steam flow (see Fig.8) 
started to drop off because the pressure regulator intended 
to maintain pressure during the first several seconds. The 
vessel water level dropped and then the low water level (L3) 
scram trip setpoint was reached (see Fig.9), whereupon the 
reactor was shut down and four RIPs were tripped after a 
0.85 second delay (see Fig.10). Neutron flux decreased 
rapidly as the negative reactivity was added to the reactor 
(see Fig.11). The vessel water level continued to drop until 
the low-low water level setpoint (L2) (see Fig.12), three 
RIPs were tripped after a 1.0 second delay (see Fig.13) and 
the remaining three RIPs were tripped after another 6 
seconds delay (see Fig.14). Subsequently, RCIC was 
initiated. The vessel water level would stabilize steadily as 
a result of the makeup water supplied by RCIC. 


 
TABLE II 


The sequence of events for the LOFW analysis 


Event RETRAN 
(Time, sec) 


FSAR 
(Time, sec) 


Trip of all feedwater pumps 0 0 
Feedwater flow decayed to zero 5.0 5.0 


Vessel water level (L3) trip 
initiated reactor scram and trip 
of four reactor internal pumps 


9.5 7.5 


Vessel water level reached L2. 
The remaining six reactor 
internal pumps were tripped.  
RCIC was initiated 


15.0 18.2 


RCIC flow entered vessel (est.) 44.0 47.2 
 


V. THE SENSITIVITY STUDY OF L3 SETPOINT 
 
The purpose of this sensitivity study was to observe the 


effects of changing low water level (L3) setpoint. The 
RCIC was assumed to be not available in the analysis for 
checking that if the vessel water level would drop to L1.5 
with the initiation of High Pressure Core Flooder (HPCF) 
system. The L3 setpoint recorded in PDM3 was 11.96 feet 
above the top of active fuel, and was changed from 11.96 
feet minus 5 inches to 11.96 feet plus 5 inches for test. 


TABLE III presents the time sequence of each case and 
the water level responses of this sensitivity study are shown 
in Fig. 15. The results show that the water level drops to 
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L1.5 without the makeup water supplied by RCIC, and 
there is a delay effect for transient behaviors caused by the 
lower L3 setpoint. Through the linear regression analysis, 
an equation that represents the relation between the 
variation of L3 setpoint and the variation of time for water 
level reaches L1.5 can be generated as below: 


 
Y = 16.60* X - 1.38                                                   (1) 
 
The Y variable of Eq. (1) represents the variation of 


time for water level reaches L1.5, while the X variable 
means the variation of L3 setpoint. Fig. 16 depicts the 
regression line, and its R-squared is 0.99. From Eq. (1), we 
can estimate the dropping time of water level from L4 to 
L1.5 for the LOFW transient if there is a variance of L3 
setpoint. 


 
VI. CONCLUSIONS 


 
A Lungmen RETRAN model had been developed and 


was used for the analysis of LOFW transient in this study. 
The analysis results show that the peak dome pressure of 
the LOFW transient is 1040.58 psia, which conforms to the 
limitation of ASME code. Via a comparison of the analysis 
results of RETRAN and the analysis results recorded in 
FSAR shows that differences come from the calculation 
mode of vessel water level. The time of water level drops 
from L4 to L3 is later, while the time of water level drops 
from L3 to L2 is earlier in the RETRAN results, and these 
lead to some diversity of other hydraulic parameters’ 
response. However, the transient trends are very similar, 
and it can be concluded that the results of RETRAN are in 
good agreement to the analysis results of FSAR. 


It is also found that the HPCF initiates in any case of 
the sensitivity study for L3 setpoint. The ascent of L3 
setpoint per inch will accompany with an addition time of 
16.60 seconds for the water level reaches L1.5. 
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Fig. 5. Feedwater flow response of the LOFW transient 
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Fig. 6. Neutron flux response of the LOFW transient 
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Fig. 7. Vessel pressure rise response of the LOFW transient 
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Fig. 8. Turbine steam flow response of the LOFW transient 
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Fig. 9. NRWL response of the LOFW transient 
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Fig. 10. Group 3 RIP flow response of the LOFW transient 
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Fig. 11. Scram reactivity response of the LOFW transient 
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Fig. 12. WRWL response of the LOFW transient 
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Fig. 13. Group 1 RIP flow response of the LOFW transient 
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Fig. 14. Group 2 RIP flow response of the LOFW transient 
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Fig. 15. WRWL responses of the sensitivity study of L3 setpoint 
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Fig. 16. The linear regression analysis for the sensitivity study 
of L3 setpoint 


 
TABLE III 


The sequence of events for the sensitivity study of L3 setpoint 
Case 1 2 3 4 (Base) 5 6 7 


L3 setpoint 11.96ft 
-5 inches


11.96ft 
-3 inches


11.96ft 
-1 inch 11.96ft 11.96ft 


+1 inch 
11.96ft 


+3 inches 
11.96ft 


+5 inches
Trip of all feedwater pumps (sec) 0 0 0 0 0 0 0 
Feedwater flow decayed to zero (sec) 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
Vessel water level (L3) trip initiated 
reactor scram and trip of four reactor 
internal pumps (sec) 


11.96 10.72 9.93 9.50 9.15 8.37 7.61 


Vessel water level reached L2. The 
remaining six reactor internal pumps 
were tripped.  RCIC was initiated (sec) 


16.33 15.72 15.28 15.00 14.90 14.25 13.86 


Vessel water level reached L1.5. HPCF 
was initiated (sec) 235.33 273.47 303.26 320.81 331.63 363.48 408.01 
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Abstract – In this study, CHF behavior on a small SS304 plate (200 x 50 x 1 mm) at varying 
inclination angle of the heated surface under atmospheric pressure was studied in pool boiling 
system with DI water or several additive solutions. Four fluids, including DI water, were used to 
investigate the effect of each additive on CHF at given condition, which were DI water, boric acid 
solution (2000, 4000 ppm), TSP solution (2000, 5000 ppm). All additives showed CHF 
enhancement effect in comparison with DI water. The orientation angle was ranged from 5º (near 
downward facing position) to 90º (vertical position). CHF was increased with increase of inclined 
angle. For the reason of the enhancement with additives, change of heated surface characteristic 
was discussed. Contact angle was measured, and change of this surface characteristic was 
discussed as the dominant factor for the enhancement of CHF. 


 
 


I. INTRODUCTION 
 
CHF is one of the key issues in heat transfer system. It 


is directly related with efficiency and safety of the system. 
CHF can be said as an uppermost limit of heat flux to 
endure integrity of the system. At CHF point, a sudden 
increase of temperature on the area is shown, and the 
system can’t maintain its integrity. Therefore the 
phenomenon limits heat transfer and even safety of the 
system. There have been many researchers to find CHF 
mechanism and CHF enhancement method in various 
conditions. 


Since pool boiling CHF experiment with circular tube 
in saturated water of Nukiyama (1934), many CHF studies 
have been carried out theoretically or experimentally for 
decades. Thereby, general understanding has been done 
and some CHF prediction methods have been developed, 
but there is no clear explanation for CHF mechanism, yet. 


There are several methods for CHF enhancement. 
These are techniques employing geometrical variations 
(like supplement of structures or treatments that change 
physical properties of the surface), fluid additives (like 
surfactant and nano-particles), etc. Addition of surfactant 
to working fluid like water has been studied by many 
researchers and is well-known to affect heat transfer in 
nucleate boiling region. G. Hetsroni et al. [1] represented in 
their experiments with Habon G surfactant that heat 
transfer of the boiling process was enhanced considerably 
by the addition of a small amount of surfactant. It was also 
demonstrated by Inoue et al. [2] that the heat transfer 


coefficient was enhanced in low heat flux range 
immediately after the onset of boiling by the surfactant and 
that the surfactant effect became weak with an increase in 
heat flux. They suggested a model that the increase of heat 
transfer is due to the amount of contact between the 
surfactant molecules and the heated wall in low heat flux 
but the enhancement is negligible due to the difficulty of 
access in high heat flux. As a result, they determined that 
the surfactant increases the heat transfer coefficient below 
CHF point but would hardly influence CHF. Most 
researchers agree to effect of surfactant on heat transfer 
under CHF point [3-6], but there are conflict opinions 
about effect of surfactant on CHF. One is that surfactant 
hardly affects CHF or even diminishes CHF [7, 8], and the 
other is that surfactant can enhance CHF [9, 10]. 


Heated surface orientation is one of the key factors to 
affect heat transfer and CHF. Bubble behavior is changed 
with orientation change of a heated surface, and then heat 
transfer is affected by that. CHF shows a tendency to 
increase with change of heated surface orientation from 
downward facing position to upward position [11-13]. 
Theofanous et al. [14] demonstrated some empirical 
formula for inclined angle from ULPU experiment relating 
IVR (In-vessel retention). 


In this study, pool boiling CHF experiment under 
atmospheric pressure with TSP (Tri-sodium phosphate) 
surfactant and boric acid which are used in a nuclear 
power plant presently. Experimental result showed that 
these two additives have an effect on CHF. 
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II. Experiments 


 
The steel test pool can contain 12 L fluid and the bulk 


temperature can be controlled using a pre-heater inside 
pool. The pool is under atmospheric pressure. 


 The test specimen was made of SS304 (200 x 50 x 1 
mm) plate and the orientation of the test specimen can be 
changed in the test pool. Two copper electrodes were 
welded to both ends of the test heater surface to supply 
with electric power from a 50 V and 4000 A DC power 
supply system. High temperature resistant epoxy was used 
to prevent heat loss from the other side of the test heater 
surface. Three K-type TCs were installed at the other side 
of the test heater surface (epoxy spreading surface) to 
measure the CHF by variation of surface temperature. The 
schematic diagram of the test specimen is as in Fig.1. 


The experiment was performed after temperature 
adjustment. Bulk temperature of test fluid in the pool was 
increased to subcooling temperature of 15, 30 K by the 
pre-heater, then CHF experiment was performed. The 
electric power supplied to the test section was step-up, and 
temperature data of the surface through five K-type TCs 
was recorded and viewed by Agilent 34980A DAS system. 
A sudden increase of the surface temperature is observed at 
CHF point. When CHF occurs, the power has to be 
stopped immediately for the system protection. 


 


 
Fig. 1. Test specimen (SS304, 200 x 50 x 1 mm) 


 
The test pool was filled with DI (Distilled) water or 


one of the three solutions. The orientation of the test 
section was changed to desired angle according to each 
experiment. CHF data of DI water experiment was used to 
compare with that of other solutions. Each experiment was 


repeated at four positions, 5 (near downward facing 
position), 30, 60, 90º (vertical position).  


The experiment was performed in the pool boiling 
system under atmospheric pressure. Two concentrations 
were used for boric acid solution (2000, 4000 ppm). TSP 
solution concentration were 2000, 5000 ppm. 


The test conditions are shown in Table 1. 
 


Table 1. Test condition 


 
 


III. Result and discussion 
 


The experiments on CHF enhancement were 
performed in the pool boiling system under atmospheric 
pressure at several angle position with some additives. 


In case of DI water (Fig. 2), CHF at two subcooling 
temperature (15, 30 K) was measured. CHF under fixed 
subcooling temperature increased with increase of the test 
section orientation from 5º (near downward facing 
position) to 90º (vertical position). CHF was 1.242 MW/m2 
for 30 K subcooling temperature experiment. In case of 15 
K,  CHF of all angle region showed lower than 30 K 
subcooling temperature case, and CHF at vertical position 
was 1.022 MW/m2. Compare with SBLB (Subscale 
Boundary Layer Boiling) experiment, the result of this 
study showed lower CHF despite of higher subcooling 
temperature. This is because SBLB has better natural 
convection property due to large scale and existence of 
flow path by insulator. 


For the subcooling temperature of 30 K, six test fluids 
were used including DI water. Compare to DI water case, 
all additive solutions showed enhancement CHF data. It 
was shown in Fig. 3. Like DI water, all solutions showed a 
tendency to increase with increase of inclined angle. In 
case of boric acid solution, CHF increased in whole range 
of orientation, but rate of the increase was small (below 
10 %). There was not variation with concentration change 
(2000, 4000 ppm). TSP solution case showed higher CHF 
enhancement than boric acid solution case. 20 % 
enhancement was shown at 5° angle position, and 15 % 
enhancement at 90° angle position. Like boric acid 
solution, it showed similar CHF enhancement in two TSP 
concentration cases. CHF experiment for mixture solution 
of boric acid (4000 ppm) and TSP (5000 ppm) was also 


Test section Material SS304 
Angle 5 ~ 90º 


Test fluid DI water, boric acid solution (2000, 4000 ppm), 
TSP solution (2000, 5000 ppm) 


Pressure 101.3 kPa (1 atm) 
Subcooling 
temperature 15, 30 K 
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performed. It showed similar result with that of TSP 
solution alone.  


At downward facing position (0º), there was a difficult 
to measure CHF because of a phenomenon which there is 
a temperature peak far from CHF. And therefore the 
experiment was performed from 5º angle position. 


 


 
Fig. 2. CHF with DI water 


 


 
Fig. 3. CHF with additives 


 
For these two additive solutions, several property 


measurements were performed.  
Fig. 4 shows surface tension variation of boric acid 


solution (2000 ppm) and TSP solution (2000 ppm). The 
surface tension was measured with DST30 (SEO, Korea). 
TSP which is surfactant showed lower decrease rate than 
expected. At 2000 ppm concentration, surface tension of 
the solution decreased about 5 mN/m compare to DI water. 
Boric acid solution case showed lower decrease rate than 
TSP solution case, about 2 mN/m. The measurement was 
performed at 25 ºC temperature.  


Result of viscosity measurement is shown in Fig. 5. It 
was performed by SV-10 VIBRO Viscometer (A&D, 
Japan). Two additive solutions (2000 ppm boric acid & 
2000 ppm TSP) didn’t show big difference with that of DI 
water. The measurement was performed at 25 ºC 
temperature. 


Contact angle measurement was also performed. Test 
specimen for the measurement was prepared using 
quenching method. 2000 ppm concentration was used for 
both additive solutions. It was shown that contact angle 
decreased with both additive solutions (Fig. 6, Table 2). In 
case of boric acid solution, 26% decrease of contact angle 
was observed. And a drastic decrease of contact angle was 
observed in case of TSP solution. So, it means these two 
additives have effect on wettability increase.  
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Fig. 5. Viscosity vs. concentration of additive solutions 
 
Generally speaking, surface tension and viscosity were 


main factors for pool boiling system with surfactant. But in 
this study, these two properties didn’t show big difference 
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with them of DI water in case of TSP surfactant solution 
(boric acid, of course, is not a surfactant). From the 
measurements, it can be inferred that contact angle, i.e. 
wettability is main factor for CHF enhancement 
mechanism among three properties which were measured. 
It can be inferred that the additives showed CHF 
enhancement than DI water due to contact angle decrease, 
i.e. enhancement of wettability, and boric acid solution 
showed lower CHF increase rate than TSP solution 
because, from the difference of contact angle decrease rate, 
boric acid solution showed lower increase rate of 
wettability than TSP solution. For few changes of CHF in 
different concentrations (Fig. 3), wettability increase effect 
due to decrease of contact angle is seem to be saturated in 
the concentration range of this study. Therefore, there is a 
need of measuring the cases of lower concentrations in 
future work. 


 


Table 2. Contact angle measurement (column: fluids in 
which surfaces are quenched, row: drops which drop on 
the surface) 


 


Fig.6. contact angle measurement 
 
 


IV. CONCLUSIONS 
 


Pool boiling CHF experiment under atmospheric 
pressure was performed at 15, 30 K subcooling 
temperatures and several angle position from 5º (near 


downward facing position) to 90º (vertical position). The 
experiment used SS304 plate test specimen and DI water, 
boric acid solution, TSP solution, and mixture of boric acid 
and TSP solutions were used for test fluids. Concentrations 
of additive solutions were 2000, 4000 ppm for boric acid 
solution and 2000, 5000 ppm for TSP solution. 


 
 Both boric acid and TSP solutions showed CHF 
enhancement compare to DI water at all angle positions. 
 TSP solution showed higher CHF than boric acid 
solution at all angle positions. 
 At property measurements, surface tension and 
viscosity of additive solutions showed small difference 
with them of DI water. 
 The difference in contact angles of working fluids was 
evident. Therefore, enhanced wettability by contact 
angle decrease is shown to be a main factor of CHF 
enhancement. 
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Abstract – Churn flow in a large diameter pipe exhibits multidimensional dynamics by nature. 


A multidimensional measurement technique is crucial to model churn flow. A wire-mesh sensor 
(WMS) can acquire a void fraction distribution and velocity profile at high time and spatial 
resolutions. An axial direction velocity profile can be estimated at each mesh point with two sets 
of WMS by investigating the delay time between the first and second WMS signals. This is 
determined by using the cross-correlation function of two corresponding mesh points. The authors 
propose to extend this time series analysis to estimate the multi-dimensional velocity profile. We 
define the velocity vector from the point of the first WMS to that of the second where the cross-
correlation value peaks between them. The paper addresses the validity of the proposed method by 
measurements of the swirl flow in a large-diameter (i.d. 224 mm) vertical pipe. The two phases 
flowed in a large pipe in which the bubble behavior varied and processing according to bubble 
size was required. Therefore, in the large pipe study, bubbles had to be classified into certain 
groups by bubble size, in order to define the velocity vector by bubble size. Consequently, the 
multidimensional flow was reconstructed using the proposed method with two sets of WMS. 
 


 
I. INTRODUCTION 


It is necessary to improve computer code with a high 
quality database from measurement. Extensive studies on 
the characteristic behavior of the dispersed phase within a 
two-phase mixture provide reveal about the inside of such 
flows and enhance our understanding of the physics, which 
is required for any kind of modeling. The velocity and 
approximate shape in the temporal and spatial distribution 
of the gaseous phase are particularly important, since these 
quantities significantly alter the exchanged momentum, 
and not only the flow structure but also the heat and mass 
transfer characteristics. Several attempts, for example, via 
X-ray, capacitive, optical and conductive tomography 
means have been made in order to achieve detailed 
information concerning the flow behavior of the dispersed 
phase. These techniques and the achieved result were 
reported in detail1-5


 Previously, the axial direction velocity of the vertical 
rising flow can be estimated at each mesh point with two 
layers of WMS by investigating the delay time between the 
first and second WMS signals 


. However, accurate measurements of 
the multi-dimensional two-phase flow remains difficult. 
The wire-mesh sensor (WMS) can acquire a void fraction 
distribution and velocity profile at high temporal and 
spatial resolutions; operating on principles based on local 


conductivity measurement. 


6-8. However, the churn flow 
in a large diameter pipe exhibits multidimensional flow 
dynamics by nature. The authors propose to extend this 
time series analysis to estimate the multi-dimensional 
velocity profile. The cross-correlation functions of the first 
WMS point to the second and the velocity vector is 
defined between the WMS points where the cross-
correlation value peaks between them. Furthermore, 
Prasser et al. proposed methods for investigating flow 
evolution using WMS. Mechanisms of bubble coalescence, 
break up and lateral lift force were clarified by 
decomposing the void fraction according to the bubble size 
classification9


 


. Therefore, in the study of large pipe 
bubbles, classification into certain groups by bubble size is 
required to define the velocity vector by the same.  
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II. WIRE MESH SENSOR 
 


WMS developed at the Forschungszentrum Rossendorf 
(FZR – Rossendorf Research Center, Germany) allows the 
measurement of the instantaneous two-dimensional  
void-fraction distribution over the cross-section of a pipe. 
This is based on the local instantaneous conductivity of the 
fluid flowing in the pipe. For a two-phase flow, the water 
phase is slightly conducting, while the gas phase is a 
practically ideal insulator. During the signal acquisition, 
one plane of the electrode wires is used as a transmitter 
and the other as a receiver plane10


III. EXPERIMENTAL ARRANGEMENT 


. 
The inner diameter of the two sensors used in the 


experimental set-up is 224 mm (equal to that of the 
adiabatic section in which they are mounted). Each sensor 
consists of two electrode grids that are positioned 
perpendicularly to each other (Fig. 1) in order to form a 
matrix of 64 × 64 crossing points. The distance between 
two successive parallel wires is 3.5 mm, which represents 
the spatial resolution of the sensor. The sampling 
frequency of such a device can be set up to 1250 kHz and 
was set at 1000 Hz in the present study. The wires have a 
diameter of 250 μm, so that the flow resistance introduced 
by the sensor is not significant. 
 
 


 
Experiments were performed in an air-water system. The 


test section of a larger pipe (i.d. 224 mm) was made from a 
polyvinyl chloride pipe. The total height of the facility was 
about 6 m. The straight run pipe upstream of the WMS was 
20.3 D, and downstream 3.7 D. The test section included 
sixteen air injectors (i.d. 10 mm) on the circumference 14.3 
D upstream of WMS and a straight flow was generated 
(Fig. 2).  


Initially, the straight flow was measured using WMS. 
The flow conditions were Jl = 0.43 m/s and Jg


Next, the swirl flow was measured. The swirl generator 
consisted of four spiral vanes, an inner pipe (i.d. 110 mm) 
and an outer pipe (i.d. 220 mm). The center angle of the 
spiral vane was about 30 deg and counterclockwise (Fig. 3 
(a)). The swirl flow was successfully generated by spiral 
vane, with the angle of the former up to 40 deg (J


 = 0.42 m/s, 
representing the range of bubbles to the bubble-slug 
transition regime, while the cross-sectional frame number 
was 1000 frame/sec, and the measuring time 5 sec, i.e. the 
number of data = 5000. 


l = 0.43 
m/s, Jg


 


 = 0.11) (Fig. 3 (b)). The flow condition and WMS 
set-up were the same as the former experiment. These were 
generated by the spiral generator inserted 5.8 D upstream 
of WMS.  


 


 
 
 
 


Fig. 1. Scheme and photograph of the wire-mesh sensor for the air-water flow in a pipe of 224 mm 
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IV. SIGNAL-PROCESSING OF WMS DATA 
 


IV. A. Calibration of the measurement data 
 


 After completion of the measurements, the data were 
available as binary files. These consisted of 5,000 (1000 
Hz x 5 s) cross-section data fields, the so-called “frames”. 
Each of these frames contained e.g. 64 × 64 (for a sensor 
with 64 × 64 wires) digitized voltage signals in special 12 
bit dimensions. The purpose of this procedure was to 
convert the voltage signals from the data files obtained 
from the measurements into volumetric gas fractions via 
equation (1). The measured values of the two-phase flow 
can be weighted with the calibration values of a pure water 
flow.  
 


(1) 
 
 


ε - The volumetric void fraction, UW - the voltage signal 
of the calibration value (water) and Umeas


 


 - is the voltage 
signal of the measured value.  


 
IV. B. Bubble division  


 
Within the two-phase flow in the large pipe, the bubble 


behavior varied and had to be processed according to 
bubble size. Therefore, during the study of the large pipe, 
bubbles were classified into certain groups by bubble size 
to define the velocity vector by the same. A bubble-object 
was defined as a region of connected pixels (Δx, Δy), 
containing a gas phase and surrounded by pixels 
containing a liquid phase. Each pixel belonging to the 
same bubble-object was associated with a common number 
which was unique for each bubble11. Once the gas velocity 
UG was determined by averaged cross-correlation, the 
volume of a bubble (VB


 


) could then be calculated simply 
as equation (2). 


(2) 
 
 


The equivalent diameter of the bubble (DB


 


) could be 
determined by the volume of the bubble, which was 
defined as the diameter of a sphere with volume according 
to equation (3).  


(3) 
 
 
In this study, we defined a bubble of diameter > 50 mm 


as a large bubble. Fig. 4 shows a cutaway image of the 
results of the export large bubble signal, (a): acquired 
signal, (b): extracted large signal, (c): rest of flow (small) 


Fig. 2. Configuration of the test loop:  
a swirl flow was generated by a spiral vane 


(a) 


Fig. 3. (a): Photograph of the swirl generator. The 
swirl generator was composed of an outer pipe 
(i.d. 220 mm), inner pipe (i.d. 110 mm) and four 
spiral vanes. (b): Photograph of a swirl flow (Jl = 
0.43 m/s, Jg = 0.11), counterclockwise direction. 


(b) 
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signal. The small bubbles in the extracted large bubble 
signal were part of the large signal (connecting to the 
signal of other slices). 


 
 


 
 
 
 
 
 
 
 


IV. C. Multipoint cross-correlation analysis  
 
The velocity of the axial direction could be estimated at 


each mesh point with two sets of WMS by investigating 
the delay time of the first WMS signal relative to the 
second. The delay time was determined by using the cross-
correlation function of two corresponding mesh points12


In this study, to extend this time series analysis to 
estimate the multi-dimensional velocity profile, the cross 
correlation function between the first and second WMS 
points was examined (Fig. 5). The velocity vector was 
defined between the WMS points where the cross-
correlation value peaked between them.  


.  


We performed cross-correlation analysis of the 64 × 64 
WMS data with one to 21 × 21 range. In this experiment, 
the helix angle of the swirl flow in a large pipe was up to 
about 40 deg, and the void was able to move horizontally 
up to 33.5 mm. Therefore, ±33.5 mm (21 × 21 range) was 
necessary. 


Furthermore, 1000-5000 frames of WMS data were used to 
estimate the averaged axial direction velocity in previous 
studies, i.e. temporal resolution of 1-5 sec. This latter 
temporal resolution was insufficient for the fast 
phenomena of the two-phase flow and to estimate the 
multi-dimensional velocity profile, a high temporal 
resolution is needed. In this study, a minimum number of 
frames was obtained and multidimensional velocity 
distribution was estimated at high temporal resolution.  


 
 
 
 
 
 
 


V. RESULT 
 


V.A. Comparison of straight and swirl flows 
 


The vector of gas velocity in the straight and swirl flows 
is measured using WMS, with the superficial velocity of 
the water and gas 0.43 m/s. A total of 5000 frames of 
WMS data were used in the cross-correlation analysis. Fig. 
6 shows the vector of the gas velocity of the straight flow, 
while Fig. 7 shows that of the swirl flow via thinned 
arrows using a "checkerboard". The blank areas indicate 
defective data. 


Fig. 6 (a) without separation by bubble size (Raw data) 
and Fig. 6 (b) extracted large bubble signals show the 
outside bubbles tended to flow toward the center, while 
those inside mainly flowed vertically. Conversely, in Fig. 6 
(c), the remain signal (small bubbles) showed apparently 
uniform behavior of the bubbles. 


Fig. 7 (a) featured no separation by bubble size (Raw 
data), Fig. 7 (b) extracted large bubbles while in Fig. 7 (c), 
the remain signal (small bubbles) showed the bubbles 
turning to the counterclockwise direction and the large 
bubbles tending to flow toward the center. The rotation 
speed of the outside bubbles was faster than those in the 
center. This is considered to be because the small bubbles 
are more susceptible to the water phase than larger ones. 
Compared to Fig. 6, Fig. 7 successfully shows the 
directional characteristic of a swirl flow. Furthermore, 
multipoint cross-correlation analysis is thought to have the 
potential to measure the vector of the multi-dimensional 
two-phase flow.  


 


Fig. 5. Cross-correlation analysis of one point to 21 × 21 
points is performed to estimate the multidimensional 
velocity of a swirl flow. 


Fig.4. Cutaway image of the results of the exported 
large bubble signal (a): acquired signal, (b): extracted 
large signal, (c): rest of flow (small) signal  
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Fig. 6. Vector of the gas phase in the straight flow (Jl 
= 0.43 m/s, Jg = 0.43 m/s). (a): without separation by 
bubble size. (b): Extracted large bubble signal. (c): 
Remain signal (small bubbles). 


(a) 


(b) 


(c) 


Fig. 7. Vector of the gas phase in the swirl flow (Jl = 
0.43 m/s, Jg = 0.43 m/s). (a): without separation by 
bubble size. (b): Extracted large bubble signal. (c): 
Remain signal (small bubbles). 


(a) 


(b) 


(c) 
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V.B. Distributions of the gas velocity  
 


Fig. 8 and 9 show the distributions of the gas velocity of 
Raw data, the large and small bubbles in the straight and 
swirl flows respectively. The peak velocities of Raw data, 
the large and the small are about 1.7, 2.0 and 1.3 m/sec 
respectively. The large bubble is faster than the small one, 
while Raw data peaks between the two. These results are 
considered attributable to the buoyancy force effect, which 
acts on the large bubble more than the small one, while 
Raw data indicates the average velocity.  


Fig. 10 and 11 show horizontal and vertical gas-velocity 
in the radial direction of the Raw data, large and small 
bubbles. In the straight flow, the vertical component of 
Raw data, large and small bubbles have center peak 
profiles. The horizontal component of Raw data and the 
large bubble become slower on the inside. However, the 
horizontal component of the small bubble has a flat profile. 
These results mean the outside large bubbles tend to flow 
toward the center, while those inside mainly flow vertically. 
Conversely, small bubbles tend to flow in a uniform 
manner.  


In the swirl flow, the vertical component of the small 
bubble has center peak profiles, however Raw data and the 
large bubble have saddle shape profiles, which flatten near 
the outside. These results are thought to be the after-effects 
of large bubble distribution eccentricity, which results in 
eccentricity of the swirl. The small bubble is distributed 
uniformly and its distribution is not prone to the 
eccentricity effect as much as the large bubble. Fig. 12 
shows the two-dimensional (2D) void fraction distributions. 
The distribution of the bubble is eccentric because the 
large bubbles tend to flow toward the eccentric axis of the 
swirl. The horizontal component of Raw data and the large 
bubble become slower on the inside because of the swirl. 
However, the horizontal component of the small bubble 
also has a flat profile as the straight flow, which reflects 
the complex behavior of the small bubble. 


 
 


 
 
 
 
 


 
 
 
 
 


 
 


Fig. 9. Gas-velocity distributions of Raw data, large and 
small bubbles in the swirl flow (Jl = 0.43 m/s, Jg = 0.43 
m/s). 


Fig. 8. Gas-velocity distributions of Raw data, large and 
small bubbles in the straight flow (Jl = 0.43 m/s, Jg = 
0.43 m/s). 


Fig. 10. Gas-velocity distributions of Raw data, large 
and small bubbles in the straight flow (Jl = 0.43 m/s, Jg = 
0.43 m/s). 


Fig. 11. Gas-velocity distributions of Raw data, large 
and small bubbles in the straight flow (Jl = 0.43 m/s, Jg = 
0.43 m/s). 
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V. C. Result of high temporal resolution measurement 
 
The vector of the gas velocity in the straight and swirl 


flows is measured using WMS and the superficial velocity 
of the water and gas is 0.43 m/s. The cross-correlation 
analysis uses 500 frames of WMS data. Fig. 13 shows the 
two-dimensional (2D) void fraction distributions. During 
this period of 500 frames (0.5 sec), the distribution of the 
bubble is eccentric. 


 Fig. 14 shows the gas velocity vector of the swirl flow, 
with the extracted large bubble signal indicated as a red 
arrow, while the remain signal (small bubble) is a blue 
arrow. For low void fractions (< 0.1), it is difficult to 
estimate the gas velocity. Blank areas indicate low void 
fractions and to enhance the visualization of the flow, a 
two-dimensional weighted moving average filter and thin 
arrows are used via a "checkerboard". This result 
successfully shows the bubble rotating about the eccentric 
axis. 


Fig. 15 shows the gas velocity distributions of Raw data, 
the large and small bubbles respectively. Compared to the 
5000 frame average result, Raw data has a large peak at 
around 3.7 m/sec, which is over estimation. This is due to a 
lack of data and the small bubble signal correlates with that 
of the large bubble. The large bubble has two peaks at 
around 2.0 and 3.7 m/sec. The former is considered a valid 
result but not the latter. This is attributable to the small 
signal, part of the large bubble correlating with the  
large bubble signal. The small bubble peaks at around 1.3 
m/sec and this result is considered valid.  


 


 
 
 
 


Fig. 13. Void fraction of the swirl flow (Jl = 0.43 m/s, Jg 
= 0.43 m/s). 500 data average, i.e. 0.5 msec time 
average. 


Fig. 12. Void fraction of the swirl flow (Jl = 0.43 m/s, 
Jg = 0.43 m/s). (a): without separation by bubble size. 
(b): Extracted large bubble signal. (c): small bubble. 


(c) 


(b) 


(a) 
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CONCLUSION 
 


The authors propose to extend this time series analysis to 
estimate the multi-dimensional velocity profile. The 
velocity vector was defined between the first and second 
WMS points where the cross-correlation value peaked 
between them. 


However the result of the large bubble of 500 frames has 
invalid velocity distribution, although those for 5000, with 
500 frames averaged successfully, show the directional 
characteristics of a swirl flow.  
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500data average, i.e. 0.5 msec time average. 


1964








Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11018 


 


 


European Developments in Thermal-hydraulics for Innovative  
Nuclear Systems 


 
 


Ferry Roelofs1, Andreas Class2, Paride Meloni3, Katrien van Tichelen4, Pascal Boudier5, Michael 
Prassser6, Xu Cheng2  


1 NRG, Westerduinweg 3, Petten, Netherlands 
Tel:+31 224 56 8236 , Fax:+31 224 56 8490 , Email: roelofs@nrg.eu 


 
2 KIT (Germany), 3 ENEA (Italy), 4 SCK·CEN (Belgium), 5 CEA (France), 6 ETHZ (Switzerland) 


 
 


Abstract – Thermal-hydraulics is recognized as a key scientific subject in the development of 
different innovative nuclear reactor systems. In Europe, thermal-hydraulic issues for innovative 


reactors are the subject of the Thermal-Hydraulics of Innovative Nuclear Systems project (THINS) 
which is sponsored by the European Commission and runs from 2010 untill 2014. This paper will 


describe the status of the on-going activities in this project. The project addresses the main 
identified thermal hydraulics issues for innovative nuclear systems taking into account existing 


experimental data and producing new experimental data where needed. The overall objectives of 
the THINS project are the development and validation of new physical models, improvement and 


qualification of numerical engineering tools and their application to innovative nuclear systems. A 
specific part of the project is devoted to education and training in order to dissimenate the state-
of-the-art scientific knowledge gained within the project which will be attractive to students and 


(young) researchers in the field of thermal-hydraulics internationally..  
 
 


I. INTRODUCTION 
 
The civil utilization of nuclear energy of more than 


five decades shows significant advantages of nuclear power 
in the respect of environment protection, economic 
competitiveness and power supply security. Nowadays, 
nuclear power plays an important role in power generation 
and produces about 16% of the total electricity worldwide. 
The rapidly growing energy demand suggests an important 
role for nuclear power in the future energy supply, as for 
example denoted in the projections of the World Energy 
Outlook 2008 (OECD, IEA, 2008). Therefore, nuclear 
energy is back on the agenda worldwide. In Europe, the 
European Commission recently presented the Vision 
Report of the Sustainable Nuclear Energy Technology 
Platform (SNE-TP, 2007) for the role of nuclear fission 
energy to the European transition towards a low-carbon 
energy mix by 2050. 


 


 
Fig. 1: Four generations of nuclear reactors and 


common characteristics of innovative nuclear systems 
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The development of the nuclear power technology has 
undergone four generations as depicted in the upper part of 
figure 1. Compared to the second generation (Gen-II), the 
third generation (Gen-III) exhibits a higher safety level and 
improved efficiency. However, nuclear power plants 
(NPPs) of Gen-III show some shortages related to the 
requirements of a long-term nuclear power development, 
especially with respect to minimisation of uranium 
resources and long term radioactive waste.  


Nowadays, management of nuclear waste becomes a 
key issue in the public acceptance of nuclear energy. 
Extensive studies in the last years, e.g. Salvators (2009), 
PATEROS (2008), and Knebel et al. (2009), showed that 
partitioning and transmutation may be a promising 
approach of the waste management. 


For the long-term development of nuclear power, 
reactors of generation IV (Gen-IV) with enhanced 
economics, minimisation of resources and waste, and 
security features need to be developed. The Gen-IV 
International Forum, which was established in January 
2000, recommended six innovative nuclear energy system 
concepts  (GIF, 2008) for meeting future energy challenges 
and proposed a technology roadmap for Gen-IV nuclear 
energy systems (USDOE, 2002). These six innovative 
nuclear energy systems are the high temperature reactor 
(HTR) (sometimes referred to as very high temperature 
reactor (VHTR)), the gas cooled fast reactor (GFR), the 
sodium cooled fast reactor (SFR), the lead-cooled fast 
reactor (LFR), the supercritical water cooled reactor 
(SCWR) and the molten salt reactor (MSR). In this paper, 
the Gen-IV nuclear systems and transmutation sub-critical 
systems, i.e. Accelerator Driven Systems (ADS), are 
considered as the innovative nuclear systems. Extensive 
descriptions of these reactor systems can be found in 
numerous references, like e.g. GIF (2008) and Abram and 
Ion (2008).  


Although the above mentioned reactor designs may 
seem very different, they also share common 
characteristics. The lower part of figure 1 shows the seven 
systems in a diagram which indicates the main similarities 
between the concepts. Firstly, the reactors are characterised 
by their operating spectrum. The MSR and the SCWR can 
be operated in both, thermal and fast spectrum, although in 
first instance operation in thermal spectrum is foreseen. 
Secondly, reactors are characterised by their coolant, which 
determines many common technology development 
challenges. The colour of the hexagons indicates the 
coolant use. The GFR and HTR share helium as a coolant. 
The SFR, LFR and ADS share a liquid metal as coolant. 
They may be referred to as Liquid Metal Cooled Reactors 
(LMFR). A special category of LMFRs are the reactors 
which employ a Heavy Liquid Metal (HLM) as coolant. 
These HLM cooled reactors, the LFR and the ADS, are 
depicted in dark grey colour. 


Thermal-hydraulics is recognized as a key scientific 
subject in the development of the different innovative 
nuclear reactor systems. From the thermal-hydraulic point 
of view, different innovative reactors are mainly 
characterized by their coolants (gas, water, liquid metals 
and molten salt). This results in different micro- and 
macroscopic behavior of flow and heat transfer and 
therefore requires specific models and advanced analysis 
tools. However, many common thermal-hydraulic issues 
are identified by Roelofs (2009) among various innovative 
nuclear systems. 


 
Fig. 2: Cooperating institutes of the THINS project 


 
In April 2008, the following key issues in advanced 


reactor thermal hydraulics were identified during the 
International Workshop on Thermal-Hydraulics of 
Innovative Reactor and Transmutation Systems (THIRS) 
held in Karlsruhe.:  


(i) advanced reactor core thermal-hydraulics;  
(ii)  single phase mixed convection (or buoyancy 


affecting flow and heat transfer); 
(iii)  single phase turbulence;  
(iv) multi-phase flow;  
(v) code coupling and qualification. 


As these issues were all considered key issues, they were 
all given top priority. 


Based on the input from the THIRS workshop, the 
identified cross-cutting thermal-hydraulic issues were 
selected as the subject of the 7th European framework 
programme THINS (Thermal-Hydraulics of Innovative 
Nuclear Systems) project which runs from 2010 untill 
2014. Figure 2 shows an overview of the institutes involved 
in this European project. As can be identified, the project 
consortium consists of participants from the industry, 
regulators, research institutes and universities. This paper 
will describe the activities in the THINS project which 
address the main identified thermal hydraulics issues for 
innovative nuclear systems. Similar issues were identified 
for research programmes in Japan (Akimoto et al., 2009) 
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and Korea (Song et al., 2009) respectively, and for (liquid 
metal cooled) fast reactors by Sienicki et al. (2003), Li 
(2008), and Todreas (2007).  


The main objectives of the THINS project are: 
• Generation of experimental and numerical 


data base for the development and validation 
of new models and codes describing the 
selected thermal-hydraulic phenomena;  


• Development of new physical models and 
modeling approaches for more accurate 
description of the thermal-hydraulic 
phenomena; 


• Improvement of the numerical engineering 
tools and establishment of a numerical 
platform which contains numerical codes of 
various classes of spatial scales, such as 
system analysis, sub-channel analysis and 
CFD codes. 


 This paper will describe the status of the on-going 
activities in this project. These activities complement the 
activities ongoing in the various European projects 
dedicated to the development of a specific reactor design, 
like the FP7 CP-ESFR project dedicated to the SFR 
(Fiorini et al., 2009), the FP7 LEADER project dedicated 
to the LFR (Alemberti et al., 2009), the FP7 GoFastR 
project dedicated to the GFR (Stainsby et al., 2009), the 
FP6 HPLWR-2 project dedicated to the SCWR 
(Schulenberg et al., 2009), the FP7 ARCHER project 
dedicated to the (V)HTR (Groot et al., 2010), and the FP7 
CDT project dedicated to the ADS (De Bruyn et al., 2010). 


 
II. ADVANCED REACTOR CORE THERMAL 


HYDRAULICS 
 
Innovative nuclear reactors are designed to operate at 


challenging conditions in order to improve economic 
competitiveness and sustainability. Allowable cladding 
temperatures in fuel assemblies will become an important 
limiting factor. Already during the design phase and for the 
analysis of typical (operational) transients, predictions of 
temperature fields resolving at least the individual sub-
channels are needed. The thermal-hydraulic behaviour of 
typical reactor core geometries of innovative reactors is 
simulated employing CFD or subchannel analysis codes in 
order to reliably predict local temperature and flow fields at 
least on a subchannel scale. Accompanying experiments 
with adequate instrumentation are performed and deliver 
test data for Verification and Validation (V&V). In the 
context of the THINS project, the thermal-hydraulic 
behaviour of fuel assemblies and the thermal-hydraulic 
behaviour of pebble bed reactor cores is considered. 
 
 
 


Thermal Hydraulics of Fuel Assemblies 
A liquid metal cooled rod bundle will be 


experimentally investigated for mixed convection and 
natural convection conditions in KALLA (Karlsruhe Lead 
Laboratory), see Litfin et al. (2007). The instrumentation of 
the experiment has been qualified in a series of previous 
experiments and yields along with the integral experiments 
data, local temperature date, local velocity measurements 
using Ultrasound Doppler Velocimetry (UDV) and rod 
surface temperatures. An accompanying water experiment 
will provide comprehensive local flow fields.  


 


 
Fig 3. Low resolution grid for a 19 pin experimental fuel 
assembly (KIT) 
 


Different simulation approaches are under 
development within the THINS framework. These 
approaches vary from Reynolds Averaged Navier Stokes 
(RANS) like e.g. performed in the past by Chandra et al. 
(2009), to Unsteady RANS (URANS), and Large Eddy 
Simulations (LES) as reported in Chandra et al. (2010). But 
also a low resolution CFD approach is being developed and 
employed using subgrid scale modeling to capture the flow 
physics. This approach allows to simulate complete fuel 
assemblies, or even the complete core. The flow physics 
are derived from detailed, experimentally validated, CFD 
analyses containing only a few subchannels. The flow 
physics are subsequently introduced in the low resolution 
geometrical model by volumetric forces. A more detailed 
description of this approach can be found in Class et al. 
(2011). Figure 3 shows a typical low resolution 
computational grid of the KALLA 19 pin rod bundle 
experiment. 
 
Thermal Hydraulics of Pebble Bed Reactor Cores 


A gas cooled heated rod with a textured surface is 
experimentally investigated at KIT in the L-STAR facility 
as shown in figure 4 and described by Hering et al. (2008).  
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Fig 4.: 3D CAD Model of the L-STAR/LL facility (KIT)  


 
The experiments employ local temperature 


measurements in the gas and on the heated rod surface 
along with LDA (Laser-Doppler Anemometry) 
measurement to provide experimental data on the integral 
and on the sub-texture scale. Different artificial surface 
structures to enhance heat transfer on integral and local 
scales will be investigated over a wide range of Reynolds 
numbers. This requires an improved sensing technology 
which can be used in the vicinity of the hot surfaces and 
resolves the local surface textures as well as the flow 
pattern. The experiment is supplemented by two numerical 
activities. At LUT, commercially available CFD codes are 
used to study the gas flow near the textured surfaces. It is 
expected that recommendations for the proper choice of 
turbulence model settings can be deduced. At GRS, the 
accuracy of CFD models for wall heat transfer will be 
studied. The goal is to develop and validate accurate CFD 
models for the resolution of momentum and thermal 
boundary layers. 


 
In addition to this, the thermal-hydraulic behaviour 


within pebble bed structures is studied. Experimental data 
from the experiments described by Hassan & Dominguez-
Ontiveros (2008) gathered at TAMU with detailed flow 
measurement within a random pebble bed employing 
refraction index matching and LDA will be used. It will be 
attempted to perform similar experiments also employing 
Laser Induced Fluorescence (LIF) in order to measure in 
addition to the velocities and temperatures also the porosity 
and detailed 3D geometry of the pebble bed. 


Pebble bed simulations will be performed by NRG 
where the focus is on the detailed analysis of the flow field 
employing LES. In order to validate the LES approach, it is 
envisaged to support this by direct numerical simulations 
(DNS) of a organised pebble bed. The validated LES 
approach will then be employed to a random pebble bed. 
Figure  5 shows a result of RANS simulations which are 
being performed to support the set-up of the DNS. 


 


 
Fig. 5.: Streamlines in an organised pebble bed from RANS 
simulations in support of the set-up of DNS (NRG) 


 
At DUT, improved macroscopic models for the flow 


and heat transfer in pebble bed configuration will be 
developed where LES will provide the necessary data. In 
support of this, different numerical approaches to produce 
random pebble stackings are being studied by Auwerda et 
al. (2010). 


 
 


III. SINGLE PHASE MIXED CONVECTION 
 


Simulation challenges for single phase mixed 
convection exist both at local scale characterizing the flow 
phenomena in a large pool and at an integral system scale 
for the evaluation of system dynamics. Both challenges are 
addressed within the THINS project. 
 
Mixing and Stratification in a Large Pool 


In order to qualify CFD approaches for the simulation 
of flow phenomena in a large pool like e.g. convection 
patterns, thermal stratification and fluid-structure thermal 
exchange, a reliable data base will be established on the 
basis of experiments with suitable instrumentation.  
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A new experimental installation called E-Scape 
(European Scaled Pool Experiment) depicted in figure 6 
will be built up at SCK-CEN based on a scale model of a 
representative liquid-metal pool-type vessel and its 
components with an envisaged scaling factor of about 1:5 
or 1:8 using lead-bismuth. The experiments will aim at 
characterizing the convection patterns in different forced 
flow conditions as well as at monitoring the free surface 
level fluctuations. 


 
Fig. 6: E-Scape drawing (SCK) and scaling simulation 
(NRG) 
 


For each phenomenon investigated, similarity laws and 
modelling criteria have to be established. Proper simulation 
requires similarity of geometry, velocity and temperature 
fields and of the boundary conditions. In view of this, the 
governing dimensionless numbers that characterise the 
behaviour of the liquid metal in the reactor pool for a 
particular phenomenon (e.g. Reynolds, Froude, Weber, 
Euler, Richardson's and/or Peclet number) will be 
maintained whereas a compromise will be accepted in the 
distortion of others. 


CFD simulations (see figure 6) were used by SCK-
CEN and NRG to validate this approach, to determine the 
scaling factors and transposition of the experimental results 
to the real scale situation for the different phenomena as 
was done in a preliminary evaluation by Roelofs et al. 
(2005). It was found that various scaling approaches can be 
used which more or less give similar results.  


An appropriate instrumentation will be installed with 
the support of FZD consisting of pressure transducers, 
thermocouples, surface characterisation and velocity 
probes, including UDV for local velocity measurements as 
described by Gerbeth et al. (2008). 


 
Fig. 7: Overview of the CIRCE test section (ENEA) 
 


At ENEA Brasimone, the CIRCE lead-bismuth integral 
facility, see figure 7, including decay heat removal system, 
is used in order to evaluate the transition from forced to 
natural circulation in pool-type liquid metal reactors as 
described by Tarantino et al. (2008). An experimental 
campaign will be designed and conducted to provide data 
both for the qualification of CFD models related to heat 
transfer in a pool heat exchanger and thermal stratification 
and for the qualification of system dynamic behaviour 
under buoyancy influenced flow conditions in a system 
code. New instrumentation suitable for the different scales 
will be installed in the facility. 


CFD approaches will be developed by the UNIPI, for 
the prediction of the convection patterns and of energy 
transport in a liquid metal pool. In parallel, a grid-free 
model will be developed at KIT based on eigenfunction 
expansion techniques. Together with experimental 
techniques, such CFD approaches will serve as validation 
for system codes to be applied by ENEA. 
 
System Dynamics 


The dynamics of a system in buoyancy influenced flow 
conditions is simulated using thermal-hydraulic system 
codes. Validation usually takes place by means of code-to-
code and code-to-experiment benchmarks. To this purpose, 
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experimental data will be used which is already available 
for natural circulation conditions and new experiments will 
be conducted in the above described CIRCE integral 
facility to study the transition from forced to natural 
circulation in pool-type innovative systems. 


The starting point will be the revision of the closure 
relationships implemented in thermal-hydraulics system 
codes, specially in relation to the experimental data 
available for heat transfer in low Prandtl number fluids. To 
this purpose, sodium data from the Phenix reactor natural 
convection test will be used as benchmark by CEA, IRSN 
(see figure 8), and KIT. This operational reactor 
measurement data contains speed of primary and secondary 
pumps, temperatures at in- and outlets of main components, 
temperatures at the outlet of fuel assemblies, and 
temperature measurements in the hot and cold plena. 
Furthermore, heavy liquid metal experimental data will be 
used for the assessment activities obtained from the CIRCE 
integral facility and from the TALL facility at KTH 
described by Ma et al. (2007). This assessment will be 
performed in cooperation between ENEA and KTH. 


 
Fig. 8: DYN2B Nodalisation of the Phenix Reactor (IRSN) 


 
IV. SINGLE PHASE TURBULENCE 


 
Non-unity Prandtl Number Turbulence 


For modeling turbulent heat transfer, the current 
engineering tools usually apply statistical turbulence 
closures and adopt the concept of the turbulent Prandtl 
number based on the Reynolds analogy. Essentially, the 
turbulent Prandtl number concept is a structural coupling of 
velocity and temperature fields, which may be considered 
as valid only for forced convective flows with Prandtl 
number of order unity. In the particular cases of liquid 
metal, molten salt, or supercritical fluid flows, the turbulent 
Prandtl number concept is not applicable and robust 
engineering turbulence models are needed. 


To this purpose, the development and validation of 
turbulence models will be supported by experiments. Direct 
Numerical Simulation (DNS) data from the UNIMORE and 
the UCL will serve together with experimental data from 
the DeLight facility at DUT, see T’Joen et al. (2010), as 


reference for other computational approaches. Such 
experiments are foreseen for a wide range of Prandtl 
numbers (e.g. liquid metals, helium, supercritical water). 


In order to improve the turbulence energy transport 
models in engineering CFD tools for non-unity Prandtl 
number fluids, different routes will be employed: 


• CD-adapco has implemented a carefully selected, 
existing advanced Reynolds Averaged Navier-
Stokes (RANS) algebraic heat flux turbulence 
model based on Kenjeres and Hanjalic (2000) in 
their widely spread STAR-CCM+ engineering 
code. This model was already been tested using 
dedicated academic codes. First tests by CD-
adapco show a promising performance. Further 
validation will be performed by CD-adapco and 
NRG and will involve comparison to experimental 
data from literature and DNS data. 


• UCL and ASCOMP envisage to implement a non-
linear RANS turbulence model in combination 
with the promising algebraic heat transfer model 
from Kenejeres and Hanjalic (2000) in the 
TRANSAT engineering code developed by 
ASCOMP. The validation campaign will be 
carried out in cooperation between ASCOMP, 
UCL and TAMU. 


• To deal with supercritical fluids with Prandtl 
numbers larger than the order of unity, requires 
development of new RANS turbulence models. In 
a cooperation between PSI and UNIPI, a CFD 
modeling approach will be developed in STAR-
CCM+. The applicability of the newly 
implemented algebraic heat flux model based on 
Kenjeres and Hanjalic (2000) will be assessed. 
Furthermore, the existing modeling approach 
available in the open source CFD Code 
OpenFOAM will be improved by KTH. 


• Development of LES modeling approaches for 
simulation of non-unity Prandtl number flows will 
be carried out in paralled by KIT in OpenFOAM 
and ASCOMP in their TRANSAT code. KIT has 
developed a new subgrid scale (SGS) model 
which is described in Otic (2010). This model has 
been validated against forced convection DNS 
data. In a next step, validation against mixed 
convection data is foreseen. ASCOMP has 
implemented various SGS models in their 
TRANSAT code and validated them for Prandtl 
number in the range of unity. In a next step, non-
unity Prandtl numbers will be considered. 


 
Thermal Fatigue in Innovative Nuclear Systems 


In order to deal with thermal fatigue issues in 
innovative nuclear systems, evaluation approaches used to 
predict temperature fluctuations in current LWR’s, as e.g. 
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described in Dahlberg et al. (2007) and Hannink et al. 
(2008), will have to be transferred and adapted to 
innovative reactors.  


To this purpose, mixing in a rectangular channel will 
allow a fundamental view on the mixing phenenoma. The 
experiments to be conducted in the GEMIX (GEneral 
MIXing) facility at PSI described by Prasser et al. (2009) 
and Fokken et al. (2010) and shown in figure 9 will be 
directed towards gas-cooled systems, but the outcome will 
also provide important insights for other coolants. PSI, KIT 
and NRG will use the experimental data to develop and 
evaluate in parallel different modeling approaches using 
RANS and LES techniques. 


 


 
Fig. 9: Impression of the GEMIX3 facility (PSI) 
 


Mixing in a core outlet plenum may lead to thermal 
fatigue damage. In order to develop a modeling approach 
available for this phenomenon, an experiment as sketched 
in figure 10 will be conducted in the DeLight SCMix 
facility at DUT which will capture the details of a mixing 
flow in a plenum. The application is using a supercritical 
fluid, but the outcome will also provide important insights 
for other coolants. The model development will be 
performed by NRG. 


The influence of conjugate heat transfer on 
temperature fluctuations in liquid metal is studied by JSI 
using DNS. Their data will be used by IRSN to develop 
and validate an LES modeling approach with respect to 
modeling the influence of the heat transport in a solid wall 
on the temperature fluctuations in the fluid. 


 


 
Fig. 10: Sketch of the DeLight SCMix experiments (DUT) 
 


 
 


V. MULTIPHASE FLOW 
 


Multi-phase flows are encountered in several 
innovative reactor systems. A sample of such flows is 
considered in the THINS project:  


• Free surface flows are present in most 
innovative nuclear systems but are especially 
of interest for pool-type liquid metal cooled 
reactors. They are also a key phenomenon in 
accelerator driven systems (ADS) with 
windowless spallation targets.  


• Bubbly flows occur from the possible 
incidental interaction between water and 
heavy liquid metal in lead alloy cooled 
reactor systems.  


• In gas cooled reactors, graphite dust is 
generated by abrasion and transported in the 
coolant loop. 


 
Free Surface Flows 


For what concerns free surface flows in spallation 
targets, the numerical treatment to calculate the free surface 
shape, its position and its stability is complex because of: 


• The statistical properties of the flow field are 
altered with the existence of the free surface, 
which requires an adapted turbulence 
modelling currently not available.  


• The conventional numerical two-phase codes 
employing a two-fluid model cannot be 
applied to predict the shape of the free 
surface because of the presence of vacuum 
above the surface.  


Within the European projects ASCHLIM end 
EUROTRANS, model improvements have been performed 
in two approaches reported by Van Tichelen (2008): 
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• working inside the framework of standard 
commercial CFD codes and improve the 
existing Volume of Fluid (VOF) method as 
described by Batta & Class (2008-1) 


• working outside the framework of standard 
commercial CFD codes and  develop  the 
Moving Mesh Algorithm (MMA) as outlined 
by Maciocco (2002) 


 


 
Fig. 11: CAD drawing (SCK) and pictures of KALLA  
windowless target experiment (KIT) 


 
Both models developed are not yet in a stage of being 


a generally usable and reliable computational tool to 
provide CFD support to the design of spallation targets. 
Model development will be acompagnies by experiments. A 
target of the MYRRHA/XT-ADS type (Batta et al., 2009) 
shown in figure 11 will be set-up at KALLA at KIT. The 
free surface formation, its shape as well as its temporal 
behavior will be studied as a function of the flow rate and 
the geometry. The Double Layer Projection technique 
developed by Hillenbrand et al. (2008) within the 
EUROTRANS project will be used to detect the surface 
shape and its temporal behavior, while simultaneously the 
velocity field underneath the surface will be recorded using 
Ultra-Sound-Doppler Velocimetry. 


Advanced free surface modeling approaches will be 
developed and validated which are capable of capturing 
sharp fluid-vacuum interfaces. The VOF+ modeling 
approach as developed within the EUROTRANS project by 
Batta & Class (2008-2) will be further developed by KIT. 
Furthermore, CRS4 is evaluating a completely different 
modeling approach, i.e. the Smoothed Particle 
Hydrodynamics SPH. The MMA approach will be further 
developed by the University of Modena and Reggio. To 
assess the near-interface subscale turbulence, ASCOMP is 
developing an LES based modeling approach. 
 


Heavy Liquid Metal - Water Interaction 
Interaction of heavy liquid metals with water remains 


one of the main challenging issues for the safety of heavy 
liquid metal cooled reactors. Concerning this interaction, 
mainly the accident code SIMMER is used to investigate 
the related phenomena as explained by Ciampichetti et al. 
(2009). 


 
Fig. 12: Axisymmetric test section for LIFUS5 (ENEA) 
 


Additional CFD grade measurement data using the 
LIFUS5 facility at ENEA will be produced. To this 
purpose, the test section will be completely refurbished 
achieving axisymmetry in the experiments. This will 
simplify numerical modeling and support validation of 
numerical approaches. New models for the prediction of 
energy release, system dynamic response and liquid 
sloshing will be developed and validated by ENEA and 
UNIPI for use in the SIMMER code and in an in-house 
CFD code for the simulation of fluid-structure interaction. 
 
Gas-graphite Flow 


During the operation of gas cooled reactors, 
contaminated graphite dust is generated by abrasion and 
accumulated in the helium loop. Deposited dust may affect 
the efficiency and even the function of system components, 
such as regenerators and coolers, and further lead to severe 
contamination of the reactor building and environment if 
not effectively retained during loss-of-coolant accidents 
(Groot et al., 2010).  
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Fig. 13: Gas Aerosol Test Facility (FZD) 
 


A small-scale Gas Aerosol Test Facility for the study of 
gas-borne graphite transport in a generic geometry as 
presented in figure 13 is under construction at FZD. The 
test section is a small flow channel with a 100 mm X 100 
mm cross-section operated with a helium-nitrogen mixture. 
In the transparent test section, the particle behavior will be 
measured. Experiments for particle remobilization from 
surfaces, particle adhesion on surfaces and particle 
transport in test section with obstacles will be carried out. 


Appropriate CFD modeling approaches will be 
developed for geometry independent dust transport 
simulations, to assess certain safety features and to assist 
system code qualification. Different modeling approaches 
will be developed in parallel: 


• For HTR flow conditions, particle deposition 
is strongly influenced by the transport process 
in the turbulent boundary layer, where the 
turbulent process is highly anisotropic. The 
application of Lagrangian particle dispersion 
modeling within a 2-equation RANS CFD 
framework yields erroneous predictions. NRG 
and FZD will select the most-promising 
modification and validate this within the 
Eulerian-Lagrangian RANS CFD framework 
for HTR dust applications. The applicability 
and validity of the Eulerian-Lagrangian LES 
CFD modeling for the considered application 
will be demonstrated by NRG. 


• ICL will develop a mesh-adaptivity method 
for two-phase flow modeling. The newly 
developed mesh-element will be used as the 
basis of the discretisation, to develop the 
control-volume finite element method (CV-
FEM). This new methodology will be adopted 
in the in-house multi-physics CFD code 
FLUIDITY, described in AMCG (2010), to 
investigate heat and fluid flow dynamics in 
gas cooled reactors at the individual fuel 
assembly level (fuel block, plate and pebble 
bed). 


 
 
 
 


VI. NUMERICAL CODE COUPLING AND 
QUALIFICATION 


 
Multi-scale System-CFD solutions will be developed 


and validated for application to innovative nuclear systems. 
Two complementary experiments will be addressed, i.e. an 
experiment performed in the operational French sodium-
cooled reactor Phenix of CEA and TALL experiments of 
KTH as described by Ma et al. (2007). The Phenix 
experiment deals with a full reactor scaled facility. The 
applied data are from the ultimate test on a “real life safety” 
scenario. The TALL facility, shown in figure 14, is an 
academically scaled integral facility with the capability of 
“separate effects test” and a systematical study of safety 
issues. Measurement data will be provided in both system-
scale such as pressure drop, flow rate, and CFD-scale such 
as detailed local temperatures and velocities. Currently, the 
TALL facility is being refurbished in order to accomodate 
measurements which serve the validation of CFD codes and 
their coupling to system codes. The coupled System-CFD 
solution and its V&V on the Phenix and TALL experiments 
will be completed with an uncertainty analysis. 


 
 


 
Fig. 14: TALL facility (KTH) 


 
CEA and KIT will use the French CATHARE code 


(Antoni, 2008) and the US TRACE code (Bubelis et al., 
2008) as system codes and the French TRIO-U code and 
the open source OpenFOAM code as CFD codes to 
simulate the cold and hot collector of the Phenix facility 
respectively. KTH and GRS will use the US 
RELAP/TRAC/AAA codes and the German ATHLET 
system code as system codes in combination with 
commercial CFD codes like Fluent, CFX and STAR-CCM+ 
to simulate system and local behaviour in the TALL facility. 
Currently, separate code validation are being performed 
and first coupling approaches are being tested. An 
uncertainty assessment method is under development to 
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support the code coupling. This work is being performed 
by the TUM. 
 


 
VII. EDUCATION AND TRAINING 


 
Due to the focus on thermal hydraulic issues relevant 


for different innovative reactor concepts in the same time, 
it is expected that the scientific knowledge which will be 
acquired within the proposed project is of particular 
interest for training. They will comprise modern and 
innovative modeling approaches, like CFD for two-phase 
flows, the extension of turbulence models to complicated 
thermodynamic conditions of the participating fluids, code 
coupling between CFD and system codes, as well as 
significant contributions to the design and the safety of 
Gen-IV reactors. A large part of the scientific results will 
therefore have a fundamental relevance in the field of 
nuclear thermal-hydraulics, nuclear safety and in thermal 
fluid dynamics in general. It is expected that using the 
results for teaching purposes is highly attractive to 
strengthen the basis for maintaining and extending know-
how in the field. 


Targets are both PhD students integrated in the project 
execution and students enrolled in master programs of 
mechanical, process or nuclear engineering as well as 
graduated persons interested in post-gradual courses. It is 
planned to organize a series of workshops serving as a 
combination of thematic courses, of a scientific platform 
for PhD and master students involved in the project and for 
the presentation of research results from the work 
packages. Additionally, code user training courses will be 
offered to enhance the efficiency of the practical 
application of the project achievements, which will to a 
considerable part be embedded in extended and validated 
computational tools. 


Three types of workshops are planned: 
1. A student's workshop aiming at the 


preparation of PhD students and other 
involved students for their tasks within the 
project, open for other interested audience 
from the project partners as well as students 
from the involved universities. The workshop 
is organised by PSI in cooperation with the 
Technical University of Zürich. It combines 
lectures on thermal hydraulics, computational 
fluid dynamics and reactor safety with 
presentations of students allowing them to 
gaining experience in presenting in front of 
international audience. Special attention will 
be given to GenIV reactor systems. This 
workshop is scheduled for february 2011 (see 
figure 15). 


2. International cluster workshops combining 
courses, PhD and students progress reports, 


presentations on work package achievements 
and papers from the open public. Three 
events of this kind will be organized by JSI, 
KTH, and UNIMORE. The last cluster 
workshop will be an open workshop with a 
worldwide call for papers. It will serve as 
final international project workshop and 
promote the spreading of the results obtained 
during the project. 


3. Code user training courses scheduled for the 
mid of project, which aim at practical training 
and exchange of experience in using CFD and 
system codes. Two events of this type are 
planned by ASCOMP and TUM. 


 


 
Fig. 15: Announcement of the student's workshop in 
Switzerland 
 


IV. SUMMARY 
 
The considered Gen-IV and ADS innovative reactor 


designs are from the thermal-hydraulic point of view 
mainly characterized by their coolants (gas, water, liquid 
metals and molten salt). This requires specific models and 
advanced analysis tools. However, many common thermal-
hydraulic issues are identified among various innovative 
nuclear systems. Such thermal-hydraulic issues are the 
subject of the 7th framework programme THINS (Thermal-
Hydraulics of Innovative Nuclear Systems) project which 
runs from 2010 untill 2014. The activities in this project 
address the main identified thermal hydraulics issues for 
innovative nuclear systems.  
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The main objectives of the THINS project are: 
• Generation of experimental and numerical 


data base for the development and validation 
of new models and codes describing the 
selected thermal-hydraulic phenomena;  


• Development of new physical models and 
modeling approaches for more accurate 
description of the thermal-hydraulic 
phenomena; 


• Improvement of the numerical engineering 
tools and establishment of a numerical 
platform which contains numerical codes of 
various classes of spatial scales, such as 
system analysis, sub-channel analysis and 
CFD codes. 


The following thermal-hydraulics issues are identified 
and treated by the project and their status was described in 
this paper: 


• Advanced reactor core thermal-hydraulics 
• Single phase mixed convection 
• Single phase turbulence 
• Multiphase flow 
• Numerical code coupling and qualification 


A specific part of the project is devoted to education 
and training in order to dissimenate the state-of-the-art 
scientific knowledge gained within the project which will 
be attractive to students and (young) researchers in the field 
of thermal-hydraulics internationally.  
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Abstract – The US-APWR applies Gas Turbine Generators (GTG), as Emergency Power Supply 
in lieu of the most commonly used Diesel Generators (DGs). MHI have performed initial type test 
required in IEEE Std-387 as part of Class 1E qualification program of Class 1E GTG units of US-
APWR. Based on the results, it is concluded that the US-APWR GTG unit is successful in the 
initial type test and meets the requirements for Class 1E emergency power sources described in 
R.G 1.9 and IEEE Std-387. 


 
 


I. INTRODUCTION 
 
The gas turbine generator features a reduced number 


of components compared to the diesel generator, an 
application of air cooled system and simplified support 
systems. As this engine is about 1/7 the size of the diesel 
one, cooled by air and equipped with simplified fueling 
and startup air systems, the gas turbine generator system 
can offer a very compact emergency system compared to 
the diesel generator system. Moreover the gas turbine 
generator system can be maintained in a very easy way. 
Then it is expected to drastically cut both maintenance 
workload and period by about 90% in comparison with the 
diesel generator system which is generally serviced for 
about 2 weeks every year.  


But the gas turbine generator generally requires longer 
startup time of about several tens of seconds compared to 
the diesel generator. Because the existing PWR plants must 
be equipped with emergency electric source equipment that 
can start up within 15 seconds in order to address events 
caused by the loss of offsite power accident, the rapid-start 
diesel generator has been installed. 


However, US-APWR introduces an advanced 
accumulator tank that makes it possible to prolong this 
startup time of emergency electric source equipment to 100 
seconds. 


Therefore, the gas turbine generator can be adapted as 
emergency electric source equipment, which will be the 
first application for PWR plants. 


Since the emergency electric source equipment by 
adapting the gas turbine generator is required to have the 
highest quality as a safety system, MHI determined to 
conduct new verification procedures based on the U.S. 
regulatory requirements so that the emergency gas turbine 
generator will meet the safety system requirements. This 
verification implemented according to the requirements of 
the Regulatory Guide specified by the NRC. The 
verification test plan was discussed with the NRC. MHI 
conducted a continuous load-following operation test, 
continuous startup test, and other necessary tests based on 
the new verification procedures for the gas turbine 
generator. 


 
II. GAS TURBINE GENERATOR SYSTEM 


 
The US-APWR applies Gas Turbine Generators 


(GTG), as Emergency Power Supply in lieu of the most 
commonly used Diesel Generators (DGs). 


 
In a gas turbine, a pressurized gas spins the turbine. In 


all modern gas turbine engines, the engine produces its 
own pressurized gas, and it does this by burning its fuel. 
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The heat that comes from burning the fuel expands air, and 
the high-speed rush of this hot air spins the turbine.  


There are two major advantages of the turbine over the 
diesel (a detailed comparison is presented in Table I):  


• Gas turbine engines have a great power-to-weight 
ratio compared to reciprocating engines. That is, the 
amount of power that comes out of the engine compared to 
the weight of the engine itself is very good.  


• Gas turbine engines are smaller than their 
reciprocating counterparts of the same power.  


 
The Gas Turbine was selected for the US-APWR 


because the engines are, theoretically, extremely simple. 
They have three main parts:  


• Compressor - Compresses the incoming air to high 
pressure  


• Combustion area - Burns the fuel and produces 
high-pressure, high-velocity gas  


• Turbine - Extracts the energy from the high-
pressure, high-velocity gas flowing from the combustion 
chamber  


In the engine, air is sucked in from the compressor. 
The compressor is basically a cone-shaped cylinder with 
small fan blades attached in rows. As the air is forced 
through the compression stage its pressure rises 
significantly.  


As a result: 
・The Gas Turbine is a very simple rotating engine 


with few components 
・The GTG System consists only of the gas turbine, 


generator, fuel transport system, starting system and 
control/instrumentation system 


・Water cooling system is not required 
・The GTG, as described below, presents a high level 


of reliability. 
 
The GTG components have demonstrated a high 


degree of reliability in starting and continuous power 
operation in aircraft and commercial applications over a 
long period of time. 


The Gas Turbine unit is maintained in a state of 
readiness through regular maintenance inspections and 
testing.  The unit will be started and loaded once a month 
to demonstrate operational readiness.  This requirement 
assures that the gas turbine unit is maintained in a state of 
functional readiness. 


 
 
 
 
 
 
 
 


 
 
 


TABLE I 


Gas Turbine and Diesel Engine Comparison 


 Gas Turbine Diesel Comments 


Weight, Size 
 Gas Turbine  


The gas turbine size is approximately 
one-fourth by weight and one-seventh by 
volume compared with the same range 
diesel engine. 


Space  Compact Large See above 


Noise Level 
 Gas Turbine  


The main component of noise is the high 
frequency wave, which is easily silenced.  
As a result it is easier to reduce the 
noise level of the gas turbine. 


Vibration 
 Gas Turbine  


A gas turbine produces little vibration 
because the engine is not reciprocating , 
and just has a rotary motion 


Cooling Water 
 Not Required Required The gas turbine does not need cooling 


water because the engine is air-cooled. 
Reliability of 
Starting 
 Gas Turbine  


Since the combustion system is a 
continuous combustion system with 
spark plugs, the engine starting reliability 
is high 


Power Supply 
 Gas Turbine  


Deviation in frequency is small, therefore 
the gas turbine supplies high quality 
power. 


Exhaust Gas 
 Gas Turbine  


The combustion efficiency is high, and 
harmful substances like NOx included in 
exhaust gas are small.  Therefore the 
gas turbine is clean. 


Fuel 
Consumption 
 


 Diesel 
The diesel is superior to the gas turbine, 
because the fuel consumption of a gas 
turbine is higher than that of a diesel. 


Periodic 
Maintenance 


Overhaul is done 
several times  
during plant life 


Periodic 
Overhaul 
Required   


The Gas Turbine requires fewer 
overhauls than the Diesel units. 


Reliability Higher than DG 10-2 (/d) See Reliability report 


Starting Time 40 sec 10 sec 


The Gas Turbine unit requires a longer 
starting time but this time is within the 
core cooling requirements of the US-
APWR.  This starting time for the GTG is 
acceptable because the advance 
accumulator design of the US-APWR.  


 
 
 


 
Fig.I Gas Turbine Generator Outline 
 
 
The Class 1E GTG is part of the standby power 


system.  This specification is for a GTG, having a rating of 
4500 kW, 6900 V, 3-phase, 60 Hz.  The design meets or 
exceeds the requirements of U.S. NRC Regulatory Guide 
1.9 Rev. 4.  This Regulatory Guides was provided for 
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Diesel Engine powered generators used as Emergency 
Power Supplies.  Since there is no guidance available for 
Gas Turbine engine power generators used for same 
purposes, the existing Regulatory Guides are used and 
applied accordingly.  The engine, generator and all 
auxiliaries shall be classified as Seismic Category Class I. 


 
 


III. INITIAL TYPE TEST 
 
 


III.A. PURPOSE 
 
Since GTG has not been applied for Class 1E 


Emergency Power Sources (EPSs) of nuclear power plants 
in US, there is no regulatory requirement for Class 1E 
GTG. MHI decided to perform the Class 1E qualification 
in accordance with R.G 1.9/IEEE 387. MHI performed 
Initial Type Test of US-APWR’s GTG system required in 
IEEE 387. NRC has issued Interim Staff Guidance ISG-21 
which is requirement about design and qualification of 
Class 1E GTG. ISG-21 seems to be regulatory guideline in 
future. MHI also reflects the requirement of ISG GTG in 
qualification.  


Initial type test consists of three kinds of test, “Load 
capability test”, “Start and load acceptance test” and 
“margin test”. MHI performed all the three tests. 


 
 


III.B. SCOPE 
 
When in service, the GTG unit has the capability of 


performing as a redundant unit of a standby power supply, 
in accordance with the requirements stated in IEEE Std 
308. 


IEEE 387 defines the boundaries of systems and 
equipment included its scope. Although there is no 
regulatory requirement for Class 1E GTG system, MHI 
decided the scope of systems and equipment to be tested in 
Class 1E GTG qualification same with IEEE 387 shown in 
Fig. III-1. MHI manufactured prototype system based on 
Fig. III-1 and tested. 


 
 


CT


VT


;      ELECTRIC CIRCUITS (CONTROL, AUXILIARY POWER, ETC; MAIN POWER)
;      NON_ELECTRICAL CHANNELS(OIL, AIR, EXHAUST. ETC; DRIVE)
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Fig. III-1. Scope Diagram 
 
 
 


III.C. PROTOTYPE SYSTEM 
 
[A] System specification 
i.  Starting Time 
(1) Starting time of GTG is required within 100 


seconds by safety design and analysis of US-APWR. GTG 
to be reached set voltage and frequency, and GTG breaker 
should be closed within 100 seconds after starting signal is 
initiated. 


(2) US-APWR GTG is reached set voltage and 
frequency within 40 seconds as its standard specification. 


 
ii.  Rating 
The US–APWR GTG is rated as follows: 
4500 kW Continuous @ 1,000 hrs Engine Overhaul 


Interval, 115°F Air Intake Temperature 
4950 kW Short Time @ 300 hrs Engine Overhaul 


Interval, 115°F Air Intake Temperature 
 
iii.  Fuel Oil System 
(1)Engine fuel will be commercial grade No. 2 fuel oil 


with limits as stated in ASTM Specification D-396. 
(2)A direct engine/gearbox driven pump that pumps 


fuel oil from the day tank to the fuel control valve is 
provided. 


(3)The welded steel day tank, to hold a total quantity 
of fuel required for 1.5 hours operation at the continuous 
rating (2000 gallon rated) is provided. Tank is constructed 
in accordance with ASME Section Ⅲ, Class 3.   


 
iv.  Lubrication Oil System 
(1)A complete lube oil system is furnished to supply 


oil under pressure to the engine bearings and reducing gear 
bearings. 
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(2)A lube oil cooler is supplied to remove heat from 
the engine and speed reducer oil during operation. The 
cooler shall be of the air to oil type and shall be driven by 
an electric motor driven fan, mounted close to the radiator 
core.  


 
v.  Starting Air System 
The engine shall be capable of being started by 


compressed air within 100 seconds after signal for start.   
There are two air receivers in prototype system tested. 


In the actual plant design, four receivers capacity is 
designed that there is sufficient air at required pressure for 
three starts. The receivers are to be constructed in 
accordance with ASME Section Ⅲ, Class 3.   


The starting manifold assembly consists of reduction 
valves, pipes, gauges, Y-strainer, and control valves. This 
unit reduces air pressure at the inlet of this unit to the 
specified pressure (the secondary air pressure). The 
secondary air pressure depends on air starter's maximum 
limit pressure at inlet.   


The air compressor and compressor motor are 
designed as non safety related components. 


 
vi.  Intake/Exhaust Air System 
Air intake and exhaust systems consist of duct, 


silencer and ventilation fans.  
 
vii.  Enclosure/Skid 
The skid type base plate is provided of rolled steel 


sections welded together to form a rigid base  
for mounting the engine and generator systems above 


and suitable for bolting to a reinforced  
concrete foundation. 
 
viii.  Control system 
One free standing local control panel having following 


function is furnished.  
・Manual GTG start/stop operation for maintenance 
・ Individual start/stop operation of related GTG 


components for maintenance 
・ Monitoring of GTG and related component 


parameters for maintenance 
 
The local control cabinet is actuated by sent signal 


from safety logic system of GTG which is digital control 
cabinet and not within the qualification scope. 


 
[B] Component specification 
i.  Gas Turbine Engine & Gearbox 
Specification of gas turbine engine & gearbox is 


shown in Table III-1. 
 
 
 


 
Table III-1 Specification Of GT 
Item Specification 


Gas Turbine 
Engine Product 


 


Kawasaki M1T-33 (twin engines with on gearbox) 
 Two-stage Centrifugal Compressor 
 Single Can Type Combustor 
 Three-stage Axial Turbine 


 


Type Simple & Open Cycle Single-shaft type  


Rotation Speed 17,944 min-1 


Dimension Size 
(L, W, H) 


3,398 mm, 2,679 mm, 2,403 mm 
(with Gearbox) 


Weight 14,000 kg (with Gearbox) 
Gearbox Type Epicyclic Gear + Parallel Gear, 


Rotation Speed 1800 min-1 


 
 
ii.  Generator 
Specification of generator is shown in Table III-2. 
 


Table III-2 Specification Of Generator 
Item Specification 


Rating 5625 kVA 
Power Factor 0.8 Rated 
Rated Voltage 6900 V 
Phase 3 
Connection Wye 
Wire 6 
Frequency 60 Hz 
Insulation Class F 
Enclosure Drip proof 


 
 
iii.  Fuel Day Tank 
Table III-3 shows specification of fuel day tank 
 


Table III-3 Specification Of Fuel Day Tank 
Item Specification 


Quantity 1 
Capacity 2000 gallon (7.57 cubic meter) 


 
 
iv.  Air Receiver  
Table III-4 shows specification of air receiver 
 


Table III-4 Specification Of Air Receiver 
Item Specification 


Quantity 1  
Capacity 1250 gallon 


 
 


III.D.  RESULT OF INITIAL TYPE TEST 
 
The testing was in accordance with the initial type test 


portion of IEEEStd-387-1995 (section 6.2) and ISG-021 
for application to gas turbine generator sets. 


 
III.D.-1  Load capability tests 
 
· Outline 
These tests demonstrate the capability of the GTG unit 


to carry the following rated loads at rated power factor for 
the period of time indicated, and to successfully reject load. 
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One successful completion of the test sequence shall 
satisfy this particular requirement. 


 
· Procedure, Test Condition 
a)Load equal to the continuous rating shall be applied 


for the time required to reach engine temperature 
equilibrium. 


b)Immediately following step a), the short-time rated 
load shall be applied for a period of 2 h and the continuous 
rated load shall be applied of 22 h. The short-time rating 
load rejection test shall be performed.  


c)Light-load or no-load capability as described shall 
be demonstrated by test. Light – load or no-load operation 
shall be followed by a load application ≧50% of the 
continuous kilowatt rating for a minimum of 0.5 h. 


 
· Acceptance Criteria 
1)Maintain for duration while maintain normal 


temperature limits. 
2)The load rejection test will be acceptable if the 


increase in speed of the engine does not exceed 75% if the 
difference between nominal speed and the overspeed trip 
set point, or 15% above nominal, whichever is lower. 


 
· Result 
Parameters measured during the test are shown in 


Tables III-5 to III-7. The GTG was operated in the stable 
condition with no troubles, failures or abnormal conditions. 
All the parameters remained almost constant.  


Also at the rejection of 110 % load, the engine did not 
stall. And the frequency did not exceed 63 Hz which 
satisfies the acceptance criteria.  


It is concluded that these test results are successful. 
 
 


Table III-5  Engine Lubricant Oil Parameter 


  


Engine #1 Engine #2 


Oil 
Pressure 


Oil Temp 
Engine In 


Oil Temp 
Bug  
Drain 


Oil 
Pressure 


Oil Temp
Engine In


Oil Temp
Bug 
Drain 


Average during 100% 
1 hour  


operation 
46  150  157  46  155  142  


Average during 110% 
operation 45  154  160  46  154  148  


Average 
during  
100% 


22 hour 
operation 


Minimum 44  150  144  46  150  135  


Average 46  151  155  48  151  141  


Maximum 47  155  162  50  156  145  


 
 
 
 
 
 
 
 
 


 
Table III-6  Engine Temperature Parameter 


  Ambient 
Temp 


Engine #1 Engine #2 


Exhaust 
Temp 


Air 
Inlet 
Restriction 


Compressor 
Discharge  
Pressure 


Exhaust 
Temp 


Air 
Inlet 
Restriction 


Compressor 
Discharge 
Pressure 


Average during 100%
1 hour  


operation 
81 388.8  6.5  126  385.4 6.1 128 


Average during 110%
operation 78 496.1  6.4  135  512.7 6.1 140 


Average 
during  
100% 


22 hour 
operation


Minimum 56 441.0  6.5  135  438.0 6.1 140 


Average 65 453.5  6.5  141  449.4 6.4 143 


Maximum 73 468.0  6.5  150  463.0 6.5 150 


 
 


Table III-7  Generator Parameter 
  AC Volts AC Amps Exciter Field 


DC Amps 
Exciter Field 


DC Volts 
Average during 100% 


1 hour operation 6.94  292.6  1.85 40.75 


Average during 110% 
operation 6.96  537.4  2.8 64.75 


Average 
during  
100% 


22 hour 
operation 


Minimum 6.90  452.3  2.6 56 


Average 6.91  469.3  2.6 57.5 


Maximu
m 6.92  477.60  2.6 58 


 
 
 
III.D.-2  Start and load acceptance tests 
 
· Outline 
A series of tests shall be conducted to establish the 


capability of the GTG unit to start and accept load within 
the period of time necessary to satisfy the plant design 
requirement. 


Total 150 starts were performed. 
 
· Procedure, Test Condition 
a)Engine cranking shall begin upon receipt of the 


start-diesel signal, and the diesel-generator unit shall 
accelerate to specified frequency and voltage within the 
required time interval. 


b)Immediately following step a), the diesel-generator 
unit shall accept a single-step load ≧ 50% of the 
continuous kilowatt rating. Load may be totally resistive or 
a combination of resistive and inductive loads. 


c)  20 starts were performed under the cold condition, 
and 130 starts were performed under the hot condition.  


 
Note) GT manufacture defines the cold condition of 


GT that the condition 10 hours turning performed after GT 
stopped run. 


 
· Acceptance Criteria 
All starts should be achieved within 100 seconds. 150 


starts should be performed with no failures. 
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· Result 
Starting time is shown in Table III-8. And the 


parameters measured during the test are shown in Table 
III-9. 


MHI has performed total 151 starts, and all the starts 
were conducted successfully without failures or abnormal 
conditions. Also all the starts achieved the “ready to load 
condition” within 30 seconds.  


It is concluded that these test results are successful. 
 
 


Table III-8  Starting Time 
  Minimum Average Maximum 


Cold 
(20 times) 26.0  26.6  27.5  


Hot 
（131 times） 26.0  28.0  29.0  


 
 


Table III-9  Engine Parameter 
  Cold Hot 


Iｎtake Air 
（°F） 59.4 64.6 


Engine 
#1 


EGT 323.3  357.3  
Lube Oil 
temperature 33.2  67.0  


Lube Oil  
Pressure 56.5  46.4  


Engine 
#2 


EGT 323.4  357.6  


Lube Oil 
temperature 33.1  66.7  


Lube Oil  
Pressure 57.4  46.5  


 
 
 
 
III.D.-3  Margin tests 
 
· Outline 
Tests shall be conducted to demonstrate the GTG unit 


capability to start and carry loads that are greater than the 
magnitude of the most severe step load within the plant 
design load profile, including step changes above base load. 


 
· Procedure, Test Condition 
At least two margin tests shall be performed using 


either the same or different load arrangement. A margin 
test load at least 10% greater than the magnitude of the 
most severe single-step load within the load profile is 
considered sufficient for the margin test. The frequency 
and voltage excursions recorded may exceed those values 
specified for the plant design load. 


 
· Acceptance Criteria 
a)Demonstrate the ability of the generator and 


excitation system to accept the margin test load (usually 
the low power factor, high inrush, and high starting current 
of a pump motor) without experiencing instability resulting 


in generator voltage collapse, or significant evidence of the 
inability of the voltage to recover. 


b)Demonstrate that there is sufficient engine torque 
available to prevent engine stall, and to permit the engine 
speed to recover, when experiencing the margin test load. 


 
· Result 
The GTG did not stall in the two tests. Although the 


voltage and frequency dropped just after loaded, they 
recovered within 2 seconds. 


It is concluded that these test results are successful. 
 
III.D.-4  Load Transient Tests 
 
· Outline 
This test is not required in R.G 1.9/IEEE Std 387. 


MHI performed this test as internal test in accordance with 
recommendation of manufacture. This test confirms 
capability for load transient and rejection. 


 
· Procedure, Test Condition 
Three load transient tests were performed using 


condition with 25% to 100 % load. 
 
· Acceptance Criteria 
Demonstrate that there is sufficient engine torque 


available to prevent engine stall, and to permit the engine 
speed to recover. 


 
· Result 
The variation of voltage and frequency is shown in 


Table III-10. 
The GTG did not stall at all the transients and 


rejections. Although the voltage and frequency were 
fluctuated at load transient and rejection, the frequency 
recovered within 4 seconds.  


It is concluded that these test results are successful. 
 
 


Table III-10  Voltage and Frequency Variation 


  Parameters 
Rejection Transient 


Variation 
% 


Recovery Time 
Sec 


Variation 
% 


Recovery Time 
Sec 


25% Voltage 3.5  0.7  -4.4  0.8  
Frequency 0.3  2.5  -0.3  2.6  


50% Voltage 7.5  0.7  -8.6  1.1  
Frequency 0.6  3.0  -0.6  3.2  


75% Voltage 12.1  0.7  -12.5  2.2  
Frequency 0.9  3.9  -0.9  2.9  


100% Voltage 16.9  0.7  -16.6  2.4  
Frequency 1.4  3.4  -1.4  2.4  
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IV. CONSIDERATION 
 
Based on the test results provided in this report it is 


concluded that the GTG unit provided by KHI and Class 
1E qualified by Engine System Inc. (ESI) was successful 
in the initial type test. 


 
(1)US-APWR GTG system was successful in all three 


initial type tests, “Load Capability Test”, “Start and Load 
Acceptance Test” and “Margin Test”.  


(2)During “Load Capability Test”, GTG was operated 
without failures or troubles. Each parameter such as engine 
lubricant oil temperature, engine compressor pressure, 
exhaust gas temperature (EGT) and others was almost 
constant during 100% operation. During 110% operation 
EGT remained stable although it was higher than 100% 
operation. 


(3)The 150 starts test was carried out with no failures 
or troubles. “Ready to Load” time of all starts was less 
than 30 seconds. The rotation speed increased at almost the 
same rate between all the tests conducted. When 
comparing the starting time between cold and hot 
conditions, the average starting time was shorter at the cold 
condition. This is because the governor is controlled by 
EGT to supply more fuel in the cold condition and start the 
GTG faster. Such design properties were confirmed during 
this test. 


(4)GTGs rotate at 18000min-1 and GD2 is large. 
Therefore, transient load changes do not have much impact 
on rotation speed and also recovering from the rotation 
speed variation is quick because the governor is controlled 
by rotation speed and EGT. At 100% load 
transient/rejection, the frequency variation was -1.4 %/ 1.4 
% respectively, which is very small and the recovery to the 
rated frequency was 2.4 seconds/ 3.5 seconds. Results 
were achieved which would not have happened in DG 
tests. This GTG’s frequency stabilizing capability is one of 
the advantages for GTG and well known in the 
specification of GTGs. It can be said that GTG is well 
qualified for nuclear power plant Class 1E emergency 
power sources which assume loading of large loads in 
sequence. It can be concluded that the Class 1E test proves 
this GTG’s capability and was meaningful. 


 
V. CONCLUSIONS 


 
Based on the results provided in this report, it is 


concluded that the US-APWR GTG unit is successful in 
the initial type test and meets the requirements for Class 
1E emergency power sources described in R.G 1.9 and 
IEEE Std-387. 
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Abstract – High and very-high temperature gas-cooled reactors bring about unique challenges such as hot spots in the 
lower plate and thermal stratification in the lower plenum (LP). Analysis performed using Sandia National Laboratories’ 
(SNL) Fuego computational fluid dynamics (CFD) code coupled with the Calore conduction and radiation heat transfer code 
shows that these issues can be mitigated using static swirling inserts at the exit of the helium coolant channels to the LP.  A 
full-scale, half-symmetry LP section is modeled using a numerical mesh that consists of 12 million hexahedral elements. The 
calculations include the helicoid vortex swirl model, the dynamic Smagorinsky large eddy simulation (LES) turbulence 
model, participating media radiation (PMR), and 1D conjugate heat transfer (CHT).  The LP model includes the graphite 
support posts, the helium flow channel jets, the bottom plate with insulation outer surface, and the exterior side walls.  
Calculations are performed for both conventional and swirling jets, with varying swirl number, S, ranging from 0 to 2.49.  In 
addition to quantifying the effect on the flow field as a function of LP height (H) and the formation of the central 
recirculation zone (CRZ), the calculations show that increasing S increases mixing and enhances heat transfer, thus reducing 
the likelihood of forming hot spots and thermal stratification in the LP.  The calculations also show that jet impingement was 
strongest in regions with the lowest cross-flows, as measured by the Reynolds Number (Re) vs. the wall impingement 
temperature.  In addition to enhanced mixing, swirling inserts result in negligible additional pressure losses. 


 
"Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of 
Lockheed Martin Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-
94AL85000." 


 
 


I. INTRODUCTION 
 
The very high temperature reactor (VHTR) concept is 


being developed by the US Department of Energy (DOE) 
and other groups around the world for the future 
generation of electricity at high thermal efficiency (> 48%) 
and co-generation of hydrogen and process heat.  This 
Generation-IV reactor would operate at elevated exit 
temperatures of 1,000 – 1,273 K, and the fueled core 
would be cooled by forced convection helium gas.  For the 
prismatic-core VHTR, which is the focus of this analysis, 
the velocity of the hot helium flow exiting the core into the 
lower plenum (LP) would be 35 – 70 m/s.  The Reynolds 
number (Re) in the LP ranges from 500 to 35,000 and the 
flow is incompressible.  The impingement of the resulting 
gas jets onto the adiabatic plate at the bottom of the LP 
could develop hot spots and thermal stratification and 
inadequate mixing of the gas exiting the vessel to the 
turbo-machinery for energy conversion. In case of using 
indirect cycle for energy conversion, flow stratification in 
the LP of the VHTR will be of secondary importance since 
flow mixing will naturally occur in the connecting duct to 
the Intermediate Heat Exchanger.  The complex flow field 
in the LP is further complicated by the presence of large 


cylindrical graphite posts that support the massive core and 
inner and outer graphite reflectors. 


Because there are approximately 276 channels in the 
VHTR core from which helium exits into the LP and a 
total of 155 support posts, the flow field in the LP includes 
cross flow, multiple jet flow interaction, flow stagnation 
zones, vortex interaction, vortex shedding, entrainment, 
large variation in Re, recirculation, and mixing 
enhancement and suppression regions.  For such a complex 
flow field, experimental results at operating conditions are 
not currently available. Instead, the objective of this paper 
is to simulate the flow field in the LP of a prismatic core 
VHTR using the Sandia National Laboratories Fuego 
computational fluid dynamics (CFD) code coupled to the 
Calore conduction and radiation code.  


The code predictions for simpler flow fields of single 
and swirling gas jets, with and without cross flow, as well 
as flow around a cylinder, are validated using reported 
experimental data and theory.  The key processes in the LP 
were identified using a PIRT-like approach (phenomena 
identification and ranking table) recently.1  The PIRT-like 
process and spatial and temporal discretizations 
implemented in previous work1 and the present analysis 
establish confidence in the validation and verification 
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(V&V) calculations and in the conclusions reached based 
on the simulation results.  It may be argued that a CFD 
code that accurately simulates key simplified, single-effect 
flow fields is likely to adequately model the complex flow 
field in the VHTR LP; the converse is also true. 


The performed Fuego-Calore calculations included the 
helicoid vortex swirl model, the dynamic Smagorinsky 
large eddy simulation (LES) turbulence model, 
participating media radiation (PMR), and 1D conjugate 
heat transfer (CHT).  The full-scale, half-symmetry mesh 
used in the LP simulation had unstructured hexahedral 
elements and accounted for the graphite posts, the helium 
jets, the exterior walls, and the bottom plate with an 
adiabatic outer surface.  The impact of using various swirl 
angles on the flow mixing and heat transfer in the LP is 
qualified, including the formation of the central 
recirculation zone (CRZ), and the effect of LP height, H. 


 
II. FUEGO AND CALORE CODES 


 
Fuego is a 3D, incompressible, reactive flow, 


massively parallel, generalized unstructured CFD code 
with state-of-the-art turbulence models. It includes 
Reynolds-averaged Navier-Stokes (RANS) and LES 
models.2  The RANS models include v2-f, low Re k-ε, 
standard k-ε, as well as many others.  Among Fuego’s 
more sophisticated LES models are the KSGS, 
Smagorinsky, and dynamic Smagorinsky.  Because of the 
complex turbulence flow field that involves mixing and is 
anisotropic, the v2-f, Smagorinsky, and dynamic 
Smagorinsky models are ideal. 


Due to space constraints, details of the numerical 
schemes and solution methodology could be found 
elsewhere.2  Fuego has recently undergone key V&V 
relevant to the present study that include: (1) conventional 
jets (axial and radial velocity distribution, and jet 
spreading angle), (2) swirling jets (axial and azimuthal 
velocity), (3) conventional jet in cross-flow (jet 
propagation, jet velocity, production of counter-rotating 
vortices, and jet cross-section), and (4) flow around a 
vertical cylinder (pressure distribution, vortex formation, 
and vortex shedding).1,3 


Calore is a 3D conduction and radiation unstructured 
heat transfer code for solving linear and nonlinear thermal 
systems.  It can model steady state and transients, multiple 
solid and fluid materials, heat sources, chemistry, thermal 
contact, and accounts for temperature-dependent material 
properties.4 


 
III. LP INPUT MODEL 


 
The Fuego-Calore VHTR LP model (Fig. 1) used in 


the present simulations invoked the dynamic Smagorinsky 
LES turbulence model, and was run on the Red Sky 
massively parallel supercomputer at SNL.  The initial time 


step used was 0.1 μs, and the simulation transient time was 
five to 25 s, with the Courant-Friedrichs-Lewy (CFL) 
condition set to 1.0.  The computational meshes of 1 to 12 
million hexahedral elements used in the present 
calculations provided sufficient spatial discretization.  
They were generated using the CUBIT code.5 from 
geometry developed with Pro/ENGINEER.6 Where 
appropriate we used a small-scale, stand-alone single-jet 
model so that we could investigate the effect of H and the 
CRZ on the flow field.  The stand-alone model had 5.5 
million hexahedral elements.  This was a necessary 
compromise, as discretizing the LP to the level of the 
stand-alone model would have resulted in calculations that 
would have required prohibitive calculational times, even 
on a massively parallel computer system. 


 


 
Fig. 1.  Half-symmetry model of the VHTR LP. 


 
Note that the geometry, and the thermal and flow 


boundary conditions (BCs) used for this research are based 
on reasonable values, because no final, official VHTR 
design has been published in the literature.7-9  
Nevertheless, the values used herein are consistent with 
those found in the literature.  Thus, our results can be 
easily extrapolated to those of the final design. 


For our current simulations, the jet exit velocity for 
the conventional jets was chosen as Vo = 67 m/s in the -y 
direction for all the jets (see top of Fig. 1); the helium 
mixes in the plenum chamber and then exits via the left 
exit channel.  The emerging gas flow from the coolant 
channels in the Cartesian x, y, and z directions had u, v, 
and w velocity components, respectively, whose magnitude 
depended on the swirl angle of the insert, θ  (see Fig. 2).  
The swirl angle is defined as the descent angle of the 
helicoid surfaces.  As noted in our previous research10-12, 
the swirling field can be generated mathematically and 
then implemented as BCs.  The approach is followed in 
this research. 


The geometric swirl angle for a hubless swirl device is 
related to S as13-15 


 


1766







Proceedings of ICAPP ‘11 
Nice, France, May 2-5, 2011 


Paper 11247 


   


( )2S = tan θ
3


  (1) 


The velocity components can be approximated as 3D 
helicoids under a Cartesian coordinate system, such as the 
one shown in Fig. 2. The helicoid swirl model postulates 
that the helicoid velocity is the superposition of the 
azimuthal and axial velocities, where the azimuthal 
velocity is solely a function of x and y for the u- and v-
velocity components.12 Therefore, the helicoid BCs are 
defined as: 


o o o oV (x,y,z) = u sin(πy) i - u sin(πx)j + w k
r r rr


, (2) 


 
Fig. 2.  Helicoid swirl device and associated velocity 


distribution. 
 
The interested reader is referred to Ref. [12] for the 
derivation of Eq. 2, and the reasoning for choosing it as 
our helicoid velocity field.  Furthermore, by taking the 
norm of the two sine terms in Eq. 2, it can be shown that 
for small r, the azimuthal velocity in cylindrical 
coordinates reduces to: 
 


oo,U  = u sin(πr) θ   (3) 


Thus, the two Cartesian sine terms collectively superpose 
to generate the cylindrical-coordinates azimuthal velocity, 
if r is sufficiently small. 
 


IV. SIMULATION RESULTS AND DISCUSSION 
 


A set of calculations was performed to investigate the 
effect of S, CRZ, and H on the thermal-hydraulic behavior 
of the LP.  The results are presented in the following 
subsections. 
 


IV.A.  Basecase Calculation 
 


For our basecase calculation, we let θ=0º (S=0), which 
represented conventional helium jets at 1,273 K with no 
swirling velocity components.  Three channels were 
selected at strategic locations within the LP to gauge the 
impact of hot channels (see red circles shown in Fig. 3).  
The hot channel jets had the same velocity as the rest of 
the jets, but were 200 K hotter.  For convenience, the 
results for the basecase calculation were compared with 
calculations with S>0, as shown in Figs. 3 and 4.  A 
detailed comparison of the results shown in Figs. 3 and 4 is 
found in Section IV.B. 
 


IV.B.  Effect of S 
 


Calculations were performed to quantify the effect of 
S on mixing, as well as enhancements in turbulence and 
heat transfer.  For these calculations S = 0.38, 0.67, 1.15, 
and 2.49 (i.e., θ = 30, 45, 60, and 75º, respectively). 


 
Fig. 3.  Comparison of fluid temperature for conventional 


vs. swirling jets.  Top: Conventional (θ = 0º, S = 0).  
Bottom: Swirling (θ = 75º, S = 2.49). 


Figure 3 compares the mixing abilities of conventional 
jets (top image) and swirling jets (bottom image).  Note 
that for S = 0, the flow field of the hottest helium 
conventional jets reached the bottom plate at ~1,325 K.  
However, for the swirling jets at S = 2.49, the gas mixed 
more extensively with the surrounding cooler fluid, 
thereby reaching the bottom plate at ~1,273 K. 


To quantify the effect of S on cooling the bottom plate 
of the VHTR LP, the hexahedral element cell-averaged 
temperatures of a planar slice at the bottom plate (the 
opposite end of the jet exits) was calculated and grouped 
according to a linear temperature distribution (“bins”).  
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The calculated temperature bins are shown in Fig. 4.  The 
figure shows that as S increases, the number of finite 
elements in the bottom plate with cooler temperature 
increases, as evidenced by the relative magnitudes of the 
temperature bins.  In particular, S=2.49 had a larger 
quantity of cooler elements than the case for S=1.15, and 
so forth progressively until reaching S=0.  Conversely, 
S=2.49 had fewer hotter elements than the case with 
S=1.15, and so forth. 


 


 
Fig. 4.  Effect of S on heat transfer enhancement at the 


bottom plate in the VHTR LP. 
 


Furthermore, it is known that as S increases, the 
entrainment of the surrounding fluid increases linearly.13, 16  
That swirling jets offer enhanced mixing and heat transfer 
under certain conditions can be readily shown by 
comparing the flow fields for conventional and swirling 
gas jets for the stand-alone models, as shown in Fig. 5.  
Note that both jets have the same diameter and expand into 
an open domain.  While the conventional jet had no 
azimuthal rotation, the swirling jet had S=0.67 (θ=45º).  
Notice that the swirling jet had a wider jet core diameter, a 
higher degree of entrainment, and that the azimuthal 
rotation caused more fluid mixing than the conventional 
jet.  On the other hand, for the swirling jet, part of the axial 
momentum was converted to azimuthal momentum, so the 
axial velocity component decayed much faster than the 
conventional jet.  For jets in the LP, our previous research 
showed that the jets with S=0.67 were ~ 70% than the 
conventional jets.17 


Figure 6 shows key output from the Fuego-Calore LP 
calculation, including the velocity streamlines (A), plate 
temperature distribution (B), fluid temperature as seen 
from the top (C), and fluid temperature shown from the 
bottom side (D).  The lower right-hand-side region in the 
LP had the lowest cross-flow velocity, as shown in Fig. 


6A.  Re in that region was about 500.  Thus, the hot jet that 
was placed strategically in the region with the lowest 
cross-flow reached the bottom plate with higher 
temperature than the other two hot channels that injected 
onto regions with higher cross-flow (Fig. 6B and C). 


 
Fig. 5.  Comparison of conventional vs. swirling jet velocity 


streamlines for the stand-alone models. 
 


 
Fig. 6. Fuego-Calore output showing velocity streamlines 
(A), plate temperature distribution (B), fluid temperature, 


top side (C), and fluid temperature, bottom side (D). 
 
Consequently, Fig. 6C shows that the two jets were 


unable to reach the lower plate.  This is a basic effect of 
jets under cross-flow: the higher the ratio of cross-flow 
velocity to jet velocity, the faster the jet will bend in a 
parabolic profile.3,18  Figure 7 shows the velocity threshold 
for the three hot channels.  Despite the fact that there are a 
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total of 138 jets in the half-symmetry model, each jet 
follows a rather narrowly-defined path that widens two to 
seven times the initial jet diameter, and follows the 
classical parabolic trajectory of a jet under cross-flow.  
Figure 8 shows the fluid temperature of the hot channels.  
Due to mixing, the fluid temperature dropped 100 K within 
a few jet diameters. 


An inspection of the pressure drop caused by the static 
helicoid device shows that there was a relatively small 
drop of approximately 1,000 Pa or about 0.15 psi, which 
was consistent with the experiments found in the literature 
for hubless swirlers.14 Given the demonstrated benefit of 
enhanced heat transfer and mixing in the LP, the small 
increases in ΔP are well-justified. 
 


 
Fig. 7.  Velocity threshold for the three hot channels. 


 


 
Fig. 8.  Temperature threshold for the three hot channels. 


 
IV.C.  Effect of CRZ and H 


 
The present calculations agree with both theory and 


experimental data that for weak to intermediate S, the peak 
azimuthal velocity, uθ, of a swirling jet decays as 1/z2, 
while the peak axial velocity, w, decays as 1/z.14, 16, 18-21  
That is, 
 


1C
w = 


z
 and θ 2


2C
u  = 


z
.  (4) 


 
Based on a curve-fit of data presented in the literature, it is 
possible to obtain C1 = 3 2-2.6S +12S +19S+12 , while the 
reported value for C2 ~ 4 to 11, and may be a function of 
S.18  Because the azimuthal velocity for a swirling jet 
decays faster than the axial velocity, there is a point, z*, 
such that for z ≤ z*, w ≤ uθ.  Therefore, z* is obtained by 
setting w (z=z*) = uθ (z=z*) and solving: 
 


3 2
2 2


1


C Cz* =  = 
C -2.6S +12S +19S+12


 (5) 


 
Clearly, the magnitude of z* that maximizes the 


azimuthal momentum over the axial momentum depends 
strongly on the design value of S.  For example, for S=0.2 
and 0.6, z*=1.3 and 2.6, respectively.  Therefore, if the 
design seeks to optimize the mixing and heat transfer 
provided by swirl, a guideline is to have w ≤ uθ, so that 
 


*zH ≤ ,  (6) 
 
where z* is calculated from Equation 5. Thus, a 
consequence of swirling jets is that they experience decay 
swirl.  Therefore, there is a point beyond which the 
azimuthal velocity has decayed to a degree whereby it no 
longer significantly impacts the flow field.  This factor is 
crucial in the design of swirling jets, and any applications 
that employ swirling jets for enhancing heat and mass 
transfer, combustion, and flow mixing. 


Finally, we used the single-jet model to investigate the 
formation of the CRZ and its impact on the flow field.  
Figure 9 shows the axial velocity for a jet with S=0.56 
(θ=40º) and S=0.67 (θ=45º).  As noted in the literature14, 16, 


21 (and S based on the geometry), the CRZ forms when θ 
≥45º.  Thus, Fig. 9 shows no CRZ for θ=40º and the CRZ 
for θ=45º.  (We also conducted calculations at 10, 20, 30, 
35, 42, 43º, and noted no CRZ.  For θ=44º, we noted that a 
CRZ began to develop, but did not reach steady-state—the 
incipient CRZ dissipated away.) 


 


1769







Proceedings of ICAPP ‘11 
Nice, France, May 2-5, 2011 


Paper 11247 


   


 
Fig. 9.  Axial velocity for single jet with S=0.56 (θ=40º) 


and S=0.67 (θ=45º). 


 
Fig. 10.  Azimuthal velocity for single jet with S=0.56 


(θ=40º) and S=0.67 (θ=45º). 
 
Note that the dramatic change that occurred in the 


axial velocity as the CRZ formed—the most significant 
change occurred in the z-direction, which is the axis 
normal to the jet flow, as shown in Fig. 9. In particular, the 
maximum axial velocity along the z axis dropped from 25 
m/s to ~0 at the bottom of the flow domain.  In effect, the 
region near the bottom of the z-axis formed a stagnant 
cone that was surrounded by axial flow moving around it 
at ~10 m/s.  A similar effect was noted for the azimuthal 
velocity, which is shown in Fig. 10.  Whereas for S=0.56 
the azimuthal velocity at the bottom of the domain along 
the z-axis was at ~15 m/s, the case for S=0.67 also 
produced a stagnant cone that was surrounded by 
azimuthal velocity ~10 m/s. 


Therefore, whether a CRZ is useful in the design 
problem or not depends on what issue is being addressed.  
In particular, if it is desirable that a hot fluid be dispersed 
as rapidly as possible, then the CRZ is useful because it 
more rapidly decreases the axial and azimuthal velocities 
of a swirling jet.  However, if having a large conical region 
with nearly zero axial and azimuthal velocity is 
undesirable, then it is recommended that S<0.67.  In the 
case of the VHTR, the lower plate temperatures were 


achieved as S increased, with S=2.49 achieving the coolest 
temperatures. 
 


V.  SUMMARY AND CONCLUSIONS 
 


Analysis of a full-scale, half-symmetry LP was 
performed using the Fuego CFD code coupled with the 
Calore heat transfer code.  We investigated conventional 
and swirling jets at the exit of the helium coolant channels 
of a prismatic-core VHTR LP, and considered the impact 
of key parameters such as S, H, and CRZ formation.  The 
primary objectives were to reduce the impact of hot spots 
in the bottom plate and to minimize thermal stratification.  
The analysis shows that the goals can be realized by 
employing swirling jets. 


The calculations show that swirling jets enhance heat 
transfer and flow mixing in the LP, thereby significantly 
reducing the temperature of the bottom plate, as well as 
enhancing its temperature uniformity.  Our calculations 
show that as S increases, swirling jets increase entrainment 
of the surrounding fluid and enhance mixing within the LP. 


Because the azimuthal velocity increases at the 
expense of the axial velocity as swirl is increased, and 
because the azimuthal velocity decays much faster than the 
axial velocity as a function of the distance traveled by the 
jet, there are optimization guidelines that can help enhance 
the LP design.  Further, the formation of the CRZ critically 
impacts the flow pattern distribution and must be 
considered if S ≥ 0.67. 


Finally, the additional pressure drop produced by the 
swirl-generating helicoids was small.  Given the benefit in 
terms of the enhanced heat transfer and mixing in the LP, 
the extra ΔP proves well-justified. 


In the near future, the authors will investigate various 
aspects of swirling jets that include S(t), various aspects of 
swirl vortex design, and new swirl vortices that satisfy 
Navier-Stokes and conservation of mass. 
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NOMENCLATURE 
 
BC Boundary condition 
CFD Computational fluid dynamics 
CFL Courant-Friedrichs-Lewy condition 
CRZ Central recirculation zone 
D Diameter of coolant jets (m) 
G Gas mass flux, ρV (kg/m2s) 
H LP height (m) 
L Axial length along the jet trajectory (m) 
LES Large eddy simulation 
LP Lower plenum 
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P Pressure (Pa) 
RANS Reynolds-averaged Navier-Stokes 
Re Reynolds number, GD/μ 
S Swirl number 
t time (s) 
u Velocity in x direction (m/s) 
V Velocity vector consisting of (u, v, w) 


components (m/s) 
v Velocity in y direction (m/s) 
VHTR Very high temperature reactor 
V&V Validation and verification 
w Velocity in z direction (m/s) 
x Cartesian x coordinate 
y Cartesian y coordinate 
z Cartesian z coordinate 
uθ Azimuthal velocity (m/s) 
θ Swirl angle of helicoid surface (o) 
μ Dynamic viscosity (Pa·s) 
ρ Gas density (kg/m3) 
 


Subscripts/Superscripts 
o Constant parameter for S=0 at jet outlet 
* Optimized length for highest swirl impact 
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Abstract –The inadvertent startup of HPCI event is one of the limiting transients characterized by 
system pressurization in Chinshan NPS and has been defined in Chinshan NPS FSAR.  In this 
study, TRACE (TRAC/RELAP Advanced Computational Engine) code has been used to model and 
simulate this transient. Our paper describes the benchmark studies of the transient and compares 
the results of important system parameters, such as feedwater flow, downcomer water level, steam 
dome pressure, and steam flow with those from RETRAN-3D analysis. The asymmetric core 
temperature distributions inside the vessel have also been identified with our 3D vessel model in 
TRACE code for an extreme case if a major portion of HPCI flow were restricted in one side of the 
downcomer. Half of the core on the injection side might have temperatures colder than those in the 
other half so that BWR regional power oscillations and neutronic/thermal hydraulic instabilities 
would be of considerable importance in nuclear power plant operational safety. 


 
 


I. INTRODUCTION 
 


The ECCS (Emergency Core Cooling Systems) in a light 
water cooled nuclear power plant serve the purpose to 
provide water coolant to the core during a design basis loss 
of coolant accident (LOCA), and prevent the core from 
meltdown. Normally there are four systems in ECCS, such 
as HPCI, ADS, CS and LPCI. They are designed to provide 
the diversity and reliability safety requirements for nuclear 
power reactors. 


The High Pressure Coolant Injection (HPCI) system 
takes the vessel steam (generated from the decay heat if the 
reactor scrams) to drive a small turbine and pumps water 
(either from condensate storage tank or suppression pool) 
into the vessel at high pressure. During a small break 
LOCA where the break flow is small, the vessel system 
stays at high pressure so that a core uncovery is possible if 
no core cooling is available. HPCI is designed to provide 
core cooling at high pressure before Low pressure Coolant 
Injection (LPCI) can be activated at low pressure. 


The inadvertent startup of HPCI event is one of limiting 
transients defined in FSAR[1]. As a result of HPCI 
injection, continuous cold water addition into the vessel is 
possible. The water enters into the downcomer through the 
feedwater spargers. The feedwater control system will 
reduce the feedwater flow at first to control the water level. 


As long as the mass of vessel steam flow leaving the 
reactor through the steam lines is more than the mass of 
HPCI flow being injected, the water level will not increase 
and the plant conditions can be stabilized to a new steady-
state. Therefore, if the initial power and steam flow rate are 
high enough, the water level will be maintained and there 
will be no reactor scram. On the other hands, when at low 
power conditions, the water level may increase and reaches 
the high level scram setpoint, simply because the steam 
flow is less than the injection of HPCI flow. This event is 
similar to a Feedwater Control Failure (FWCF) event. 


  One extreme possible situation is that if a major portion 
of HPCI injection flow stays in one side of the vessel 
downcomer due to partial feedwater sparger failures, there 
would be certain degrees of asymmetric temperature 
distributions inside the vessel depending on how thorough 
the mixing is in the lower plenum of the vessel. One part of 
the core flow at inlet may be colder than the other half so 
that regional core power oscillations may exist and cause 
system instabilities.  


In this study, we use TRACE code with 3D vessel 
modeling capability to conduct thermal hydraulic analysis 
of the event, and compare the results with those from 
RETRAN-3D predictions [2].  
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II. Chinshan TRACE Model 
 


Chinshan Nuclear Power Station is the first nuclear power 
plant of Taiwan Power Company. This plant has two GE 
designed BWR/4 units. The original rated thermal output 
and gross electrical power for each unit were 1775 MWth 
and 635 MWe, respectively. The current uprated (101.7%) 
operating thermal power is 1805 MWth. 


In this paper, the SNAP v1.1.8 and TRACE v5.0 patch1 
were used for the investigations. The buildup of TRACE 
model is shown in Figure 1. First, we collected the 
necessary operating data from the plant. Second, the 
important control systems such as pressure and feedwater 
control system, etc. were established. Then, add the other 
necessary components, such as 3D RPV, main steam lines, 
and recirculation loops to complete this TRACE model. 


 The vessel is a 3D simulation component with 72 mesh 
cells, which is divided into two azimuthal sectors, four 
radial rings and nine axial levels, as shown in Figure 2. The 
external ring represents the downcomer and the inner three 
rings represent the core zone. Each cell volume and height 
is determined by the plant design data. Cell flow areas and 
volumes are specified for the fluid-dynamics and heat-
transfer calculation. Level 1 is the lower-lower plenum and 
level 2 is lower-upper plenum. Six CHAN components that 
are located in the Level 3 and Level 4 of the inner three 
rings are used to simulate the 408 fuel bundles. The CHAN 
component is used in BWR to specify the initial and 
transient reactor power in TRACE. Level 5 is the upper 
plenum. Level 6 is the stand pipe. Level 7 is the separator. 
The normal operating water level is at Level 7. For the 
narrow range water level, a set of functions is adopted to 
simulate the practical level signal procession of the 
instrumentation channel. Level 8 is the dryer and level 9 is 
the steam dome. 


The Chihshan NPS model contains two reactor 
recirculation water loops with two RCPs and a jet pump 
component, which represents the actual ten jet pumps. The 
steam exits vessel from one flow restrictor and later divided 
into four main steam lines and each one has one control 
valve (TCV), one bypass valve (TBV) and one safety 
relieve valve (SRV). The reactor pressure control system is 
set up to control the TBVs and the SRVs to prevent the 
reactor from over-pressure. This model also includes HPCI 
where either one or two injections are considered to 
simulate the transients. In either cases, the total HPCI flow 
remains the same. 


 
 


III. Transient analysis 
 
The steady state initial conditions of this transient 


analysis are shown in TABLE I. The parameters shown in 
TABLE I include core power, dome pressure, feedwater 


flow rates, steam flow rates, and narrow range water level, 
etc. in both TRACE and RETRAN-3D predictions. 


The option used in Chinshan model is one-D neutronic 
kinetics in RETRAN-3D for power calculation. In TRACE 
model, we simulate the reactor power with a “power table”, 
which is a replica of RETRAN results. 
  The startup signal of HPCI in our simulation as shown in 
Figure 3 begins at 20 seconds. With 1 second time delay, 
the actual flow starts to inject at 21 seconds and reaches 
100% flow at 29.7 seconds. It continues to inject water 
through out the transient. The Table II is the HPCI transient 
assumptions. The injection flow rate is 268.9 kg/s at 100%. 
The temperature of the flow is 291.48 K. 
 
 


 


Figure 1. Methodology of Chinshan TRACE model 


 
TABLE I 


The comparisons between TRACE and RETRAN-3D under 
steady state 


Parameters RETRAN-3D TRACE 
Core Power (MWt) 1805 1805 
Steam Flow 
(kg/sec) 
Feedwater Flow 
(kg/sec) 
Steam Dome 
Pressure (MPa) 
Water level (m) 


969.94 
 
969.94 
 
6.96 
 
0.89 


958.91 
 
965.08 
 
6.99 
 
0.89 
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Figure 2. The TRACE animation model of Chinshan NPS 


 
Figure 3 is the core power data of TRACE and 


RETRAN-3D. The power rises at around 21 seconds at the 
time HPCI flow starts to inject. The HPCI flow increase 
causes a reduction in the core inlet enthalpy, as the ratio 
between the saturated liquid recirculated by separators and 
subcooled liquid carried by the flow (feedwater and HPCI 
combined) decreases. The enthalpy decrease in downcomer 
and lower plenum, increases the core inlet subcooling and  
results in the power increase as illustrated in Figure 3. 
Figure 4 is the HPCI flow. In both RETARN-3D and 
TRACE models, water begins to inject at 21 second, and 
reaches 100% at 29.7 second.  


Figure 5 shows the comparisons of feedwater flow 
among RETRAN-3D and TRACE. At the beginning of the 
transient, the feedwater control system reduces the flow in 
order to restore the water level. The trends of RETRAN-3D 


and TRACE curves are generally consistent. Both curves 
go down at first, then climb up slightly. It is seen that the 
feedwater control is more sensitive in TRACE than that in 
RETRAN-3D. As we will find later, differences in other 
plant parameters can all be explained by this effect. Further 
adjustments on the parameters in the control system can 
resolve the differences in the future.  


Figure 6 shows the results of water levels from TRACE 
and RETRAN-3D. The HPCI flow increase results in the 
increase of coolant, and raises the water level as shown in 
Figure 6. Both studies from TRACE and RETRAN-3D 
have shown that high water level setpoint (L8) would not 
be reached in the present high power condition. The water 
level curves of TRACE and RETRAN-3D are generally in 
good consistency except for the fact that feedwater control 
systems in TRACE model are more sensitive.  
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Figure 7 shows the comparisons of steam flows. The 
major trend is reflected by the power variation where steam 
flow increases with power. The differences of TRACE and 
RETRAN-3D predictions are caused by the differences in 
feedwater flows. As the feedwater flow drops rapidly from 
20 seconds to 70 seconds in TRACE, the steam flow also 
drops. Finally, the steam flow increases again to reflect the 
actions of three-element feedwater control system. The 
steam dome pressure behaviors shown in Figure 8 also 
reflect such interactions between water level, feedwater 
flow, and steam flow. 


In order to observe the possible asymmetric 
temperature distributions inside the vessel, two different 
arrangements on HPCI injection were assumed. In the first 
case, HPCI flow was assumed to add water in Sector 1 and 
Ring 4 of the 3D vessel model only. In the second case, 
HPCI injection flows were also assumed to add water in 
both sectors to simulate a thorough mixing before entering 
the downcomer. Figure 9 to Figure 12 are the comparisons 
of one HPCI injection and two HPCI injections in TRACE. 
In Figure 9, the asymmetric temperature distributions are 
quite apparent. At core inlet (Level 2), temperatures of 
Rings 1, 2, and 3 are colder for Sector 1 than those for 
Sector 2. When HPCI starts to inject, the power increase 
causes the core temperature to increase. However, the 
injection of HPCI reduces the temperature in Sector 1. As 
the cold coolant reaches the jet pump, it will be sucked into 
the jet pump. That forms an asymmetric profile on the 
Sector 1 side of core inlet region. Moreover, the 
phenomenon will be enhanced by the cold coolant pumped 
in the recirculation loop and sent back to the jet pumps. 
Contrary to the cases in Sector 1, the temperatures in 
Sector 2 increase due to the absence of HPCI and reduced 
feedwater flow rates. Figure 10 shows that core 
temperatures are consistently dropped when HPCI flows 
are thoroughly mixed. 


Figure 11 and 12 show the comparisons of the Ring 3 
temperature histories for one and two HPCI injections. At 
core outlet (Level 4) in Figure 11, the temperature drop is 
faster in Sector 1 than that in Sector 2 because of cold 
water addition. At separator (Level 6), the system is in 
thermal equilibrium so that saturation temperature exists 
everywhere.  


Finally, according to the above results, it shows that 
the trends of plant parameters in the analysis of inadvertent 
startup of HPCI transient between the TRACE and 
RETRAN-3D are roughly consistent. TRACE, with 3D 
vessel component model, shows the result of asymmetric 
temperature distributions which are primarily induced by 
an extreme case of uneven HPCI injection and special 
arrangement of recirculation loop and jet pumps. 


 


 


Figure 3. The core power of TRACE and RETRAN-3D in 
inadvertent of HPCI event 


 
TABLE II 


 
Assumptions of HPCI Analysis 


 


HPCI Model Assumptions 


HPCI injection flow 
Increases demand to the 100% 
within 9.7 second with 1 
second time delay. 


HPCI injection flow at 100% 268.9 kg/sec 
HPCI injection temperature 291.48 K 
HPCI injection pressure 10.34 MPa 


  
 


 


Figure 4. The HPCI flow of TRACE and RETRAN-3D 
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Figure 5. Feedwater flow comparisons of TRACE and RETRAN-3D 


 
 


 


Figure 6. Water level comparisons of TRACE and RETRAN-3D 


 


 


Figure 7. Steam flow comparisons of TRACE and RETRAN-3D 


 
 


 


Figure 8. Steam dome pressure comparisons of TRACE and 
RETRAN-3D 
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Figure 9. Level 2 temperature distributions in vessel for 1 HPCI 
injection 


 
 


 


Figure 10. Level 2 temperature distributions in vessel for 2 HPCI 
injections 


 


 


 


Figure 11. Ring 3 temperature histories for 1 HPCI injection 


 
 
 


 


Figure 12. Ring 3 temperature histories for 2 HPCI injections 
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IV. CONCLUSIONS 


 
In conclusion, we have established TRACE model 


with 3D vessel component and HPCI capabilities for 
Chinshan NPS. The comparisons between the results from 
inadvertent startup of HPCI transient in TRACE and those 
from RETRAN-3D are found in fair agreements. The major 
differences can be explained from the feedwater flow 
variations. Some further adjustments on the feedwater 
control system are probably needed. The asymmetric 
temperature distributions inside the vessel are clearly 
identified should an uneven HPCI injection exists. One 
sector of the core on the injection side may have 
temperatures colder than the other half. These findings 
have serious implications on BWR regional power 
oscillations and neutronic/thermal hydraulic instabilities. 


NOMENCLATURE 
 


HPCI High Pressure Core Injection 
FSAR Final Safety Analysis Report 
NPS Nuclear Power Station 
FWCF Feedwater Controller Failure 
GE General Electric 
BWR Boiling Water Reactor 


 
CSNPS Chinshan Nuclear Power Station 
MUR Measurement Uncertainty Recovery 
RCP Recirculation Pump 
TBV The Bypass Valve 
TCV The Control Valve 
SRV Safety Relieve Valve 
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Abstract –In nuclear engineering field, the credible audit calculation to evaluate the safety of the 
nuclear power plant is very important. Recently, many audit calculation of loss of coolant 
accident (LOCA) is performed using best estimate plus uncertainty (BEPU) method. However, 
there is a problem where the change of thermal conductivity of UO2 nuclear fuel with burn-up is 
not considered. Since the fuel thermal conductivity significantly affects the internal energy and the 
temperature of the nuclear fuel, it is very important parameter to estimate the safety of nuclear 
system. In the present study, thermal hydraulic (TH) analysis was carried out using the MARS 
code to simulate the large break LOCA in the Westinghouse 3-Loop type reactor with the KINS-
REM as a BEPU method. First, default BEPU calculations were performed without considering 
the fuel conductivity degradation with burnup. The default calculation results were compared with 
the calculation results considering the fuel thermal conductivity degradation. It was found that the 
calculation results considering the fuel conductivity degradation were more conservative. As a 
result, it was shown that consideration of the fuel conductivity degradation is essential to the 
BEPU calculations. 


 
 


I. INTRODUCTION 
 
In nuclear engineering field, the thermal conductivity 


of UO2 nuclear fuel is very important parameter for the 
optimum design and safety analysis of nuclear systems. 
This is because the fuel thermal conductivity significantly 
affects the internal energy of the nuclear fuel by the heat 
transfer through the coolant. There have been many efforts 
to predict and measure the fuel thermal conductivity, and 
many safety analyses were performed by using the existing 
fuel thermal conductivity data. However, there was a 
problem with the safety analyses previously in use because 
the analyses were performed by using the fuel thermal 
conductivity data based on the low burn-up. Recent 
researches indicated that unexpected characteristics of the 
nuclear fuel were shown as the burn-up was progressed. 
The thermal conductivity of UO2 nuclear fuel is not 
constant during irradiation but decreases by about 5~7 


percent per 10 GWD/MTU with burn-up. The decrease is 
mainly caused by the build-up of fission products and point 
defects resulting from radiation damage in the UO2 lattice. 
That meant that the previous safety analyses overestimated 
the heat removal rate from the nuclear fuel pellet then 
underestimated the peak clad temperature (PCT) used in 
the regulations. Since the temperature rise of the fuel clad 
during LOCA might causes the exposure of the nuclear fuel 
by the clad meltdown, this low thermal conductivity is very 
important issue in nuclear safety. Therefore, for the 
prediction of the nuclear power plant thermal hydraulic 
(TH) behavior, the safety analysis using the fuel thermal 
conductivity with great accuracy is necessary. Generally, 
the safety of the nuclear power plant might be evaluated by 
TH system analysis code calculation for the PCT using the 
best estimate plus uncertainty (BEPU). From the recent 
research of the fuel thermal conductivity, it is required to 
perform the evaluation for the safety considering the 
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decrease of fuel thermal conductivity by the nuclear fuel 
burn-up. Further, in case of need, a change of the estimate 
methodology is required. Recently, Ulchin unit 1/2 
(Westinghouse 3-Loop type reactor) in the republic of 
KOREA is in the process of Replacement of Steam 
Generator (RSG) with advanced nuclear fuel. For the safety 
evaluation of RSG, Loss of coolant accident is to be 
analyzed. Therefore, in this study, the large break loss of 
coolant accident (LBLOCA) analysis of Ulchin unit 1/2 is 
now in progress by using MARS code which is a realistic 
multi-dimensional thermal-hydraulic system code for the 
analysis of light water reactor transients. For BEPU 
analysis, KINS Realistic Evaluation Methodology (KINS-
REM), developed by Korea Institute of Nuclear Safety 
(KINS), was used. Then MOSAIQUE code, which was 
developed by KAERI, was used to support the uncertainty 
analysis. MOSAIQUE could create MARS code input files 
for uncertainty parameters using various sampling methods. 
The sensitivity parameters were selected considering the 
previous studies, and thermal conductivity of UO2 nuclear 
fuel with burn-up was carefully considered. 


 
 


II. ANALYSIS APPROACH 
 


II.A. Plant type and accident sequence 
 


The Korea twin nuclear units 1 and 2 in Ulchin (U12) 
were selected for the analysis. The U12 is a three loop type 
pressurized water reactor (PWR) with 2785 MWth (KHNP, 
2010), and each loop consists of one steam generator, one 
cold leg, one hot leg, and one reactor coolant pumps. An 
electrically heated pressurizer is connected to the hot leg of 
one reactor coolant loop. The safety injections from the 
safety injection tank (SIT) and the high-pressure safety 
injection (HPSI) are connected to the cold legs. The main 
design parameters of the U12 and the input parameters for 
the MARS code are listed in Table I. Most of the 
parameters were modeled without significant distortion, but 
some parameters were modified by eliminating the 
conservative assumptions. Because the purpose of this 
study is to estimate the effect of the fuel thermal 
conductivity degradation with burnup on peak clad 
temperature (PCT) from the TH analysis using BEPU 
method, an accident sequence was selected by referring the 
existing LBLOCA calculations performed by the Korea 
Hydro and Nuclear Power Co. (KHNP). Most of safety 
features are automatically activated without the 
consideration of operator actions in LBLOCA scenario 
analyzed in this study. The main assumptions applied to the 
selected sequence are as follows: 
1. A hypothesized double-ended cold leg break between 


the emergency core coolant injection nozzle and the 
reactor vessel 


2. Loss of Condenser Vacuum (LOCV)  


3. Failure of 50% (one of two) of the HPSI pumps 
4. Assumption of a 30.0-s time delay for HPSI pumps 


after the pressurizer pressure decreases to 12.1MPa 
The selected LBLOCA time sequence of events of the U12 
and MARS code are listed in Table II. 
 


TABLE I 


Main parameters of U12 


 Plant Parameter FSARa MARS 


Reactor 


Core Power [MWt] 2775 2775 
Core By-pass Flow [kg/s] 1156.1 1171.7 


Total Core By-pass 
Fraction[%] 9 9.02 


Primary 
Side 


Loop 1 Flowrate [kg/s] 4281.8 4329.3 
Hot Leg Temperature [K] 596.93 596.42 
Cold Leg Temperature [K] 558.65 558.45 


Temperature Rise [K] 38.28 37.97 
PZR Level [%] 62.5 60.98 


PZR Pressure [bar] 155.1 155.10 


Secondary 
Side 


Feedwater Flowrate[kg/s] 503.0 503.02 
Steam Flowrate [kg/s] 503.0 502.11 
Steam Pressure [bar] 55 55.01 


SG Recirculation Ratio 4.04 4.38 
aFSAR, final safety analysis report 


 
TABLE II 


LBLOCA time sequence of events (100% size) 


Event Time [sec] 
FSAR MARS 


Accident start 
 
Reactor trip signal 
 
Safety injection signal 
 
Accumulator injection begins 
Broken loop 
Intact loop 1 
Intact loop 2 
 
Pump injection begins 
 
Accumulator empty 
Broken loop 
Intact loop 1 
Intact loop 2 


0.0 
 


4.85 
 


6.65 
 
 


3.07 
9.76 
9.76 


 
36.64 


 
 


26.41 
35.89 
35.90 


0.0 
 


4.13 
 


6.32 
 
 


2.75 
10.14 
10.14 


 
36.32 


 
 


30.58 
38.61 
38.56 


 
II.B. Analysis code 


 
The MARS code, which was developed by the Korea 


Atomic Energy Research Institute (KAERI) by 
consolidating and restructuring the RELAP5/MOD3.2 
(USNRC, 1988) and COBRA-TF (Thurgood et al., 1983) 
codes, is capable of analyzing a one-dimensional or three-
dimensional best-estimate thermal hydraulic system and the 
fuel responses of the light water reactor transients. The one 
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dimensional module of the MARS code is essentially the 
same as those of RELAP5. It is known that RELAP and 
RELAP-based codes can provide the best-estimate result 
for the TH behavior of a nuclear power plant (Son et al., 
2005). In this study, the MARS code was selected as an 
analysis code. 


 
II.C. Geometrical modeling 


 
The nodalization diagram of the MARS code for the 


U12 is shown in Fig. 1. All components including the core, 
downcomer, and the pressurizer were simulated by one-
dimensional component models, such as a single volume, a 
time-dependent volume, a junction, a pipe, and an annulus. 
The pumps, accumulators, and valves are simulated by 
special component models. Generally, nominal values were 
used for most of the modeling parameters and TH 
parameters to eliminate excessive conservatism.  


 
II.D. KINS-REM 


 
The BE methodology, KINS-REM, was developed to 


support the independent audit calculation by the increase of 
demand on best-estimated calculation with uncertainty 
quantification for the emergency core cooling system 
(ECCS) performance analysis during LBLOCA. 


The KINS-REM is composed of total 14 main steps, 
and the procedure is shown in Fig. 2. In this procedure, the 


 
 
Fig. 2. KINS Realistic Evaluation Methodology 


 


Fig. 1. Nodalization diagram for the U12 nuclear power plant 
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step 8 and 13 were focused on the audit calculation because 
the U12 nodalization, as a previously proven input model 
for LBLOCA.  


In the step 8, it is required to determine the main 
parameter ranges. Since there were many researches of the 
code validation for the important phenomena occurring in 
the LBLOCA of PWR, in this study, the uncertainty range 
and distribution, generally used in KIN-REM, were also 
considered. The uncertainty parameters, ranges, and 
distributions are listed in Table III. 


In the step 13, to generate the total 124 MARS code 
input files, MOSAIQUE code, which was developed by 
KAERI, was used by using the combination of these 20 
uncertainty parameters. Then the MARS code calculations 
were performed. The uncertainty parameters applied to this 
study are as follows: 
 


II.D.1. Decay heat model 
 


For the decay heat model, we applied the ANS 1979-1 
decay heat model simulating the decay heat only from U-


235. This model provides a more realistic result than the 
ANS 1973 decay heat model, which multiplies the decay 
heat simulated with a simple curve by the constant value of 
1.2. However, the ANS 1979-1 model has greater 
conservatism than the ANS 1979-3 decay heat model 
simulating the decay heat from U-235, U-238, and Pu-239, 
since the ANS 1979-1 model multiplies the decay heat from 
U-235 by the constant value of 1.02 to compensate for the 
fact that the decay heat from U-238 is greater than that 
from U-235. In addition, the decay heat from Pu-239 is 
lower than that from U-235, and this fact also contributes 
to a more conservative result. Therefore, the ANS 1979-3 
model is considered to provide the most realistic results. 
However, the ANS 1979-1 model was selected for the 
present study since the ratio of decay heat from each 
isotope should be known in order to use the ANS 1979-3 
model, and it is very difficult to know the ratio in detail, 
especially during transient conditions. 


 
II.D.2. Delay time of the HPSI pumps 


 


TABLE III 


Candidate parameters and uncertainty ranges 


No Models  / Parameters Distribution Range Mean 


1 Gap conductance Uniform 0.67~1.5 1.085 
2 Fuel conductivity Normal 0.845~1.155 1 
3 Normalized core power Normal 0.969~1.031 1 
4 Decay heat Normal 0.898~1.102 1 
5 RCP K-factor Uniform 0.068~0.773 0.4205 
6 Break CD Normal 0.729~1.165 0.947 
7 RCP 2-phase head multiplier Uniform 0~1  0.5 
8 RCP 2-phase torque multiplier Uniform 0~1  0.5 
9 Accumulator pressure (bar) Uniform 41.4~43.8  42.6 


10 Accumulator water volume(m3) Uniform 26.9~28.6  27.75 
11 Pump safety injection multiplier Uniform 1.00~1.05 1.025 
12 Accumulator temperature (℃) Uniform 25~45  35 


13 RWST Temperature (℃) Uniform 7~40 23.5 


14 Pressurizer pressure (bar) Normal 149.7~160.6 155.15 
15 Groeneveld CHF  Normal 0.17~1.8 0.985 
16 Chen nucleate boiling Normal 0.53~1.46 0.995 
17 Transition boiling Normal 0.54~1.46 1 
18 Dittus-Boelter liquid convection Normal 0.606~1.39 0.998 
19 Dittus-Boelter vapor convection Normal 0.606~1.39 0.998 
20 Bromley film boiling Normal 0.428~1.58 1.004 
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According to the technical specifications in the FSAR 
of the U12, the delay time of the HPSI pumps is known to 
have an uncertainty range of 15.9–30.0 s. Since the exact 
nominal value of the delay time of the HPSI was not known, 
we used the constant value of 30.0 s in a conservative 
manner. 


 
II.D.3. Power peaking factor 


 
To simulate the local PCT, the core was modeled with 


two separated channels, viz., the hottest rod channel and 
the averaged rod channel. Each channel has 20 axial nodes, 
and the linear heat generation rate was set as a top-skewed 
cosine shape by referring to the FSAR of the U12, as 
shown in Fig. 3. 
 


 
 


Fig. 3. Shape of axial power distribution for LBLOCA 
 


II.D.4. RCP 2-phase multiplier and pump torque 
multiplier 


 
Nominal values of the RCP 2-phase multiplier and the 


pump torque multiplier were input in forms of table as a 
function of void fraction by referring the FSAR. In order to 
consider the uncertainties in the RCP 2-phase head 
multiplier and the pump torque multiplier, the multipliers 
were assumed to have the maximum uncertainty and vary 
from 0.0 to 1.0 since the available information could not be 
found in the literatures. 


 
II.E. Fuel thermal conductivity 


 
During review of RTSR(Reload Transition Safety 


Report) on Kori Unit 3&4 in 2008, KINS noticed that the 
thermal conductivity degradation of the UO2 fuel with 


irradiation was not properly factorized into the fuel design 
codes. In Oct. 2009, USNRC announced that thermal 
performance codes approved by NRC before 1999 did not 
include this reduction of thermal conductivity with 
increasing irradiation. (Information notice 2009-23). 
Thermal conductivity can influence directly on fuel 
temperature, as the results, limiting condition for LBLOCA 
analysis. Fuel conductivity degradation with burnup 
increases the stored energy in the fuel at the onset of a 
LOCA. It might delay the transfer of that stored energy to 
the coolant during the blowdown phase of a LOCA. 


Figure 4 shows the fuel thermal conductivity with 
burnup which was calculated from FRAPCON 3 using 
modified NFI model. In this figure, it is easily found that 
the fuel thermal conductivity is decreased with burnup.  
 


 
 


Fig. 4. Fuel thermal conductivity with burnup 
 
Figure 5 shows that the stored energy in the fuel when the 


conductivity degradation is considered is larger than that without 
considering the burnup. From these figures, it could be found that 
the effect of fuel thermal conductivity degradation on the fuel 
thermal performance is significantly large. 
 


 
Fig. 5. Stored energy with burnup 
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Figure 6 shows the conductivity degradation effects on 
the fuel temperature. By including the conductivity 
degradation with burnup, 30 GWd/MTU, the PCT is 
increased about 380 K. These trends are expected to occur 
in this study. 


 


 
 


Fig. 6. Conductivity degradation effects on fuel temperature 
 


III. RESULTS AND DISCUSSION 
 


Figure 7 shows the base calculation result for U12 
when the LBLOCA occurs. In the default calculation, the 
fuel thermal conductivity data based on the low burn-up 
was used. By including the fuel thermal conductivity 
degradation, it is expected that the PCT in the blowdown 
phase of a LOCA might be increased as shown in Fig. 7. 
 


 
 


Fig. 7. Base case calculation result for PCT 
 
 


Figure 8 shows the BEPU calculation result for U12 
when the LBLOCA occurs. In the default BEPU 
calculations, the fuel thermal conductivity data based on 
the low burn-up was used. By including the fuel thermal 
conductivity degradation, it is expected that the PCT in the 
blowdown phase of a LOCA in the all calculation cases 
might be increased as shown in Fig. 8. 
 


 
 


Fig. 8. Predicted BEPU calculation result for PCT 
 


Unfortunately, all calculations were not completed. All 
results and important findings will be presented in the 
conference.  
 


IV. CONCLUSIONS 
 


In this study, the audit calculations were performed 
using the MARS code. Then the effect of the fuel thermal 
conductivity degradation with burnup on the BEPU 
calculation results was examined. When the fuel thermal 
conductivity degradation was considered in the BEPU 
calculations, the increment of stored energy resulted in the 
PCT rise during the blowdown phase during LBLOCA. As 
the fuel conductivity degradation was included in the code, 
current limiting fuel burnup (BOL) for LBLOCA analysis 
might be no longer valid under the application of the same 
LBLOCA analysis methodology. It is required to change 
the best-estimate calculation method. 
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Abstract – The work presented in this summary is a simulation of a large break loss of coolant 
accident on the inner pressure tube active section containing the test fuel bundle of the CALLISTO 
test loop facility (CApabiLity for Light water Irradiation in Steady state and Transient Operation ) 
using RELAP5/SCDAP3.2 thermal hydraulic system code. Therefore, an assessment study of the 
calculated values against the facility design or experimental available data is carried out. 
The reference facility of this work, namely CALLISTO installed at the BR-2 research reactor, is 
mainly dedicated for PWR fuel bundles irradiation and qualification. It is composed of an out pile 
part containing the necessary cooling systems and equipments and three in pile sections connected 
to the primary system. Each one of these IPSs is provided with a fuel bundle of nine rods and are 
operating under conditions of high temperature and high pressure (155 bar, 300 ° C). 
The pressure vessel in concern includes two concentric pressure tubes and the gap between them is 
filled with helium at given pressure. The inner pressure tube containing the test fuel bundle is 
working under high temperature and high pressure conditions. In case of a break occurring on its 
walls, the highly pressurized cooling water will discharge to the annular space endangering the 
external pressure tube which is designed to withstand a relatively lower pressure. 
The scenario under consideration in this study is the rupture of large size in the inner pressure 
tube of in pile section of this loop with an initial mass flow rate at the break location of 5 kg/s.    
Two manner considered to model the accident of LOCA. In the first model the space between the 
pressure tubes is simplify modeled with a single volume connected to the broken tube with a trip 
valve, without taking into account the second tube. The second model is closer to reality, it takes 
into account the actual geometry of both pressure tubes separated by the space of helium formed 
in all the pressurized envelope. The latter is modeled in several annulus of different diameters. The 
break is modeled by a valve between two annulus containing the pressurized water and the 
Helium. 
The behavior of the loop main parameters following this accident in both models is represented 
graphically and discussed. 
 
Keys Words:  LOCA, RELAP5/SCDAP3.2, CALLISTO, Break, Thermal hydraulic  
 


 
I. INTRODUCTION 


 
Recently, various reactor safety analysis codes using 


the two-fluid model of the two-phase flow have been 
developed to provide advanced best-estimate predictions 
for the postulated accidents of light water- reactors (LWR). 
The RELAP5/SCADP3.2 system code is one of the most 


advanced best estimate codes for pressurized water reactors 
(PWR) (Hajime, April 1996).. 


Large Break Loss-of-coolant Accident (LBLOCA) is 
a Design Basis Accident (DBA) in light water reactors. The 
design basis accident scenarios define the operational 
demands of the safety systems.  
LBLOCA was for a long time considered the worst case 
scenario, but after the Three Mile Island accident (1979) it 
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was realized that also small and intermediate breaks could 
cause very severe damage to the reactor core. Therefore the 
researchers moved their focus to the smaller breaks for 
decades. However, the development of new computer 
codes for nuclear safety analysis has invoked the interest on 
LBLOCA issues again (Arto Ylönen, 2008). 


The work presented in this paper is a simulation of a 
large break loss of coolant accident on the inner pressure 
tube active section (in pile section) containing the test fuel 
bundle of the CALLISTO test loop facility using 
RELAP5/SCDAP3.2 thermal hydraulic system code. Two 
nodalization manners considered to model the accident of 
LBLOCA, simple RELAP5 model and detailed RELAP5 
model. Therefore, an assessment study of the calculated 
values against the facility design or experimental available 
data is carried out. 


The reference facility of this work, namely 
CALLISTO installed at the BR-2 research reactor, is 
mainly dedicated for PWR fuel bundles irradiation and 
qualification. It is composed of an out pile part containing 
the necessary cooling systems and equipments and three in 
pile sections (IPSs) connected to the primary system. Each 
one of these IPSs is provided with a fuel bundle of nine 
rods and they are operating under conditions of high 
temperature and high pressure (155 bar, 300 ° C) (BAHA 
Abderrahim, 1991). The loop primary circuit is composed 
of a heat exchanger, a pressurizer, connecting pipes and 
sets of valves for flow regulation.  


The pressure vessel in concern includes two 
concentric pressure tubes and the gap between them is 
filled with helium at given pressure. The inner pressure 
tube containing the test fuel bundle is working under high 
temperature and high pressure conditions. In case of a 
break occurring on its walls, the highly pressurized cooling 
water will discharge to the annular space endangering the 
external pressure tube which is designed to withstand a 
relatively lower pressure (CENSCK, 1989). 


 
 


II. DESCRIPTION THE EXPERIMENTAL 
FACILITY 


 
The CALLISTO loop (fig. 1) (Ludo et al, 2005) is a 


PWR experimental facility for scientific in-pile studies and 
is still our most important irradiation facility for materials 
and fuels experiments (Scientific Report, 2003). Three 
experimental rigs, called In-Pile Sections (IPS), are 
installed in three reactor channels to meet various 
irradiation conditions. They are connected to a common 
pressurized loop, which can deliver a wide range of 
pressure and temperature working regimes. These IPSs can 
be provided with dedicated instrumentation and modified 
to perform many devoted irradiation studies, such as: 


• Investigation of the behaviour of advanced fuel under 
representative PWR operating conditions and their 
qualification for safe, reliable and economical use in 
power reactors,  


• The assessment of Irradiation Assisted Stress 
Corrosion Cracking (IASCC) phenomena in typical 
light water reactor materials,  


• The study of corrosion processes in fusion candidate 
materials,  


• The characterization of the performances of high 
neutron dose irradiated materials for light water and 
fusion reactors as well as for accelerator driven 
systems (ADS),  


• The development and qualification of new on-line in-
pile detectors (like neutron and gamma flux detectors, 
dissolved hydrogen sensors, electrochemical potential 
reference electrodes…) in a high neutron flux and in a 
relevant thermohydraulic environment.  


From 1989 to mid-1992, the CALLISTO facility was 
designed, constructed, tested and fully licensed. In a second 
stage (mid-1992 to the end of 1994), 31 fuel rods (UO


2 
and 


MOX) were irradiated at a peak linear power ranging from 
225 to 430 W.cm


-1 
reaching 57 GWd.t


-1 
burn-up. In 1995, it 


started a scientific programme studying the PWR vessel 
steels behaviour under irradiation. After the BR2 
refurbishment (1995 – 1996) one IPS, which was moved to 
a BR2 channel with higher thermal and fast fluxes, became 
especially dedicated for corrosion and material studies. 
From 1997 till now, many new applications in CALLISTO 
emerged, e.g.: fuel testing, fusion, PWR vessel steel and 
ADS materials studies, corrosion studies (crack initiation, 
crack propagation), basic mechanical material science and 
modeling, detectors testing, etc (Ludo et al, 2005).  


 


 
Fig. 1. Nodalization scheme of CALLISTO loop for 


RELAP5/SCADP3.2 
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The CALLISTO loop is operated at the following 
thermohydraulic conditions: an IPS inlet temperature 
ranging from 80 ºC to 300 ºC, a coolant pressure between 
1.0 MPa and 15.7 MPa and a flow rate in the IPS in the 
range from 1.8 kg/s to 2.5 kg/s. The chemical composition 
of the CALLISTO cooling water represents that of a PWR 
primary circuit. 


The basic layout of the CALLISTO facility permits 
the irradiation of clusters of nine fuel rods (fresh or pre-
irradiated) in each of the three in-pile sections, a total thus 
of 27 rods. Normally the rods are about 1 m long, but 
variations are possible. Each in-pile section could also 
accommodate three full-length PWR rods, over 4 m long. 
Until now, fuel rods have been irradiated inside 
CALLISTO in nominal steady state regime in order to 
achieve their target burn-up. However the loop can also be 
operated, with certain limits, in off-normal and transient 
regimes: power ramping or cycling, cooling mismatch, loss 
of flow. CALLISTO is also used for the irradiation of 
structural materials under representative PWR conditions 
(GOUAT, 2006).      


The outer shell of the In Pile Section is a double 
walled pressure vessel, cooled outside by the BR2 primary 
water. The double walled pressure vessel consist in two 
pressure tubes separated by a gap filled with helium at an 
intermediate pressure, 25 bar, between the BR2 reactor 
pressure, 11 bar, and the water loop pressure, 155-157 
bar.This gap serves as thermal isolation to decrease the 
thermal stresses in the inner pressure tube and as 
monitoring of the double walled pressure vessel 
(CEN•SCK, 1989). 


In some circumstances, i.e. loss of flow, loss of 
pressure and loss of coolant accidents, the feed/bleed 
system is also used as emergency water injection system 
(ECCS) to cool the tested fuel rod clusters. For this 
purpose, the feed water flow at 40 to 60 °C is injected, in 
equal quantities, in the cold leg of each In-Pile Section 
(IPS). The cold leg of each In-Pile Section is provided with 
a non-return valve to force the feed water flow through the 
fuel rod clusters.  


 
III. DESCRIPTION OF NODALISATION 


INPUT USE FOR THIS FACILITY 


 


The RELAP5/SCDAP3.2 input model can be seen in 
(fig. 1) include all of the major components of each 
CALLISTO loop system including three in pile sections, 
and associated structures, and circuit cooling system 
including pump, valves, and heat exchanger. The secondary 
side of the heat exchanger is also modeled where 
appropriate. 


As seen in the (fig. 2), it was possible to verify that 
the physical arrangement specified in the input model was 
consistent with the actual CALLISTO loop design. The 


image is drawn to scale by the code based on the loop 
physical dimensions and orientations used in the input 
model. The display can also be interactively rotated and 
scaled during the simulation to view different features of 
the model. In addition, the display can show the 
hydrodynamic volumes and junction numbers from the 
input model as well as any calculated results. 


Once the physical arrangement of the system model 
was verified, the model was then run using time dependent 
boundary conditions at the entrance and exit of the system 
to verify that the flow and other expected conditions were 
adequately reproduced. 


This approach was used for each of the major features 
of the loop system. Then after each part of the system is 
tested and verified separately, the complete model was then 
put together as shown in Figure 1. Once the complete 
model was assembled, this complete model was then used 
for comparisons with plant steady state data. This 
comparison helped verify that the flow resistances and 
other model input assumptions were set properly 


The RELAP5/SCDAP3.2 nodalization for the primary 
cooling system is shown in Figure 1. In Pile Section 
nodalization is described below. The loop nodalization 
includes the heat exchanger and the pump to allow a variety 
of different transients to be considered. The fuel assemblies 
and other structures in the loop system including the in pile 
section and piping are described using one-dimensional 
RELAP5 heat structures. 


Our RELAP5/SCDAP3.2 input model CALLISTO 
experimental facility consists of: 


 171 volumes 
 174 junctions 
 153 heat structures (with 826 mesh points) 
 51 control variables 
 73 trips 


 


 
 


Fig.2. RELAP/SCDAPSIM orthographic display of 
CALLISTO loop 
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Fig.3. Typical set-up of CALLISTO IPS for fuel irradiation tests 
(Ludo et al, 2005) 


 
IV. DESCRIPTION OF THE CODE 


 
The Reactor Excursion and Leak Analysis Program 


(RELAP5) (RELAP5/SCDAP3.2, 1998) has been 
developed at Idaho National Engineering and 
Environmental Laboratory (INEEL) for the U.S. Nuclear 
Regulatory Commission. The RELAP5 code has been 
developed for best-estimate transient simulations of a light 
water reactor coolant system during postulated accidents 
(transients and loss-of-coolant-accident). The RELAP5 is 
highly generic code that can be used for simulation of a 
wide variety of hydraulic and thermal transients in both 
nuclear and non-nuclear system involving the two-phase 
fluid. 


Capabilities of RELAP5: 
A specific use of RELAP5 is the simulation of transients in 
LWR systems. RELAP5 could, however, be applied for 
other kind of non-nuclear related thermalhydraulic system. 
This part shows the capabilities of the code RELAP5. The 
system’s thermalhydraulic models are fully coupled at each 
time step. Hydrodynamics, heat conduction, reactor 
kinetics, control systems, trip logic and special component 
models, such as pumps or turbines will govern a RELAP5 
case. Hydrodynamics is modeled by non-equilibrium, six-
equation and two-fluid model for six dependent variables, 
namely, pressure, void fraction, velocities, and specific 
internal energies of both phases. RELAP5 allows choosing 
an arbitrary number of volumes, junctions and surfaces. 
RELAP5 is a one-dimensional code; however, it can handle 
multiple-dimensional nodalization by using cross-flow 
junctions. Orthogonal direction then has to be specified. 
Heat transfer in RELAP5 is handled by 1D heat conduction 
theory for rectangular, cylindrical, or spherical geometry. 
An extensive heat transfer package is included in RELAP5 


with the consideration of the effect of non-condensable 
gases. RELAP5 also takes radiative heat transfers into 
account. A reactor kinetics option is available in RELAP5. 
This task is performed by point kinetics theory or space 
dependent kinetics. A control system in RELAP5 is 
performed by using different tools. The basic arithmetic 
operations are used to build the control system. It is also 
possible to use differentiation and integration of variables 
to have a well-defined control system. Other direct control 
tools, such as standard or tabular functions can be used. To 
have an automated control system, trip logic operates the 
system. The variable trips are defined using arithmetic 
comparisons like “greater or equal” or “less than”… 
Logical trips were built with boolean operators "and," "or" 
and "xor." For instance, more developed logical trips are 
built in the code to control valve opening or pump motor 
velocity. 


The code includes many generic component models 
from which general systems can be simulated. The 
component models include pumps, valves, pipes, heat 
releasing or absorbing structures, reactor point kinetics, 
electric heaters, jet pumps, turbines, separators, 
accumulators, and control system components. In addition, 
special process models are included for effects such as 
form loss, flow at an abrupt area change, branching, choked 
flow, boron tracking, and noncondensable gas transport. 
The system mathematical models are coupled into an 
efficient code structure. The code includes extensive input 
checking capability to help the user discover input errors 
and inconsistencies. Also included are free-format input, 
restart, renodalization, and variable output edit features. 
These user conveniences were developed in recognition 
that generally the major cost associated with the use of a 
system transient code is in the engineering labor and time 
involved in accumulating system data and developing 
system models. 


The SCDAP portion of the code also includes models 
to treat the later stages of a severe accident including debris 
and molten pool formation, debris/vessel interactions, and 
the structural failure (creep rupture) of vessel structures. 
The latter models are automatically invoked by the code as 
the damage in the core and vessel progresses (Anhar, 
2005). 
 


V.  DESCRIPTION OF THE SCENARIO FOR THE 
TRANSIENT 


 
Various incidents such as ruptures and leakages from 


pipes and valves which are located in primary cooling 
system, which are caused by severe accidents like large 
brittle fracture of a tube can lead to the loss of coolant 
accident in CALLISTO loop.  


The pressure vessel in concern includes two 
concentric pressure tubes and the gap between them is 
filled with helium at given pressure. In this work, the 
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simulated break is located in the section of the internal 
pressure tube containing the fuel bundle.  


The scenario under consideration in this study is the 
rupture of large size in the inner pressure tube of in pile 
section of this loop with an initial mass flow rate at the 
break location of 5 kg/s. Two manners considered to model 
the accident of LOCA. In the first simple model, the space 
between the pressure tubes is simplify modeled with a 
single volume connected to the broken tube with a trip 
valve, without taking into account the second tube and the 
heat transfer through  structures. The second detailed model 
is closer to reality; it takes into account the actual geometry 
of both pressure tubes separated by the space of helium 
formed in all the pressurized envelope. The latter is 
modeled in several annulus of different diameters. The 
break is modeled by a valve between two annulus 
containing the pressurized cooling water and the Helium. 
The area break will be calculated based on the initial mass 
flow rate of 5 kg/s for each model. 


The model of CALLISTO group is based on the 
following assumptions (CENSCK, 1989): 
The terme ''large rupture'' covers any water/steam leak 
occurring in the inner pressure tube with a leak rates larger 
than 3 – 5 kg/s. In such an occurrence (equivalent to a hole 
of 5 to 10 mm ), the inner pressure tube is likely to show 
an important deformation (ballooning).  


This calculation is based on a simplified conservative 
model wherein the thermodynamic equilibrium condition is 
supposed to be kept in all parts of the loop during the 
transient.  


A leaking inner pressure tube of In Pile Section leads 
after a while, to the detection of a high and finally a high-
high pressure in the helium gap, which activates a reactor 
SCRAM and a fast cooling procedure of the main loop. 
The high pressure in the helium gap opens the safety valve 
at 5 MPa (cracking pressure) (CENSCK, 1989).  
 


 
Fig.4. CALLISTO schematic view of in pile section with a large 


break in inner pressure tube 


VI.  RELAP5 NODALIZATION FOR IN PILE 
SECTION (IPS) AND BREAK 


 
VI.A. RELAP5 SIMPLE MODEL 


 
The model was defined to include all major 


components of CALLISTO loop, namely three in pile 
sections, pump, pressurizer and exchanger in order to have 
the large thermohydraulic behavior of the loop following 
this accident.  


The IPS is composed of several pipes and 
annulus. The water cooling flow is carried in every IPS in 
four areas: the support tube, shroud tube that has containing 
nine fuel rods. The third zone is the annular tube confined 
by the shroud pipe and pressure tube, and last in the 
annular tube, limited by the support tube and the pressure 
tube.  


The water flows up through the support tube until it 
reaches the fuel rods. At the outlet of the fuel rods, the 
water turns over 180 ° and flows downwards between the 
shroud tube and the inner pressure tube.  


The support and shroud tubes have been modeled into 
six components, three SINGLE VOLUME components and 
three PIPE components. The other tubes were modeled into 
five components, BRANCH component, three ANNULUS 
components and a SINGLE VOLUME component.  


In this study was represented only the in Pile Section 
modeling and to see later the thermal hydraulic behavior of 
the loop with a large break in inner pressure tube.  


The rupture is modeled with a trip valve (051) 
connected to the helium space which opens to initiate the 
loss of coolant accident. The helium annular space 
separating the two pressure tubes is modeled with a single 
volume (050) connected to a time dependant volume (055) 
by means of a trip valve (054) to adjust its parameters. This 
valve is closed once the helium volume desired steady state 
parameters are reached. During the loss of coolant transient 
this same single volume is connected to another time 
dependant volume (053), representing the discharge tank, 
through a trip valve (052) which opens when the helium 
(mixture of helium and steam/water) gas pressure exceeds 
5.0 MPa.   
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Fig.5. Diagram of simple break modeling using 
RELAP5/SCDAP3.2 system code 


 
 


VI.B. RELAP5 DETAILED MODEL 
 


Comparing to the Relap5 simple model, the major 
modifications of CALLISTO in pile section nodalization 
implemented during work on this paper, are as follows, 
more exact modeling of the pressurized envelope of in pile 
section, to take into account the helium gap, the 
structures of the two pressure tubes and heat 
transfer through structures and outer pressure tube cooling 
water and safety valve of helium circuit in 
case of overpressure. 


The helium annular space separating the two pressure 
tubes is modeled with a four annulus components (770, 
771, 772, and 773) connected to a time dependant volumes 
(055 and 056) by means of a trip valve (054) to adjust its 
parameters (pressure and quality) but the gas is stagnant in 
steady state. This valve is closed once the helium annulus 
desired steady state parameters are reached. The outer 
pressure tube cooling water is modeled with a four annulus 
components (790, 791, 792 and 793) connected to a time 
dependant volumes (065 and 066) by means of a Time 
Dependent Junction (064) to adjust its parameters 
(pressure, quality and masse flow rate). The inner pressure 
tube structures is modeled with a four axial structures and 
two mesh points radial in exception for the annulus 
structure number (771) is modeled with six mesh points 
radial by what it understands source gamma heating. It’s 
the same for the outer pressure tube structures.  


The break is modeled with a trip valve (051) 
connecting the two annulus 707 (primary cooling water) 
and 771 (helium gap) which opens to initiate the loss of 
coolant accident. During the loss of coolant transient the 
helium annulus is connected to another time dependant 
volume (053), representing the discharge tank, through a 
trip valve (052) which opens when the helium (mixture of 
helium and steam/water) gas pressure exceeds 5.0 MPa.   


 


 
 


Fig.6. Diagram of detailed break modeling using 
RELAP5/SCDAP3.2 system code 


 
 


VII. STEADY STATE 
 


Steady state level qualification of the nodalisation 
scheme is carried out by comparing overall geometrical and 
physical parameters (volume, heat transfer area, flow area, 
pressurizer pressure and temperature, hot leg pressure and 
temperature, cold leg pressure and temperature, etc.) of the 
nodalisation input with the data of the test facility. 


All significant thermal-hydraulic parameters 
necessary to identify the facility status are selected from the 
experiment (such as absolute pressure, fluid temperature, 
fuel rod surface temperature, heat losses, flow rate, level 
and mass inventory) and compared with the steady state 
parameters obtained from the code. 


 
 
 


Trip valve 


051 


052 
053 
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VIII. RESULTS AND COMPARISONS 
 


The defined LBLOCA scenario starts with opening of 
the break valve with the initial mass flow rate of 5 kg/s at 
the surface of the inner pressure tube. The REALP5 
calculation of break orifice diameter for both models, 
simple model and detailed model, is 7,83 mm and 8,72 mm 
respectively.  


The results obtained for this phase of the simulated 
accident were compared with similar results reported in the 
available data facility model of CALLISTO group, simple 
Relap5 model and detailed Relap5 model are shown in 
Fig.7, Fig.8, Fig.9 and Fig.10. 


Initial conditions such as pressurizer pressure and 
fluid temperatures in the hot and cold legs are 15.5 MPa, 
572 K and 563 K, respectively, according to the reference 
PWR conditions. 


The break takes place after 600 seconds of steady 
state. The break is simulated by means of the trip valve 
(051) connected to ANNULUS (771) simulating a small 
portion of the Helium gap. The valve simulating the large 
break loss of coolant accident is then opened with a trip. 
Thus, the cooling water in the IPS expands to the helium 
space represented by four annulus (770, 771, 772 and 773). 
This flow expansion to the volume which contains helium 
gas simulates the actual break conditions. In the following, 
a brief review of obtained results is presented. 


The first period is an interval of break-dominated 
depressurization initiated. The primary system rapidly 
depressurizes (see Fig. 7 and 14) as mass and energy are 
lost through the break. The break flow rapidly diminishes 
(see Fig. 11) because fluids near the break flashes, 
increasing the resistance to flow through the break. As 
coolant flashes to vapor in the hotter parts of the primary 
system, the rate of primary depressurization rapidly slows 
and then stalls (Boyack, 1995). The inventories of ECC is 
lost through the break and is discharged into the safety tank 
through the safety valve. 


The subcooled water in ECCS would be injected into 
the bottom of each In Pile Section and contact with flowing 
steam. In such a case, violent condensation takes place due 
to rapid energy transfer from the steam to the water in the 
IPS and hot leg. The condensation is one of the most 
important phenomena, since the delivery of emergency core 
cooling (ECC) water (Hajime, April 1996). 


After 10 seconds, the pressure in the pressurizer has 
dropped below 14.0 MPa for the three models (see fig. 7). 
That means the pressure in the IPS is below 14.0 MPa.   


The RELAP5 subcooled choking model is somewhat 
different from the model proposed by Moody in that the 
Moody model assumes that an isentropic process occurs up 
to the choke plane. In the early stage of a blowdown, the 
fluid approaching the break is a subcooled liquid. Because 
the downstream pressure (ANNULUS) is much lower than 
the upstream pressure, the fluid will undergo a phase 


change at the break. The phase change is accompanied by a 
large change in the fluid bulk modulus and hence sound 
speed. The sound speed change is most pronounced for the 
liquid-to-liquid/vapor transition point. The large change in 
sound speed mandates that extreme care be used in 
analyzing the choked flow process when upstream 
conditions are subcooled (RELAP5/MOD3.3, December 
2001). 


The variation of the break mass flow rate is shown in 
(Fig. 11). Initially the mass flow rate of the sub-cooled 
liquid out of the break is high and the flow is in a choking 
condition. 


Since the critical flow depends on the pressure, 
temperature, and quality in the upstream of the break 
junction, the pressure continues to decrease to reach the 
saturation pressure for the broken region, then mass flow 
rate through the break decreases rapidly. 


After 30 seconds, the pressurizer is completely 
emptied for the CALLISTO design calculation model 
(CENSCK, 1989) while it conserves a water level of 
0.198 m for the simple RELAP5 model and 0.328 m for the 
detailed RELAP5 model (see fig. 9 and Table III). The 
model of CALLISTO group is based on a simplified 
conservative model wherein the thermodynamic 
equilibrium condition is supposed to be kept in all parts of 
the loop during the transient. For this, the Pressurizer is 
considered empty at this time. RELAP5 is the best 


estimate code and is capable of providing more realistic 
information on the status of the plant, allowing the 
prediction of the “real” safety margins. For this, the 
Pressurizer is not empty for the both models at this time. 


The main loop pressure and temperature are 10.0 -
11.0 MPa and 295 - 300 °C respectively according to the 
CALLISTO design calculation model (CENSCK, 1989) 
and are 9.75 MPa and 293 °C for simple RELAP5 model 
and are 10.46 MPa and 286 °C for detailed RELAP5 model 
(see Table. III). A few seconds after, the pressure of the 
loop drops down to the main loop saturation pressure (8.0 
MPa) and a bulk boiling is produced in the main loop 
cooling water (CENSCK, 1989). 


The further pressure drop is governed by the leak rate 
and the steam production rate in the main loop. This has 
not been considered in the CALLISTO design calculation 
model but it is simulated by the both RELAP5 model (see 
fig. 11 and fig. 16). 


In this case, the fast cooling down of the main loop is 
not sufficient to avoid the occurrence of saturation 
conditions in the main loop (in the hot leg).   


This point is reached about 35 s after the start of the 
accident. The cavitation of the main pump can and lead at 
least to an irregular main loop circulation and possibly to 
zero flow rate after a transient time. 


The removal of the decay heat of the fuel and the 
remaining gamma-heating of the structural material of the 
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fuel element and the In Pile Section (inner pressure tube 
only) is assured by the maximal feed flow of 0,3 kg/s (1000 
l/h total, about 330 l/h per IPS) taking also into account the 
evacuation of the thermal energy of the inner pressure tube 
and the support tube (CENSCK, 1989). 


The equal distribution of the emergency feed flow 
(ECCS) over the three in pile sections is realized by means 
of calibrated orifices installed at the end of the injection 
lines near the cold leg of each in pile section.   


Due to the maximal feed cooling however, the fuel 
pins temperature increase will be limited below 518 °C (see 
fig. 15). 


The primary inventory is depleted pretty fast (Fig. 
13). The intact IPS collapsed level drops to (0 m) at 112 s 
and 130 s after the start of the transient and then rises 
again. The IPS broken collapsed level drops 0.1 m at 145 s 
and then reach the 0 m level at 320 s (Fig. 12). 
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Fig.7. Pressurizer pressure 
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Fig.8 Pressurizer temperature 
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Fig.9. Pressurizer level 
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Fig.10. Hot leg temperature 
 
 


TABLE I 


Pressure comparison between the three models after 10 s of the 
transient 


Pressure (bar) 
 


Model 


Pressurizer  In Pile 
Section 
(IPS) 


SCKCEN Model  
 


 
137,58 


- 


Simple RELAP5 
Model 


137,21  124,31 


Detailed RELAP5 
model 


138,99 128,7 


Erreur/Simple model + 0.26 % - 


Erreur/Detailed 
model 


 


-1.02 % 
- 
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TABLE II 


Temperature and pressurizer level comparison between the 
three models after 10 s of the transient 


Main loop 
 


Model 


Pressurize
r level (m) 


 


Pressurizer 
temperature 


(°C) 


Main loop 
temperature 


(°C) 
 


SCKCEN 
Model 


 
0.9636 


 
335 


 
303 


Simple 
RELAP5 


model 


 


1.0714 


 


336 


 


295 


Detailed 
RELAP5 


model 


 


1,115 


 


337 


 


295 


Erreur/Simple 
model 


-11,18 % -0.29% +2,64 % 


Erreur/Detailed 
model 


 


-15.71 % 


 


-0.59 % 


 


0 % 


 
 


TABLE III 


Comparison between two models after 30 s of the transient 
 


M
ain loop 


   
M


odel 


Pressurizer level (m
) 


 


M
ain loop pressure (bar) 


M
ain loop tem


perature (°C
) 


Pressurizer pressure (bar) 


Pressurizer tem
perature (°C


) 


 
SCKCEN 


Model 


0.0 - 297  
106.153 


 
312 


Simple 
RELAP5 


model 


 


0,1980 


 


97,52 


 


291,0 


 


108.374 


 


317 


Detailed 
RELAP5 


model 


 


0,3282 


m 


 


104,62


2 


 


289 


 


113,4 


 


320 


Erreur/Simp
le model 


0.1980


m 


- +2.02


% 


-2.09 % 1.6 


% 


Erreur/Detai
led model 


0,3282 


m 


 


- 


 


+ 2,6 


% 


 


-6,8 % 


 


-2,5 


% 
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Fig.11. Break masse flow 
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Fig.12. Water level variations in the three in pile sections  


(IPS)  
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Fig.13. Primary circuit inventory 
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Fig.14. Pressure variations in the primary circuit until the 
end of transient 
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Fig.15. Fuel element temperature 
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Fig.16. Quality variations in the IPS 
 
 


IV. CONCLUSIONS 
 


The steady state loop calculation demonstrated the 
appropriateness of the developed loop model for the 
investigation of the Large Break Loss of Coolant Accident 
transient phase. 


In this study a hypothetical LBLOCA in the 
CALLISTO test facility was simulated using 


RELAP5/SCDAP3.2 thermalhydraulic system code. The 
large rupture in the inner pressure tube of in pile section of 
this loop with initial leak rate of 5 kg/s is carried out for 
two manners, simple model and detailed model. 


The results obtained for the transient phase have 
shown that RELAP5 is able to simulate the important 
phenomena characterizing the LBLOCA transient in 
acceptable manner. Comparison of the both models and 
CALLISTO model results showed very good overall 
agreement of all major system parameters as primary 
pressure, in pile section level, clad temperature, pressurizer 
and loop temperature, pressurizer pressure and pressurizer 
level.   


The calculation of CALLISTO model is based on a 
simplified conservative model wherein the thermodynamic 
equilibrium condition is supposed to be kept in all parts of 
the loop during the transient. But, RELAP5 system code 
has been developed for best-estimate transient simulations 
of a light water reactor coolant system during postulated 
accidents (transients and loss-of-coolant-accident).  


In perspective, it intends to explore the dynamic 
behavior of external pressure tube and the phenomenon of 
fluid structure interaction. 


. 


NOMENCLATURE 
 


  LBLOCA        Large Break Loss of Coolant Accident     
  IPS                 In Pile Section 
CALLISTO    CApabiLity for Light water Irradiation in Steady  
                       state and Transient Operation   
LWR               Light Water Reactor 
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Abstract –The expansion of the Mexican electric generating system from 2009 to 2035 was 
studied. Optimizations of the electric expansions were made by internalizing the external cost into 
the objective function of the WASP-IV model as a variable cost, and these expansions were 
compared with the expansion plans that did not internalize them. The selection of generating 
candidate units for the expansions were: natural gas combined cycle plants, turbogas plants, coal 
fired power plants with desulfurization, geothermal plants, wind farms and nuclear power plants. 
Their technical parameters and internal costs data were obtained from the Comision Federal de 
Electricidad (CFE) reports. Average external costs reported by the ExternE Project were used for 
each type of technology and were added to the variable component of operation and maintenance 
cost in the study cases in which the externalities were internalized. Special attention was paid to 
studying the convenience of including nuclear energy in the generating mix. The study evaluated 
three expansion plans which considered the nuclear option and three which did not. The 
comparative assessment of six expansion plans was made by means of the Position Vector of 
Minimum Regret Analysis (PVMRA) which was developed as a decision analysis tool. The 
expansion plans were ranked according to six decision criteria, which consider economic, 
environmental and social indexes. We concluded that with the external costs included in the 
optimization process of WASP-IV, better electric expansion plans, with lower total 
(internal+external) generating costs, were found. On the other hand, the plans which included the 
participation of nuclear power plants were in general relatively more attractive than the plans 
that did not. The expansion plan with the largest nuclear participation in the electricity mix is the 
most expensive in terms of internal cost; however it is also the best in terms of the other five 
criteria, making this plan, the best.  


 
 


I. INTRODUCTION 
 
According to a ranking based on Mexican-specific 


generation levelized costs reported by the CFE in 20091, 
by comparing the total unitary generation costs, nuclear 
power is the option with the lowest cost, followed by 
combined cycle using natural gas, thermal supercritical 
with desulphurization using coal, geothermal, conventional 
thermal using oil, wind, simple gas turbine using natural 
gas, and hydroelectric.  


At the end of 2007, generation capacity in Mexico was 
51,029 MWe, 4.4% greater than one year before, and for 
this year the country generated 255,720 GWh of 
electricity2. The annual generation in 2007 was 82% based 


on fossil fuels (oil, natural gas and coal); and only 18% 
based on CO2-free (hydro, nuclear, geothermal and wind).  


The demand for electric power in Mexico has been 
growing faster than the gross domestic product over the 
past several decades. In the baseline scenario the electric 
power demand in Mexico should increase with an average 
annual growth rate of 3.6% from 2009 to 2018. The 
electricity in demand during the year 2018 could reach to 
around 330,000 GWh, and the required capacity would be 
73,000 MWe.  


There is one nuclear power plant in operation in 
Mexico, with two Boiling Water Reactors (BWR) of 654 
MWe each. Laguna Verde Unit 1 has been in operation 
since 1990 and Unit 2 since 1995. In 1999 a 5% power up-
rate for each reactor was put into place to increase their 
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capacity. An additional 15% power up-rate for each reactor 
is in progress to date.  


Nuclear energy and renewable energy sources offer 
contributions to climate policy aiming at controlling 
greenhouse gas emissions. An additional favorable 
characteristic of the nuclear option is that it is a mature 
technology which offers power with a high availability at 
competitive generating costs. For this reason a comparative 
assessment of electricity expansion planning options is 
recommended and is presented in this paper. The objective 
of this study was to make an analysis using multi-criteria 
to compare different plans for the Mexican electricity 
expansion from 2009 to 2035, which satisfy the energy and 
power demand and liability restrictions of the electrical 
system. The goal was not to find the “best” plan 
expansion; the goal was to prove that diversity in 
generation is of the utmost importance and that it is a bad 
decision to exclude the use of nuclear energy in the mix.  


The new decision making process based on Position 
Vector of Minimum Regret, introduced in a previous study3, 
permits one to rank different alternatives to solve any 
multi-criteria decision problem. For the purposes of this 
study it was applied to the electricity expansion planning 
for Mexico, in order to determine the most attractive plan 
in terms of six different criteria.  


The methodology consisted of three main steps: the 
development of the expansion plans, the definition of the 
decision criteria; and the ranking based on decision 
analysis. 


 
II. DEVELOPMENT OF THE EXPANSION PLANS 


 
The expansion plans, being the sequence of additions 


of power generating units connected to the system, were 
developed by using the WASP-IV code which was 
provided by the International Atomic Energy Agency4. The 
code permits the finding of the optimal expansion plan for 
a power generating system over a period of up to thirty 
years, within constraints given by the planner. The 
optimum is evaluated in terms of minimum discounted 
total costs. Each expansion plan meeting the constraints is 
evaluated by means of a cost function (the objective 
function) which is composed of:  


Capital investment costs (I)  
Salvage value of investment costs (S)  
Fuel costs (F)  
Fuel inventory costs (L)  
Non-fuel operation and maintenance costs (M) 
Cost of the energy not served (O)  
The cost function to be evaluated by WASP-IV can be 


represented by Eq. (1). Note that the cost of externalities is 
not included in Bj.  


 


[ ]∑
=


++++−=
T


t
tjtjtjtjtjtjj OMFLSIB


1
,,,,,,     (1) 


 
where:  


Bj is the objective function attached to the expansion 
plan j,  


t is the time in years (1, 2, ... , T),  
T is the total number of years,  


and the bar over the symbols refers to discounted values to 
a reference date using a given discount rate i.  


The optimal expansion plan is defined by Eq. (2):  
 


Minimum Bj  
among all  j plans                                (2) 


 
The WASP analysis requires the determination of 


alternative expansion policies for the power system as a 
starting point. If [Kt] is a vector containing the number of 
all generating units which are in operation in year t for a 
given expansion plan, then [Kt] must satisfy Eq. (3) 


 
[Kt] = [ Kt-1] + [ At] - [Rt] + [Ut]                               (3)  
 


where:  
[At] = vector of committed additions of units in year t.  
[Rt] = vector of committed retirements of units in year 


t.  
[Ut] = vector of candidate generating units added to 


the system in year t, [Ut] ≥[0].  
[At] and [Rt] are given data, and [Ut] is the unknown 


variable to be determined; the latter is called the system 
configuration.  


Defining the critical period (p) as the period of the 
year for which the difference between the corresponding 
available generating capacity and the peak demand has the 
smallest value, and if P(Kt,p) is the installed capacity of the 
system in the critical period of year t, the constraints of Eq. 
(4) should be met by every acceptable configuration. 


 
(1+at) Dt,p  ≥ P(Kt,p) ≥ (1+bt) Dt,p                              (4) 


 
Which simply states that the installed capacity in the 


critical period must lie between the given maximum and 
minimum reserve margins (at  


and bt 
respectively) above 


the peak demand Dt,p in the critical period of the year. The 
reliability of the system configuration is evaluated in terms 
of the Loss-of-Load Probability index (LOLP) which is 
calculated for each period of the year and for each hydro-
condition defined. The LOLP of each period is determined 
as the sum of LOLPs for each hydro-condition (in the same 
period) weighted by the hydro-condition probabilities, and 
the average annual LOLP as the sum of the period LOLPs 
divided by the number of periods. If LOLP(Kt,a) and 
LOLP(Kt,i) are the annual and the period's LOLPs, 
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respectively, every acceptable configuration must respect 
the following constraints in Eq. (5) and (6). 


 
LOLP(Kt,a) ≤ Ct,a                                                                                     


(5)  
 


LOLP(Kt,i) ≤ Ct,p           (for all periods)                    (6)  
 


where Ct,a and Ct,p are limiting values given as input data 
by the user.  


If an expansion plan contains system configurations 
for which the annual energy demand Et 


is greater than the 
expected annual generation Gt of all units existing in the 
configuration for the corresponding year t, the total costs 
of the plan should be penalized by the resulting cost of the 
energy not served. It is a given that this cost is a function 
of the amount of energy not served Nt, which can be 
calculated by using Eq. (7).  


 
Nt= Et  - Gt                                                                                                    


(7)  
 


The user may also impose tunnel constraints on the 
configuration vector [Ut] so that every acceptable 
configuration must respect Eq. (8).  


 


                               (8) 


where     is the smallest value permitted to the 
configuration vector [Ut], and [ΔUt] is the tunnel constraint 
or tunnel width.  


The generation of each plant for each period of the 
year is estimated based on an optimal dispatch policy 
which, in turn, is dependent on availability of the 
plants/units, maintenance requirements, spinning reserve 
requirements and any exogenous constraints imposed by 
the user on environmental emissions, fuel availability 
and/or generation by some plants. The user may impose 
constraints on environmental emissions, fuel usage and 
energy generation for any given set of power plants 
through multiple group-limitations. Such constraints take 
the form of Eq. (9).  


 
For  j = 1,...,M            (9)  


 
where Gi 


is the generation by plant i, COEFi,j 
is per unit 


emission (for emission constraints) or per unit fuel usage 
(for fuel availability constraint), etc. by plant i in group 
limitation j, LIMITj 


is the user specified value for the limit 
and Ij is the set of plants playing role in group limitation j. 
These special constraints are handled by a new algorithm 
incorporated in WASP-IV, which determines the dispatch 
of the plants in such a way that these constraints are 
respected with minimum production cost. The problem, as 
stated here, corresponds to finding the values of the vector 


[Ut] (which is the vector of candidate generating units 
added to the system in the year t) over the period of study 
which satisfies Eqs. (1) to (9). This will be the "best" 
system expansion plan within the constraints given by the 
user.  


The WASP code finds this best expansion plan by 
using the dynamic programming technique. In doing so, 
the program also detects if the solution has hit the tunnel 
boundaries of Eq. (8) and gives a message in its output. 
Consequently, the user should proceed to launch new 
iterations, relaxing the constraints as indicated in the 
WASP output, until a solution free of messages is found. 
This will be the "optimum expansion plan" for the system.  


In order to take into account the externalities in the 
optimization, the external costs were added into the 
variable costs of maintenance which are included in the 
term M of the cost function Eq. (1). By using this 
procedure the configuration with minimal Bj is the 
expansion plan with minimal total (internal+external) cost.   


The study time was from 2009 to 2035, each year was 
divided into monthly periods from January to December. 
The hydro-condition probabilities were: dry 24%, middle 
54% and 22% wet5. To estimate the costs we assumed 
constant 2009 United State Dollars (USD), a discount rate 
of 12%, and the cost of energy not served equal to 1.5 
USD/kWh. The LOLP used as a restriction was equal to 
0.822% which corresponds to 3 days per year. Fig. 1 
shows the peak demand from 1998 to 2035. Data from 
1998 to 2007 are historical real data. Data from 2008 to 
2018 are copied from the baseline scenario in the POISE2 
report of the CFE using an average annual growth rate 
(aagr) of 3.6%. For subsequent years (2019 to 2035) peak 
demand was obtained by exponential extrapolation using 
an aagr of 3.3%; this value is lower than the previous 
period value in order to take into account the current 
economic crisis in Mexico.  
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Fig. 1. Peak Demand During the Study Period 
 
Costs and parameters of each candidate plant were 


obtained from COPAR-2009 report1, except for the nuclear 
power plant; data for the nuclear plant were obtained from 
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a study6 published by the Academy of Engineering of 
Mexico. An important feature of hydropower projects is 
the impossibility of standardization due to the 
heterogeneity of hydraulic resource sites, leading to a 
variety of designs, construction methods, sizes and 
investment costs. For the purposes of this study, in the 
variable system, no hydropower projects were considered 
as candidates. The technology, the fuel code and the 
corresponding capacity are shown in Table I, for all the 
candidates.  


 
TABLE I 


Candidates in the expansion planning 


Technology type 
 


Fuel 
Code 


 


Gross 
Capacity 
(MWe) 


Gas turbine (GT), natural gas  N.GAS 266.3 
Combined cycle (CC), natural gas N.GAS 799.8 
Advanced Boiling Water Reactor NUCL 1356 
Geothermal GEO 26.7 
Supercritical with desulphurization, 
coal COAL 625.5 
Wind Farm 67 x 1.5 MWe WIND 100.5 


 
The fixed system was composed by vector [K], 


containing data of all generating units which were in 
operation at the beginning of 2009, and the vectors [A] and 
[R], which contain the data of fixed additions and 
retirements of plants committed for each year during the 
period of study. Fig. 2 shows the distribution of the 
installed capacity considered in the fixed system at the 
beginning of 2009. For this year the total capacity was 
equal to 48,099 MWe.  
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Fig. 2. Distribution of the Installed Capacity at the 
Beginning of 2009 


 
III. DEFINITION OF DECISION CRITERIA 


 
The decision criteria selected in this study were: 


(a) The cost which calculates the cumulated cost of 
electricity generation during the time period studied.  


(b) The risk which takes into account the economical 
impact associated with incremental fuel prices from 
the baseline scenario to the high scenario. 


(c) The diversity which evaluates the generation park 
diversity in terms of the Shannon-Weiner Index. 


(d) The external cost which brings into play the costs 
associated with the impact on health and the 
environment. 


(e) The foreign capital fraction which takes into account 
the investment using foreign inputs.  


(f) The carbon-free fraction which evaluates electricity 
generation that contributes to climate change policies.  


 
The cumulated cost of electricity generation during the 


time period studied is the objective function calculated 
with WASP-IV. The generation cost is calculated by means 
of an optimization process for variable expansion. The 
objective function only takes into account the internal 
costs, and it is composed of the following components: 
investment cost, rescue value, energy not served cost, fuel 
and storage cost, and operation and maintenance cost. This 
cost was calculated in 2009 United States Dollars (USD). 
In this calculation, the fuel price of each plant or unit 
corresponded to the levelized price during the life of the 
plant and it is based on the baseline scenario projected by 
the CFE in COPAR 20091. A relative value (C) to the 
maximum value from all the cases being compared was 
calculated using Eq. (10). 


 


100×⎥
⎦


⎤
⎢
⎣


⎡
=


MAXF
FC                                                     (10) 


 
F: Objective function (with medium scenario fuel 


prices) in USD/kWh. 
FMAX: Maximum Objective Function (with medium 


scenario fuel prices) in USD/kWh. 
The second parameter is the risk associated with fuel 


price increments from the baseline scenario to the high 
scenario (See Table II). In this step WASP-IV was used to 
calculate the cost for a fixed expansion (without 
optimization) with a configuration previously optimized 
but interchanging the baseline fuel prices with high fuel 
prices. The difference between the costs (Objective 
Function of WASP) obtained with the baseline price 
(Costbaseline) and the high price (Costhigh) relative to the 
baseline price is called the risk, associated to fuel price 
increments. The risk was calculated by using Eq. (11).  


 


baeline


baselinehigh


Cost
CostCost


Risk
−


=                                                   (11) 


 


The third parameter evaluates the generation park 
diversity. The diversity was associated with the technology 
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mix grouped by fuel type, and was calculated in terms of 
the generated electricity. It is calculated using the 
Shannon-Weiner diversity index7 (Is-w), Eq. (12) 


 


)ln(
1
∑
=


− −=
N


i
iiWS ppI                                                  (12) 


where pi is the fraction of the total electricity generated, in 
the period of study, by technologies using fuel type i, and 
N is the number of fuels participating in the mix of 
electricity. 


 


TABLE II 


Levelized Fuel Prices 


 
 


Baseline Scenario High Scenario 
USD/MWh USD/MWh 


Nuclear 4.90 5.16 
Oil 74.81 91.25 
Coal 33.68 36.85 
Natural Gas (CC) 52.08 62.16 
Natural Gas (GT) 74.87 89.37 
Geothermal 40.79 40.79 
Wind 0 0.00 


 
The fourth parameter was the external cost which 


evaluates the social-environmental damages caused by 
energy production for each expansion plan. We do not 
know the external costs caused by the different energy 
technologies participating in the Mexican electric system. 
We decided to use the ExternE costs which were obtained 
by teams of multidisciplinary researchers that adopted a 
common methodology and conducted case studies 
throughout Europe8.  In this study, for each type of 
technology, we calculated mean values (See Table III) 
from the ExternE costs, which were then added directly to 
the variable cost of operation and maintenance of each 
technology. The external cost (Cex) for each expansion plan 
was calculated by using Eq. (13). 


 
TABLE III 


Mean External Cost for Electricity Generation by Fuel Type 


Fuel Type USD/MWh 
Coal 219.32 
Oil 186.61 
Natural Gas 33.72 
Nuclear 9.01 
Hydro 3.01 
Geothermal and Wind 3.01 


 


100×⎥⎦
⎤


⎢⎣
⎡ −


=
F


FFC ex
ex                                        (13) 


 
Fex is the Objective Function with external costs. 


The fifth parameter was the foreign capital fraction 
(FCf). It is the fraction of the total capital investment 
coming from foreign raw materials and inputs involved 
during the construction of additional plants [Ut], which 
were added in the variable expansion plan. FCf was 
calculated using Eqs. (14) and (15). 


 


i


Nt


i
i fcaFCf ×= ∑


=1


                                                  (14) 


 


CA
CAca i


i =                                                               (15) 


 
CAi: added capacity of technology i in the expansion 


plan  
CA: total added capacity in the expansion plan. 
fj: fraction of foreign capital for technology i. 
Nt: total number of technologies involved in the total 


added capacity. 
The sixth parameter was the carbon-free fraction 


(CFf). It is the fraction of installed capacity at the end of 
the study period that does not use fossil fuels and was 
calculated by using Eq. (16). 


 


T


GNWH


C
CCCCCFf +++


=                                (16) 


 
CH: hydroelectric capacity. 
CW: wind-electric capacity. 
CN: nuclear capacity. 
CG: geothermal capacity. 
CT: total added installed capacity. 
 


IV. DECISION ANALYSIS 
 
In order to compare and rank the expansion plans in 


terms of a global grade that aggregates all the criteria, we 
developed a new decision method based on regret 
behavior. The name we gave it is Position Vector of 
Minimum Regret (PVMR). The idea was to simplify the 
conventional minimum regret method without making 
comparisons of pair of criteria. When the conventional 
minimum regret method is used and the number of criteria 
is large, the resulting pair-comparisons become unwieldy. 
By using vector algebra, the PVMR method is simplified. 
A “reference plan” is created, which does not exist in the 
set of alternative plans under evaluation, but it is a plan 
that has all the best values of each criterion in the set of 
alternatives. The “reference plan” is then positioned in the 
center of the coordinates of the n-dimensional space. The 
method is summarized in the following steps: 


Step 1: to assign a relative weight wj to each criteria j; 
n being the number of criteria, it is possible to assign a 
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different weight value, taking into account the condition of 
Eq. (17). 


 


∑
=


=
n


j
jw


1


2 1                                                                (17) 


 
Step 2: to apply a linear normalization to the cij values 


of each criterion j by assigning 0 (Zero) for the best value 
of all the alternatives i, and 1 (One) for the worst value. 
The process gives us normalized values vij , and therefore it 
is a given that the reference plan is located at the center of 
the n-coordinates. 


Step 3: to determine the n components pij of the 
position vector pi of each alternative i, by multiplying the 
vij values, obtained in Step 2, by the corresponding weight 
wj assigned in Step 1. See Eq. (18). 


 
pij = vij wj                                                                  (18) 


 
Step 4: to calculate the magnitude ip of the position 


vector for each point i, the point being associated to the 
corresponding expansion plan, using Eq. (19).  


 
222


2
2


1 ......... inijiii ppppp +++++=             (19) 


 


ip  is the distance from plan i to the reference plan, 


and therefore it represents the "regret". The smaller the 
magnitude of the position vector the smaller the "regret". 


 
V. APLICATION AND RESULTS 


 
The study consisted of 18 cases that were simulated 


with WASP-IV to obtain a total of six expansion plans, 
three of them with the participation of nuclear candidates 
and the other three without. Fig. 3 shows the main 
characteristics of the 9 simulations in which the nuclear 
participated as a candidate, and Fig. 4 shows the 9 


simulations in which nuclear was not a candidate. It should 
be noted that half of the cases were optimized with 
external costs, and the other half without. Table IV shows 
the list of simulations done in order to obtain the six 
expansion plans which were compared using the decision 
analysis. Fig. 5 shows graphs of the total capacity added 
by each fuel/technology type, for the time period of 2009 
to 2035, in the expansion Plan 1 to Plan 6. Graphs of 
cumulated electricity generation, from 2009 to 2035, for 
plans 1 to 6, are shown in Fig. 6.  


For all the simulations, capacity additions to the 
system were required after 2015. Nuclear plants were 
allowed to participate after 2020. 


 
TABLE IV 


Simulation Cases to Obtain the Six Expansion Plans 


Expansion 
Plans 


Simulation 
Cases Brief Description 


Plan 1 [A], [F], [E] 


With 
Nuclear  


Fixed expansion  


Plan 2 [B], [C], [D] Optimized expansion 
without external costs 


Plan 3 [G], [H], [I] Optimized expansion 
with external costs 


Plan 4 [J], [O], [N] 


Without 
nuclear 


Fixed expansion  


Plan 5 [K], [L], [M] Optimized expansion 
without external costs 


Plan 6 [P], [Q], [R] Optimized expansion 
with external costs 


 
The results of the six decision criteria obtained by the 


six expansion plans are shown in Table V. Using these 
parameters as data, the analysis decision based on Position 
Vector of Minimum Regret was applied and the results 
obtained are shown on Fig. 7; results are presented for 
three different sets of weights (A, B and C) whose values 
are shown in Table VI.  


Weights A are identical for all the criteria. The set of 
weights B gives high importance to criteria 1, 2 and 3 
which are related to cost, risk and diversity. The set of 
weights C gives very high importance to the cost and very 
low importance to foreign capital and carbon free fractions. 


 
 
 


TABLE V 


Results Obtained for the Decision Criteria of Each Expansion Plan 


Criterion  Plan 1 Plan 2 Plan 3 Plan 4 Plan 5 Plan 6 BEST WORST 
Cost [%] 99.923 99.863 100.000 99.477 99.103 98.818 98.818 100 
Risk [%] 2.5265 2.5694 1.1991 2.8355 2.8478 1.9661 1.1991 2.8478 
External Cost [%] 9.863 9.454 7.388 10.756 10.653 9.534 7.3882 10.756 
Diversity 1.4538 1.4456 1.5156 1.3571 1.353 1.3012 1.5156 1.3012 
Foreign Capital Fraction [%] 64.86 64.85 63.83 67.98 69.07 70.39 63.83 70.39 
Carbon Free Fraction [%] 26.21 26.15 33.03 19.56 18.9 19.57 33.03 18.9 
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Fig. 3. Simulated Cases with Nuclear as Candidate 
 
 


[O] = Fixed expansion with externalities


[J] = Fixed expansion without externalities


[K] = [J] optimized


[P] = [O] optimized


[L] = Effect of high prices on [K] [M] = Effect of adding externalities [K]


[Q] = Effect of high prices on [P] [R] = Effect of subtracting externalities [P]


[N] = Effect of high prices on [J]


Plan 6


Plan4


Plan 5


 
 


Fig. 4. Simulated Cases Without Nuclear as Candidate 
 


TABLE VI 


Sets of Weights Assigned to the Decision Criteria 


 Weights 
A 


Weights 
B 


Weights 
C 


Cost [%] 0.4082 0.5477 0.5950


Risk [%] 0.4082 0.4472 0.3464


External Cost [%] 0.4082 0.5000 0.4669


Diversity 0.4082 0.3873 0.3464


Foreign Capital Fraction [%] 0.4082 0.2236 0.3464


Free Carbon Fraction [%] 0.4082 0.2236 0.2608
 


2505







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11208 


   


  
 


0


20,000


40,000


60,000


80,000


100,000


120,000


2009
2012


2015
2018


2021
2024


2027
2030


2033


year


M
W


e


HYD (11.5%)


WIND (4.1%)


N.GAS (56.5%)


GEO (2.4%)


COAL (14.7%)


OIL (2.6%)


NUCL (8.2%)


 
Plan 1 


0


20,000


40,000


60,000


80,000


100,000


120,000


2009
2012


2015
2018


2021
2024


2027
2030


2033


year


M
W


e


HYD (11.5%)
WIND (4.1%)
N.GAS (56.5%)
GEO (2.3%)
COAL (14.7%)
OIL (2.6%)
NUCL (8.2%)


 
Plan 2 


 


0


20,000


40,000


60,000


80,000


100,000


120,000


200
9


201
3


201
7


202
1


202
5


202
9


203
3


year


M
W


e


HYD (11.4%)
WIND (4.4%)
N.GAS (53.7%)
GEO (2.6%)
COAL (10.7%)
OIL (2.6%)
NUCL (14.6%)


 
Plan 3 


 


0


20,000


40,000


60,000


80,000


100,000


120,000


2009
2013


2017
2021


2025
2029


2033


year


M
W


e


HYD (11.5%)
WIND (4.1%)
N.GAS (61.9%)
GEO (2.4%)
COAL (16.0%)
OIL (2.6%)
NUCL (1.5%)


 
Plan 4 


 


0


20,000


40,000


60,000


80,000


100,000


120,000


200
9


201
3


201
7


202
1


202
5


202
9


203
3


year


M
W


e


HYD (11.1%)
WIND (3.8%)
N.GAS (63.9%)
GEO (2.5%)
COAL (14.8%)
OIL (2.5%)
NUCL (1.5%)


 
Plan 5 


 


0


20,000


40,000


60,000


80,000


100,000


120,000


2009
2013


2017
2021


2025
2029


2033


year


M
W


e


HYD (11.1%)
WIND (4.4%)
N.GAS (66.2%)
GEO (2.5%)
COAL (11.7%)
OIL (2.5%)
NUCL (1.5%)


 
Plan 6 


 
Fig. 5. Installed Capacity by Fuel Type 
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Fig. 6. Cumulated Electricity Produced by Fuel Type. 
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Fig. 7 shows Plan 3 to be the best. It bears 
remembering that we are searching for the minimum 
distance to the reference plan combining the best qualities. 
The worst are expansion plans 4 and 5 which excluded 
nuclear; the optimization did not consider externalities. 
Plan 3 is the plan with the highest number of nuclear units 
in the expansion planning.  
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Fig. 7. Ranking of Plans Based on PVMR Analysis 
 


 
IV. CONCLUSIONS 


 
The WASP-IV code makes it possible to optimize the 


cost function of variable cases, and when the externalities 
are included in the variable costs of the objective function, 
the expansion plans that are obtained have a total 
generation cost (internal + external) that is optimized. 


External costs played a main role on the technology 
selection for the plan expansion, i.e. the optimization of the 
generation mix should not be determined only by internal 
costs. Incorporating external costs permits one to obtain 
better expansion plans in terms of the six evaluation 
criteria. 


The cost of the additional investment needed to move 
towards expansion plans with nuclear plants could be 
offset by long-term effects on the economy, health, low 
environmental impacts and energy security as well as a 
major technological development and the creation of 
employment and social benefits.  


We concluded that when external costs are included 
in the optimization process better electric expansion plans, 
with lower total (internal+external) generation cost, are 
found. On the other hand, the plans which included the 
participation of nuclear power plants were in general 
relatively more attractive than the plans that did not. The 
expansion plan with the largest nuclear participation in the 
electricity mix is the most expensive in terms of internal 
cost; however it is also the best in terms of the other five 
criteria, making this plan, the best. Interestingly, the 
conclusion we come to using the current economic and 


environmental data, is that nuclear energy absolutely must 
participate in the mix of Mexican electricity generation. 


These findings can be used to define the energy policy 
for the electricity production in Mexico in the medium-
long-term scenario. It is important to mention that 
alternative supply scenarios that minimize the use of 
natural gas are being analyzed, as an attempt to boost 
domestic use of nuclear, renewable resources, and “clean” 
coal with equipment capable of capturing greenhouse 
gases. Given Mexico's geography and climate, the 
exploitation of solar, wind, and biomass energy resources 
must be analyzed for the long term scenario. 
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Abstract-Sludge loading, which is a consequence of the normal working of the plants, has some 
important effects regarding the way the steam generators are working. First of all, flow induced 
vibration due to the blockage of the quatrefoils that induce water level variations in the secondary side 
of the steam generators. This phenomenon is a potential root cause for tubes crack initiation due to 
mechanical fatigue, leading to safety problems that are a main concern for the utilities and the safety 
authorities. In addition the sludge accumulation leads to plant power loss that could heavily affect the 
efficiency ratio of the plant. Specifically this kind of situation has been encountered in France, in 2006, 
and has led to implement a significant chemical cleaning program in order to remove the deposits 
present in the secondary side of the steam generators and recover their normal operations conditions. 


 


 


934







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11077 
 


 


● EDF Steam Generators Chemical cleanings (SGCC) main goals : 
– Mitigate the TSP blockage by cleaning the quatrefoils  
– Recover the thermal performance by dissolving the deposits on the tubes 
– No residual copper on the tubes (ECT) 
– Low corrosion allowances (less than 200 µm on carbon steel and 2 µm on stainless alloys) 
– Low gaseous emissions allowances (less than 50kg or 110 lbs of ammonia) 


 


SGCC Program 
EDF has entrusted the following program to Westinghouse: 


●  2008 : Cruas 3 & 2, Belleville 1 
● 2009 : Cattenom 1 & 3, Chinon B3 
● 2010 : Cattenom 4, Belleville 2 
● 2011 : St Alban 1, St Laurent B1  


 


 


In total 10 NPP will be cleaned with EPRI SGOG process by the end of 2011. 
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Results 
Results presented here after come from EDF reviews, done before and after process implementation. 
Considering that some inspections and/or measurements relating to these results are done only during outages, 
all results are not currently available for all plants. 


Deposit removal 
EPRI SGOG SGCC have presented a high efficiency in terms of bulk deposit removal. The following graph 
presents the EDF preliminary estimate (pink) and the SGCC removal estimate (in white low estimate/ blue high 
estimate) based on concentration measured into SGCC effluents. Results presented are those available to date for 
the first sites. 


 


Harmlessness & Corrosion  
Of course the efficiency of such chemical cleaning has to be balanced with the harmlessness of the process on 
the steam generator in order to respect nuclear safety criteria.  


Corrosion allowance has been defined by EDF and validated by French nuclear safety authority.  


Maximum corrosion allowance as qualified is 200 µm 


The highest corrosion rate measured on coupons (located into the SG during the Chemical Cleaning) is 59µm on 
site “A” located on SG wrapper inner diameter (30% of the maximum qualified corrosion). 
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Blockage Removal 
The following graph presents the percentage of blockage of all Tube Support Plates (TSPs) for hot and cold leg 
for two NPPs. Those estimates are based on VT and ECT (purple) performed at outage N-1 compared with ECT 
(purple hatched) performed immediately after EPRI SGOG SGCC and VT (green) performed at outage N+1. 


 


For three other NPPs, the  results are:  


  


VT and ECT estimates between 15% and 25 % of blockage on the upper plate of following SGs. 


After EPRI SGOG Chemical Cleaning SG’s are clean. 
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Performances recovery 
EPRI SGOG SGCC has a significant positive impact on performances of the SG, which usually come back to 
nominal performance. 


 


In all cases the wide range level has been recovered, for 900 MW units the initial SG pressure has been 
recovered. Loss of pressure before EPRI SGOG SGCC was not significant for 1300 MW units, so pressure 
recovery has not been a significant parameter for these units. Consequently for these units recirculation ratio has 
been checked in order to have a more complete review of performances recovery. 


 


Recirculation ratio recovery is complete, allowing performances close to initial. 


The ratio for all 1300 MW plants is >4. 


Conclusion  


Results of EPRI SGOG chemical cleanings show a very high efficiency of the process in terms of blockage 
removal, wide range level recovery, SG pressure recovery and recirculation ratio recovery, in parallel with a very 
low corrosion level that ensures SG integrity over their full lifetime. 


● The EPRI SGOG process implemented by Westinghouse allows heavily loaded plants to recover 
working conditions close to start up in terms of safety and efficiency with little impact on corrosion. 


● EDF and the French Safety Authority have selected the EPRI SGOG process implemented by 
Westinghouse to clean the remaining heavily loaded plants with high blockage percentage. 


● This program will be pursued by implementing a program of regular preventive cleanings to keep the 
NPP units in optimal operating conditions. The first implementation of the ASCA preventive cleaning 
process for EDF took place in July 2010. Five more operations are planned till 2014. 
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 Abstract-- This paper describes scoping analyses on tritium behaviors in the HTGR-integrated gasoline 
production system, which is based on a methanol-to-gasoline (MTG) plant. In this system, the HTGR transfers heat 
and electricity to the MTG system. This system was analyzed using the TPAC code, which was recently developed by 
Idaho National Laboratory.  


 
The global sensitivity analyses were performed to understand and characterize tritium behaviors in the coupled 


HTGR/MTG system. This Monte Carlo based random sampling method was used to evaluate maximum 17,408 
numbers of samples with different input values. According to the analyses, the average tritium concentration in the 
product gasoline is about 3.05×10-3 Bq/cm3, and 62 % cases are within the tritium effluent limit (= 3.7x10-3 
Bq/cm3[STP]). About 0.19% of released tritium is finally transported from the core to the gasoline product through 
permeations. This study also identified that the following four parameters are important concerning tritium 
behaviors in the HTGR/MTG system: (1) tritium source, (2) wall thickness of process heat exchanger, (3) operating 
temperature, and (4) tritium permeation coefficient of process heat exchanger. These four parameters contribute 
about 95 % of the total output uncertainties. This study strongly recommends focusing our future research on these 
four parameters to improve modeling accuracy and to mitigate tritium permeation into the gasoline product. If the 
permeation barrier is included in the future study, the tritium concentration will be significantly reduced. 
 
 


I. INTRODUCTION 
 
The high temperature gas-cooled reactor (HTGR) is a 


helium-cooled, graphite moderated, thermal neutron spectrum 
nuclear reactor operated at about 8 MPa and higher than 750 
oC. This reactor is envisioned as one of the most promising 
future energy technology contributed from high efficiency, 
inherited passive safety features, and its high temperature 
applications. In particular, this reactor can produce massive 
hydrogen by splitting water into oxygen and hydrogen, which is 
clean energy medium without CO2 release to the environment. 
For this reason, plenty of international research programs and 
activities are currently on-going including Gen-IV international 
forum. 


 
Tritium permeation is an important potential problem that 


may occur in the HTGR-integrated industrial application 
systems. Tritium is a hydrogen isotope and primarily generated 
in the reactor core by ternary fission or various neutron 
reactions. This species typically exists as a HT molecule in the 
HTGR. Since this molecule has very small size only about 0.2 
nm, it is easily permeated through high temperature metallic 


surfaces and radioactively contaminates the end-products such 
as hydrogen and gasoline. 


 
Tritium is a radioactive isotope of hydrogen with the half 


life of 12.32 years. The nucleus of a tritium atom consists of a 
proton and two neutrons. Ordinary hydrogen comprises over 
99.9% of all naturally occurring hydrogen. The health hazard of 
tritium is associated with cell damage caused by the ionizing 
radiation that results from radioactive decay, with the potential 
for subsequent cancer induction. Nearly all (up to 99%) inhaled 
tritium can be taken into the body from the lungs, and 
circulating blood then distributes it to all tissues. Ingested 
tritium oxide is almost completely absorbed, moving quickly 
from the gastrointestinal tract to the bloodstream. Within 
minutes it is found in varying concentrations in body fluids, 
organs, and other tissues. Generally, tritium is uniformly 
distributed through all biological fluids within one to two 
hours. Tritium is eliminated from the body with a biological 
half-life of 10 days, the same for water. In the U.S., tritium 
emissions are regulated by the Nuclear Regulatory Commission 
(NRC) and Environmental Protection Agency (EPA). The 
suggested regulatory limits are 3.7x10-3 Bq/cm3 in air and 37 
Bq/cm3 in water [1]. 
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Tritium behavior in high temperature gas-cooled reactors 


(HTGR) has been well evaluated in several countries in 
the 1970s (e.g., the Dragon reactor in England [2], the Peach 
Bottom HTGR in the U.S. [3], and Arbeitsgemeinschaft 
Versuchsreaktor (AVR) in Germany [4]). Data from the 
operation of HTGRs and from laboratory experiments revealed 
the mechanism of tritium production, transport, and release to 
the environment. In the review of tritium behavior by Gainey 
[5], tritium releases should be well within current federal 
guidelines for the nuclear plant. For example, the estimated 
maximum dose to an average adult for a typical 3,000-MWt 
HTGR with a cooling tower is 0.38 milligram/year, which is 
slightly more than one tenth of the maximum annual dose 
allowed [5]. For this reason, no further laboratory scale work 
on tritium was required at that time. However, their tritium 
calculations were only concerned with general tritium release 
and did not examine questions related to nuclear hydrogen 
production or process steam.  


 
Currently, next generation nuclear program (NGNP) has 


plans to use the HTGR as a heat source to produce hydrogen or 
steam for industry or individual users. Ohashi and Sherman [1] 
estimated steady-state tritium movement and accumulation in 
an HTGR coupled with hydrogen plants using high temperature 
steam electrolysis process and thermo-chemical water splitting 
sulfur-iodine process using the numerical code THYTAN. They 
also proposed some useful ideas to reduce the tritium levels in 
the product hydrogen and the other system components on the 
basis on their analysis results. 


 
This paper is focused on the analyses on the tritium 


transport and behavior in the HTGR and integrated gasoline 
production system. In this system, the HTGR transfers heat and 
electricity to the MTG system for splitting water into oxygen 
and hydrogen. This system is designed to be operated at the 
core outlet temperature of 750 oC with a steam Rankin cycle for 
power conversion. The current paper summarizes recent tritium 
research activities achieved in Idaho National Laboratory and 
shows some notable results. 


II. TRITIUM SOURCES AND PATHWAYS  
 
The primary tritium birth mechanism is ternary fission of 


fuel (e.g., 233U, 235U, 239Pu, and 241Pu) because of thermal 
neutrons. Tritium is also generated from 6Li, 7Li, 3He, and 10B 
by neutron capture reactions in HTGRs as the following: 


 6Li (n, α) 3H,  


 7Li (n, nα) 3H, 


 3He (n, p) 3H, 


 10B (n, 2α) 3H, 


 10B (n, α) 7Li. 


 


6Li and 7Li are impurities in the core graphite material such 
as the sleeve, spine, reflector, and fuel matrix. 3He is an 
impurity in the reactor coolant helium. Because helium coolant 
leaks from the primary loop to the containment vessel, helium 
is supplied to the primary coolant as a make-up with an 
impurity of 3He. 10B exists in control rods, burnable poisons, 
and reflectors. 


 
Figure 1 shows the general tritium pathways in the HTGR 


system. Tritium is initially generated in the reactor core and 
about 20~30 % is released to the primary coolant, permeating 
several barriers of the core. In the primary coolant, some of the 
tritium is removed by a purification system and some of them 
can escape outside the coolant by permeation through the 
components and piping and by leakage with the primary helium 
coolant. The remaining tritium in the primary coolant 
permeates through the heat transfer tubes or surfaces of the 
IHX and gets mixed in with the secondary coolant. In the 
secondary loop, some of the tritium is removed by the 
purification system or escapes outside, just as tritium behaves 
in the primary loop. The remainder of the tritium in the 
secondary coolant permeates through heat transfer surfaces and 
transported to the power conversion system or the industrial 
plants. 


 
 


FIGURE 1.  GENERAL TRITIUM PATHWAYS IN HTGR. 
 


III. THEORY 
 
This section summarizes the governing equations used for 


tritium analysis of the HTGR/MTG system. The tritium 
generation and transport mechanisms in HTGRs are well 
described by Gainey [5], and Ohashi and Sherman [1]. 


(a) Mass Balance 


The analysis is based on the mass balance equations of 
tritium containing chemicals and hydrogen. The mass balances 
of tritium containing chemicals and hydrogen can be expressed 
as follows: 
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(b) Tritium Source 


The primary tritium birth mechanism is ternary fission of 
fuel (e.g., 233U, 235U, 239Pu, and 241Pu) by the thermal neutrons. 
The secondary birth mechanisms are from 6Li, 7Li, 3He, and 10B 
by neutron capture reactions. 6Li and 7Li are impurities in the 
core graphite material such as the sleeve, spine, reflector, and 
fuel matrix. 3He is an impurity in the reactor coolant helium. 
10B exists in control rods, burnable poisons, and reflectors. 
Table I summarizes various tritium birth mechanisms and their 
mathematical representations. 


 
TABLE 1.  TRITIUM BIRTH AND RELEASE MODELS. 


 


(c) Permeation 


In the VHTR system, heat exchangers are the main route of 
tritium permeation. The permeation rate of HT at the heat 


exchanger, RHX,HT [m3 (STP)/s] is estimated by the following 
equation.  
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(d) Leakage 


The leak rate of H2, HT, and HTO with helium leakage in 
node j, Rleak,j is calculated by the following equation: 


 


leak


j
iRtotaljileak


V


V
CLVR ,,         (14) 


 
(e) Purification 


The removal rate, RPF, of hydrogen and tritium containing 
chemicals in the primary and intermediate loop by the 
purification system is expressed by the following equation: 


 


jiiHePFjiPF CFR ,,,,     (15) 
 
In this study, a complicated electrochemistry model was 


not considered. Decomposition of H2O into H2 and O2 was 
calculated by conversion ratios. HTO was assumed to be 
chemically identical to H2O.  


IV. TRITIUM ANALYSIS ON HTGR/MTG 
SYSTEM  


 
This section discusses the analyses on the tritium behaviors 


in the HTGR/MTG system. To analyze the tritium behaviors, 
this study used TPAC code, which was developed by Idaho 
National Laboratory [7]. The TPAC is based on the mass 
balance equations of tritium-containing species and various 
forms of hydrogen coupled with a variety of tritium sources, 
sinks, and permeation models shown in the previous section.  


 
The TPAC code was developed using MATLAB and 


SIMULINK Package by integrating the governing equations. 
MATLAB is a high-level technical computing program 
language created by MathWorks. It provides easy matrix 
manipulation, algorithms implementation, user interface 
creation, and numerous built-in numerical libraries. 
SIMULINK is a built-in package integrated in the MATLAB, 
which is specialized in modeling, simulating, and analyzing 
multi-domain dynamic systems. The detailed code 
characteristics and its verifications can be referred to the recent 
technical report by Oh and Kim [7]. 


Reference System and TPAC Modeling 
 


This section discusses the tritium analyses results for a 
coupled HTGR/MTG system (Wood et al. 2010) as shown in 
Figure 2. This system generates gasoline from natural gas using 
nuclear heat. In this system, the core outlet temperature is 
750C, and the power conversion system (PCS) is designed 
based on the steam Rankin cycle. The proposed system includes 
operation units for air separation (ASU), natural gas 
purification and reforming (NG-RFMR), methanol synthesis 
(MEOH-SYN), methanol conversion to gasoline (MTG), power 
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production (HTSG-ST), the cooling tower, and water treatment. 
Nuclear heat is used to preheat all streams entering the primary 
reformer. In addition, nuclear heat is used rather than firing fuel 
gas for product upgrading in the MTG plant.  


 
Figure 3 shows the TPAC model for the reference 


HTGR/MTG system. The system configuration, operating 
temperature, pressure, and flow rates were obtained from 
McKellar et al. [8]. The component volumes were assumed 
based on the pre-conceptual design of various VHTR systems.  


 
The IHX sizing and rating were carried out based on the 


helical-coil tubular heat exchanger and printed circuit heat 
exchanger (PCHE) designs. The model consists of four 
different loops; (1) primary helium loop, (2) Secondary helium 
loop, (3) Power cycle, and (4) methanol-to-gasoline (MTG) 
system. 


 


 


Figure 2. Nuclear-assisted methanol-to-gasoline 
(MTG) system. 
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Figure 3. TPAC Model for a coupled HTGR/MTG System. 
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Analysis Method (Global Sensitivity Analysis) 
This study used a global sensitivity analysis method, which 


is based on the Monte-Carlo based random sampling technique. 
The global sensitivity analysis is in the category of the 
sensitivity analysis methods, and it focuses on apportioning the 
input uncertainty to the uncertainty in the input factors. 
Typically, global sensitivity analyses are based on the 
sampling-based method to quantify the influence of uncertain 
input parameters on the response variability of a numerical 
model.  


 
There are several different methods that belong to the 


global sensitivity analysis: standard regression coefficient 
(SRC), Pearson product moment coefficient (PEAR), Spearman 
coefficient (SPEAR), measure of importance (i.e. SOBOL, 
FAST), and etc. [17]. Among them, this study used a variance-
based method proposed by Sobol [10], which is based on the 
variance decomposition. To measure and quantify parameter 
importance, two sensitivity indices were estimated in this study: 
first order index and total index. 


 
The first order sensitivity index (Si), which is called ‘main 


effect’, represents the expected amount of variance removed 
from total output variance, in case that the uncertainty of Xi is 
known. This measure indicates the relative importance of an 
individual input variable Xi, in driving the uncertainty, and can 
be seen as indicating where to direct effort to reduce that 
uncertainty. The first order indices are very essential parameter 
for Factor Prioritization (FP) setting, which focuses on 
indentifying the most important factor. 


 
The total effect for the input variable Xi is the sum of the 


first order index and all higher order effects in which the factor 
participates. The total index represents the expected amount of 
output variance that would remain if Xi is left free to vary over 
its uncertainty range, and all other variables having been fixed. 
The total sensitivity index is the essential parameter for Factors 
Fixing (FF) setting, which focuses on identifying the factor or 
the subset of input factors that we can fix at any given values 
over their ranges of uncertainty without significantly reducing 
the output variance. 


Model Inputs 
Tritium behaviors in the HTGR/MTG system are 


influenced by various factors as described in theory section. 
This study selected 14 major parameters, which is considered to 
be important, for uncertainty and sensitivity analyses. Table 2 
summarizes the input parameters and their ranges. This study 
assumed that all the sample distribution is uniform throughout 
the input ranges, since the detailed information is not available. 
As described in the previous section, the uniform distribution 
generally provides more conservative results than the other 
distributions. 


 
 


TABLE 2.  MAJOR INPUT PARAMETERS AND RANGES. 
Parameters Min Max Unit 


Tritium Source 1.36E-11 6.44E-11 m3(STP)/s 
Fraction of Mass 
Flow to Purification 
System (P-1st) 


1.20E-4 2.07E-4  


Fraction of Mass 
Flow to Purification 
System (P-2nd) 


5.07E-5 8.44E-5  


Reaction Coefficient 
(IHX) 


5.33E-11 1.26E-8  


Reaction Coefficient 
(S/G) 


5.33E-11 1.26E-8  


Reaction Coefficient 
(Reheater) 


5.33E-11 1.26E-8  


Reaction Coefficient 
(PHX-1) 


5.33E-11 1.26E-8  


HX Thickness (IHX) 0.001 0.003 m 
HX Thickness (S/G) 0.001 0.003 m 
HX Thickness 
(Reheater) 


0.001 0.003 m 


HX Thickness 
(PHX-1) 


0.001 0.003 m 


HX activation 
energy (IHX) 


5.19E+04 6.4E+04 J/mol 


HX activation 
energy (S/G) 


5.19E+04 6.4E+04 J/mol 


HX activation 
energy (Reheater) 


5.19E+04 6.4E+04 J/mol 


HX activation 
energy (PHX-1) 


5.19E+04 6.4E+04 J/mol 


Temperature Level 0.95 1.05  
 


The tritium source ranges between 1.36x10-11 and 6.64x10-


11 m3(STP)/s. This condition was obtained from the reported 
tritium birth rates and the tritium release ratios. The tritium 
birth rates for the various reactors range from 2.84 x10-11 
Bq/y/MWt (for 3,000 MWt HTGR) to 4.28 x10-11 Bq/y/MWt 
(for England 1,500 MWt HTGR). The tritium release ratios are 
reported to be 0.32 for Peach Bottom reactor and 0.2 for Fort 
St. Vrain reactor. In the TRIGO code [11], the release ratio is 
recommended to be 0.1. By combining the tritium birth rates 
and the release ratios, the tritium release rate (tritium source) 
was estimated to be ranged between 1.36x10-11 and 6.44x10-11 


m3(STP)/s. The distribution was assumed to be uniform. 
 
The mass flow into the purification system was determined 


to be 12 ~ 20 %/h of the total helium inventory in each loop. 
The numbers, 12 and 20%/h are based on the Peach Bottom 
reactor and the Fort St. Vrain reactor, respectively.  


 
The tritium permeation coefficients and activation energies for 
permeation through the HX materials were determined based 
on the reported Alloy 800 material data. Yang, Baugh, and 
Baldwin (1977) reported tritium permeation data for the 
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superheater, evaporater, and economizer of the Peach Bottom 
reactor. They measured tritium permeation rate after removing 
surface films formed during reactor operation. Tritium 
permeation data was also reported by Richards et al. (2006) 
based on the Peach Bottom steam generator materials. 
Permeability reported by Richards et al. (2006) includes the 
effect of surface film formed by steam. Besides the Peach 
Bottom material test data, lots of laboratory experiments were 
also conducted using pure Alloy 800 material under well 
controlled environment (Rohirig et al. (1975), Buckkremer et al. 
(1978), and Calderoni & Ebner (2010)). This study considered 
both Peach Bottom experimental data and Lab experimental 
data for conservative analyses. In the real VHTR operations, 
oxide films are formed on the surface of the heat exchangers 
decreasing tritium permeation rates. Generally, oxide film is 
known to reduce tritium permeation rates, significantly, by 1~3 
orders of magnitudes (Sherman and Adams, 2008). Therefore, it 
should be noted that using the laboratory experimental data 
(without oxide film) is very conservative approach for analysis 
of tritium in the VHTR integrated system. 


 
In this analysis, the reference temperature was set to be 


constant during the analyses. However, the heat exchanger 
temperatures were determined between 95 and 105 % of the 
reference temperature. The IHX, SHX, and PHX temperatures 
were adjusted simultaneously by applying the same 
multiplication factors, CTL, which represent the temperature 
level. 


 
In this study, the following six different sampling numbers 


were taken into considerations for checking convergence and 
accepting reliability of the results. The minimum number of 
sample is 544 for Case 1, and the maximum number of sample 
is 17408 for Case 6. 


 Case 1: 544 Samples 


 Case 2: 1088 Samples 


 Case 3: 2,176 Samples 


 Case 4: 4,352 Samples 


 Case 5: 8,704 Samples 


 Case 6: 17,408 Samples 


Results and Discussions 
This section summarizes the results of this study focused 


on the tritium concentrations in the gasoline product of the 
coupled VHTR/MTG plant. The following three issues are 
discussed here. 


 Tritium concentration in the gasoline product 
 Tritium distribution in the HTGR/MTG system 
 Important parameters affecting tritium behaviors  
 


(a) Tritium concentration in the gasoline product 


Table 3 summarizes the means, standard deviations, and 
percentiles for the evaluated tritium concentrations in the 


gasoline products. The average concentration in the product 
gasoline is 3.05×10-3 Bq/cm3 with 2.46×10-3 Bq/cm3 (~ 54%) in 
standard deviation.  


 
TABLE 3.  MEANS, STANDARD DEVIATIONS, AND 


PERCENTILES OF TRTIIUM CONCENTRATIONS 
(Bq/cm3[STP]) IN THE GASOLINE PRODUCT. 
# of 


Samples 
Mean Std 


5% 
percentile 


95% 
percentile 


544 3.25E-03 2.86E-03 6.91E-04 9.12E-03 
1088 2.97E-03 2.58E-03 5.22E-04 8.92E-03 
2176 3.06E-03 2.50E-03 4.41E-04 8.53E-03 
4352 3.02E-03 2.41E-03 4.01E-04 8.08E-03 
8704 3.04E-03 2.42E-03 3.51E-04 7.99E-03 
17408 3.05E-03 2.46E-03 3.51E-04 8.05E-03 


 
Figures 4 shows the probability distributions of the tritium 


concentrations in the product gasoline obtained for Case 6 
(17,408 samples). According to this figure, the tritium 
concentration in the product gasoline is widely distributed for 
the selected input parameters. About 62% of the cases are 
within the effluent limit (= 3.7x10-3 Bq/cm3[STP]), and 38% 
exceeds the effluent limit. It indicates that this system has large 
flexibilities for design conditions and parameters. In addition, 
the tritium concentration in the gasoline product can be even 
much more reduced by incorporating the novel tritium 
permeation barrier methods into the actual heat exchanger 
design and fabrication. 


 


FIGURE 4.  TRITIUM CONCENTRATIONS IN THE 
GASOLINE PRODUCT (CASE 6). 


 


(b) Tritium distribution in the HTGR/MTG system 


Figure 5 shows the tritium distributions estimated by the 
TPAC code in the HTGR/MTG system. According to this 
result, about 10.4 % of the released tritium from the core is 
removed by the purification system installed in the primary 
side. About 10.5 % of the tritium is permeated to the secondary 
side through the intermediate heat exchanger (IHX) walls. Only 
0.27 % of tritium is released to the containment (or 
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confinement) by helium leakage. In the secondary side, 4.6% of 
the tritium is removed by the purification system. 4.74 % of 
tritium is permeated to the steam Rankin cycle. About 0.19 % 
of tritium transfer to the gasoline production system. According 
to the calculation results, the purification systems in the 
primary and secondary system looks the most important for 
tritium transfer removal in the system. However, the effect of 
leakage out of the system looks negligible which is less than 
0.3% in total. However, the detail numbers can be changed for 
different system conditions and designs including configuration, 
temperature, heat exchanger size, and purification system 
capacity. 


 


 


FIGURE 5.  TRITIUM DISTRIBUTION IN HTGR/MTG 
SYSTEM. 


 


(c) Important parameters affecting tritium behaviors in the 
HTGR/MTG system 


This section summarizes the sensitivity analysis results. 
Two sensitivity indices were used here for measuring parameter 
importance: (1) first order index and (2) total index. 


 


Main Effect (First Order Sensitivity Index) 


The first order index which represents the main effect of an 
input parameter is closely related to the contribution of the 
parameter on the total output uncertainties. Table 4 summarizes 
the results from different numbers of samples. The numbers 
listed in the table represent the effects of the input parameters 
on the tritium concentrations in the gasoline product.  The 
main effect of a certain parameter can be quantified by the first-
order index. The first-order index is highly related to the 
modeling uncertainties. If the first-order index of a certain 
parameter is large, it indicates that that parameter provides 
large contributions to the output uncertainties. Table 4 
summarizes the estimated the first-order indices of the 16 input 
parameters for tritium concentrations. The locations of the 
CHT1 through CHT8 are shown in Figure 3. In the sampling-
based method, the solution convergence should be checked for 
different numbers of samples.  


 


 
TABLE 4.  FIRST ORDER SENSITIVITY INDICES. 


CHT1 CHT2 CHT3  CHT4  CHT5 CHT6 CHT7 


TS  0.68 0.60 0.24 0.52 0.52 0.52 0.52 


CTL 0.03 0.02 0.01 0.02 0.02 0.02 0.02 


TH1  0.00 0.00 0.00 0.00 0.00 0.00 0.00 


C1  0.11 0.09 0.03 0.05 0.05 0.05 0.05 


TH4  0.01 0.01 0.05 0.01 0.01 0.01 0.01 


PMF1 0.03 0.06 0.16 0.07 0.07 0.07 0.07 


C4  0.00 0.00 0.00 0.06 0.06 0.06 0.06 


PMF2 0.01 0.00 0.00 -0.01 -0.01 -0.01 -0.01 


EA1  0.00 0.00 0.01 0.00 0.00 0.00 0.00 


EA4  0.01 0.01 0.03 0.01 0.01 0.01 0.01 


TH3  0.00 0.00 0.00 0.00 0.00 0.00 0.00 


TH2  0.01 0.01 0.00 0.00 0.00 0.00 0.00 


C3  0.01 0.02 0.05 0.01 0.01 0.01 0.01 


C2  0.02 0.06 0.14 0.04 0.04 0.04 0.04 


EA3  0.00 0.00 0.00 0.01 0.01 0.01 0.01 


EA2  0.03 0.02 0.10 0.01 0.01 0.01 0.01 


 
Figure 6 compares the first-order indices for various parameters 
in the MTG system. As shown in this figure, the TS has the 
largest first-order index, which is 0.52 (see CHT7 in Table 4). It 
means that 52% of the output uncertainties are generated by the 
tritium source model and parameter uncertainties. The second 
important parameters are the permeation coefficients of PHX, 
Reheater, and IHX. In this case, the sensitivity indices are 0.07, 
0.06, and 0.05, respectively. It means that 20% of the output 
uncertainties are contributed by the permeation coefficients. On 
the other hand, effects of the following parameters are 
negligible: CTL, TH3, EA2, C2, EA4, TH4, EA1, PMF1, TH2, 
and TH1. This result gives us some ideas to reduce modeling 
uncertainties, which will eventually provide more design 
margins. The model uncertainties can be effectively reduced by: 


 Improving accuracy of the tritium birth or release 
models 


 Improving accuracy of the input parameters on the 
tritium birth and release models  


 Improving accuracy of the tritium permeation models 
and parameters 


Tritium Release from Core


Primary LoopPurification System
(in primary side)


Leak to Containment


Secondary LoopPurification System
(in secondary side)


Leak to Containment


21 %


0.15 %10.4 %


10.45%


0.12 %4.62%


0.97 % 4.74 %


PCS
(Steam Cycle)


MTG System


Gasoline LPG Others


0.19% 0.03 % 0.75%


* 79% of tritium is retained in the core.
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FIGURE 6.  FIRST ORDER INDICES. 


 


Total Effect (Total Sensitivity Index) 


The total effect of a certain parameter can be quantified by 
the total index, which is a summation of the first-order index 
and all its interactions. The total index is highly related to the 
output value itself. If the total index is large for a certain 
parameter, it indicates that the output is very sensitive to the 
change of that parameter. Table 5 summarizes the estimated 
total indices of the 16 input parameters for tritium 
concentrations. As shown in this table, the tritium sensitivities 
in the MTG system are uniform throughout the whole system.  


 
TABLE 5.  TOTAL SENSITIVITY INDICES. 


CHT1  CHT2  CHT3  CHT4  CHT5  CHT6 CHT7 


TS  0.71 0.64 0.34 0.64 0.64 0.64 0.64 


PMF1  0.05 0.03 0.01 0.04 0.04 0.04 0.04 


PMF2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 


C1  0.13 0.12 0.05 0.09 0.09 0.09 0.09 


C2  0.01 0.02 0.08 0.02 0.02 0.02 0.02 


C3  0.05 0.10 0.24 0.11 0.11 0.11 0.11 


C4  0.00 0.01 0.00 0.11 0.11 0.11 0.11 


C5  0.01 0.01 0.01 0.01 0.01 0.01 0.01 


TH1  0.00 0.00 0.01 0.00 0.00 0.00 0.00 


TH2  0.01 0.02 0.04 0.02 0.02 0.02 0.02 


TH3  0.00 0.00 0.00 0.01 0.01 0.01 0.01 


TH4  0.02 0.02 0.00 0.02 0.02 0.02 0.02 


TH5  0.01 0.02 0.08 0.02 0.02 0.02 0.02 


EA1  0.04 0.09 0.20 0.09 0.09 0.09 0.09 


EA2  0.00 0.00 0.00 0.02 0.02 0.02 0.02 


EA3  0.03 0.03 0.14 0.02 0.02 0.02 0.02 


EA4    0.71 0.64 0.34 0.64 0.64 0.64 0.64 


EA5    0.05 0.03 0.01 0.04 0.04 0.04 0.04 


CTL    0.00 0.00 0.00 0.00 0.00 0.00 0.00 


 


 
Figure 7 compares the total indices for various parameters in 
the MTG system. As shown in this figure, the TS has the total 
index, which is 0.64. It means that the change of this parameter 
affects tritium concentration in the MTG system the most 
significantly. The second important parameter is the tritium 
permeation coefficient of the reheater (C4). The third and the 
fourth important parameters are the permeation coefficient of 
the PHX and the IHX, respectively. Compared to these four 
parameters, the effects of the other 14 parameters are very 
small. This result gives us some ideas to reduce tritium 
concentration in the MTG system, which will eventually 
mitigate tritium in the system. The tritium level in the MTG 
system can be effectively reduced by: 


 Improving fuel quality in the core (reducing 
tritium release) 


 Reducing impurities in the core structures 
(reducing tritium birth) 


 Changing or improving heat exchanger wall 
materials 


 Coating heat exchanger walls with tritium 
barriers 


 


 
FIGURE 7.  TOTAL SENSITIVITY INDICES. 


V. SUMMARY AND CONCLUSIONS  
 


In this section, we analyzed tritium behaviors in the 
improved HTGR/MTG system. The HTGR system was 
designed based on 721-MWt power and 750C core outlet 
temperature. This system consists of the following four separate 
loops: 


 Reactor primary side 


 Reactor secondary side 


 PCS 
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 MTG system 


The primary heat was transferred to the secondary side through 
an IHX. In secondary side, the heat was transferred to the PCS 
and MTG system through an SHX and a PHX. The PCS was 
based on the steam Rankin cycle. The proposed MTG system 
includes operation units for air separation (ASU), natural gas 
purification and reforming (NG-RFMR), methanol synthesis 
(MEOH-SYN), methanol conversion to gasoline (MTG), power 
production (HTSG-ST), the cooling tower, and water treatment. 
Nuclear heat is used to preheat all streams entering the primary 
reformer.  


The HTGR/MTG system was modeled by the TPAC code. 
Most of the information for modeling was obtained or 
determined from previous literature, HYSYS flowsheet 
analyses, and some assumptions. For sensitivity analyses, we 
agreed on 16 input parameters by discussion and randomly 
generated 17,408 inputs using the SIMLAB software. For 
automatic evaluations of a large number of samples, we 
developed a MATLAB script that links MATLAB workspace 
parameters and the TPAC input variables. In this study, the 
following three things were taken into account in detail: 


 Tritium concentration in the gasoline product 


 Tritium distribution in the HTGR/MTG system 


 Important factors affecting tritium behaviors. 


First, we estimated tritium concentration in the three locations: 
(1) gasoline, (2) LPG, and (3) waste water. According to the 
estimations, the average tritium concentration in the LPG was 
estimated to be 2.28 × 10-3 Bq/cm3. In this case, about 75% of 
the cases were less than the effluent limit  (3.7 × 10-3 Bq/cm3). 
The average tritium concentration in the gasoline was estimated 
to be 3.05 × 10-3 Bq/cm3. About 62 % of the cases were within 
the tritium effluent limit (3.7 × 10-3 Bq/cm3).  


Second, we estimated tritium distribution in the HTGR/MTG 
system. According to the analyses, initially, the tritium 
generated in the reactor core and 20% of the tritium is released 
to the primary loop. In the primary loop, about 10.4% of the 
tritium is purified in the purification system, and 10.45% is 
permeated to the secondary side through the IHX walls. Only 
0.15% of the tritium is leaked to the outside of the primary 
loop. In the secondary loop, 4.62% of the tritium release is 
purified and 4.74% is permeated to the PCS through the SHX 
and repeater. About 0.97% of the tritium transports to the MTG 
system through two PHXs. In the MTG system, the tritium can 
go everywhere in the system components. Finally, 0.19% of the 
tritium release goes to the gasoline and 0.03 %, to the LPG. The 
rest, 0.75%, goes to the other parts of the system components 
and waste products. 


Finally, we conducted global sensitivity analyses in order to 
identify important factors that affect tritium behaviors in the 
HTGR/MTG system. These analyses were based on the method 
proposed by Sobol, and two importance measures were 


estimated by the SIMLAB software. In these analyses, the 
following four parameters were identified to be important for 
both reducing modeling uncertainties and reducing tritium 
concentration in the gasoline product. 


 TS 


 Tritium Permeation Coefficient of Reheater (C3) 


 Tritium Permeation Coefficient of PHX (C4) 


 Tritium permeation coefficient of IHX (C1). 


The above parameters were estimated to contribute about 80% 
of the total uncertainties. It is strongly recommended that future 
research concentrate on improving those parameters and model 
accuracies. Also, it is recommended that the methods to 
effectively control those parameters are developed in the future 
for mitigating tritium in the system. 
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NOMENCLATURE 
C1 Tritium permeation coefficient at IHX 
C2 Tritium permeation coefficient at PHX 
C3 Tritium permeation coefficient at SHX 
Ci average concentration of chemical i in nodes with 


helium leak 


Ci,j  the volume fraction of chemical i in block j [m3 


(STP)/m3 (STP)] 


CTL Fraction of operational temperature to the design 
condition 


EA1 Activation energy for permeation via IHX 


EA2 Activation energy for permeation via SHX 


EA3 Activation energy for permeation via PHX 


f fractional supply rate of helium coolant [1/s] 


Fi,eq volumetric flow rate of each chemical at equilibrium 
[m3(STP)/s] 


FPF,He helium flow rate at purification system [m3 (STP)/s] 


Ftotal,j the volumetric flow rate of all chemicals in block j [m3 


(STP)/s] 


IHX Intermediate heat exchanger 


IHTL Intermediate heat transfer loop 


HX Heat exchanger 


K fission rate per thermal megawatt [fission/MW/s] 


kp,T permeability of tritium [m3 (STP)/m/s/Pa0.5] 


MTG Methanol-to-gasoline 
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NA Avogadro constant 


NHe3 number of 3He atoms 


NLi6 number of 6Li atoms 


No
He3 number of 3He atoms in the supply helium 


NT(He3) number of tritium atoms from 3He 


NT(Li6) number of tritium atoms from 6Li 


NT(release) number of tritium atoms released to the primary 
coolant 


NT(Ter) number of tritium atoms from ternary fission 


P reactor power [MW] 


PCS Power conversion system 


P0 standard pressure (1.0 1325 × 105 Pa). 


PHX process side heat exchanger 


PHT,h partial pressure of HT at high pressure side [Pa] 


PHT,l partial pressure of HT at low pressure side [Pa] 


PMF1 Mass flow fraction to the purification system in the 
primary side 


PMF2 Mass flow fraction to the purification system in the 
secondary side 


PMF3 Mass flow fraction to the purification system in the 
IHTL side 


PTotal,l total pressure at low pressure side [Pa]. 


R gas constant (8.314) 


Rcomp,i,j volumetric permeation rate to outside (i = H2 and HT) 
[m3 (STP)/s] 


Rcopipe,i,j volumetric permeation rate at co-axial pipe (i = H2 and 
HT) [m3 (STP)/s] 


Rcore,i,j volumetric release rate from the core to the primary 
coolant [m3 (STP)/s] 


RHX,i,j volumetric permeation rate at heat exchanger (i = H2 
and HT) [m3 (STP)/s] 


Rleak,i,j volumetric leak rate with helium leakage (i = H2, HT 
and HTO) [m3 (STP)/s] 


RPF,i,j volumetric removal rate by purification system (i = H2, 
HT and HTO) [m3 (STP)/s] 


Rreaction,i,j volumetric reaction rate by isotope exchange reactions  
(i = H2, HT, HTO, HTSO4 and TI) [m3 (STP)/s]. 


SHX Secondary loop heat exchanger 


Si,j the total amount of volume change rate of chemical i 
in block j by considering generation, release, 
permeation, removal, leakage, and isotope exchange 
reactions  
[m3 (STP)/s] 


t  time [s] 


TH1 Thickness of the IHX wall 


TH2 Thickness of the SHX wall 


TH3 Thickness of the PHX wall 


T0 standard temperature (273.15 K) 


TS Tritium source in Table 4. 


Vj  volume of block j [m3 (STP)] 


Vleak sum of the inventory of nodes with helium leak. 


Wcore helium inventory in core [kg] 


Wtotal total primary helium inventory [kg] 


Y average yield per fission [1/fission] 


αB10 fractional release ratio of tritium produced from 10B 


αHe3 fractional release ratio of tritium produced from 3He 


αLi fractional release ratio of tritium produced from 6Li 
and 7Li 


αTer fractional release ratio of tritium produced from 
ternary fission 


ηi fractional efficiency of purification system for 
removing component i 


λ tritium decay constant [1/s]. 


σHe3T effective cross section for 3He (n, p) T [cm2] 


σLi6T effective cross section for 6Li (n, α) 3H [cm2] 


ΦHe average thermal neutron flux experienced by the total 
primary helium inventory [n/cm2/s] 


Φth  thermal neutron flux [neutrons/cm2/s] 
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Abstract – This paper presents for the first time results of the reaction between oxygen-stabilized 
α-Zr(O) and nitrogen. This reaction plays an important role during air oxidation of zirconium and 
its alloys. A wide range of temperatures (800-1400 °C) and composition of the α-Zr(O) phase 
(1.5-6.5 wt.%) was investigated in thermo-gravimetric experiments. The reaction is of linear 
kinetics and much faster than the reaction of the oxygen-free metal with nitrogen. Strong 
dependencies on temperature and initial composition of the α-Zr(O) were found. The reaction 
kinetics becomes faster with increasing temperature up to 1200 °C before it slows down with 
further rising temperatures. The strong dependence on the oxygen content in the metal could be 
best described by a fourth root correlation of the linear reaction rate constants. 


 
 


I. INTRODUCTION 
 
Zirconium alloys are widely used in chemical and 


nuclear industries because of their excellent mechanical 
and corrosion properties at operational conditions and their 
low neutron absorption. Hence, they are applied as fuel 
cladding tubes and other structure elements in light water 
reactors (LWR). At elevated temperatures >700 °C, as they 
are existent during hypothetical loss of coolant accidents 
(LOCA) or beyond design basis severe accidents, 
enhanced oxidation leads to degradation of the cladding 
tubes, hydrogen release and additional heat production. 
The typical atmosphere during most accident scenarios is 
steam and the classical zirconium alloy for nuclear 
applications is Zircaloy-4 with approx. 1.5 wt.% tin as 
major alloying element. A huge data base is available for 
this alloy regarding oxidation kinetics in steam over a wide 
range of temperature from operational conditions 
(∼300 °C) up to temperatures expected for hypothetical 
severe accidents (>1800 °C) [1,2 and references herein].  


Most investigations of core degradation during severe 
nuclear reactor accidents have considered oxidation of 
metal core components by steam only. However, there are 
various scenarios where air may have access to the core. 
Air ingress is possible under shutdown conditions when 
the reactor coolant system is open to the containment 
atmosphere. Air oxidation of the remaining outer core 
regions after reactor pressure vessel failure in the late 


phase of core degradation during severe accidents was 
identified to be another possible scenario [3]. Furthermore, 
the failure of a storage or transportation casks may result in 
air intrusion and consequent interaction with the spent fuel 
rods, and more recently, air ingress into a spent fuel pool 
after LOCA is discussed. In comparison with steam, 
chemical heat release during oxidation in air is by 80% 
higher which may lead to more rapid escalation of the 
accident. Additionally, the oxidation kinetics in air is much 
faster as in steam due to the formation of non-protective 
oxide (nitride) scales. From safety point of view the barrier 
effect of the cladding against release of fission products is 
lost much earlier in air in comparison with steam. 


Experimental and analytical work on air ingress was 
performed within the EC 4th Framework projects OPSA [4] 
and COBE [5]. More recently, this topic was again under 
examination in the USA with emphasis on storage and 
transportation cask accidents [6] and in Europe focusing 
on shutdown scenarios and the late phase of severe 
accidents [7]. IRSN conducted the MOZART program 
focused on investigation of various zirconium alloys in air 
atmospheres at intermediate temperatures (600-1200 °C) 
for spent fuel storage pool accidents [8]. Spent fuel pool 
LOCAs with self-ignition of full-scale fuel assemblies in 
air are presently under investigation at Sandia National 
Lab in the framework of the OECD-NEA program SFP 
(Sandia Fuel Program). At KIT, extensive experimental 
investigations have been performed with Zircaloy-4 in 
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prototypical atmospheres containing air, including steam-
air mixtures and consecutive oxidation first in steam and 
then in air [9]. In the QUENCH facility one bundle test 
(QUENCH-10) was conducted with air ingress phase [10] 
and a second air ingress experiment is planned in the 
framework of the EC LACOMECO program [11] in 2011. 


Much progress has been reached in understanding of 
the mechanism of nitrogen attack in these recent studies. 
So, it was shown that zirconium nitride is only formed in 
the absence of oxygen in the gas phase and, at the same 
time, in the presence of oxygen in the metal phase [9]. 
These conditions are e.g. given at the metal-oxide phase 
boundary after consumption of the oxygen where nitrogen 
is in contact with the oxygen-stabilized α-Zr(O) phase. 


This paper presents first results of systematic 
investigations of the reaction between nitrogen and α-
Zr(O) formed by partial oxidation and homogenization of 
Zircaloy-4 in dependence on temperature and oxygen 
content of the metal phase.  


 
 


II. STATE OF KNOWLEDGE 
 
The phenomenology of oxidization of zirconium 


alloys in air can be briefly described as follows [8,9]. After 
initial (sub-) parabolic kinetics a transition occurs to much 
faster, mainly linear kinetics. The post-transition regime is 
characterized by the formation of very porous, non-
protecting oxide scales allowing gas phase diffusion of air 
to the oxide-metal boundary. There, after oxygen 
consumption, zirconium nitride can be formed and will be 
oxidized again with proceeding reaction. The formation of 
porous oxide scale is mainly caused by the different 
densities of the involved phases.  


From the thermo-chemical point of view, 
stoichiometric zirconia is supposed to be stable in a 
nitrogen atmosphere. Nitrogen was therefore assumed to 
attack hypo-stoichiometric oxide or zirconium with 
dissolved oxygen at the metal-oxide phase boundary. 
Oxygen stabilizes the hexagonal α-Zr(O) phase which is 
able to dissolve up to about 30 at% oxygen, as be seen in 
the Zr-O binary phase diagram, given in Fig. 1.  


In the frame of an earlier study, five Zircaloy-4 
specimens with different oxygen contents were annealed in 
nitrogen at 1200 °C in a thermal balance to check which 
phase was accessible for nitrogen reaction: Pure Zry-4, β-
Zr with about 3 at% oxygen, α-Zr(O) with about 26 at% 
oxygen, hypo-stoichiometric oxide ZrO1.9 and 
stoichiometric ZrO2, as indicated by the arrows in Fig. 1. 
The experimental procedure is described in section II.C.  
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Fig. 1. Zr-O binary phase diagram. The arrows indicate the 


compositions of the specimens prepared and investigated. 
 
In Fig. 2 the thermo-gravimetric curves of these tests 


are compared. The highest mass gain by far was exhibited 
by the α-Zr(O) specimen. Saturation was reached after 
about 1000 s. The second fastest reaction was observed for 
the hypo-stoichiometric oxide. By nature, the capacity for 
further nitrogen uptake was limited. A nitride scale covered 
the surface of the specimen and open cracks (Fig. 3). 
Finally, both specimens were "oxidized" completely, i.e., 
no metal was left.  
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Fig. 2. Mass gain of pre-oxidized and homogenized 


Zircaloy-4 specimens during annealing in nitrogen at 1200 °C. 
 
The optical micrographs in Fig. 3 reveal the formation 


of a ZrO2-ZrN two-phase mixture [10] after complete 
reaction of the α-Zr(O) specimen which is connected with 
a strong swelling of the sample. On the other hand, the 
specimen with only 0.5% oxygen appeared to be shrunk 
after reaction with nitrogen, possibly caused by transition 
from the body centered cubic β-Zr into the hexagonal 
closed packed α-Zr(O) phase at test temperature. 


The results of these tests clearly demonstrate the 
particular role of the reaction between α-Zr(O) and 
nitrogen in the context of the air oxidation 
phenomenology. Therefore, this special reaction was 
investigated in more detail over wide ranges of 
temperature and oxygen content in the metal. 
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PO 35% PO 35%, 1h N2 


 
PO 33.1% PO 33.1%, 1h N2 


 
PO 5.8% PO 5.7%, 1h N2 


 
PO 0.5% PO 0.6%, 1h N2 


Fig. 3. Micro images of specimens pre-oxidised in oxygen 
(PO) and homogenised (left), and subsequently annealed in 
nitrogen at 1200 °C (right). 


 
 


III. EXPERIMENTAL DETAILS 
 


II.A. Test Setup 
 


All experiments presented in this paper were 
conducted in a commercial thermal balance (NETZSCH 
STA-409) with a vertical tube furnace and balance below 
the furnace, coupled via a capillary with a quadrupole mass 
spectrometer (NETZSCH Aeolos); details are described 
elsewhere [10]. The gases (Ar, O2, N2) are supplied via 
Bronkhorst flow controllers at the lower part of the vertical 
tube furnace. Argon flows through the balance containment 
into the furnace; the reaction gases are directly injected 
into the reaction tube to prevent contamination of the 
balance and to ensure a well-defined gas mixture in the 


furnace. All gases used were highly pure with less than 1 
or 10 ppm impurities, respectively. 


 
II.B. Specimens 


 
Zircaloy-4 is the classical cladding alloy for 


Pressurized Water Reactors (PWR) with approx. 1.5 wt.% 
tin, 0.2 wt.% iron and 0.1 wt.% chromium as main alloying 
components. Tube segments 2 cm long (10.75 mm outer 
diameter, 0.725 mm wall thickness) were cut from longer 
tubes, deburred and ground at both ends and cleaned in an 
ultrasonic bath of acetone. The samples were positioned 
vertically in the furnace of the TG apparatus. They were 
open at the ends; consequently, the tube segments were 
both-side oxidized.  


 
II.C. Test Matrix and Conduct 


 
The objective of this study was the investigation of the 


α-Zr(O) reaction with nitrogen as a function of 
temperature and oxygen content of the metal in the whole 
phase region of α-Zr(O) with reasonable reaction rates as 
low-temperature limit (800-1000 °C) and experimental 
boundary conditions as high-temperature limit (1400 °C). 
Finally, a test matrix as shown in Fig. 4 was realized. 


Argon was used as carrier gas and reference gas for 
mass spectroscopy in all tests. This will be not explicitly 
mentioned in the rest of the paper. The use of argon may 
have some influence on gas diffusion, especially in pores 
and cracks. The investigation of this effect was not within 
the scope of the report. The argon flow rate during all the 
tests was 3 l/h. Typical flow rates for oxygen and nitrogen 
were 3 and 10 l/h, respectively.  


As shown in Fig. 5, the specimens were subjected to 
1) slow and manually controlled oxidation in oxygen at 
1200 °C until the desired mass gain was obtained, 2) 3 h of 
homogenization in argon at 1400 °C, and 3) 1 h of reaction 
at 1200 °C in nitrogen. Thus, the samples were in-situ 
prepared and investigated within one thermo-gravimetric 
experiment.  


 


 
Fig. 4. Phase diagram Zr-O with test matrix shown by red 


dots. 
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Fig. 5. Example of conduct and results. Here: pre-oxidation 


in oxygen up to 5.7% mass gain at 1200 °C, 3 h homogenization 
at 1400 °C, and 1 h reaction in nitrogen at 1200 °C. 


 
II.C. Post-test Examinations 


 
Macro photos were taken of all specimens after the 


tests. Then the specimens were embedded in epoxy resin, 
cut, ground and polished for metallographic examinations 
by optical microscopy.  


 
 


III. EXPERIMENTAL RESULTS 
 


III.A. General Reaction Behavior 
 


Some general features of the reaction between α-
Zr(O) and nitrogen should be discussed using a test series 
with approx. 6.5% oxygen content in the metal at 1100 °C. 
Figure 6 shows that the reaction is axially not 
homogeneous; usually the nitriding started at one of the (or 
both) edges of the sample. The cladding segments were 
nerved by axial and circumferential cracks when zirconium 
nitride was formed during the annealing.  


 


 
Fig. 6. Post-test appearance of the Zr-6.5wt.%O specimen 


after 60 min reaction in nitrogen at 1100 °C. 
 
The reaction kinetics were roughly of linear type at all 


temperatures and oxygen contents up to saturation. After 
saturation of the α-Zr(O,N) phase a mixture of zirconium 
nitride ZrN and zirconium oxide ZrO2 progressively 
formed from the surface of the sample as shown in Fig. 7. 


This process is connected with formation of pores and 
macroscopic swelling of the samples. Figure 7 reveals a 
fairly good reproducibility of the tests, although formation 
of the ZrN/ZrO2 zone starts locally as will be discussed 
later. Slight deviations from the ideal linear kinetics may 
be caused by a change of the active surface e.g. due to 
crack formation. 
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Fig. 7. Mass gain vs. time for three tests with Zr-6.5wt.%O 


at 1100 °C finished after 4, 20, and 60 min and corresponding 
micrographs.  
 
A magnified image of the two-phase mixture of a 
completely oxidized and nitrided sample is shown in 
Fig. 8. Pores are visible as a "third phase" near to the ZrN 
phase regions.  
 


100 µm100 µm


 
Fig. 8. ZrN/ZrO2 mixtures of a completely reacted sample 


at 1200 °C. 
 


III.B. Dependence on temperature 
 


The dependence of reaction rates on temperature shall 
be shown here for the samples with 6.5 wt.% oxygen. 
Figure 9 reveals, as expected, an increase of the linear 
reaction rates with temperature up to 1200 °C, but then, 


1142







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11395 


   


with higher temperatures a decrease of reaction kinetics. 
Furthermore, there is strong increase of rates in the 
temperature range between 1000 and 1100 °C. That’s why 
more tests have been performed in this temperature range.  
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Fig. 9. Mass gain of samples with 6.5 wt.% oxygen content 


during reaction with nitrogen at the specified temperatures. 
 


  
800 °C 900 °C 


  
1000 °C 1037 °C 


  
1050 °C 1100 °C 


  
1200 °C 1300 °C 


Fig. 10. Micrographs of specimens with approx. 6.5 wt.% 
oxygen content after 1 h reaction with nitrogen at the specified 
temperatures. 


The series of micrographs in Fig. 10 shows that with 
increasing temperature the nitride/oxide region expands 
starting locally, then further growing in a layer-like 
configuration before it finally penetrates the whole sample 
thickness. Up to 1200 °C this process is connected with 
swelling of the sample. At 1300 and 1400 °C this effect is 
declined corresponding to the lower reaction rates at these 
temperatures. 


 
III.C. Dependence on oxygen content 


 
A strong dependence on the oxygen content in the 


metal is shown in Figs. 11 and 12 with the results of the 
1100 °C series as an example. There is a significant rise of 
reaction rates with increasing oxygen content in the metal. 
So, the relatively low difference of the two samples with 
the highest oxygen contents (5.8 and 6.2 wt.%) obviously 
caused significant differences in the reaction rates.  
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Fig. 11. Mass gain of samples with varying oxygen content 


during reaction with nitrogen at 1100 °C. 
 
This strong difference is also seen in the micrographs 


(Fig. 12) and will be discussed in the next section. The 
samples with 3.5, 4.5, and 5.8 wt.% oxygen seem to be 
single-phase, most probably hcp α-Zr phase, whereas the 
two samples with the lowest oxygen contents (1.5 and 
2.7 wt-%) exhibit two phases: the oxygen/nitrogen-
stabilized hcp α-Zr phase at the edges and internally the, at 
temperature, bcc β-Zr phase converted to α-Zr during 
cooling, but with the typical basket structure.  


 
 


IV. DISCUSSION 
 
No ternary phase diagram Zr-N-O is available from 


literature to the knowledge of the authors. The binary 
phase diagrams Zr-N[13] and Zr-O [14] (Fig. 1) are 
comparable, at least at the Zr side. For the pure metal a 
phase transition takes place from hcp α-Zr to bcc β-Zr at 
863 °C. The α-Zr phase is stabilized by the non-metals and 
can dissolve, e.g. at 1200 °C, up to 30 at.% (7 wt.%) 
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oxygen and 23 at.% (4.4 wt.%) nitrogen, respectively. The 
solubility of the gases in the β-phases is much less 
(< 1 wt.%). Three modifications of ZrO2 (monoclinic, 
tetragonal, cubic) are known on the oxygen-rich side of the 
phase diagram Zr-O with some hypo-stoichiometry in 
equilibrium with the oxygen-stabilized α-Zr(O). Only one 
phase, the cubic ZrN with a broad range of composition, is 
formed under normal conditions in the Zr-N system which 
is in equilibrium with the nitrogen stabilized α-Zr(N) 
phase.  


 


  
6.2 wt% 5.8 wt% 


  
4.5 wt% 3.5 wt% 


  
2.7 wt% 1.5 wt% 


Fig. 12. Micrographs of specimens with varying oxygen 
content after 1 h reaction with nitrogen at 1100 °C. 
 


The tests presented in the previous section have 
confirmed the significant and collective solubility of 
oxygen and nitrogen by zirconium. Based on the known 
binary phase diagrams and on TG and post-test results of 
this study, the following reaction can be formulated: 


),(
2 222 yx NOZrNyxOZr →++  (1) 


for 4.0<≈+ yx  according to the binary phase diagrams.  
With proceeding reaction, the oxygen/nitrogen 


stabilized α-phase converts to a ZrO2/ZrN two-phase 
mixture when the solubility limit has passed according to 
Eq. 2: 


ZrNzyxZrONzNOZr yx )(
2


),( 222 ++→+  (2) 


with 1=++ zyx  for the complete reaction. 


The densities of the involved phases are different 
(ρZrN>ρα-Zr(O,N)> ρZrO2). Thus, the reaction according to 
Eq. 2 is accompanied by the formation of pores which are 
preferably located along the ZrN grains with the highest 
density.  


When the solubility limit for oxygen is already 
approached during the pre-oxidation phase (approx. 
6.5 wt.%), the two-phase mixture of oxide and nitride is 
formed easily as can be seen in Figs. 10 and 12. For 
oxygen contents of less than 6 wt.% almost no formation 
of ZrN was observed, although partly considerable mass 
gain was seen during the nitriding phase. Obviously, the α-
Zr(O) phase is able to dissolve more nitrogen than 
expected from the binary Zr-N phase diagram. Maximum 
values of 7.0=+ yx  according to Eq. 1 have been 
observed for specimens without formation of nitrides. 
More information will be obtained by microprobe and 
XRD analyses already initiated.  


Furthermore, one has to remind the partly axially 
varying behavior of the samples. Fig. 13 gives an extreme 
example of axially varying nitride distribution in a sample. 
Depending on the position of the cross section completely 
different micrographs are obtained. 


 


 
Fig. 13. Longitudinal section of a specimen showing strong 


axial differences in nitriding behavior. 
 
This effect naturally also influences the kinetic 


evaluation of the experiments. Nevertheless, rate constants 
based on linear reaction kinetics according to Eq. 3 have 
been determined for all tests.  
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tK
S
m


⋅=
Δ


 (3) 


with Δm - mass gain, S - sample surface, K - rate constant, 
and t - time. 


Fig. 14 summarizes the results of the two test series 
described in sub-sections III.B and III.C with 
corresponding trend lines. The temperature dependence is 
complex with increasing rates up to 1200 °C and then 
decreasing rates with further rising temperatures. A rapid 
increase of reaction rates between 1000 and 1100 °C was 
observed, proved by eight measurements in this 
temperature region. The temperature dependence is in 
analogy to the reaction kinetics between zirconium alloys 
in air atmosphere, for which a decrease of reaction rate at 
very high temperatures (≥1400 °C) was found, too [9].  
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Fig. 14. Linear rate constants of nitriding of α-Zr(O) in 


dependence on temperature (6.5 wt.% O series; top) and oxygen 
content (1100 °C series; bottom). 


 
There is also a strong dependence of reaction kinetics 


on the oxygen content in the metal as was seen in Fig. 11. 
Several attempts of fitting these data have been made to 
find a correlation of these data. Finally, the best fit has 
been obtained for a correlation )(4


oxygencfK = as is 
illustrated in Fig. 14. 


Figure 15 summarizes the reaction rates of all tests 
performed in dependence on temperature and oxygen 
content in a 3D diagram which clearly reveals the highest 
reaction rates for 1200 °C and maximal oxygen content. A 
relatively strong scatter of the data is seen, caused by the 
local initiation of the formation of the oxide/nitride 


mixture and possibly also by batch-to-batch variations. 
Currently, the test program is repeated with the Zr-1Nb 
alloy M5® from AREVA. 
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Fig. 15. Linear rate constants of nitriding of α-Zr(O) in 
dependence on temperature and oxygen content in the metal. 


 
Up to now, no physical explanations can be given 


neither for the special dependencies of the reaction on the 
boundary conditions nor for the generally linear reaction 
kinetics. The rate determining mechanism has to be found 
in further investigations. Electron microprobe and X-ray 
diffraction analyses are foreseen and have partially already 
initiated.  


 
 


V. CONCLUSIONS 
 


This paper presented for the first time results of the 
reaction between oxygen-stabilized α-Zr(O) and nitrogen. 
This reaction plays an important role during air oxidation 
of zirconium (alloys). A wide range of temperatures (800-
1400 °C) and composition of the α-Zr(O) phase (1.5-
6.5 wt.% oxygen) was investigated in thermo-gravimetric 
experiments. 


The reaction is of linear kinetics and much faster than 
the reaction of the oxygen-free metal with nitrogen. Strong 
dependences on temperature and initial composition of the 
α-Zr(O) were found. The reaction kinetics becomes faster 
with increasing temperature up to 1200 °C before it slows 
down with further rising temperatures. The strong 
dependence on the oxygen content in the metal could be 
best described by a fourth root correlation of the linear 
reaction rate constants. 


Further investigations and analyses are on the way to 
get more insight into the mechanism of this reaction. 
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Abstract –The critical heat flux (CHF) on the reactor vessel external wall was measured using 
three test sections of two-dimensional slice. Especially the top region of the reactor lower head 
(inclination angle; 90º) for In-Vessel Retention through External Reactor Vessel Cooling (IVR-
ERVC) strategy during severe accident is the main concern of this study. The purpose of this study 
is to produce the experimental data to assess the coolability limits on external vessel wall and 
investigate the scaling effect for CHF. The test sections, which have the radius of curvature of 0.15 
m, 0.25 m and 0.5 m, have been used. The width and gap size were 0.03 m and 0.03~0.06 m, 
respectively. The material of the test section was Type 304 stainless steel which is same with the 
KAIST-CHF experiments. The inlet and outlet part of the test section simulated the APR1400 
design. The CHF results have been acquired under the inlet subcooling of 2, 10 K and the mass 
flux of 100 to 300 kg/m2s. In aspect of the local condition, the experimental results were compared 
with the KAIST-CHF results for the mass flux 50 to 300 kg/m2s. The gap size effect on the CHF 
should be considered. 


 
 


I. INTRODUCTION 
 
The in-vessel retention through external reactor vessel 


cooling (IVR-ERVC) is important strategy to prevent the 
release of molten corium outside the primary pressure 
boundary during severe accident. The cooling method of 
the IVR-ERVC is heat removal of molten corium arrested 
at the lower head of reactor pressure vessel, through 
external reactor vessel wall. In APR1400, the heat removal 
is achieved through reactor cavity flooding system, in 
which the reactor vessel lower head is submerged by the 
water pool and the residual decay heat can be removed and 
transferred from inside the molten corium pool to outside 
the reactor vessel external wall. In this situation the 
coolability limit is an important factor as the standard of 
the success of the IVR-ERVC strategy. CHF experiments 
under various scales were conducted and most of 
experiments use two-dimensional slice test section and 
three-dimensional hemispherical test vessel. 


The purpose of this study is to produce the 
experimental data to assess the coolability limits on the 
reactor external vessel wall and investigate the effect of 
scaling parameter (the radius of curvature and gap size) 


through comparisons with other experimental data on large 
scale two-dimensional slice test section. 


Especially, the top region of the head is the main 
concern of this study. In the molten pool, if the metal layer 
is formed on the top of the oxide pool, the heat flux is 
highest on the interface of the metal layer and the vessel 
wall by focusing effect. The special interests were the IVR-
ERVC strategy in APR1400 and the experimental loop was 
prepared for the 1/16, 1/10 and 1/5 scale two-dimensional 
and two phase flow experiments for IVR-ERVC strategy of 
the APR1400. 


 
II. BACKGROUND 


 
To identify the coolability limit for IVR-ERVC of 


APR1400, KAIST-CHF experiments were conducted. In 
KAIST-CHF experiments, the real scale two-dimensional 
slice test section was used. The radius of the curvature was 
2.5 m and the length was ~4.0 m. The width of the heater 
was 0.1 m and the gap size was 0.15 m. The CHF data on 
the top of lower head (90°) were only acquired. The lower 
parts of heater (thickness 2 to 6 mm) had the heat flux 
distribution of step function (280 to 1600 kW/m2) which 
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Table 1.  
The experimental conditions of KAIST-CHF, ULPU and SULTAN experiments 


 KAIST-CHF ULPU SULTAN 


Scale R=2.5m R=1.76m L=4.0m 


Flow channel 15cm × 10cm 23.75cm × 16.25cm 3~15cm × 15cm 


Circulation method Forced Natural Forced/natural 


Heating method DC heating Heater block DC heating 


Subcooling (K) 2~25 0~10 0~50 


Mass flow (kg/m2s) 0~300 0~200 5~4400 


CHF points 90° 0~90° 10, 45, 90° 


 
was the same with actual heat load during severe accident 
in APR1400. KAIST-CHF experiments have been 
conducted under various mass flux (0 to 300 kg/m2s) and 
inlet subcooling (2 to 25 K) conditions. The maximum 
CHF was 1410 kW/m2 under experimental condition of 
mass flux 300 kg/m2s and inlet subcooling 14 K. Under the 
almost saturated condition (inlet subcooling of 2 K), the 
CHF data had the range of 1050 to 1370 kW/m2. The 
KAIST-CHF results were compared with the predicted 
values by SULTAN correlation. The SULTAN correlation 
matched well KAIST-CHF results for relatively high mass 
flux and low exit quality. And, according to the local 
condition of the mass flux and exit quality, they developed 
CHF correlations based on their experimental results. It is 
possible to give information about the effect of mass flux, 
inlet subcooling and exit quality on the CHF on the top of 
lower head.  


To identity the coolability limit for the AP600 and the 
Loviisa plants, the ULPU experiments were conducted. In 
ULPU experiments, the large scale two-dimensional test 
section was used. In configuration I, the CHF on the 
bottom of the lower head (0~30°) was measured and in 
configuration II and III, the CHF along the lower head 
from the bottom to the top (0~90°) was measured. Based 
on their CHF data, the correlations in terms of inclination 
angle were developed. ULPU experiments II and III were 
conducted under fixed gap size, mass flux and inlet 
subcooling. In all the configurations, the effect of exit 
quality was not studied. The spatial variation of the local 
condition was uncertain. The conditions for the exit quality 
or void fraction should be considered. 


The SULTAN experiments were conducted by 
Commissariat à l’Energie Atomique (CEA) to investigate 
CHF data of large scale test section of inclined plates. In 


 
the SULTAN experiments, a uniformly heated test section 
was used and gap size and inclination angle of heater 
varied case by case. In the first campaign, the gap size was 
0.03 m and the inclination angle was 90°. In the second 
campaign, the gap size was 0.15 m and the inclination 
angle was 10°. A CHF correlation was developed 
considering experimental results. This can give information 
about gap size effect and high exit quality on the CHF. 
However, in the SULTAN experiments a test section had 
uniform heat flux distribution, which is different from the 
actual heat flux distribution of the reactor vessel external 
wall. The differences of the experimental conditions and 
the geometry of KAIST-CHF, ULPU and SULTAN 
experiments are summarized in Table 1. 


 
III. EXPERIMENTAL APPARATUS 


 
To investigate the effect of mass flux, inlet subcooling 


and exit quality on CHF in a small scale two dimensional 
slice, the experimental water loop and three test sections 
were constructed.  


 
III.A. Experimental Water Loop 


 
Figure 1 shows a schematic diagram of experimental 


water loop. The experimental water loop used in this study 
consisted of test section, heat exchanger, surge tank, 
preheater, pump, flow meter, lower plenum, test section 
and upper plenum.  


Preheater had roles of inlet subcooling control and 
water reservoir. And through pump the mass flux condition 
can be controlled and forced circulation was used in this 
study. Lower and upper plenum simulated the APR1400 
design. Lower plenum was designed as upward flow path 
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of injection and the length of upper plenum were 0.425 m, 
long enough to simulate the side vessel wall. Through 
lower plenum, water was injected to test section and steam 
was generated in test section. The generated steam was 
condensed to water again in heat exchanger. The 
condensed water was gathered in surge tank. All of the 
connection parts were made of Type 304 stainless steel 
pipe of 1 inch. 


 


 
Fig. 1. Schematic diagram of the experimental water loop 


 
III.B. Test Section 


 
The material of test section was Type 304 stainless 


steel. The heated surface of the test section has an effect on 
the CHF value. To compare the CHF data of this study 
with the large scale experiments using the two-dimensional 
slice test section, the same material with the KAIST-CHF 
experiments was used.  


In this study, three test sections, which have the radius 
of curvature of 0.15 m, 0.25 m and 0.5 m, were used. The 
each values of the radius of curvature were 1/16, 1/10 and 
1/5 scale of the APR1400 design. And the shape was 
quarter-circle as shown in Figure 2. Details are described 
as follows. 
 


 
Fig 2. Test heater section geometry 


 
Fig 3. Heat flux distribution of test heater section 


 
The each test sections were divided two parts. One 


part (inclination angle 0~82°) was the preheated region by 
direct current (DC) heating and had a connection with a 45 
kW capacity DC rectifier. This region was divided three 
parts (thickness 2~6 mm) in terms of the heat flux level 
and simulated the actual heat flux distribution on the 
external reactor vessel wall during severe accident. No 
occurrence of CHF was confirmed through the correlation 
of ULPU configuration II. In preheated region, the heat 
fluxes were 280 kW/m2 on a 6 mm thick region, 420 
kW/m2 on a 4 mm thick region and the maximum heat flux 
was 840 kW/m2 on a 2 mm thick region. Figure 3 shows 
heat flux distribution of test heater section. To control and 
maintain stably the heat flux level of the preheated region, 
an additional resistance was added in the circuit for DC 
heating. Another part of test section was main heated 
region. In this region, CHF was occurred. Using a 100 kW 
capacity DC rectifier, this part also applied DC heating. 
The main heated section was vertical plate of which the 
width was 0.03 m and the length was 0.02 (R=0.15, 0.25 m) 
to 0.03 (R=0.5 m) m. The heater thickness was 2 mm and 
the maximum heat flux was higher than 2 MW/m2. This 
heater plate also was connected to an additional resistance 
for stable control of heat flux. 


 


 
Fig 4. Flow channel geometry 
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Table 2.  
The experimental conditions of this study 


Dimension of 
test section 


Radius 0.15 m 0.25 m 0.5 m 


Gap size 0.03 m 0.03 m 0.06 m 
Width 0.03 m 0.03 m 0.03 m 


Preheated region 0~82° 0~85° 0~87° 


Heating method DC heating 


Circulation method Forced circulation 


Pressure Atmospheric pressure 


Mass flux 50~300 kg/m2s 


Inlet subcooling 2, 10 K 


CHF point 90° 


Working fluid DI water 
 


Figure 4 shows flow channel geometry. The width of 
all test section was 0.03 m. The gap size between heater 
and window were 0.03 to 0.06 m. This was the same as that 
of the first campaign of SULTAN experiments and less 
than that of the KAIST-CHF and ULPU experiments. The 
total flow area of this study was 9 × 10-4 m2 to 3.6 × 10-3 
m2. The heater section was insulated by Teflon and silicon 
sheet. The experimental conditions and the specific 
dimension of all test sections in this study are summarized 
in Table 2. Figure 5 shows the details of upper plenum, 
lower plenum, test section and flow channel. 


 


 
Fig 5. Side view of test section(R=0.15 m), upper plenum 


and lower plenum 


 
III.C. Experimental methodology 


 
A series of experiments was conducted under various 


experimental conditions using the two-dimensional slice 
test sections simulating boiling and CHF on the external 
wall of reactor vessel lower head. 


The typical procedure of experiments was the 
following. 


 
   1. Install thermocouple sets on the test section to 


detect the CHF. 
   2. Fill the experimental loop with the deionized (DI) 


water. 
   3. Turn on the preheater and pump and heat up 


working fluid in the experimental loop to a 
scheduled inlet subcooling level. 


   4. Turn on the 100 kW DC rectifier, flow meter and 
data acquisition system (DAS) and adjust mass flux 
and heat flux of the preheated region at a scheduled 
level. 


   5. Turn on the 45 kW DC rectifier and gradually raise 
heat flux level of main heated region until the CHF 
was occured. The increase rate of the heat flux was 
limited within 1% of the previous heat flux, near 
CHF conditions (from 80% of CHF) 


   6. Shut down the dc rectifier as soon as possible after 
the onset of the CHF 


 
When the heating method of the test section is DC 


heating, the heat flux level on the test section can be 
calculated as the following Joule’s equation. 
             q = I  RA                    = I ρ Lw t   1w L  


Upper 
plenum 


Lower 
plenum 


Preheated 
region 


Main heated region 
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                  = I ρw t                                            (1) 


 
 
The heat flux is in terms of the current, electrical 


resistivity, width and thickness of the test section. 
The measured CHF data include the uncertainties of 


each instrument. The root-sum square (RSS) error is given 
by the individual uncertainties of the independent 
measured data. The uncertainty of current is 1.0 % and that 
of voltage is 0.2 %. And the geometric uncertainty in 
heater area is 1.0 %. Therefore, the overall uncertainty of 
the heat flux is 1.4 %. The heat loss from the heater was 
about 0.3 %. Therefore the overall uncertainty in CHF is 
1.7 %. 


 
IV. RESULTS AND DISCUSSION 


 
Through this study, the flow boiling CHF experiments 


were conducted for three test sections which have the 
different radius of curvature from each other and the CHF 
data of 13 points were measured on the each two-
dimensional slice test sections for the inclination angle of 
90º under atmospheric pressure. The pressure at test 
section was ~1.15 bar due to hydraulic head by 
accumulated water along test section and surge tank. The 
inlet subcooling conditions were 10 and 2 K (almost 
saturated condition). And the mass flux conditions were 
100, 210 and 300 kg/m2s. The working fluid was deionized 
(DI) water. The obtained CHF data plotted in Figure 6 and 
7.  


As shown in Figure 6 and 7, the general relationships 
for the effect of the mass flux, inlet subcooling and exit 
quality were confirmed. The CHF on the each case 
increased as the corresponding mass flux increased for 
consistent inlet subcooling. And the CHF also increased as 
the corresponding inlet subcooling increased for the 
consistent mass flux. As shown in Figure 7, for the each 
test sections when the exit quality decreased, the CHF 
increased.  


When the mass flux condition is consistent with a 
certain value, the inlet subcooling conditions resulted in 
the change of the exit quality. The higher inlet subcooling 
corresponded to the lower exit quality. As shown in Figure 
6, on the 0.15 m test section, the CHF data under the inlet 
subcooling of 10 K were higher than under that of 2 K due 
to the lower exit quality. 


 
IV.A. Scaling effect for CHF 


 
The CHF results of this study were compared with the 


KAIST-CHF experiments. The experimental conditions 
which were the mass flux, inlet subcooling, heater material 
and pressure in this study the same with the KAIST-CHF 
experiments, except for the radius of curvature and gap 
size. Figure 6 and 7 show the CHF data of this study and 


KAIST-CHF experiments according to the mass flux and 
exit quality. 


Based on the local conditions such as the mass flux 
and exit quality, the CHF results in four different scales of 
R=0.15, 0.25, 0.5 and 2.5 m were compared with each 
other. In R=0.15 and 0.25 m test cases, the gap size was 
same. Under the same exit quality condition, the CHF 
value in R=0.25 m test case was higher than that in R=0.15 
m test case because the mass flux condition in that point of 
R=0.25 m test case was higher. Conversely, under the same 
mass flux the CHF value in R=0.25 m test case was lower 
than that in R=0.15 m test case because the exit quality in 
R=0.25 m test case was higher. 


In aspect of exit quality, there were the consistent 
range of the exit quality between KAIST-CHF of R=2.5 m 
case and this study of R=0.25, 0.5 m test section cases. The 
difference of CHF values also can explain according to the 
local conditions. Under the same exit quality condition, the 
CHF value in KAIST-CHF was higher than that in this 
study due to the different mass flux condition. In another 
aspect, under the same mass flux the relationship between 
CHF value and exit quality was the same with the 
comparison case of R=0.15 and 0.25 m. 


 


 
Fig 6. CHF data according to mass flux 


 


 
Fig 7. CHF data according to exit quality 


1755







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11131 


   


However, for the scaling effect of two-dimensional test 
section these explanations according to the local condition 
were uncertain in the cases of different gap size. Especially 
in the test cases of R=0.25 and 0.5 m, the gap size was 
different from each other and the explanation based the 
local condition was not adequate. The gap size effect 
should be considered through the process of the flow 
visualization and comparison of two-phase boundary layer. 


 
V. CONCLUSIONS 


 
Through this study, CHF experiments for IVR-ERVC 


using three test sections of the small scale two-dimensional 
slice were conducted. Basically, the scaling effect of CHF 
according to the local conditions (mass flux and exit 
quality) was investigated. The CHF results in this study 
were compared with KAIST-CHF experiments. 


For the effect of the mass flux, inlet subcooling and 
exit quality, the general relationships about the CHF value 
were confirmed on all test sections. When the mass flux 
condition is consistent, the inlet subcooling conditions 
resulted in the change of the exit quality. The higher inlet 
subcooling corresponded to the lower exit quality and 
resulted in the CHF increasing. 


The scaling effect for the CHF was examined using 
The CHF results of three test sections in this study and 
large scale test section in KAIST-CHF. Under the same gap 
size conditions, the scaling effect was explained according 
to the local conditions (mass flux and exit quality). 
However, these explanations according to the local 
condition were not adequate in the cases of different gap 
size. The gap size effect should be considered through the 
comparison of two-phase boundary layer. 
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NOMENCLATURE 
 
Aheater area of heated surface [m2] 
I current [A] 
Lheater length of heated surface [m] 
q heat flux [W/m2] 
R radius of curvature [m] 
Rheater resistance of test section [Ω] 
theater thickness of heated test section [m] 
ΔTin inlet subcooling [K] 
wheater width of heated test section [m] 
 


Greek Letters 
 ρ electrical resistivity [Ω-m] 
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Abstract – A lot of controversy can be found in open literature on the carbon balance attributed 
to the electricity generated by nuclear power plants. Extremely scattered values are spread about 
varying over more than two orders of magnitude from one study to another.  
In this paper, we work out a realistic estimation of the CO2 emission that ought to be allocated to 
nuclear energy, based on a technical analysis of the life cycle of the uranium fuel. It includes 
going all the way from the front-end (mining, purification, enrichment and fuel fabrication) up to 
the back-end (including recycling and waste conditioning) through the production part inside the 
reactor. In the analysis, the CO2 emitted during both the plant construction phase and the 
deconstruction and dismantling phases has been evaluated and added to the amount of 
greenhouse gas released during operation. 
It is shown that the final carbon footprint of nuclear electricity is highly dependent on the country 
considered and its electricity generation mix. A special focus is given on France’s case, whose 
CO2 balance is closely linked to the nuclear share. 


 
 


I.   INTRODUCTION 
Although the operation of a Nuclear Power Plant (NPP) 
does not emit any greenhouse gas, Life Cycle Analysis 
(LCA) of nuclear electricity is required in order to assess 
the environmental impact of the electronuclear cycle [1, 2, 
3]. Overall, these studies are quite difficult to perform due 
to the nature of the assessment going all over from cradle 
to grave. A complete LCA of nuclear energy should make 
an exhaustive survey of all its environmental impacts 
(water, air, pollutants, chemicals and radioactivity) and 
evaluate the consequences even though they might occur 
far delayed in space and in time. Yet, the evaluation of the 
carbon footprint should simply boil down to a technical 
inventory not leading to any argument or dispute. In 
theory, it is only the sum-up of all industrial processes 
implemented today from uranium mining to waste 
management. The CO2 emission associated with the 
different industrial operations should be perfectly well 
established and can be readily evaluated at each step by all 
industrial operators. Even so, one finds in the open 
literature many publications [4,5,6] in which the carbon 
emission of nuclear electricity can vary from 1.4 to 
288 gCO2/kWhe, which makes a spread ranging from 1 to 
200! Such a discrepancy definitely calls for a closer 
investigation.  
 


 


II.   CARBON EMISSION FROM 
NUCLEAR POWER GENERATION 


In order to properly estimate all greenhouse gas (GHG) 
emissions, it is important to specify the different industrial 
processes and methodologies used or envisaged at every 
step. When considering the nuclear energy production, we 
shall distinguish the four following main operations: 


1. Mining (uranium extraction, transport of 
yellowcake) 


2. Front-end (purification and fluoration, enrichment, 
fuel fabrication, transport) 


3. Production site (reactor construction, NPP 
operation, deconstruction & dismantling) 


4. Back-end of fuel cycle (reprocessing, conditioning, 
waste storage, waste disposal) 


 
For every industrial operation, gas emissions are generally 
due to the energy consumption needed in the process. Most 
often, this energy will be delivered in the form of either 
heat or electricity. Consequently, the associated carbon 
footprint will be closely linked to the amount of GHG 
allocated to the local power generation. It is therefore 
highly dependent on the place where the industrial site is 
located. This is one of the reasons why different life cycle 
analyses lead to different results. To be short, a country 
(like France) in which the electricity is mostly 
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decarbonized will exhibit a very low nuclear carbon 
content for its energy activities. Whereas a country in 
which electricity is mainly produced using coal power 
plants will end up with much higher carbon emissions for 
its nuclear electricity. This feedback effect is important to 
keep in mind while assessing any carbon emission: the 
higher the fraction of decarbonized electricity (nuclear 
and/or renewables), the lower the emissions of nuclear (or 
renewables) will be. 
It is also important to note that a reduction in carbon 
dioxide emissions from the generation of electric power 
will also impact all other industrial activities. Not only will 
the GHG emissions of electricity decrease but all industries 
using electrical energy will lower at the same time their 
environmental impact. 
 


III.   CARBON FOOTPRINT APPRAISAL 
Let us first estimate the emissions of the French nuclear 
electric power and then apply the same methodology to 
extrapolate to other countries. In the French case, all 
industrial activities related to nuclear energy production 
are located inside the country with the exception of 
mining. Although uranium mining is done by a French 
company (AREVA), it is realized abroad, in countries 
where energy use has a quite high CO2 content.  
 


III.1. URANIUM MINING 
This is the most difficult part to estimate because it 
includes a large number of different countries worldwide. 
The French company AREVA provides the uranium fuel to 
the French utility EDF from different mines located in 
Canada (Mc Lean Lake, Mc Arthur River), in Niger 
(Arlit), in Kazakhstan, but also in South Africa, Namibia, 
Central African Republic, etc. Many new projects are also 
underway in Canada (Cigar Lake), Niger (Imouraren) and 
Namibia (Trekkopje). In all these new projects, the 
environmental impact (including the carbon footprint) is 
taken into account and AREVA has undertaken strong 
commitments to minimize it in its future mining activityi.  
To estimate the GHG emissions from uranium extraction, 
one may refer to one of the most important uranium 
producer in the world, the Canadian CAMECO. This 
company provides a very detailed environmental balance 
on a regular basis. In 2005, the uranium company 


                                                           
i In April 2010, AREVA announced the construction of a sea water 


desalination plant to fulfill the water requirements of the future Trekkopje 
mine in Namibia (water needs have been evaluated to 13 million cubic 
meters per year). The company is even looking at the construction of a 
local electrical power generation plant using renewables (wind or solar) 
for its electric needs. 


produced 10240 tons of uraniumii with an estimated GHG 
emission of 384 kt CO2 equivalentiii that can be split in [7]:  


− 2/3 Electricity: 247 kt CO2 equivalent 
− 1/3 Direct emission: 137 kt CO2 equivalent 


The estimated average value amounts to 
37.5 gCO2 / gUnat. 


The value is right in the middle of the range given by a 
study compiling data from a few uranium mines around the 
world [8]. Depending on the ore grade, emissions were 
found to spread from 10 to 60 gCO2 / gUnat. 
 
Considering the annual uranium needs is 8800 Unat/year 
for the French reactor fleet (58 PWR) with a production of 
427 TWh/year, one can deduce the uranium mining 
contribution to the carbon footprint as 
 


 
 
This result is fairly consistent with the recent figure of 
1.26 gCO2/kWhe unveiled by AREVA for the emission of 
its uranium mines in Niger [9] considering that the ore 
grades in this country are below 1%. 
 


III.2. THE FRONT-END OF NUCLEAR CYCLE 
The front-end includes the steps of purification and 
fluoration (at Malvési site), conversion to hexafluoride 
(Pierrelatte), enrichment (Pierrelatte), fuel fabrication 
(Romans) then transportation to all NPP production sites. 
The most energetic operation is unquestionably the 
enrichment process, performed until today at the 
EURODIF facility using the gaseous diffusion technique. 
It requires the use of up to three of the four nuclear 
reactors of the Tricastin site, delivering between 15 and 
17 TWh per yeariv. EURODIF utilizes directly 75% of the 
electric output of the Tricastin production site whose four 
900 MWe PWRs have been constructed nearby precisely to 
feed in the enrichment facility. Consequently, the carbon 
footprint of the front-end shall be dominated by the choice 
of the carbon content allocated to the Tricastin production 
site. What value should be considered here? Should it be 
the carbon emission due to nuclear electricity (precisely 
the number we are trying to estimate)? Or the carbon 
content of an average kWh from EDF or even the average 
kWh produced in France? Depending on the choice made, 


                                                           
ii This is equivalent to 26.62 millions pounds of U3O8, which 


amounts to more than 25% of the world uranium production. 
iii When other GHG like N2O are emitted, they are converted to CO2 


equivalent with the proper coefficient regarding global warming. 
iv This figure is to be compared with the total electrical consumption 


of all AREVA industrial sites (approximately 3 TWh/year) that can be 
found in the sustainability report of the company edited annually.  


Mining contribution = 0.77 gCO2 / kWhe 
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the enrichment operation will exhibit quite different 
figures for the carbon footprintv. The following table 
shows the carbon emissions of the front-end activities of 
the nuclear fuel cycle in France.  
 


in tons of CO 2  equivalent emitted


FRONT END ENERGY ELECTRIC 
SHARE Nuclear kWh EDF kWh France kWh


(GWh) (%) 4 42 127 (gCO2/kWhe)


Purification and 
Fluoration 76 38.1% 422 1 515 3 960


Enrichment 13 496 99.8% 53 902 565 952 1 711 327


Fuel Fabrication 34 75.1% 344 1 306 3 456


Shipping 10 25.0% 254 349 561


Total 13 615 99.4% 0.13 1.34 4.04 (gCO2/kWhe)  
Table 1 – The carbon emissions of the front-end 
depend on the carbon allocation of the electricity 
utilized by the enrichment site. 


It is obvious that the final amount is basically driven by the 
carbon allocation of the EURODIF site, all other activities 
being much less energy consuming. Depending on the 
allocation chosen for the enrichment facility (Nuclear, 
EDF or France), the carbon footprint of the front-end will 
vary accordingly (0.13, 1.34 or 4.04 gCO2/kWhe).  
However, in the near future, the enrichment operation in 
France will switch to the centrifugation process, a much 
less energetic technique. EURODIF will be shut down and 
replaced by a new facility (Georges-Besse II) using 
centrifuges, slashing down the electric consumption of the 
isotopic separation process by a factor of 40. 
Consequently, the carbon footprint will be dramatically 
reduced to either 0.01 gCO2/kWh (nuclear hypothesis), 
0.04 gCO2/kWh (EDF hypothesis), or 0.12 gCO2/kWh 
(France hypothesis). Either way, it will be perfectly 
justified in that perspective to choose 
 


 
 


III.3. NUCLEAR PRODUCTION SITE 
Unlike coal or gas burning, the fission of uranium 
produces a completely carbon-free energy. Zero direct 
greenhouse gas emission is then allocated to nuclear 
reactors. In the LCA, only indirect emissions will be 
accounted for the production site. The first important part 
is the NPP construction itself. The sum of the carbon 


                                                           
v Logically, being directly fed by pure nuclear electric power, the 


carbon content of EURODIF should be exactly the same as for nuclear 
electricity. But the utility EDF takes the average carbon emission of all its 
production in France as reference (42 gCO2/kWhe). Other studies prefer 
to take the average national kWh electric with an important share of fossil 
fuel power plants, increasing the overall carbon footprint of nuclear. 


content of all raw materials required (concrete, steel, 
copper, etc…) and other contributions like transportation 
have to be distributed over the entire expected production 
during the reactor lifetime. To integrate new developments, 
we shall consider here as reference the new generation 
reactor EPR because safety improvements necessitate 
twice more civil engineering than previous reactors. 
Building an EPR requires 400000 m3 of concretevi and 
41000 tons of reinforcing steel, for a total electric 
production of 700 TWhevii. The indirect carbon footprint 
will therefore amount to 0.28 gCO2 / kWhe for the 
construction itself. 
During operation, only important work (maintenance, 
replacement of heavy components) will add indirect carbon 
emissions. Overall, all 19 production sites of EDF display 
carbon footprint lower than 0.1 gCO2/kWhe during 
operation. This value is comparable to GHG emissions 
declared by other NPP in Europe [10]. 
Finally, deconstruction and dismantling contributions have 
to be evaluated. Based on the present feedback experience 
from dismantling first generation facilities, we estimate 
this contribution to be of the order of 0.03 gCO2 / kWhe.  
Summing up all different contributions, nuclear production 
sites in France exhibit total indirect GHG emissions of  
 


 
 


III.4. BACK-END OF FUEL CYCLE 
The used fuel is sent to the reprocessing industrial plant at 
La Hague where most of the valuable nuclear material 
(uranium and plutonium) is recovered. It is recycled either 
as MOX fuels or URT fuels (retrieved uranium fuels). 
Ultimate nuclear waste (fission products, cladding, hulls 
and end caps, structural material) are conditioned in final 
waste packages. High radioactive waste is vitrified while 
medium and low radioactive are compacted or conditioned 
in concrete packagesviii. All waste containers will then have 
to be shipped to their corresponding repository. None of 
these operations require large amount of energy. For all the 
back-end industrial sites including the reprocessing plant 
of La Hague, AREVA NC reports a total electric 
consumption of 0.75 TWh per year, corresponding to a 
carbon emission of 90 kt CO2 equivalent/year [11]. That 
translates into a carbon footprint of 0.21 gCO2 / kWhe.  
To complete the picture of the back-end cycle, one has to 
add the GHG emissions from the National Radioactive 
Waste Management Agency (ANDRA). The latter includes 
the construction and maintenance of all repository sites and 
                                                           


vi Out of which 300000 m3 are needed for the buildings and 70000m3 
for preliminary work. Carbon content of concrete is 214  kgCO2/ m3. 


vii A 60 year lifetime with 90% availability is assumed. 
viii The amount of concrete needed for the waste packages is quite 


small when compared for example to the reactor construction building. 


Production contribution = 0.41 gCO2 / kWhe 


Front-end contribution = 0.12 gCO2 / kWhe 
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the shipping of all waste packages to these sites (23 kt CO2 
equivalent/year equal to 0.05 gCO2 / kWhe) [12]. These 
emissions are in accordance with studies done in other 
countries [13,14] where the back-end of fuel cycle carbon 
footprint has been evaluated ranging between 0.2 and 
1 gCO2/kWhe, even in countries having a large share of 
fossil fuels electricity. Our estimation for France’s back-
end of nuclear fuel cycle is  
 


 
 


IV.   AGGREGATE CARBON EMISSIONS 
To summarize, the total carbon emission of the nuclear fuel 
cycle can be divided along the four main parts  
 


    Carbon Footprint of Nuclear Electricity


(gCO2/kWh)


Mining 0.77


Front-end 0.12


Production 0.41


Back-end 0.26


Total 1.56
 


 
The total carbon emission of electric nuclear power in 
France is estimated to be 1.56 gCO2 / kWhe. 
 
This value is lower than what can be usually found in 
many documents either in Europe [see Reference 1] or in 
the world. It is even lower than the reference value taken 
in France, although EDF has recently revised this figure, 
decreasing the carbon content of its nuclear generated 
electricity down to 4 gCO2 / kWhe [15]. The main 
difference with our estimation lies in the enrichment 
contribution. In this paper, we deliberately reduced it 
because in the first place, the right value to allocate to the 
enrichment plant ought to be the nuclear value itself and 
secondly this contribution will be considerably reduced 
upon using the centrifuges process. 
 
 
 
 
 


V.   INTERNATIONAL COMPARISON 
The methodology used for the evaluation of the carbon 
dioxide emissions from the LCA of the nuclear cycle in 
France can be directly extrapolated to any other country, 
including countries having no nuclear power. In essence, 
the carbon footprint of all corresponding industrial 
activities will be mainly related to the energy content of the 
fossil fuels share of electricity.   
To be more precise, one may simplify the analysis by 
assuming basically two contributions to the electric power: 
one from fossil fuels and the other from decarbonized fuels 
(nuclear and renewables). Let us note η the decarbonized 
share of electricity production. 
In the LCA of the nuclear electricity generation, a fraction 
α of the total electric energy produced is needed to feed all 
nuclear related industrial plantsix. For the sake of simplicity 
in the following discussion, all the energy required in the 
LCA is assumed to be provided in the form of electricity. 
Actually, only half of it is in the form of electric power, but 
the analysis will at least provide a lower bound value and 
the deviation vanishes for low values of η.  
Doing so, the carbon footprint X of nuclear electricity in a 
given country can be written as 


( )[ ]Y1XX )η−+ηα=  
where Y represents the carbon emission of an 


average electric plant powered with fossil fuels in the 
corresponding country (Y is fixed at 1000 gCO2/kWhe). 
From the above equation, one may deduce 
 


( )Y
1
1X α⎟⎟


⎠


⎞
⎜⎜
⎝


⎛
αη−
η−=  


 
The carbon footprint of nuclear electricity in a country is 
then directly related to the share of decarbonized electricity 
in the same country. Considering for example the USA 
case, the decarbonized share of electricity in this country is 
around η = 30.6% divided in 20.2% from nuclear, 6.8% 
from hydroelectricity and 3.6% from other 
renewables [16]. The carbon emission associated to 
nuclear power generation in the US will then amount to 
35 gCO2 / kWhe, more than 20 times higher than in 
France. The value of η for each country can be quite easily 
computed using for example the IEA statistics report [17] 
and hence the corresponding nuclear carbon footprint 
deduced (Figure 1).  
 


                                                           
ix In France, α is today of the order of 5% but will decrease to less 


than 2% when the centrifuges plant will be fully operational. 


Back-end contribution = 0.26 gCO2 / kWhe 
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Figure 1 – GHG emissions of nuclear electricity in 
some selected countries. The higher the nuclear and 
renewables share, the lower the carbon footprint. In 
this figure, a fixed value of 5% has been  taken for α. 


It should be stressed that the corresponding calculated CO2 
emission of nuclear electricity is not an intrinsic value of 
the nuclear fuel cycle. It rather simply reflects an 
indication of the amount of fossil fuels energy used in the 
electronuclear industrial chain. Therefore, it makes no 
sense comparing directly or averaging those numbers. 
 
 


VI.   CONCLUSION 
Nuclear energy emits no direct greenhouse gas. The carbon 
footprint attributed to nuclear is directly linked to the fossil 
fuel share of electricity and is therefore strongly dependent 
on the country in which industrial operations are 
performed. It is found that the main cause of data 
scattering observed in open literature is in fact correlated 
to the share of fossil fuel electricity that may broadly vary 
from one country to another.  
A closer look at the Life Cycle Analysis of nuclear power 
generation indicates that carbon emissions are dominated 
by the uranium mining and the enrichment process if done 
by gaseous diffusion in the front-end.  
In France, thanks to an electric power mainly generated by 
nuclear and hydroelectricity, the actual carbon footprint of 
nuclear electricity has been estimated to be as low as 
1.56 gCO2/kWhe. This is 250 times lower than gas-fired 
power plants and 600 times lower than coal plants. 
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Abstract – For the steady-state Sodium-cooled Fast Reactor (SFR) core with fresh oxide fuel, it is 
paramount to calculate its characteristics with known uncertainties. Hence, a priori uncertainties, 
i.e. without any integral experimental assessment, have been calculated as a basis for further 
improvements of key parameters. Extensive data sensitivity and uncertainty analyses have been 
carried out in conjunction with correlation data for neutron cross-sections available in the 
ERANOS package (Version 2.1) consisting of JEF-2.2 and adjusted JEF-2.2 (ERALIB-1) matrices. 
Additional calculations with JEFF-3.1 data also part of ERANOS were complemented by 
uncertainty analyses with newer correlation sets named BOLNA. 
The use of BOLNA leads to one standard deviation (1σ) uncertainties >10% for the void effect, the 
targeted uncertainty found in the literature being 7%, and the three libraries lead to different 
uncertainties of the safety-related parameters. In particular, the lower ERALIB-1 values (5% for 
the void effect) are found not conservative enough for such cores without blankets. 


 
 


I. INTRODUCTION 
 
The Generation IV Sodium-cooled Fast Reactor (SFR) 


is an advanced fast-spectrum reactor being studied in the 
framework of the Generation IV International Forum and 
European Union Framework Programs. From the feasibility 
viewpoint, the SFR has many advantages relative to other 
Generation IV systems, e.g. the considerable experience in 
system design and the more than 300 reactor-years practical 
operation.1 As a fast-spectrum system utilizing fertile 238U 
and operating in an isobreeding mode within a closed fuel 
cycle, the SFR concept meets various Generation IV goals. 


From the safety viewpoint, however, there is a priori a 
known neutronic drawback, namely significant reactivity 
increases related to reductions of the sodium coolant 
density. The magnitude of these reactivity increases, on the 
one hand, depends on two-phase flow phenomena like the 
onset of boiling and vapor generation rate, which might be 
responsible for the lower coolant density. On the other 
hand, the power increase caused by a positive reactivity 
effect, as such, has a strong impact on the two-phase flow 
development. Therefore, in addition to Doppler and core 
thermal expansion effects lowering the reactivity in 
accidental situations when the fuel temperature is 


increased, the coolant density effect also needs to be well 
known.2 Equally important for safety measures are precise 
determinations of the control rod worth and kinetic 
parameters, and primarily a correct assessment of the 
effective delayed neutron fraction βeff. 


For the SFR core with oxide fuel, in addition to 
investigations for the multiplication factor keff, we have 
carried out extensive sensitivity and uncertainty analyses 
for the earlier mentioned parameters in conjunction with 
correlation data for neutron cross-sections available in the 
ERANOS package (Version 2.1).3 This correlation data is 
given in 15 neutron groups and consists of JEF-2.2 and 
adjusted JEF-2.2 (ERALIB-1) matrices. Additional 
sensitivity coefficient calculations with JEFF-3.1 data also 
part of ERANOS were complemented by uncertainty 
analyses with the newer BOLNA correlation sets, which 
have resulted from the cooperation of a number of 
institutions including Brookhaven, Oak Ridge, Los Alamos, 
NRG and Argonne.4 


 
By comparing the performance of different covariance 


libraries for a promising sodium-cooled Generation IV 
reactor, this study clearly aims at supporting and 
complementing similar analyses performed elsewhere with 


1517







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11285 


   


other independent tools.5 Only a focused effort in this area 
namely will provide designers with validated tools to meet 
the target design accuracies. 


Section II describes the specific computational 
methodology and geometric models used in the 
simulations. Section III is a summary of the main neutronic 
parameters. Section IV is devoted to uncertainty analyses 
for multiplication factor keff and various reactivity effects 
including coolant void, Doppler, control rod worth 
withdrawal, and thermo-mechanical expansions, as well as 
to uncertainty calculations for power distribution and 
effective delayed neutron fraction βeff. Finally, Section V 
gives conclusions and provides recommendations for 
further work in this area. 


 
II. COMPUTATIONAL METHODOLOGY 


 
The current 3D (hexagonal,z) ERANOS model has 


been developed on the basis of one of the preliminary 
oxide-fuel SFR core designs proposed by the French 
Atomic Energy Commission (CEA)1, and the current  
results were obtained for the envisaged fresh fuel 
composition. 


The 3600 MWth core consists of inner and outer fuel 
regions with different Pu inventories, respectively 
containing 225 and 228 fuel assemblies. The control rod 
system is composed of 9 Diverse Shutdown Devices (DSD) 
and 24 Control and Shutdown Devices (CSD). The core 
region is surrounded by three rings of reflector assemblies. 
The original CEA concept1 has been slightly modified to 
enable 60 degree symmetry, thus allowing shorter 
computing times without significantly changing the 
relevant physical characteristics.6 


The 33 neutron group cross-sections used in the full 
core simulations were generated with the ERANOS cell 
code ECCO by means, on the one hand, of the reference 
route3 for heterogeneous models of the fuel assemblies. 
These were calculated based on using 1968 fine group 
cross-sections in conjunction with collision probabilities 
and the subgroup method. The macroscopic cross-sections 
for the structural components e.g. reflector, control rods 
etc., on the other hand, were derived based on 
homogeneous models for the corresponding assemblies. 
The basic 33 neutron group libraries, made available 
together with the ERANOS package were directly used in 
conjunction with an empirically determined buckling, to 
suitably add leakage when assessing the resonance 
shielding in energy. In case of these non-fuel assemblies, 
the fine group cross-sections in 1968 groups and their 
condensation in energy were thus not considered. 


Simulations were also carried out by means of a 
simplified 2D (r,z) core description being primarily 
developed for the purpose of sensitivity coefficient 
calculations on the basis of transport theory. This 2D mock-
up was constructed by maintaining the original masses 


through a suitable choice of the zone radii defining the 2D 
annular rings. However, this approximation a priori does 
not prevent overestimations of the 10B(n,α) reaction rate 
and consequent underestimations of keff. 


The sensitivity coefficients for reactivity effects used 
in the uncertainty analysis were expressed in the standard 
way for critical systems as linear combinations of the 
individual sensitivity coefficients for the nominal and 
perturbed multiplication factors.3 The 3D calculations with 
a newer version of VARIANT including an accelerated 
method, were carried out for determining these sensitivity 
coefficients just by using diffusion theory, since the 
ERANOS Version 2.1 used in this study does not have fully 
consistent perturbation theory capabilities for transport 
theory. The corresponding transport theory 2D simulations 
with BISTRO were performed in conjunction with P1S8 
approximations by using the recommended symmetric 
weight option. 


 
III MAIN NEUTRONIC PARAMETERS 


 
The multiplication factor of the SFR core is shown in 


Table I. Criticality was nearly achieved by 20 cm insertions 
from the top of the active core of all control rods including 
the CSD and DSD assemblies. 


 
TABLE I 


keff for different options 
 


Model 2D 3D 
Method Transport 


P1 
Diffusion Transport 


P1 
JEF-2.2 0.99239 0.99595 0.99875 


ERALIB-1 0.99856 1.00166 1.00467 
JEFF-3.1 1.00106 1.00446 1.00720 


 
Relative to the 3D model, the 2D simulation, 


independently of the specific nuclear data, results in lower 
values by about 0.006 (compare Column 4 with Column 2). 
The transport theory effect amounts to 0.003, in each case 
(compare Column 4 with Column 3). 


As regards nuclear data comparisons, reasonable 
agreement within less than 1$ (see Table II), is achieved 
between ERALIB-1 and JEFF-3.1, giving indications on 
the one hand, that in case of fresh fuel compositions the 
earlier JEF-2.2 adjustments are suitable also for criticality 
calculations of Na-cooled fast-spectrum systems without 
blankets. However, the somewhat larger JEFF-3.1 values 
are consistent with overestimations of the criticality 
observed when compared to experiments. The use of 
unadjusted JEF-2.2 data, on the other hand, results in 
significantly lower values. The effective delayed neutron 
fraction βeff expressed in pcm, i.e. in reactivity units of 10-5, 
and the neutron life time Λ are given in Table II. 
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TABLE II 
βeff (pcm)/Λ (µs) for different options 


 
Model 2D 3D 
Method Transport P1 Diffusion 
JEF-2.2 401/0.46 402/0.46 


ERALIB-1 396/0.46 396/0.46 
JEFF-3.1 394/0.48 394/0.48 


 
We notice methods agreement. The spread of βeff 


observed between the different data libraries (2%), has 
been assessed by consistently using delayed neutron data 
proposed by Mills in the framework of the JEF project. 


 
The void effect was computed by completely removing 


the coolant. Excluded from voiding, however, was that 
portion of the fuel channels corresponding to the non active 
fuel length, as well as the channels of the control rod and 
radial reflector assemblies. This scenario (see Table III) 
namely was found to give the highest possible reactivity 
effect7. 


 
TABLE III 


Void reactivity ($) for different options 
 


Model 2D 3D 
Method Transport 


P1 
Diffusion Transport 


P1 
JEF-2.2 4.04 3.98 4.05 


ERALIB-1 3.50 3.45 3.51 
JEFF-3.1 3.69 3.64 3.70 


 
Thanks to the Benoist algorithm being used in the cell 


calculations with ECCO3, which takes properly into 
account streaming effects, the methods spread of 2% is 
quite small. Good agreement within 0.2$ is achieved 
between ERALIB-1 and JEFF-3.1, while the unadjusted 
JEF-2.2 data library leads to more conservative, higher 
values by half of a dollar. 


 
The Doppler constant is defined as 


,
ln


1


2


T


T
kD


ρ∆=
 (1) 


T1 being the nominal average temperature of the fuel, T2 a 
transient average temperature (T1 and T2 are both given in 
K), and ∆ρ the corresponding reactivity effect. 


kD was found almost independent of both T1, which is 
determined by the power density, and T2. Table IV, as 
expected, shows that also the use of diffusion instead of 
transport theory has a small impact on kD. 


 
As regards nuclear data, we observe a maximum, 7% 


spread between JEFF-3.1 and ERALIB-1, the unadjusted 


TABLE IV 
kD ($) for different options 


 
Model 2D 3D 
Method Transport 


P1 
Diffusion 


JEF-2.2 -2.97 -2.90 
ERALIB-1 -2.89 -2.82 
JEFF-3.1 -3.09 -3.01 


 
JEF-2.2 values lying in between. 


 
In the chosen representative case (see Table V) the 


control rod worth has been assessed by assuming 
simultaneous 20 cm withdrawal of all control rods, without 
modifications of the steady-state parameters. 


 
TABLE V 


Control rod worth ($) for different options 
 


Model 2D 3D 
Method Transport P1 Diffusion 
JEF-2.2 2.48 1.96 


ERALIB-1 1.96 
JEFF-3.1 


 
2.02 


 
Clearly, there is a strong modeling effect; the 2D value 


obtained without sophisticated equivalence methods, as 
expected being larger than the corresponding 3D value, i.e. 
by 25% in this case, whereas the data library effect is rather 
small. 


 
IV. DATA UNCERTAINTY ANALYSIS 


 
IV.A. Multiplication factor keff 


 
The total relative 1σ-uncertainty of the multiplication 


factor is given in Table VI, showing consistence with 
previous results for similar core configurations.8 We also 
observe that this uncertainty is almost independent of the 
model and method used in the analysis, namely 2D 
transport or 3D diffusion. 


 
TABLE VI 


Relative 1σ-uncertainty of keff 
 


% 
 


2D 3D 


JEF-2.2 1.47 1.48 


ERALIB-1 0.27 0.27 


JEFF-3.1/BOLNA 1.89 1.86 


 
The main isotopic contributions to this uncertainty are 
given in Table VII for the different cases, showing that the 
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agreement of the two models also yields in case of these 
partial values (compare Columns 2-3). 


As regards JEF-2.2, the by far larger component of the 
total uncertainty is found to be given by 239Pu fission and 
production (1.1%) which is the lumped contribution of ν 
and the fission cross-section, the cross-section term being 
largely dominant. In order of decreasing importance for the 
various reactions, we found 241Pu fission and production 
(0.5%), 240Pu fission and production and 238U inelastic 
scattering (0.4%), as well as 23Na inelastic scattering 
(0.3%). 


The lower ERALIB-1 values, e.g. the unphysical, 
almost vanishing contribution of 238U, sometimes were the 
result of non positive definite correlation matrices in 
energy ranges of specific interest. 


By comparing JEFF-3.1/BOLNA with JEF-2.2, 
 


TABLE VII 
Decomposition of the relative 1σ-uncertainty of keff in 


terms of the main contributing nuclides 
 


Model 2D 3D 
Data JEF-2.2 JEF-2.2 ERALIB-


1 
JEFF-3.1/ 
BOLNA 


Nuclide % 
238U 0.54 0.55 0.00 1.36 
238Pu 0.21 0.20 0.20 0.28 
239Pu 1.08 1.07 0.09 0.29 
240Pu 0.45 0.45 0.08 0.34 
241Pu 0.53 0.52 0.11 0.96 
242Pu 0.12 0.11 0.04 0.27 
16O 0.22 0.25 0.02 0.50 
56Fe 0.19 0.21 0.04 0.22 
23Na 0.28 0.32 0.05 0.12 


Others 0.00 0.09 0.01 0.16 
Total 1.47 1.48 0.27 1.86 


 
we notice that the similar total uncertainty is largely due to 
compensating effects. While bigger values arise from 238U, 
particularly due to inelastic scattering (1.3% versus 0.4%), 
and also from 241Pu fission and production (1.0% versus 
0.5%), as well as from oxygen elastic scattering (0.5% 
versus 0.2%), a smaller JEFF-3.1/BOLNA uncertainty was 
found for 239Pu fission and production (0.2% versus 1.1%). 


 
IV.B. Coolant void reactivity 


 
Also for the void effect the relative 1σ-uncertainty is 


not particularly sensitive to the model used in the analysis 
(see Table VIII). Among the investigated libraries, the 
uncertainty is largest for JEF-2.2 (15%), followed by JEFF-
3.1/BOLNA (10%) and ERALIB-1 (5%). Since neither for 
anisotropic scattering cross-sections nor for diffusion 
coefficients data is available on the basic covariance 


matrices, these values not accounting for leakage effects, 
are definitely not conservative. 


As regards partial effects, the relative uncertainty of 
the outer core void reactivity is larger than the relative 
uncertainty of the inner core void reactivity. In more 
general terms and as expected, the relative, but not 
necessarily the absolute value of the uncertainty was found 
to increase, independently of the size of the voided region, 
with decreasing distance of the voided region from the core 
periphery. 


The main individual isotopic contributions are given in 
Table IX, showing also in this case of a reactivity effect, 
that the agreement of the two models for the integral value 
is not the result of large compensating effects. 23Na, mostly 
due to inelastic scattering, in each case leads to larger 
uncertainties. 


By comparing JEFF-3.1/BOLNA with JEF-2.2, the 
lower uncertainty of the void effect is found to primarily 
result from 23Na, mainly as a result of the much smaller 
scattering cross-section contributions (5.9% versus 14.2% 
and 2.1% versus 4.8% respectively for inelastic and  


 
TABLE VIII 


Relative 1σ-uncertainty of total and partial void 
reactivity effects 


 
Model 2D 3D 2D 3D 
Voided 
region 


Whole core Inner core 


Data % 
JEF-2.2 14.36 15.96 13.86 14.77 


ERALIB-1 4.39 4.80 4.28 4.48 
JEFF-3.1/ 
BOLNA 


9.72 10.46 10.32 10.28 


Model 2D 3D 
Voided 
region 


Outer core 


Data % 
JEF-2.2 17.27 19.39 


ERALIB-1 5.14 5.69 
JEFF-3.1/ 
BOLNA 


11.20 12.47 


 
elastic in the 3D calculations) and to a lesser extent, also to 
239Pu and 240Pu. Despite these decreases, we have also 
observed a reversed trend, namely larger uncertainties due 
to 238U inelastic scattering (5.0% versus 1.6%) and 241Pu 
fission and production (5.1% versus 1.0%), as well as to 
oxygen elastic scattering (1.8% versus 1.5%), signalizing 
larger BOLNA correlation data for these cross-sections. 


Worthwhile noticing is that by excluding sodium from 
the analysis, the resulting JEFF-3.1/BOLNA uncertainty of 
8.4% would be the largest among the three libraries 
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TABLE IX 
Decomposition of the relative 1σ-uncertainty of the 


void effect in terms of the main contributing nuclides 
 


Model 2D 3D 
Data JEF-2.2 JEF-2.2 ERALIB-


1 
JEFF-3.1/ 
BOLNA 


Nuclide % 
238U 2.74 2.94 1.80 5.74 
238Pu 0.49 0.52 0.59 0.53 
239Pu 3.25 3.36 1.74 1.98 
240Pu 2.04 2.09 1.52 0.99 
241Pu 1.00 1.03 0.87 5.15 
242Pu 0.49 0.50 0.46 0.50 
16O 1.10 1.50 0.81 1.85 
56Fe 1.34 1.37 0.58 1.34 
23Na 13.38 14.98 3.44 6.25 


Others 0.68 0.56 0.57 0.48 
Total 14.36 15.96 4.80 10.46 


 
considered, the corresponding JEF-2.2 and ERALIB-1 
values being respectively 5.5% and 3.3%. 


 
In the following, we try representing the energy 


dependence of the uncertainty in a suitable way. Instead of 
plotting the function u (E) which is the differential 
uncertainty associated to energy E, we consider a scaled 
cumulative squared uncertainty, U (E), conveniently 
defined as 


 


∫=
E


dEEuEU
0


2 ')'(10000)(  (2) 


 
The corresponding group dependent histogram 


function U (g) is displayed in Fig. 1 for the main 
component of the void effect uncertainty. 


 
Fig. 1. Uncertainty due to 23Na inelastic scattering. 
 


By comparing JEFF-3.1/BOLNA with JEF-2.2, we 
observe smaller uncertainties especially around 2 MeV, as 
well as near the threshold of the reaction. 


 
IV.C. Doppler constant 


 
The relative 1σ-uncertainty of the overall and regional 


Doppler constant is given in Table X, while Table XI is 
dedicated to the main isotopic contributions. 


 
TABLE X 


Relative 1σ-uncertainty of total and regional Doppler 
constants 


 
Model 2D 3D 2D 3D 
Region Whole core Inner core 
Data % 


JEF-2.2 4.29 4.33 4.43 4.45 
ERALIB-1 2.01 1.99 2.08 2.10 
JEFF-3.1/ 
BOLNA 


5.01 5.13 4.21 4.71 


Model 2D 3D 
Region Outer core 
Data % 


JEF-2.2 5.05 4.68 
ERALIB-1 2.15 2.06 
JEFF-3.1/ 
BOLNA 


6.86 6.25 


 
TABLE XI 


Decomposition of the relative 1σ-uncertainty of the 
Doppler constant in terms of the main contributing nuclides 


 
Model 2D 3D 
Data JEF-2.2 JEF-2.2 ERALIB-


1 
JEFF-3.1/ 
BOLNA 


Nuclide % 
238U 1.22 1.33 0.36 3.55 
238Pu 0.60 0.60 0.60 0.59 
239Pu 2.81 2.79 0.88 0.90 
240Pu 1.41 1.40 0.71 0.67 
241Pu 1.32 1.29 0.47 2.55 
242Pu 0.39 0.40 0.26 0.71 
16O 1.50 1.56 1.06 1.95 
56Fe 0.73 0.81 0.34 0.86 
23Na 1.37 1.37 0.78 0.71 


Others 0.34 0.29 0.24 0.23 
Total 4.29 4.33 1.99 5.13 


 
Despite the different fuel composition in the inner and 


outer core regions, the spatial dependence of the 
uncertainty of the Doppler constant does not seem 
pronounced. 
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Among the investigated libraries the uncertainty is 
largest for JEFF-3.1/BOLNA (5% for the overall effect), 
followed by JEF-2.2 (4%) and ERALIB-1 (2%). These 
values are smaller as compared to the void effect, mainly 
since the role of sodium is less pronounced (see Table IX). 


As for keff (see Table VII), the main source of the JEF-
2.2 uncertainty is 239Pu giving in this case a somewhat 
larger contribution of 2.8%, mostly resulting from fission 
and production (2.5%), as well as from capture (1.3%). The 
overall picture, however, is more complex than for the 
multiplication factor, since non-fuel materials play a 
prominent role. 


Namely, as regards other actinides, we also observe 
important contributions from 241Pu (1.3%, found to be 
mostly attributable to fission and production), from 240Pu 
(1.4%, consisting of values of 1% each due to fission and 
production, as well as to capture), from 238U (1.3% for the 
3D model, mainly due to inelastic scattering), but also from 
the lower density isotope 238Pu (0.6%, mostly attributable 
to fission and production). In this context, the uncertainty 
of 0.3% resulting from 238U capture, which is the reaction 
giving by far the main partial contribution to the Doppler 
reactivity, is small, indicating lower correlation data for this 
well studied reaction. 


As regards coolant and structural materials, important 
are uncertainties attributable to light nuclides responsible 
for the slowing down of neutrons, namely 16O (1.6%, 
mainly elastic scattering) and 23Na (1.4%, the individual 
contributions being 1.1% and 0.8% respectively for elastic 
and inelastic scattering). The lumped uncertainty of 0.8% 
resulting from the main structural material nuclide, 56Fe, 
could be decomposed into 0.6% from inelastic scattering 
and 0.4% each from elastic scattering and capture. 


By comparing JEFF-3.1/BOLNA with JEF-2.2 we 
found a similar trend as for keff. Namely, the somewhat 
larger JEFF-3.1/BOLNA uncertainty can primarily be 
attributed to enhanced values coming from 238U inelastic 
scattering (3.5% versus 1.1%) and from 241Pu fission and 
production (2.5% versus 1.3%), the uncertainties due to 
239Pu and 240Pu being smaller (0.9% versus 2.8%, 
respectively 0.7% versus 1.4%). 


 
IV.D. Control rod withdrawal worth 


 
The relative 1σ-uncertainty of the control rod worth 


along with its individual isotopic contributions is given in 
Table XII. 


Among the investigated libraries the uncertainty is 
largest for JEFF-3.1/BOLNA (5%), followed by JEF-2.2 
(3%) and ERALIB-1 (1%), all these values being thus 
similar to those for the Doppler constant. 


In more general terms it was found that the relative 
uncertainty of the control rod worth does not strongly 
depend on specific steady-state parameters, neither does it 
on the value of the worth, which is primarily determined by 


the number and position of assemblies being removed and 
also by the withdrawn absorber length. Consistently, 
despite the larger 2D reactivity effect (see Table V), this 
uncertainty is rather independent of the model used, and 
this agreement does not result from significant 
compensating effects. 


The isotopic decomposition available in Table XII also 
indicates that the total uncertainty of the control rod worth 
is not exclusively due to the primary nuclide, 10B, causing 
the reactivity change. In the case of JEF-2.2, boron is not 
even the main contributor to this uncertainty, 239Pu and 
240Pu fission and production, as well as 238U, being nearly 
equally important. Such large indirect contributions clearly 
reflect spectral effect uncertainties and variations of the 
adjoint function in the transition from the critical to the 
supercritical core state. 


 
TABLE XII 


Relative 1σ-uncertainty of the control rod worth along 
with its decomposition in terms of the main contributing 


nuclides 
 


Model 2D 3D 
Data JEF-2.2 JEF-2.2 ERALIB-


1 
JEFF-3.1/ 
BOLNA 


Nuclide % 
10B 0.60 0.99 0.94 4.07 


238U 0.77 1.00 0.40 2.25 
238Pu 0.30 0.32 0.32 0.56 
239Pu 1.80 1.94 0.38 0.38 
240Pu 0.97 1.07 0.31 0.62 
241Pu 0.69 0.70 0.34 1.74 
242Pu 0.25 0.28 0.11 0.60 
16O 0.48 0.28 0.18 0.59 
56Fe 0.62 0.41 0.08 0.43 
23Na 0.21 0.32 0.10 0.13 


Others 0.28 0.21 0.00 0.11 
Total 2.55 2.82 1.25 5.14 


 
IV.E. Thermo-mechanical expansion coefficients 


 
The relative 1σ-uncertainties of the axial and radial 


expansion coefficients are given in Table XIII. Due to the 
dominating role of leakage against shielding, however, the 
indicated values are definitely not conservative. 


For axial expansions, e.g. on the basis of JEF-2.2, we 
observe that the uncertainty computed using the 2D model 
is larger than the corresponding 3D value, whereas for 
radial expansions, the two models are closer. 


In any case, the relative uncertainty is larger for the 
axial than it is for the radial expansion coefficient. 


As regards nuclear data comparisons, the trend for 
axial expansions is rather similar to the void coefficient. 
Namely, among the three libraries used the relative 
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uncertainty is largest for JEF-2.2 (30% for the 3D model) 
and lowest for ERALIB-1 (5%), the JEFF-3.1/BOLNA 
value (10%) lying in between. 


The main individual isotopic contributions are given in 
Table XIV. 


Also in these cases the ERALIB-1 uncertainty is 
smaller, particularly as a 


 
TABLE XIII 


Relative 1σ-uncertainty of the expansion coefficients 
 


Data JEF-2.2 JEF-2.2 ERALIB
-1 


JEFF-3.1/ 
BOLNA 


2D 3D Model 


% 
Axial 30.80 21.86 5.32 11.61 
Radial 3.71 4.38 1.17 2.34 


 
TABLE XIV 


Relative 1σ-uncertainty of the expansion coefficients 
along with decompositions in terms of the main 


contributing nuclides (3D model only) 
 


Axial Data 


Radial 


JEF-2.2 ERALIB-
1 


JEFF-3.1/ 
BOLNA 


Nuclide % 
3.18 1.32 5.12 238U 


0.68 0.39 0.74 
1.16 1.08 1.09 238Pu 
0.20 0.19 0.20 
6.40 1.32 1.68 239Pu 


1.10 0.16 0.44 
3.28 1.60 1.49 240Pu 
0.63 0.39 0.19 
2.42 0.98 6.35 241Pu 
0.42 0.22 1.27 
0.75 0.51 0.93 242Pu 
0.15 0.11 0.18 
3.41 1.84 1.54 16O 
0.62 0.40 0.30 
3.18 0.99 0.17 56Fe 
0.45 0.24 0.67 
19.64 3.87 6.72 23Na 
4.03 0.84 1.54 
0.89 0.73 1.95 Others 
0.22 0.14 0.32 
21.86 5.32 11.61 Total 


 


4.38 1.17 2.34 
 


consequence of the much lower values for 23Na and 239Pu 
likely resulting from the data adjustment. 


Once again, by comparing JEFF-3.1/BOLNA with 
JEF-2.2, we find that the uncertainties due 238U inelastic 
scattering, 241Pu fission and production, are larger, whereas 
the uncertainties due to 23Na, 239Pu and 240Pu are smaller. 
By neglecting the dominating contribution of sodium 
primarily resulting from inelastic scattering, we obtain 
residual values of 9.6%, 9.5% and 3.7% respectively for 
JEF-2.2, JEFF-3.1/BOLNA and ERALIB-1, the 
corresponding values for radial expansions being 1.7%, 
1.8% and 0.8%. 


 
IV.F. Power distribution 


 
The relative 1σ-uncertainty of the power distribution 


(in the fuel material) expressed in terms of power peaking 
(ppf) and lower depression factor (pldf) uncertainties along 
with their individual isotopic contributions, is given in 
Table XV. The power peaking factor is the ratio of 
maximum to core-average power density, and the lower 
depression factor is the ratio of minimum to average power 
density, occurring in a certain volume of the hottest, 
respectively coldest fuel pin. 
 


TABLE XV 
Relative 1σ-uncertainty of the power peaking and 


lower depression factor along with decompositions in terms 
of the main contributing nuclides 


 
ppf Data 


pldf 


JEF-2.2 ERALIB-1 JEFF-3.1/ 
BOLNA 


Nuclide % 
0.67 0.00 1.65 238U 


0.51 0.09 1.50 
0.20 0.20 0.23 238Pu 
0.22 0.22 0.38 
1.02 0.10 0.30 239Pu 


1.15 0.16 0.38 
0.36 0.08 0.30 240Pu 
0.53 0.11 0.40 
0.54 0.13 0.91 241Pu 
0.54 0.13 1.47 
0.09 0.03 0.21 242Pu 
0.14 0.05 0.38 
0.35 0.07 0.70 16O 
0.22 0.02 0.58 
0.27 0.08 0.31 56Fe 
0.40 0.22 0.36 
0.46 0.07 0.17 23Na 
0.21 0.02 0.14 
0.08 0.08 0.23 Others 
0.14 0.07 0.00 
1.54 0.31 2.12 Total 


 


1.58 0.41 2.34 
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A dedicated ERANOS procedure originally developed 
by David Blanchet from CEA for calculating the required 
sensitivity coefficients was just based upon the 2D model, 
whence the 3D analysis based on the VARIANT code was 
not undertaken, in this case. 


The relative 1σ-uncertainties of the power peaking and 
lower depression factor not surprisingly are quite similar. 
Except for the smaller ERALIB-1 values (< 0.5%) these 
amount to 1-2%. For JEF-2.2 and JEFF-3.1/BOLNA, larger 
sources of uncertainties are 238U inelastic scattering, 


239Pu 
fission and production, 241Pu fission and production, as 
well as 16O elastic scattering. 


 
IV.G. Effective delayed neutron fraction βeff 


 
Partial relative 1σ-uncertainties of the effective 


delayed neutron fraction along with individual isotopic 
contributions are given in Table XVI. 


 
TABLE XVI 


Relative 1σ-uncertainty of βeff along with its 
decomposition in terms of the main contributing nuclides 


(2D model, indirect term only) 
 


Data JEF-2.2 ERALIB-1 JEFF-3.1/ 
BOLNA 


Nuclide % 
238U 1.33 0.96 1.34 
238Pu 0.59 0.58 0.78 
239Pu 2.73 0.49 0.84 
240Pu 0.90 0.14 0.59 
241Pu 0.53 0.21 0.97 
242Pu 0.08 0.05 0.18 
16O 0.61 0.26 0.59 
56Fe 0.97 0.40 0.42 
23Na 0.56 0.17 0.22 


Others 0.49 0.24 0.12 
Total 3.54 1.37 2.24 


 
The indicated values do not include the direct term 


resulting from correlations of delayed neutron data, which 
are currently not part of the covariance matrices. Therefore, 
they are definitely not conservative. 


As expected, the main contributions to this indirect 
term resulting from perturbations of the reaction cross-
sections causing direct as well as adjoint flux changes, are 
fission and production, but with different isotopic shares. 
Whereas for JEF-2.2 the uncertainty is mainly due to 239Pu, 
in the case of JEFF-3.1/BOLNA we observe rather similar 
contributions from the majority of actinides: 238U, also due 
to the inelastic and elastic scattering reactions, gives 
somehow the main uncertainty, the weight of 239Pu being 
correspondingly smaller. 


Noticeable are also besides the systematically smaller 
ERALIB-1 values, the non negligible contribution of the 
lower density isotope 238Pu. 


In order to get an idea of the missing direct term 
uncertainty, we roughly assume that βeff equalizes the 
delayed neutron fraction β. With νd and νp respectively 
denoting the fraction of delayed and promptly emitted 
neutrons by fission reactions, by also assuming energy 
independent and uncorrelated ν and νd values with ν ≈ νp, 
we may write 
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From Eq. (3) we obtain 
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which can be inserted into Eq. (4) to get on the basis of  
Eq. (3) and its assumptions 
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The first expression on the right hand side of Eq. (6) 


just depending on uncertainties of prompt neutron data 
corresponds to the partial uncertainty calculated on the 
basis of ERANOS (see Table XVI). The second expression 
is the simplest, but a coarse approximation in dealing with 
the direct term. For the 1σ-standard deviation, independent 
of the actinide we arbitrarily assume according to the 
experience that 
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to obtain based on Eq. (6) the following results: 


 
TABLE XVII 


Estimated relative 1σ-uncertainty of βeff  
 


Data JEF-2.2 ERALIB-1 JEFF-3.1/ 
BOLNA 


% 6.1 5.2 5.5 
 
The needs for additional correlations with respect to 


delayed neutron data are thus clearly highlighted by 
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comparing Table XVII with the total values given in Table 
XVI. 


 
V. CONCLUSIONS AND RECOMMENDATIONS 
 
For the steady-state Generation IV Sodium-cooled Fast 


Reactor (SFR) core with fresh oxide fuel, we have 
calculated multiplication factor, keff, power distribution, 
control rod worth, effective delayed neutron fraction, βeff, 
as well as important safety-related parameters featuring 
coolant void reactivity and Doppler constant. 


We then have carried out extensive sensitivity and 
uncertainty analyses for these parameters in conjunction 
with correlation data for neutron cross-sections available in 
the ERANOS package (Version 2.1). This correlation data 
includes a priori JEF-2.2 matrices, i.e. without any integral 
experimental assessment, but also adjusted JEF-2.2 
matrices (ERALIB-1). This adjustment has been carried out 
on the basis of numerous experiments dedicated to R&D of 
classical sodium-cooled fast reactors having fertile 
blankets.9 Additional sensitivity coefficient calculations 
with JEFF-3.1 data also part of ERANOS were 
complemented by uncertainty analyses with the newer 
BOLNA correlation sets, which have resulted from the 
cooperation of a number of institutions including 
Brookhaven, Oak Ridge, Los Alamos, NRG Petten and 
Argonne4. The two ERANOS standard routes for such 
uncertainty calculations were compared, namely 2D 
transport theory based on the discrete-ordinates code 
BISTRO, and 3D diffusion theory by means of the nodal 
code VARIANT, showing agreement of the calculated 
uncertainties with consistent nuclear data. The new results 
also reproduce well corresponding values obtained in a 
previous study for similar core configurations.8 


In general terms we may conclude that 
(a) The relative uncertainty of the Doppler constant 


and especially that of the coolant void reactivity would be 
larger than indicated if regional perturbations were 
considered (see respectively Table X and Table VIII). 
Moreover, since in the three libraries used, i.e. JEF-2.2, 
ERALIB-1 and JEFF-3.1/BOLNA, correlation data is 
unavailable for both anisotropic scattering cross-sections 
and diffusion coefficients, the uncertainty of the void effect 
does not include the likely important component associated 
with leakage effects. 


(b) For the expansion coefficients, in addition, 
significantly larger uncertainties than those obtained from 
neutronic calculations are expected to be associated with 
uncertainties of the thermo-mechanical model used for 
expanding the different materials. 


(c) As regards the effective delayed neutron fraction, 
the dominant component of the uncertainty coming from 
the direct term had to be accounted for in an approximate 
manner by neglecting amongst others the non-diagonal 


correlations. Therefore, the reported uncertainties are also 
too small. 


The computed uncertainties are now summarized and 
compared with recommended target values taken from the 
literature 2 (see Table XVIII). 


More specifically to the correlation data itself, we then 
observe that 


(1) Except for ERALIB-1, the targeted uncertainties 
are often not reached. However, as opposite to the 
parameters themselves, the ERALIB-1 uncertainties of 
these parameters were found not conservative enough for 
such SFR cores without blankets. 


 
TABLE XVIII 


Summary of the relative 1σ-uncertainties along with 
recommended upper limits 


 
Parameter/ 


Data 
 


keff Power 
peaking 
factor 


Control 
rod worth 


Doppler 
constant a) 


Computed % 
JEF-2.2 1.5 1.5 2.8 4.3 


ERALIB-1 0.3 0.3 1.2 2.0 
JEFF-3.1/ 
BOLNA 


1.9 2.1 5.1 5.1 


Target (%) 0.3 2 2 7 
Parameter/ 


Data 
 


Void 
effect 


Axial 
expansion 
coefficient 


Radial 
expansion 
coefficient  


βeff 


Computed a) % 
JEF-2.2 16.0 30.8 4.4 6.1 


ERALIB-1 4.8 5.3 1.2 5.2 
JEFF-3.1/ 
BOLNA 


10.5 11.6 2.3 5.5 


Target (%) 7 7 7 5 
a)


 The quoted values are not conservative (see the corresponding text). 
 
(2) An exception is that the uncertainty of the Doppler 


constant nearly meets the target requirements at least in the 
specific case of the studied fresh fuel composition. This is 
mainly the expected consequence of low uncertainties 
associated with the capture cross-section of 238U, which are 
indeed found smaller than uncertainties attributed to the 
inelastic scattering cross-section. 


(3) The three libraries used, i.e. JEF-2.2, ERALIB-1 
and JEFF-3.1/BOLNA, lead to different results. 


(4) By comparing JEFF-3.1/BOLNA with JEF-2.2, the 
lower uncertainty of the void effect is primarily resulting 
from smaller 23Na values, mainly due to inelastic scattering 
and to a lesser extent also to the elastic scattering cross-
section. Whereas other important uncertainties due to 239Pu 
and 240Pu (all reactions) are also smaller, the JEFF-
3.1/BOLNA uncertainties resulting from 238U inelastic 
scattering, 241Pu fission and production, as well as 16O 
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elastic scattering, a bit surprisingly are larger than the 
corresponding unadjusted JEF-2.2 values, in most cases. 
This is also reflected in the somewhat larger uncertainty 
observed for keff, since the sodium contribution is not 
dominant, in this case, 238U and oxygen being more 
important in relative terms (see Table VII). 


 
(5) The first finding under (4) indicates reductions in 


BOLNA of the original sodium correlations. These 
reductions could clearly be achieved by the latest 
concentrated efforts in various nuclear data working 
parties.4 However, even by excluding the sodium 
contribution the residual JEFF-3.1/BOLNA uncertainty still 
would be larger than the assumed target value of 7% for the 
void effect, and this despite a priori underestimations in 
BOLNA of uncertainties for 239Pu, 238U and 235U, since 
correlations of differential measurements were not taken 
into account for these nuclides. 


 
The fact that requirements are not met and specific 


correlation data leads to identifiable trends indicates that 
the present uncertainties on nuclear data should be further 
studied. Particularly important for optimized designs of 
Generation IV SFR cores appear, obviously besides 23Na 
inelastic and elastic scattering, inelastic scattering of 238U, 
fission and production of the various Pu isotopes, as well as 
elastic scattering of oxygen. 


 
It is also recommended to repeat similar calculations 


for burned fuels with different Pu contents, and also in the 
limit of equilibrium cycle compositions, in order to assess 
the impact of the Pu vector and minor actinides on a priori 
expected uncertainty increases. Thereby, the use of more 
comprehensive and consistent correlation data sets such as 
those being currently prepared in the framework of the 
Advanced Fuel Cycle Initiative (AFCI) would certainly be 
beneficial, also in view of the additional data for minor 
actinides and explicit fission products being needed. 


 
Last but not least, this study has also underlined more 


urgent needs of additional correlation data for angular 
distributions and delayed neutrons. 
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Abstract – Software used in safety system in nuclear I&C (Instrument & Control) is generally 
required high dependability. High dependability is one of the very important issue facing the 
nuclear I&C system. Software testing and V&V (Verification and Validation) activities are 
important for assuring high software dependability. If we can predict the risky modules of safety-
critical software, we can focus testing activities and regulation activities more efficiently. In this 
paper, we propose a prediction technique to estimate risky software modules by adopting machine 
learning technique based on software complexity metrics. We will predict risky software modules 
which can be useful and practical for software testing, V&V, and activities for regulatory reviews. 
The proposed approach is empirically evaluated using data sets of NASA software projects, CM1 
and PC1.  


 
 
 
 


I. INTRODUCTION 
 
With the rapid development of digital computer and 


information processing technologies, nuclear I&C system 
which needs safety-critical function has adopted digital 
technologies. Software used in safety-critical system must 
have high dependability. High dependability is one of the 
very important issue facing the nuclear I&C system. 
Dependability can have several important attributes such as 
safety, reliability, security, etc. Safety and reliability are 
tightly related to software failures which are caused by 
faults. So, software testing and V&V activities are very 
important for assuring high software dependability.  


If we can predict the risky modules of safety-critical 
software, we can focus on testing and regulation activities 
more efficiently. Many faults of the software systems occur 
in only a few of software components, so software 
verification and validation activities should focus on 
identifying and eliminating the high risky problems which 
can be met during the software project 1. 


The terms, failure, error and fault are easily confusable 
and it is necessary to clarify the meanings. A failure is the 
inability of a system or component to perform its required 
function within specified performance requirements. An 
error is a human action that results in a software product 
that contains a fault. A fault is an incorrect step, process, or 


data definition in a computer program2. It is cause of errors 
and changes active state and inactive state by turns.  


Software complexity metrics are closely related to the 
distribution of faults in program modules. Researchers have 
been trying to identify metrics to measure software 
complexity since the early seventies3. However, none of the 
metrics defined so far can fully capture all aspect of 
software complexity and fault distribution. Researchers 
recognized that sets of metrics can capture software 
complexity better than any metrics alone4. 


In this paper, we present a prediction model of risky 
modules during early software lifecycle using various 
machine learning techniques and software complexity 
metrics.  


 
II. RELATED RESEARCH AND BACKGROUND 


 
II.A. Overview of Prediction Techniques 


 
Large numbers of machine learning models have been 


developed and applied to predict faults in software. In this 
section, we describe overview of some of machine learning 
algorithm including support vector machine, naïve Bayesian 
and k-Nearest Neighbor.  


 
II.A.1 Support Vector Machine (SVM) 
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Support Vector Machines introduced by Vapnik5-7. 


SVMs use structural risk minimization principle (SRM) for 
minimizing generalization error and they can generalize 
the high dimensional feature spaces using small training 
sample data.  


Fig. 1 shows the linear separation of two classes by 
SVM in two-dimensional spaces. The hyperplane 
corresponding to 0=+⋅ bxw  is the optimal hyperplane. 
The distance between 1=+⋅ bxw  and 1−=+⋅ bxw  is the 
margin. The optimal hyperplane corresponds to the one that 
minimizes the training error and has the maximal margin. If 
the data are linearly separable, the separating hyperplane 
that creates the maximum distance between the plane and 
the nearest data is the optimal separating hyperplane.  


The optimal hyperplane is required to satisfy the 
following constrained minimization as 


 
  
                                                                                    (1)                           
 
s.t.  
 


where  ),x( ii y  is the training set, and l is the number 
of training set. In order to generalize to the case where the 
input spaces cannot separate the two classes properly, a 
hyperplane is established in high dimensional feature space 
and the nonlinear classification is replaced by a linear 
classification problem. If the dimensionality of the new 
feature space is sufficiently high, the data will always be 
linearly separable. For supporting nonlinear mapping into 
feature space, the kernel function is used. The kernel 
function )x,x( jiK is defined as follows: 


                                              
                                                                                          
(2)  
 


The most common kernel functions are linear, 
polynomial, radial basis, and sigmoid 5.  


 
These kernel functions are as followed: 
 


Linear  :                                                                            (3) 
 
Polynomial:                                                                      (4)                             
 
Radial basis:                                                                     (5) 
(RBF)                                                                             
Sigmoid:                                                                           (6)   
(MLP)                          
 


 
Fig. 1. Basic concept of a SVM  


 
 


II.A.2 Naïve Bayesian Classification 
 


Bayesian classifiers are statistical classifiers. They can 
predict class membership probabilities, such as probability 
that a given data belongs to a particular class. Bayesian 
classification is based on Bayesian’s theorem. One highly 
practical Bayesian learning method is the Naïve Bayesian 
learner, often called the Naïve Bayesian classifier. 
Bayesian classifier also exhibited high accuracy and speed 
when applied to large datasets. Naïve Bayesian classifiers 
assume that the effect of an attribute value on a given class 
is independent of the values of the other attributes 8.  


The naïve Bayesian classifier is based on the 
simplifying assumption that the attribute values are 
conditionally independent given the target value. In other 
words, the assumption is that given the target value of the 
instance, the probability of observing the conjunction a1, 
a2… an is just the product of the probabilities for the 
individual attributes: P(a1, a2… an | vj) = ∏i P( ai | vj). 
Substituting this into Equation (7), we have the approach 
used by the naïve Bayes classifier. 


 
  
                                                                                  (7) 


 
 


II.A.3 k-Nearest Neighbor 
 


The classification methods discussed previous—
support vector machines and Naïve Bayesian 
classification—are all eager learners. Eager learners 
construct a generalization model before receiving new test 
data to classify. Otherwise, lazy learner simply stores 
training data set and waits until it is given a test data. Only 
when it sees the test data does it perform generalization in 
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order to classify the data based on its similarity to the 
stored training data set 9.  


The k-nearest neighbor method is the example of the 
lazy learner. It was first described in the early 1950.  
Nearest neighbor classifiers are based on learning by 
comparing a given test data with training data sets that are 
similar to it. When a given an unknown data, a k-nearest 
neighbor classifier searches the pattern space for the k 
training data that are closest to the unknown data. The k 
training data are the k “nearest neighbors” of the unknown 
data. Nearest neighbor classifiers use distance-based 
comparisons that intrinsically assign equal weight to each 
attribute. 


 
II.B. Relationships between software metrics and 


software faults 
 
Software complexity metrics, such as the number of 


lines of code, have been used as indicators of fault-
proneness. There have been many researches for searching 
relationships between software metrics and software faults. 
There are two categories for estimating software faults 
using software metrics. One is using statistical techniques 
and the other is using machine learning. The models which 
using statistical classification techniques are Discriminant 
Analysis10 and Factor Analysis11 and which the ones using 
machine learning classification techniques are decision 
trees12, artificial neural networks13, support vector 
machines14, etc. Many parts of these researches have 
treated finding the subset of the software metrics that are 
most likely to predict the existence of faults. But, 
relationships between software metrics and fault-proneness 
are often complex. TABLE I shows some of the software 
complexity metrics. 


 
II.C. Selection of input variables 


 
There are many software complexity metrics that have 


been developed for the purpose of evaluating software 
complexity. The selection of software metrics which will 
be used input variables is very important for the 
performance of prediction model. There is a phenomenon 
in which performance degrades as the number of inputs 
increases 15,16. Dimensionality reduction techniques have 
been used for better prediction model. One of the most 
common methods for dimensionality reduction is Principal 
Components Analysis (PCA)17. Many software metrics 
have a high correlation with each other. PCA transforms 
raw data into variables that are not correlated to each other. 
PCA is very useful, but its weak point is the difficulty of 
the instructive understanding about induced dimensions.  


 Another method for dimension reduction is sensitivity 
analysis 18. Sensitivity analysis methods estimate the rate 
of change in the output of a model as a result of varying 


the input values. The  estimated  values  can  be  used to 
decide  


TABLE  I 


Examples of software complexity metrics 


 
SOFTWARE 
METRICES DESCRIPTION 


LOC Total number of lines 
LOCc Number of comment-only lines 
LOCb Number of blank lines 


LOCcc Number of lines of code and 
comment 


DC(m) McCabe’s design complexity 
CC(m) McCabe’s Cyclomatic Complexity 
PD(h) Halstead’s program difficulty 
PL(h) Halstead’s program length 
V(h) Halstead’s volumn 
BR Number of branches 
Opr Number of unique operands 


Severity Level Severity level 
(from requirement specification) 


 
which value will be selected. But, in case of using 
sensitivity analysis, it is possible to have a set of highly 
related complexity metrics. The sensitivity analysis method 
which is used in Gondra’s research19 analyzes the 
criticality of each input variable. Elish used selection 
method based on correlation among input variables20. It is 
called the correlation based feature selection technique 
(CFS) 21. All combinations of input variables are used for 
selecting best choice of the estimating results. 
 


 
III. METHODOLOGY 


 
III.A. Definition of Risk level 


 
In our research, we predict the risky modules using 


software complexity metrics. The modules predicted as high 
risk level will be called high risky modules. Severity level 
of the module quantifies the impact of a fault on system’s 
functionality. The risk level of software module m is 
defined as follows: 


              
(8) 


                   
TABLE II shows the relationship between risk level 


and risky module. The value of α is related to the number 
of fault and severity level of each module. 


 
TABLE II 


Estimated risk level 


Risk_Levelm Estimated Risk Level 


Risk_Levelm =     
Severity_Levelm * (1+Fault_Countm) 
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Risk_Levelm   ≥  α High Risky Module 
Risk_Levelm  <  α Low Risky Module 


III.B. Basic process of prediction of risky modules 
 


Fig. 2 shows the basic process for classifying risky 
software modules. First, we must select training datasets 
according to the characteristics of target application. 


In step 1, we must be familiar with target application. 
We should observe the valuable information which is 
needed to selecting the training data set and input variables. 
Using the results of the step 1, we should select training 
data set for estimating. We can use methodologies, 
developing language, tools, size, and environments for 
selection policy. The characteristics of the application 
having the training data set and the target application 
should be similar or the same.  After selecting SVM tools, 
kernel and relative parameters, execute the SVM learner 
with the selected training data set. Using the model 
resulted in step 3, classify the modules of the target 
application. We can consider that the modules classified to 
high risky are more risky than others relatively. We expect 
that the results can be useful and practical for software 
testing, V&V, and activities for regulatory reviews.  


For getting best performance, it is important to select 
training datasets according to the characteristics of target 
application. Characteristics of applications are metho-
dologies, languages, program size, operating environments, 
and etc.  


 
III.C. Sensitivity analysis and correlation coefficients 


 
Previously speaking, both PCA and sensitivity analysis 


have some weak points for risky module classification. We 
use sensitivity analysis for recall values and correlation 
coefficients of complexity metrics. Original data will be 
normalized for calculating the sensitivity value. For safety 
critical software, recall value is very important because 
safety of the software is highly related to the risky modules.  


After executing sensitivity analysis, we can get the 
average sensitivity of complexity metrics in decreasing 
order. First, we can choose the metric which have the 
biggest sensitivity. Next, we choose the next biggest one if 
the correlation coefficient between it and pre-selected 
metrics is not over the threshold β.  


If the correlation coefficient is close +1 or -1, the 
linear dependency between two variables is large. If the 
variables are independent, correlation coefficient is 0. 


 
III.D. Measurements of performance 


 
Confusion matrix is used for estimating prediction 


performance. Confusion matrix contains information about 
actual and predicted classification done by machine 
learning algorithm.  


The entries in the confusion matrix have the following 
meaning in the context of our study: 


 


 
Fig. 2. Basic Process for Predicting Risky Software Modules 
 


 
TABLE III 


Confusion matrix 
 


 Predicted 
Low Risky High Risky 


Actual Low Risky TN FP 
High Risky FN TP 


 
 
 TN is the number of correct predictions that an 


instance is low risky,  
 FP is the number of incorrect prediction that an 


instance is high risky, 
 FN is the number of incorrect predictions that an 


instance low risky, and 
 TP is the number of correct predictions that an 


instance is high risky. 
 


The accuracy (A) is the proportion of the total number 
of predictions that were correct. It is calculated using the 
equation: 
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FNFPTNTP
TNTP


+++
+


=)Accuracy(A                         (9)                                                             


 
The precision (P) is the proportion of the predicted 


high risky modules that were correct, as calculated using 
the equation: 


 


FPTP
TPP
+


=)(Precision                                             (10)                                                                               


 
 The recall (R) is the proportion of high risky modules 


that were correctly identified, as calculated using the 
equation: 


 


FNTP
TPR
+


=)(Recall                                               (11) 


 
The F1 is composite measure which precision (P) and 


recall(R) are equally considered, as calculated using the 
equation: 


 


RecallPrecision
RecallPrecision21


+
∗∗


=F                                      (12) 


 
 


IV. EXPERIMENT 
 


 IV.A. Datasets and Experiment Environment 
 
Two NASA datasets which can be acquired from 


NASA IV&V Facility Metrics Data Program (MDP) are 
used for this study 22. The used two datasets were CM1 and 
PC1. CM1 is the NASA spacecraft instrument software 
consisting of 20KLOC. PC1 is the flight software for an 
earth orbiting satellite consisting of 40KLOC. Both are 
written in C language. Each dataset includes the 
information about complexity metrics including the 
severity level of requirements which is represented from 1 
to 3. Selection of input variable using sensitivity analysis 
and correlation between complexity metrics is executed. 
The sensitivity of recall value over the entire normalized 
data set is calculated. SVM with RBF kernel is used for 
evaluating. We chose 10 variables: maintenance severity, 
Halstead content, severity level, normalized cyclomatic 
complexity, LOC code and comment, essential density, 
parameter count, halstead level, pathological complexity 
and design density. The threshold for determining 
dependency between two variables is fixed to β (i.e.,  0.8).  


The reduced data set is used to implement an SVM-
based risky module prediction model. We use 5-folder 
cross validation for preventing overfitting. The reduced 
datasets are shuffled and normalized before classification 
for enhancing performance 


 
IV.A. Result Analysis 
 
One of the goals of this paper is to experimentally 


evaluate how machine learning methods can be used for 
classifying software risky modules. SVM achieves 
significantly higher accuracy, precision and F1 except 
recall than other models. There is a trade-off between 
precision and recall, but the F1 measure considers equally 
them. When we consider F1 measure, the experimental 
results show the superior performance of SVMs. Also, 
SVM with RBF kernel achieves higher accuracy, precision, 
recall and F1 than other kernels.  


 
 


TABLE  IV 
Performance of various machine learning methods 


 
Data Set Algorithm Accuracy Precision Recall F1 


CM1 
SVM 0.952 0.988 0.776 0.867 


kNN (k=3) 0.933 0.914 0.757 0.826 
Naïve Bayesian 0.885 0.749 0.787 0.768 


PC1 
SVM 0.952 0.962 0.734 0.827 


kNN(k=3) 0.942 0.863 0.737 0.795 
Naïve Bayesian 0.933  0.796 0.743 0.767 


 
 


TABLE  V 
Performance of various kernel functions with SVM  


(α = 2) 


Data Set Kernel 
Type Accuracy Precision Recall F1 


CM1 
RBF 0.952 0.988 0.776 0.867 


POLYNOMIAL 0.924 0.920 0.694 0.785 
SIGMOID 0.907 0.886 0.613 0.720 


PC1 
RBF 0.952 0.962 0.734 0.827 


POLYNOMIAL 0.934 0.877 0.665 0.755 
SIGMOID 0.929  0.893 0.612 0.720 


 


V. CONCLUSIONS 
 
Software safety and reliability are most important 


among dependability attributes particularly for nuclear 
safety-critical software. Toward achieving improved 
software dependency, software testing and V&V 
(Verification & Validation) are very important tasks.  


In this paper, we predicted the high risky software 
modules which can be used for deep software testing and 
V&V. We used sensitivity analysis for recall values and 
correlation coefficients of complexity metrics. The main 
advantage of this approach is that the use of selected 
metrics is intuitive. Reduction of the correlation between 
software metrics is another advantage. Selected metrics 
also can be used for enhancing software dependability 
during overall software lifecycle. 
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The basic technique we have developed in this study 
relates to the classification problem, where we classify 
risky software modules using observed meaningful 
predictors in terms of the number of errors that these 
modules might contain and the severity levels that are 
assigned by the developer during requirement phase. 
Software complexity metrics would be useful as numerical 
measures which may be obtained prior to the test and 
verification of a program.  


The empirical study is performed using software 
metrics data of two NASA software projects; CM1 and 
PC1. It is shown that the performance of SVMs is superior 
with other machine learning algorithms. Also, we found 
that the RBF is very significant for classifying software 
risky modules.  


We expect that the results can be useful and practical 
for software testing, V&V, and activities for regulatory 
reviews. Some practical directions for future research 
include performing with the various parameters of machine 
learning algorithms for improving performance. For 
improving the practicality of proposed method, we will 
have to investigate other datasets including the nuclear 
sector. 
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Abstract – The problem of minimising the number of unplanned outages for nuclear power 
stations is receiving continuing attention as operators endeavour to maximise generation. 
Equipment Health Management (EHM), is commonly employed by operators of large plant 
installations in order to detect developing failures and allow mitigating action to be taken prior to 
the plant tripping. This paper presents an a posteriori analysis of the electrical failure of a 
condensate pump motor stator at a nuclear power station. Limited pump operating data, recorded 
by the existing plant computer, are processed using three well known EHM techniques. It is 
shown that, using a model of normality, deterioration in the stator condition could have been 
observed before the final failure, allowing the operator to undertake preventative maintenance. 
This EHM could have been implemented with minimal capital expenditure using the existing plant 
monitoring system and without the installation of any EHM specific instrumentation. 


 
 


I. INTRODUCTION 
 


Equipment Health Management (EHM) is a set of 
techniques that allow the early detection of potential 
failure, so that remedial action is practical and efficient. 
EHM, as supplied by Rolls-Royce subsidiary company 
OSyS, uses sensor data from operating assets to compare 
against signals recorded during ‘normal operation’. 
Deviations from normality are classified as either benign 
or potential failures.  Potential failures are then alerted 
with a description of the consequences to maintainers or 
operators [1].  


The service has been a considerable success in the 
civil aerospace and energy markets leading to savings for 
Rolls-Royce customers worth many times the investment. 
As an indication, Rolls-Royce Energy has realized more 
than $50 million in savings, including increased 
availability of their equipment to end-users. In one 
instance, a Rolls-Royce customer saved approximately $4 
million by acting on an alert that resulted from OSyS’ 
monitoring solution [2].  


In the nuclear industry, condition based monitoring 
and preventative maintenance have been identified as 
growth markets by both the UK Technology Strategy 
Board [3] and Rolls-Royce, with the potential to improve 
plant availability, plant safety, plant ageing management, 
equipment performance and reduce costs [4,5]. Rolls-
Royce is developing an EHM service for both current and 


new-build nuclear installations, built on 25 years of EHM 
experience and more than 50 years of nuclear design & 
manufacture experience.  


This paper presents a study of a historic pump failure 
event in a nuclear installation where limited data was 
available from existing plant instrumentation. The merits 
of three well known EHM techniques are discussed. The 
study demonstrates that, even without the costly addition 
of further plant instrumentation, reliable equipment health 
information could have been derived. Had such 
information been available before the pump failure, it is 
likely that the plant operator could have anticipated the 
failure and taken mitigating action.  
 


II. EQUIPMENT FAILURE SEQUENCE 
 
The data during a condensate pump stator burnout 


event for a base loaded nuclear power plant was made 
available to Rolls-Royce. Two induction motors were used 
to drive condensate pumps, pumping water from the 
condensers to the feedwater heaters and pumps. A third 
redundant pump was maintained in cold standby.  


The failure event, illustrated in Fig. 1, occurred when 
pumps B and C were on duty with Pump A on standby. The 
stator of Motor B burnt out causing Pump B to trip and the 
standby pump A to start. In this case the discharge valve 
for Pump A failed to open which lead to a reactor trip.  
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Fig. 1. Condensate pumps run in continuous duty cycle in a group 
of two, with one pump maintained in standby.  
 


A common failure mechanism of induction motors is 
the gradual degradation of insulation surrounding the 
copper wires in the field windings. As insulation breaks 
down partial shorts are created and electrical discharges 
accelerate the insulation breakdown. Localised areas of 
insulation then fail creating short circuits between winding 
coils or shorts to earth. Hot spots develop as current flows 
in the affected areas eventually leading to burn out of the 
whole winding [6]. Once the insulation begins to break 
down failure is inevitable, the only mitigation being to re-
wind the stator. 


 At the time of failure, a programme had been 
initiated to re-wind the stators for those motors 
approaching the end of their useful life. Deterioration of 
winding insulation is an inevitable process, therefore an 
EHM system that can provide forewarning of imminent 
failure is desirable, allowing proactive actions to be taken 
to avoid the consequences of failure. 
 


III. SUPPLIED DATA 
 
The supplied data, presented in Table I., was recorded 


every hour using existing plant instrumentation. No EHM 
service was in place at the time of failure. The data 
required pre-processing whereby sensor errors were 
removed and pump operating regimes were identified by 
considering the pump discharge flow data f. This is 
illustrated in Table II. 


As a stator generates a rotating magnetic field when 
an AC current is passed through it, the best parameter for 
characterizing the health of a stator would be an AC related 
parameter such as electric current. Unfortunately stator 
temperature (Ts) was the only variable directly related to the 
stator condition in the data supplied to Rolls-Royce.  


Lack of suitable data is a common problem 
encountered when performing EHM assessments. Often, 
the most relevant variables are not monitored, the sampling 
frequency is too low to be useful or historic data which 
could be used for model training is not available. 
 


TABLE I 


Summary of monitored variables supplied to Rolls-Royce over 
the time of the failure event for the condensate pumps motors.  


Variable Abbreviation 
Pump discharge flow (gal/min) f 
Pump discharge pressure (psig) p 
Inbound bearing temperature (oF) Tib 
Outbound bearing temperature (oF) Tob 
Lower thrust bearing temperature (oF) Tltb 
Upper thrust bearing temperature (oF) Tutb 
Stator temperature (oC) Ts 


 
TABLE II 


Summary of operating regimes of the pumps. The failure event 
occurred on day 205 at the end of Period II. 


 
Date (days) Operating Regime 


From To 
0 82 Period I 


82 122 Plant Shutdown 
122 205 Period II 
205   205 Stator Failure 
205 416 Period III 


 
IIII. ANALYSIS TECHNIQUES 


 
The pump and motor data presented in Table I. was 


analysed using three well known EHM techniques: trend 
analysis, peer-to-peer comparison and a model of 
normality. These methods are discussed in the following 
sub-sections. 


 
IIII.A. TREND ANALYSIS 


 
One common EHM method is trend analysis, see for 


example Ref. 7, where raw equipment data is analysed for 
trends or patterns that indicate the state of health of the 
monitored asset. Alerts are generated when unexpected 
data features, such as step or ramp changes occur, or when 
the data exceeds values that are beyond predefined limits.   


Fig. 2. shows the stator temperature of Motor B over 
a period of 26 days before the failure event. The observed 
daily oscillations in Ts are caused by variations in ambient 
temperature. Between days 182 and 184 the pump was on 
standby. An increase in motor power on day 194 is 
indicated as a step increase in stator temperature and 
confirmed by the pump discharge flow data. 


While there is no stator temperature anomaly or trend 
present in the recorded data before the failure event, it is 
likely that stator temperature increased immediately prior 
to the burnout. This temperature increase was not captured 
by the data acquisition system, probably because the 
sampling frequency was too low to capture the rapid 
increase in temperature. If the stator temperature transient 
had been captured, the information would not have been 
useful as there would not have been enough warning time 
to carry out preventative maintenance and prevent the 
failure event.  
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Trend analysis was also performed using the other 
variables presented in Table 1. Again no deviation from the 
normal data was observed prior to the failure event. Trend 
analysis proved unsuitable as an EHM technique in this 
instance, giving no discernable indication of the imminent 
equipment failure, because of the level of background 
variation in the recorded data and the low sampling 
frequency. Hence more sophisticated strategies were 


investigated. 
Fig. 2. Evolution of motor stator temperature Ts for Pump B 
before stator burnout.   
 


IIII.B. PEER-TO-PEER COMPARISON 
 


Peer-to-peer analysis, whereby data from similar 
equipment is compared, was performed using the stator 
temperature data for all three pumps.  


 In order for this technique to be valid: 
• the same equipment types must have the same 


operating context and operating environment and 
• the failure mode must not be expected to be 


concurrent in both of the ‘peers’. 
This method has the following advantages: 
• environmental factors such as ambient 


temperature changes are accounted for and 
• the method does not require the use of complex 


mathematical models. 
This easily implemented technique is very effective in 


civil aerospace where engines on an airframe are known to 
be operating under the same conditions. 


Peer-to-peer analysis in the 28 days immediately prior 
to the failure event revealed a ramp decrease in the 
difference between the stator temperatures of pumps B and 
C (shown in the circled area of Fig. 3.). Taken in isolation, 
this decrease appears to be a reliable indicator of an 


imminent fault that could have been used to prevent the 
failure event.  


Further analysis of the whole dataset showed that in 
fact ramps and changes in stator residual temperature of 
much larger magnitude occurred at different times during 
the operation of the pump, illustrated in Fig. 3. Had an 
EHM system been in place these features would cloud the 
genuine failure with false alerts.  


A peer-to-peer analysis was also applied to the other 
supplied data in Table I. but no useful data features were 
observed. For this reason, peer-to-peer analysis was judged 
to be unable to provide reliable indication of imminent 
faults in this case. 


Fig. 3. Peer to peer analysis of the stator temperature difference 
as a function of time.  


 
IIII.C. MODEL OF NORMALITY 


 
A model of normality [8] aims to simulate the 


behaviour of a parameter for a ‘healthy’ asset.  This 
simulation is then compared with the measured parameter. 
In this case the predicted stator temperature generated by 
the model of normality Ts


p, is compared with the monitored 
stator temperature Ts


m. Should the difference between the 
two temperatures ΔTs increase above a threshold ΔTs


alert an 
alert will be generated. This is illustrated in Fig. 4 and 
equation (1): 


 


s
p


s
m


s TTT Δ=− .                                  (1) 


 
The function used by the model of normality to 


describe the equipment may be derived from first-
principals physical models of the equipment in question. 
Alternatively, a mathematically convenient function with 
no intrinsic link to the physics of the equipment, such as a 
polynomial, may be employed. In either case, the function 
coefficients are adjusted to give a good fit to equipment 
data under normal operating conditions. For the present 
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study, a polynomial function was employed to model the 
data. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Flow diagram of the EHM analysis of the motor stator  
temperature. 
 


IIII.C.1. UNDERSTANDING EQUIPMENT 
VARIABLES 


 
The first step in generating a model of normality is 


selecting which monitored parameters should be present in 


the model. Models which use too few parameters may not 
describe well the performance of the equipment under 
different operating conditions. Employing too many 
parameters increases the dimensionality of the problem, 
the possibility that the model may be over constrained, and 
the likelihood that the resulting fit may be poor. The 
computational resource required to perform a regression 
with many dimensions is also increased. 


 In this case, stator temperature will depend primarily 
on motor power and ambient temperature. Assuming 
constant fluid density, the shaft power P was estimated as 
proportional to the product of pump discharge flow f and 
pump discharge pressure p: 


 
fpP ∝ .                                    (2) 


 
Figure 5 shows the shaft power for each pump both 


before and after the stator failure. The power of the motors 
changed over time, probably due to the changing demands 
of the condensate system. Therefore the model should be 
capable of simulating transitory regimes. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Shaft power as a function of the elapsed time. Evidently Pump C was run at a higher power than pumps A and B and the load 
demanded of each pump changed across the dataset. 
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The stator temperature is likely to be influenced by 
the ambient temperature therefore the model of normality 
should account for changes to the ambient temperature. As 
the ambient temperature was not measured directly the 
bearing temperature data was included in the analysis as it 
is likely that the bearing temperature is independent to the 
stator burnout but influenced by ambient temperature. 


 
IIII.C.2. FITTING OF EQUIPMENT VARIABLES 


 
Before fitting can take place, the strength of 


relationships between the equipment variables should be 
evaluated by computing correlation coefficients between 
the parameters for a training dataset (data recorded during 
normal operating conditions). 


The training data, to which the coefficients of a 
model of normality are fitted, must include operating 
conditions comparable to those in which a failure is 
expected. In this case, the training data must include power 
transients rather than just steady state operation as the 
pump operated at several different powers prior to failure. 
When transient power regimes were considered there was 
a reasonable correlation between all the parameters in 
Table I. and stator temperature Ts so all supplied 
parameters were used to build the model of normality.  


For the majority of Period II Pump B was in cold 
standby, see Fig. 5. Towards the end of Period II when 
Pump B was running it was mostly running at a low power. 
Any model of normality trained on this low power data 
would have only been valid at low power and would have 
created a false alert when the motor power was increased. 
Similarly, if the model were trained using data immediately 
before the failure when the pump was running at a higher 
power, the model may have been invalid.  In this case, the 
data used to train the model may have contained the early 
indicators of failure that the system is trying to detect 
invalidating the model of normality. 


The data recorded for Pump B in Period I was 
unsuitable for use as training data, as maintenance may 
have been carried out during the plant shutdown prior to 
Period II. Similarly, data from Period III was unsuitable as 
the motor would have been re-wound following the stator 
failure. 


Consider the pressure vs. flow graph in Fig. 6. for 
Period II. Clearly pumps A and B experienced similar 
operating conditions as their data lies along the same line 
but the data for Pump C does not. Hence, the first four 
days of data for Pump A in Period II were used as training 
data to model Pump B.  


The OSyS System Control Console software (SCC) 
was used to fit a second order polynomial to the selected 
training data. Cross terms in the polynomial were 
neglected. 
 
 


 
Fig. 6. Pressure vs. flow curve over Period II for pumps A, B and 
C. Clearly, pumps A and B operate in similar regimes.  


IIII.C.3. ALERT CRITERIA 
 


There are many alert criteria that can be applied in an 
EHM system such as, an increase in one parameter coupled 
with the decrease of another, ramp changes of a certain 
magnitude and spike or step changes. For the purpose of 
this study a simple threshold was applied to ΔTs. 


The choice of threshold value ΔTs
alert will always be a 


compromise between minimising the number of false alerts 
whilst retaining a system sensitive enough to alert the 
operator of an impending failure with sufficient time to 
take mitigation action. In this study a value of six standard 
deviations of the training data was chosen by inspection to 
ensure the failure event was captured but no false alerts 
were generated: 
 


( )trainings
alert


s TT ,6 Δ=Δ σ .                       (3)  


The alerting criterion was set such that 
if alert


ss TT Δ>Δ  for three or more consecutive points then 
an alert would be generated. Three consecutive points were 
required to ensure that alerts were only generated from 
statistically significant features and not from normal data 
scatter. As the same training data was used for both the 
Motor A and Motor B models the standard deviation 
σ(ΔTs,training), of the training data was 0.5oC in both cases 
and the alarm set point ΔTs


alert was set to 3oC. 
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Fig. 7. Difference between the stator temperature predicted using a model of normality and that measured for Pump B during Period II. A 
moving average line is plotted through the data. The first alert was generated 16 days before the failure event with the majority of data 
generating alarms 12 days before the failure event. Had an EHM service been in place it would have provided a minimum 12 day grace 
period to undertake corrective maintenance to avoid the failure event.  
 


IIII.C.4 EHM ASSESSMENT USING A MODEL OF 
NORMALITY 


 
The model of normality described above was applied 


to Period II for pumps A, B and C. The following sections 
discuss this analysis and compare predicted and monitored 
stator temperatures for each pump.  
 
PUMP B 
 


 
The difference between the monitored stator 


temperature (Ts
m) and the predicted stator temperature (Ts


p) 
is shown in Fig. 7 plotted as a function of time. The alarm 
threshold is represented with a horizontal purple line. 
Pump B spent the first part of Period II on standby and was 
first used on day 180. During days 180 and 181 the 
measured stator temperature did not differ significantly 
from the temperature predicted by the model of normality, 
with ΔTs remaining close to zero. After a further standby 
period, days 181-184, Pump B was restarted again. 
Following the restart, the measured stator temperature was 
markedly higher than the model of normality predicted 
with a step increase in ΔTs close to 2.5oC.   


During a pump motor start, depending on the start-up 
procedure, the locked rotor current may be several times 


the full load current causing local heating in the stator and 
encouraging insulation degradation. One possible 
explanation of the stator failure is that at this point partial 
shorts between coils occurred with degradation increasing 
over the following 21 days resulting in the stator failure. 
Unfortunately without further information the exact cause 
of failure is unknown. 


The model generated its first alert, with three 
consecutive data points above ΔTs


alert sixteen days before 
the failure event. Four days after the first alert the pump 
load increased on day 193. While the actual stator 
temperature increased by close to 20oC (Fig. 2) as a result 
of the change in load, ΔTs remained almost unchanged. 
This indicates that the model of normality accurately 
represented the behaviour of the motor under transient 
power conditions. 


Twelve days before the failure event the bulk of the 
data was generating alerts. Table III details a timeline of 
events for Stator B immediately prior to the stator failure 
had an EHM service utilising this model of normality been 
in place.   


 Fig. 7. also illustrates the difficulty with accurate 
prognostics for failure as ΔTs does not continue to increase 
in the 12 days leading up to the failure event. As a result it 
would be difficult to judge when the failure would occur 
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once the alerts were being generated had an EHM system 
been in place. 


 
TABLE III 


 
Timeline of alerts had an EHM service been in place prior to 


Stator B failure. 
 


Day Time Event 
180 11:00 Pump B starts 
181 17:00 Pump B stops 
184 11:00 Pump B starts 
184 14:00 First residual above 3oC 
189 19:00 With 3 consecutive residuals above 3oC first 


alert generated. 
193 17:00 Increase in stator power 
193 23:00 14 consecutive data points above alarm point 


show bulk of data is alerting.  
205 21:00 Stator failure 


 
While it is evident that, had such a model been 


implemented as part of an EHM service, alerts would have 
been generated prior to the stator failure, this would not be 
useful if the model also generated alerts for equipment 
during normal operating conditions. In order to verify that 
this was the case, motors A and C were also assessed. 


 
Fig. 8. Difference between the stator temperature predicted using 
a model of normality and that measured for Pump A during 
Period II. No alerts were generated. 
 
PUMP A 
 


Fig. 8. shows the temperature difference between 
monitored stator temperature (Ts


m) and predicted stator 
temperature (Ts


p) plotted as a function of the elapsed time 
for Motor A. The alert threshold is represented by the 
horizontal purple line. Clearly, the behaviour of Stator A 
was well predicted by the model of normality with no 
alerts generated. 


 
PUMP C 
 


As the power vs. flow curve for Pump C was 
different from pumps A and B, see Fig. 6, a separate model 
of normality was required. The first four days of data for 
Pump C during Period II was used as the training data for 
this model which also resulted in a standard deviation of 
0.5oC and therefore an alarm set point ΔTs


alert of 3.0oC was 
used. 


The model was applied over a data range that 
included a step decrease in motor power that resulted in a 
decrease in stator temperature of roughly 15oC followed by 
an increase in power that corresponded to a step increase 
in stator temperature of the same value. These points 
(indicated by red arrows in Fig. 9.) do not correspond to 
any great change in the residual temperature ΔTs. This is 
further evidence that the model accurately predicts the 
behaviour of stator temperature over transient power 
conditions. As with Pump A, the temperature difference 
did not cross the alarm set point suggesting the stator 
behaved according to the model of normality. 


Fig. 9. Difference between the stator temperature predicted using 
a model of normality and that measured for Pump C during 
Period II. No alerts were generated. 


 
IV. CONCLUSION 


 
The current work presents an assessment of the health 


of three, nuclear plant, condensate pump motor stators 
following a stator burnout event. Operating data for the 
condensate pumps and their associated motors recorded by 
the plant operator was analysed a posteriori using trend 
analysis, peer-to-peer analysis and by comparison with a 
model of normality. Both trend analysis and peer-to-peer 
analysis were found to be unsuitable EHM techniques in 
this case because of the large variations in stator 
temperature during normal operation. 
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Application of a model of normality to the data for 
the failed pump was successful in detecting anomalies in 
the temperature of the degrading stator 16 days before the 
final failure of the equipment. The behaviour of the two 
healthy stators was well predicted by models of normality 
and transients in pump operation did not generate any 
spurious alerts. 


A full validation of this method will only have high 
certainty when a statistically significant number of the 
same failures indicate an acceptable variation in potential 
failure (PF) interval. Additionally this technique may have 
a further limitation based on the physical location of the 
temperature sensor. It is possible that this technique is only 
effective at predicting stator burnout if the site of the short 
in the insulation winding is in close proximity to the 
temperature sensor. For these reasons further work to 
capture failure data around similar events should be done.  


The consequences of an extended reactor shutdown 
were caused by multiple failures, 1. Stator B winding 
failure, and 2, the standby pump discharge valve failure to 
open. It is reasonable to assume that, had an active EHM 
system been in place prior to the stator failure, firm 
indications of a stator burnout (which could have been 
confirmed separately by further troubleshooting with 
thermography or current analysis) would have resulted in a 
controlled changeover of duty pumps, where the discharge 
valve failure would have been discovered without the 
consequences of a reactor trip. 


Whilst the discharge valve failure was being 
investigated and recovered, reactor power may have been 
reduced to a level commensurate with a single extraction 
pump, and if it warranted it, the whole steam turbine and 
generator unit could have been shut down if the discharge 
valve recovery involved invasive corrective maintenance.  
In either case the reactor trip and the long period of time 
reviewing the safety case could have bee avoided with 
savings in the order of hundreds of millions of dollars.  
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NOMENCLATURE 
 
f pump discharge flow,  gal/min 
P shaft power, W 
p pump discharge pressure, psig 
Tib inbound bearing temperature, oF 
Tltb lower thrust bearing temperature, oF 
Tob outbound bearing temperature, oF 
Tutb upper thrust bearing temperature, oF 
Ts stator temperature, oC 
Ts


m monitored stator temperature 
Ts


p predicted stator temperature 
ΔTs residual stator temperature, oC 
ΔTs


alert stator temperature alert threshold, oC 
ΔTs,training residual stator temperature during the training 


period, oC 
σ(x) standard deviation of x 
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Abstract –The results of existing research have revealed that maintaining good quality of 
communication is essential to secure the safety of a large and complex process system. In this 
paper, we suggested a method to measure the quality of communication during off-normal 
situation in main control room of nuclear power plants. It evaluates the cosine similarity that is a 
measure of sentence similarity between two operators by finding the cosine of the angle between 
them. To check the applicability of the method to evaluate communication quality, we compared 
the result of communication quality analysis with the result of operation performance that was 
performed by operators under simulated environment. According to the results of the 
communication quality evaluation and operating performance acquired from the comparison 
suggested in this research, it was demonstrated that operating teams with high communication 
quality showed good operating performance while operating teams with low communication 
quality had poor operating performance.  


 
 


 
I. INTRODUCTION 


 
As a result of rapid development of recent energy 


utilization, electrical technologies, and the advancement of 
construction technologies, various industrial facilities are 
getting bigger and bigger. Even though large-sized 
industrial facilities are being constructed to efficiency and 
profit creation, safety and smooth processes should be also 
guaranteed. As we saw in the case of the nuclear accidents 
of Chernobyl and TMI (Three Mile Island) Nuclear Power 
Plant, potential high risk always resides in large-sized 
industrial facilities; therefore, minimizing such risk and 
assuring maximal safety is becoming the highest priority 
[1][2].  


In various types of plants, such as power plants, 
factories which handle hazardous materials, the safety 
functions using high technical electrical equipment have 
been prepared for; however, the accurate control and 
operation are critical, for it is humans who ultimately 
determine how to control that safety equipment. Especially, 
the key factor of deciding the ability to cope with a 
situation and preventing accident depends on the 
communication quality of operators controlling the safety 
equipment under emergency situation [3]. 


If there were any way of evaluating communication 
quality quantitatively, it would be possible to establish a 


better methodology of communication between operators 
and be able to promote the human errors caused by 
improper communications. Defining a quality 
communication as having correct understanding and full 
knowledge sharing of the dialogue between operators, its 
suitability could be judged from fidelity and similarity of 
message contents coming from the dialogue. In addition, 
constant measurement of communication quality may help 
the operators prevent critical accidents from occurring by 
improving their competence in high-risk facilities. 


Therefore, i) systems and methodologies of measuring 
communication quality of conversation between operators, 
and ii) systems which can assist in preventing negligent 
accident from occurring by improving task performance 
gained from the measurement of communication quality 
are required in various industrial fields. Such a necessity 
has driven this research to develop a system which is 
capable of evaluating the communication quality by 
measuring the similarity in the content of dialogue between 
the operators working in the main control room of a 
nuclear power plant, with intent to perform 
countermeasure operations under emergency or abnormal 
situations. 


II. HOW TO EVALUATE COMMUNICATION 
QUALITY 
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The main goal of this research is to develop an 
evaluation framework which can predict the performance 
of countermeasure operations under emergency or 
abnormal situations by evaluating fidelity and 
understanding of the dialogue between operators working 
in the main control room of nuclear plant, assessing the 
similarity in the content of the dialogue generated to carry 
out the countermeasure operations under emergency or 
non-emergency situations. The essential concept to meet 
this purpose is the evaluation of dialogue contents; 
generally speaking, the similarity between sentences can 
be calculated with vectors widely used in mathematics and 
computer science, combined with evaluation logic. 


The evaluation logic of similarity is a technique which 
expresses the similarity inside sentences derived from the 
result of the calculation of the distance between each 
vector, and whose basis was well established in the area of 
mathematics and has been adapted in various fields, 
especially, computer engineering: internet search, and 
more [4]. For example, in case of searching web 
documents on internet, a user inputs a specific keyword 
into a web search engine, then the keyword and the search 
engine perform the similarity calculation related to the 
indexed results of various documents on the web space, 
and the documents with a high correlation to the keyword 
are selected and displayed as the results of the search. In 
this case, the documents with a high correlation to the 
keyword are arranged preferentially, following the result of 
evaluation of similarity using the similarity calculation 
technique. 


The following equation represents an operator’s 
sentence similarity estimating method using the concept of 
cosine similarity at a vector space model [5]. 


 
 


 
 


 
(1) 


 
 


 
 
 
Here, d and q mean the dialogue sentences exchanged 


between each operator. 
 
This research has been conducted to apply the 


similarity evaluation logic to the evaluation of the 
similarity, based on the dialogue messages produced from 
the operators working in a main control room of a nuclear 
power plant. 


Fig.1 shows an example of the similarity evaluation of 
dialogue between two operators (a senior reactor operator 
(SRO) and a reactor operator (RO)), calculated by the 


similarity evaluation technique using cosine similarity. The 
messages exchanged between two operators are the 
contents of dialogue: the response of the deputy manager 
of the power plant (RO) upon the command of his team 
leader (SRO). Separating morphemes (index keywords) 
from each sentence for the evaluation of the similarity of 
dialogue messages, they will be extracted as sentence 1, 
sentence 2, etc. Once extracted, each morpheme index is 
expressed as a vector space, and the vector of each 
morpheme is attained, then vector 1, vector 2 are extracted 
as shown in Fig.1, and, if the distance between the vectors 
is calculated using the formula of cosine similarity, one 
will see that the result of the calculation shows 0.6708204, 
that is, 67.1% of the similarity of dialogue sentences. 


 
 


 


Fig. 1 Example of communication quality evaluation 
using cosine similarity 


 
The above example is the case of evaluating similarity 


of dialogue sentences in respect of the unit task. The 
evaluation of communication quality of entire operating 
team under emergency or abnormal situations should be 
treated statistically after integrating the evaluation results 
of the communication quality of each operator in respect of 
each unit task with entire duties. 


Now that the countermeasure duty under emergency 
or abnormal situations is composed of detailed unit tasks 
among the operators in charge who have to deal with given 
problems, the statistical processing should be carried out 
after integrating the evaluation results of communication 
quality of the operators corresponding to each unit task. 


 
III. DEVELOPMENT OF A METHOD TO 


EVALUATE COMMUNIATION QUALITY OF 
OPERATOR 
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III.A. communication quality evaluation framework 
 


 
The main purpose of this research is to develop a 


framework which can evaluate the communication quality 
of operators by measuring the similarity of dialogues 
between operators. 


Fig.2 explains how the communication quality 
evaluation is carried out: statistical treatment of the 
evaluation results in respect of all duties will be performed 
after collecting data, processing data, and evaluating the 
similarity of dialogue sentences per unit task after 
separating the processed data from each unit task. 


 
 


III.B. Developing a method to evaluate 
communication quality 


 
 
 


The procedure to evaluate the communication quality 
between operators consists in 4 major steps as follows: 


 


The first step is a preparation phase to carry out the 
practical evaluation of communication quality by obtaining 
the dialogue data between operators, which is largely 
composed of the following steps: i) recording experimental 
data, ii) transcription, iii) classification of messages 
(duration of dialogue, speaker, message type, content of 
message) 


The second step is an evaluation phase of sentence 
similarity by dint of sentence morpheme separation which 
is the first step of the similarity evaluation of dialogue 
between operators.  


The third step is the second phase of similarity 
evaluation of dialogue, which is the similarity evaluation 
phase through the expansion of sentence synonym. 


The fourth step is a statistical treatment of the 
evaluation results of dialogue similarity between the 
operators gained from the second and the third steps in 
order to accomplish the final similarity. 


 
 
 
 


 
 


 
Fig. 2 Communication Quality Evaluation Frameworks 


 
 
The following Fig.3 represents the detailed 


configuration of the sentence similarity system organized 
step by step. 
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Fig. 3 Detailed configuration of the sentence similarity 
system organized step by step 


 
The detailed procedures for each step are as follows: 
 
A. Obtaining dialogue data 
 
The classification of messages will be carried out for 


the evaluation of similarity after completing a transcription 
with acquired experimental data in the following sequence: 


1) Obtain experimental data. The data is to be obtained 
from experiments of abnormal/emergency situations by 
videotaping and voice-recording. 


2) Transcribe dialogue. The important items of the 
transcription are speaker, start time and end time, and 
content of dialogue. 


3) Break down all duties into unit duties sorted by 
content and speaker after itemizing the message types 
following the content of dialogue messages.  


4) Perform similarity evaluation of the dialogue in the 
following the second and the third steps per each unit task, 
and then repeat it, targeting all duties. 


 
 
B. Similarity evaluation of sentences by itemizing 


sentence morphemes 
 
The similarity evaluation of sentences by itemizing 


sentence morphemes will be carried out in the following 
order: 


1) Prepare the transcription data obtained from the 
first step in the original form and operators, and then 
classify it by the unit dialogue of operator. 


2) Separate dialogue messages of each operator from 
the transcription. Separation of morphemes is classified as 
the minimal unit of morphological level which assigns the 
semantic functions to the content of a sentence. 


3) Merge the morphemes separated from the above 
stage per each speaker. In short, merge the content of 


dialogue of each speaker from the content of dialogue 
which represents the unit task. 


4) Calculate similarity among the sentences of the 
merged set of sentences using similarity calculation logic 
per each speaker. 


 
 


 


Fig. 4 An example of similarity evaluation (morpheme 
analysis and similarity evaluation) 


What appears in the Fig.4 is the result of calculation 
produced from the computational module developed in this 
research after arranging the morphemes separated from 
analyzing morphemes of the original copy of the 
transcription per each speaker (operator). 


 
 
C. Sentence similarity evaluation through semantic 


expansion 
 
Semantic evaluation means a method of evaluating the 


similarity among sentences by expanding morphemes to 
make them suitable for real dialogue. Semantic expansion 
is an evaluation method of assuming and evaluating that a 
meaning was conveyed by expansion based on the 
meaning of dialogue, and expansion of synonym. 


For instance, in case operator 2 answered, "Yes, I 
understand." upon the command of operator 1 "Close the 
valve number 30.", the keywords 'close', 'valve', '30' from  
operator 1 and 'Yes' from operator 2 will be separated as 
morphemes. However, at this stage of semantic expansion, 
the meaning of operator 2's answer is expandable, the 
original message, "Yes, I understand." can be expanded to 
"Yes, I will close the valve number 30" under the 
assumption of understanding for the command of operator 
1; separating to 'close', 'valve', '30' and 'close', 'valve', '30' 
after morphemes were separated. In this case, the result 
sentence similarity without semantic expansion is 0% but 
the result of sentence similarity with semantic expansion 
should be 100%. 
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The detailed procedures for the similarity evaluation 
by semantic expansion of dialogue sentence are as follows: 


 
1) Prepare for the transcription data acquired from the 


first stage in the form of operator and the original copy, 
and then classify it by unit dialogue. 


2) Perform the semantic expansion and morpheme 
analysis after dividing them into the following two steps: 


2-1) Perform the semantic expansion by synonym on 
the dialogue messages of each operator in the transcription. 


2-2) Separate the expanded meaning of each operator's 
dialogue messages with the unit of morpheme.  


3) At the above stage, merge the separated morphemes 
per each speaker. That is, merge the dialogue which 
represents the unit task with the dialogue produced by each 
speaker. 


4) Calculate the sentence similarity of the semantic set 
merged per each speaker using the similarity calculation 
logic.  


 
 Fig.5 shows an example of synonym expansion 


resulting from the analysis of semantic expansion as the 
result of morpheme analysis of the original dialogue 
between operators. 


 


 


Fig. 5 An example of processing morphemes and 
semantic expansion 


 
D. Statistical processing of similarity evaluation 


results 
 
As shown in the result of sentence similarity 


calculation on the unit task from the second stage and the 
third stage, the result of dialogue similarity evaluation 
from the second stage and the evaluation result of meaning 
expansion sentence dialogue from the third stage are 
different from each other even in the same dialogue 
content. 


The statistical treatment of the result of the similarity 
evaluation from the fourth stage is the stage i) to distribute 
the evaluation result of these unit duties by statistical 
treatment ii) and to compensate and treat statistically two 


similarity evaluation results according to the decision of 
experts. 


As shown in the Fig. 6, the final task similarity is the 
statistical treatment of the similarity evaluation results on 
several unit tasks, and the statistical treatment procedure 
for the calculation of the final task similarity is as follows: 


1) After arranging the evaluation results of unit task 
similarity, calculate the total number of morphemes used 
for the analysis. 


2) Divide the unit task similarity (morpheme) by total 
number of words (morpheme), and then calculate the unit 
task similarity (morpheme) proportional to all duties. 


3) Aggregate the value of the calculated unit task 
similarity, and then decide the final value of unit task 
similarity gained from the morpheme analysis. 


4) Arrange the evaluation results of the unit task 
similarity obtained from the semantic expansion, and then 
calculate the total number of words used for the analysis of 
semantic expansion. 


5) After dividing the unit task similarity by the total 
number of words, calculate the unit task similarity 
(expansion) proportional to all duties. 


6) Aggregate the calculated unit task similarity 
(expansion), then decide the final value of the task 
similarity(expansion) acquired from the analysis of 
semantic expansion. 


7) Decide a compensation value(f) decided by experts. 
The compensation value lies between 0 and 1; in case of 
putting more emphasis on the result of morpheme analysis, 
set the value close to 1; however, in case of putting more 
emphasis on the result of semantic expansion analysis, set 
the value close to 0. 


8) Calculate the evaluation results of the final task 
similarity, use the following formula. 


 
 


 (2) 
 


 
 


III.C. Evaluation of communication quality and 
analysis of the result 


 
To check the applicability of the communication 


quality evaluation framework, we compared the result of a 
communication quality analysis and the result of the 
performance of operators under a simulated environment. 
In the training center of the reference NPP, a full scope 
simulator is installed.  


Transcript


Operator Content (Sentence)


기계부 터빈과장님 나오세요.


TO 네 TO입니다.


기계부 네 기계부인데요.


TO 네


기계부
지금 에젝터 쪽 작업은 저희들이 진공
펌프쪽, 이후에 그쪽을 라인업을 아웃
서비스 시켜주면


TO 네


기계부 저희들이 작업을 하도록 하겠습니다.


TO 네 알겠습니다.


기계부 네 그리고 저기 출력감발은 안가나요?


TO 출력감발이요?


기계부
너무 늦으면은 아마 늦는만큼 SBCS가
블락되는 확률이 높을텐데,.


TO 네, 그거 확인한번 해보겠습니다.


기계부 네


1. Morpheme


터빈과장


네, TO


네, 기계부


네


에젝터, 작업, 진공펌프, 라인업, 
아웃서비스


네


작업예정


네, 알겠습니다.


출력감발?


출력감발?


지체, SBCS, 블락, 확률, 높아
짐


네, 확인


네


2. Semantic Expansion


TO


네, TO


네, 기계부


기계부


에젝터, 작업, 진공펌프, 라인업, 아
웃서비스


에젝터, 작업, 진공펌프, 라인업, 아
웃서비스


작업예정


작업예정


출력감발?


출력감발?


지체, SBCS, 블락, 확률, 높아짐


지체, SBCS, 블락, 확률, 높아짐, 
확인


확인


Step 1 Step 2
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Sentence Similarity Phase-2 
(Semantic Expansion)


Sentence Similarity Phase-1 (morpheme)
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Unit Task 
(1)


Unit Task 
(3)


Unit Task  
( i )


Unit Task 
(2)


Operator Message
Contents


A * *
C * * *
A * *


Operator Message
Contents


C * *
D * *
C * * *
D * * * * *
C * * *
D * *


Operator Message
Contents


A * * *
B * *
A * * *
B *


Operator Message
Contents


B * * * *
D * * * * * 
B * * *
D *


Similarity
(1)


Similarity
(2)


Similarity
(3)


Similarity
( i )


# of words for 
Unit Task


n(i) (morpheme)
m(i) (Semantic 


Expansion)


# of words for 
Whole Task


N  (morpheme)
M  (Semantic 
Expansion)


X n(1) / M =
Unit Task
Similarity 


(1)


X n(2) / M =
Unit Task
Similarity


(2)


X n(3) / M =
Unit Task
Similarity


(3)


X n(i) / M =
Unit Task
Similarity


( i )


Task Similarity
(by morpheme)


+


+


+


=


Similarity
(1)


Similarity
(2)


Similarity
(3)


Similarity
( i )


X m(1) / M =
Unit Task
Similarity 


(1)


X m(2) / M =
Unit Task
Similarity


(2)


X m(3) / M =
Unit Task
Similarity


(3)


X m(i) / M =
Unit Task
Similarity


( i )


+


+


+


=


Task Similarity
(Communication Quality)


Task Similarity
(by Semantic Expansion)


Compensation


 
Fig. 6 Procedure for the statistical treatment of similarity evaluation results 


 
 
This full scope simulator is a 1000MWe PWR 


(pressurized water reactor) type plant with conventional 
control panels and alarms. All kinds of operator activities, 
(such as valve or pump operations) including 
communications among the crew members, can be 
recorded on videotape. In total, 5 re-training records 
performed by different teams were collected by video 
recording. From the collected records, the verbal protocol 
data of each re-training sessions were created for 
communication quality evaluation.  


Table1 shows the evaluation result of the 
communication quality analysis. Each row contains team 
ID, performance score, which is the result of the 
performance evaluation, and the evaluation result of 
similarity of each team; first of all, the evaluation result by 
morpheme analysis and the evaluation result of similarity 
by semantic expansion, and the final evaluation result of 
similarity using a compensation value are included. 


 
 
 


According to the results of the analysis, the results of 
the performance of high-ranking 3 teams were satisfactory; 
however, low-ranking 2 teams were somewhat 
unsatisfactory. 


 
 
 


TABLE I 


Results of communication quality analysis 


Team 
ID 


Perfor-
mance 


Similarity 
(Morpheme) 


Similarity 
(Semantic) 


Similarity 
(Mean) 


#1 84 38.29% 73.58% 55.94% 


#2 80 39.37% 74.51% 56.94% 


#3 84 41.70% 71.73% 56.72% 


#4 70 31.64% 61.88% 46.76% 


#5 72 36.00% 61.67% 48.84% 


 
                                                                                                            
Fig.7 graphs the results of the performance and the 


evaluation results of similarity of each team. 
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R² = 0.9078
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Fig. 7 Analysis of evaluation results in performance and 
similarity 


 
The evaluation result analyzed the relationship 


between performance and similarity into two groups, the 
high-ranking 3 teams with good performance show 
relatively better results in dialogue sentence similarity, on 
the contrary, the low-ranking 2 teams with poor 
performance show relatively low points in sentence 
similarity. Therefore, a linear correlation between 
performance and similarity can be determined. 


 
 


IV. CONCLUSION 
 
Now that efficient communication under emergency or 


abnormal situations is a decisive factor of operating 
performance by sharing accurate information among 
operators in order to understand the situations and search 
for the solutions; the, improvement of information 
transmissibility through multi-way communication is 
strongly recommended. 


In particular, efficient communication can be defined 
as a performance level of operating team, it can be 
achieved by training; moreover, 3-way communication in 
giving or receiving orders is strongly emphasized in terms 
of preventing human errors, and is not only being strongly 
suggested and recommended in the area of nuclear power, 
but also in the other areas such as military and aviation. 


Especially, the communication quality of operators 
who control the safety equipment under critical situations 
is the key factor to the performance of responsiveness 
toward the situations, preventing accidents or stopping 
them in advance. 


Several procedures and methodologies to improve 
dialogue between the operators working at nuclear power 
plant have been suggested in this research, and the 
operating performance of each operation team has been 
compared with each other.  


According to the results of communication quality 
evaluation and operating performance acquired from the 
comparison suggested in this research demonstrated that 
the operating teams with high communication quality 
showed good communication quality, however, the 
operating teams with low communication quality earned 
low points in operating performance. In other words, there 
is a linear correlation between the performance of 
operating teams and communication quality. 


However, further research, such as evaluating  
communication quality with other scenarios which cover 
broader ranges and comparative evaluations over operation 
performances, etc., are required to verify the above 
conclusion. 
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Abstract – A wrought nickel-base superalloy, Alloy 617 is one of the promising structural 
materials for hot gas duct (HGD) and intermediate heat exchanger (IHX) of a very high 
temperature reactor (VHTR). However, above 900oC, surface oxide, Cr2O3 was not so effective in 
protecting the matrix against the high temperature environments. Consequently, along with 
formation of outer surface oxide, internal oxidation, carburization, and decarburization were 
expected during the long-term exposure to VHTR environments, which would result in detrimental 
effects on the mechanical properties. Though various coating technologies are available, their 
applicability to IHX with compact design as well as long-term stability of protective coating is 
questionable. To achieve better oxidation resistance of Alloy 617 in VHTR environments, surface 
treatment methods to produce thin protective coating layer with self-healing capability should be 
developed. As one of such surface treatment methods, aluminum-rich surface layer were formed 
on Alloy 617 by magnetron sputtering and inter-diffusion heat treatment. To evaluate the oxidation 
characteristics, isothermal oxidation test were performed at 900oC in air. Aluminum oxide and 
aluminum-rich layer was formed as a result of the treatment during isothermal oxidation test. Test 
results showed that the surface treatment was effective in reducing the oxidation rate of Alloy 617. 
Aluminum oxide and aluminum-rich layer characteristic were analyzed using a scanning electron 
microscope (SEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray diffractometer (XRD).  


 
 


I. INTRODUCTION 
 
Very High Temperature Reactor (VHTR) is a most 


promising near-term deployable Generation-IV reactor 
type. By utilizing the high operating temperature of VHTR, 
various process heat applications in chemical and steel 
making processes have been considered. Especially, if the 
VHTR is combined with either high temperature steam 
electrolysis (HTSE) or sulfur-iodine (S-I) process, massive 
production of hydrogen, economically and clean, could be 
achieved.  


Wrought Ni-base superalloys have been considered 
for high temperature structural components like 
intermediate heat exchanger (IHX), process heat exchanger 
(PHX), and hot gas duct (HGD) in a VHTR because of 
their high temperature oxidation and creep resistance. 
However, when the materials are exposed to high 
temperature for prolonged period, oxidation at the surface 
would be significant, which would have some effects on 
the mechanical property degradation of Ni-base 
superalloys by metal loss, internal oxidation, carburization, 
decarburization, and so on [1-4]. Therefore, candidate heat 
exchanger materials should have sufficient oxidation 


resistance in high temperature to minimize the detrimental 
effects caused by such oxidation related phenomena. 


To improve the high temperature oxidation resistance 
of Ni-base alloys, aluminide surface coating technologies, 
pack cementation, chemical vapor deposition (CVD), and 
thermal spray coating were developed and adapted in 
turbine blade and aerospace applications [5-7]. Currently, 
the heat exchangers in VHTR are likely to have compact 
design with printed circuit or micro channel type, which 
has millimeter-scale flow channels to reduce material cost 
and obtain greater thermal efficiency. However, the 
applicability of above mentioned coating methods to the 
manufacturing processes of the IHX with compact design 
has not been verified. Also, the long-term stability of 
protective coating produced by such methods under cyclic 
loading is questionable. Recently, production of aluminide 
coating from inter-diffusion heat treatment of physical 
vapor deposited (PVD) aluminum have been reported [8-
10], which seems better suited to form thin aluminide 
coating on the surface of Ni-base superalloys used for IHX 
of compact design. 


In this study, aluminum magnetron sputtering and 
inter-diffusion heat treatment were performed to form the 
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protective aluminide layer on top of Alloy 617. Also 
oxidation resistance and self-healing characteristics of 
surface treated Alloy 617 were evaluated. 


 
II. EXPERIMENTS 


 
A solid solution hardening Ni-base superalloy, Alloy 


617 was used in this study. The chemical composition of 
Alloy 617 was analyzed by inductively coupled plasma 
mass spectroscopy (ICP-MS) method and results are 
shown in table 1. Test specimens used in this study were 
12 mm diameter and 1 mm thickness coupon type. Test 
specimens were ground to 1200 grit SiC paper and then 
ultra-sonically cleaned in ethanol before sputtering. 


Thin layer of aluminum with about 15 µm thick were 
deposited on both surfaces of Alloy 617 coupon by DC 
magnetron sputtering. The deposition condition was 
described in table 2. After the aluminum deposition, inter-
diffusion heat treatments were performed at 600, 800oC, 
respectively under high vacuum condition about 1.0×10-6 
torr. 


To evaluate the oxidation resistance of surface treated 
Alloy 617, oxidation test were performed in air condition 
at 900oC. After the specimens were exposed, weight 
changes were measured using microbalance with accuracy 
of 0.00005g. The oxidation rate was calculated by weight 
gain per unit surface area, ΔW/S where ΔW is weight 
change and S is surface area. To identify the surface oxide 
phase, X-ray diffraction (XRD) was conducted. The 
diffraction angle was in the range of 20~80o. The tube 
current and voltage were 30kV and 60mA, respectively. 
The surface and cross section of exposed specimen were 
analyzed using scanning electron microscope (SEM) and 
the chemical composition was measured using energy 
dispersive x-ray spectroscopy (EDS). If needed, the more 
accurate elements concentration profile and composition 
were measured by electron probe micro analyzer (EPMA). 


TABLE 1 


Chemical composition of Alloy 617 (wt.%). 
Element Ni Cr Co Mo Fe Al 


wt.% Bal. 22.1 11.6 9.57 1.58 1.41 
Element Ti Si Mn W C  


wt.% 0.35 0.42 0.12 0.07 0.09  
 


TABLE2 


Sputtering conditions for Al deposition. 
Target composition Al (99.99%) 


Substrate Alloy 617 
Base pressure ≤ 1.0×10-6 torr 


Working pressure 3.0×10-3 torr 
DC power 180 W 


II. RESULTS AND DISCUSSIONS 
 


III.A. Inter-diffusion heat treatments 


 
Fig. 1 shows the SEM images and XRD patterns for 


inter-diffusion heat treated Alloy 617. Depending on heat 
treatment temperature, different nickel-aluminum phases 
were observed. At 600oC, Al3Ni2 inter-diffusion layer was 
about 15 µm thick. However, NiAl layer about 20 µm thick 
was formed at 800oC. As shown in Fig. 2, no other phase 
was formed below the Ni-Al intermetallic layer for 600oC 
heat treatment. However, Cr-rich precipitation was formed 
between Ni-Al intermetallic layer and matrix for 800oC. 


 


(a) 
 


(b) 


Fig. 1. SEM images and XRD diffraction patterns of inter-
diffusion heat treated Alloy 617 at (a) 600oC and (b) 800oC. 
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(a) (b) 


Fig. 2. BSE images and EMPA line scanning results of inter-diffusion heat treated Alloy 617 at (a) 600oC and (b) 800oC.


Fig. 3 shows the nickel-aluminum binary phase 
diagram which has several intermetallic phases such as 
Al3Ni2, NiAl, and Ni3Al [11]. In our experiment, the 
amount of aluminum was determined by the thickness of 
sputtered layer. Therefore, chemical compositions of 
nickel-aluminum intermetallics were determined by the 
outward diffusion of nickel. By increasing the heat 
treatment temperatures from 600oC to 800oC, diffusivity of 
substrate Ni was increased. Consequently, fractions of 
nickel in nickel-aluminum intermetallics were increased as 
shown in Fig. 2. 


 


 
Fig. 3. Al-Ni binary system phase diagram. 


 


During 800oC inter-diffusion heat treatment, outward 
diffusion of substrate elements such as nickel, chromium, 
and molybdenum is enhanced compared to that at 600oC. 
Also, chromium solubility in NiAl was lower than that in 
matrix of Ni-base superalloys [12]. Consequently, Cr-rich 
precipitation phase was formed below NiAl layer. Cr-rich 
precipitate phase was too small to identify the chemical 
compositions using EDS analysis of SEM. Therefore, more 
precise analysis tools such as TEM are needed. 


 
III.B. Oxidation characteristics  


 
Fig. 4 shows the weight gains of Alloy 617 surface 


treated at 600 oC, 800 oC and untreated specimens after up 
to 1000 hours of isothermal oxidation in air at 900oC. For 
Al3Ni2 and NiAl coated specimen, oxidation rates were as 
fast as that of untreated specimen at initial period, or at 24 
hours. However, oxidation rates were significantly 
decreased afterward. Despite the difference in aluminide 
phases, oxidation kinetics seemed about the same in all 
surface treated specimens. 


Oxidation rate were governed by transport of oxidants. 
As previously reported [13], during the exposure to high 
temperature air environment, initially Cr2O3 oxide layer 
was formed on the surface of Alloy 617. Then, NiO, 
NiCr2O4 oxides formed on Cr2O3 and internal Al2O3 were 
formed in matrix at steady state. It was considered that 
Cr2O3 oxide layer formed at 900oC in air environment did 
not fully protect the matrix against the environment. 
Consequently, outward diffusion of metal cation and 
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inward diffusion of oxygen anion occurred in Cr2O3 oxide 
layer, which resulted in internal oxidation, carburization, 
and decarburization [13]. However, surface treated Alloy 
617 had aluminum rich outer surface such as Al3Ni2 and 
NiAl. These phases had about 43~20 wt.% aluminum 
contents that were enough to form an Al2O3 external layer. 
Consequently, predominant Al2O3 oxidation occurred 
instead of Cr2O3. As band gap energy of Al2O3 is higher 
than that of Cr2O3 [14], transport of cation and anion are 
more difficult in Al2O3 compared with Cr2O3 during 
oxidation. Therefore, Al2O3 oxides surface layer formed on 
surface treated specimens would provide better protection 
against environments compared to Cr2O3 oxide layer 
formed on untreated Alloy 617. 


 


 
Fig. 4. Weight gain curves of surface treated Alloy 617 in air at 


900oC. 


 
III.C. Oxide layer evolution 


 
Fig. 5 show the oxide morphologies and XRD results 


of surface treated Alloy 617 oxidized in air at 900oC for 
1000 hours respectively. When outer aluminide layers were 
Al3Ni2, plate-shape Al2O3 oxide were formed on top of the 
layer. On the other hand, when outer aluminide layers were 
NiAl, NiAl2O4 and Al2O3 were formed and outmost oxides 
were NiAl2O4. 


According to previous result of oxidation of Alloy 617 
in air at 900oC, external oxide layer were consisted of thick 
triple or double oxide layer, NiO/NiCr2O4/Cr2O3 or NiO/ 
Cr2O3 [13]. Also, internal oxide, Al2O3 was formed beneath 
Cr2O3. However, surface treated Alloy 617 formed external 
thin Al-rich oxide layer (Fig. 6) and no other oxide phase 
were formed. It means that external Al-rich oxide 
effectively protected the matrix against high temperature 
environment and slowed down the further growth of 
external oxides. At the same time, other high temperature 
corrosion phenomena such as internal oxidation, 


carburization, and decarburization were effectively 
suppressed. 


 


(a) 
 


(b) 


Fig. 5.Surface oxide morphologies and XRD results of surface 
treated Alloy 617 at (a) 600oC and (b) 800oC after 1000h 


oxidation in air at 900oC. 


 
As oxidation progressed, chemical composition of 


outer aluminide layer was changed from Al3Ni2 and NiAl 
to Ni3Al because of the consumption of Al to form Al-rich 
surface oxides. Also, Cr-Mo rich phases were found 
beneath the Ni3Al layer and some of Al penetrated into the 
matrix during oxidation. As mentioned in section III.A, 
after inter-diffusion heat treatment at 600oC, no secondary 
phase was observed below the surface aluminide. 
Therefore, Cr-Mo rich phase formation and Al penetration 
were considered during oxidation at 900oC due to the 
diffusion of elements across the aluminides.  The phase 
stability of aluminides and diffusion of alloying elements 
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during oxidation at 900oC should be further investigated. 
Oxidation tests of specimens with surface treated at higher 
temperatures are in progress and the specimen will be 
analyzed to identify oxidation characteristics and oxide 
layer evolution. 


 
IV. CONCLUSIONS 


 
The surface of Alloy 617 was treated to enhance 


oxidation resistance in high temperature environments. 
Aluminum was sputtered on top of Alloy 617 coupons and 
subjected to various inter-diffusion heat treatments. 


After aluminum sputtering and inter-diffusion heat 
treatment, various nickel-aluminum intermetallics and inter 


diffusion zone (IDZ) were formed and these chemical 
compositions were analyzed. Oxidation resistance of 
surface treated Alloy 617 was significantly enhanced 
because external oxide was changed from less protective 
Cr2O3 to more protective Al-rich oxides. Therefore, other 
high temperature corrosion phenomena such as internal 
oxidation, carburization, and decarburization were 
effectively suppressed. As oxidation progressed, chemical 
composition of outer aluminide layer was changed from 
Al3Ni2 and NiAl to Ni3Al and Cr-Mo rich phases were 
formed below the aluminides. Further study on phase 
stability of aluminides and diffusion of alloying elements 
during high temperature is needed. 


 


 
(a) 


 


 
(b) 


Fig. 6. Cross section image and EPMA line scanning results of surface treated Alloy 617 at (a) 600oC and (b) 800oC after 1000h oxidation 
in air at 900oC. 
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Abstract 


 


Data assimilation methods, that merge information from model and measurement, 
can be used to obtain an optimal determination of neutronic activity field within a nuclear 
reactor core. Here the problem is to determine an optimal repartition of the instruments, 
within the core, to get the best possible field reconstruction from data assimilation 
procedure. The position optimization is based on simulated annealing with a Metropolis-
Hasting algorithm. To perform the method in the framework of data assimilation, several 
algebraic optimization for computing time of data assimilation has been developed and are 
presented here.   


I. INTRODUCTION  


Data assimilation allows to build optimal 
reconstruction of physical field using information coming 
from both model and measurements (Parrish 1992, Todling 
1994, Ide 1997). The efficiency of data assimilation for 
field reconstruction has already been demonstrated in 
several articles in meteorology (Kalnay 1996, Huffman 
1997). Some demonstrations of its efficiency for nuclear 
core activity field reconstruction was also done recently in 
some articles (Massart 2007, Bouriquet 2011a, 
Bouriquet 2011b).   


However, in all those applications of data assimilation, 
the question for such a method of the optimal location of 
the instruments is not addressed. In the meteorological 
domain, it cannot be addressed due to the size of the 
system (10


6 points of measure). Nevertheless for system as 
nuclear core, we can hope to address it, as only thousands 
points have to be taken into account.  


The chosen method to optimize the instrument 
location is the Simulated Annealing, based on a Metropolis 
Hasting algorithm (Metropolis 1953, Hastings 1970). This 
algorithm was initially done in order to treat some 


statistical physic problems. The original version from 
N. Metropolis (Metropolis 1953) was only focused on 
Boltzmann equation; then W. K. Hasting generalized it to 
any cases (Hastings 1970). From this initial method, the 
idea to change the definition of energy in the algorithm to 
optimize position, for systems presenting an inner local 
order, was proposed by S. Kirkpatrick et al. (Kirkpatrick 
1983). Some applications exist also for nuclear incident 
network design since a few years (Abida 2008, Abida 
2009). Thus, a similar use will be done here using one of 
the key points in the Metropolis-Hasting algorithm, the 
permutation of an instrumented location in the core with a 
non instrumented one. This can be very costly to redo all 
data assimilation calculation for each case. To make those 
calculations feasible, we have developed methods of fast 
calculation that allows to considerer the permutation of 
two instruments as a loss then a gain of instruments. 
Performing those calculations as perturbation of the initial 
state becomes then rather cheap in computing time. The 
instrument loss fast calculation was already used in 
(Bouriquet 2011b), based on Schur complement (Zhang 
2005).  


The first section is giving the basic theory of data 
assimilation. The next section describes the general 
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framework of the study. In a third section, the 
parameterization of simulated annealing is presented in 
details. Then the results of simulated annealing coupled 
with an assimilation procedure are presented. Two cases 
are treated in this article. The optimization of locations is 
done either starting from standard 900 MWe nuclear 
Pressurized Water Reactor (PWR900) instruments 
repartition, or from randomly initialized repartitions. In a 
next section, the synthesis of both results is done. The 
global conclusion on the result of simulated annealing for 
instrument location optimization using data assimilation is 
then given.  


II. INTRODUTION TO DATA ASSIMILATION  


In this section, the data assimilation theory is briefly 
introduced. More details on this method can be found 
within the references (Talagrand 1997, Kalnay 2003, 
Bouttier 1999). However, data assimilation is a large 
domain and these techniques are used daily of the 
nowadays meteorological operational forecast (Rabier 
2000). This is through advanced data assimilation methods 
that the weather forecast has been drastically improved 
during the last 30 years.  


The aim of data assimilation methods is to estimate the 
inaccessible true value of the system state, x


t where the t 
index stands for "true state" in the so called "control 
space". The idea is to combine information from an a 
priori knowledge on the state of the system (usually called 
x b, with b for "background"), and measurements 
(referenced as yo). The background is in the present case 
the output of nuclear core simulations but can also be 
derived from other sources.  


The result of the data assimilation is called the 
analysis, denoted by xa, and it is an estimation of the 
researched true state xt.  


The background and the observation spaces are not 
necessary the same, a link between them needs to be 
established. This is the observation operator H that 
transforms values from the space of the background to the 
space of observations.  


For our data assimilation purpose, we will use its 
linearization H. The inverse operation to go from the 
observations space to the background's space is given by 
the transpose HT of H.  


Two other information are necessary. The first one is 
the covariance matrix of observation errors, defined as 
R = E[(yo H(xt)).(yo H(xt))T] where the symbol E[.] is the 
mathematical expectation. It can be obtained from the 
known errors on unbiased measurements, which means 


E[(yo H(xt))] = 0. The second one is the covariance matrix 
of background errors, defined as B = E[(xb xt).(xb xt)T]. It 
represents the error on the background state, assuming it to 
be unbiased following the E[(xb xt)] = 0 no bias property. 
There are many ways to define this a priori state and 
background error matrices. However, those matrixes are 
commonly the output of a model and an evaluation of 
accuracy, or the result of expert knowledge.  


It can be proved, as it is done in (Bouttier 1999), that 
within this formalism, the Best Linear Unbiased Estimator 
(BLUE) xa, under the linear and static assumptions, is 
given by the following equation:  


boba xyKxx H   , (1)  


where K is the gain matrix:  


1TT RHBHBHK  . (2)  


Moreover, we can get the analysis error covariance matrix 
A, characterizing the analysis errors xa xt. This matrix can 
be expressed from K as:  


KKHIA , (3)  


where I is the identity matrix.  


It is worth noting that, if the probability distribution is 
Gaussian, solving Eq. (1) is equivalent to minimize the 
following function J(x), xa being the optimal solution:     


(4) 
.   


This minimization is known in data assimilation as 
3D-Var methodology, as described in (Talagrand 1997).   


III. DEFINITION OF THE NUCLEAR CORE 
WORKING FRAMEWORK  


The framework of this study is the standard 
configuration of a PWR900. To perform data assimilation, 
both simulation code and data are needed. For the 
simulation code, the EDF experimental calculation code 
for nuclear core COCAGNE (Courau 2008) in a standard 
configuration is used as in (Bouriquet 2011a) and 
(Bouriquet 2011b).  


To have a good understanding of the instrumentation 
effect, we want to study various kinds of configurations 
even some that do not exist operationally and so cannot be 
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tested experimentally. For that purpose, synthetic data are 
used that allows having a homogeneous approach all along 
the document. Synthetic data is generated from a model 
simulation, filtered through an instrument model and 
noised according to a predefined measurement error 
density function (usually of Gaussian type).  


 


Fig. 1. The positions of MFC instruments in a standard 
PWR900 nuclear core are localized in assemblies in black 


within the horizontal slice of the core. The assemblies 
without instrument are marked in white and the reflector, 


out of the reactive core, is in gray.  


In the present case, we study the activity field 
reconstruction. A horizontal slice of a PWR900 core is 
represented on the Fig. 1. There are a total of 157 
assemblies within this core. In operation among those 
assemblies, 50 are instrumented with Mobile Fission 
Chambers (MFC). Those assemblies are divided vertically 
in 29 vertical levels. Thus, the size of the control vector x 
is 4553 (157 x 29). The size of the observation vector y


o is 
1450 (50 x 29).  


IV. PARAMETERS OF SIMULATED ANNEALING  


The global description and analysis of the simulated 
annealing technique and the Metropolis algorithm can be 
found in (Kickpatrick 1983, Metropolis 1953, Michel 
2010). Briefly stated, it is a global optimization method 
using a probabilistic heuristic to find optima in large search 
states space. It iterates over system states in this space by 
statistically decreasing an associated internal energy, 
driven by a temperature law. The goal is to find the state 
that minimizes this energy. The simulated annealing 
algorithm is defined using elementary parameters: an 
energy function E, an operator of transition from one state 
to another, an acceptance probability to specify the 
conditional acceptability of a new state, a temperature law 
and its initial value.  


In this part, we focus on the specific parameters 
related to the problem of instrument location optimization 
in a nuclear core, using a data assimilation procedure for 
the activity field reconstruction.   


The aim is not to minimize a physical energy, but to 
optimize the quality of reconstruction of the neutronic 
activity field on the entire core. Thus, we would like to 
minimize the distance to the true value of the core activity 
xt, that we know because we set ourselves in twin 
experiment framework for the data assimilation procedure. 
In this framework, the true neutronic field xt is known and 
the optimization procedure has to find the optimal 
locations of instruments to get the best reconstruction xa.  


The energy will be defined as the norm of the 
difference between the analysis xa coming from data 
assimilation procedure for a given instrumental 
configuration, and the true value xt. Thus, we can write the 
following formula for energy:  


tE xxx aa  . (5)  


This is this definition of the energy that will appear in 
formula all along the Metropolis-Hasting algorithm.  


As stated in introduction, some algorithm parameters 
need to be chosen to run Metropolis-Hasting. There are 
mainly two parameters to set up.  


The first one is the maximal number of iterations. This 
is the number of time that we go through the loop on 
instrument swiping. The number of loop will be set to 
1800. This value was chosen for two reasons. First of all, 
this corresponds to calculating time that are reasonable 
between 12 and 25 hours, depending on the computer 
used. The second point is that we notice, through the 
setting up trial, that with such a number of iterations, we 
reach a steady state in each case we processed.  


The second parameter is the choice of the 
thermalisation function, that fixes the evolution of the 
pseudo temperature all along the iterations. The definition 
of this function is a very important point within the 
Metropolis-Hasting algorithm. We experiment several 
standard thermalisation formulations, and put our final 
choice on a simple classical power function of the 
iteration, defined as follow:  


1
0


i


T
Ti  , (6)  
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where i is the iteration step. The value of initial 
temperature T0 was set up to 0.05. With such a simple 
definition we got satisfactory result for the algorithm.   


The transition between two states of instruments 
repartitions is done as a permutation of an instrumented 
location with a non instrumented one. This choice is the 
minimal modification that can be done on a given 
repartition of instruments. At each iteration, only one 
permutation is randomly done, and evaluated by the 
acceptance probability. So, at each iteration, we got a 
current state and a best state , which is the best one of the 
previous current states, from the beginning of the 
iterations.  


V. RESULT OF OPTIMISATION FROM RANDOM 
CONFIGURATION  


As starting point of the Metropolis Hasting algorithm, a 
random configuration will be chosen. This will permit to 
evaluate how good the Metropolis method is. The first 
studied case consists in choosing 50 instruments randomly 
located in the core. 50 instruments correspond to the same 
quantity of measurements as in Fig.1. Using random 
location is at the same time a good opportunity to get 
information on method and result, not only with 50 
instruments, but also when fewer instruments are available. 
Thus the case of 10 instruments within the core will be 
studied too.   


To measure the evolution of the quality of the 
configuration as a function of the iteration, one can plot the 
value of E(x


a). The calculation is done respect to the same 
parameterization of data assimilation as the calculated xa 


value given in (Bouriquet 2011a, Bouriquet 2011b). 
However, as it, this value has no real meaning. Thus, to get 
more a informative value, this is the difference respect to a 
reference value that we will study. This reference value is 
given by an analysis obtained by data assimilation 
assuming the whole core is instrumented with one MFC 
per assembly. Such ideal case limit value can be accessed 
by a hypothetical experiment. Thus the quality evaluation 
factor is then given by the following formula:  


ttEEq xxxxxx a
ref


aa
ref


a  . (7)  


With respect to this definition (7), the better the 
instrument location is, the closest to zero is the value of the 
quality q. Thus, we expect to get an increasing curve when 
the Metropolis-Hasting algorithm improves the instrument 
location choice.  


The Metropolis-Hasting algorithm is a stochastic one. 
Thus, assuming no seed is chosen in the random number 


generator, two realizations of the algorithm will lead to 
different sequences of quality evolution.  


To set the problem, a fast study of the property of the 
result of data assimilation quality for random instruments 
repartitions can be done. Over a set of 1000 random 
repartition of 50 instruments, it can be noticed that the 
quality q is distributed following a Gaussian distribution of 
mean 0.0832 and of standard deviation 0.0078. Assuming 
only 10 instruments, the distribution of the quality q of the 
analysis still have Gaussian shape but with a mean value of 


0.0868 and a standard deviation of 0.0076. The very 
small difference between the mean value of both 
distributions proves that, due to distance of influence 
included in data assimilation procedure, uncorrected 
localization of the instruments can result in decreasing 
performance of the method as already noticed in 
(Bouriquet 2011a, Bouriquet 2011b). Moreover, observing 
the mean value and the variance, we notice that 
paradoxically, in some cases, a 10 instruments random 
repartition can lead to better result that a 50 instruments 
random repartition.  


In the Fig. 2 and Fig. 3, those two cases are presented, 
one with a starting point with 50 instruments, and one with 
a starting point with 10 instruments respectively. At each 
simulated annealing algorithm step, we got a quality value 
for the current state, and an another quality value 
associated with the best state attained from the beginning 
of the search.  


First, this is the best state found curve that we are 
interesting in. In both Fig. 2 and Fig. 3, it can be noticed 
that the algorithm reaches a better state than the initial one, 
as expected. In both figures, it can be noticed a very fast 
improvement of the quality in a few beginning iterations of 
Metropolis-Hasting algorithm, then followed by a slow 
evolution, and a stagnation phase. Stagnation phase is 
reached around 600 (respectively 300) iterations for 50 
(respectively 10) instruments. This difference can be easily 
explained, considering the space of possible configurations 
for 50 instruments in the core is far larger than the one for 
10 instruments. The final best state quality mean value is 
0.0305 (respectively 0.0504) for 50 (respectively 10) 
instruments. Those optimized quality values are coherent 
with the amount of information available. This final 
coherence of the quality of the reconstruction as a function 
of the number of instruments available can be shown 
looking at the core equipped with different quantity of 
instruments, as shown in (Bouriquet 2011b).   
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Fig. 2. Evolution of the quality of reconstruction as a 
function of the number of iteration, for all the 1800 
iterations, starting with a random repartition of 50 


instruments. At each step are represented the best quality 
(asterisk in blue) evaluated as well as the quality at the 


current iteration (cross in red) 


 


Fig. 3. Evolution of the quality of reconstruction as a 
function of the number of iteration, for all the 1800 
iterations, starting with a random repartition of 10 


instruments. At each step are represented the best quality 
(asterisk in blue) evaluated as well as the quality at the 


current iteration (cross in red).  


Then it is interesting to have a look at the value of the 
quality of the current state for each iteration to better 
understand the behavior of the Metropolis-Hasting 
simulated annealing algorithm. The plot of the current state 
in Fig. 4 is the typical one we got over several realizations. 
It takes usually more or less the same number of iterations 
to go toward a new minimum value. However, sometimes, 
the behavior of the algorithm is less common but very 
illustrative of the potentiality of the method. We notice in 
these cases that the current state get very far away of the 
best state for a very long time. This kind of research of 
minima, far from the current one, is one of the strong 
points of the simulated annealing algorithm. This research 


of new optimal state is possible because of the highest 
pseudo-temperature at the beginning of the process given 
by Eq. (6). The most puzzling fact is that, whatever how 


far the method explore the different state possibilities, it 
converge finally to a state of good quality. This property of 
Metropolis-Hasting algorithm, noticed here qualitatively, 
have been demonstrated mathematically rather recently, as 
synthesized in (Michel 2010).  


At the end of the optimization process a new set of 
locations for the instruments is obtained. It is then 
interesting to compare the location of the instruments in 
the optimized state for both cases of 50 and 10 
instruments. Those locations are presented in Fig. 4 and 
Fig. 5.  


Locations in Fig. 4 and Fig. 5 have at glance no 
common point. However, from the point of view of the 
quality defined by Eq. (7), those two repartitions are very 
close. This tends to prove that not only one optimal state 
does exist, but that there exist an ensemble of optimal 
repartitions of rather close quality. Examining more 
precisely both Fig. 4 and Fig. 5 (and other realizations 
observed in experimental trials), some common features 
can be put in light. In instruments repartitions, there is a 
tendency to form small cluster of instruments, mainly 
localized in the center of core. Another feature is the 
repartition of several individual instruments around the 
core. However, comparing those features respect to fully 
random instrument repartitions leads to prove that they are 
not statistically relevant.  


Considering the difference in number of instruments, 
we notice several interesting results. Starting situation is 
rather blurry, as the starting quality value q of data 
assimilation reconstruction with 50 instruments is close to 
the one with 10 instruments. Then, after position 
optimization by simulated annealing, quality ordering is 
clearly done according to the instrument number. 
Moreover, extensive trials show this result is general, and 
final quality is always ordered respect to the number of 
instrument available.   


It is important to notice that all the repartition 
optimization were done without physical constraints, such 
as control rods incompatibility with instruments, or such as 
instrument position symmetry requirements if desired. This 
leads to penalize the simulated annealing algorithm, 
because the search space is greatly larger. But it simplifies 
the analysis of the methodology we demonstrate here, by 
avoiding complex interaction between optimization 
efficiency and constraints that facilitate the repartition 
search.  
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Fig. 4. The optimized positions of the 50 instruments are 
shown in black assemblies within a horizontal slice of the 
core. Assemblies without instrument are marked in white 


and reflector, out of the reactive core, is in gray.  


 


Fig. 5. The optimized positions of the 10 instruments are 
shown in black assemblies within a horizontal slice of the 
core. Assemblies without instrument are marked in white 


and reflector, out of the reactive core, is in gray.  


VI. CONCLUSION  


All those results demonstrate the great efficiency and 
robustness of the simulated annealing method for 
instruments position optimization. This is even more 
stringent considering that the method is applied in link 
with data assimilation technique that already enriches the 
global information on the whole system.   


The main point on this work is that the simulated 
annealing method, coupled with a data assimilation 
procedure to have the better neutronic field reconstruction, 


can always find a better instrument location set. Moreover, 
as expected theoretically (see (Michel 2010)), the final 
state is of the same quality whatever the starting point is. 
Using a reduced number of instruments, the final 
repartition has always a quality that is increasing with the 
increase of the number of instruments.  


Those results prove that, in the framework of nuclear 
core instrumentation, and whatever for limited size (below 
10000 points) models, it is possible to do instruments 
localization optimization with BLUE data assimilation 
method. Moreover, such experiments can be done 
efficiently considering algebraic optimization of the 
calculations, and are very reasonable in computing time.  


In this framework of nuclear reactor cores, several 
developments can be done from those results. Firstly, it is 
worth specially to think of instrument repartitions under 
constraints of symmetry, or specific constrained positions 
for example. The second point is to learn how to obtain a 
simulated annealing optimization combined with a data 
assimilation procedure to study instrumental networks of 
heterogeneous instruments.  
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By C.-H. Song, T.S. Kwon, B.J. Yun, H.Y. Kim, H.G. Jun (KAERI), H.G. Kim 


(KHNP) 


5211371 Westinghouse AP1000 Solution to Long-Term Cooling Debris Concerns 


By T.L. Schulz, T.S. Andreychek, J.Z. Catalano (Westinghouse), G. Scaddozzo 


(ANSALDO) 


1.03 Design Certification 


Thursday May 5, 13.10 pm – 14.50 pm 


6011364 AP1000TM Adaptation to European Markets and EUR Compliance 


By Luca Oriani, Terry L. Schulz, Lawrence E. Conway, Kathryn J. Demetri 


(Westinghouse) 


6911365 Westinghouse AP1000 Defense-in-Depth Design in the United Kingdom 


By Matthew C. Evans, Terry L. Schulz (Westinghouse) 


7811417 Assessment of the Standard EPR-TM Reactor against the European Utility 


Requirements (EUR) 


By François Bouteille (AREVA) 


8611431 Enhanced CANDU 6: Reactor Core Safety Design 


By M. Ovanes, G. Rife, M. Cormier, J.M. Hopwood (AECL) 


9311350 Evaluation of Core Designs and Safety Analyses for APR+ Development 


By Sang Jong Lee, Yong Rae Kim (KEPCO Nuclear Fuel) 


1.04 I&C-HMI 


Wednesday May 4, 13.10 pm – 14.30 pm 


10111105 The Human Factors Engineering Process and Human System Interface Design of 


the US-APWR 


By Satoshi Hanada, Koji Ito (Mitsubishi Heavy Industries, Ltd.), Kenji Mashio 


(Mitsubishi Nuclear Energy Systems, Inc.) 


10911399 Probabilistic Safety Assessment and Reliability Engineering: Reactor Safety and 


Incomplete Information 


By B. Beauzamy, H. Bickert, O. Zeydina (SCM), G.B. Bruna (IRSN) 


11711032 Robustness of Nuclear Core Activity Reconstruction by Data Assimilation 


By Jean-Philippe Argaud, Patrick Erhard, Angélique Poncot (EDF R&D), 


Bertrand Bouriquet, Sébastien Massart, Sophie Ricci (CERFACS), Olivier Thual 


(IMFT) 


12411034 Optimal Design of Measurement Network for Neutronic Activity Field 


Reconstruction by Data Assimilation 


By Bertrand Bouriquet (CERFACS), Jean-Philippe Argaud (EDF R&D), Olivier 


Thual (IMFT) 


13111138 Simulate Annealing Arithmetic Based Controls Arrangement on Backup Panel 
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By Yan Shengyuan, Chen Yu, Zhang Zhijian (Harbin Engineering Univ) 


1.05 Supercritical Water 


Wednesday May 4, 10.30 am – 12.10 pm 


13211322 International Collaboration in Thermal-Hydraulics and Heat Transfer for Super 


Critical Water-Cooled Reactors 


By Sama Bilbao y Leon, S. Nusret Aksan, Katsumi Yamada (IAEA) 


13911367 Analysis of the IAEA Benchmark Exercise on Steady State Flow in a Heated Pipe 


with Supercritical Water 


By Andrey Churkin (OKB “Gidropress”), Sama Bilbao y Leon, Katsumi Yamada 


(IAEA) 


14611357 Analysis of the IAEA Benchmark Exercise on Flow Stability in Heated Channels 


with Supercritical Fluids 


By Walter Ambrosini (Univ of Pisa), Sama Bilbao y Leon, Katsumi Yamada 


(IAEA) 


15311429 Comparisons and Updated Correlations for Supercritical-Water Heat-Transfer for 


Vertical Bare Tubes 


By Sarah Mokry, Igor Pioro, Amjad Farah, Krysten King (Univ of Ontario 


Institute of Technology) 


16611453 Development of a Novel SCW Ultrafiltration System for a SCWR 


By Gaelle Dupouy, Peter E. Schalm, Pascal Mertins (Univ of Saskatchewan), 


Ian S. Butler, Dominic H. Ryan (McGill Univ), Sikun G. Xu (AECL), Janusz A. 


Kozinski (York Univ) 


1.06 Future Fuel 


Tuesday May 3, 13.10 pm – 14.30 pm 


17111331 The Effects of Part Length Fuel Assemblies on BWR Instability 


By Chang-Lung Hsieh, I-Ting Wang (National Tsing-Hua Univ), Hao-Tzu Lin, 


Jong-Rong Wang (Institute of Nuclear Energy), Chunkuan Shih (National Tsing-


Hua Univ) 


17811083 Improvement of the Conversion Ratio in PWR – Core Performance and 


Preliminary Study of Reactivity Initiated Accident 


By S. Douce, F. Damian, J.-C. Le Pallec, C. Poinot-Salanon (CEA Saclay) 


18811281 Analysis of Mixed Oxide Fuel Behavior under Reduced Moderation Boiling Water 


Reactor Conditions with FRAPCON-EP 


By Aydin Karahan, Bo Feng, Mujid Kazimi (MIT) 


19911090 Selected Combinatory Algorithm for Loading Pattern Design of Light Water 


Reactor with Two Levels of Heterogeneity 
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By Gilles Arnaud, Jean-Michel Do, Jean-Jacques Lautard, Anne-Marie Baudron, 


Siegfried Douce (CEA/Saclay) 


1.07 Severe Accidents 


Wednesday May 4, 14.45 pm – 16.05 pm 


20811268 The CEA Severe Accident Programme for Generation 2 and 3 Reactors: A Short 


Overview 


By P. Piluso, C. Journeau (CEA, DEN, DTN), J.M. Seiler, B. Spindler (CEA-


Grenoble) 


21511334 Enhancement of Thermal Margin for In-vessel Retention by External Reactor 


Vessel Cooling Using Graphene-oxide Nanofluid 


By Sung Dae Park, Seung Won Lee, Sarah Kang, In Cheol Bang, Ji Hyun Kim 


(Ulsan National Institute of Science and Technology (UNIST)) 


22111261 The Combined Effect of PCCS Response and DGRS Activation in a Postulated 


Severe Accident with Release of Non-Condensable Gas 


By Domenico Paladino, Jörg Dreier (PSI) 


Track 2 - High Temperature Gas Cooled Reactors 


2.01 HTGR Systems Engineering and Design 


Tuesday May 3, 10.30 am – 12.10 pm 


23211046 Operation Characteristics of a Multi-Modular Pebble Bed High Temperature 


Reactor Nuclear Power Plant 


By Haipeng Li, Xiaojin Huang, Liangju Zhang (Tsinghua Univ) 


23811321 The Generation IV Gas Cooled Fast Reactor 


By R. Stainsby (AMEC), J.C. Garnier, P. Guedeney (CEA), K. Mikityuk (PSI), T. 


Mizuno (JAEA), C. Poette (CEA), M. Pouchon (PSI), M. Rini, J. Somers (JRC-


ITU), E. Touron (CEA) 


24511372 Preliminary Design and Study of an Innovative Option for Gas Fast Reactors 


By N. Tauveron, F. Bentivoglio (CEA) 


2.02 HTGR Components, Test Facilities and Applications 


Wednesday May 4, 10.30 am – 12.10 pm 


25811079 An Experimental Study of HI Decomposition through Adsorption-desorption 


Process in the Sulfur-Iodine Cycle 


By Jin Young Choi, Hee Cheon No, Young Soo Kim (KAIST) 


26611186 Sensitivity Evaluation of the Daily Thermal Predictions of the AGR-1 Experiment 


in the Advanced Test Reactor 


By Grant Hawkes, James Sterbentz, John Maki (Idaho National Laboratory) 
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27511358 Experimental Data Obtained from ASTRA Critical Facility for Verification of 


Neutron-Physical Codes Applied in HTGR Design Calculations 


By V.F. Boyarinov, E.S. Glushkov, P.A. Fomichenko, G.V. Kompaniets, V.A. 


Nevinitsa, O.N. Smirnov, D.N. Polyakov, A.A. Zimin (Russian Research Center) 


28111454 Performance Test of Nitrogen Loop with Hybrid Heat Exchanger for SO3 


Decomposition of Nuclear Hydrogen Production 


By Chan Soo Kim, Dong-Un Seo, Tae-Ho Yoo, Sung-Deok Hong (KAERI) 


2.03 HTGR Materials (Metals, Coatings, Graphite)-I 


Tuesday May 3, 13.10 pm – 14.30 pm 


28911352 High Temperature Oxidation Characteristics of Surface Treated Alloy 617 by Al 


Sputtering and Inter-Diffusion Heat Treatment 


By Donghoon Kim, Jahyun Koo, Injin Sah, Changheui Jang (KAIST) 


29511346 Material Properties of Pyrolytic Carbon Layers in Coated Particle Fuels for High 


Temperature Gas-cooled Reactors 


By Young-Woo Lee, Woong-Ki Kim, Yeun-Ku Kim, Young Min Kim, Moon-Sung 


Cho (KAERI), Seung Jae Lee (Kepco Nuclear Fuel Co) 


30511302 Round Robin Exercise of the Characterization of Coating Layers in Surrogate 


Coated Particles Performed at the IAEA CRP-6 “Advances in HTGR Fuel Technology” 


By Y.-W. Lee, W.-K. Kim (KAERI), C. Tang (INET, Tsinghua Univ), J. Banchet, 


P. Guillermier (AREVA), S. Ueta (JAEA), D. Geduld (PBMR), U. Colak 


(Hacettepe Univ), J.D. Hunn (ORNL), J. Halfinger (Babcock & Wilcox), D. Petti 


(INL), J. Somers, J. Boshoven (ITU-EU), K. Verfondern (Research Center 


Juelich), B. Tyobeka (IAEA) 


2.03 HTGR Materials (Metals, Coatings, Graphite)-II 


Tuesday May 3, 14.45 pm – 16.05 pm 


31211284 Creep-Fatigue of High Temperature Materials for VHTR: Effect of Cyclic Loading 


and Environment 


By C. Cabet (CEA), L. Carroll (INL), R. Madland (Colorado School of Mines), R. 


Wright (INL) 


32311036 Nitriding Behaviour of Nickel Base Superalloys at 1273 K and above 


By Micro Grosse, Michael Sporn, Michael Menden (Karlsruhe Institute of 


Technology / Institute for Materials Research) 


32911410 A Graphite Oxidation Kinetics Model 


By Mohamed S. El-Genk, Jean-Michel P. Tournier (Univ of New Mexico) 


2.04 HTGR Analysis-I 


Wednesday May 4, 13.10 pm – 14.30 pm 



file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11358.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11358.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11454.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11454.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11352.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11352.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11346.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11346.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11302.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11302.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11284.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11284.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11036.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11410.pdf%23page=1





33011201 Evaluation of the TRISO Lattice Homogenization Effect in the Neutronic Behavior 


of a DB-MHR 


By Clarysson Alberto Mello da Silva, Claubia Pereira, Mª Auxiliadora Fortini 


Veloso, Antonella Lombardi Costa (Univ do Estado de Minas Gerais) 


33811053 FARM: A New Tool for Optimizing the Core Performance and Safety 


Characteristics of Gas Cooled Fast Reactor Cores 


By X. Ingremeau, G. Rimpault, P. Dumaz (CEA DEN, DER), S. David (CNRS), 


D. Plancq, S. Dardour (CEA DEN, DER), M. Zabiego (CEA, DEN, DEC) 


34811366 Thermo-Mechanical Analysis of Prismatic Control Blocks in a Very High 


Temperature Reactor Core 


By Ji-Ho Kang, Nam-il Tak, Min-Hwan Kim (KAERI) 


2.04 HTGR Analysis-II 


Wednesday May 4, 14.45 pm – 16.05 pm 


35311154 Application of Multiscale Nested Modeling in Studies of Thermal Hydraulics of 


Prospective HTGRs 


By Alexey A. Frolov, Alexey A. Sedov, Alexey S. Subbotin (RRC “Kurchatov 


Institute”) 


36211116 Experimental Studies of NGNP Reactor Cavity Cooling System with Water 


By D.D. Lisowski (Univ of Wisconsin - Madison), S.M. Albiston (Univ of Idaho), 


R.M. Scherrer, T.C. Haskin, M.H. Anderson (Univ of Wisconsin - Madison), A. 


Tokuhiro (Univ of Idaho), M.L. Corradini (Univ of Wisconsin - Madison) 


37311112 Evaluation of Stochastic Cross Section Generation in Double Heterogeneous 


VHTR Applications 


By Steven J. Douglass, Farzad Rahnema, Dingkang Zhang, Zhan Zhang 


(Georgia Institute of Technology), Abderrafi M. Ougouag (INL) 


2.05 HTGR and Process Safety 


Thursday May 5, 10.30 am – 12.10 pm 


38011195 Feasibility Study for the Safety Assessment of a High Temperature Reactor 


Coupled with an Industrial Process 


By Olivier Baudrand, Virginie Noel, Daniel Blanc (IRSN), Bernhard Putter 


(GRS), Jacopo Segurado-Gimenez (TRACTEBEL-SUEZ), Paul Kock (TÜV NORD), 


Karl Verfondern (FZJ), Sudhamay Basu (US NRC), Francis Roy (VNS) 


39011080 Tritium Permeation and Transportation in the Gasoline Production System with 


High Temperature Gas-Cooled Reactor (HRGRs) 


By Eung S. Kim, Chang H. Oh, Mike Patterson (INL) 


40111184 Safety Evaluation of a Sulphur-Iodine Cycle Hydrogen Production Plant Coupled 


to a VHTR 
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By Teresa Ruiz-Sánchez, J. L. Francois, P.F. Nelson, M. Javier Cruz-Gómez 


(Univ Nacional Autónoma de México) 


41011420 Temperature Distribution Prediction for a Scaled Conduction-Cooldown Test 


Facility 


By Richard B. Vilim (ANL), Donald E. Hillebrand (Univ of Illinois Urbana-


Champaign) 


Track 3 - LMFR & Innovative Reactor Programs 


3.01 General Programs-I 


Tuesday May 3, 10.30 am – 12.10 pm 


41911249 Sodium-cooled Fast Reactors: The ASTRID Plant Project 


By Pierre Le Coz (CEA), Jean-François Sauvage (EDF), Jean-Pol Serpantie 


(AREVA) 


42611278 Conceptual Design for a Large-Scale Japan Sodium-Cooled Fast Reactor (1) 


Feasibility of Key Technologies 


By Y. Chikazawa, H. Hayafune, K. Aoto (JAEA), Y. Ohno, S. Kotake (JAPC), M. 


Toda, T. Ito (MFBR) 


43611309 Status of the Sodium Cooled Fast Reactor Technology Development in Korea 


By Young-Gyun Kim, Young-In Kim, Chungho Cho, Sang-Ji Kim, Chan Bock 


Lee, Seong-O Kim, Jong-Bum Kim, Hae-Yong Jeong, Yong-Bum Lee, Yeong-il 


Kim (KAERI) 


44611449 Design, Development and Construction of Prototype Fast Breeder Reactor 


By S.C. Chetal (Indira Gandhi Centre for Atomic Research), Prabhat Kumar 


(Bharatiya Nabhikiya Vidyut Nigam Limited), P. Chellapandi, Baldev Raj (Indira 


Gandhi Centre for Atomic Research) 


3.01 General Programs-II 


Tuesday May 3, 13.10 pm – 14.30 pm 


44711460 State of the Art and Trends of Development of Fast Reactor Technology 


By Vladimir Poplavsky, Alexander Chebeskov (IPPE) 


45611297 The Collaborative Project for a European Sodium Fast Reactor CP ESFR 


By A. Vasile, G. L. Fiorini, Ph. Dufour, J.M. Bonnerot, Ch. Latgé (CEA), B. Riou 


(AREVA), R. Stainsby (AMEC), M. Rini (JRC), D. Verwaerde (EDF), D. Struwe, 


R. Stieglitz, F. Badea (KIT) 


46111167 The Lead-cooled Fast Reactor (LFR): International Developments and Status 


By Craig F. Smith (NPS/LLNL), Luciano Cinotti (MERIVUS), Hiroshi Sekimoto 


(Tokyo Institute of Technology) 


47211140 MYRRHA, the Multi-purpose Hybrid Research Reactor for High-tech Applications 
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By Didier J. De Bruyn, Hamid Aït Abderrahim, Peter Baeten, Rafaël Fernandez 


(SCK•CEN) 


3.02 Core Design-I 


Tuesday May 3, 14.45 pm – 16.05 pm 


47911345 Conceptual Design for a Large-Scale Japan Sodium-Cooled Fast Reactor (3) Core 


Design in JSFR 


By Tsutomu Okubo, Shigeo Ohki (JAEA), Masashi Ogura, Yoshiyuki Okubo 


(MFBR), Shoji Kotake (JAPC) 


48711048 Low Void Effect Core Design Applied on 2400 MWth SFR Reactor 


By Pierre Sciora, David Blanchet, Laurent Buiron, Bruno Fontaine, Marc Vanier, 


Frederic Varaine, Christophe Venard (CEA), Simone Massara (EDF/RD), Anne-


Claire Scholer, Denis Verrier (AREVA NP) 


49611329 Innovative Methodologies for Fast Reactor Core Design and Optimization 


By E. Hourcade, X. Ingremeau, P. Dumaz, S. Dardour (CEA), D. Schmitt, S. 


Massara, G. Darmet (EDF) 


50611073 Design of a Sodium-cooled Fast Reactor with Innovative Annular Geometry and 


Very Low Sodium Worth 


By Damien Schmitt, Simone Massara, Guillaume Darmet, Thomas Jourdheuil, 


Philippe Tetart, Bernard Maliverney (EDF R&D), Bruno Fontaine (CEA, DEN) 


51611304 An Optimization Study for the Safety and Performance Parameters of A 3600 


MWth Sodium-cooled Fast Reactor 


By Kaichao Sun (PSI / EPFL), Jiri Krepel, Konstantin Mikityuk (PSI), Rakesh 


Chawla (PSI / EPFL) 


3.02 Core Design-II 


Wednesday May 4, 10.30 am – 12.10 pm 


52711162 A New Methodology for Enhanced Natural Safety GEN-IV SFR Core Design: 


Application to a Carbide-fueled Core 


By N.E. Stauff, M. Agard, L. Buiron, B. Fontaine, X. Jeanningros, O. Mula, G. 


Rimpault, M. Zabiégo (CEA) 


53611115 Increase in Transmutation Rate of Long-Life FP by Employing Deuteride 


Moderator in Fast Reactors 


By Tsugio Yokoyama (Toshiba Nuclear Engineering Services Corporation), 


Toshio Wakabayashi (Tohoku Univ), Yoshiaki Tachi (JAEA), Akito Nagata 


(Toshiba Corp) 


54411419 Minor Actinides Transmutation Strategies in Sodium Fast Reactors 


By Sara Perez-Martin, Francisco Martin-Fuertes, Francisco Alvarez Velarde 


(CIEMAT) 
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55111022 COBRA4i-MIT: an Updated Sub-Channel Analysis Code for Sodium Fast Reactor 


Design 


By Joseph Fricano, Jacopo Buongiorno (MIT) 


56111280 Investigation to Enhance Nonproliferation Characteristics of Commercial FBRs by 


Material Barrier Aspect 


By Shigeo Ohki, Yoshitalia Meiliza, Katsuyuki Kawashima, Tsutomu Okubo 


(JAEA) 


3.03 System Design-I 


Wednesday May 4, 13.10 pm – 14.30 pm 


57111151 Assessment of Pool Type Sodium Fast Reactor Design Options 


By E. Breuil, A. Villedieu (AREVA NP), M. Saez (CEA Cadarache) 


57711165 SFR Innovative Design: The Stratified Redan Concept 


By Guy-Marie Gautier, Romain Lavastre, Pierre Allègre (CEA, DEN, DER) 


58611310 Options On Fuel Handling Systems for Future Sodium Cooled Fast Reactors 


By Mathieu Chassignet, Sebastien Dumas (AREVA), Christophe Penigot, 


Christophe Peniguel, Alain Capitaine (EDF), Franck Dechelette, Hélène Lorcet, 


Guy Laffont, Gilles Rodriguez (CEA) 


59511421 Fast Reactor Technology Innovation and Visualization 


By Richard B. Vilim, Young S. Park, Alex Wright, Chris Grandy (ANL) 


3.03 System Design-II 


Wednesday May 4, 14.45 pm – 16.05 pm 


60511223 Detection Capability and Operation Patterns of a Selector-Valve Failed-Fuel 


Detection and Location System for Large Sodium-cooled Reactors 


By Kosuke Aizawa, Kaoru Fujita, Hideki Kamide (JAEA), Naoto Kasahara 


(JAEA/Univ of Tokyo) 


61411292 Acoustic Techniques for SFR Continuous Monitoring: Illustration with the 


Continuous Characterization of Bubbles Cloud 


By M. Cavaro, J.Ph. Jeannot (CEA Cadarache), J. Moysan, C. Payan (LCND - 


Univ de la Méditerranée), O. Gastaldi (CEA DEN Cadarache) 


62111100 Fission Chambers as the Best Suited Detector Family for in Vessel Neutron 


Instrumentation of the Sodium-cooled Fast Reactors 


By P. Filliatre, C. Jammes, B. Geslot, L. Buiron (CEA, DEN, Cadarache) 


63111409 DRESDYN – A New Platform for Thermo-hydraulic Studies and the Development 


of Measurement Techniques for Liquid Sodium 


By F. Stefani, S. Eckert, D. Buchenau, G. Gerbeth (Forschungszentrum 


Dresden-Rossendorf) 
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3.03 System Design-III 


Thursday May 5, 10.30 am – 12.10 pm 


63911159 Methodology for Innovative SFR Assessment - Case of the Primary System 


By MS. Chenaud, F. Morin, A. Tosello, P. Allegre, D. Gentet, D. Haubensack, N. 


Schmidt, F. Rey, F. Dechelette , F. Baque (CEA) 


64811427 Safety and Operability Trends in the Simplification of Liquid-Metal Reactors 


By Richard B. Vilim (ANL) 


65911298 The Phenix Final Tests 


By A. Vasile, B. Fontaine, M. Vanier, P. Gauthé, V. Pascal, G. Prulhière, P. 


Jaecki, L. Martin (CEA Cadarache), D. Tenchine, D. Rochwerger, P. Barret (CEA 


Grenoble), D. Verwaerde, R. Dupraz (EDF) 


66411378 POOL and LOOP Type Sodium-cooled Fast Reactors – Identification of 


Cooperation Possibilities 


By Nicolas Devictor (CEA), Yoshitaka Chikazawa (JAEA), Manuel Saez, Gilles 


Rodriguez (CEA), Hiroki Hayafune (JAEA) 


67411059 The Fast Reactor with a Cold Bottom Vessel 


By Didier Costes (Consultant) 


3.04 Supercritical CO2 Energy Conversion 


Thursday May 5, 13.10 pm – 14.50 pm 


68311054 On-Design Efficiency Reference Charts for the Supercritical CO2 Brayton Cycle 


Coupled to an SFR 


By J. Floyd, N. Alpy, D. Haubensack, G. Avakian, G. Rodriguez (CEA) 


69211084 Preliminary Design of Low Temperature Gaz-Gaz Heat Exchangers for a 900 


MWth S-CO2 Cycle 


By G. Avakian, J. Floyd, G. Rodriguiz, L. Cachon, D. Haubensack, N. Alpy (CEA) 


70211192 Autonomous Load Following of a Sodium Fast Reactor with a Supercritical 


Carbon Dioxide Brayton Cycle 


By A. Moisseytsev, J.J. Sienicki (ANL) 


71011288 Studies on the Application of Supercritical Carbon Dioxide Cycle to a Small 


Modular Reactor 


By Ho Joon Yoon (KAIST, Khalifa Univ of Science, Technology & Research), 


Yoonhan Ahn, Jong Hyuk Lee (), Jeong Ik Lee (KAIST, Khalifa Univ of Science, 


Technology & Research), Yong Hoon Jeong (KAIST) 


3.05 Safety 


Thursday May 5, 13.10 pm – 14.50 pm 


71911037 Safety Principles and Safety Approaches for Next Generation Sodium-cooled Fast 


Reactor 
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By Yasushi Okano, Takaaki Sakai, Ryodai Nakai (JAEA) 


72811219 Conceptual Design for a Large-Scale Japan Sodium-Cooled Fast Reactor (2) 


Safety Design and Evaluation in JSFR 


By Hidemasa Yamano (JAEA), Shigenobu Kubo (Japan Atomic Power 


Company), Yoshio Shimakawa (Mitsubishi FBR Systems, Inc.), Kaoru Fujita, 


Tohru Suzuki, Ken-ichi Kurisaka (JAEA) 


74111434 Comparison of LWR and SFR In-Containment Source Term: Similarities and 


Differences 


By Luis E. Herranz, Mónica García (CIEMAT) 


74711139 A New Approach to Determine Sodium Boiling Onset Occurence during ULOF 


Transients 


By Guillaume Darmet, Simone Massara, Damien Schmitt (EDF R&D) 


3.06 Lead Systems 


Tuesday May 3, 14.45 pm – 16.05 pm 


75511380 SUPERSTAR: An Improved Natural Circulation, Lead-Cooled, Small Modular Fast 


Reactor for International Deployment 


By J.J. Sienicki, A. Moisseytsev (Argonne National Laboratory), S. Bortot 


(Politecnico di Milano), Q. Lu (Univ of Illinois at Urbana Champaign), G. Aliberti 


(Argonne National Laboratory) 


76711119 Feasibility of Lead-Lithium Coolant for the ENHS Nuclear Battery Reactor 


By Remi Cognet, Ehud Greenspan (Univ of California, Berkeley) 


77511063 Quick Conceptual Design Method for Battery Reactor Core 


By Hyung M. Son, Kune Y. Suh (Seoul National Univ) 


78411480 Heavy Liquid Metal Network: HeLiMnet Project Overview 


By Enrica Ricci (CNR-IENI), Silvia De Grandis (SINTEC), Dolores Gomez 


Briceno (CIEMAT), Fosca Di Gabriele (UJV), Mariano Tarantino (ENEA), 


Concetta Fazio (KIT), Paul Schuurmans (SCK-CEN), Christian Latge (CEA), 


Werner Wagner (PSI), Sven Eckert (HZDR), Janis Freibergs (IPUL), Aram 


Karbojian (KTH), Jordi Abella (IQS) 


3.07 ADS Systems 


Thursday May 5, 10.30 am – 12.10 pm 


78911143 Designing Safety into High-power Neutron Spallation Sources 


By Karel Samec, Yacine Kadi (CERN) 


79511319 Study of the Fuel Behavior, Safety Characteristics and Transmutation 


Performance of a Gas Cooled Accelerator Driven System (ADS) 


By K. Biß, R. Nabbi, B. Thomauske (RWTH Aachen Univ) 
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79911293 Experimental and Numerical Studies on Free Surface Behavior of Windowless 


Target 


By Guan-yu Su, Xiang Chai, Han-yang Gu, Xu Cheng (Shanghai Jiao Tong 


Univ) 


3.08 Non-classical Systems: Traveling Wave, MSR and Other NC 


Wednesday May 4, 10.30 am – 12.10 pm 


81011168 Some Remarks about the Neutron Flux Stability in a Traveling Wave Reactor 


By Bernard Guesdon, Gilles Perrin (AREVA Research and Innovation 


Department) 


81611199 Conceptual Design of a 500 MWe Traveling Wave Demonstration Reactor Plant 


By Charles Ahlfeld, Tom Burke, Tyler Ellis, Pavel Hejzlar, Kevan Weaver, Chuck 


Whitmer, John Gilleland, Michael Cohen, Brian Johnson, Stephen Mazurkiewicz, 


Jon McWhirter, Ash Odedra, Nick Touran, Chal Davidson, Josh Walter, Robert 


Petroski, George Zimmerman, Tom Weaver, Pat Schweiger, Rob Russick 


(TerraPower, LLC) 


82411405 An Experiment to Study Pebble Bed Liquid-Fluoride-Salt Heat Transfer 


By Graydon L. Yoder, Jr., Adam Aaron, Dennis Heatherly, David Holcomb, 


Roger Kisner, Mike McCarthy, Fred Peretz, John Wilgen, Dane Wilson (Oak 


Ridge National Laboratory) 


83211099 Preliminary Assessment of Modeling Issues Related to Dynamics and Control of 


Graphite-Moderated MSRs 


By Claudia Guerrieri, Carlo Fiorina, Antonio Cammi, Lelio Luzzi (Politecnico di 


Milano) 


84211190 Launching the Thorium Fuel Cycle with the Molten Salt Fast Reactor 


By E. Merle-Lucotte, D. Heuer, M. Allibert, M. Brovchenko, N. Capellan, V. 


Ghetta (LPSC-IN2P3-CNRS / Grenoble INP / UJF) 


Track 4 - Operation, Performance & Reliability 


Management 


4.01 I & C - Initiatives to Improve Reliability-I 


Tuesday May 3, 10.30 am – 12.10 pm 


85211458 Risky Module Estimation for Nuclear Safety-Critical Software Using Machine 


Learning 


By Young-Mi Kim, Choong-Heui Jeong (KINS), Hyeon Soo Kim (Chungnam 


Nat'l Univ) 


85911432 Advanced CANDU Instrumentation & Control Technologies – Application to the 


Enhanced CANDU 6 Design 
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By J. de Grosbois, G. Raiskums, M. Soulard (AECL) 


87011335 Development of Critical Digital Review Procedure and the Preliminary Application 


Experience 


By Hui-Wen Huang (Institute of Nuclear Energy Research), Chunkuan Shih 


(National Tsing Hua Univ), Tsu-Mu Kao (Institute of Nuclear Energy Research) 


87611312 Development of Top-level Control Systems of NPP for Reactors of the VVER-1000 


Type at the V.A. Trapeznikov Institute of Control Sciences of the Russian Academy of 


Sciences 


By Nadyr E. Mengazetdinov, Aleksei G. Poletikin, Vitaly G. Promyslov (V.A. 


Trapeznikov Institute of Control Sciences) 


4.01 I & C - Initiatives to Improve Reliability-II 


Wednesday May 4, 10.30 am – 12.10 pm 


88111311 Complex Approach to Assurance of Information Safety of Digital Control Systems 


for Nuclear Power Plants 


By N.E. Mengazetdinov, A.G. Poletykin, V.G. Promyslov (Trapeznikov Institute 


of Control Sciences) 


88911124 Evaluation of Instrument Drift of RPS & ESFAS for Nuclear Power Plant 


By In Hwan Kim, Duk Joo Yoon, Jae Yong Lee, Dong Soo Song (KEPRI) 


89611075 Battery-Type-DP-Indicator for Nuclear Power Plant 


By Kuniyuki Teruya (Mitsubishi Heavy Industries) 


90011276 Assessment of the Time Parameters of a Nuclear Power Plant Distributed Control 


System 


By Vitaly Promyslov (V.A. Trapeznikov Institute of Control Sciences) 


4.03 Initiatives to Improve Material Reliability or Material Performance-I 


Tuesday May 3, 13.10 pm – 14.30 pm 


90611408 Fatigue Cycle Monitoring 


By Kirby Woods (InnoTech Engineering Solutions, LLC), Ken Thomas (Nebraska 


Public Power District) 


91311254 A Proposed 80% Service Test To Satisfy the Duty Cycle and to Trend Battery 


Capacity 


By Ken Barry (EPRI) 


92011204 Adapting the Gas Turbine Generator to Emergency Electrical Equipment for US-


APWR 


By Shinji Niida, Hiroshi Fujimoto, Katsuhisa Takaura (Mitsubishi Heavy 


Industries), Richard Barnes (Mitsubishi Nuclear Energy Systems) 


4.03 Initiatives to Improve Material Reliability or Material Performance-II 
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Tuesday May 3, 14.45 pm – 16.05 pm 


92711088 Development of Hi-F Coat to Reduce Recontamination for Carbon Steel 


By Makoto Nagase, Satoshi Oouchi, Ichirou Kataoka (Hitachi-GE Nuclear 


Energy, Ltd.), Tsuyoshi Ito, Hideyuki Hosokawa (Energy and Environmental 


Systems Laboratory, Hitachi, Ltd.) 


93411077 Status of EPRI SGOG Steam Generators Chemical Cleaning Program in France 


By Bernard Mutius, Pierre Nemausat (Westinghouse Electrique France) 


93911058 Role of Chemistry in the Phenomena Occurring in Nuclear Power Plants Circuits 


By Gabriel Plancque, Dominique You, Edmond Blanchard, Vincent Mertens, 


Christine Lamouroux (CEA) 


4.04 Initiatives to Optimize Operation 


Wednesday May 4, 13.10 pm – 14.30 pm 


94711382 Theory and Calculation of the In-core Vanadium SPND Burn-up at the Nuclear 


Power Plant CNA II 


By Osvaldo Moreira (UG-CNA II) 


95811287 MAGELAN, an Innovative Core Monitoring System to Optimize Plant Operation 


By A. L'Abbate, A. Lefevbre de Rieux, E. Rousseau (AREVA NP) 


96211089 Optimization for Steam Generator Level Control System Setpoints after Power 


Uprate of Ulchin Units 1&/2 


By Duk-Joo Yoon, Jae-Yong Lee, In-Hwan Kim (KEPRI) 


4.05 Initiatives or Feedback to Improve the Maintenance Methods-I 


Thursday May 5, 10.30 am – 12.10 pm 


96611068 A Sensitivity Study of the Piping Spans Following the Mass Variations of the In-


line Components 


By Joon-Ho Lee, Sung-Ho Cho, Jae-Hwan Bae (KEPCO) 


97211062 Modeling of Artificial Stiction in Steam Turbine Control Valve 


By B. Halimi, Kune Y. Suh (Seoul National Univ) 


97611043 Application of GO-FLOW Methodology for Reliability Analysis of Auxiliary 


Feedwater System in Nuclear Power Plant 


By Yongyue Chu, Ming Yang, Wanqing Chen (Harbin Engineering Univ) 


98411064 Enhancing Seismic Safety at Kashiwazaki Kariwa Nuclear Power Station 


By Hideki Masui (TEPCO) 


4.05 Initiatives or Feedback to Improve the Maintenance Methods-II 


Thursday May 5, 13.10 pm – 14.50 pm 


99111242 Equipment Health Management Assessment of Nuclear Condensate Pump Motor 


Stators 



file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11088.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11077.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11058.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11382.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11382.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11287.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11089.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11089.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11068.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11068.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11062.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11043.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11043.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11064.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11242.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11242.pdf%23page=1





By Ivan Scivetti, Cian O’Duffy, Timothy Hattrell, Matthew Jones (Rolls-Royce 


Civil Nuclear) 


99911228 The Application of Novel Technologies to Nuclear Service Issues 


By Rod Webster (Rolls-Royce) 


100711069 Experience in the Maintenance of Sodium Systems of Fast Breeder Test Reactor 


By B. Anandapadmanaban, A. Babu, G. Srinivasan (IGCAR) 


4.07 Initiative to Manage the Impact of Material Degradation 


Wednesday May 4, 14.45 pm – 16.05 pm 


101311438 Flow Accelerated Corrosion Problem in Steam Condesate Piping and Valves: 


Problems Faced & Actions Taken 


By K.C. Upreti, Sai Vamsidhar Bontha (Reliance Industries Limited) 


102511411 Impact of Residual Stress on Reactor Vessel Nozzle Dissimilar Metal Weld 


PWSCC Crack Growth 


By C.K. Ng, A. Udyawar, S. Swamy (Westinghouse) 


103511296 Improvement on the EDF Monitoring System for the Evaluation of Thermal 


Stratification 


By C. Naudin (EDF/SEPTEN), S. Blairon (EDF/R&D/STEP), S. Vidard 


(EDF/SEPTEN), B. Barthelet (EDF/DPN/UNIE) 


4.08 Initiatives to Improve HMI and HSI 


Wednesday May 4, 10.30 am – 12.10 pm 


104111415 Development of a Framework to Measure Communication Quality of Human 


Operators in Nuclear Power Plants 


By Seunghwan Kim, Jinkyun Park (KAERI) 


104811177 Human Factors in Nuclear Power Plant Safety Management: A Socio-Cognitive 


Modeling Approach Using TOGA Meta-Theory 


By Mauro Cappelli (ENEA), Adam Maria Gadomski (ECONA), Massimo Sepielli 


(ENEA) 


105611189 Life Cycle Planning For Nuclear Plant Staffing 


By Charles T. Goodnight (Goodnight Consulting, Inc.) 


106311095 Discernment as a Key Factor for Resilience at a Nuclear Power Plant 


By Margaretha Engström (Vattenfall Research & Development AB) 


107111052 A Proactive Alarm Reduction Method and its Human Factors Validation Test of a 


Main Control Room for SMART 


By Gwi-sook Jang, Sang-moon Suh, Sa-kil Kim, Sung-chul Lee, Yong-suk Suh 


(KAERI) 
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Track 5 - Plant Safety Assessment and Regulatory 


Issues 


5.01 International and Experimental Programs on Severe Accidents 


Tuesday May 3, 14.45 pm – 16.05 pm 


107911369 Some Outcomes of the SARNET Network on Severe Accidents at Mid-term of 


the FP7 Project 


By Jean-Pierre Van Dorsselaere (IRSN), Ari Auvinen (VTT), David Beraha 


(GRS), Patrick Chatelard (IRSN), Christophe Journeau (CEA), Ivo Kljenak (JSI), 


Alexei Miassoedov (Karlsruhe Institute of Technology (KIT)), Sandro Paci 


(Univ. of Pisa), Th. Walter Tromm (Karlsruhe Institute of Technology (KIT)), 


Roland Zeyen (JRC/IE) 


108911258 ASTEC Validation on OECD/THAI HM2 


By Ahmed Bentaib, Alexandre Bleyer (IRSN) 


109311147 Phebus FPT3: Overview of Main Results Concerning Core Degradation and 


Fission Product Behaviour 


By Tim Haste, Bernard Clement, Bruno Biard, Christelle Manenc, Frederic 


Payot, Philippe March, Beatrice Simondi-Teisseire (IRSN), Roland Zeyen (EC 


JRC/IE) 


110311450 Source Term Computation with ASTEC Code 


By F. Cousin, L. Cantrel, C. Seropian, K. Chevalier-Jabet (IRSN) 


5.02 Phenomenology and Chemistry of Severe Accidents 


Wednesday May 4, 10.30 am – 12.10 pm 


111311234 Hydrogen Distribution and Management During Postulated Severe Accident in 


KAPS # 3&4 700 MWe Containment 


By Sanjeev Kr Sharma, D.K. Bhartia, Nalini Mohan, P.K. Malhotra, S.G. Ghadge 


(Nuclear Power Corporation of India Limited) 


111911173 Hydrogen Combustion in the EPR™ Containment after a Postulated Reactor 


Pressure Vessel Failure 


By Harald Dimmelmeier, Jürgen Eyink (AREVA NP) 


113011313 Chemistry of Iodine and Aerosol Composition in the Primary Circuit of a Nuclear 


Power Plant 


By Mélany Gouello (IRSN), Marion Lacoue-Nègre (IRSN, CNRS), Hervé Mutelle, 


Frédéric Cousin (IRSN), Sophie Sobanska, Elisabeth Blanquet (CNRS) 


113911395 High-temperature Reaction of alpha-Zr(O) with Nitrogen 


By Martin Steinbrueck, Marcus Jung (KIT) 


114711457 Experimental Study of Organic Iodide Formation from Painted Surfaces in the 


Containment Atmosphere during a Severe Accident 



file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11369.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11369.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11258.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11147.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11147.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11450.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11234.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11234.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11173.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11173.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11313.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11313.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11395.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11457.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11457.pdf%23page=1





By J. Colombani, C. Pascal, L. Martinet, C. Gomez, L. Bosland (IRSN) 


115411394 Combustion Regimes in a Stratified Layer of Hydrogen –Air Mixture 


By Mike Kuznetsov (Karlsruhe Institute of Technology), Joachim Grune, 


Andreas Friedrich (Pro-Science GmbH), Thomas Jordan (Karlsruhe Institute of 


Technology) 


5.03 Experimental Programs on Reactor Transients and Severe Accidents 


Thursday May 5, 13.10 pm – 14.50 pm 


116211030 Planning Support and Preliminary Post-test Analysis of QUENCH-L0 using 


SCDAP/RELAP and SCDAP/Sim 


By Leticia Fernandez Moguel, Jonathan Birchley (PSI) 


117111354 Experimental and Kinetic Study of the Iodine Reactivity in Low Pressure 


H2/O2/H2O/HI/Ar Premixed Flames 


By Y.G Délicat (PC2A, IRSN, C3R), L. Gasnot, J.F. Pauwels (PC2A, C3R), A.C. 


Gregoire, L. Cantrel (IRSN, C3R) 


118011226 Experimental Results of the Commissioning Bundle Test QUENCH-L0 Performed 


in Framework of the QUENCH- LOCA Program 


By J. Stuckert, M. Große, C. Rössger, M. Steinbrück, M. Walter (Karlsruhe 


Institute of Technology) 


119011245 The Results from the Fifth High-Pressure Melt Ejection Test Completed in the 


Molten Fuel Moderator Interaction Facility at Chalk River Laboratories 


By J. Licht, M. Cusick, G. Kyle, T. Nitheanandan, R. O’Conner (AECL) 


120011413 Approach to Phebus Containment Nodalisation for Lumped-parameter Codes 


By A. Kontautas, E. Urbonavičius (Lithuanian Energy Institute) 


5.04 In-vessel Retention and Coolability 


Tuesday May 3, 10.30 am – 12.10 pm 


120911057 The Impact of Thermal Chemical Phenomena on the Heat Fluxes into the RPV 


during In-Vessel Melt Retention 


By M. Fischer, P. Levi, G. Langrock (AREVA NP GmbH), A.A. Sulatsky, E.V. 


Krushinov (A.P. Alexandrov Research Institute of Technology) 


121911200 Evaluation of Debris Particle Transport for Pre- and In-Recirculation Phases of 


OPR1000 


By Young Seok Bang, Gil Soo Lee, Byung-Gil Huh, Sweng-Woong Wong (KINS) 


122611320 Using Accident Management to Address Phenomenological Uncertainties Related 


to Lower Plenum Debris Bed Chemistry and Mixing during AP1000 In-Vessel Retention 


(IVR) of Molten Core Debris 
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By James H. Scobel, Yves Masset, Rachel A. Salano, John T. Kitzmiller, Robert 


J. Lutz, Camille Zozula, Luca Oriani (Westinghouse), Martin G. Plys (Fauske 


and Associates, Inc.) 


123911416 Effects of Water Pool Subcooling on the Debris Bed Spreading by Coolant Flow 


By Sergey Yakush (Institute for Problems in Mechanics, Russian Academy of 


Sciences), Pavel Kudinov (Royal Institute of Technology (KTH)) 


5.05 Severe Accidents: Experiments on Coolability 


Wednesday May 4, 13.10 pm – 14.30 pm 


125211252 Exploration of Coolability of Melt Layer under Bottom Injection (COMET 


Concept) Using the MEWA-COMET Code 


By S. Rahman, M. Bürger, M. Buck, G. Pohlner (IKE, Univ of Stuttgart) 


126311185 An Experimental Study on Dryout Heat Flux in Particulate Bed Packed with 


Irregular Particles 


By Liangxing Li, Aram Karbojian, Pavel Kudinov, Weimin Ma (KTH) 


127311253 SG Retention Predictability during “Dry” Severe Accident SGTR Sequences: An 


Assessment of Uncertainties 


By Claudia López, Luis E. Herranz (CIEMAT) 


5.06 Corium Retention: Phenomenology and Technology 


Wednesday May 4, 14.45 pm – 16.05 pm 


128011414 Evaluation on Core Melt Retention in Core Catcher of Toshiba’s EU-ABWR 


By Ryoichi Hamazaki (Toshiba Corporation), Takahiro Nakagawa (Toshiba Plant 


Systems and Services Corporation), Noriyuki Katagiri, Mika Tahara, Mitsuo 


Komuro, Toshimi Tobimatsu, Yuka Susuki, Tomohisa Kurita (Toshiba 


Corporation) 


129311216 A Core Catcher Design for the Advanced Light Water Reactor  


By J.H. Song, H.Y. Kim, K.S. Ha, R.J. Park, J.T. Kim (KAERI), F.B. Cheung 


(Pennsylvania State Univ) 


130011375 Study of the Processes of Corium-melt Retention in the Reactor Pressure Vessel 


(INVECOR) 


By Vladimir Zhdanov, Viktor Baklanov (NNC), Paul David W. Bottomley (ITU), 


Alexei Miassoedov, T. Walter Tromm (KIT), Christophe Journeau (CEA 


Cadarache), Eberhardt Altstadt (FZ Rossendorf), Bernard Clement (IRSN), 


Francesco Oriolo (Pisa Univ) 


130911015 Experiments on In-vessel Melt Pool Formation and Behaviour in the LIVE-2D 


Test Facility 


By Frank Kretzschmar (KIT) 
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5.07 Modelling and Applications 


Thursday May 5, 10.30 am – 12.10 pm 


131511042 Sensitivity Analysis for the SBO Emergency Depressurization Using MAAP5 


Code 


By Chih-Ming Tsai, Shou-Che Wu (Institute of Nuclear Energy Research), Jr-


Ren Tsai (Navy Command Headquarter) 


132211229 Sensitivity Studies on Uncertainty Parameters and Code Modeling of Calandria 


Vessel Integrity during Late Phase CANDU 6 Severe Accident 


By Daniel Dupleac (Politehnica Univ of Bucharest), Mirea Mladin (Institute for 


Nuclear Research), Ilie Prisecaru (Politehnica Univ of Bucharest) 


132811110 Verification of a SAPHIRE Living PSA-Model for Leningrad NPP Unit 1 


By Bronislav Vinnikov (RRC “Kurchatov Institute”) 


133411039 Statistical Evaluation of 4S Safety Performance at ATWS 


By Kyoko Ishii, Hisato Matsumiya, Hideki Horie (Toshiba Corporation) 


134411012 Investigating the Effectiveness of the Execution of EOPs for ATWS Scenarios 


Using MAAP5 Code 


By Jyh-Tong Teng, Shin-Cin Wu (Chung Yuan Christian Univ (CYCU)), Te-


Chuan Wang, Yu-Huai Shih (Institute of Nuclear Energy Research (INER)) 


5.08 Analysis and Simulation-I 


Wednesday May 4, 13.10 pm – 14.30 pm 


135911026 Investigation of Coolant Mixing in Reactor VVER-1000 


By E.A. Lisenkov, Yu. A. Bezrukov, D.V. Ulianovskiy, D.V. Zaytsev, M.A. Bykov, 


A.V. Shishov (OKB “Gidropress”), F. Moretti, A. Del Nevo, F. D’Auria (Univ di 


Pisa (UNIPI)), U. Rohde, T. Höhne (FZD), D. Gallori (AREVA NP SAS) 


136711233 A Numerical Analysis on the Hydrodynamics of Heavy Molten Droplets in a 


Water Pool 


By Sachin Thakre, Liangxing Li, Weimin Ma (KTH (Royal Institute of 


Technology)) 


137411067 Evaluation of the Inadvertent Actuation of the Passive Residual Heat Removal 


System Event in the AP1000® Nuclear Plant 


By Richard F. Wright, Toby Burnett, Alan J. MacDonald (Westinghouse), Qiao 


Wu (Oregon State Univ) 


138011011 Analysis of Pressurizer Pressure Control System Using MAAP5 Code 


By Yuan Chien Wang, Jau-Woei Perng (National Sun Yat-sen Univ) 


5.08 Analysis and Simulation-II 


Wednesday May 4, 14.45 pm – 16.05 pm 
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138111093 Thermal Hydraulic Phenomena Caused by the Interaction of Steam and Steam-


Helium Mixture Wall Jets with a Containment Cooler 


By Ralf Kapulla, Guillaume Mignot, Domenico Paladino, Nejdet Erkan, Robert 


Zboray (PSI) 


139211430 A Comparison of Non-Parametric Tolerance Limits with Linear Combinations of 


Order Statistics in Safety Analysis 


By Cesare Frepoli (Westinghouse), Satish Iyengar (Univ of Pittsburgh) 


140211076 The Technology of High-Temperature Reactors: Design, Commissioning, and 


Operational Results of AVR-15-MWel Experimental Reactor Jülich, Germany and THTR-300-


MWel Demonstration Reactor Schmehausen, Germany and Their Impact on Future Designs 


By Urban Cleve, Klaus Knizia, Kurt Kugeler (Consultant) 


140911478 An Integrated Software Platform for Best Estimate Safety Analyses of Nuclear 


Power Plants 


By F. Fiori, A. Kovtonyuk, N. Muellner, F. D’Auria (Univ of Pisa) 


141011239 Loss of Feedwater Flow Analysis for Lungmen ABWR Using RETRAN 


By Wen-Hsiung Wu, Jong-Rong Wang, Yng-Ruey Yuann (Institute of Nuclear 


Energy Research), Chunkuan Shih (National Tsing-Hua Univ), Su-Chin Cheng, 


Fong-Lun Lin (Taiwan Power Company) 


5.09 Thermal-Hydraulic Studies and Modelling 


Tuesday May 3, 10.30 am – 12.10 pm 


141811081 Assessment of New Modeling in RELAP/SCDAPSIM Using Experimental Results 


from the Quench Program 


By J.H. Spencer, D. Novog (McMaster Univ), J.K.Hohorst, C.M. Allison 


(Innovative Systems Software) 


142511122 The Derivation of Two-fluid, Three-field Governing Equations in Porous Media 


Using Time-volume Averaging Formulation and its Application to Develop a Safety Analysis 


Code 


By Sang Yong Lee, Chan Eok Park (KEPCO E&C, Inc.), Takashi Hibiki, Mamoru 


Ishii (Purdue Univ) 


144311082 Analysis of Two Phase Natural Circulation Flow under IVR-ERVC in Small 


Integral Reactor 


By Rae-Joon Park, Sang-Baik Kim, Youngho Jin (KAERI) 


144911443 Analysis of Thermohydraulic Limits during WWER-1000 Nuclear Power Plants 


Heat-Up Using RELAP5 System Code 


By M. Saghafi (Sharif Univ of Technology), J. Jafari (NSTRI) 


145711013 Study on Self-initialization Algorithm of SCDAP/RELAP5 Code 


By Te-Chuan Wang (Institute of Nuclear Energy Research (INER)) 
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5.10 LOCA Transient Analysis and Experiments-I 


Tuesday May 3, 13.10 pm – 14.30 pm 


145811086 Evaluation of the Boric Acid Concentration in the Core during Long Term 


Cooling Phase after a LOCA 


By Chang Hyun Kim, Sang Yeol Kim (KHNP) 


146411243 The Significance of Boric Acid During a LWR Severe Accident and the 


Repercussions for Experiment Representativity 


By M.P. Kissane (IRSN), B.R. Bowsher (AEA Technology), Y. Drossinos 


(JRC/IE), D.A. Powers (Sandia National Laboratory), C. Hueber (IRSN) 


147611031 Assessment of SCDAP/RELAP5 Modelling of Top-down Reflood, using 


PARAMETER Bundle Experiments 


By Jonathan Birchley, Leticia Fernandez Moguel (PSI) 


5.10 LOCA Transient Analysis and Experiments-II 


Tuesday May 3, 14.45 pm – 16.05 pm 


148611023 Uncertainty Evaluation of Best-Estimated Multi-Dimensional Calculation during 


LBLOCA for APR1400 Plant 


By Ae Ju Cheong, Deog-Yeon Oh, Byung Gil Huh, Young Seok Bang, Sweng 


Woong Woo (KINS) 


149411230 Loss of Coolant Accident Analysis using Best Estimate Plus Uncertainties 


Considering the Change of Fuel Thermal Conductivity with Burnup 


By Soon Joon Hong (FNC Tech. Co., Ltd.), Seong Su Jeon (FNC Tech. Co., 


Ltd.), Young Seok Bang (KINS) 


150011389 Experimental Investigations of BWR Pressure Suppression Pool Behaviour under 


Loss of Coolant Accident Conditions 


By Sanjeev Gupta, Benjamin Balewski, Karsten Fischer, Gerhard Poss (Becker 


Technologies GmbH) 


150811041 The Study of Loss-of-coolant Accident Parameter Identification for a BWR-4 


Plant 


By Chih-Ming Tsai (Institute of Nuclear Energy Research), Nenzi Wang (Chang 


Gung Univ), Jr-Ren Tsai (Navy Command Headquarter) 


Track 6 - Reactor Physics and Analysis 


6.01 Nuclear Data 


Tuesday May 3, 13.10 pm – 14.30 pm 


151711285 Nuclear Data Uncertainty Analysis for the Generation IV Sodium-cooled Fast 


Reactor Core with Fresh Oxide Fuel 


By Sandro Pelloni, Konstantin Mikityuk (PSI), Gérald Rimpault (CEA) 
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152711206 Adjustment of 241Am Cross Section with Monju Reactor Physics Data 


By Taira Hazama, Kazuya Takano, Akihiro Kitano (JAEA) 


153611146 JEFF3.1.1 Validation of the Fuel Inventory Calculation for High Burn-up PWR 


Fuel (up to 85 GWd/t) with the ALIX Experiment 


By C. Vaglio-Gaudard, A. Santamarina, D. Bernard, R. Eschbach (CEA, DEN, 


DER/SPRC) 


6.02 Experimental Facilities Analysis 


Wednesday May 4, 14.45 pm – 16.05 pm 


154411341 Fuel and Core Testing Plan for a Target Fueled Isotope Production Reactor 


By James J. Dahl, Richard L. Coats, Edward J. Parma (Sandia National 


Laboratories) 


155011308 Measurement of Erbia Content in Uranium Fuel Using PGAA with a Compact 


Neutron Source 


By Teruhisa Takamatsu, Naoki Sugimura (Nuclear Engineering, Ltd.), Tadafumi 


Sano (Kyoto Univ) 


155811071 The Use of EOLE and MINERVE Critical Facilities for the Generation 3 Light 


Water Reactors Studies 


By J.C. Bosq, M. Antony, J. Di Salvo, J.C. Klein, N. Thiollay, P. Blaise, P. 


Leconte (CEA) 


6.03 Monte-Carlo Methods 


Tuesday May 3, 10.30 am – 12.10 pm 


156611393 Cross Section Generation Strategy for Advanced LWRs 


By Bryan Herman, Eugene Shwageraus (MIT), Jaakko Leppänen (VTT), Benoit 


Forget (MIT) 


157711390 Investigation of the Effect of Uncertainties in the Cross Sections of U and Pu on 


the Neutron Flux Calculation 


By Yomna H. Abd Elbaky, M.S. Nagy, Alya A. Badawi (Univ of Alexandria), 


Nader M.A. Mohamed (Egyptian Atomic Energy Authority), Hanaa H. Abou 


Gabal (Univ of Alexandria) 


158411381 Overview of TRIPOLI-4 Version 7 Continuous-energy Monte Carlo Transport 


Code 


By E. Brun, E. Dumonteil, F.X. Hugot, N. Huot, Y.K. Lee, F. Malvagi, A. 


Mazzolo, O. Petit, J.C. Trama, A. Zoia (CEA Saclay) 


159011198 Nuclear Reactor Simulations for Unveiling Diversion Scenarios: Capabilities of 


the Antineutrino Probe Applied to VHTR Monitoring 


By S. Cormon, M. Fallot, V.M. Bui, L. Giot, A Onillon, A. Porta, F. Yermia 


(SUBATECH (Ecole des Mines de Nantes - Univ de Nantes - CNRS/IN2P3)) 
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6.05 Core Physics Methods 


Tuesday May 3, 14.45 pm – 16.05 pm 


159911277 Development of the European Safety Analysis Platform (ESAP) for Integrated 


Core and Safety Analysis of Nuclear Reactor Systems 


By Luca Ammirabile, Haileyesus Tsige-Tamirat, Michael Fütterer, Vesselina 


Ranguelova (Euratom, JRC Institute for Energy) 


160611092 HEMERA V2: An Evolutionary Tool for PWR Multiphysics Analysis in SALOME 


Platform 


By J.C. Le Pallec, C. Poinot-Salanon, N. Crouzet, S. Zimmer (CEA) 


161611401 Optimized Gadolinia Repartition (OGR) Fuel Assembly Design Concept for 


Stable Cycle Management in PWRs 


By Sorouch Kheradmand, Masayuki Kauchi (MHI), Yasuo Ogura (MNEC), 


Toshikazu Ida (MHI) 


162611300 Analysis of Sodium Void Reactivity of Control Rod Regions in Phénix Sized Core 


with Monte Carlo Code MVP 


By Tsugio Yokoyama, Tetsuo Tamaoki (Toshiba Nuclear Engineering Services 


Corporation), Toshio Wakabayashi (Tohoku Univ), Akito Nagata (Toshiba 


Corporation) 


163511295 Consideration of Methods to Determine an Enrichment of Commercial Fast 


Reactor Fuel 


By Shuhei Maruyama, Shigeo Ohki, Tsutomu Okubo (JAEA) 


6.06 Core Physics Analysis 


Thursday May 5, 10.30 am – 12.10 pm 


164411211 Fuel Regeneration Analysis of an Accelerator Driven System Using the MCNPX 


2.6.0 Code 


By Graiciany de Paula Barros, Claubia Pereira, Maria Auxiliadora Fortini Veloso, 


Antonella Lombardi Costa, Clarysson A. M. Da Silva (Univ Federal de Minas 


Gerais) 


165111305 Benchmark Verification of the KARMA/ASTRA Code with OECD/NEA and 


U.S.NRC PWR MOX/UO2 Transient Problem 


By Tae Young Han, Joo Il Yoon, Jae Hee Kim, Chang Kyu Lee, Beom Jin Cho 


(KEPCO Nuclear Fuel) 


165811286 Analysis of the Turbine Trip Transient in Peach Bottom NPP with the Coupled 


Codes TRAC-BF1/NEM 


By T. Barrachina, R. Miro, G. Verdu (UPV), I. Collazo, P. Gonzalez, A. Concejal, 


J. Melara (IBERINCO) 


166411248 Application of Linear and Nonlinear Neutron Kinetics Models for the Study of a 


Gen-IV LFR DEMO Core Dynamics 
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By Sara Bortot, Antobio Cammi, Stefano Lorenzi (Politecnico di Milano) 


167511038 Fine Mesh Calculations for Core Monitoring 


By Boyan Ivanov, Baocheng Zhang (Westinghouse Electric Company), Erwin 


Müller (Westinghouse Electric Sweden) 


Track 7 - Thermal Hydraulics Analysis and Testing 


7.01 Advances in Two-phase Flow and Heat Transfer 


Tuesday May 3, 10.30 am – 12.10 pm 


168211274 A Multi-size Model for Sub-cooled Boiling Bubbly Flows 


By Didier Zaepffel, Christophe Morel (CEA), Daniel Lhuillier (CNRS & UPMC) 


169211172 Effects of Magnetic NanoFluids and Magnetic Fields on the Flow Boiling CHF 


Characteristics 


By Taeseung Lee, Jong Hyuk Lee (KAIST) 


169811056 FLICA-OVAP: Elements of Validation for LWRs Thermal-hydraulics Studies 


By Matteo Bucci, Anne Charmeau, Philippe Fillion (CEA) 


171211448 Study of Flow Instabilities in a Natural Circulation Boiling System 


By Kazem Ardaneh, Jalil Jafari, Hossein Khalafi (NSTRI) 


172311018 European Developments in Thermal-hydraulics for Innovative Nuclear Systems 


By Ferry Roelofs (NRG), Andreas Class (KIT), Paride Meloni (ENEA), Katrien 


van Tichelen (SCK-CEN), Pascal Boudier (CEA), Michael Prasser (ETHZ), Xu 


Cheng (KIT) 


7.02 Advances in CHF and Rod Bundle Thermal Hydraulics 


Tuesday May 3, 10.30 am – 12.10 pm 


173611273 CHF Enhancement in Pool Boiling System with Additives under Atmospheric 


Pressure 


By Juno Lee, Soon Heung Chang (KAIST) 


174111118 Boiling CHF Enhancement by Micro and Nano Scale Structures on Modified 


Zirconium Alloy 


By Ho Seon Ahn, Soon Ho Kang, Hang Jin Jo, Gunyeop Park, Moo Hwan Kim 


(POSTECH) 


175111131 Experimental CHF Study on the Scaling Effect of 2-D Slice Test Section for In-


Vessel Retention through External Reactor Vessel Cooling Strategy 


By Hae Min Park, Yong Hoon Jeong (KAIST), Sun Heo, Dong Soo Song (KHNP) 


7.03 CFD Application to Water, Liquid Metal and Others-I 


Thursday May 5, 10.30 am – 12.10 pm 


175711221 Computational Fluid Dynamics Analysis of Flow/Temperature Distribution of 


Moderator Inside Calndria and Comparison of Two Different Approaches 
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By J.S. Bharj, R.R. Sahaya, S.P. Dharne, S.G. Ghadge (Nuclear Power 


Corporation of India Limited) 


176511247 Coupled Computational Fluid Dynamics and Heat Transfer Analysis of the VHTR 


Lower Plenum 


By Sal B. Rodriguez (Sandia National Laboratories, Univ of New Mexico), 


Mohamed S. El-Genk (Univ of New Mexico) 


177311406 Coarse-Grid-CFD for Pressure Loss Evaluation in Rod Bundles 


By A.G. Class, M.O. Viellieber, A. Batta (Karlsruhe Institute of Technology 


(KIT)) 


178111238 CFD Analysis of Turbulence Enhancement Appendages for Pressure Tube 


Nuclear Reactors 


By Alexandru Catana, Ilie Turcu (Institute for Nuclear Research), Ilie Prisecaru, 


Daniel Dupleac (Univ. POLITEHNICA) 


7.03 CFD Application to Water, Liquid Metal and Others-II 


Thursday May 5, 13.10 pm – 14.50 pm 


178211135 Numerical Simulation of the Multi-dimensional Two-Phase Flow Phenomena in 


the Downcomer Boling Test Using the CUPID Code 


By Hyoung Kyu Cho, Byong Jo Yun, Jae Ryong Lee, Jae Jun Jeong (KAERI) 


179311096 Application of the CFD CONV Code to the Simulation of LIVE L-4 Test 


By A. Palagin, F. Kretzschmar (Karlsruhe Institute of Technology), V. Chudanov 


(IBRAE) 


180111066 CFD-aided Investigation of Heat Transfer from Nuclear Fuel Rod to Low Flow 


Steam 


By Naugab E. Lee, Bronwyn K. Edwards (Westinghouse) 


181111117 Evaluation of Debris Transport in ECCS Long Term Core Cooling Period Using 


VOF Method and Particle Tracking Method 


By Tae Hyub Hong, Sang Won Lee, Hyeong Taek Kim (Nuclear Engineering & 


Technology Institute, KHNP) 


7.04 SET and IET Thermal Hydraulics Experiments 


Wednesday May 4, 13.10 pm – 14.30 pm 


181611194 Scram Vessel Experiments for KERENATM 


By Thomas Zacharias, Stephan Leyer, Vassili Herbst, Stefan Uhrig, Thomas 


Wagner, Doris Pasler, Michael Wich (AREVA NP GmbH) 


182211156 Full Scale Tests with the Passive Core Flooding System and the Emergency 


Condenser at the Integral Test Stand Karlstein for KERENATM 


By T. Wagner, M. Wich, M. Doll, S. Leyer (AREVA NP GmbH) 


182811426 An Integral Effect Test Program for the SMART Design: VISTA-ITL 
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By Hyun-Sik Park, Byoung-Yeon Min, Yong-Chul Shin, Ki-Yong Choi, Seok Cho, 


Nam-Hyun Choi, Sung-Jae Yi (KAERI) 


183711437 Measurement of Liquid Droplets Across a Spacer Grid in a Channel with 


Electrically-heating 2×2 Rods 


By Byoung Jae Kim, Hyoung Kyu Cho, Jong Kuk Park, Sang Ki Moon (KAERI) 


184311183 Experimental Characterization of Two-Phase Flow Instability Thresholds in 


Helically Coiled Parallel Channels 


By Davide Papini, Marco Colombo, Antonio Cammi, Marco E. Ricotti (Politecnico 


di Milano), Dario Colorado (Univ Autonoma del Estado de Morelos (UAEM)), 


Matteo Greco, Gaetano Tortora (SIET) 


7.05 System Analysis and Assessment-I 


Wednesday May 4, 14.45 pm – 16.05 pm 


185311123 The Development of SBLOCA Evaluation Methodology Using SPACE Code 


By Suk-Ho Lee, Byung-Sup Kim, Han-Gon Kim (NETEC, KHNP) 


186011397 Simulation of a Small-Break LOCA Experiments from the RD-14M Facility Using 


the CATHENA Code 


By Hyoung Tae Kim, Bo Wook Rhee, Joo Hwan Park (KAERI) 


186911160 Analysis of Small-Break Loss-of-Coolant Accident Test 9.1b at BETHSY Facility 


with TRACE and RELAP5 


By Andrej Prošek, Ovidiu-Adrian Berar (Jožef Stefan Institute) 


187811128 Assessment of the TRACE Code Using Transient Data from SBLOCA Experiment 


By Jong-Rong Wang, Hao-Tzu Lin (Institute of Nuclear Energy Research, 


Atomic Energy Council, R.O.C.), Wei-Xiang Zhuang, Chunkuan Shih (Institute 


of Nuclear Engineering and Science, National Tsing Hua Univ) 


7.05 System Analysis and Assessment-II 


Thursday May 5, 10.30 am – 12.10 pm 


188811385 Development and Validation of a Thermal-Hydraulic Model of the SPES-99 


Facility with the French System Code CATHARE 


By P. Meloni, G. Bandini, C. Lombardo, M. Polidori, M. Zaccarelli (ENEA) 


189611383 TRACE5 Simulation of a Cold Leg Intermediate Break LOCA 


By S. Gallardo, G. Verdu (Univ Politecnica de Valencia) 


190411174 Comparative Study of Two Models Simulate a Large Break LOCA on the 


Pressurized Envelope of a Typical Irradiation Test Loop Using Relap5/SCDAP3.2 System 


Code 


By Ahmed Hadjam (1,3Centre de Recherche Nucléaire de Birine), Ferhat Souidi 


(USTHB), Ahcene Loubar (1,3Centre de Recherche Nucléaire de Birine), Marcel 


Weber (SCK• CEN) 
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191511283 Thermal Hydraulic Simulation of Containment Experimental Facility with Passive 


Cooling Systems 


By Rajesh Kumar, A.J. Gaikwad, A.D. Contractor, H.G. Lele, K.K. Vaze (Bhabha 


Atomic Research Centre) 


7.05 System Analysis and Assessment-III 


Thursday May 5, 13.10 pm – 14.50 pm 


192111396 Prediction of Void Fraction in PWR Subchannel by CATHARE2 Code 


By L. Michelotti, A. Del Nevo, D. Rozzia, F. D'Auria (Univ of Pisa) 


192811423 Assessment of the KAERI 6x6 Reflood Experiment Using the SPACE Code 


By Sang-Ki Moon, Jungwoo Kim, Kyung-Doo Kim, Ki-Yong Choi, Hyun-Sik Park, 


Seok Cho (KAERI) 


193511153 Relap5 and TRACE Calculations with Quantitative Assessment against Achilles 


Natural Reflood Experiment 


By Ovidiu-Adrian Berar, Andrej Prosek (Jozef Stefan Institute) 


194311055 Validation of the TASS/SMR-S Code for the Core Heat Transfer Model on the 


Steady Experimental Conditions 


By In Sub Jun, Kyu Hwan Bae, Young Jong Jeong, Won Jae Lee (KAERI) 


7.06 Thermal Hydraulics Measurements and Modeling Fundamentals 


Wednesday May 4, 10.30 am – 12.10 pm 


195011471 Experimental Analysis of the Effects of the Graphite Dispersion on the Thermal-


Hydraulic Phenomena inside the Reactor Cavity Cooling System 


By Luigi Capone, R. Vaghetto, Yassin A. Hassan (Texas A&M Univ) 


195711291 Applicability of Wire-Mesh Sensor to Acquire Multidimensional Churn Flow 


Dynamics 


By Taizo Kanai, Masahiro Furuya, Takahiro Arai, Kenetu Shirakawa, Nobuyuki 


Ueda (CRIEPI) 


196511191 An Experimental Study on Bubble and Film Dynamics Related to Boiling in a 


Horizontal Liquid Layer 


By Shengjie Gong, Liangxing Li, Weimin Ma (Royal Institute of Technology) 


197311126 Experiment Study on the Magnetic Field Effect of Pool Boiling CHF Enhancement 


in Water-based Magnetic Fluid with Lower Concentration 


By Jong Hyuk Lee, Yong Hoon Jeong (KAIST) 


7.07 System Simulation Models and Codes 


Tuesday May 3, 13.10 pm – 14.30 pm 


198111444 Assessment of Subcooled Boiling Model in MARS and SPACE with Two-Phase 


Parameters at Low Pressure 
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By Jin-Hwa Yang, Ji-Hun Kim, Jong-Won Kim, Ji-Hwan Jung, Goon-Cherl Park 


(Seoul National Univ) 


199011425 On the Implementation of Upwind Numerical Method for a Hyperbolic Two-fluid 


Model 


By Yeon-Gyu Jung (KAIST), Moon-Sun Chung (Korea Institute of Energy 


Research), Sung-Jae Yi (KAERI), Keun-Shik Chang (KAIST) 


199611109 Analysis of Thermal Hydraulic Processes in Wendelstein 7-X Experimental 


Nuclear Fusion Facility 


By Algirdas Kaliatka, Eugenijus Uspuras, Tadas Kaliatka (Lithuanian Energy 


Institute) 


7.08 Thermal Hydraulics of Boiling Water Reactors 


Wednesday May 4, 10.30 am – 12.10 pm 


200511338 Loop Studies Conducted at Low Pressure of Void Fractions and Pressure Drop 


Characteristics of Air-Water Flows Through Two Mock-Ups of One BWR Fuel Assembly 


Design 


By Hamid Sadeghi, Jan Blomstrand (KTH), Guillermo Urrutia (CNEN) 


201411336 TRACE Analysis of Inadvertent Startup of HPCI Transient in Chinshan BWR/4 


By Wei-Shao Chen, Chunkuan Shih (Institute of Nuclear Engineering and 


Science, National Tsing Hua Univ), Jong-Rong Wang, Hao-Tzu Lin (Institute of 


Nuclear Energy Research, Atomic Energy Council) 


202111256 Development and Implementation of Effective Models in GOTHIC for the 


Prediction of Mixing and Thermal Stratification in a BWR Pressure Suppression Pool 


By Hua Li, Pavel Kudinov, Walter Villanueva (Royal Institute of Technology 


(KTH)) 


203011130 The Steamline Break Inside Containment LOCA Transient Analysis of Lungmen 


ABWR with TRACE 


By Jong-Rong Wang, Hao-Tzu Lin (Institute of Nuclear Energy Research, 


Atomic Energy Council, R.O.C.), Wei-Chen Wang, Chunkuan Shih (Institute of 


Nuclear Engineering and Science, National Tsing Hua Univ) 


203711129 Water Hammer Modeling in MSIV Closure Transient of Lungmen ABWR with 


TRACE 


By Hao-Tzu Lin, Jong-Rong Wang (Institute of Nuclear Energy Research, 


Atomic Energy Council, R.O.C.), Wei-Chen Wang (Institute of Nuclear 


Engineering and Science, National Tsing Hua Univ), Chunkuan Shih (National 


Tsing Hua Univ) 


7.09 Uncertainty Analysis 


Tuesday May 3, 13.10 pm – 14.30 pm 
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204511452 CIAU Method for Uncertainty Evaluation for System Thermal-Hydraulic Code 


Calculations 


By Alessandro Petruzzi, Francesco D'Auria (Univ of Pisa) 


205511179 State of the Art of Best Estimate Plus Uncertainty Methods in Safety Analyses 


By Andrea Bucalossi (European Commission - Joint Research Centre), 


Alessandro Petruzzzi (Univ of Pisa) 


206211107 Study on Verification of Compliance with Bundle and Channel Power Limits and 


Uncertainty Analysis of Power Coefficient Considering Aging for CANDU Reactors 


By In-young Kim, Yong-won Choi, Un-chul Lee (Seoul National Univ), Kap Kim 


(KINS) 


206911045 Sensitivity Analysis by the Use of a Neural Network Model during Large Break 


LOCA on LOFT L2-5 Experiment with CATHARE-2 V2.5 Code 


By Fabrice Fouet, Pierre Probst (IRSN) 


207711025 Sensitivity Analysis of a Passive Thermal-Hydraulic System 


By Qiao Liu, Toshimitsu Homma (JAEA) 


7.10 Thermal Hydraulics of Liquid Metal Reactors 


Wednesday May 4, 13.10 pm – 14.30 pm 


207811289 TRACE Analysis of Selected ISPRA Experiments on Dryout in Sodium Two-phase 


Flow 


By A. Chenu, K. Mikityuk, R. Chawla (PSI) 


208511231 Quantitative Evaluation of Gas Entrainment by Numerical Simulation with 


Accurate Physics Model 


By Kei Ito (JAEA), Yasuo Koizumi (Shinshu Univ), Hiroyuki Ohshima (JAEA), 


Takumi Kawamura (NESI.Inc.) 


209311047 Thermal Hydraulics Test for Validation of 4S Safety Analysis Code ARGO 


By Nobuhiko Usui, Hisao Watanabe, Atsuko Matsuda, Jun Ohno, Mitsuo 


Wakamatsu (Toshiba Corporation) 


210311316 Investigation on the Heat Exchange Efficiency of Bayonet Tube Steam 


Generator of Lead-Cooled ALFRED Reactor with RELAP5 Code 


By Francesco Belloni (Sapienza, Univ di Roma), Giacomino Bandini, 


Massimiliano Polidori (ENEA) 


211211158 Thermal-Hydraulic Analysis of ADS Using RELAP5 Code 


By Indu Kumari, A. K. Trivedi, Ashok Khanna, Prabhat Munshi (Bhabha Atomic 


Research Centre), H.G.Lele, A.J.Gaikward, P. Satyamurthy (Indian Institute of 


Technology Kanpur) 


211311455 Development of the Thermohydraulic Module for SOCRAT-BN Complex for 


Reactor with Sodium Coolant 
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By S.I. Lezhnin, N.A. Pribaturin, V.N. Semenov, E.V. Usov (Nuclear Safety 


Institute) 


Track 8 - Fuel Cycle and Waste Management 


8.01 LWR Fuel Cycle 


Tuesday May 3, 10.30 am – 12.10 pm 


211411044 Study of Specific Burn up of Curium in Thermal Reactors 


By Rei Kimura, Tadashi Yoshida, Tomoaki Akamatsu (Tokyo City Univ) 


212111315 Innovation in Transport Storage Technology 


By Hervé Issard, Michel Hartenstein (TN International (AREVA group)) 


212811386 The Back-End Question for Depleted Uranium 


By Charles W. Forsberg (MIT), Massimo Zucchetti (MIT, Politecnico di Torino,) 


213611462 Advanced Evaluation of Spent Fuel in Long Term Wet Storage in Slovakia 


By Vladimir Slugen, Matus Stacho, Veronika Sabelova, Martin Petriska (Slovak 


Univ of Technology Bratislava) 


214011473 Industrial View on Reprocessing and Recycling as Essential Elements towards 


Sustainable Nuclear Energy Systems 


By Luc Van Den Durpel, Isabelle Leboucher, Mustapha Chiguer (AREVA) 


8.02 Waste Management 


Tuesday May 3, 14.45 pm – 16.05 pm 


214111005 Proposed Flexibility to USA Nuclear Waste Management Strategy 


By Salomon Levy (Levy & Associates) 


214811306 Minimized Waste Volumes from Optimized Low and Intermediate Level Waste 


Management at the Loviisa NPP in Finland 


By Esko Tusa (Fortum Power and Heat Oy) 


215411001 Immobilization of Radwaste in Synthetic Rock: An Alternative to Cementation 


By Bernard Rottner (Onet Technologies) 


215811267 Impermeable Graphite: A New Development for Embedding Radioactive Waste 


By J. Fachinger, K.H. Grosse (FNAG), R. Seemann, M. Hrovat (ALD) 


8.03 Advanced Fuel Cycles 


Thursday May 5, 10.30 am – 12.10 pm 


216411441 ACSEPT – Status in Advanced Separation Process Developments in Europe 


By Stephane Bourg (CEA), Andres Geist (KIT-INE), Concha Caravaca 


(CIEMAT), Chris Rhodes (NNL), Christian Ekberg (CHALMERS) 


216811356 Development of Advanced Aqueous Reprocessing Process in Fast Reactor Cycle 


Technology Development (FaCT) Project 


By Tadahiro Washiya, Tomozo Koyama (JAEA) 



file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11044.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11315.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11386.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11462.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11473.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11473.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11005.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11306.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11306.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11001.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11267.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11441.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11356.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11356.pdf%23page=1





217411114 Development of FBR Fuel Reprocessing by Fluoride Volatility Method 


By Jan Uhlir, Martin Marecek, Jan Skarohlid, Frantisek Lisy, Richard Bican 


(Nuclear Research Institute Rez plc) 


217811164 Selective Uptake of Palladium by Novel Hybrid Microcapsules Enclosing 


Insoluble Copper Ferrocyanides 


By Hitoshi Mimura, Yuichi Niibori (Tohoku Univ), Takashi Ohnishi, Shin-ichi 


Koyama (JAEA) 


218611232 The Assessment of the Fuels Thermal Conductivity by Molecular Dynamics 


By Sergii Nichenko, Dragos Staicu (EC, JRC/ITU) 


8.04 Nuclear Energy Systems Analysis 


Thursday May 5, 13.10 pm – 14.50 pm 


219711384 Enhancing the Sustainability of Nuclear Energy by Increasing the Efficiency of 


actinide Recycling Processes: Overview of the Major Guidelines 


By Christophe Poinssot, Dominique Warin, Christine Rostaing, Michel Masson 


(CEA) 


220511418 Is it Worth to Start Fast Reactors Using Uranium Fuels? 


By H. Safa (CEA, DEN, Scientific Direction), P. Dumaz, J.F. Luciani (CEA, High 


Commissioner Cab.), L. Buiron, B. Fontaine, J.P. Grouiller 


(CEA/DEN/DER/SPRC) 


221211392 Fuel Cycle Performance Characteristics of Advanced Once-Through Nuclear 


Energy Systems 


By Temitope A. Taiwo, Taek K. Kim (ANL) 


222111479 Use of a Systems Engineering Approach to Prioritize Fuel Cycle Research and 


Development Choices 


By Bhupinder P. Singh (U.S. Department of Energy) 


8.05 Thorium Fuel Cycle 


Wednesday May 4, 14.45 pm – 16.05 pm 


222211349 Innovative Use of Thorium in LWR Fuel Assemblies 


By Cheuk Wah Lau, Christophe Demazière (Chalmers Univ of Technology), 


Henrik Nylén (Ringhals AB), Urban Sandberg (Ringhals AB) 


223211404 Core Design of Heavy Water Cooled Thorium Breeder with negative void 


Reactivity and Improved Breeding Performance 


By Naoyuki Takaki (Tokai Univ), Argala Srivastava (Tokai Univ, Bhabha Atomic 


Research Centre), Ayumu Takeda (Tokai Univ) 


223811236 Thorium Self Sustaining BWR Cores 


By Francesco Ganda (INL), Jasmina Vujic, Ehud Greenspan (Univ of California, 


Berkeley) 
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224811447 Pyrochemical Reprocessing of Thorium-based Fuel 


By S. Jaskierowicz, S. Delpech (INPO), P. Fichet, C. Colin (CEA), C. Slim, G. 


Picard (LECIME, ENSCP) 


Track 9 - Materials and Structural Issues 


9.01 Gen II/III Fuel 


Wednesday May 4, 14.45 pm – 16.05 pm 


225311442 Kinetics of Gaseous Atoms in Uranium Plutonium Mixed Oxide 


By N. Nakae, T. Baba, K. Kamimura (JNES) 


226211402 Capabilities of TRANSURANUS Code in Simulating BWR Super-Ramp Project 


By D. Rozzia, M. Adorni, A. Del Nevo, F. D'Auria (Univ of Pisa) 


227211374 Photoelectrochemical Approach for Understanding the Radiation Enhanced 


Corrosion of Zr Alloy in a Simulated BWR Water 


By Young-Jin Kim (GE Global Research Center) 


227811340 Steady-State Nitride Fuel Behavior Modeling with FRAPCON-EP and its 


Application to PWRs 


By Bo Feng, Aydin Karahan, Mujid S. Kazimi (MIT) 


9.02 Gen II/III Structural Mechanics, Testing and Analysis-I 


Thursday May 5, 10.30 am – 12.10 pm 


228811391 Evolution of Seismic Design Basis for Nuclear Plants: Standard Response 


Spectra Vs. Site-Specific Response Spectra 


By Ram Srinivasan, Jean-Michel Thiry, Calvin Wong (AREVA NP) 


229511435 Measurement of Residual Stresses in Thick Reduced Pressure Electron Beam 


Welded Components 


By X. Ficquet, D.M. Goudar, E.J. Kingston, K. Ayres, P. Hurrell, C. Gill 


(VEQTER) 


230111468 Influence of Sand Fineness on Tensile Behavior of High Performance Fiber 


Reinforced Cement Composites for Containment Building 


By Dong Joo Kim, Seok Hee Kang (Sejong Univ) 


230911469 Investigation of Statistical Behavior of Nuclear Power Plant Reinforced Concrete 


Cooling Tower Shell due to Randomness in Material and Geometrical Parameters Using 


Simulation Approach 


By Hyuk Chun Noh, Dae Young Kim (Sejong Univ) 


9.02 Gen II/III Structural Mechanics, Testing and Analysis-II 


Thursday May 5, 13.10 pm – 14.50 pm 


231711436 Cyclic Oxidation Kinetics and Oxide Scale Morphologies Developed on IN 600 


Superalloy in Air at High Temperatures 
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By KH.A. AL-Hatab, F.S. Aiariqi, M.A. Al-Bukhaiti (Sana'a Univ), U. Krupp, M. 


Kantehm (Univ of Applied Science) 


232711301 Development of the Analytical Method to Estimate the Allowable Horizontal 


Load on the RCCA Guide Tube 


By Shinjiro Inomata, Makoto Nakajima, Jun Shimizu, Toshio Ichikawa, Kaina 


Teshima, Yoichi Iwamoto, Hiroshi Ogawa (Mitsubishi Heavy Industries, LTD) 


233411157 Surveillance Program Assessment for Critical Components of Next Generation 


Nuclear Reactors 


By R. Chaouadi, S. Gavrilov, R. Fernandez, K. Lambrinou, M. Scibetta (SCK-


CEN) 


9.04 Gen II/III Durability of Metallic Structures and Concrete 


Tuesday May 3, 10.30 am – 12.10 pm 


234211010 Manageable Reactor Pressure Vessel Surveillance Programme - Flexible and 


Adaptable to Innovations 


By E.A. Krasikov (RRC Kurchatov Institute) 


234611009 Degradation and Damage Extension Lessons from the Decommissioned RPVs 


By E.A. Krasikov (RRC Kurchatov Institute) 


235211361 Irradiation Effects on Concrete Durability of Nuclear Power Plants 


By Osamu Kontani, Yoshikazu Ichikawa, Akihiro Ishizawa (Kajima Corporation), 


Masayuki Takizawa, Osamu Sato (Mitsubishi Research Institute, Inc) 


9.05 Gen IV Fuel and Cladding 


Tuesday May 3, 13.10 pm – 14.30 pm 


236111433 SiCf/SiC Composite Materials for Fast Reactor Applications 


By L. Chaffron, J. L. Séran, C. Sauder, C. Lorrette, A. Michaux, L. Gélébart, A. 


Coupé (CEA Saclay) 


236611220 Lanthanide Fission Product Migration in U-Zr Alloy Fuel 


By Yeon Soo Kim, G.L. Hofman, T. Wiencek, E. O'Hare, J. Fortner (ANL), T. 


Ogata (CRIEPI) 


237311197 Length Effects Associated with Metallic Fuel Elements 


By Abdellatif M. Yacout, Gerard L. Hofman, Yeon S. Kim (Argonne National 


Laboratory) 


237811359 Status of the Development of Ferritic/martensitic ODS at CEA for Sodium Fast 


Reactors 


By Yann de Caraln, Philippe Dubuisson (CEA/DEN/DMN), Véronique Garat 


(AREVA NP), Martine Blat (EDF R&D) 


238311333 Study on Realization of Innovative Fast Reactor Utilizing Hydride Neutron 


Absorber 
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By Kenji Konashi, Tomohiko Iwasaki (Tohoku Univ), Yoshihiko Okubo (MFBR), 


Kunihiro Itoh, Toshiya Kido (Nuclear Development Corporation), Masaki Ando, 


Yoshitaka Fukano (JAEA), Ken Kurosak (Osaka Univ), Akihiro Suzuki (Univ of 


Tokyo), Masahiko Ariyoshi (Toshiba) 


9.07 Gen IV Material Selection and Environment Effects-I 


Wednesday May 4, 10.30 am – 12.10 pm 


239211368 Corrosion of Fe-9Cr Steels in Sodium Fast Reactors Environments 


By F. Balbaud-Célérier, J.L. Courouau, C. Desgranges, L. Martinelli, F. Rouillard 


(CEA, DEN, DPC, SCCME, Laboratoire d’Etude de la Corrosion Non Aqueuse,) 


240311327 Liquid Metal Embrittlement of T91 Steel by Liquid Sodium 


By Ingrid Proriol Serre, Ouadie Hamdane, Jean-Bernard Vogt (Univ de Lille 1), 


Jean-Louis Courouau (CEA) 


241111328 Fatigue Resistance in Liquid Lead-bismuth Eutectic Alloy of T91 Steel 


By Jean-Bernard Vogt, Ingrid Proriol Serre (Univ de Lille1), Laure Martinelli 


(CEA), Nicolas David, Michel Vilasi (Faculté des Sciences) 


241811262 Finite Element Analysis of Creep Crack Growth for Compact Tension and 


Thumbnail Crack Specimens 


By W. Sun, C.J. Hyde, T.H. Hyde, A.A. Becker, R. Li, M. Saber (Univ of 


Nottingham) 


242511461 Influence of Chromium in Defects Production in Fe-Cr Alloys 


By V. Slugen, S. Sojak (FEI STU), W. Egger (Univ of Bundeswehr Munich), V. 


Krsjak, M. Petriska, J. Veternikova, V. Sabelova, M. Stacho (FEI STU) 


9.07 Gen IV Material Selection and Environment Effects-II 


Wednesday May 4, 13.10 pm – 14.30 pm 


243011439 Corrosion Behavior of Structural Materials in Liquid Gallium Environments 


By Sang Hun Shin, Jong Jin Kim, Jeong Seok Park, In Cheol Bang, Ji Hyun Kim 


(UNIST) 


243911152 Corrosion by Liquid Sodium of Materials for Sodium Fast Reactors: The 


CORRONa Testing Device 


By J-L. Courouau, F. Balbaud-Célérier, V. Lorentz, T. Duffrenoy (CEA) 


245011314 Thermomechanical Improvement of High-Temperature Mechanical Properties of 


9-12% Martensitic Steels for Nuclear Applications 


By Stéphanie Hollner, Benjamin Fournier (CEA/DEN/DANS/DMN/SRMA), Peter 


Mayr (IWS, Graz Univ of Technology), André Pineau (ENSMP Centre des 


Matériaux Mines Paris Tech) 


245911149 Study of the Tunneling Effect within Lattices with Cubic Structure on Varying 


Temperature 
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By Fulvio Frisone (Univ of Catania) 


Track 10 - Nuclear Energy and Global Environment 


10.01 Environmental Issues 


Tuesday May 3, 13.10 pm – 14.30 pm 


246511318 CO2 Emission from Nuclear Electricity 


By Henri Safa (CEA) 


247011133 Life Cycle CO2 Emissions by New Power Generation Technologies in Japan 


By Ei-ichi Imamura, Koji Nagano (CRIEPI) 


247511072 New Challenges for Radioactive Releases Estimation in Normal Operation for 


Latest PWR 


By Yves Barles, Kazutaka Mogi, Muneyuki Nakada, Hiromasa Nishino 


(Mitsubishi Heavy Industries) 


248411006 Risk Assessment of Coastal Defense against Typhoon Attacks for N uclear 


Power Plant in China 


By Defu Liu, Guilin Liu, Huajun Li, Fengqing Wang (Ocean Univ of China) 


10.02 Long-term Deployment: Scenario Analysis of Nuclear Role 


Tuesday May 3, 14.45 pm – 16.05 pm 


249311422 German Energy Concept and the Consequences on Nuclear Reactor Life Time 


By J. Guidez (CEA) 


249911208 Position Vector of Minimum Regret Analysis for the Selection of Electricity 


Expansion Plans with External Costs Internalized 


By Cecilia Martin-del-Campo, Guillermo Estrada-Sarti (Univ Nacional Autónoma 


de México) 


251011169 Codes Comparison on an Italian Case Study Scenario 


By R. Calabrese (ENEA, Reactor and Fuel Cycle Safety and Security Methods 


Section), G. Fesenko (Obninsk State Technical University for Nuclear Power 


Engineering) 


251811050 Roles and Expectations on South Korea's Nuclear Energy 


By Whan-Sam Chung, Sung-Won Yun, Dae-Sung Lee (KAERI) 


Track 11 - Deployment and Cross-Cutting Issues 


11.01 Deployment and Cross-Cutting Issues-I 


Tuesday May 3, 10.30 am – 12.10 pm 


252411428 The Impact of Differences in Operating Practices on the Development and Use 


of Advanced Reactor Design Operating Procedures: Results from the US-APWR HSI Test 


Program 
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By Robert Hall (REH Technology Solutions), Timothy Clouser (Luminant 


Power), James Easter (Consultant), Emilie Roth (Roth Cognitive Engineering), 


Kenji Mashio (Mitsubishi Nuclear Energy Systems), Masashi Hirahatake 


(Mitsubishi Electric Corporation) 


253211265 Challenges and Chances of the Nuclear Energy Development in Asia 


By Eunju Jun (KAERI) 


253611240 Building the Manufacturing R&D Infrastructure for the UK’s Nuclear New Build 


By Nigel Hart (Rolls-Royce), Keith Ridgway, Steve Court (Nuclear AMRC), 


Andrew Sherry (Univ of Manchester) 


11.02 Deployment and Cross-Cutting Issues-II 


Wednesday May 4, 10.30 am – 12.10 pm 


254111193 Multiple nuclear power plants investment scenarios: Economy of Multiples and 


Economy of Scale Impact on Different Plant Sizes 


By Sara Boarin, Marco E. Ricotti (Politecnico di Milano) 


255011020 Nuclear Technology Cost Assessments using G4Econs and it’s Cost Accounting 


System 


By Ferry Roelofs, Aliki van Heek (NRG) 


255711019 Impact of Plant Lifetime Extension on New Reactor and Fuel Cycle Development 


By Ferry Roelofs, Jaap Hart, Aliki van Heek (NRG) 


257311008 Overcoming the Limits to the Growth of Nuclear Power 


By Ron Cameron, Martin Taylor (OECD NEA) 


11.03 Deployment and Cross-Cutting Issues-III 


Thursday May 5, 10.30 am – 12.10 pm 


257911451 International Training Program in Support of Safety Analysis: 3C S.UN.COP - 


Scaling, Uncertainty and 3D Thermal-Hydraulics/Neutron-Kinetics Coupled Codes Seminars 


By Alessandro Petruzzi, Francesco D'Auria (Univ of Pisa, DIMNP), Tomislav Bajs 


(Univ of Zagreb, FER), Francesc Reventos (School of Industrial Engineering, 


Barcelona) 


259011282 Education and Training Guidelines for Countries Embarking on NPP, Lesson 


Learnt by Pakistan 


By Muhammad Ammar Mehdi, Shahid A. Mallick, Muhammad Ayub (Pakistan 


Nuclear Regulatory Authority) 


259711155 A New Quality Standard in the Nuclear Industry 


By Thierry Zumbihl (AREVA), Philippe Jeanmart (Bureau Veritas) 


260011217 Comprehensive Dynamic Analyses for Fast Reactor Cycle Deployment by the 


Combinations of Energy Economic Models and Dynamic Analyses Model 
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By Hiroki Shiotani, Kiyoshi Ono (JAEA), Masanori Heta, Naoto Yasumatsu (NESI 


Inc.) 


11.04 Deployment and Cross-Cutting Issues-IV 


Wednesday May 4, 13.10 pm – 14.30 pm 


260811250 Assessing the Competitiveness of SMR with the INCAS Model: The Bulgaria 


Case Study 


By Giorgio Locatelli, Mauro Mancini, Ana Georgieva (Politecnico di Milano) 


261811260 Interdisciplinary Prospective Analysis of Nuclear Power Technological Transition 


By Abdou-Aziz Zakari (Laboratoire de Physique Subatomique et de Cosmologie 


(LPSC)), Sylvana Mima (Laboratoire d’économie de la production et de 


l’intégration internationale (LEPII)), Adrien Bidaud (Laboratoire de Physique 


Subatomique et de Cosmologie (LPSC)), Patric Criqui, Philippe Menauteau 


(Laboratoire d’économie de la production et de l’intégration internationale 


(LEPII)), Sylvain David (Institut de Physique Nucléaire), Maurice Pagel (Univ 


de Paris-Sud 11) 


262611465 Effect of Potential Energy Stored in Reactor Facility Coolant on NPP Safety and 


Economic Parameters 


By A.V. Zrodnikov, G.I. Toshinsky, O.G. Komlev, I.V. Tormyshev (State 


Scientific Center Institute for Physics and Power Engineering (SSC IPPE)), A.V. 


Koudriavtseva, K.Yu. Danilenko (JSC “AKME Engineering”) 


263411251 Nuclear Power Plants in the Baseload Generation Portfolios: A Probabilistic 


Study of the Size Role 


By Giorgio Locatelli, Mauro Mancini, Diego Agosti (Politecnico di Milano) 


Track 12 - Plant Licensing and International 


Regulatory Issues 


12.01 International Standardization Initiatives 


Tuesday May 3, 10.30 am – 12.10 pm 


264411040 International Standardisation of Reactor Designs - Views of the Global Nuclear 


Industry 


By Michael Micklinghoff (E.On Kernkraft GmbH), Irina Borysova (World Nuclear 


Association) 


264811323 Towards an In-depth Update of the EUR Document 


By Pierre Berbey, François Hedin (EDF/SEPTEN), Luc Vanhoenacker (GDF SUEZ 


TBL Engineering), Olivier Rousselot (EDF/SEPTEN), Valérie Bellens (GDF Suez 


TBL Engineering) 
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265411266 Contribution of European Nuclear Licensees Toward Harmonization of 


Regulations for Nuclear Installations 


By Jean-Pierre Berger (FORATOM/ENISS), Luc Vanhoenacker (Tractebel 


Engineering), Muriel Glibert (FORATOM/ENISS) 


266311257 Design Scope and Level for Standard Design Certification of SMART under a 


Two Step Licensing Framework 


By Namduk Suh (KINS) 


267211104 Licensing Opportunities and Challenges for ABWR and ESBWR in the 


International Nuclear Renaissance 


By Hugh A. Upton, Jerald G. Head, Richard E. Kingston, Patrick J. Looney (GE 


Hitachi) 


12.02 Licensing Issues 


Thursday May 5, 10.30 am – 12.10 pm 


268211398 Generation III Advanced Pressurized Water Reactors Safety Assessment, IRSN 


Practice 


By Borislav Dimitrov, Emmanuel Wattelle, Karine Herviou, Gabriel Georgescu, 


Giovanni Bruna (IRSN) 


269111363 AP1000 Licensing in the United Kingdom 


By Simon J. Marshall, Luca Oriani, Paul A. Russ (Westinghouse) 


269911101 Keys to the Successful ESBWR Design Certification under 10 CFR Part 52, 


Licenses, Certifications, and Approvals for NPPs 


By Hugh A. Upton, Jerald G. Head, Richard E. Kingston, Patricia L. Campbell 


(GE Hitachi) 


270711459 Licensing Challenges and Lessons Learned in New Reactors in the U.S. 


By Frank M. Akstulewicz, Amy Snyder (US NRC) 


271411467 The Benefits of International Cooperation via the Boiling Water Reactor Owners’ 


Group (BWROG) 


By Ted Schiffley, Craig Nichols (GE Hitachi Nuclear Energy) 


12.03 Risk Informed Applications 


Thursday May 5, 13.10 pm – 14.50 pm 


271811325 Implementation of Performance-Based Fire Protection at Operating US Nuclear 


Power Plants 


By John A. Grobe, Steven A. Laur (US NRC) 


272711324 Regulatory Aspects of Digital Systems Retrofit at a U.S. Operating Nuclear 


Power Plants 


By John A. Grobe, Steven A. Arndt (US NRC) 


273411175 Risk Informing Nuclear Power Plant Emergency Preparedness 
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By Randolph Sullivan (US NRC) 


274211464 Use of Risk Insights to Enhance Safety Focus of Small Modular Reactor Reviews 


By Stewart L Magruder (US NRC) 


274711187 Improved Best Estimate Plus Uncertainty Methodology Including Advanced 


Validation Concepts to License Evolving Nuclear Reactors 


By C. Unal, B. Williams, F. Hemez (LANL), S.H. Atamturktur (Clemson Univ), P. 


MCClure (LANL) 


12.04 Construction and Supply Chain Inspection 


Wednesday May 4, 10.30 am – 12.10 pm 


274811477 Oversight Program for the Assurance of Quality in the Construction of Nuclear 


Power Plants in the US 


By John Tappert (US NRC) 


274911474 Current Activities and Lessons Learned in the Construction of Nuclear Power 


Plants in Finland 


By Petteri Tiippana (STUK) 


275011475 Experiences and Challenges of New Reactor Construction in Korea 


By Kjumyeng Oh (KINS) 


275111472 NSSS Components Manufacturing without Prior Allocation to a Project 


By V. Castellan, E. Touzain, F. Bouteille, A. Verse (AREVA NP) 


5th European Nuclear Education Network PhD Event 


Session 1 


Wednesday May 4, 8.10 am – 10.10 am 


275211490 Development and Validation of a Coupled CFD/System-Code Tool 


By Davide Bertolotto, Annalisa Manera, Rakesh Chawla (Paul Scherrer Institut) 


276311481 Analysis of the Multi-Application Small Light-Water Reactor (MASLWR) Design 


Natural Circulation Phenomena 


By F. Mascari, G. Vella (Univ degli Studi di Palermo), B.G Woods (Oregon State 


Univ), F. D’Auria (Univ of Pisa) 


277411482 Modeling and Experimental Investigation of Two-Phase Flow Instabilities in 


Helically Coiled Steam Generator Tubes 


By Davide Papini (Politecnico di Milano) 


Session 2 


Wednesday May 4, 10.30 am – 12.30 pm 


278411483 Study of the Hardening in Thermally Aged and Neutron-irradiated Iron-copper 


Alloys on the Basis of Combined Mechanical and Magnetic Relaxation Phenomena 


By Boris Minov (SCK•CEN) 



file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11464.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11187.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11187.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11477.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11477.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11474.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11474.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11475.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11472.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11490.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11481.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11481.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11482.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11482.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11483.pdf%23page=1

file://ALBA/UST/PARTAGES/SVI-GVA/A_Inis-Etde/Conférences-DM2S/ICAPP_2011@en_traitement_alain/data/papers/11483.pdf%23page=1





279411484 Acoustic Techniques for SFR Continuous Monitoring Illustration with the 


Continuous Characterisation of a Bubble Cloud 


By M. Cavaro, J.Ph. Jeannot (CEA DEN Cadarache), J. Moysan, C. Payan (LCND 


– Univ de la Méditerranée), O. Gastaldi (CEA DEN Cadarache) 


279511485 Modelling of Solidification Effect in Fuel Coolant Interactions 


By Mitja Uršič, Matjaž Leskovar, Borut Mavko (Jožef Stefan Institute) 


Session 3 


Wednesday May 4, 14.00 pm – 16.00 pm 


280511486 Monte Carlo and Molecular Dynamics Simulation of Plasma-Material Interactions 


By M. Di Prinzio (Ansaldo Nucleare), D. Aquaro (Univ di Pisa) 


282811487 New Neutron Data Measurements at 175 MeV for Accelerator Driven Systems 


By Riccardo Bevilacqua (Uppsala Univ) 


283511488 Preliminary Experimental and Numerical Assessment of a Secondary Scram 


System for Liquid Metal Cooled Reactors 


By Simon Vanmaercke (Univ Catholique de Louvain/ SCK.CEN), Gert Van den 


Eynde (SCK.CEN), Bert Tijskens (KULeuven), Yann Bartosiewicz (Univ 


Catholique de Louvain) 


284311489 A Computational Approach for LDI Erosion of Ductile Materials 


By Stefan Nicolici (Univ Politehnica of Bucharest) 


 


Author Index 


A 


Aaron, Adam 


11405 An Experiment to Study Pebble Bed Liquid-Fluoride-Salt Heat Transfer 


Abderrahim, Hamid Aït 


11140 MYRRHA, the Multi-purpose Hybrid Research Reactor for High-tech 


Applications 


Abella, Jordi 


11480 Heavy Liquid Metal Network: HeLiMnet Project Overview 


Abib, Elodie 


11027 AREVA Fatigue Concept (AFC) – An Integrated and Multi-disciplinary Approach 


to the Fatigue Assessment of NPP Components 


Adorni, M. 
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11402 Capabilities of TRANSURANUS Code in Simulating BWR Super-Ramp Project 


Agard, M. 


11162 A New Methodology for Enhanced Natural Safety GEN-IV SFR Core Design: 


Application to a Carbide-fueled Core 


Agosti, Diego 


11251 Nuclear Power Plants in the Baseload Generation Portfolios: A Probabilistic 


Study of the Size Role 


Ahlfeld, Charles 


11199 Conceptual Design of a 500 MWe Traveling Wave Demonstration Reactor Plant 


Ahn, Ho Seon 


11118 Boiling CHF Enhancement by Micro and Nano Scale Structures on Modified 


Zirconium Alloy 


Ahn, Yoonhan 


11288 Studies on the Application of Supercritical Carbon Dioxide Cycle to a Small 


Modular Reactor 


Aiariqi, F.S. 


11436 Cyclic Oxidation Kinetics and Oxide Scale Morphologies Developed on IN 600 


Superalloy in Air at High Temperatures 


Aizawa, Kosuke 


11223 Detection Capability and Operation Patterns of a Selector-Valve Failed-Fuel 


Detection and Location System for Large Sodium-cooled Reactors 


Akamatsu, Tomoaki 


11044 Study of Specific Burn up of Curium in Thermal Reactors 


Aksan, S. Nusret 


11322 International Collaboration in Thermal-Hydraulics and Heat Transfer for Super 


Critical Water-Cooled Reactors 


Akstulewicz, Frank M. 


11459 Licensing Challenges and Lessons Learned in New Reactors in the U.S. 


Al-Bukhaiti, M.A. 


11436 Cyclic Oxidation Kinetics and Oxide Scale Morphologies Developed on IN 600 


Superalloy in Air at High Temperatures 
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VHTR Applications 
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Zhuang, Wei-Xiang 


11128 Assessment of the TRACE Code Using Transient Data from SBLOCA 


Experiment 


Zimin, A.A. 
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11199 Conceptual Design of a 500 MWe Traveling Wave Demonstration Reactor Plant 


Zoia, A. 
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11155 A New Quality Standard in the Nuclear Industry 


 


About ICAPP 2011 


The ICAPP 2011 Edition will be focusing on: 


“Performance & Flexibility: The Power of Innovation” 


 


New nuclear power plants (NPP) are flourishing all over the world, even in countries with no 


nuclear history yet. The coming years shall experience the start-up of a series of new reactors 


bearing high expectations in terms of safety, performance and flexibility. Active innovative 


design work has been undertaken to materialize the desired industrial goals assigned to the 


third generation of Light Water Reactors.  


The 2011 International Congress on Advances in Nuclear Power Plants depicts the recent 


evolution in reactor physics, thermal-hydraulics, materials, operation and maintenance, safety 


and licensing of NPP. The fuel cycle and waste management strategies are intimately part of 


the overall picture raising near term deployment stakes such as environment, public 


acceptance and non-proliferation issues. Also, the long term sustainability challenges are 


emphasized through the many alternative designs including innovative fast reactors concepts 


and dedicated non-electrical systems.  


The Congress introduces invited lecturers in plenary sessions and a set of specialized technical 


sessions divided along the same traditional tracks in the spirit of continuation that built the 


success of previous ICAPP meetings.  


This year exhibits a pronounced evolution in nuclear nations as well as ambitious initiatives 


from fast-growing emerging countries. The same goes for nuclear industries searching to 
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enlarge their offer to adapt for the different local situations and demands. This effervescence 


calls for a real need in international harmonization were it only on safety issues.  


In technical sessions, one may notice the consolidation of present technologies, the renewed 


interest in future nuclear systems as well as the keystone position of the back-end of fuel 


cycle to ensure sustainability. Finally, the enthusiasm of new generation scientists and 


engineers for nuclear science reveals itself in many recent teaching programs proposed by 


universities worldwide, giving much hope in passing the torch.  


This ICAPP conference is really reflecting a moving nuclear picture driven by innovation.  


Frank Carré,  


ICAPP Program Committee Chairman 


Organization 


Organized by:  


French Nuclear Energy Society (SFEN) 


Sponsored by:  


American Nuclear Society (ANS) -- European Nuclear Society (ENS)* -- Korean 


Nuclear Society (KNS) -- Atomic Energy Society of Japan (AESJ) 


*European Nuclear Society (ENS) and its affiliated societies as the Belgian Nuclear Society 


(BNS), British Nuclear Energy Society (BNES), Finnish Nuclear Society (FNS), German Nuclear 


Society (GNS), Spanish Nuclear Society (SNS), Swedish Nuclear Society (SNS) and Swiss 


Nuclear Society (SNS) 


In collaboration with: 


International Atomic Energy Agency (IAEA) -- Organization for Economic Cooperation and 


Development, Nuclear Energy Agency (OECD NEA) 


and the Belgian Nuclear Society (BNS) -- Canadian Nuclear Society (CNS) -- Chinese Nuclear 


Society (CNS) -- Finnish Nuclear Society (FNS) -- German Nuclear Society (KTG) -- Nuclear 


Society of Russia (NSR) -- Spanish Nuclear Society (SNE) -- Swedish Nuclear Society (SNS) -- 


Swiss Nuclear Society (SNS) -- UK Nuclear Institute (NI) 


The International Congress on Advances in Nuclear Power Plants (ICAPP) is an annual event, 


cosponsored by ANS, AESJ, KNS and SFEN and a number of major international nuclear 


societies. Since its inception in 2002, ICAPP has been held as an international embedded 


topical meeting during the annual meeting of the American Nuclear Society biannually. ICAPP 


is held in Europe and Asia during years that it is not held in the United States. ICAPP provides 







a forum for leaders of the nuclear industry to exchange information, present results from their 


work, review the state of the art, and discuss future directions and needs for the deployment 


of new nuclear power plant systems around the world. 


Honorary Chairs 


Georges SERVIERE, EDF (France) 


Takuya HATTORI, JAIF (Japan) 


Goon-Cherl PARK, SNU (Korea) 


Amir SHAHKARAMI, Exelon (USA) 


General Chairs 


Jean-Claude GAUTHIER, AREVA (France) 


Yasuo KOMANO, Mitsubishi Heavy Industries (Japan) 


Choul Ho YUN, KINS (Korea) 


Regis A. MATZIE, Westinghouse (USA) 


Program Committee Chairs 


Frank CARRE, CEA (France) 


Henri SAFA, CEA (France) 


Hisashi NINOKATA, Tokyo Institute of Technology (Japan) 


Sun Koo KANG, KEPCO E & C (Korea) 


Sama BILBAO, IAEA 


Steering Committee 


Bernard JOLLY, SFEN (France) 


Hyun-Taek PARK, KHNP (Korea) 


Sumio FUJII, Mitsubishi Heavy Industries (Japan) 


Samim ANGHAIE, NETECH (USA) 


INTERNATIONAL TRACKS COMMITTEE 


1. Water-Cooled Reactor Programs and Issues 


Track leader: Jean-Philippe Frontigny, AREVA (France) 


Co-track leaders: Sama Bilbao y Leon, IAEA (Austria) -- Shigemitsu Otsuka, MHI (Japan) -- 


MD Alamgir, GE-Hitachi Nuclear Energy (USA)  


2. High Temperature Gas Cooled Reactors 


Track leader: Michael A. Fuetterer, JRC Petten (The Netherlands) 







Co-track leaders: Shigeaki Nakagawa, JAEA (Japan) -- Paul Demkowicz, INL (USA) -- Chang 


Oh, INL (USA) 


3. LMFR & Longer Term Reactor Programs 


Track leader: Jacques Rouault, CEA (France) 


Co-track leaders: Bernard Carluec, AREVA NP (France) -- Alfredo Vasile, CEA (France) -- Alain 


Zaetta, CEA (France) -- Aoto Kazumi, JAEA (Japan) -- Djamel Kaoumi, Univ of South Carolina 


(USA) 


4. Operation, Performance & Reliability Management 


Track leader: Jean-Claude Cervantes, EDF (France) 


Co-track leaders: Jean Eric Boulet, EDF DPN (France) -- Francis Kany, EDF DPN (France) 


5. Plant Safety Assessment and Regulatory Issues 


Track leader: Giovanni Bruna, IRSN (France) 


Co-track leaders: T. (Nithy) Nitheanandan, AECL (Canada) -- Andreas Pautz, GRS (Germany) 


-- Shoji Kotake, JAEA (Japan) -- Joon-Eon Yang, KAERI (Korea) 


6. Reactor Physics and Analysis 


Track leaders: Anne Nicolas, CEA, (France) -- Christine Poinot-Salanon, CEA, (France) 


Co-track leaders: Tadashi Yoshida, Tokyo City Univ (Japan) -- Han Gyu Joo, Seoul National 


Univ (Korea) -- Ivan Maldonado, Univ of Tennessee (USA)  


7. Thermal Hydraulics Analysis and Testing 


Track leader: Genevieve Geffraye, CEA (France) 


Co-track leaders: Yoshihisa Nishi, CRIEPI (Japan) -- Kazuyuki Takase, JAEA (Japan) -- Yassin 


Hassan, Texas A & M Univ (USA) -- Shripad Revankar, Purdue Univ (USA) -- Konstantin 


Mikityuk, PSI (Switzerland) 


8. Fuel Cycle and Waste Management 


Track leader: Luc Van den Durpel, AREVA (France) 
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Abstract – Starting from the Molten Salt Breeder Reactor project of Oak-Ridge, an innovative 
concept called Molten Salt Fast Reactor or MSFR based on a fast neutron spectrum has been 
proposed, resulting from extensive parametric studies in which various core arrangements, 
reprocessing performances and salt compositions were investigated to adapt the reactor in the 
framework of the deployment of a thorium based reactor fleet on a worldwide scale. In the MSFR, 
the liquid fuel processing is part of the reactor where a small side stream of the molten salt is 
processed for fission product removal and then returned to the reactor. Because of this 
characteristic, the MSFR can operate with widely varying fuel compositions. Thanks to this fuel 
composition flexibility, the MSFR concept may use as initial fissile load, 233U or uranium or also 
the transuranic elements currently produced by light water reactors. This paper addresses the 
characteristics of these different launching modes of the MSFR and the Thorium fuel cycle, in 
terms of safety, proliferation, breeding, and deployment capacities of these reactor configurations. 
To illustrate the deployment capacities of the MSFR concept, a French nuclear deployment 
scenario is finally presented, demonstrating that launching the Thorium fuel cycle is easily 
feasible while closing the current fuel cycle and optimizing the long-term waste management. 


 
 


I. INTRODUCTION 


The Generation-IV International Forum (GIF) for the 
development of new nuclear energy systems has 
established a set of goals as research directions for nuclear 
systems1: enhanced safety and reliability, reduced waste 
generation, effective use of uranium or thorium ores, 
resistance to proliferation, improved economic 
competitiveness. Molten Salt Reactors (MSRs) are one of 
the systems retained in 2002 by this forum. 


The CNRS has been involved in molten salt reactor 
studies since 1997. Starting from the Molten Salt Breeder 
Reactor project2 of Oak-Ridge, an innovative concept 
called Molten Salt Fast Reactor or MSFR3-9 has been 
proposed, resulting from extensive parametric studies in 
which various core arrangements, reprocessing 
performances and salt compositions were investigated to 
adapt the reactor in the framework of the deployment of a 
thorium based reactor fleet on a worldwide scale. The 
primary feature of the MSFR concept is the removal of the 
graphite moderator from the core (graphite-free core), 
resulting in a breeder reactor with a fast neutron spectrum 
and operated in the Thorium fuel cycle, as described in 
Section II of this paper. The MSFR has been recognized as 
a long term alternative to solid fueled fast neutron systems 


with a unique potential (excellent safety coefficients, 
smaller fissile inventory, no need for criticality reserve, 
simplified fuel cycle…) and has thus been officially 
selected for further studies by the Generation IV 
International Forum since 200810,11,12.  


In the MSFR, the liquid fuel processing is part of the 
reactor where a small stream of the molten salt is set aside 
to be processed for fission product removal and then 
returned to the reactor. This is fundamentally different 
from a solid fuel reactor where separate facilities produce 
the solid fuel and process the Spent Nuclear Fuel. Because 
of this design characteristic, the MSFR can operate with 
widely varying fuel compositions. Thanks to this fuel 
composition flexibility, the MSFR concept may use as its 
initial fissile load, 233U or enriched (between 5% and 30%) 
natural uranium or also the transuranic (TRU) elements 
currently produced by PWRs in the world. The 
characteristics (initial fissile inventory, safety parameters, 
and deployment capabilities) of each of these MSFR 
starting modes are detailed in section III, while the 
transition between the second and third generation reactors 
to the Thorium cycle is illustrated in Section IV by 
considering the deployment capacities of a MSFR park in 
the French context. 
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II. MOLTEN SALT FAST REACTOR CONCEPT 


II.A. Reactor Geometry 
The standard MSFR is a 3000 MWth reactor with a 


total fuel salt volume of 18 m3, operated between 650 and 
750°C. As shown in Fig. 1, the core of the MSFR is a 
single cylinder (with the diameter equal to the height) 
where nuclear reactions occur within the flowing fuel salt.  


 
Fig. 1: Schematic view of a quarter of the MSFR. The fuel 


salt (not represented here) is located within the orange lines 


MSFR simulations have been performed using a 
binary fluoride salt, composed of LiF enriched in 7Li  to 
99.995 % and a heavy nuclei (HN) mixture initially 
composed of fertile thorium and fissile matter, either 233U, 
enrichedU or Pu. The (HN)F4  proportion is set at 22.5 mole 
% (eutectic point), corresponding to a melting temperature 
of 565°C. The choice of this fuel salt composition rests on 
many systematic studies (influence of the chemical 
reprocessing on neutronic behavior, burning capabilities, 
deterministic safety level, deployment capabilities)7,13. This 
salt composition leads to a fast neutron spectrum in the 
core, as shown in Fig. 2 where the fast neutron spectrum of 
the simulated reference MSFR is compared to the spectra 
of 2 solid-fuel reactors: a Na-cooled Fast Neutron Reactor 
(FNR-Na) and a thermal Pressurized Water Reactor 
(PWR). The large Na capture cross-section appears clearly 
on the red curve at 2.8 keV, while the inelastic cross-
section of fluorine is characteristic of the green curve 
between 0.1 and 1 MeV. 


The external core structures and the fuel heat 
exchangers are protected by thick reflectors made of 
nickel-based alloys, which have been designed to absorb 
more than 90% of the escaping neutron flux. These 
reflectors are themselves surrounded by a 20cm thick layer 
of B4C, which provides protection from the remaining 
neutrons. The radial reflector includes a fertile blanket (50 
cm thick - green area in Fig. 1) to increase the breeding 


ratio. This blanket is filled with a fertile salt of LiF-ThF4 
with initially 22.5%- mole of 232Th. 


 
Fig. 2: Fast neutron spectra of the reference MSFR and of a 


Na-cooled fast neutron reactor (FNR-Na) compared to the 
thermalized spectrum of a pressurized water reactor (PWR) 


The fuel salt flows upward in the core until it reaches 
an extraction area which leads to salt-bubble separators 
through salt collectors (see description of the gaseous 
extraction system of fission products in section II.B). The 
salt then flows downward in the fuel heat exchangers and 
the pumps before finally re-entering the bottom of the core 
through injectors. The fuel salt runs through the total cycle 
in around 3-4 seconds, depending on the salt flow velocity. 
The total fuel salt volume is distributed half in the core and 
half in the external fuel circuit (salt collectors, salt-bubble 
separators, fuel heat exchangers, pumps, salt injectors and 
pipes). This external fuel circuit comprises 16 identical 
modules distributed around the core, outside the fertile 
blanket. 


Finally the normal way to quickly and easily stop the 
nuclear reaction for the MSFR shutdown will be to drain 
the fuel circuit in tanks located under the core. 


II.B. Reprocessing scheme 
The on-site salt management of the MSFR combines a 


salt control unit, an online gaseous extraction system and 
an offline lanthanide extraction component by 
pyrochemistry14,15,16. This salt reprocessing scheme is 
presented in Fig. 3. The only continuous salt chemistry 
process is the gaseous extraction system. It consists first in 
injecting helium bubbles in the lower part of the core to 
trap the non-soluble fission products (noble metals) 
dispersed in the flowing liquid and also gaseous fission 
products. A liquid/gas phase separation is then performed 
on the salt flowing out of the core to extract gaseous 
species and dragged condensed particles.  


PWR 


FNR-Na 


Neutron Energy [eV] 


MSFR 
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Fig. 3: Overall scheme of the fuel salt management 


including the online gaseous extraction (top) and the offline 
reprocessing unit (bottom) – The yellow boxes surrounded by a 
red line are enclosed within the reactor vessel 


Following this “physical” process of purification, a 
small part of the gas is withdrawn in order to let the fission 
products decay and the remaining part of gas is sent back 
to the lower part of the core. An experimental forced flow 
loop of fluoride salt, the FFFER (Forced Fluoride Flow for 
Experimental Research) facility17, is under construction at 
LPSC Grenoble and will be operated between 500 and 
700°C, with a LiF-NaF-KF salt. One of its objectives is to 
evaluate the efficiency of this bubbling process in a 
fluoride salt, by reproducing the gases extraction of the 
MSFR at a 1/10th scale in a simulant salt at high 
temperature. 


The salt properties and composition are monitored 
through the online chemistry control and adjustment unit. 
A fraction of salt (40 liters for the calculations of this 
paper) is periodically withdrawn and reprocessed offline in 
order to extract the lanthanides before it is sent back into 
the core. In this separate, batch reprocessing unit, 99% of 
Uranium (including 233U) and Neptunium and 90% of 
Plutonium are extracted by fluorination and directly and 
immediately reintroduced in the core. The remaining 
actinides are then quickly extracted together with 
Protactinium and also sent back to the core. In the last step, 
the lanthanides are separated from the salt through a 
second reductive extraction and sent to waste disposal. The 
remaining salt is sent back to the fuel salt. 


II.C. Simulation tools and methods 
Our numerical simulations rely on the coupling of the 


MCNP neutron transport18 with a home-made materials 
evolution code REM16,19,20,21. 


The probabilistic MCNP code evaluates the neutron 
flux and the reaction rates in all the parts (called cells) of 


the simulated system. This requires a precise description of 
the geometry and the characteristics of all materials 
involved (temperature, density, elements, isotopes, 
proportions), together with the interaction cross-sections of 
each isotope constituting the reactor.  


These calculations are static, for a given and fixed 
state of the system. Following the reactor operation all 
along its life also requires simulating the temporal 
evolution of the system. The neutronics code thus has to be 
coupled with an evolution code, as displayed in Fig. 4. 


 
Fig. 4: Coupling scheme of the MCNP neutron transport 


code with the in-house materials evolution code REM  
The evolution code REM solves the Bateman 


equations to compute the evolution of the materials 
composition isotope by isotope within the cells as a 
function of the nuclear reactions and decays occurring in 
the system and of external parameters like reprocessing or 
fuel adjustment. These last parameters are implemented 
through specific removal constants equivalent to decay 
constants. Our simulations consider several hundreds of 
nuclei (heavy nuclei, fission products, structural 
materials…) with their interactions and radioactive decays. 


The simulations of reactor evolution take into account 
the input parameters (power released, criticality level, 
chemistry...), by continuously adjusting the materials 
composition and thus the neutron flux of the system, via 
multiple interactions between the neutronic and the 
evolution tools. The REM code is indeed a precision-
driven code, i.e. it has been designed to determine the 
reactor evolution while controlling the precision of the 
results at each step of this evolution. The resolution of the 
Bateman equations is constrained by several variables to 
keep the reactor’s simulated physical parameters constant 
during the evolution. These include the total power (with a 
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one percent or so precision) and the reactivity (with a huge 
precision of some tens pcm, much smaller than the 
computational uncertainty of this parameter under MCNP). 
The numerical integration of the Bateman equations is 
done using a Runge-Kutta method. 


 
III. STARTING MODES OF THE MSFR 


A fission nuclear reactor requires fissile matter to 
produce power. Generation 2 or 3 reactors (PWR, 
CANDU, EPR…) being under breeder systems, i.e. using 
more fissile matter than they produce, they need to be 
regularly re-fueled with fissile matter all along their 
operation time. On the contrary, breeder generation-4 
reactors (SFR, MSFR, GFR…) require only one initial 
fissile matter load. They then produce at least the fissile 
matter they need to be operated all along their lifespan. 
Moreover, concerning molten salt reactors, only one fissile 
load is mandatory and not 2 as for solid-fueled reactors 
(one fissile load used in the reactor and one in the 
reprocessing/fuel manufacturing procedure) since no fuel 
re-fabrication is necessary and the fuel salt composition is 
controlled on-line without stopping reactor operation. 


The only natural fissile matter on earth is 235U (0.72% 
of natural uranium), which can be used directly as enriched 
uranium in breeder reactors for their initial fissile load, or 
which can be loaded on the side in generation 2 or 3 
reactors to produce either 239Pu by irradiating 238U, or 233U 
by irradiating 232Th. To deploy the Thorium fuel cycle in 
MSFRs, we have thus investigated the following solutions: 


1. Producing 233U in the fertile blanket of other 
reactors (SFR…) or by irradiating 232Th in an ADS 
for example, to start the MSFR directly with this 
233U as initial fissile matter. Once an initial park of 
the MSFRs based on the Th-233U cycle is launched, 
233U will also be produced in MSFRs which are 
breeder reactors, allowing the deployment of such 
233U-started MSFRs in a second time period even if 
no 233U is produced elsewhere. 


2. Using as initial fissile matter the plutonium 
produced in current PWRs or in future EPRs or, 
even better, the mix of transuranic elements (TRU) 
produced by these Generation 2-3 reactors. 


3. Starting the MSFR with enriched uranium as initial 
fissile matter, with an enrichment ratio lower than 
20% due to proliferation resistance issues. 


4. A mix of the previous starting modes. For example, 
233U may be produced by using special devices 
containing Thorium and Pu-MOx in current PWRs 
or in future EPRs. 


Typical configurations of the MSFR corresponding to 
the different starting modes are detailed in the following 


paragraphs. The geometry of these MSFR configurations is 
identical to that presented in section II.A. 
The fertile salt is always composed of LiF-ThF4 with 22.5 
mole% of heavy nuclei, just as the fuel salt made of LiF-
(HN)F4 with 22.5 mole% of heavy nuclei among which 
Thorium as fertile matter. 


III.A. 233U started-MSFR 
The characteristics of the reference MSFR 


configuration started directly with 233U as initial fissile 
matter are given in Tab. 1.  


TABLE 1 
Characteristics of the reference 233U-started MSFR 


Thermal/electric power 3000MWth / 1500MWe 
Specific power (Wth/cm3) 330 


Fuel salt composition (mol%) LiF (77.5%) - ThF4 (20%) 
- 233UF4 (2.5%) 


Fertile Blanket Molten salt 
composition (mol%) 


LiF (77.5%) -ThF4 
(22.5%) 


Operating temperatures 
input/output (°C) 650 / 750 


Initial heavy nuclei inventory  
per GWe 


Th: 25.6 tons 
233U: 3.26 tons 


Density (g/cm3) 22 4.1 
Dilatation coefficient (/K) 22 10-3 
Batch reprocessing rate 40 l of fuel salt / day 
Th consumption 
(kg/year/GWe) 740 
233U production (kg/year/GWe) 63 
Breeding ratio 1.08 


 
Figure 5: Time evolution up to equilibrium of the heavy 


nuclei inventory for the 233U-started MSFR (dashed lines) and for 
the TRU-started MSFR (solid lines) 


Its initial heavy nuclei inventory per GWe comprises 
3.26 tons of 233U and 25.6 tons of 232Th. Fig. 5 (dashed 
lines) illustrates the evolution of the heavy nuclei 
inventoried in the fuel salt all along the operation of this 
reactor, up to equilibrium. The proportion of minor 


845







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11190 


   


actinides in the salt remains low: around one percent at 
equilibrium. 


Regarding safety issues, the feedback coefficient of 
this configuration, equal to -5 pcm/K, is largely negative 
and remains stable during the reactor lifespan7. 


 
Figure 6: Excess production of 233U for the different starting 


modes of the MSFR all along the reactor lifespan, in number of 
initial fissile load produced 


Finally, when considering the deployment capabilities 
of such a MSFR, this configuration corresponds to a 
breeder reactor producing 95kg of 233U in excess per year, 
corresponding to a reactor doubling time of 56 years as 
shown in Fig. 6. As previously indicated, these values are 
obtained with a simulated batch reprocessing rate of 40 
liters of fuel salt per day, corresponding to a reprocessing 
of the whole core in 450 days. The breeding ratio, and thus 
this reactor doubling time, may be controlled through the 
reprocessing rate of the reactor as detailed in Table 2. 
Because of the fast neutron spectrum, the fission product 
capture cross-sections are small, so that the neutronic 
characteristics of the reactor as well as the breeding ratio 
are only slightly sensitive to the fission product extraction.  


TABLE 2 
Influence of the reprocessing rate on the breeding 


capabilities of the 233U-started MSFR 


Whole core 
reprocessing time 


Breeding 
ratio 


Excess 233U 
produced per 


year 


Reactor 
doubling time


225 days 1.09 103 kg 49 years 


450 days 1.08 95 kg 56 years 


900 days 1.065 78 kg 67 years 


III.B. MSFR started with transuranic elements 
Plutonium and the minor actinides (neptunium, 


americium and curium) produced in Generation 2-3 
reactors may also be used as initial fissile matter in a 
MSFR. This would also allow to close the current fuel 
cycle while launching the Thorium fuel cycle. The mix of 


minor actinides used as initial fissile load in these 
calculations is detailed in Table 3 (third column). It 
corresponds to a UOX fuel after one use in a PWR without 
multi-recycling, for a burnup of 60 GWd/ton and after five 
years of storage23. The evolution of the heavy nuclei 
inventories for a TRU-started MSFR is displayed in fig. 5 
(solid lines).  


The utilization of TRU elements to start the reactor 
increases the initial amounts of minor actinides compared 
to the 233U-started MSFR. But at equilibrium, the fuel salt 
compositions of TRU-started and 233U-started MSFRs are 
identical, these TRU being converted into 233U. Th, Pa, U 
and Np reach their equilibrium composition quickly, while 
some tens years are necessary to burn 90% of the Pu and a 
hundred years for Am and Cm. The Cm in core inventory 
reaches a maximum of 390 kg (among which  265 kg of 
244Cm) after 26 years of operation. 


TABLE 3 
Initial heavy nuclei inventories per GWe of the different 


starting modes of the MSFR 


Starting 
mode 


233U [kg] TRU (Pu 
UOx) [kg] 


Th Pu-
MOx [kg] 


enrU + 
TRU [kg] 


Th 232 25 553 20 396 18 301 10 135 
Pa 231   20  
U 232   1  
U 233 3 260  2 308  
U 234   317  
U 235   45 1 735 
U 236   13  
U 238    11 758 


Np 237  531 54 335 
Pu 238  229 315 144 
Pu 239  3 902 1 390 2 464 
Pu 240  1 835 2 643 1 159 
Pu 241  917 297 579 
Pu 242  577 1 389 364 
Am 241  291 1 423 184 
Am 243  164 354 104 
Cm 244  69 54 44 
Cm 245  6  4 


The deployment capacities of this MSFR 
configuration are better than those of the 233U-started 
MSFR with a production of 120 kg of 233U in excess per 
year during the first 30 years of operation, corresponding 
to a reactor doubling time of 30 years as shown in Fig. 6. 


In the case of this TRU-started MSFR configuration, 
we have to pay a special attention to solubility issues of 
valence-3 elements (lanthanides and plutonium) in the fuel 
salt. The molar proportion of Pu in this configuration is 
5.5% at the beginning (see Fig. 5), corresponding to 
12 970 kg. 0.2% of valence-3 elements are progressively 
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added due to the accumulation of lanthanides in the MSFR 
for a reprocessing rate of 40l per day as described in 
section II.B. Partial solubility data are available from 
experimental measurements performed at BARC in the 
1970’s and are listed in Tab. 4, their uncertainties being 
unknown. These values of Pu solubility in a fluoride salt, 
even though neither complete nor precise, are the only 
ones available. New measurements are necessary to verify 
and complete them.  


TABLE 4 
Plutonium solubility in %PuF3 for different LiF-ThF4  


compositions24 


LiF- ThF4% 550°C 650°C 750°C 


65 - 35 2.11 4.12 7.08 


70 - 30 2.69 4.91 7.61 


75 - 25 2.75 4.79 7.31 


80 - 20 2.85 4.97 7.71 


According to these data, the initial Pu proportion of 
the TRU-started MSFR reaches the solubility limit given 
for a LiF-ThF4 salt. A solution may be to operate the 
reactor at a higher temperature, around 700°C, during the 
first ten years. Another possibility is to limit the Pu initial 
proportion in the fuel salt and to add small amounts of 233U 
or enrichedU to reach criticality.  These starting modes 
combining TRU elements and either 233U or enriched U as 
initial fissile load of the MSFR are described in the next 
two paragraphs. 


III.C. MSFR started with enriched Uranium and TRU 
Optimization studies25 have highlighted an interesting 


configuration of the MSFR started with TRU elements and 
enriched uranium, after considering solubility limits, 
proliferation resistance, initial fissile inventory and 
breeding capacities of the reactor. The plutonium 
concentration has been fixed to 2/3 of the estimated 
solubility limit at 650°C. The initial fuel salt of this 
reference configuration also contains 35% of ThF4 and 
uranium enriched to 13%. The calculated evolution of the 
actinide composition of this fuel salt during reactor 
operation is displayed in Fig. 7, compared to the TRU-
started MSFR presented in paragraph III.B. 


In this MSFR configuration, the initial Pu 
concentration is equal to 3%, thus largely below the 
solubility limit, and remains stable during 20 years before 
decreasing slowly, due to its production from the 238U 
initially inserted in the core.  The maximal amount of Cm 
is here equal to only 230 kg (with 155 kg of 244Cm). This 
starting mode thus leads to lower TRU concentrations but 
they stay longer in the fuel salt. 


 
Figure 7: Time evolution up to equilibrium of the heavy 


nuclei inventory for the MSFR started with enriched Uranium 
and TRU elements (solid lines) compared to the TRU-started 
MSFR (dashed lines)  


The deployment capacities of this MSFR 
configuration lie between the 233U-started MSFR and the 
TRU-started MSFR, with a reactor doubling time of 45 
years (see figure 6). 


III.D. MSFR started with a mix of 233U and TRU 


 
Figure 8: Time evolution up to equilibrium of the heavy 


nuclei inventory for the MSFR started with 233U and TRU (solid 
lines) compared to the TRU-started MSFR (dashed lines) 


In this case, the initial fissile load corresponds to the 
production of 233U by using a Th-Pu MOx fuel in an 
EPR26. As detailed in Table 3 (fourth column), it results in 
a mix of different isotopes of Uranium, mainly 233U, 
together with TRU elements. The evolution of the heavy 
nuclei inventories for this MSFR is displayed in fig. 8 
(solid lines). Thanks to the initial addition of 233U, the 
molar proportion of Pu in this configuration reaches only 
4.5%, i.e. in theory below the solubility limit. The maximal 
amounts of Am, Cm and Cf are higher here compared to 
the previous TRU-started MSFR, due to the use of MOX 
fuel. The two configurations are identical after around 20 
years, except for Cm and Cf. 


The deployment capacities of this MSFR 
configuration are identical to those of the MSFR started 
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with enriched U and TRU elements, i.e. a reactor doubling 
time of 45 years for the reprocessing rate considered here. 


If UOx fuel from Generation 2 or 3 reactors is still 
available, another way to start an MSFR is to use this fuel 
mixed with 233U produced by breeder MSFRs based on 
another starting mode. This also allows a complete closure 
of the current fuel cycle. Such MSFRs are quite similar to 
the MSFRs presented at the beginning of this paragraph, in 
terms of heavy nuclei inventories and deployment 
capacities. 


III.E. Incinerator version of the MSFR 
Ultimately when fission based electricity production 


will be replaced by a novel technology (fusion for 
instance) all the actinides inside reactors will become 
discardable wastes. The possibility of eventually shutting 
down the running reactor parks has to be studied in so-
called end-of-game scenarios, the heavy nuclei 
management being the key issue. If minor actinide losses 
during reprocessing are less than 0.1% and if the whole 
fuel salt volume is reprocessed between 1 and 5 years, then 
the actinides in-core inventory is larger than the losses for 
at least 1000 to 5000 years. Concerning long-term 
radiotoxicity issues, finding ways to further reduce the 
final HN inventory is thus more important than improving 
the reprocessing efficiency.  


TABLE 5 
Initial heavy nuclei inventories before/after incineration 


HN inventory 
[kg] 9.4 MSFR 


Incinerator after 
60 years of 
operation 


Burning 
rate 


U 72 751 6 407 11.5 
Np 1 381 506 2.8 
Pu 2 768 1 530 1.8 
Am 72 39 1.8 
Cm 33 64 0.5 


Total 77 005 8 550 9.1 


We have studied a molten salt reactor used as 
incinerator to burn (and thus reduce) the final HN 
inventories of MSFR in 60 years. This MSR incinerator is 
identical to the MSFR in terms of system geometry and 
power production, and differs in the fuel salt composition 
and the removal of the fertile blanket.  


We have considered a fuel salt made of 46.5% 7LiF, 
11.5% NaF, 41.7% KF and (HN)F4 whose melting point is 
sufficiently low even with a small HN proportion (since 
there is no Th) in the salt and allowing a neutron spectrum 
that is not too thermalized. The initial heavy nuclei load 
evaluated to reach criticality is equal to 685 kg of 
transthoric elements (transTh) contained in the final heavy 
nuclei inventories of the MSFRs presented in the previous 
paragraphs. The incinerator is also fueled with these 


transTh final inventories discharged from the MSFRs to 
maintain reactivity all along the reactor operation, leading 
to the incineration of 9.4 final HN inventories of a MSFR 
as detailed in Table 5. The total burning rate of transTh 
elements is equal to 9.1, leading to a reduction by one 
order of magnitude of the long-term radiotoxicity in the 
period of 103 to 106 years (see figure 9), mainly thanks to 
the destruction of the 233U stockpile. 


 
Figure 9: Time evolution of the radiotoxicity due to final 


heavy nuclei inventories of MSFR with and without a final 
incineration 


IV. DEPLOYMENT SCENARIOS 
A standing question is whether a park of MSFRs can 


be deployed given the absence of naturally available 233U, 
both at the national, European and worldwide scales. In 
this paper, we will illustrate the deployment capacities of 
the MSFR at the French national scale. 


The deployment scenarios of a park of nuclear 
reactors also led to an estimation of the production of 
heavy nuclei induced by the deployment of such a reactor 
park. We aim at evaluating the complexity of the 
management of these heavy nuclei stockpiles, as well as 
their radio-toxicity.  


To illustrate the deployment capacities of the MSFR 
concept, we present here the following French scenario, 
displayed in figure 10: we have considered that the natural 
uranium resources available were large enough to require 
generation 4 reactors in 2070 only. The deployment 
scenario starts with the historical French nuclear 
deployment based on light water reactors (PWRs followed 
by EPRs)23,27. From 2040, some Generation 3 reactors will 
be fuelled with Pu-Uox in a Thorium matrix to reduce the 
minor actinide production and to prepare the launching of 
the Thorium fuel cycle in MSFRs. This park of Generation 
3 reactors will then be progressively replaced by MSFRs 
using this Th-Pu MOx fuel from the last Generation 3 
reactors, as described at the beginning of paragraph III.D. 
The deployment is finally completed with MSFRs started 
with a mix of 233U produced in the previous MSFRs and 
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the remaining stockpiles of Pu-UOx and Pu-MOx 
irradiated in the light water reactors. 


  
Figure 10: French nuclear power deployment based on 


PWRs, EPRs and MSFRs 
Assuming a decision made in the first half of the 


XXIIth century to progressively and definitely stop fission 
nuclear energy production, this scenario ends with the 
introduction of incinerators (as detailed in paragraph III.E) 
to optimize the end-of-game scenario and to further reduce 
the TRU final inventories of the MSFRs after their shut-
down.  


 
Figure 11: Evolution of the stockpiles of actinides during the 


scenario deployment 


The final stockpiles of radioactive elements other than 
the fission products to be managed after the end of this 
nuclear fission deployment are the following, as presented 
in figure 11: 
- Depleted uranium at 0.1%: 803 700 tons 
- Uranium from reprocessing (minimized by the scenario 


management): 3 250 tons 
- Irradiated Thorium: 5 100 tons 


- Irradiated Uox fuel (minimized by the scenario 
management) represented in figure 11 by its Pu content 
(named ‘Pu-Uox’): 5 tons of Pu standing for 450 tons of 
irradiated Uox 


- Irradiated Mox fuel (minimized by the scenario 
management) represented in figure 11 by its Pu content 
(named ‘Pu+MA Mox’): 0.76 tons standing for 12.4 tons 
of irradiated Mox 


- Minor actinides separated from the Pu when the latter is 
used as Mox fuel in light water reactors, and vitrified 
(named ‘MA from Uox’): 612 tons 


- Final inventories of the incinerators: 106 tons 
The evolution of the radiotoxicity corresponding to the 


final radioactive stockpiles of this scenario is displayed in 
figure 12, where it appears that the short-term radiotoxicity 
(the first tens of years) is dominated by the fission products 
(FP) while the long-term radiotoxicity (103 to 106 years) is 
mainly due to the vitrified minor actinides produced in 
light water reactors and not re-used in Mox fuel. 


 
Figure 12: Time evolution of the various contributions to the 


radiotoxicity of the final radioactive stockpiles 


V. CONCLUSIONS 
In the frame of a major re-evaluation of the molten salt 


reactor (MSR) concept, and starting from the Molten Salt 
Breeder Reactor project at Oak-Ridge, we have performed 
parametric studies in terms of safety coefficients, 
reprocessing requirements and breeding capabilities. Our 
recent studies have highlighted the MSR configurations 
operated with a fast neutron spectrum in the Thorium fuel 
cycle, the Molten Salt Fast Reactor (MSFR), as robust and 
very promising. It has been selected for further studies by 
the MSR steering committee of the Generation IV 
International Forum. 


The standard MSFR is a 3000 MWth reactor with a 
total fuel salt volume of 18 m3, operated between 650 and 
750°C. In the MSFR, the liquid fuel processing is part of 
the reactor where a small side stream of the molten salt is 
processed for fission product removal and then returned to 
the reactor. Because of this characteristic, the MSFR can 
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thus operate with widely varying fuel compositions. 
Thanks to this fuel composition flexibility, the MSFR 
concept may use as initial fissile load, 233U or enriched 
uranium or also the transuranic elements currently 
produced by light water reactors.  


Our studies show that the MSFR configurations 
corresponding to various starting modes of the reactor are 
all characterized by excellent safety coefficients and have 
the same very good deployment capacities. Optimizing the 
specific power in the MSFR configuration started directly 
with 233U as initial fissile matter has allowed a reduction of 
the initial fissile inventory down to 3 metric tons per GWe. 
The MSFR is characterized by a low proportion of minor 
actinides in the salt (around one percent at equilibrium) 
and by its excellent safety coefficients (-5 pcm/°C). 


The TRU-started MSFR is able to efficiently convert 
the plutonium and minor actinides from generation 2-3 
reactors in 233U while improving the deployment 
capabilities of the MSFR concept. Its only drawback lies in 
its high initial plutonium concentration above its estimated 
solubility limit. To overcome this limitation while still 
using TRU elements in the initial fissile load of the MSFR 
to close the current fuel cycle, we have proposed two 
optimized solutions: mixing the TRU elements at a lower 
concentration (around 3 to 4 mol%) with either natural 
uranium with an enrichment ratio of 13% or 233U produced 
in other reactors. 


Finally the French nuclear deployment scenario 
presented here illustrates that launching the Thorium fuel 
cycle in Molten Salt Fast Reactors is feasible and efficient 
while closing the current fuel cycle and optimizing the 
long-term wastes management. 
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Abstract –The Enhanced CANDU 6® (EC6®) nuclear power plant is a mid-sized Pressurized Heavy Water Reactor design, 
based on the highly successful CANDU® 6 family of power plants, upgraded to meet today’s Canadian and international 


safety requirements and to satisfy Generation 3 expectations.  Atomic Energy of Canada Limited (AECL®) is completing the 
development and pre-project review of this design in readiness for new build projects this decade.  The EC6 is based on 


natural uranium fuel, but is able to utilize additional fuel options, including the use of Recovered Uranium (RU or RepU) and 
Thorium based fuels.  The EC6 offers the provenness of the CANDU 6 reference plant design, together with incremental 
enhancements that provide added benefits in safety defence-in-depth, operating margin, reliable performance and aging 


management. 
 
This paper outlines the basis for CANDU core safety, based on reactor physics characteristics, and presents the 
enhancements to reactor core and physics design to ensure a robust safety case. 
 
The CANDU-PHWR core is based on a pressure tube approach, with heavy-water coolant and moderator, natural uranium 
fuel and on-line fuelling.  This design basis also establishes fundamental core characteristics: core conditions that remain 
consistent during operating life; low values of excess reactivity, relatively long neutron lifetime, and small values of reactivity 
coefficients.  The CANDU safety case builds on these inherent safety features using a detailed automatic reactor control 
system, with two completely separate and independent shutdown systems, to provide extremely high assurance that safety 
goals are met with regard to core management and protection. 
 
The paper discusses a range of core characteristics and demonstrates how the overall EC6 design meets safety objectives for: 
Normal Operation, Anticipated Operational Occurrences (AOO), Design Basis Accidents (DBA) and Beyond Design Basis 
Accidents (BDBA). 
 
The core design features adopted for EC6 to improve the level of defence-in-depth and to expand safety and operating 
margins are described.  These features include – improvements to shutdown system flux measurements; improvements to shut-
off rod performance; and greater shutdown reactivity margins.  The paper also describes the design features incorporated to 
enable efficient establishment of a “guaranteed shutdown state” to streamline maintenance outages. 
 
Finally, the paper summarizes the approach for the EC6 design to address each of the above operational conditions (Normal 
operation; anticipated operational occurrences; design basis accidents; BDBA’s) in turn, with reference to ensuring that 
safety goals are met. 
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I. INTRODUCTION 
 
AECL’s Enhanced CANDU 6® (EC6®) nuclear 


power plant is the updated version of the well-established 
CANDU 6 family of units, meeting or exceeding 
Generation III expectations.  The EC6 includes design 
upgrades to improve operability and reliability, and to 
assure a robust safety case [Reference 1].  By using 
incremental changes from the CANDU 6 Qinshan 
Reference Plant design, the EC6 maintains a high level of 
provenness, building on the excellent performance and 
well-known safety characteristics of the CANDU 6 design 
[Reference 1].  The EC6 is designed to fully comply with 
the recently-updated Canadian regulations for nuclear 
power plants, which represent international modern 
standards for reactor licensing and are consistent with 
IAEA and other international safety standards.  This paper 
describes the main features of the EC6 core design and 
safety characteristics. 


 
I.I. Standard CANDU Features 


 
The EC6 core design closely follows the CANDU 6 


reference plant core, with the following standard CANDU-
PHWR features: 
 
• Simple fuel bundle design with natural uranium 


reference fuel 
• Heavy-water coolant and moderator 
• On-power refuelling 
• Fuel and coolant in array of individual fuel channels, 


surrounded by low-pressure, low temperature 
moderator 


• Reactivity mechanisms and instrumentation in the 
low-pressure, low temperature moderator environment 


• Continuous fuel cycle with relatively small changes in 
core conditions over time 


 
The EC6 follows and updates the CANDU 6 control 


and safety systems approach, designed from the beginning 
to complement the inherent characteristics of the CANDU 
core: 


• Fully-computer-governed instrumentation and control 
system for the reactor core including regional flux and 
power control 


• Load following and load cycling capability 
• Two full-capable reactor shutdown systems (shutoff 


rods, and liquid neutron absorber injection) separate 
from each other and from the reactor control system 


 
 


The reference plant CANDU 6 is the Qinshan Phase 3 
two-unit design.  It is the most recent one in a family of 11 
CANDU 6 units operating in five countries around the 
world.  The design of each successive CANDU 6 project 
has included incremental changes based on operational 
improvements, compliance with latest regulatory 
requirements, and incorporation of operating experience.  
These units have established an excellent operating and 
safety record.  The lifetime in-service average capacity 
factor for the CANDU 6 fleet to 2009 is approximately 
90%.  These CANDU 6 units have performed consistently 
well for a range of jurisdictions and owner-operators.  The 
fleet licensing basis is built on a consistent safety case, 
reviewed and approved individually by the national 
regulators in each of the countries of operation. 
 


I.II. Basis for EC6 Core Design 
 
The safety design basis for the EC6 overall is to 


update the reference plant design to: 


• Meet or exceed Generation III nuclear power plant 
expectations, 


• Comply fully with Canadian regulatory requirements 
from the Canadian Nuclear Safety Commission 
(CNSC), 


• Retain the benefits of the proven existing CANDU 6 
safety case, 


• Ensure plant acceptability for an expanded seismic 
envelope, 


• Further improve the robustness of the plant safety 
case. 


 
In addition, the EC6 design basis includes: 


• 60 year overall plant life, 
• Target year-to-year capacity factor of greater than 


94%, and a target lifetime capacity factor greater than 
92% with standard interval of three years between 
maintenance outages. 


 
The EC6 core design improvements to meet this 


design basis are described in more detail in Section IV.  In 
summary, major changes to the EC6 core design include: 


• Control system using distributed digital control 
architecture 


• Small increases in pressure tube and calandria tube 
thickness to extend component life 


• Improvements to shutdown systems responsiveness, 
including more comprehensive regional power 
instrumentation and greater shutoff rod insertion speed 


• Reconfiguration of control rods, to: 
a) Maintain sufficient adjuster rod capability for load 


cycling, and 
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In particular, the fuel temperature reactivity coefficient 
(FTC) is negative for the range of burnups in an operating 
core at nominal conditions. This provides an inherent 
negative fast feedback for any events which lead to 
increases in fuel temperature, such as a power rise, or 
accidents which interrupt fuel cooling.  The overall power 
coefficient of reactivity (PCR) has a very low value, so that 
power manoeuvring from 0 to 100% full power requires 
very little adjustment of reactivity devices.  This also 
simplifies shutdown management.  The major reactivity 
change during power maneuvers or for a period of 
shutdown after normal operation, arises from Xenon-135 
buildup and decay, similar to that in PWR reactor types. 
 


II.III. Rapid Changes in AOO’s or Accidents 
 


Due to the use of heavy-water D2O as moderator and 
to the separation of fuel in individual fuel channels, the 
EC6 core has a long neutron lifetime, in the order of 
900 µs – about 30 to 45 times longer than that of typical 
PWR’s.  The total delayed neutron fraction, β, decreases 
from the range 0.0073 for a fresh, unirradiated core, to the 
range of 0.0053 for an equilibrium core condition.  For 
CANDU’s there is a unique contribution to β from 
photoneutrons (from gamma ray bombardment of 
deuterium in heavy water).  As well as increasing β 
somewhat, these neutrons (including some with long half-
life precursors) provide an inherent neutron source for 
startup after a lengthy shutdown. 


The significance of the long neutron lifetime for EC6 
is that, for hypothetical increases in reactivity near or 
beyond β, the reactor period (a measure of the length of 
time for reactor flux to increase by a factor e) does not 
decrease sharply as the reactivity increases.  This means 
that CANDU reactors have an inherent degree of 
mitigation against sudden reactivity insertions.  The reactor 
period for all conditions stays in a range where either of 
the two engineered shutdown systems (based on familiar 
and well-proven technology) readily terminate any 
reactivity transient before any prolonged overpower can 
occur. 


Figure 2 shows the relationship between reactivity and 
reactor period for various values of prompt neutron 
lifetime, for the range of abnormal events and accident 
conditions.  Typical values of reactivity changes during 
certain accidents classes for a PWR and a CANDU reactor 
are also indicated in Figure 2 under dashed lined areas with 
certain colour highlights.  For ρ << β, the period for 
CANDU and PWRs for the same reactivity insertion is 
about the same.  As ρ approaches β, the period for PWRs 
decreases sharply, whereas for CANDU it also decreases 
but fairly smoothly.  For ρ > β, the period for PWRs is 
about 40 times smaller (i.e., faster) than for CANDU.  This 
difference is important when comparing the relative safety 
and mitigation of each reactor type.  The transition to a 


very fast power increase is sudden in the case of reactors 
cooled by light water, and much more gradual in CANDU 
design.  


The long neutron lifetime in CANDU eliminates the 
possibility of events with reactor periods too short to 
control. The limiting reactivity insertion accident in 
CANDU is a large Loss-of-Coolant Accident (LOCA) from 
a pipe break — a relatively unlikely event, and one which 
introduces a reactivity insertion of less than β, and does not 
result in prompt criticality; accordingly, the reactor period, 
and accompanying rate of flux change, are readily 
accommodated by either of the two shutdown systems 
acting alone. 


 
III. REACTIVITY COEFFICIENTS 


 
The safety importance of individual reactivity 


coefficients is a function of speed, size, and sign.  As noted 
above, for CANDU reactors such as EC6, the reactivity 
coefficients lead to relatively small changes in core 
condition.  The result is a reactor that has characteristics 
that do not change significantly over the operating range, 
that has relatively low speed of change due to the long 
neutron lifetime, and that has small absolute values of 
reactivity coefficients. 


Fuel temperature coefficient (FTC) represents the 
fastest response to changes in fuel or coolant conditions 
with the timescale being set by slowing down of the fission 
products in the fuel just after fission. Its value is 
determined by the effect of temperature on absorption and 
production of neutrons in the fuel.  As temperature 
increases, the energy level at which substantial absorption 
in U238 takes place (resonance region) broadens, resulting 
in increased neutron capture and decreased reactivity.  This 
occurs in both LWRs and CANDU.  However the opposite 
effect occurs in Pu239 – the increase in temperature moves 
more neutrons into a resonance region where the fission 
cross-section for Pu239 is increased.  An operating CANDU 
reactor has a higher Pu239 / U235 ratio than a LWR, since the 
fuel for the latter is enriched, so proportionately more 
fission will occur in Pu239 in CANDU.  The net result is 
that the fuel temperature feedback coefficient in a LWR is 
negative (typically going from -23 to -29 µk /oC from BOC 
to EOC), and in CANDU is close to zero.  


The nominal fuel temperature coefficient in EC6 has a 
small negative value (order of -1.5 µk/ºC) for a typical 
equilibrium core composition.  For EC6, as for all CANDU 
reactors, the small fuel temperature coefficient plays 
almost no role in operation or safety – in particular, 
because of the long prompt neutron lifetime, there are no 
events which are so fast that the inherent negative feedback 
is required to mitigate them.   


Coolant density coefficient of reactivity (also known 
as the coolant void coefficient) is generally a slower-acting 
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coefficient than FTC.  For CANDU core configurations, 
this is a positive coefficient.  The effect of the coefficient is 
low, as a result of the coolant system configurations.  
Because the EC6 CANDU design has a subdivided, two-
loop core, and because each loop has two separate inlet 
piping arrangements (one at each end), only one-quarter of 
the core fuel channels can experience rapid coolant voiding 
for the limiting event, large-break LOCA.  This limits the 
maximum reactivity insertion possible to less than β, for 
the duration of this limiting scenario.  It follows that for 
events where coolant density increases, such as 
overcooling events, the EC6 reactivity decreases 
moderately, as opposed to potential for a large reactivity 
increase in LWRs. 


Moderator and coolant temperature coefficients of 
reactivity ─ In CANDU reactors, with a separate, low 
temperature moderator system with a very large volume, 
the possible rate of change of moderator temperature is 
very slow.  Even if all moderator cooling is lost, the 
immediate heat up rate would be of the order 0.1ºC/second.  
Coupled with a reactivity coefficient of about 0.02 mk/ºC, 
this means that reactivity changes due to moderator 
temperature changes are small and slow-acting.  The 
coolant temperature coefficient for CANDU cores is a 
separate effect, but is also small and of similar magnitude 
to the moderator temperature coefficient. 


Power coefficient of reactivity (PCR) represents the 
combined effect of all individual coefficients as core 
conditions vary for a change in reactor power.  Since all the 
individual coefficients are small, as noted above, the power 
coefficient is also small and is subject to only small 
magnitude variation. 


Because of this, the power coefficient in CANDU 
reactors is not a significant parameter affecting accident 
behaviour.  With the long neutron lifetime inherent to the 
CANDU-6 design, either shutdown system, acting alone, 
responds to any accident condition to prevent excessive 
fuel overpower and maintain core temperatures within 
safety limits. 


The small power coefficient and long neutron lifetime 
also contribute to a stable, readily controlled core.  
Stability analysis demonstrates ample control system 
margins for normal operations and the range of power 
manoeuvring. 


 
IV. EC6 DESIGN IMPROVEMENTS 


 
IV.I. Design Bases for Licensing 


 
Core design for the EC6 includes a set of adjustments 


to the reference plant CANDU 6 design, to: 


• Ensure modern safety standards are met, with robust 
margins 


• Meet expectations for plant operating reliability 
• Retain proven design basis and features 
• Improve plant economics through modest output 


increase 
 


The safety case for EC6 core and neutronic design is 
based on the well-established safety characteristics of the 
CANDU-6 design, with demonstration of additional 
margins.  This is in keeping with the overall EC6 target of 
meeting established safety goals with substantial margin. 
The EC6 generic target for Core Damage Frequency is  
<10-6/year, and the generic target for Large Release 
Frequency is  <10-7/year. 


AECL is proceeding with the pre-project regulatory 
review of the EC6 design by the Canadian regulator, the 
Canadian Nuclear Safety Commission (CNSC), based on 
comparison to the CNSC’s technology-neutral reactor 
design guidelines.  In Canadian practice, this type of 
review is intended to clarify the path to applying for a 
Construction License for a build project, when the formal, 
project-specific licensing process would occur. 


Targets for Core Design 


The EC6 core and neutronic design incorporates 
features design to achieve specific design goals: 


• Design for 60 year life, with pressure tube; 
replacement at 30 years; 


• Design capability for earthquakes at 0.3g level; 
• Target of 92%  lifetime capacity factor ; 
• Maintenance outages at standard three year, interval, 


with a reference outage duration of 30 days; 
• Large margins in safety case for design basis 


accidents; 
• Ample reactor trip coverage to enable full-power, high 


capacity-factor operation throughout plant life. 
 


IV.II. Core Design Features 
 


The main core and neutronic design changes for EC6, 
which are incremental to the CANDU 6 Qinshan Reference 
Plant design, include the following: 


Fuel Channels:  Pressure tube thickness has been 
increased slightly, and manufacturing processes refined to 
minimize deformation during 30 year life duration 
(previous reference plant pressure tube design life was 25 
years).  Calandria tube thickness increased slightly, and 
calandria tube – end shield interface was improved to 
increase core protection for pressure tube failures. 


Core Instrumentation:  The Regional Overpower 
Protection (ROP) system instrumentation has been 
improved for Shutdown System #2 (SDS2) by adding 
further detector assemblies, improving coverage for some 
regions of the core.  This allows increases in overall 
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overpower trip setpoints, enabling greater operating margin 
with the same assurance of trip coverage.   


The EC6 also incorporates two new neutronic trips for 
each shutdown system, and incorporates improved digital 
control processing to reduce the time to activate shutdown. 


Reactivity Control Mechanisms:  EC6  incorporates 
two design refinements for the mechanisms of the control 
of reactivity.  First, the array of adjuster rods (control 
absorbers used in power shaping and to enable load 
cycling) has been optimized to reduce the total reactivity 
worth of in-core rods, while keeping a balanced core flux 
and power distribution, and maintaining load-cycling 
capability.  This reduction in the number of adjuster rods 
enables the EC6 to install additional absorber rods, 
normally positioned outside the core.  The expanded 
system of absorber rods has sufficient negative reactivity to 
maintain the core in a guaranteed shutdown state with no 
requirement to place a large neutron poison concentration 
in the moderator.  This greatly reduces the time to enter 
and exit from a major maintenance outage, and also 
reduces occupational dose and moderator cleanup burden. 


Second, the design of individual reactivity control 
mechanisms has been improved by relocating the guide 
tube positioning springs outside the core.  This improves 
spring robustness and also removes parasitic neutron-
absorbing material from the core to improve fuel burnup. 
 


Shutdown Systems:  In addition to improving reactor 
trip instrumentation response (see above) the shutoff rods 
system (SDS 1) has been improved by optimizing the 
insertion spring strength and rod weight, to increase 
insertion speed, and by parking the rods, in poised position, 
following the contour of the calandria shell.  These design 
modifications enhance the effectiveness of SDS1 by 
reducing the time for rod insertion after a trip signal. 


 
V. EC6 CORE AND NEUTRONIC 


CHARACTERISTICS 
 


The EC6 Engineering Program has identified and 
specified design changes, including the major changes 
noted above, and confirmed the changes based on 
preliminary engineering and safety analysis.  Licensing 
basis safety analysis and Probabilistic Safety Analysis 
(PSA) assessment is currently being completed for full-
scale regulatory pre-project review later this year. 
 


Results show significant benefits in areas such as the 
following: 


Fuel Channel Life:  Taking account of the extensive 
CANDU operating record, the EC6 pressure tubes show 
substantial design margin to fitness-for-service guidelines 


for a 30-year operating life and 94% year-to-year capacity 
factor. 


Fuel Channel Robustness:  Assurance of calandria tube 
capability to survive a pressure tube failure offers a 
significant level of defense-in-depth for in-core accidents, 
and adds margin to achieve EC6 safety goal targets. 


Reactivity Mechanisms:  The optimized adjuster 
layout maintains load following capability while benefiting 
fuel burnup, balancing the impact of increasing fuel 
channel component thickness. 


The expanded set of absorber rods, greatly reduces the 
time taken to transition from full power operation to a full-
maintenance ready shutdown state, from several days down 
to a few hours.  Similar reductions in time are achieved in 
returning to power at the end of a maintenance shutdown.  
This contributes to meeting the 30-day standard outage 
design target. 


The combination of reduced pressure tube 
deformation, improved coolant conditions and upgraded 
moderator purity, more complete core coverage by in-core 
monitoring instrumentation, and improved overpower trip 
processing leads to a greater operating margin between 
normal core flux/power distribution and local overpower 
trip levels, sufficient to assure full-power high-capacity 
operation throughout the entire plant life. 


Shutdown Systems:  Improvements to neutronic trip 
detection efficiency and processing speed, coupled with 
improvements to shut-off rod insertion speed, all mitigate 
the limiting design basis accident (large break LOCA) 
analysis results.  As for other CANDU designs, either of 
the two shutdown systems would respond to a hypothetical 
“instantaneous” large pipe break, by shutting down the 
reactor within 1-2 seconds.  For EC6, the design changes 
reduce the time period before shutdown, significantly 
reducing the reactivity transient, the power generated 
before shutdown, and reducing the resulting predictions of 
fuel and fuel channel temperatures, and increasing the 
margins to acceptance criteria. 


The EC6 design maintains, and facilitates, the 
CANDU practice of demonstrating by tests during 
operating, the reliability of each shutdown system.  The 
shutdown systems are each designed to achieve and 
demonstrate 10-3 demand unavailability.  Coupled with the 
separate shutdown capability of the control system by 
itself, this means that the probability of an accident with 
failure to shutdown is two orders or magnitude lower than 
the overall core damage probability.  Shutdown system 
failures are an extremely low contributor to plant 
probabilistic risk assessments.  
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Current Activities and Lessons Learned in the 


Construction of Nuclear Power Plants in Finland 
 


Petteri Tiippana 
STUK 


 
Abstract-Finland's Radiation and Nuclear Safety Authority (STUK) is responsible for regulation and inspection 
of nuclear power construction and operation. The Finnish private utility Teollisuuden Voima Oy (TVO) was 
granted a construction license for the Olkiluoto 3 pressurised water reactor (type EPR, European pressurised 
water reactor) on 2005 and operation is currently scheduled to start in 2013. This paper will focus on the current 
construction activities and lessons learned during the construction of OL3 in Finland. 
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Optimization for Steam Generator Level Control System Setpoints  


after Power Uprate of Ulchin Units 1&2 
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105 Munji-ro, Yuseong-gu, Daejeon 305-380, Korea 
Tel: 042-865-5446, Fax:042-865-5504, Email: djyoon@kepri.re.kr 


 
 
Abstract – Setpoints of reactor control system are evaluated in order to confirm the plant operability by best-estimate 
analysis methodology after 6% power uprate and replacement of steam generators in Ulchin Units 1&2. First of all, because 
of feedwater increase after power uprate and replacement steam generator, one issue is to analyze the steam generator level 
control system performance to confirm the operability of SG level and decide speed and differential pressure of feedwater 
pump, turbine runback target value and runback rate in case of one feedwater pump loss.  The another issue is to connect 
smoothly to house load operation in case of the large load rejection event without reactor trip. In this event, we experience 
reactor trips such as departure nucleate boiling ratio (DNBR) and steam generator level high/low reactor trip. To prevent 
the DNBR reactor trip, we should extend steam dump capacity or sharpen the steam dump control system setpoints. However 
this prescription may make it more difficult the steam generator level control. Therefore, the determination of the optimal 
steam dump control system setpoints are made by analyzing both of the DNBR and steam generator level transients. An 
optimal set of steam dump control system setpoints is proposed after 6% power uprate in Ulchin Units 1&2. Finally, the 
steam generator level control system performance is verifyed to remain stable by performing the step load change analysis 
and one feedwater pump loss analysis with turbine runback. 


Also, the steam generator control system is affected by shrink and swelling due to open and close of the steam dump 
valve and inflow of cold feedwater. We analyzed the effect of the phenomenon due to operation parameter change after 
power uprate.  


 
 


I. INTRODUCTION 
 
Korean nuclaer power plants have been performed 


power uprating projects from Kori 1&2 to UCN 1/2 Units 
since 2004. Kori 1&2 and YGN 1&2 units increased 
succesfully the plant licensed power by 4.5 percent several 
years ago. UCN 1&2 kicked off project to increase the 
power by 6 percent at July 2009. It  changed major design 
or operating parameters, as shown in Table 1 and 
especially reduces steam dump capacity (SDCAP) from 
85% to 80% of turbine steam flow at full power due to 
increase of the steam flow. The reduction of SDCAP 
deteriorates heat removal capabilty in large load rejection, 
so that we should perform to determine whether reactor 
trip will occur. UCN 1&2 has experienced the large load 
rejection (LLR) transients conecting to house load 
operation three times from 2004 to 2010. Operating data 
from plant occurrance of LLR at UCN 1&2 showed that 
Steam generator (SG) level and OTDT is limiting value in 
view of reactor trip. However reactor trip had never been 
occurred in the LLR. SG level high and low reactor trip 
setpoint is widened because SG will be replaced. 


Therefore, we don’t evaluate this setpoint because this 
setpoint operates smoothly after power uprating. We 
evaluate that SDCAP affects on OTDT setpoint after 
power uprating. We establish design schem to transmit 
smoothly the electricity from turbine to house load 
successfully without ractor trip at large load rejection. 


 
II. METHODOLOGY  FOR DETERMINATION OF 


STEAM DUMP CONTROL SYSTEM  
 
In order to determine the optimal steam dump control 


system controller setpoints, the transients are analyzed 
using the LOFTRAN computer code. There are two kinds 
of steam dump controllers in UCN 1&2, one is the loss-of-
load controller and the other is the turbine trip controller. 
Design transients considered to evaluate these setpoints are 
10% step load change, 5%/min. ramp load change, large 
load rejection and reactor trip, which are called condition I 
transients[1]. Among these design transients, the 95% 
large-load rejection transient was chosen to determine loss-
of-load controller setpoints, and the reactor trip transient 
was chosen to determine turbine trip controller setpoints 
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because these transients are more limiting than any others  
[1]. 


 
TABLE 1. Major Operating Parameters at Full Power 


Before and After Power Uprating 


Parameter 
Before  
Power 


Uprating 


After  
Power 


Uprating 


Analysis 
Results 


NSSS Power(MWt) 2785 2910 2910 


Thermal Design 
Flow, m3/sec 17.015 17.015 17.015 


Reactor Coolant 
pressure, MPa 15.5 15.5 15.5 


RCS Coolant Avg. 
Temperature, °C 304.6 306.7 306.7 


SG Steam Pressure, 
MPa 5.77 6.67 6.67 


SG Steam 
Temperature, °C 273 273.8 273.8 


Steam/Feedwater 
Flow, 103 kg/sec 1.512 1.594 1.594 


Feedwater 
Temperature, °C 219 222.8 222.6 


Steam Dump 
Capacity*, % 85 80 80 


 
II.1 Loss-of-Load Controller 


 
The loss-of-load controller is designed to control 


reactor power, average RCS temperature, RCS pressure 
and main steam pressure without large oscillations. This 
controller is also designed to minimize the amount of 
steam dump, prohibit reactor trips and prevent actuation of 
the steam generator safety valve when a condition I 
transient occurs[1]. In these analyses, a 95% load rejection 
transient is used for design transient. This 95% load 
rejection transient will be evaluated to determine wether to 
meet requirement of design transient or not when steam 
dump capacity has been reduced due to the power uprate. 
During those transients, the OTDT reactor trip margin and 
SG level low-low reactor trip margin are specifically 
checked to confirm adequate operating margin because 
they are limiting value[1]. 


 
II.2 Turbine Trip Controller 


 
The turbine trip controller is designed to prevent both 


the steam generator safety valve actuation resulting from 
excessive reactor residual heat removal and the safety 
injection due to low pressurizer pressure and low steam-
line pressure resulting from excessive cooling[1]. It is also 
designed to control the average RCS temperature, RCS 


pressure, and main steam pressure without large oscillation 
when a turbine trip occurs[1]. In order to verify the 
appropriateness of these setpoints, the reactor trip transient 
was analyzed. 


 
III.  RESULTS AND DISCUSSIONS 


 
Fig. 1 ~ 8 show RCS transients. In the meanwhile, if 


the PB decreases, the steam dump control system becomes 
more sensitive and the RCS operating parameters such as 
temperature and pressure may oscillate. Especially, Figure 
2 shows the reactor coolant average temperature when 
using various PB. The PB must be maintained above 15 so 
that plant avoid these unfavorable oscillations beacause 
this oscillation is obviously not good to operate smoothly 
plant. They are described in the figures as OTDT operating 
margins during the 95% load rejection for the various PB. 


 


 


Fig. 1. Nuclear Power  
 


 
Figure 2 Average Temperature 
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Figure 3 OTΔT Margin  
 


 


Figure 4 OPΔT Margin 
 


 
Figure 5 Pressurizer Pressure 


 


 


 


Figure 6 Steam Generator Pressure 
 


 


Figure 7 Control Rod Position 
 


 


Figure 8 Steam Dump Valve Position 
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V. CONCLUSIONS 
 
Steam dump control system setpoints have been 


analyzed for various PB and these setpoints can maintain 
sufficient operating margins when condition I transients 
occur. However when PB is reduced 15 below reactor 
coolant operating parameters oscillate with high amplitude. 
For optimum steam dump control system, we recommend 
these setpoints should maintain 18 above to operate 
smoothly the plant. Also, the plants did not reached at 
reactor trip setpoints in 95% load rejection transient after 
power uprate in UCN 1&2.  
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Abstract – KERENATM (SWR1000) is an innovative boiling water reactor concept with passive 
safety systems. In order to verify the functionality of the passive components required for the 
transient and accident management, the test facility INKA (Integral-Test stand Karlstein) is build 
in Karlstein (Germany). The key elements of the KERENATM passive safety concept –the 
Emergency Condenser, the Containment Cooling Condenser, the Passive Core Flooding System 
and the Passive Pressure Pulse Transmitter - will be tested at INKA.  
The PCFS replenishes the RPV in the event of a LOCA passively using the water level differences 
in the RPV and the Containment. It consists of a pipe connecting the water of the core flooding 
pools with the condensate line of the EC and a spring loaded check valve. After the 
depressurization of the RPV, as soon as a certain pressure difference at the check valve is reached, 
the valve opens and the water of the core flooding pools flow into the RPV, so that long term core 
cooling is ensured. 
In this contribution the status of the tests with the PCFS and in combination with the EC will be 
presented. 


 
 


I. INTRODUCTION 
 
The KERENATM (formerly SWR 1000) is a medium-


capacity boiling water reactor. It combines passive safety 
systems with active safety equipment of service-proven 
design. The passive systems utilize basic laws of physics, 
such as gravity and natural convection, enabling them to 
function without electric power or actuation by 
instrumentation and control (I&C) equipment. They are 
designed to bring the plant to a safe and stable condition 
without the aid of active systems. Furthermore, the passive 
safety features partially replace the active systems, 
something which reduces costs significantly and provides a 
safe, reliable and economically competitive plant design1. 


In the course of the KERENATM development 
program, which started in 1992, all passive safety systems 
were tested either under full-scale conditions or in a 
downscaled configuration. In order to complete functional 
verification of the safety systems of the KERENATM, the 
results of the downscaled component tests will now be 
validated by means of tests conducted in a full-scale setup. 


The key components of the passive safety concept, the 
Emergency Condenser (EC), the Containment Cooling 
Condenser (CCC), the Passive Core Flooding System 
(PCFS) and the passive Pressure Pulse Transmitters 
(PPPT) will be tested under full-scale, in single component 
tests at the INKA (Integral Test Stand Karlstein) test 
facility in Karlstein. Finally integral system test will be 
performed simulating anticipated accident scenarios in 
order to show the interaction between the passive 
components and to demonstrate their ability of the passive 
concept to handle all kind of anticipated accident scenarios 
without the intervention of active systems 


In this contribution the status of the tests with the 
PCFS and in combination with the EC will be presented. 
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II. DESCRIPTION OF THE SYSTEMS 
 


In Figure 1 the containment of KERENATM is shown 
indicating the key elements of the passive safety concept to 
be tested at INKA.  


The Emergency Condenser is a system that transfers 
heat passively from the reactor pressure vessel (RPV) to 
the water of the core flooding pools using natural 
convection flow. They are located in the upper part of the 
containment. The main parameters influencing the heat 
transfer capacity of the component are the water level in 
the RPV, the reactor pressure, the pressure in the 
containment and the water temperature of the core flooding 
pools. Four EC are foreseen fore the plant, one for each of 
the four core flooding pools. 


The CCC transfers the heat, introduced into the 
containment during any kind of accident passively to the 
shielding/storage pool located above the containment also 
using natural convection flow. The main input parameters 
affecting the heat transfer capacity of the component are 
the pressure in the containment, the water temperature in 


the shielding/storage pool and the fraction of non 
condensable gases in the containment atmosphere. 


The PCFS replenishes the RPV in the event of a 
LOCA passively using the water level differences in the 
RPV and the Containment. It consists of a pipe connecting 
the water of the core flooding pools with the condensate 
line of the EC and a spring loaded check valve. After the 
depressurization of the RPV, as soon as a certain pressure 
difference at the check valve is reached, the valve opens 
and the water of the core flooding pools flow into the RPV, 
so that long term core cooling is ensured. 


The PPPT is used to activate reactor scram, reactor 
depressurization and the isolation of the containment 
passively. The PPPT is a small heat exchanger connected 
to the RPV. During normal plant operation the PPPT is 
filled with water and therefore not active. If the water 
levels drops steam enters the heat exchanger and the 
pressure that is build up on the secondary side activated 
the required safety function. 


 


 
 
 
 


Emergency condensers →
Residual heat removal from the 
RPV.


Containment cooling condensers →
Residual heat removal from the 
containment.


Passive core flooding system →
Passive flooding of the RPV.
Passive pressure pulse transmitter
→ activation of reactor scram, 
reactor depressurization and 
containment isolation.


KERENATM Containment


 
Fig. 1: Containment of KERENATM and the Key elements of the passive safety concept: Emergency Condenser, Containment 


Cooling Condenser, Passive Core Flooding System and Passive Pressure Pulse Transmitter. 
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Fig. 2: Comparison between the KERENATM Containment and the INKA test facility. 


 
 
III. Set- up of the INKA test facility 
 
INKA was erected 2008 in Karlstein Germany. The 


test facility is designed to test the key elements of the 
KERENATM passive safety concept. INKA simulates the 
KERENATM containment in a volume scaling of 1:24. 
Figure 2 shows a comparison between the KERENATM 
containment and the INKA test facility. 


The Flooding Pool Vessel (FPV, green) simulates the 
four Flooding Pools containing the passive safety systems. 
The residual gas volume of the drywell is represented by 
the drywell vessel (DWV, red). The wetwell function is 


provided by the Pressure Suppression Pool vessel (PSPV, 
black) that is connected to the DWV via a full scaled vent 
pipe. The RPV is simulated by the steam accumulator 
vessel of the Large Valve Test Facility (GAP: 
Großarmaturen Prüfstand). It has an energy storage volume 
of 125 m3 and is fed by a Benson boiler with a maximum 
power supply of 24 MW. All components will be tested in 
full scale and also the level differences that are important 
for the function of the passive components are realized like 
in the real plant. 
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Fig. 3: PCFS at the INKA test stand 


 
 


Primary side 
pressure 
(MPa) 


Primary side water level Pressure FPV
 


 (MPA) 


Temperature FPV 
 


 (°C) 


EC in 
operation 


PCFV opening 
pressure 
(MPa) 


0.5 
below connection of PCF-


line and EC return line 
(red circle) 


0.1, 0.3 ambient, 100, 130  
(saturated or subcooled) yes, no 0.035, 0.1, 0.25 


 
Table 1: Initial test conditions 


 
 
Figure 3 shows the piping profile and the flow 


directions for the PCFS tests. The flooding line connects 
the FPV with the EC return line (red circle). The Passive 
Core Flooding Valve (PCFV) is installed close to the EC 
return line. The flooding line has two connections to the 
FPV. Both connections can be used separately by closing a 
shut off valve which is situated in each line. 


The flooding line is equipped with instrumentation: 
thermocouples, pressure transducers, differential pressure 
transducers. The PCFV has a lift measurement. 


 


EC condensate flow


PCFV


flooding flow
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IV. RESULTS OF THE TESTS WITH THE PASSIVE 
CORE FLOODING SYSTEM (PCFS) 


 
The goal of the PCFS tests is to show the principal 


water injection performance of the system for various plant 
conditions (pressure and temperature on the FPV-side). 
The initial test conditions as well as their variations are 
shown in Table 1. 


The goal of the tests with or without EC is to 
determine if there is an influence of the EC to the core 
flooding; and if so, to which extend. 


The PCFS alone was tested in March / April 2010 at 
the INKA test facility of the Karlstein laboratories of 
AREVA NP GmbH Technical Center. The EC was 
“switched off” by closing the valve at the EC outlet. This 
valve is only available at the test stand. The PCFS together 
with the EC was tested in July 2010. 


The tests were started by depressurizing the primary 
side (GAP/RPV) matching the RPV depressurization 


during LOCA for KERENATM. This was done either by 
opening an exhaust line (just PCFS) or opening the EC-
Valve (combined test with PCFS and EC). After the 
depressurization of the primary side, as soon as a defined 
pressure difference at the PCFV was reached, the valve 
opened and the water of the core flooding pool flew into 
the RPV causing the intended increase in the downcomer 
water level. 


The test results (see Table 2) show that core flooding 
occurs within 400 seconds after the opening of the PCFV 
for low opening pressures. The PCFV opens earlier for 
higher opening pressures. The operation of the EC shortens 
the time until flooding occurs. Figure 4 shows an example 
of the core flooding process without the EC. Figure 5 
shows, for the same initial conditions, the core flooding 
with the EC in operation. 


 


 
 


 PCFV opening pressure 
(MPa) 


Occurrence of core flooding 
after opening (seconds) 


< 0.0400 < 400 with EC 0.14 … 0.18 400 … 800 
< 0.05 400 … 800 without EC 0.14 … 0.18 800 … 1200 


Table 2: Test results 
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Fig. 4: Test with the PCFS (without the EC) 


 


Occurance of flooding


Opening of PCFV


1826







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11156 


   


0 200 400 600 800 1000 1200 1400 1600
Time [s]


0


20


40


60


80


100


120


140


160


180


200


Te
m


pe
ra


tu
re


 [°
C


], 
E


C
 V


al
ve


 P
os


iti
on


 [%
]


0


1


2


3


4


5


6


7


8


9


10


P
re


ss
ur


e 
G


A
P


/R
P


V
 [b


ar
]


-20


-15


-10


-5


0


5


10


15


20


25


30


M
as


s  
Fl


ow
 [k


g/
s]


0


2


4


6


8


10


12


14


16


18


20


W
at


er
 L


ev
el


 [m
]


0


5


10


15


20


25


30


35


40


45


50


V
al


ve
 P


o s
iti


on
 [m


m
]


-2500


-2000


-1500


-1000


-500


0


500


1000


1500


2000


2500


D
iff


er
en


tia
l P


r e
ss


ur
e 


[m
ba


r]


Water Level
Downcomer Line
Water Level
Downcomer Line


Temperature GAP/RPVTemperature GAP/RPV


Flooding Valve PositionFlooding Valve Position


Mass FlowMass Flow


Differential Pressure
over the Flooding Valve
Differential Pressure
over the Flooding Valve


Pressure
GAP/RPV
Pressure
GAP/RPV


Temperature FPVTemperature FPV


Pressure FPVPressure FPV


EC-Valve PositionEC-Valve Position


 
Figure 5: Test with the PCFS with EC in operation 


 
 


V. CONCLUSION 
 


The INKA test facility was erected to test the key 
elements of the KERENATM passive safety concept. 
Results of the performed PCFS tests are presented. The 
tests showed the principal and reliable water injection 
performance of the PCFS for various plant conditions. 


After the completion of the single component tests 
integral system tests which include the passive safety 
systems EC, CCC, PCFS, and PPPT, will be performed. 


Various accident scenarios like main steam line break or 
feed water line break for example are planned. The tests 
will validate the function of the KERENATM passive 
safety. 
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Abstract –Given the significant contribution of SGTR severe accident sequences in PWR risk, a 
sound and comprehensive database on the aerosol behavior in the secondary side of a steam 
generator has been generated within several international projects: EU-SGTR, ARTIST and the 
on-going ARTIST-II. Within these projects, it has been developed a pseudo-empirical model 
assembled around the filter concept (the ARI3SG model) that predicts aerosol scrubbing in the 
break stage of a water-empty steam generator. The model has been validated against available 
data capturing the major experimental trends. This paper outlines the fundamentals of the model 
and shows the impact of input uncertainties in the ARI3SG estimates. Following a stochastic 
approach, input uncertainties are propagated through the model obtaining an uncertainty band 
that envelopes data and estimates. As a consequence, ARI3SG estimates should be seen as a 
collection efficiency range associated to an interval rather than to a specific number. In addition, 
the model has shown a higher sensitivity to the particle characterization rather than to the 
velocity one.   


 
 


I. INTRODUCTION 
 


One of the major concerns of the level 2 probabilistic 
risk assessments (PRA) of the pressure water reactors are 
the Steam Generator Tube Ruptures (SGTR) scenarios. 
These scenarios are major contributor to the risk in case of 
a severe accident, since such a rupture could lead to direct 
release of radioactive material to the environment (bypass 
sequence). Nowadays, PRA analyses assume no aerosol 
retention in the steam generator under “dry” conditions1. 
However, the international projects EU-SGTR2, ARTIST3 
and the current ARTIST-II projects are showing the 
retention capability of this component. The CIEMAT has 
contributed to the understanding of the aerosol phenomena 
in the steam generator by performing experimental 
campaigns and by developing a model for estimating the 
aerosol retention in the secondary side of a dry steam 
generator, the ARI3SG model. 


The SGTR scenario is highly complex. Under normal 
working conditions the secondary side of the steam 
generator is flooded with water so that in the hypothetical 
case of an accident with fission products release and a tube 
rupture in the SG, pool scrubbing would attenuate the 
potential radioactivity leak. However, some sequences 
could result in water absent scenarios and radioactive 
particles would enter a “dry” secondary side carried by a 


high-velocity gas flow. In this case, particles could get 
deposited on the surfaces of the tubes in the region where 
the breach is located (break stage), and on the rest of 
structures above (i.e., support plates, tube surfaces of the 
subsequent stages, separators and dryers). 


The break stage is particularly relevant in the scenario 
for two main reasons: local particle deposition in this 
region under “dry” conditions could be seen as the lowest 
bound of decontamination capability of secondary side of 
the SG; removal of particles entering with carrier gas 
would change the characteristics of the remaining aerosols 
that would flow upwards and would be partially retained 
onto upper structures4. Modelling of the aerosol depletion 
in this scenario was performed through the ARI3SG 
model.  


The model results were compared to the data of 
experimental campaigns SGTR5 and CAAT6 capturing the 
major experimental trends. The reliability of these 
predictions was assessed through an uncertainty analysis. 
Following a stochastic approach, input uncertainties were 
propagated through the model. This paper outlines the 
main characteristics of ARI3SG model and describes the 
methodology and the results of the uncertainty analysis 
performed. In addition, a sensitivity analysis of the main 
variables is also included. In particular, this study is 
applied to the SGTR and CAAT simulations.  
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II. THE MODEL 


 
ARI3SG is a semi-empirical model that estimates the 


aerosol retention within the break stage of a water-empty 
steam generator. It is based on the filter concept, in which 
the particle laden gas flows through bundle of tubes that 
tend to clean it up by removing the particles onto the tube 
surfaces4. The model considers the whole bundle of tubes 
as a single row in which the tubes act as fibers. By 
applying the filter theory to the scenario, it is obtained the 
following equation that provides the fraction of mass 
retained with respect to the total mass entering to the 
bundle (collection efficiency): 
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The equation is a function of the tube diameter (dt), 


spacing (st), the number of tubes available for deposition 
Nt and their single collection efficiencies (ηST(i)).  


 


II.A. Modeling of single tube efficiency 
 


An analysis of the prevailing boundary conditions of 
the SGTR sequence showed that depletion due to 
thermophoresis and diffusiophoresis can be neglected in 
the scenario7. In addition, the estimate of the characteristic 
parameters of removal mechanisms revealed that only 
inertial impaction and turbulent deposition play a key role4. 
Regarding depletion inhibiting mechanisms, the analysis of 
the experimental data and the earliest developments of 
ARI3SG showed that resuspension was also present in the 
scenario5. Modeling of each mechanism was performed 
through empirical correlations found in literature or by 
developing ones with the experimental data4 available. 
They are gathered in terms of efficiencies in Table I. 


  
TABLE I 


Deposition and resuspension efficiencies. 


Turbulent deposition: 
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As observed from the table, turbulent deposition 


distinguishes between a radial or cross flow configuration 
and an axial one. 3D aerodynamic analyses showed that 
although at the breach exit most of the momentum is 
oriented perpendicularly to the axis of the tubes, the axial 
component increases as the jet penetrates in the bundle 
impinging the tubes (coanda effect)10. This flow splitting 
means that particles might get deposited on surfaces by 
mechanisms acting in both directions (i.e. radial and axial). 
In the radial direction turbulent deposition and inertial 
impaction are effective (ηrd), whereas in the axial one only 
turbulence is capable to drive particles to tube surfaces 
(ηax). Assuming that radial and axial mechanisms are 
independent from each other the deposition efficiency (ηdp) 
results to be11,12, 


 
  axrdaxrddp η η⋅−η+η=η                                     (2) 


 
where the last term prevents from double-counting 
particles undergoing depletion.  


Deposition and resuspension phenomena are coupled 
to yield the single tube collection efficiency, 
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)t(n
)t(11)t(1)t()t(


rs


n
rs


rsdpST Δη⋅
Δη−−
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where n is the number of time steps.  


Finally, the model takes into account the particle size 
distribution splitting the size domain in Nbin sections, 
obtaining a weighted average of the individual collection 
efficiencies, 


     


∑
=


η⋅Υ=η
binsN


1k
STST )k,i()k,i()i(       (4) 


 
where Y is the mass fraction of the bin size k. 


 
 


III. UNCERTAINTY ANALYSIS  
 


The ARI3SG model provides the aerosol retention in 
the break stage of a steam generator under “dry” SGTR 
severe accident conditions. The model estimates were 
compared to the available experimental data showing a 
reasonable consistency13. However, given the ARI3SG 
approach, the empirical nature of the equations embedded 
and the requested input parameters, the ARI3SG estimates 
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are forcefully affected by uncertainties of different kinds. 
Here two categories are distinguished: epistemic and 
stochastic uncertainties. The former comes from an 
incomplete knowledge of the system, not from its nature 
but from the limitation of our ability to model it (i.e. wrong 
modeling, measurement errors, etc), therefore they can be 
reduced. The later arise from the natural random variability 
inherent to the system itself, they can be more accurately 
characterize but not reduced14. 


In the case of ARI3SG, the epistemic uncertainty 
includes both those linked to the equations used to assess 
the effect of each individual aerosol mechanism 
considered, and the own filter approximation in which the 
whole model relies on. Anyway, epistemic uncertainty 
analysis is out of this work scope. 


On the contrary, stochastic uncertainty analysis is 
addressed in this work. They turn the ARI3SG estimates 
into a band resulting from the random variations of the 
input parameters. This requires an assessment of such 
variations beforehand. Below, the results for SGTR and 
CAAT modeling are shown.  


 
 


III.A Input parameter uncertainty 
 


The input deck parameters in ARI3SG are far from 
being exact values. They come either from test 
measurements or from derivations based on different 
kinds of hypotheses and approximations. Therefore, each 
attributed input value has an associated uncertainty. The 
procedure to analyze the effect of these uncertainties on 
ARI3SG was derived from BEMUSE program15 and it is 
summarized as follows. Each input parameter is 
considered as a random variable with a probability 
density function with a mean and a standard deviation. 
Then, a random vector composed by the gathering of 
input variables is sampled Ns times, through a simple 
random sampling method (SRS). It generates a set of 
input scenarios that are executed giving rise to range of 
results, in this case a range of collection efficiencies. 
According to Wilks theory the range corresponds to a α 
confidence interval with a β confidence level. Ns, α and 
β are related through the following equations15,16,17:  


 


( ) 1N
S


N SS 1N1 −α⋅α−⋅−α−=β                                (5) 


 


In the analysis of the predictions of the SGTR and 
CAAT experiments a total of 93 input samples with their 
corresponding code runs were performed. The input 
deck variables affected by uncertainties are:  


• Gas velocity. Derived from experimental 
measurements. It has been assumed that the 
probability should grow as it gets closer to the 
measured mean value, being less probable near the 
interval ends, and a normal distribution provides a 
good description of it. 


• Aerosol mass median diameter (AMMD). 
Experimentally determined, it has been assumed that 
the shape of the typical AMMD distribution 
(lognormal) is a good way to characterize the 
uncertainties affecting this variable. 


• Aerosol density. It was an experimental unknown. 
However, it was theoretically bounded assuming that 
the particle aggregates are composed by solid spheres 
with the maximum packing density18,19,20. In this 
case, there is no clue about the density function and a 
uniform distribution is assumed. 


 


As an example Fig. 1 and Fig. 2 show the 
histograms of the test SGTR-1 and SGTR-7 input 
samplings. In both cases, velocities follow a normal 
distribution. The former test is executed at higher 
velocities (252±17 m/s) than the second one (90±12 
m/s). The AMMDs are lognormally distributed also with 
higher diameters for SGTR-1 (median 7.42 μm, GSD 
1.8) test than SGTR-7 (median 3.37 μm, GSD 1.49). 
Regarding aerosol density, both random samples were 
obtained from a uniform distribution within the range 
400-2528 kg/m3. 
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Fig. 1. Histogram of SGTR-1 input samplings. 
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Fig. 2. Histogram of SGTR-7 input samplings. 
 


The combination of the different inputs gave rise to 
the efficiencies estimated by ARI3SG given in Fig. 3 and 
Fig. 4. The former computations could resemble a 
uniform distribution (Fig. 3), whereas the latter looks 
more like a normal one. Therefore, in this case it seems 
that there is no input variable common to all the tests 
determining a common output distribution. As expected 
in both cases, the mean of the sample output (11.2% for 
SGTR-1; 16.4% for SGTR-7) is close to the collection 
efficiency of the mean of the input (hereafter called 
reference case) around 11.0% and 15.33% for SGTR-1 
and SGTR-7, respectively. According to Wilks, 95% of 
the collection efficiency lays within the range [3.1, 18] 
([6.1,27]) with a 95% of confidence level for the SGTR-
1 test (SGTR-7).  
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Fig. 3. Histogram of SGTR-1 output computations. 
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Fig. 4. Histogram of SGTR-7 output computations. 


 
IV. RESULTS 


Fig. 5 shows the experimental collection efficiencies 
of SGTR4 (Fig. 5(a)) and CAAT5 (Fig. 5(b)) tests 
respectively, as function of the inlet gas mass flow rate. 
They include ARI3SG predictions of the reference cases 
and the lower (LB) and upper (UB) uncertainty bounds 
of both sets of simulations. 


As observed from Fig. 5(a)-(b), in both cases data 
and predictions lay within the “low range” of collection 
efficiency (≤ 20%). In addition, ARI3SG results follow 
the experimental trend.  


In case of SGTR simulations (Fig. 5(a)), as gas mass 
flow rate increases, collection efficiency decreases (gas 
mass flow rates higher than 100 kg/h). However, for 
CAAT simulations (Fig. 5(b)), further than the 
quantitative agreement, it is also noticeable the fact that, 
neither data nor ARI3SG predictions change with the 
inlet gas mass flow rate. The slight fluctuations of 
ARI3SG estimates respond to variations in the initial and 
boundary conditions. 


The lower and upper uncertainty bounds of the 
SGTR simulations envelop in most of the cases the 
experimental results. So to say, the uncertainty in the 
input parameters accounts for the discrepancies between 
the reference prediction and data (Fig. 5(a)). In case of 
CAAT analysis (Fig. 5(b)), the upper bound obtained 
through Wilks envelops 50% of the experimental data. 
However, they overlap the experimental uncertainty 
band.  
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Fig. 5. SGTR and CAAT tests vs ARI3SG estimates. 


 


Table II summarizes this uncertainty analysis in terms 
of averages. The variables included are the relative 
deviation between data and predictions of the reference 
case with respect to predictions and the relative lengths of 
the upper/lower bounds with respect to predictions.  


 
TABLE II 


Summary of uncertainty of input parameters. 
Test Deviations uUB,LB(ηref) 


SGTR ± 0.48⋅ηref ± 0.52⋅ηref 


CAAT ± 1.25⋅ηref 
+ 1.0⋅ηref 
- 0.85⋅ηref 


 


The table shows the magnitude and scope of the 
uncertainty analysis. The deviations are in case of SGTR 
simulations smaller than the uncertainty band associated 
to ARI3SG estimates; in other words, data-predictions 
discrepancy is not such when one takes into account 
input uncertainties. This discussion highlights the 
importance of achieving a good particle characterization 


in terms of velocity, density and size. As these two last 
parameters are highly uncertain, ARI3SG estimates 
should be given in terms of intervals rather than a single 
collection efficiency value. 


In addition, it was individually analyzed the 
sensitivity or influence of the uncertainty of each input 
parameter (velocity, AMMD and density) on the output. 
These analyses were performed through the SGTR-1 and 
SGTR-7 simulations by sampling the input parameter of 
interest (SRS method) while keeping the remaining ones 
with the reference value.  


Fig. 6 and Fig. 7 show the upper and lower bounds 
of the collection efficiency of previous full sensitivity 
analysis and of the individual ones. Major observations 
are summarized as follows: 


 
• Velocity variations (7-12% Fig. 1 and Fig. 2) 


have a low influence on the estimates. They imply 
between 1 and 6% of the prediction of the 
reference case.  


• The lower bound of the collection efficiency (full 
sensitivity column) seems to be determined by the 
uncertainty of the input AMMD, as sensitivity to 
AMMD is similar to the full one.  


•  The upper bound of the collection efficiency 
seems to result from a combination of the AMMD 
and the density variations. These joint variations 
increase the collection efficiency as deposition 
phenomena within the model dependent on the 
particle inertia.  


 


These sensitivity analyses indicate that ARI3SG 
estimates are much less affected by gas velocity 
uncertainty than by those related to the particle 
characterization (i.e., size and density).  
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Fig. 6. Sensitivity results of SGTR-1 simulation. 
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Fig. 7. Sensitivity results of SGTR-7 simulation. 


 
 


V. CONCLUSIONS 
 


ARI3SG is a one dimensional model developed to 
estimate the aerosol retention within the break stage of a 
dry steam generator in SGTR conditions. It is based on 
the filter concept and takes into account the most 
influencing aerosol phenomena of the scenario: turbulent 
deposition, inertial impaction and resuspension. The 
ARI3SG model estimates have shown a great 
consistency when compared to the experimental data 
available (SGTR and CAAT), predicting bundle 
efficiencies at the lower range (i.e., 5-30%) and 
following the experimental trends.  


The analysis of the stochastic uncertainty in the 
ARI3SG input deck variables have highlighted that data-
estimates differences loose significance when 
uncertainty bands are considered. As a consequence, 
ARI3SG estimates should be seen as a collection 
efficiency range rather than to a specific number.  


The velocity variations hardly affect the uncertainty 
band width. It is worth noting that particle size is the 
most impacting variable on the results.  


In the near term, it is foreseen to extend the 
uncertainty analysis by including those related to the 
empirical correlations used within the ARI3SG model. 
They will be taken into account through the error 
propagation theory. 
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NOMENCLATURE 
α       Confidence interval  
Acrs    Cross sectional area 
Adp     Area available for deposition 
AMMD  Aerodynamic mass median diameter 
β       Confidence level   
Frs     Resuspension force 
GSD  Geometric standard deviation 
ηax�     Axial deposition efficiency� 
ηdp�   Deposition efficiency� 
ηimp


rd  Radial inertial impaction efficiency 
ηrd�     Radial deposition efficiency 
ηref�    Collection efficiency of the reference case 
ηrs�    Resuspension efficiency 
ηST�   Single tube efficiency 
η���   Tube bundle efficiency 
ηtbt


rd   Radial turbulent deposition efficiency 
Λ       �������Resuspension rate 
LB    Lower bound 
Ns     Number of samplings 
SRS  Simple random sampling 
Stk    Stokes number 
τ+      Relaxation time dimensionless 
U      Uncertainty 
U*      Friction velocity 
U+    Deposition velocity dimensionless 
Uax     Axial velocity 
UB    Upper bound 
Y       Mass fraction 
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Abstract – The conceptual design of a 1200 MW thermal, 500 MW electrical, Traveling Wave 
Reactor (TWR) Plant has been completed with the objective of completing construction and 
startup by 2020.  The reactor is a pool-type, sodium-cooled fast reactor and has been named 
TerraPower – 1 (TP-1).  The TP-1 core will operate for over 40 years without refueling, but 
provisions have been made to insert highly instrumented test fuel and materials assemblies and to 
remove them for post irradiation examination and testing.  These test assemblies will provide the 
bases for validating fuel design for future generations of TWRs.  The fuel design is supported by 
an extensive materials and fuel development program. 


TP-1 uses proven technologies for most of the plant with a few notable exceptions.  The fuel 
pins are designed to vent fission product gases to the primary sodium coolant in a controlled 
manner.  Venting the fuel pins enables deep burnups required to sustain the core for over 40 years 
and greatly reduces the probability of cladding failures.  Detailed studies have shown that the 
only significant impacts on the primary coolant and reactor operation are the fission product 
noble gases and Cs137.  The noble gases decay, except for Kr85, which is collected on carbon 
beds and stored in shielded vessels.  Cs137 is removed from the primary coolant by reticulated 
carbon traps at a rate that prevents build up and keeps the primary coolant activity levels similar 
to fast reactors with unvented fuel.  The intermediate heat exchanger is another area of innovation 
using printed circuit, plate-type modules that form a compact, robust safety barrier between the 
primary and intermediate coolants, while maintaining very high thermal-hydraulic efficiency.   
Thermal efficiency is also enhanced by the use of compact helical coil steam generators that yield 
a gross electrical conversion efficiency of 42%. 


The seismically qualified active decay heat removal system is backed up by an independent, 
passive system using natural convection of ambient air to ensure decay heat removal even under 
station blackout conditions.  Preliminary safety studies have confirmed satisfactory decay heat 
removal and acceptable reactivity coefficients.  Initial identification of design basis and beyond 
design basis events has been completed.  A level 1 Probabilistic Risk Assessment (PRA) is 
underway such that designers are informed of probability sequences that can benefit from design 
changes. 


An extensive external review of the TP-1 Plant conceptual design has been completed and the 
initial Technical Baseline of the TP-1 Plant is being established.  It is anticipated that preliminary 
and final design can be completed in about three years which would enable licensing efforts to 
progress to the point that a construction decision could be made.  A successful 2020 startup and 
demonstration of TWR technology will give energy planners a sustainable nuclear power option 
that does not require reprocessing, reduces proliferation risk and opens the door for further 
longer term innovation. 
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I. INTRODUCTION 
 


Traveling Wave Reactor (TWR) is the 
terminology used to describe a special class of fast 
reactors that have the ability to breed and burn in-
situ, providing the possibility for very long core life 
and other characteristics not achieved in typical fast 
reactor designs.  The first known proposal of a fast 
reactor design that could sustain a breed-and-burn 
condition using only natural uranium or depleted 
uranium as fuel was made in 1958 by Feinberg1. 
Similar concepts were proposed by Driscoll in 1979,2 
Feoktistov in 1988,3 Teller in 1995,4 and van Dam in 
2000.5 Fomin6 has developed a mathematical 
treatment of the space-dependant criticality in nuclear 
burning waves and Sekimoto7 has demonstrated the 
strengths of this type of reactor in his CANDLE 
Reactor configurations.  


In 2006, TerraPower launched an effort to 
develop the first practical engineering embodiment of 
a breed-and-burn fast reactor, producing a design 
concept now known as a TWR.8  Practical TWR 
designs were hampered initially because of 
conflicting demands made by the orientation of 
coolant flow and control systems in a reactor core 
whose critical burn region moved slowly as a 
function of time. 


During 2008 TerraPower core designers 
achieved as major breakthrough when they 
demonstrated in 2-D simulations that a “standing 
wave” variant of the TWR could be achieved by 
periodically shuffling fuel within the core.  The 
shuffling process will be described in more detail in 
Section IV.  The standing wave concept was 
incorporated into a cylindrical core geometry that 
greatly simplified reactor design and enabled 
application of a large body of proven fast react 
engineering and design solutions. 


Using the cylindrical standing wave concept, 
TerraPower launched a conceptual design effort in 
2009 for an nth of a kind, 1150 MWe commercial 
TWR power plant.  The objective of this conceptual 
design was to develop a complete plant design that 
would support a cost and schedule estimate to see if 
such a plant could be competitive with Generation 
III, III+ power plants.  The results of the design and 
cost estimate9 indicated that the “all in” costs were 
within the range reported for new US nuclear power 
plants. 


The results of the 1150 MWe conceptual design 
were encouraging, so TerraPower started the 
conceptual design of a smaller, first of a kind, 
demonstration TWR designated the TerraPower – 1 
(TP-1) nuclear power plant.  The conceptual design 
of TP-1 is the subject of this paper. 


 
II. THE TP-1 MISSION AND GENERAL 


REQUIREMENTS 
 


The TP-1 Reactor Plant is a multi-mission facility 
that must provide the capability for the following 
mission components: 


• Produce Electrical Power – levelized cost 
must be reasonably competitive with other 
types of nuclear power. 


• Confirm TWR Core Performance – 
comparison of predicted and actual reactor 
core operation must confirm breed-burn 
rates. 


• Qualify Fuel and Materials – standard and 
advanced fuel and materials must be 
irradiated and examined to qualify fuel for 
future generations of TWRs. 


• Demonstrate High Availability – achieve 
average 90% availability over a 5 year 
period. 


• Prototypic Experience – provide operating 
experience with pumps, heat exchangers and 
other large components that are prototypic 
for large commercial TWRs. 


 
These mission components lead to a number of 


high level, general requirements that have been 
imposed on TP-1.  Some of the more quantitative 
requirements are summarized in Table 1. 


 
Table 1 Key General Requirements 


 
General Requirement Parameter 


Plant Design Life 40 years 
Core Life (eff. Full power years) 40 years 
Core Thermal Power 1200 MW 
Plant Availability (avg. over 5 yr) 90% 
Site Seismicity (IAEA SL-2) 0.15g 
General Safety (IAEA Document)  NS-R-1 
Safety Analysis (IAEA Document) NS-G-2.1 
Construction Time 48 months 
 


III. Design Description 
 


The TP-1 Reactor Plant conceptual design was 
completed in November 2010.  A description of this 
design is provided in the sections that follow. 
 


III.A. Reactor Fuel, Core and Control System 
 


Reactor fuel for TP-1 is composed of uranium-
zirconium metal alloy fuel slugs with a sodium 
thermal bond in martensitic stainless steel cladding.  
The fuel is designed for 35 atom-percent peak burnup 


817







 
and has a 6
the design 
component
a vent ass
products.  
gases whil
coolant an
convention


  


Figure
 


unacceptab
also greatl
The conseq
Reactor Sa
a wire wr
provide sp


A fuel
contained 
primary so
duct contai
to prevent
conditions
load pads
elsewhere 


The r
assembly 
assemblies
alloy fuel 
depending 
fixed contr
contain on
assemblies
criticality a
reactivity 
control ro
increase.  
shut down
to the perip
assemblies
process, re
18 to 24 m
important f


 


62% smear den
limit burnup. 


ts are shown in
sembly at the 
The vent prov
le preventing 


nd bond sodium
nal pressurized


e 1 Fuel Pin an


bly high pressu
ly reduces the
quences of fue
afety section of
rapped helical
acing between 
l assembly is 
within a hex


odium coolant 
ins pressure eq
t dilation of 
.  The ducts ar


s near the to
between adjac
reactor core 
types.  As 


s in the active
slugs with enr
on their locat


rol zone have 
nly depleted ura
s are initiall
and to start the
in the core in


ods are slow
At a pre-dete


n and higher bu
phery of the co
s replace the 
eferred to as “sh
months.  Shuffl
functions: 


nsity to allow 
 The dimensio


n Figure 1.  Ea
top to vent g
ides controlled
mixing of pr


m.  Venting is
d gas plenums d


nd Core Descrip


ures at high bu
e likelihood o
el venting is di
f this paper.  T
lly around th
adjacent fuel p
composed of 


xagonal duct 
around the fu


qualization hol
the duct dur


re 16.54 cm fla
op with a 5 
ent fuel assemb
is composed 
shown in F


e control zone 
richment less th
tion.  Fuel ass
uranium alloy


anium. The tw
ly distributed
e breed-burn pr
ncreases mono


wly inserted t
ermined point 
urnup assembl


ore and deplete
high burnup


huffling”, occu
fling accomplis


for swelling at
ons of the fuel


ach fuel pin has
gaseous fission
d release of the
rimary sodium
s used because
develop 


ption 


urnup.  Venting
f clad breach
iscussed in the
he fuel pin has


he cladding to
pins. 
169 fuel pins
that channels


fuel pins.  The
les near the top
ring full flow
at-to-flat, have


mm spacing
bly ducts. 


of two fuel
igure 1, fuel
have uranium


han 20 % 235U
semblies in the
y fuel pins that


wo types of fuel
d to achieve
rocess.  Excess
otonically and
to offset this
the reactor is


lies are moved
ed uranium fuel
p fuel.  This
urs about every
shes three very


t 
l 
s 
n 
e 


m 
e 


 


g 
.  
e 
s 
o 


s 
s 
e 
p 
w 
e 
g 


l 
l 


m 
U 
e 
t 
l 
e 
s 
d 
s 
s 
d 
l 
s 
y 
y 


T
contr
absor
contr
core 
place
move
react
core 
The 
shutd


A
diver
the 
opera
“Rea
  


T
direc
core 
conta
numb
the r
react
conta


• Reduc
opera
capab


• Limit
high b
effect


• Exten
contin
assem
decad


The control 
rol rods which
rber pins.  In
rol rods are in


operation.  
ed in the fixed
ed during oper
tivity and pow
as high burnu
assemblies ca


down to optimi
A dedicated g
rse system des
reactor durin


ation will be 
actor Safety” se


III.B. R


There are a nu
ctly or indirect


and all primar
ained in the re
ber of in-vess
reactor vessel, 
tor head.  All
act with primar
 


Figure 2 Rea


Proce
 Nice, 


ces Excess Re
tion within t


bility 
s Fuel Assemb
burnup fuel to
tively stops fur
nds Core Life 
nues until all d


mblies have bee
des of core life 


function is 
h are ducted c
n the active 
serted or withd
Similar absor


d control zone,
ration.  Their p


wer in the perip
up fuel is mov
an be relocated
ize core perform
group of thre
sign are used t
ng transient 


described in 
ection of this p


Reactor Mechan
 


umber of mech
tly support the
ry cooling sys
actor vessel w
el structures.  
major in-vesse


l vessels and 
ry sodium cool


actor Vessel an


eedings of ICAP
France, May 2-5


Paper


eactivity – mai
the control s


bly Burnup – m
o the core per
rther burnup 
– periodic shu
epleted uranium
en used, thus s
is obtained 


accomplished 
clusters of clad
control zone, 
drawn as need
rber assemblie
, but they cann
purpose is to c
pheral region 
ved into this r
d during a shu
mance. 


ee safety rods
to rapidly shut 
conditions.  
more detail 


paper. 


nical Systems


hanical system
e reactor core.
tem componen


with the additio
Figure 2 illu


el structures an
structures in 


lant are fabrica


nd Head Cut Aw


P 2011 
5, 2011 
r 11199 


intains 
system 


moving 
iphery 


uffling 
m fuel 


several 


with 
d B4C 


these 
ded for 
es are 
not be 
control 
of the 


region.  
uffling 


s with 
down 
Their 


in the 


ms that 
.  The 
nts are 
on of a 
strates 
nd the 
direct 


ated 


 
way 


818







 
from 316H
control ran
shows the 
steel. 


Both v
are suppor
head is sup
concrete le
head is a 
stainless s
metallic s
shielding 
maintenanc
reactor ope
plugs at th
access to a
vessel hand


Reacto
the reactor
continuity 
containmen
containmen
locks and
isolation 
containmen
required to
shown are
cupper co
removal o
primary pu


 


Fi
 


Remov
two mach
handling m
vessel han
SP is mou
capable of
core.  The
and can ac
overlap of 
off” of ass


H stainless s
nge of 0.2 to 0


guard vessel 


vessels and a n
rted from the 
pported by a b
edge in the re
composite str


steel metal pla
shielding mat


is such tha
ce and inspec
eration. The re
he center as sh
all removable c
dling machines
or containment
r head, the upp


plate that 
nt vessel to 
nt also has eq


d penetrations
valves.  Fi


nt with addi
o be located in 
e large remova
ontainment ve
of major in-v
umps and interm


igure 3 Upper 


vable core co
hines called 
machine (IVHM
ndling machine
unted on the 
f accessing rad
e IVHM-OA is
ccess assemblie


the two machi
emblies in row


steel, where H
0.8% carbon. 
fabricated fro


number of majo
reactor head.


earing system 
eactor building
ructure fabrica
ates filled wit
terial.  The 
at operators 
tions in conta


eactor head has
hown in Figure
core componen
s. 
t consists of th
per containmen


that connect
the reactor h


quipment and 
s, some of w
igure 3 illu
itional mecha
the upper cont
able ports at t
ssel that allo


vessel compon
mediate heat ex


Containment V


omponents are
the straight-p


M-SP) and the 
e (IVHM-OA)


inner rotating
dial rows 1 thr
s mounted on 
es in rows 6 thr
ines in row 6 e
ws 1 through 5


H indicates a
 Figure 2 also


om 516 carbon


or components
.  The reactor
interfaced to a


g.  The reactor
ated from 304
th concrete or


reactor head
can perform


ainment during
s two rotatable
e 2 that enable
nts with the in-


e guard vessel
nt vessel and a
ts the upper
head. Reactor
personnel air


which require
ustrates upper
anical systems
tainment.  Also
the top of the


ow access for
nents such as
xchangers. 


Vessel 


e accessed by
pull in-vessel
 offset-arm in-
.  The IVHM-
g plug and is
rough 6 in the
the outer plug
rough 12.  The
nables a “hand
 to the IVHM-


a 
o 
n 


s 
r 
a 
r 
4 
r 
d 


m 
g 
e 
e 
-


, 
a 
r 
r 
r 
e 
r 
s 
o 
e 
r 
s 


 


y 
l 
-
-
s 
e 
g 
e 
d 
-


OA i
stora


C
a sin
rotati
equip
open
The h
via a
ingre
form
allow
beari
loadi
opera
only 


T
uppe
over 
Main
to be
stora
prepa
testin
occur
Build


T
hydra
react
for 
trans
prim
of th
as i
interm
exits
plenu


T
prim
heat 
throu
flow 
flows
the IH
is no
interm
rema
the IH
side t
down
radio
prim


if they must be
age positions ou
Core compone
ngle dedicated
ing plug.  In o
pment must b


ning one of the
handling equip
adapters and va
ess into the rea


ms a temporary,
w insertion or
ing assemblie
ing operation
ations are infr
for the fuel qu
There is a lar


er reactor cont
the adjacent A


ntenance Build
e transported t
age, sodium rem
aration for ship
ng.  Conditio
rs in this area
ding and insert


III.C. T


The TP-1 rea
aulic systems 
tor core and tra
conversion in


sport starts in
ary sodium co
e core.  The co
it exits the 
mediate heat e


the IHX at 
um to complete
The IHX heat
ary coolant pa
exchanger an


ugh pipes to e
steam generat


s to mechanica
HX to comple


ot exposed to n
mediate pipin


ain non-radioac
HX is always 
than on the pri
n modes.  Ther
oactive interme
ary system. 


Proce
 Nice, 


e moved to ou
utside the core
ents can enter o
d port in the 
order to access
be brought in
e upper contai
pment interface
alves to ensure


actor vessel.  A
, inerted, confi
r withdrawal 
s.  Aside fro
ns, these e
requent becaus
ualification mis
rge crane hall
tainment. This
Auxiliary Build
ding to allow c
to specialized 
moval, disasse
pping to other 
oning for new
a prior to trans
tion into the rea


Thermal-Hydra


actor uses a n
to extract he


ansport the hea
nto electrical 
n the reactor 
oolant into a pl
oolant is heated


core and fl
xchanger (IHX
a nominal 36
e the primary c
ts intermediate
asses through t
nd the interme
either of two h
tors.  Cooled i
al pumps that r
ete the cycle.  I
neutron irradiat
ng, pumps an
ctive.  Furtherm
higher on the 
imary side in a
refore, if the IH
ediate sodium 


eedings of ICAP
France, May 2-5


Paper


uter core positi
. 
or exit the core


reactor head 
s this port add
nto containme
inment access 
es to the reacto
e that there is 


Additional equi
inement bound


of heated s
om the initial
ex-vessel han
se they are re
ssion. 
l directly abov
s crane hall ex
ding and the R
components in


cells for temp
embly and stor


facilities for f
w components
sport to the R
actor vessel. 


aulic Systems 


number of the
eat energy fro
at in a form su


power. The
core by pum


lenum at the b
d to a nominal 
lows through


X) modules.  C
0 C and ente


coolant cycle.
e sodium cool
the other side 
ediate coolant 
helical coil, c
intermediate c
return the cool
Intermediate s
tion and, thus,
d steam gene
more, the press
intermediate c


all operating an
HX leaked, only


would leak in


P 2011 
5, 2011 
r 11199 


ons or 


e from 
outer 


itional 
ent by 


ports.  
or head 


no air 
ipment 
dary to 
odium 
l core 
ndling 
quired 


ve the 
xtends 


Reactor 
n casks 
porary 


rage or 
further 
s also 


Reactor 


ermal-
m the 
uitable 
e heat 
mping 


bottom 
510 C 


h four 
Coolant 
ers the 


lant as 
of the 
flows 


ounter 
coolant 
lant to 
odium 
all the 
erators 
sure in 
coolant 
nd shut 
y non-


nto the 


819







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11199 
 


The steam generators use the hot intermediate 
sodium to raise super-heated steam in the tube 
bundle. This steam is transported to the turbine 
generator where it spins a multi-stage turbine and 
generates electrical power.  The Turbine Island and 
its supporting systems will be described in the 
Balance of Plant section.  Heated feed water is 
returned to the steam generators tube bundles to 
complete the cycle.  Steam generator tube leaks are 
an obvious concern for this system, so leak detection 
is provided at very high sensitivity and rapid 
response time.  Detection of a leak causes a reactor 
shutdown, followed by valve closure to exclude 
feedwater.  If the leak is large enough, it may cause a 
rupture disk to open which has pipes coupled to a 
blow down system for capture of sodium-water 
reaction products. 


 
III.D. Balance of Plant 


 
The TP-1 Balance of Plant (BOP) is composed 


of a number of buildings, structures and systems that 
provide non-safety grade functions for a complete, 
autonomous nuclear power plant.  Figure 4 shows a 
rendering of the plant with major structures 
identified. 


   


 
 


Figure 4 TP-1 Plan Rendering 
 


Some of the more important functions of the 
BOP are: 


• Steam Rankine Cycle for converting 
heat energy to electrical power, 


• Transformers and switchyard for 
transmission of power to the grid, 


• Emergency Diesel Generators to 
provide investment protection for the 
plant, 


• Physical security for the plant, 
• Fire detection and suppression systems, 


• Radwaste facilities to for processing 
and storing radioactive waste, 


• Warehouses and facilities for plant 
maintenance.  


 
The TP-1 Plant conceptual design assumes once-


through fresh water cooling for its heat sink.  After 
site selection it may be necessary to modify this part 
of the Bop design to accommodate site specific 
conditions. 


 
IV. REACTOR SAFETY 
 


Reactor safety for the TP-1 Plant is based on 
strategies that have proved successful for previously 
operated fast reactors combined with state-of-the-art 
analytic methods to ensure the highest levels of 
public protection.  TP-1 is similar to other pool-type, 
sodium-cooled fast reactor in that Loss of Coolant 
Accidents (LOCAs) are eliminated from the design 
bases.  This means that the primary design basis 
accidents (DBA) are Loss of Flow (LOF) and Loss of 
Heat sink (LOHS).   Transient overpower (TOP) 
events are much less frequent in TP-1 because 
interlocks prevents excessive rod withdrawal during 
operations. 


TP-1 decay heat removal after shutdown is 
normally accomplished by circulating both primary 
and intermediate sodium coolants with pump pony 
motors that are connected to the emergency diesel 
generators.  The heat is dissipated through the steam 
generators using a large inventory of feedwater.  In 
the rare event that this system is disabled, decay heat 
is removed by a passive decay heat removal system 
called the Reactor Vessel Air Cooling System 
(RVACS).  RVACS draws ambient air down four 
coaxial chimneys and circulates the air through a 
baffle structure surrounding the guard vessel, 
exhausting the heated air through the chimneys.  
During normal operation RVACS maintains the 
concrete in the Reactor Building at safe temperatures.  
If the normal decay heat removal system fails, the 
primary sodium coolant temperature rises causing it 
to expand and flow over a liner inside the reactor 
vessel.  The heated primary sodium flows down the 
inside surface of the reactor vessel radiantly heating 
the adjacent guard vessel.  The RVACS has sufficient 
capacity to remove the peak decay heat requirement 
that occurs about 24 hours after shutdown. RVACS 
has no moving parts and requires no operator actions. 
Consideration is also being given to using a Direct 
Reactor Auxiliary Cooling System (DRACS) for 
passice decay heat removal. 


One difference from previous fast reactor 
operation is the venting of fission gases from 
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individual fuel pins described in the Design 
Description section.  The primary consequences of 
venting have been identified as 137Cs and 134Cs in the 
primary sodium coolant and 85Kr in the argon blanket 
gas.  The cesium isotopes are continuously removed 
from the sodium with reticulated carbon traps and 
stabilized when the traps become saturated.  The 
krypton gas is initially collected on cryogenic carbon 
beds and pumped to high-pressure storage vessels.  
These storage systems become distributed radioactive 
source terms in all the reactor safety analyses.  No 
significant engineering problems have been identified 
for fuel venting or the systems required to maintain 
the primary coolant and blanket gas at levels similar 
to unvented fuel conditions. 


 
IV.A. Probabilistic Risk Assessment 
 
A detailed Level 1 probabilistic risk analysis 


(PRA) is in progress based on the conceptual design.  
The preliminary results confirm that seismic events 
dominate the core damage frequency as has been 
seen in other sodium-cooled fast reactor PRAs10.  The 
main sequence leading to core damage and a late 
large release is a seismic event that disables all decay 
heat removal capability.  This leads to bulk primary 
sodium boiling approximately one day after the 
initiator. 


Unprotected transients are rare events that can be 
challenging for fast reactors because of the positive 
sodium void worth.  Some measures have been taken 
in TP-1 to make these events even rarer, although 
they are already expected to occur at a frequency less 
than 10-7 per reactor year.  In addition to the 
reduction in the TOP frequency using interlocks to 
prevent excessive control rod removal during 
operation, the primary pumps are designed to not trip 
until there is a confirmation of rod insertion.  By 
confirming the insertion of the rods before tripping 
the pump, the primary ULOF initiator becomes the 
much rarer failure of a single pump followed by a 
failure to scram.  Additionally, the loss of a single 
pump with failure to scram will still have one pump 
running.  The loss of both pumps due to a common 
cause failure is expected to be another order of 
magnitude lower.  Finally, analysis of a previous 
sodium-cooled fast reactor PRA similar to TP-1 has 
shown that nominal inherent negative reactivity 
feedback is of relatively low risk importance.  
Without inherent feedback, the frequency of an 
energetic events increases by a factor of four11.  The 
factor of four is an acceptable risk increase because 
the base core damage frequency is less than 10-9 per 
reactor year. 


 


 
 
 
IV.B. Seismic Analysis 
 
The importance of seismic events has motivated 


us to perform seismic analysis of key nuclear island 
systems at the conceptual design phase.  The purpose 
of the analysis is to predict the seismic response of 
the TP-1 reactor head and reactor vessel including the 
reactor guard vessel.  The results of this preliminary 
analysis are being used to identify potential issues in 
these components or structures coupled to them.  The 
reactor is analyzed for the IAEA SL-2 design basis 
earthquake. The zero period ground acceleration as 
defined in ASCE 4-9812 is 0.15g in all three ordinate 
directions.  Scaling the standard spectrum shape from 
NRC Regulatory Guide 1.6013 by the 0.15g factor, a 
contractor determined the in-structure response 
spectra at a location corresponding to where the lip of 
the reactor head interfaces with the building 
foundation. 


The analysis methodology is in accordance with 
the ASCE 4-98 standard.  Specifically, the frequency 
based method is used because the components of 
interest are considered to be linear and elastic. A 
quasi-static model has been developed in accordance 
with ASCE 4-98 to compare predications with the 
frequency based predications.  Having results from 
both methods provides information that is useful in 
planning the methodology for future analyses. No 
time-history analyses were required for this study, 
but this technique may be used in the future for non-
linear systems such as interactions of fuel assemblies 
within the core, sloshing fluids, or the concrete and 
steel reactor head.  The finite element program 
ANSYS is used to model the reactor head, reactor 
vessel, and guard vessel.  The reactor head is 
modeled as a composite of solid stainless steel 
elements and concrete volumes. The reactor vessel 
and guard vessel are modeled as stainless steel shell 
elements. 


The intermediate heat exchangers, primary 
sodium pumps, large and small shield plugs, and 
upper internal structure are attached to the reactor 
head. They are modeled as point masses with 
moments of inertia about their centroids.  Because 
these designs are at the conceptual level, their 
geometric properties are approximated using their 
preliminary CAD models.  All connections and joints 
are idealized in the model.  That is, welds and bolted 
connections are assumed to have full strength.  None 
of the models consider operating condition loads: 
fluid flow, rotating pump shafts, etc.  These analyses 
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will be continually refined during the preliminary 
design phase. 


 
IV.C. Preparations for Licensing 
 
At the start of conceptual design it was not clear 


where TP-1 might be sited and what regulatory 
agency would be responsible for licensing.  
Therefore, TerraPower adopted the IAEA safety 
series requirements14 as the most general framework 
for licensing TP-1 subject to adjustments for specific 
site regulatory requirements. These IAEA safety 
requirements are at such a high level that 
implementation is not as straightforward as the large 
body of prescriptive regulations developed by the US 
Nuclear Regulatory Commission. 


With the assistance of licensing consultants, a 
roadmap for implementing the IAEA safety 
requirements was developed for TP-1.  In the process 
several safety issues important to TP-1 were 
identified that will be proposed for pre-application 
discussions with the regulatory agency responsible 
for licensing TP-1. 


Much work remains in the area of licensing, but 
initiating the process coupled with ongoing reactor 
safety analyses is expected to keep pace with the 
aggressive design and construction goals for TP-1. 


 
V. CONCLUSION 


 
Completion of the TP-1 conceptual design has 


provided a self-consistent, complete plant design that 
can serve as the starting point for preliminary and 
final design.  No obstacles have been identified that 
would preclude start of construction by 2015 and 
initial criticality by 2020. 


Preliminary TP-1 safety studies indicate the 
reactor will be as safe or safer than the current 
generation of light water reactors subject to 
confirmation with qualified calculational methods.  
Level 1 PRA is providing guidance to engineers to 
achieve a risk-informed design.  Use of consensus 
codes and standards for structures, systems and 
components important to safety under IAEA general 
licensing requirements has established a basis design 
suitable for global licensing. 


TerraPower and its partners look forward to the 
construction and startup of TP-1 as the world’s first 
operational traveling wave reactor. 
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Abstract – At Forschungszentrum Dresden-Rossendorf the large-scale liquid sodium facility 


DRESDYN (DREsden Sodium facility for DYNamo and thermo-hydraulic studies) is under 


construction that will comprise experiments for thermo-hydraulic studies and for the development 


and the test of measurement techniques for liquid sodium flows as well as experiments with geo- 


and astrophysical background. This paper summarizes previous achievements in these fields, and 


gives an overview about the planned activities with relevance to sodium-cooled fast reactors. 


 
 


I. INTRODUCTION 
 
The Sodium-cooled Fast Reactor (SFR) makes it 


possible to utilize available fissile and fertile materials 
considerably more efficiently than thermal spectrum 
reactors. It is also designed for closing the fuel cycle by 
managing high-level wastes, in particular plutonium and 
other actinides. The SFR concept is characterized by 
important safety features, including a large margin to the 
boiling point of sodium, a long thermal response time, a 
primary system that operates near atmospheric pressure, 
and an intermediate sodium system between the radioactive 
sodium in the primary system and the power conversion 
system. 


Within the framework of the Generation IV 
International FORUM (GIF), the last years have seen a 
remarkable renaissance of SFR’s. With the ASTRID 
prototype in France1, the PFBR in India2, CEFR in China3,  
JSFR in Japan4, BN-8005 and BN-1200 in Russia, 
KALIMER-600 in South Korea6, and the Travelling Wave 
Reactor in the US7, a significant number of SFR projects 
are presently under deployment or development. 


Notwithstanding the undeniable advantages of SFR’s, 
the use of sodium is well-known to be connected with two 
main challenges: first, a positive void reactivity and, 
second, a high chemical reactivity, which requires special 
precautions to prevent and suppress fires. 


With view on these two challenges, there is a growing 
need for small and medium sized liquid sodium 
experiments to study various thermo-hydraulic and safety 
aspects of SFR’s, comprising sodium boiling, argon 
entrainment, bubble detection, sodium flow metering and 
many more1. 


A less discussed aspect of SFR’s is the theoretical 
possibility of magnetic-field self-excitation (dynamo effect) 
in helical sodium flows, although early papers by Bevir8 
and Pierson9 had considered the conditions for self-
excitation in the pumps as well as in the core.  Interestingly, 
a first attempt to reach self-excitation in a liquid sodium 
flow was undertaken at a test facility for fast breeder pumps 
in the Leningrad Scientific Research Institute of 
Electrophysical Apparatus10. In 1999, a modified version 
(the Riga dynamo experiment) of this experiment led to 
first experimental realization of the homogeneous dynamo 
effect11. Nearly at the same time, the Karlsruhe dynamo 
proved evidence for self-excitation in an assembly of 52 
spin-generators12, a structure which is, from the dynamo 
point of view, already very similar to the flow structure in  
the core of SFR’s. In 2006, self-excitation was also 
observed in the so-called von-Kármán-dynamo experiment 
in Cadarache (France), though only in the presence of soft-
iron impellers13. This latter fact is remarkable with view on 
the plans to replace the austenitic steel of the claddings of 
SFR’s by ferritic/martensitic or ODS materials. It is 
certainly worthwhile to continue the interesting 
investigations of Plunian et al.14 on the influence of this 
material change on the dynamo conditions in the core. 


The DRESDYN project (DREsden Sodium facility for 
DYNamo and thermo-hydraulic studies) at 
Forschungszentrum Dresden-Rossendorf (FZD) is intended 
to become a European center for investigations of various 
aspects of liquid sodium flows. It combines activities with 
geo- and astrophysical motivation, including the dynamo 
effect and the magneto-rotational instability, with studies of 
the thermo-hydraulic and safety behavior of SFR’s. In the 
present paper, we will delineate the experiments planned 
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within the DRESDYN project. Prior to this, we will give a 
summary of our previous achievements with possible 
relevance to the SFR. 


 
II. PREVIOUS ACHIEVEMENTS 


 
II.A. Measuring techniques for flow velocities 


  
Starting with the primary pumps in the reactor vessel, 


there are a number of further places in an SFR where the 
reliable and accurate measurement of global or local flow 
data is of significant interest. For example, spatially 
resolved velocity determination above the core could help 
to quickly detect any sort of blockage in the subassemblies. 
An ambitious, but not unrealistic, project is related to the 
contactless determination of the complete velocity field 
structure within the reactor vessel.  


During the last 20 years the Ultrasonic Doppler 
Velocimetry (UDV) has become a powerful and widely 
used technique for flow velocity measurements, in 
particular for opaque fluids. The method relies on the 
pulsed echo technique, with ultrasound pulses of few cycles 
being emitted from the transducer along the measuring line. 
The echoes are reflected by micro-particles or bubbles, 
which are suspended in the liquid, and then received by the 
same transducer. The complete information of a velocity 
profile is contained in the echo 


 


 
  
Fig. 1. Schematic view showing the installation of the 


ultrasonic transducer at the sodium channel flow at FZD. 
 
To demonstrate the capabilities of the UDV technique 


with respect to the applicability for sodium flows, we 
performed experiments at the existing sodium loop at FZD 
which has an inventory of 100 l (for more details, see15,16) . 
The facility operates with a sodium flow in the temperature 
range between 120°C and 350°C. An electromagnetic pump 
is used to generate the mean flow with maximum velocities 
of about 1.7 m/s in a square test section of 45x45 mm2. As 
shown in Figure 1 the US transducer was installed inside a 
cylindrical measuring adapter with an angle of 70° with 
respect to the mean flow.  


 
 


Fig. 2. Time averaged velocity profiles of the sodium flow in 
the square duct, as shown in Fig. 1, measured by UDV for 
variations of the current of the electromagnetic pump between 10 
and 90 A. 


 
The velocity measurement were carried out by the 


DOP2000 (Signal Processing Lausanne) with a 4 MHz 
probe of a high temperature series (TR40405). The mean 
velocity profiles were calculated averaging 256 single 
profiles corresponding to a measuring time of about 5.6 s. 
The spatial resolution was 1.25 mm in liquid sodium. A 
velocity resolution of 9 mm/s was achieved in these 
experiments. Figure 2 presents the time-averaged velocity 
profiles measured for various values of the current in the 
electromagnetic pump. The turbulent profiles exhibit a 
slightly asymmetrical shape that may arise from the cavity 
in the channel wall in front of the measuring adapter which 
has a braking effect on the flow field in its vicinity. 


 
 


 
  
Fig. 3. A modified Vives probe developed at FZD for 


utilization in the Riga dynamo experiment. The induced voltage 
between the electrodes 1 and 2 is proportional to the azimuthal 
velocity, the voltage between electrodes 2 and 3 is proportional to 
the axial velocity. Note the presence of an additional induction 
coil which can be used for magnetic field measurements at the 
same place. 
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Another probe that has been developed at FZD is a 
modified version of the well-known Vives probe17, see 
Figure 3. In order to withstand the high velocities in the 
Riga dynamo experiment, is has been designed in a very 
robust form with the electrodes positioned at the rim of the 
cylinder instead of at the tip. The probe has been calibrated 
at the sodium loop at FZD. 


Figure 4 shows a typical result of this probe from one 
of the recent campaigns at the Riga dynamo experiment. 
The red curve shows the time dependence of the propeller 
rotation rates, the blue and green curves show the measured 
axial and azimuthal velocity components. At each instant, 
the data are averaged over 10 seconds in order to average 
out the effect of the oscillating magnetic eigenfield which 
adds to the field of the permanent magnet. In this particular 
campaign the dynamo was not working properly because of 
the sub-optimal ratio of azimuthal to axial velocity, a fact 
that is clearly visible in Figure 4. 


 


 
  
Fig. 4. Measured axial and azimuthal velocity components at 


the Riga dynamo experiment.  At each instant, the voltages are 
averaged over 10 seconds in order to average out the effect of the 
oscillating magnetic eigenfield which adds to the field of the 
permanent magnet. 


 
The measuring principle of a new type of a contactless 


flowmeter that was also developed at FZD is delineated in 
Figure 5. This so-called phase-shift sensor works with an 
alternating magnetic field produced by the emitter coil on 
one side of the flow channel. On the opposite side two 
receiver coils are placed. The whole set-up is working like 
an intersected transformer with two secondary coils. We 
distinguish between the symmetric adjustment and the 
asymmetric adjustment with some deliberate displacement 
between the emitter and the receiver coils. The flow in the 
duct causes a change of the alternating magnetic field. In 
principle, the amplitude change as well as the phase change 
can be used for flow rate measurements. In the present 
realization, the phase difference between two measuring 
points is used as measuring quantity. More details, in 


particular a theoretical description of the measuring 
principle, can be found in Priede et al.18 


 
 


 
  
Fig. 5. Principle of the phase-shift flowrate sensor. The 


phase difference between the signals at the two receiving coils is 
used as a measure for the flow rate in the channel. 


 


 
Fig. 6. Linear dependence of the measured phase-shift in an 


asymmetric configuration, with a displacement length of 8 mm 
and the two measurements widths of 75 mm and 85. 


 
The utilized phase-shift sensor is equipped with an 


emitter coil of 500 turns placed at one side of the channel, 
whereas two receiving coils with 1000 turns are located on 
the opposite side. The emitter coil is fed by an alternating 
current up to three Amperes. For concentrating and 
conducting the magnetic flux both the emitter and the 
receiver coils are furnished with transformer iron of a high 
permeability (flux-iron). The specific arrangement has been 
realized for applications at higher temperatures. Both the 
emitter and receiver coils are protected from the hot 
channel or pipe by plates made of the ceramic material 
MARCOR which can resist temperatures up to 800°C. The 
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measurements considered here were conducted with an 
asymmetric adjustment of the operating coils with a shift of 
8 mm. The sensitivity of the sensor is determined by the 
resolution of the lock-in amplifier. For the measurements in 
sodium as considered here one obtains a velocity resolution 
of about 5 mm/s. 


Figure 6 presents measurements of the phase shift 
frequency response in an asymmetric adjustment of the 
phase-shift sensor for an input current of 500 mA. The 
asymmetric sensor adjustment is preferred because of an 
increase of the sensitivity with respect to the symmetric 
adjustment. The measurements were performed at the same 
sodium channel, as shown in Figure 1 with a cross section 
of 45x45 mm2 and a wall thickness of 2.5 mm. Figure 6 
displays the linear dependency between the flow-induced 
phase shift and the performance of the electromagnetic 
linear pump. 


Apart from the preceding three methods to determine 
local velocities (or velocities along a beam as in the UDV 
case), we have also developed a method that aims at 
reconstructing whole three-dimensional velocity fields. 
This method, which is now called Contactless Inductive 
Flow Tomography (CIFT), relies on the fact that externally 
applied magnetic fields are disturbed by the flow of a 
conducting medium, with the magnetic Reynolds number 
being a measure of the ratio of disturbed to applied 
magnetic fields. By applying the external field 
subsequently in different directions it is possible to 
reconstruct the whole three-dimensional velocity field. For 
more details on the mathematical foundation of this method 
and its first application in the metallurgical context, 
see.19,20,21 


 
 


 
  
Fig. 7. Schematic sketch of the CIFT experiment. Two 


Helmholtz-like pairs of coils produce subsequently a vertical and 
a horizontal magnetic field in a cylindrical volume filled with 
GaInSn. The propeller driven flow field is reconstructed from the 
externally measured induced magnetic field at 48 positions. 


 


Figure 7 shows the schematic sketch of a liquid metal 
experiment in which the feasibility of CIFT was proved for 
the first time. The propeller driven flow of liquid GaInSn in 
a 17.2 cm diameter/18 cm height cylinder is determined by 
subsequently applying a magnetic field of around 4 mT in 
vertical and in horizontal direction. For the two cases of 
upward and downward pumping of the propeller, Figure 8 
shows the induced magnetic fields for vertically applied 
field (a and d, respectively) and horizontally applied field 
(b and e, respectively), as well the reconstructed three-
dimensional velocity field (c and f, respectively). 


 


 
   
Fig. 8. Induced magnetic fields for vertically applied field (a 


and d) and for horizontally applied field (b and e), as well as the 
reconstructed velocity field (c and f), for the case of upward 
pumping propeller (top row) and downward pumping propeller 
(bottom row). 
 


 


II.B Two-phase flows 


 


The timely detection and characterization of two-phase 
flows plays an important role in various SFR-related 
problems, including argon entrainment and downward 
transport to the core region, sodium boiling in the core, and 
the appearance of hydrogen bubbles in the proximity of 
leaks in the steam-generator. 


At FZD, we have developed and tested various 
methods for the measurement of two-phase flows. The first 
of them relies again on the UDV technique. It has been 
tested in a two-phase experiment as shown in Figure 9. 
Nitrogen bubbles were injected into the eutectic alloy PbBi 
at  a temperature of 270°C by means of a single orifice with 
diameter 0.5 mm. A cylindrical container made of stainless 
steel with a diameter of 125 mm and a height of 250 mm 
contains a stagnant pool of about 2.5 l liquid metal. The 
ultrasonic probe with a special acoustic wave guide22 was 
positioned through the free surface at the top with a vertical 
distance of 150 mm from the orifice position. The 
measurements were restricted to a single bubbly flow 
regime at small gas flow rates. A typical velocity profile 
obtained from the bubbly flow is depicted in Figure 10. 
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The lower velocity at the small measuring depths 
corresponds to the liquid metal flow which is driven by the 
rising bubbles. Two bubble signals were detected showing 
a higher velocity as the surrounding liquid. In the region of 
low gas flow rates it was possible to clearly distinguish 
between the bubble and the liquid velocities allowing 
accurate measurements of the bubble velocity and the 
corresponding wake structure in the liquid.  


 


 
 


Fig. 9. UDV measurements of a bubbly flow in PbBi. 
 


 
 
 
Fig. 10. Typical height dependence of the raw velocity data, 


containing two bubble signals. 
 


Another method to characterize two phase flows has 
been developed by the group of A. Peyton at the University 
of Manchester. It relies on the dependence of the mutual 
inductance between two neighboring coils on the material 
properties in their vicinity.  


The method has been successfully applied for the 
determination of the two-phase flow structure in the 
submerged entry nozzle of a physical model of continuous 
steel casting.23 Figure 11 shows the assembly of 8 coils 
surrounding the submerged entry nozzle. Using 


subsequently each of the coils as emitter and the remaining 
coils as receivers, the method allows the tomographic 
reconstruction of the distribution of the liquid metal (here 
GaInSn) and argon. Figure 12 shows the measured time 
dependence of the liquid metal boundary in the submerged 
entry nozzle, with interesting shape changes. 


 
  
Fig. 11. Coil configuration used in the Mutual Inductance 


Tomography for determining the conductivity distribution of a 
two-phase GaInSn/Argon flow in the nozzle of a continuous 
casting model (figure courtesy N. Terzija). 


 


 
 
Fig. 12. Liquid metal surface reconstruction in dependence 


on time (vertical axis), as reconstructed by Mutual Inductance 
Tomography (data courtesy N. Terzija, figure courtesy Th. 
Wondrak). 


 


 


 II.C  


Smart Heat exchanger 


 


One of the most critical places of an SFR is the heat 
exchanger where large amounts of sodium are in close 
proximity to large amounts of water and steam. This 
proximity makes the system prone to energetic reactions. In 
principle, any sodium-water reactions due to leaks in the 
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steam generator tubes could be avoided by using an 
intermediate heat transport medium. 


Although for a quite different purpose, such a heat 
exchanger between a hot liquid metal and water has been 
constructed for use in the photo-neutron source nELBE 
working with a liquid lead target at FZD.24 Its main 
intention was to exclude the possibility of lead-water 
reactions in the case of leaks by using GaInSn as an 
intermediate heat transport medium. The configuration 
shown in Fig. 13 has also the interesting advantage that the 
thermal expansion of GaInSn provides an ideal means for 
passive regulation of the heat transfer. 


 


 
  
Fig. 13. Smart heat exchanger with GaInSn as an 


intermediate heat transport medium between hot lead and water. 
The facility is used for cooling in the photo-neutron source 
nELBE at FZD. 


 


 


II.D Magnetic field self-excitation and related 


instabilities 
 
In November 1999, magnetic-field self-excitation was 


observed in the Riga dynamo experiment,11 which consists 
basically of a strong helical flow of liquid sodium 
complemented by a straight back-flow. One month later, the 
Karlsruhe dynamo experiment became operative.12 This 
experiment consisted of 52 spin generators, a configuration 
that is already very similar to the conditions in the core of 
SFR with its wire-wrapped fuel bundles.25 FZD has 


contributed significantly to the simulation, optimization, 
and data analysis of the Riga dynamo experiment.26 
Concerning the Karlsruhe experiment, we have found that a 
slight geometric modification would have led to a transition 
from a non-axisymmetric to an axi-symmetric eigenfield.27  


In 2006, a third liquid sodium experiment has shown 
self-excitation.28 This von-Kármán sodium experiment 
(VKS) consists if a compact cylindrical vessel wherein two 
counter-rotating impellers produce a flow with two poloidal 
and two toroidal vortices. Astonishingly, the observed 
magnetic eigenfield turned out to be more or less axi-
symmetric. This was in contrast to all numerical 
simulations, as was the rather low critical magnetic 
Reynolds number. In a recent paper29 we have explained 
both facts by the dominant role that is played by the soft-
iron impellers, without which no self-excitation was 
observed up to present in the VKS experiment.  


 
III. DRESDYN 


 
For the liquid sodium installations in the framework of 


DRESDYN a new experimental hall with an area of 
approximately 500 m2 will be erected between 2012 and 
2014. The total inventory of sodium will be 15 m3, a 
significant part of which (around 10 m3) will be needed for 
the precession dynamo experiment to be discussed below.  


 
III.A. In-Service-Inspection and thermo-hydraulic 


experiments 
 
A significant portion of the SFR-related experiments 


will be conducted at an In-Service-Inspection (ISI) set-up 
the principle sketch of which is shown in Figure 14. 
Basically, it will consist of a heated stainless steel vessel 
with a diameter of approximately 1 m filled with liquid 
sodium covered by argon. The internal components will 
comprise a simple mock-up of a reactor core and a primary 
pump. The main goal of this facility is to test a variety of 
measurement techniques for the position of internal 
components, for flow velocities and argon bubble 
detection. The latter will also include experiments on 
Argon entrainment on the free surface. 


DRESDYN will also comprise a liquid sodium loop, 
which in the long term will replace the presently existing 
one. This loop will contain various test sections, among 
them one section for the test of smart heat exchangers with 
intermediate heat transfer media. 


Another suit of experiments will be devoted to the 
important problem of sodium boiling.30,31 Starting with very 
small experiments at a flat wall, we will go over later to 
boiling experiments at rods or rod bundles. For the 
visualization of the boiling we plan to use the above 
mentioned Mutual Inductance Tomography, as well as X-
ray radiography32 and, in collaboration with another group 
at FZD, the ultrafast X-ray tomography.33 
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Fig. 14. Schematic sketch of the planned In-Service-


Inspection experiment, including a primary pump and a mock-up 
of a core. 


 
 III.B. Experiments with geo- and astrophysical 


background 


 
The most ambitious project in the framework of 


DRESDYN is a large scale precession dynamo experiment. 
This experiment is intended to be a truly homogeneous 
dynamo in the form of a cylindrical vessel of 2 m diameter 
and height, rotating with up to 10 Hz around its axis, and 
with up to 1 Hz around a perpendicular axis. The 
mechanical and safety demands for such a large scale 
sodium experiment are tremendous. With a total mass of 
approximately 10 tons (including the stainless steel wall) 
the filled cylinder will have a moment of inertia of 5000 kg 
m2. With the two rotation rates of 10 and 1 Hz, this 
amounts to a gyroscopic moment of 2x106 Nm. This 
tremendous moment requires a massive and solid basement. 


The second experiment with geo- and astrophysical 
background is basically a large Taylor-Couette-Experiment 
with a diameter of 1 m and a height of 2.5 m, embedded 
into a large coil that produces a strong vertical magnetic 
field, and the possibility to guide independent electrical 
currents along the center and through the liquid sodium in 
the Tayler-Couette cell. This installation will be used to 
carry out experiments on the magneto-rotational and the 
Tayler instability.27 


Depending on the results of presently ongoing 
computer simulation concerning the effect of 
ferritic/martensitic materials on the self-excitation 
condition in the core, we also consider to do experiments 
on this topic. 


. 
 


IV. CONCLUSIONS 
 


In this paper, we have summarized our previous work 
on measurement techniques and on the dynamo effect in 
liquid metals, and we have given a sketch of the activities 
that are planned in the framework of the DRESDYN 
project. It should be emphasized, however, that DRESDYN 
is open for further projects to study various aspects of 
sodium flows, and corresponding proposals are highly 
welcome. 
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Abstract – Graphite is a geological stable material proven by its natural occurrence. However its 


porous structure anticipates the use of graphite as long term stable waste matrix for final disposal. 


Furthermore a slow corrosion in aquatic phases can be induced by high irradiation doses. The 


porous structure is related to large surface areas and therefore the radiation induced corrosions 


process cannot be neglected for final disposal. Furthermore aqueous phases will penetrate into 


the pore system and radionuclides adsorbed on the surface will be dissolved. 


All this problems can be solved with a graphite material with a closed pore system. A graphite 


composite material with an inorganic binder has been developed with a density > 99 % of 


theoretical density and therefore a negligible porosity.  


This material represents a long term stable leaching resistant matrix for the embedding of i-


graphite. Granulated i-graphite will be mixed with natural graphite and inorganic binder and 


pressed as block. Other radioactive wastes can be embedded in this matrix additionally, e.g. 


coated particles of spent fuel from HTR reactors. 


 
 


I. INTRODUCTION 


 


Graphite is an inert high temperature resistant material 


which is used in industry for many applications e.g. as 


crucibles for molten metals, fireproof products, fuel cells or 


electrodes
1,2


. Its long term geological stability is proven by 


the natural occurrence of graphite formed in the 


Precambrian age
3
. Only slow corrosion can be induced by 


high irradiation dose rates due to the formation of highly 


reactive species, e.g. hydroxyl radicals, from water 


radiolysis. Low corrosion rates were observed for A3-3 


graphite in the range of 10
-7


 in pure water to 10
-5


 gm
-2


d
-1


 in 


concentrated salt brines by γ-irradiation with a rate of about 


~ 2 kGy/h
4
. However investigations of the final disposal 


behavior of HTR fuel elements, which consists of embed 


coated fuel kernels in graphite, revealed that the porous 


structure of graphite affects the utilization of graphite as an 


embedding material for radwaste because radionuclides 


absorbed at the pore surfaces were leached more or less 


instantaneously
5
. This leads to the conclusions, that 


graphite with a sealed pore system will be a suitable long 


term stable waste matrix. Many attempts have been 


performed to overcoat graphite for this purpose. But 


considerations of mechanical stability as well as corrosion 


behavior of thin layers could not guarantee a safe long term 


enclosure. Infiltration of resins or other organic 


components lead to a reduction of the porosity but not to a 


total enclosure or were in conflict with other disposal 


requirements, e.g. bitumen with respect to fire hazards
6
. 


The new development of an impermeable graphite 


matrix is based on a complete filling of the graphite pore 


system by an inorganic material with the following 


properties to form a homogeneous matrix material: 


• inflammable 


• filling the pore system completely without 


increasing the volume to obtain densities near 


theoretical density 


• high corrosion resistance 


• available industrially or easy to produce 


Borosilicate glasses were identified as the most 


suitable material to fulfill these requirements and allow the 


manufacturing of a long term stable impermeable graphite 


matrix (IGM).  


A second advantage of this new development is that it 


can use i-graphite as feedstock material. About 200,000 


tons of i-graphite worldwide must be considered as existing 


waste or a future waste stream in the next centuries. The 


major national i-graphite amount is located in UK (~ 


80,000 tons) flowed by Russia and France. Most of the  


i-graphite is still the cores of nuclear reactors which have 
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been should down (MAGNOX type in UK and UNGG in 


France).  


The most common reference waste management option 


of i-graphite is a wet or dry retrieval of the graphite blocks 


from the reactor core and the grouting of these blocks in a 


container without further conditioning. This requires large 


volumes because the large cavities in the graphite blocks 


reduce the package densities to 0.5 to 0.8 tons per cubic 


meter. 
36


Cl and 
14


C haven been identified as the key 


radionuclides for long term safety of this disposal option 


due to their long half life, biocompatibility and mobility
4
. 


The 
36


Cl inventory in French graphite exceeds the licensed 


inventory of surface disposal site at Centre de l'Aube. 


Therefore a new underground disposal site in a depth of 50 


to 200 m is proposed for final disposal of i-graphite. In 


Germany the 
14


C inventory of the graphite core in the 


prototype HTR reactor AVR would require about 75% of 


the licensed 
14


C inventory of proposed the low level 


disposal site “Konrad”.  


The proposed impermeable graphite material (IGM) 


would reduce the required disposal volume as well as 


provides a high leaching resistance and therefore increased 


safety features. 


 


II. MANUFACTORING OF IGM 


 


A productions process flow sheet is shown in Figure 1. 


The first manufacturing step after retrieval of i-graphite 


from the reactor will be crushing and milling down to a 


suitable size which can be mixed with glass powder. The 


milling may be performed under water to avoid the release 


of graphite dust. The crushed graphite can be filtered but a 


drying is not necessary because the water will be 


evaporated during the hot vacuum pressing. If some 


gaseous 
3
H will be released by the crushing it can be 


oxidized to and stored until the 
3
H is decayed. Some 


natural graphite can be added to the mixture to increase the 


mechanical stability of the final product if required. The 


mixed powder will be pre-molded to a green body. An 


optional granulation and grinding process may be 


integrated to increase the packing density which would 


reduce the press stroke in the pre-molding step. Next step 


will be the coating of the green body with a mixture of non-


radioactive natural graphite and glass with a second pre-


molding procedure around the inner green body out of i-


graphite. This non-radioactive outer shell guarantees 


handling without risk of contamination during the 


operational phase and prevents leaching of radionuclides 


from the final inner block in a disposal site. The thickness 


of this coating should be in the range of 1 to 5 cm. The 


final manufacturing step is a hot pressing under vacuum. 


The vacuum is required to remove air out of the graphite 


pores which would reduce the required density and 


increased porosity. This vacuum hot pressing may be 


related with some radionuclide releases but is not expected 


because the outer zone of the block has a higher 


temperature then the center. Therefore transport processes 


3H
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Figure 1: Process scheme for the manufacturing of IGM out of i-graphite 
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should lead to an enrichment of volatile radionuclides in 


the center. Anyhow if a release occurs, the radionuclides 


will be trap, solidified and can be embedded into the IGM 


block. 


Initial small scale samples (Figure 3) have be produced 


to demonstrate the principal applicability of the process. 


The materials and the process parameters are given in 


Table I. The proposed size of the final IGM product will be 


in the range of 600 mm diameter and 500 mm length but 


the dimensions and shape can be adapted to achieve an 


optimized package density in a waste container (Figure 2). 


A press for such sample sizes is under construction and 


may be available end of 2011. The production of hexagonal 


forms has already been proved by the production of molded 


HTR block fuel elements. Quadratic may be achievable in 


order to optimize package densities. An estimation for the 


hexagons leads to package densities of 1.5 to 1.6 tons i-


graphite per cubic meter. 


TABLE I 


Main manufacturing parameters and sample dimensions 


Graphite Natural nuclear grade graphite from 


GK Kropfmühl, grain size ~ 30 µm 


Glass Type 8250 from Schott, 


 Grain size ~ 30 µm 


Press temperature ~ 1150 °C 


Pressing force 40 MPa 


Vacuum ~ 10 mbar 


Sample diameter 80 mm 


Samples hight 60 mm 


 


 


III. PROPERTIES OF IGM 


 


III.A Mechanical strength 


 


The compressive and bending strength of IGM has 


been measured by the RWTH Aachen and GFE Freiberg. 


The compressive strength was determined parallel and 


perpendicular to the pressing orientation at the RWTH 


Aachen. Therefore cubes with a side length of 10 mm were 


cut of an IGM sample with a diameter of 60 mm and a 


height of 50 mm. The orientation was market by a scratch 


on the surface. Larger cubes with a side length of 20 mm 


had been used at GFE. However no orientation was 


marked. The obtained compressive strength is given in 


Table II. The bending strength has been measured with 


cuboid samples with a length of 50 mm and a 10 mm 


quadratic base. The results are shown in Table III.  


These measurements are not sufficient to give 


representative material properties which require a statistical 


representative number of samples. However it can be seen 


that the mechanical strength is increased in comparison to 


A3-3 HTR fuel matrix graphite. 


 
TABLE II 


Compressive strength of IGM samples 


Sample Institution MPa 


#2/5* GFE 52 


#3/4* GFE 71 


#3/5* GFE 63 


#1/5-1 II RWTH Aachen 56 


#1/5-2 _I_ RWTH Aachen 79 


 


Figure 3: First small scale sample 


Figure 2: Container filled with IGM blocks 
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TABLE III 


Bending strength of IGM samples 


Sample   


 Institution σƒ 


  [Mpa] 


#2/6 _|_ GFE 22.4 


#2/7 _|_ GFE 27.7 


#2/8 _|_ GFE 31.8 


#1/7 _|_ RWTH Aachen 19.5 


#3/3 II GFE 19.2 


#3/5 II GFE 18.5 


#3/6 II GFE 10.3 


#1/4 II RWTH Aachen 9.2 


 


III.B Open Porosity 


 


The open porosity has been investigated by mercury 


porosity measurement. Figure 4 shows the pore volume 


distribution of IGM in comparison to an A3-3 graphite. The 


red line represents the detection limit of the measurement 


as a straight line parallel to the x-axis. This does not 


represent the increase of the detection limit for small pores 


and therefore it is a conservative assumption. The main 


open pore volume of the A3-3 material is related to a pore 


size of about 2 µm down to 0.8 µm. No open pores have 


been observed for IGM in this pore size range. Water 


ingression experiments showed that open pores of this size 


can be accessed by water whereas smaller pores will not be 


penetrated /7/. May be this will be shifted towards smaller 


pore sizes under high pressure but a penetration of micro-


pores seems to be not probable. In case of IGM a small 


pore volume of pores < 0.2 µm cannot be excluded by this 


measurement. This is probably related to the conservative 


assumption of the detection limit. But anyhow it is unlikely 


that pores of this small size will contribute to a water 


penetration of the IGM. 
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Figure 4: Mercury porosity of IGM and A3-3 graphite 


 


 


III.C Structure of IGM 


 


Raster electron microscopy (REM) investigations and 


energy dispersive x-ray examinations (EDX) has been 


performed at GFE, RWTH Aachen and FZ Jülich. Figure 5 


a and b shows the graphite in red and the glass in purple. 


The overlaying of these two figures (Figure 5 c) shows that 


the glass is percolated between graphite particles and 


confirmed the pore free structure already obtained by the 


mercury porosity measurement.  


 


 


Figure 5: Carbon and Silicon distribution in an IGM sample  


a) Red: 


Carbon 


b) Purple: 


Silicon 


c) Overlay 
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Small in-homogenous zones were observed GFE. 


Figure 6 shows such an area with an increased carbon and 


decreased glass concentration which is related to single 


larger graphite particles. The carbon and silicon 


distribution shows the penetration of glass into microcracks 


of the graphite. This indicates that the glass wets the 


graphite as well as the percolation of glass into the 


graphite. 


 


Figure 6: IGM with a compact graphite particle inhomogeneity 


III.D Modeling the corrosion behavior 


 


Graphite corrosion has been determined on fine 


graphite powders under final disposal conditions for the life 


time prediction of HTR fuel spheres. No graphite corrosion 


was observed in aqueous phases without irradiation. 


Measurable corrosion rates from 10
-5


 down to 10
-7


 g/m²d 


were only found in presence high γ-dose rates in the range 


of 2 kGy/h /4/ as a result of the formation of aggressive 


species by water radiolysis. Especially high chlorine 


concentrations lead to higher corrosion rates by formation 


of reactive oxychlorine species.  


To model the life time of a 6 cm fuel sphere, the pore 


system of the graphite was simplified to tubes with a 


diameter of 6 cm length and a diameter of 1 µm. The 


number of pore tubes was adjusted to a pore volume of 


20%. The model neglected any transport phenomena and 


corrosion rates from graphite powder have been applied for 


the calculations. This leads to total carbon corrosion of a 6 


cm A3-3 graphite pebble in 1000 to 100000 years 


depending if the presence of chlorine was assumed or not.  


Figure 7: Simplified model calculation for the corrosion of 


graphite with a closed pore system 


This is shown in  


Figure 7 by the open symbols. For the carbon loss of 


the IGM material the model was modified by assuming a 


total filling of the pores by glass. This reduces the carbon 


surface accessible for corrosion to the geometric surface 


minus the surface of the pores. Then a glass corrosion rate 


was assumed in the range of 1E
-4


 g/cm²d. As before not 


transport phenomena or secondary phase formation of the 


glass has been considered for the glass corrosion. The leads 


to a slow opening of the pore system and the carbon surface 


increases. The effect on carbon corrosion is shown in 


Figure 7 by the closed symbols. Only 20% of the carbon 


was corroding in 10
6
 years. This simple model does not 


claim to build up the reality but it shows clearly the 


prolongation of the life time of the IGM material under 


disposal conditions. 


 


IV. CONCLUSIONS 


 


The performed work shows the principal applicability 


of the IGM material for a long term safe disposal of i-


graphite. The first important step, the manufacturing of a 


porous free graphite material, has been demonstrated. 


The next steps are related to the demonstration of the 


long term stability of the material. Corrosion experiments 


with nonradioactive IGM materials will be performed in 


next future. This will be accompanied by developments of 


improved glass materials. Actually 14 samples with 


different new glasses has been manufactured and leaching 


experiments are planned beginning of 2011. A further topic 


is the optimization of the production process. E.g. hot 


isostatic pressing is considered as an alternative for the 


vacuum hot pressing. 


On the long term IGM block with cavities are in 


discussion for the incorporation of other waste material for 


examples Iodine bearing materials or metal slurries from 


reprocessing. Also the embedding of CANDU fuel 


elements, HTR fuel pebbles or coated particles are 


considered as future option for additional applications of 


IGM.
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Figure 8: Additional applications of IGM 
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Abstract – The gas cooled fast reactor (GFR) is a helium-cooled fast spectrum reactor operating 


within a closed fuel cycle.  It combines the advantages of fast reactors, in terms of a more 


sustainable use of uranium resources and waste minimisation, with the wider applicability of high 


temperature gas reactors, in terms of high efficiency electricity generation and the co-generation 


of high-quality process heat. Other advantages like the absence of threshold effect due to phase 


changing, the optical transparency and chemical inertness of the Helium coolant are also 


acknowledged. 


Within the European Union, GFR is one of the three fast reactors proposed for development to 


the demonstration stage within the European Sustainable Nuclear Industry Initiative (ESNII).  On 


a wider global scale, GFR is one of the six systems proposed for further development within the 


Generation IV International Forum (GIF). In this respect, France, Switzerland, Japan and the 


European Union (through Euratom) are signatories to the “System Arrangement”, the instrument 


through which the international research efforts are coordinated.   


This paper presents the current status of the development of the GFR system.  The status of 


the GFR programme in each of the signatory countries is summarised including the intended 


contribution of the newly launched Euratom 7th Framework Programme project – GoFastR. 


 
 


I. INTRODUCTION 


 


The gas cooled fast reactor (GFR) is one of the six 


systems identified as a promising technology to be 


developed for the exploitation of nuclear energy by the 


Generation IV International Forum (GIF)1. The reference 


concept for the Generation IV (Gen IV) GFR is a helium-


cooled fast spectrum reactor operating within a closed fuel 


cycle.  As such, GFR combines the advantages of fast 


reactors, in terms of a more sustainable use of uranium 


resources and waste minimisation, with the advantages 


offered by a gaseous coolant.  With regard to the latter, 


these advantages derive from high temperature operation 


offering high efficiency electricity generation and the co-


generation of high-quality process heat combined with 


excellent stability both in terms of nuclear structure and 


the absence of phase change.  Handling a pressurised 


gaseous coolant is simpler than for liquid metals, with the 


need for trace heating eliminated and no risk of chemical 


reactions with air and water.  The optical transparency and 


chemical inertness allows for optical inspection of the 


reactor components and structures both in pressurised and 


shutdown open-circuit conditions. Similarly, repair of the 


internal components can be carried out during a shutdown 


without the need to exclude atmospheric air from the 


primary circuit.   


Within the context Gen IV, the formal international 


collaboration on GFR system research commenced with 


the signing of the System Arrangement by France, 


Switzerland and the European Union and Japan, although a 


significant amount of work predated this thorough bilateral 


agreements and contributions from the United States and 


the United Kingdom.  The Generation IV System Research 


Plan for GFR2 proposed, initially, the establishment of two 


projects to coordinate the international research efforts, 


these have since been named the Conceptual Design and 


Safety (CD&S) project and the Fuel and other Core 


Materials (FCM) project.  All of the international partners 


except Japan are participating in the CD&S project, 


initially semi-formally before the signing of the Project 
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Arrangement document in December 2009, and formally 


since then.  With regard to the FCM project, all of the 


partners have contributed to the drafting of the  


Project Arrangement document and this is expected to be 


signed in 2011.     


Within the context of the European Union, GFR is one 


of the three fast reactors proposed for development to the 


demonstration stage within the European Sustainable 


Nuclear Industry Initiative (ESNII)3.  Of these three 


systems, without doubt, sodium-cooled technology is the 


shortest route to early deployment of fast reactors on a 


global commercial scale, such that the benefits of a closed 


fuel cycle can be realised before the demand for uranium 


exceeds the limit of the natural resource.  Within Europe, 


therefore, gas-cooled and lead-cooled fast reactors are 


being explored as longer-term alternatives to sodium 


cooling. Whilst lead-cooled fast reactors eliminate the 


possibility of sodium-air and sodium-water reactions, gas 


cooling goes beyond this and provides the route to achieve 


high temperature operation combined with a system that is 


relatively benign neutronically.  


The GFR concept is not new, General Atomics started 


the GCFR project in the 1960’s and studies were continued 


in America, Japan and Europe throughout the 1970’s. 


Interest was renewed in GFRs in the early to mid 1990’s 


(albeit with a modest level of support) as support for 


sodium-cooled systems declined, largely due to some 


(then) high profile problems associated with sodium 


handling on operating reactors.  GFR research in the 


1990’s continued the evolutionary development path 


pursued by the European Gas Breeder Reactor Association 


and General Atomics during the 1970’s. An important 


change took place with the advent of Gen IV.  From the 


outset, fulfilment of the Gen IV goals would be 


challenging, but the timescales of Gen IV removed the 


time constraint that limited the extent of innovation that 


was possible in previous concepts (see, for example, 


Nakano4 for a GFR based on existing technology). Hence 


the requirement of the 1970s, to be able to introduce a 


prototype GFR within 2 years, without the intermediate 


step of an experimental reactor, was transformed to the 


current situation, where commercial series construction 


may not be required until the middle of the 21st century. 


This longer timescale permits the design and construction 


of an experimental reactor which, whilst in itself will be a 


fairly conservative design, will allow the development and 


qualification of fuel and systems for more radical designs 


for commercial exploitation.  


 


II. GFR AND GENERATION IV GOALS 


 


The GFR is one of six reactor concepts selected within 


the GIF1, three of which are dedicated fast reactors  that 


are attractive because of their potential to meet the Gen IV 


sustainability goal by both dramatically improving the 


utilisation of fissile material and by substantially reducing 


the quantity and radiotoxicity of radioactive waste. 


Subsequently, fast spectrum versions of Molten Salt 


Reactor (MSR) and the Supercritical Water Reactor 


(SCWR) have been proposed, now giving the possibility of 


five of the six Gen IV systems of being fast reactors. 


Particular merits of GFR are the hard neutron spectrum 


and the synergy it has with the Very High Temperature 


Reactor (VHTR), which is also one of the six selected Gen 


IV concepts. The latter is important for the GFR 


development strategy, in order to take full advantage of the 


VHTR development. The two reactor concepts have a 


common coolant (helium) and both aim for high core 


outlet temperatures to maximise the thermal efficiency for 


electricity generation and enhance prospects for hydrogen 


generation and, as such, share much materials and 


components technology.  GFR acts as a bridge between the 


technologies of large commercial gas cooled thermal 


reactors (such as the UK Advanced Gas-cooled Reactors – 


AGRs), helium cooled high temperature reactors such as 


MHTGR5 in the short term and VHTR in the longer term, 


and sodium cooled fast reactors.  For most of the plant, 


GFR requires little or no extrapolation from each of these 


technologies individually, the main challenges, therefore, 


lie in the integration of these technologies into a single 


reactor system and the development of new fuel forms and 


safety systems. These latter two areas remain the focus of 


much research effort and are impacted by the combination 


of a high operating temperature, a high power density fast 


neutron spectrum core and a low-density helium coolant   


In addition to sustainability, there are important Gen 


IV goals for proliferation resistance, economics and safety. 


The Gen IV goals and their influence on the GFR concept 


are identified in the GFR System Research Plan2 and are 


summarised as follows:  


 


• Sustainability. This is the key objective for the GFR 


system. This means full utilisation of uranium 


resources and calls for the recycling of plutonium, 


uranium and actinides in a closed cycle.  


• Non-proliferation. The necessity to avoid, as far as 


possible, separated materials in the fuel cycle 


potentially implies minimising the use of fertile 


blankets. The objective of high burn-up together with 


actinide recycling results in spent fuel characteristics 


(isotopic composition) that are unattractive for 


handling.  


• Economics. A high outlet temperature (850°C or more) 


is selected for high thermal efficiency, with the use of 


gas turbine or combined (gas turbine + steam turbine) 


power conversion cycle and the potential for hydrogen 


production via the thermo-chemical splitting of water. 


Gen IV objectives for construction time and costs and 


design for cost-effective decommissioning are also 


considered.  
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• Safety. The design objective is for no off-site 


radioactivity release and it requires effectiveness, 


simplicity, robustness and reliability of systems and 


physical barriers. The main development challenges, 


therefore, are refractory fuels with good fission product 


retention capability at high temperature (1600°C, or 


above), the selection of robust structural materials, and 


the design of effective and highly reliable decay heat 


removal systems. 


 


With regard to the above goals, two design 


parameters, temperature and power density, have particular 


importance. High temperatures are particularly challenging 


and require innovative fuel and encapsulation concepts. 


These are key to the system reaching its full potential and 


largely set the developmental timescale. The power density 


has a wide-ranging influence, affecting economics 


(simultaneously minimisation of fuel inventory, fuel cycle 


cost and size of the primary vessel), sustainability (reactors 


with low enough plutonium inventories to allow sufficient 


flexibility in the fuel cycle for long term deployment) and 


safety (in particular decay heat removal in the case of a 


depressurisation event). Economics and sustainability 


require higher power densities and safety suggests lower 


values. The tentative range, approaching 100 MWth/m3 


(Malo et al.6), lies well above gas-cooled thermal reactor 


values of about 5 MWth/m3, but still significantly less than 


a sodium-cooled fast reactor power density of about  


400 MWth/m3.  


 


III. GFR TECHNICAL CHALLENGES 


 


Whilst an evolutionary development path may be 


followed for many of the systems in going from gas-cooled 


thermal reactors to GFR, there remain some significant 


technology gaps which demand a more revolutionary 


approach. These technology gaps are specific to GFR and 


must be addressed to demonstrate the technical (and 


commercial) viability of the reactor: 


 


• Fuel forms suitable for simultaneous high temperature 


and high power density operation with tolerance of 


fault conditions. 


• Core design, achieving a core that is self-sustaining in 


fissile material but, preferably, without the use of 


heterogeneous fertile “breeder” blankets to increase 


proliferation resistance and with the capability to burn 


minor actinides to improve sustainability. 


• Safety systems, including highly reliable decay heat 


removal systems that must cope with high core power 


density and the lack of any significant  thermal inertia 


in the core or the coolant as provided by the moderator 


in gas-cooled thermal reactors, or by the liquid metal 


coolant in other fast reactor systems (Dumaz et al.7). 


• Fuel cycle technology, including spent-fuel treatment 


and re-fabrication for recycling uranium, plutonium 


and minor actinides.  


• Development of core materials with superior resistance 


to fast-neutron fluence under very-high-temperature 


conditions with good structural, ageing and fission 


product retention capabilities. 


 


The developmental challenges related to the power 


conversion system are shared and generally less onerous 


than those of the VHTR. Alternative conversion cycles are 


possible and an indirect cycle based on supercritical CO2 


offers the possibility of a less-challenging moderate-


temperature option whilst retaining high thermal 


efficiency. 
 


IV. CONTRIBUTIONS OF THE GENERATION IV 


PARTNERS 


 


France. To date, France has provided the bulk of the 


effort on conceptual design, safety assessment and fuel 


development.  The contribution of France has provided a 


good platform on which the other partners can add their 


contributions.  In 2010, following establishment of a sound 


conceptual design for GFR and the ALLEGRO 


demonstrator (Poette et al.8), research priorities in France 


were refocused on rapidly delivering a sodium cooled fast 


reactor prototype which has led to a redirection of 


resources away from the GFR system.  However, 


significant programmes of work in areas such as safety 


assessment and GFR fuel development continue (Bertrand 


et al.9).  Large investment has been made in experimental 


facilities to study thermal hydraulics, qualify component 


and fuel behaviour, and qualification of core physics 


methods.  


Switzerland. Switzerland makes significant 


contributions to the GFR system in the areas of core 


physics, uncertainty analysis, deterministic safety 


assessment and fuel development.  The Paul Scherrer 


Institute (PSI) has had a long association with fast neutron 


systems and has collected a wealth of experimental data for 


the validation of thermal hydraulics and core physics 


computer codes.  As such PSI has become regarded as the 


centre of the physics and transient analysis computer code 


qualification activities for the GFR system (Bubelis et 


al.10) 


Japan. Historically Japan has been very active in the 


development of the GFR system. Within the Generation IV 


GFR system, Japan contributes to the development of fuel 


and core materials.  Priorities in Japan have now swung 


back towards sodium cooled fast reactors, so current GFR 


activities proceed at a modest level.  However, a 


significant amount of historical data from the Japanese 


GFR programme has been contributed to the Generation 


IV effort. 
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European Union. GFR research within the European 


Union is sponsored by Euratom and is carried out within 


its Framework Programmes (FPs), with each FP lasting 


about five years.  The current FP is the seventh (FP7) and 


GFR research is continuing, having started in FP5. Two 


projects have so far been completed; the GCFR project in 


FP5 (Mitchell et al.11) and the GCFR STREP in FP6 


(Stainsby et al.12). The current GFR project in FP7 called 


GoFastR (from European Gas-cooled Fast Reactor). The 


GoFastR project commenced in March 2010 and features 


23 partners from ten European nations plus the European 


Union itself.  GoFastR’s objectives are to contribute to the 


demonstration of the viability of GFR leading up to the end 


of the viability phase at the end of 2012. The activities of 


GoFastR contribute to the Conceptual Design and Safety 


and Fuel and Core Materials projects within the Generation 


IV GFR system, as well as participating in education and 


training activities within the European nuclear fission 


research community. 


 


V. GFR TECHNICAL OVERVIEW  


 


The reference design for GFR is based around a 2400 


MWth reactor core contained within a steel pressure 


vessel, Anzieu et al.13.  


 
 
Fig. 1. GFR - reactor, decay heat loops, main heat 


exchangers and fuel handling equipment. 


 


The core consists of an assembly of hexagonal fuel 


elements, each consisting of ceramic-clad, mixed-carbide-


fuelled pins contained within a ceramic hex-tube.  The 


favoured material at the moment for the pin clad and hex-


tubes is silicon carbide fibre-reinforced silicon carbide.  


Figure 1 shows the reactor core located within its 


fabricated steel pressure vessel surrounded by main heat 


exchangers and decay heat removal loops. The whole of 


the primary circuit is contained within a secondary 


pressure boundary, the guard containment, as shown in 


Figure 2. 


 


 
Fig. 2. GFR – spherical guard vessel. 


 


The coolant is helium and the core outlet temperature 


will be of the order of 850oC.  A heat exchanger transfers 


the heat from the primary helium coolant to a secondary 


gas cycle containing a helium-nitrogen mixture which, in 


turn drives a closed cycle gas turbine.  The waste heat from 


the gas turbine exhaust is used to raise steam in a steam 


generator which is then used to drive a steam turbine.  


Such a combined cycle is common practice in natural gas-


fired power plant and so represents an established 


technology, with the only difference in the GFR case being 


the use of a closed cycle gas-turbine. Fortunately, the use 


of an indirect cycle allows the working fluid for the turbine 


to be different from the reactor primary coolant.  The 


introduction of nitrogen in the secondary coolant mixture 


reduces the technological risk and permits the gas turbine 


design to be much closer to that of established aero-


derivative engines.  Figure 3 shows a schematic of the 


power conversion system. 


Development of the core structural components, 


pressure boundary system and power conversion system 


are all considered to be fairly small evolutions from 


existing technology, although there are still some technical 
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details to be worked through such as the combining 


metallic and ceramic components thermally and 


mechanically in the core components.   


 


 
 


Fig. 3. Indirect combined cycle power conversion system. 


 


Whilst the GFR-specific safety systems, such as decay 


heat removal (DHR) and reliable and diverse shutdown 


systems lie in the middle of the evolutionary-revolutionary 


scale, technical feasibility is not considered to be an issue 


and the main challenges arise from developing systems 


that are economically feasible. Generally, reliability is 


improved by increasing redundancy, but redundancy 


contributes cost.  Paradoxically, the provision of multiple 


decay heat removal loops simultaneously improves and 


reduces the reliability. Each DHR loop provides a potential 


core bypass path, so all of these loops need to be isolated 


in normal operation and some of them may need to be 


isolated during shutdown if their respective blowers fail.  


Therefore, increasing the number of loops protects against 


DHR blower and heat exchanger failures, but 


simultaneously increases the likelihood of core bypass if a 


DHR isolation valve fails to close when required.  


Similarly the main heat removal loops provide core bypass 


paths when the DHR loops are running, thus these loops 


must be isolated for the DHR systems to work.      


The DHR loops are designed to work in two modes; 


either fully passive or assisted by an electrically-driven 


blower. Passive decay heat removal by natural convection 


is feasible in pressurised conditions, and in depressurised 


conditions after about one day after shutdown – provided 


that the depressurisation is not allowed to continue down 


to atmospheric pressure and a residual pressure of about  


10 bar can be maintained.  Active cooling is required 


immediately after shutdown and when complete 


depressurisation occurs.  Reduction of the risk of full 


depressurisation is achieved by enveloping the whole of 


the primary circuit within the guard containment (Figure 


2).  Whilst the guard containment reduces the 


depressurisation risk it will be extremely difficult to ensure 


that the risk is eliminated, so provision must be made to 


cope with full depressurisation (the ultimate decay heat 


removal system or UDHR).  These provisions; the guard 


containment and the UDHR will provide the required level 


of protection, but are necessarily expensive systems. 


The reference concept for GFR features two 


independent shutdown systems, both based on absorber 


rods.  The reliability of the shutdown system can be 


improved by the addition of a tertiary, and diverse, level of 


shutdown.  Various concepts for passive tertiary shutdown 


systems were investigated by Euratom based on the 


injection or expansion of a liquid absorber within 


dedicated core elements.  A wider range of options will be 


established  and developed further within the Euratom 


GoFastR project.       


At the extreme right-hand end of the evolutionary-


revolutionary scale lies the fuel development activity, 


Brunel et al.14.  Fuel can be designed to operate at high 


temperature, such as the TRISO-coated particle technology 


adopted by high temperature gas-cooled thermal reactors. 


Similarly fuel can be designed to operate at high power 


density, such as the metallic-clad MOX fuel pins for 


sodium-cooled fast reactors.  The challenge lies in 


combining the two, a fuel that can operate continuously at 


high temperature and high power density, Figure 4 shows 


the potential developments from the established TRISO 


high temperature reactor fuel. 


The main technical challenges in fuel development lie 


in containing, and preferably localising the containment of, 


fission product gas, achieving acceptable fuel temperatures 


and accommodating fuel swelling.  An earlier concept, 


featuring carbide fuel pellets contained within individual 


honeycomb cells within flat ceramic plates, appeared to 


fulfil these requirements well.  The honeycomb structure 


emulated the behaviour of coated particles allowing each 


pellets fission gas to be contained locally around each 


pellet, thus limiting the releases if any of the cells failed.  


Furthermore, the pellet heat transfer area to volume ratio 


was high, lowering the fuel temperature and consequently 


minimising the swelling of the fuel pellets.  Unfortunately, 


the design is complicated by the fact that a metallic liner is 


required to limit the diffusion of fission products through 


the ceramic clad.  The feasibility of joining all of the metal 


lined ceramic components into a robust leak-tight structure 


is considered to be a significant challenge to the feasibility, 


so for the moment, work on this concept has been 


suspended.   


The reference concept is now a refractory metal lined 


silicon carbide fibre reinforced silicon carbide clad pin.  


The pins contain a plenum in which fission gas can collect, 


and whilst manufacture is considered to be feasible, 


obtaining a satisfactory compromise between allowing 


enough pellet-to-clad gap, to avoid pellet-clad interaction, 


and a low enough fuel pellet temperature to reduce the 


swelling, is proving difficult.  However, the basis of a 


design has been achieved and the quest to improve the 


burnup will be an ongoing activity. 
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Fig. 4. Development path for GFR fuel. 


 


VI. ALLEGRO: A GFR DEMONSTRATOR 


 


An experimental reactor is an essential step to 


establish confidence in the innovative GFR technology. 


The proposed experimental reactor, named ALLEGRO, 


would be the first ever gas cooled fast reactor to be 


constructed. It will be a small experimental reactor with a 


power of around 80 MWth, Figure 5. The objectives of 


ALLEGRO are to demonstrate the viability and to qualify 


specific GFR technologies such as the fuel, the fuel 


elements and specific safety systems, in particular, the 


decay heat removal function, together with demonstrating 


that these features can be integrated successfully into a 


representative system. ALLEGRO will be an essential step 


in the decisions to be made by 2019 for the launching of a 


prototype GFR system. As such, it is a necessary step in 


the fuel development programme between the small-scale 


irradiation of materials and fuel samples in material test 


reactors (MTRs), and available fast reactors, and the full-


scale demonstration phase in the prototype GFR.  So far, 


ALLEGRO development has been driven by the French 


national programme with significant contributions from 


Euratom and Switzerland.  In 2010 a memorandum of 


understanding was signed between the Czech Republic, 


Slovakia and Hungary as partners to support each other in 


bidding for one of them to host ALLEGRO, with 


assurances that the two other partners would provide 


technical and administrative support to the successful host 


nation.  This is an exciting development and a significant 


step along the road to a commercial GFR system becoming 


a reality. 


 


VII. CROSS-CUT ACTIVITIES 


 


GFR system research benefits from cross-cut activities 


at the level of Generation IV and at the level of the 


member states. At the Generation IV level, the CD&S 


project liaises with the Risk and Safety Working Group 


(RSWG) and the Proliferation and Physical Protection 


Working Group (PRPPG).  The aim of both of these 


groups is to foster a commonality of approach to the 


assessment of risk, safety assessment and design to ensure 


proliferation resistance and physical security across all six 


Generation IV systems.  Research on GFR will soon be 


sufficiently well established such that advantage can be 


taken of the cross-cut activities on economics assessment.    


Within the European Union, cross-cut projects have 


been established on advanced materials, GETMAT, (Fazio 


et al.15) and advanced fuels for Generation IV systems,  


F-BRIDGE, (Valot et al.16). 


 


 
 


 


Fig. 5. Layout of ALLEGRO featuring two main heat 


exchange loops and an experimental high- 


 temperature heat exchange loop. 


 


VIII. CONCLUSIONS 


 


The Gas-cooled Fast Reactor (GFR) constitutes a 


sustainable and safe nuclear energy system. System 


research is well established within the framework of the 


GIF with one of the two project plans in force and the 


other finalised awaiting formal signature.  GFR system 


research is taking advantage of the cross-cut activities on 


risk and safety and proliferation resistance within the GIF 


and in specific technological areas within the member 


states.  


The national partners plus the European Union 


contribute to the global research activities on the GFR 


decay heat 


removal loops 


main gas-


water heat 


exchanger 


control rod drives 


 


main blower 


high temperature 


gas-gas heat 


exchanger 


243







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11321 


   


system.  Whilst some of the technologies required for GFR 


may be considered revolutionary, the system benefits from 


sharing many elements with other Generation IV systems. 


In particular the issues surrounding the requirement for 


high temperature materials and helium component 


technology are common with the thermal VHTR system.  


Similarly, computer codes for core physics and knowledge 


of the behaviour of fissile compounds under fast neutron 


irradiation have benefited from much development in the 


frame of sodium cooled fast reactors.  


Within the context of Generation IV, the GFR system 


is now in its “viability phase” in which the technical and 


commercial viability of the concept must be demonstrated.  


The generation IV partners are committed to progressing 


the system design through this phase.  However, a robust 


demonstration of fuel technology may not be achieved on 


the same timescale because of the long lead times 


associated with performing irradiation experiments.  Much 


theoretical work and non-active testing is proceeding to 


mitigate this risk.  
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Abstract – The AP1000® plant is an 1100-MWe pressurized water reactor (PWR) with passive safety features and extensive 
plant simplifications that enhance construction, operation, maintenance and safety. One of the key approaches in the AP1000 
design is to use passive features to mitigate design basis accidents. In addition to redundancy, these features incorporate 
diversity based on PRA insights. Active defense-in-depth features provide investment protection, reduce the demands on the 
passive features and support the PRA. The passive features are classified as safety in the US. The active defense-in-depth 
features are classified as non-safety (with supplemental requirements) in the US. The AP1000 design has incorporated a 
standardization approach, which together with the level of safety achieved by the passive safety features, results in a plant 
design that can be applied to different geographical regions with varying regulatory standards and utility expectations
without major changes.


While the first deployments of the AP1000 plant are ongoing in China and the United States, Westinghouse has remained 
active in also pursuing European opportunities for the AP1000 plant. In particular, Westinghouse has cooperated for almost 
2 decades with European utilities to ensure adaptation of the AP1000 design to European market. This cooperation has 
resulted in progress towards AP1000 plant deployment in European countries, culminating in the European Utility 
Requirements (EUR) organization certifying that the AP1000 has successfully passed all the steps of analysis for compliance 
with European Utility Requirements, and providing confirmation that the AP1000 design can be successfully licensed in 
Europe in 2007. 


In support of multiple ongoing RFP (requests for proposals) and pre-RFP activities in European countries, and to 
consolidate the AP1000 design for the UK licensing review, Westinghouse has focused design effort and customer 
interactions in several European Countries to finalize adaptation of the AP1000 design to European requirements. 


The AP1000 50Hz standard design (also referred to as European Passive Standard) is the resulting adaptation of the AP1000
design to European market needs and requirements, addressing both customer input from the EPP program and regulatory 
needs identified in the UK GDA process. This standard 50Hz design retains the overall AP1000 design (safe, simple, 
standard), the use of proven components and its cost, safety and operability advantages, while it incorporates some changes 
to adapt to the European environment. 


In this paper, the key changes incorporated into the AP1000 50Hz design are discussed, including: 
• Adaptation of the electrical systems and Turbine adaptation from 60Hz to 50Hz, including approach to IEC vs IEEE 


compliance 
• Modifications to defense in depth (US class D, European Class 2) and other systems to simplify European licensing and 


address customer requirements 
• Option for adoption of KSB RUV type Main Reactor Coolant Pumps 
• Limited design adaptations in the areas of I&C and ventilation and filtration to adapt to European requirements and 


simplify the licensing process 


I. INTRODUCTION


The AP1000® plant is an 1100-MWe pressurized 
water reactor (PWR) with passive safety features and 
extensive plant simplifications that enhance construction, 


operation, maintenance and safety.  Reference 1 and 8 
provide additional information.


The AP1000 design achieves achieve a high safety and 
performance record. It is conservatively based on proven 
PWR technology, but with an emphasis on safety features 
that rely on natural forces. Consistent with current practice, 
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non-safety systems are used as the first level of defense 
against more probable events.  As the second level of 
defense, the AP1000 design uses passive safety systems to 
further enhance plant safety and to satisfy EUR 
requirements. Safety systems use natural driving forces 
such as pressurized gas, gravity flow, natural circulation 
flow, and convection. Safety systems do not use active 
components (such as pumps, fans or diesel generators) and 
are designed to function without safety-grade support 
systems (such as AC power, component cooling water, 
service water, HVAC). The number and complexity of 
operator actions required to control the safety systems are 
minimized; the approach is to eliminate operator action 
rather than automate it.


The AP1000 design meets U.S. NRC deterministic 
safety criteria and probabilistic risk criteria with large 
margins.  Safety analyses has been completed and 
documented in the US licensing documents reviewed by 
the NRC (Design Control Document (DCD) and 
Probabilistic Risk Analysis (PRA)). The extensive AP600 
testing program, which is applicable to the AP1000 design, 
verifies that the innovative plant features will perform as 
designed and analyzed. PRA results show a very low core 
damage and large release frequency, which meets the goals 
established for advanced reactor designs.  The core melt 
frequency, considering random, fire, flood events during 
at-power and shutdown operation is about 5E-7/yr. The 
large release frequency for these same events is about 6E-
8/yr. This very low risk was a result of the AP1000 safety 
design features (simple passive safety features and active 
defense in depth (DID) features) as well as the use of PRA 
throughout the design process starting with the initial 
design phase.  In addition, the AP1000 design has carefully 
evaluated and addressed severe accident phenomenon; a 
key AP1000 feature in dealing with a severe accident is the 
invessel retention of a molten core. This feature provides a 
robust, reliable, simple means of preventing a molten core 
from causing containment failure. Reference 7 provides 
additional information. 


The AP1000 standard plant design uses conservative,
bounding site parameters (temperatures, wind velocities 
and seismic levels), achievers a very high level of safety 
and incorporates utility operational desires. As a result, it is 
a plant design that can be applied to different geographical 
regions around the world with varying regulatory standards 
and utility expectations without major changes.


The AP1000 50Hz standard design (also referred to as 
European Passive Standard or EPS) is the result of the 
adaptation of the standard AP1000 design to European 
market needs and requirements, addressing both customer 
inputs and regulatory environment needs identified in the 
UK Generic Design Assessment (GDA) process. In 
particular the European Passive Plant (EPP) program 
consists of a group of European utilities who have 
followed the passive plant design and have provided 


Westinghouse with guidance on meeting European 
requirements. The resulting AP1000 50Hz standard design 
is responsive to the European environment (both 
regulatory and market) while maintaining the overall 
AP1000 standard design and its key advantages (safe, 
simple, standard).  


In this paper, the key features of the AP1000 50Hz 
standard design are first reviewed in Section II and III.  
Then, the assessment of the design against the EUR 
requirements is evaluated in Section IV. Finally Section V 
provides the final conclusions and summarizes how the 
AP1000 50Hz standard design is effective in meeting the 
needs of European markets.


II. AP1000 50Hz STANDARD DESIGN 
ADAPTATIONS TO EUROPEAN MARKET 


REQUIREMENTS


The AP1000 50Hz standard design is currently 
described in detail in Revision 1 of the European Design 
Control Document (EDCD) (Reference 1).  Revision 1 of 
the EDCD incorporated a series of changes that were 
discussed with European utilities both as part of the EPP 
program and in response to different proposal efforts in 
European countries, in particular in support of the UK 
Nuclear Program. The changes were developed to allow 
the AP1000 design to meet the unique needs and 
requirements of European utilities.  These key design 
changes are summarized as follows:


1. Reliability and investment protection enhancements 
to the active, defense in depth (DID) systems (RNS
– normal residual heat removal system, CCS –
component cooling system, SWS – service water 
system, SFS – spent fuel pool cooling system).


2. Main feedwater system  (FWS) modifications: 
redundant pump capability (3x50% for the AP1000
50Hz standard design versus the 3x33% capacity 
pumps in the AP1000 standard)


3. Allow adoption of KSB, Type RUV, seal-less main 
coolant pump with wet-winding motor for the 
reactor coolant pumps.


4. Adaptations for 50-Hz electrical grid 


These changes do not alter the fundamental AP1000 
design and safety case, but provide enhanced investment 
protection desired by the European utilities and introduce a 
European supplier option for the main coolant pumps.  
Because the changes are limited, they do not require major 
plant re-design and allow for a European AP1000 units 
delivery schedule consistent with the utility desires. In 
fact, the changes to the DID systems have been beneficial 
in simplifying the AP1000 licensing process in the UK and 
provides licensing simplification benefits for other 
European applications. 
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II.A. Enhancement of Defense in Depth (DID) Systems


The design and layout of the AP1000 standard plant 
DID systems were revised to provide improved separation 
such that no single postulated event including fire or 
flooding would result in the loss of a UK Category A, 
Class 2 function (also see References 2 and 3).  These 
changes included separation of the normal residual heat 
removal system (RNS) and the spent fuel pool cooling 
system (SFS) into two physically independent trains of 
piping, valves, pumps, and heat exchangers. The active 
components of each independent train are located in 
separate fire areas, and are powered by separate electrical 
supplies.


The component cooling water system (CCS) and 
service water system (SWS) were revised to enable these 
systems, which normally function in a single train mode, to 
be separated into independent trains to support the RNS,
SFS, and chemical and volume control system (CVS) DID 
UK Category A, Class 2 functions (i.e., transferring decay 
heat to the environment and the CVS reactor makeup and 
boration function).


The CCS and SWS revisions included modifications 
to the 1st bay of the Turbine Building (adjacent to the 
Auxiliary Building) to provide separate compartments for 
the two CCS and SWS trains that are segregated for fire 
and flood protection.  Additionally, the portion of the 
turbine building ventilation system (VTS) that supports 
continued CCS operation was revised to enable the VTS, 


which normally functions in a single train mode, to be 
separated into independent trains to support the CCS.


While a detailed discussion of these changes goes 
beyond the purpose of this paper, Figure 1 provides a 
comparison of the RNS design for the AP1000 standard 
plant (Figure 1a) and the AP1000 50Hz standard (Figure 
1b), illustrating the nature of the changes implemented in 
this adaptation. Figure 2 provides a sketch illustrating the 
modification to the CCS for the AP1000 50Hz standard 
plant, which is shown in two modes of operation: Figure 
2a illustrates the normal operation mode with one pump 
running, while Figure 2b illustrates the train separation 
mode with each pump/HX cooling one train of DID
components.


II.B. Main Feedwater Pump Capacity


For the AP1000 50Hz standard plant, the AP1000 
standard plant feed water system (FWS) arrangement has 
been revised from three 33.3% capacity main feed water 
pumps to three 50% capacity feed water pumps.  The 
increased feed water pump capacity allows one pump to be 
an installed spare, which can be manually started in the 
event of a failure of one of the two operating feed water 
pumps and thus minimizes the time the plant would 
operate at reduced power.  This modification is possible 
with the 11KV (compared to the AP1000 standard plant 
6.9KV used in the US) medium voltage selected for use in 
the AP1000 50 Hz standard plant.
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Figure 1a: Sketch of Standard AP1000 RNS
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Figure 1b: Sketch of AP1000 EPS RNS Illustrating Two Separated Trains 


Figure 2a: Sketch of AP1000 EPS CCS (Normal Operation with 1 CCS Pump Operating)
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Figure 2b: Sketch of AP1000 EPS CCS (Illustrates Train Separation with each pump/HX 
Cooling One Train of Defense-in-Depth Components)


II.C. KSB Seal-less Reactor Coolant Pumps


The AP1000 50Hz standard design provides flexibility for 
adoption of the type RUV Reactor Coolant Pump (RCP) 
designed by KSB (see Reference 4).


The Type RUV RCP has been designed by KSB 
specifically for the AP1000 design. This RCP is a single-
stage, vertical, high-inertia, centrifugal, seal-less,
pump/motor unit which utilizes a wet winding motor 
design. Like the canned motor RCP used in the AP1000 
standard design the KSB RCP is designed as a compact, 
vertical pump/motor unit with the motor below the pump. 
The pump fits into the steam generator (SG) compartment 
with two pump casings welded directly to each of the 
AP1000 SG channel heads (see Figure 3). The motor 
design is for 60 Hz input power.  This input power 
frequency is provided by variable frequency drives using 
50 Hz input power.


The KSB wet winding pump technology presents 
several features:


 Wet winding design eliminates winding cans and 
results in high efficiency due to a small magnetic 
gap between stator and rotor


 Supports achieving the key advantages associated 
with elimination of seals (eliminates maintenance, 
accident / forced outages, and seal injection 
systems).


Figure 3: Illustration of KSB RCPs Installation


 Optimal stator cooling maximizes coil life
 Forged motor and thermal barrier casing for 


reduced Inservice Inspection (ISI)
 Carbon fiber reinforced carbon (CFC) radial and 


thrust bearings provide high strength and 
temperature tolerance


 No planned pump maintenance


A cutaway drawing of the AP1000 KSB pump is provided 
in Figure 4.
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Figure 4: AP1000 KSB RCP Cutaway Showing Major 
Components


II.D. 50 Hz AC Electrical Power


While the AP1000 standard design was originally 
developed for deployment in the United States with 60Hz
ac power and US licensing requirements (i.e., IEEE), the 
design was developed in a way to maximize the capability 
to adapt to different worldwide requirements. During 
development of the electrical design for the UK GDA 
review, Westinghouse demonstrated the capability to 
effectively and timely adapt the electrical design to local 
requirements as has already been done during the design 
and construction of the 50Hz China AP1000 units. In 
support of the AP1000 China projects, Westinghouse has 
adapted the electrical designs on AC Motor Control 
Centers, MV Switchgear, Cable, and Cable Trays to IEC 
standards. The change from the 50Hz China electrical 
design to the AP1000 50Hz standard design can easily be 
accomplished before deployment of the first European 
commercial units.


The capability to adapt and maximize localization 
of plant equipment is a direct consequence of the 
simplification of the overall AP1000 design, and 
specifically of the electrical systems. Since no AC power is 
required to provide the primary means of delivering safety 
functions (which are provided by the passive systems), the 
design of the DID AC system is optimized for response to 
more frequent faults, for investment protection, and to 
meet all operational targets.


III. AP1000 50Hz STANDARD DESIGN 
ADAPTATIONS TO EUROPEAN LICENSING 


REQUIREMENTS


During step 4 of the UK Generic Design Assessment
review the AP1000 50Hz standard design as adapted in the 
previous Section and described in Reference 1, was subject 
to detailed review from the UK Nuclear Directorate (ND) 
and Environment Agency (EA). This review process, 
which is described in detail in Reference 3, resulted in a 
limited number of additional design changes to simplify 
and accelerate the regulatory review and support ongoing 
commercial negotiations and deployment plans. 


These design changes were discussed with the ND/EA 
and final agreement has been reached with the ND/EA in 
GDA Step 4. 


Discussions with the UK ND/EA, and review of 
other European countries practices, have resulted in 
modifications to some of the AP1000 ventilation systems. 
These modifications are typically limited, and targeted at 
maximizing flexibility in adapting to different country 
requirements. In particular, in nuclear plant ventilation 
system designs there are benefits and penalties in applying 
HEPA filters. Their use is necessary where there may be 
significant particulate radiation releases. However, where 
the releases are small their benefit in reducing releases can 
be out weighted by the costs and worker radiation 
exposures associated with their maintenance and 
replacement. This specific balance is often influenced by 
country specific expertise and practice, for example in how 
certain operations are conducted in the Radwaste Building. 
To ensure a timely regulatory review, some AP1000 
ventilation systems have been modified to allow a case-by-
case installation of HEPA filters to ensure the best 
adaptation to local country requirements. For the UK, 
HEPA filters have been added to certain, normally non 
radioactive areas in the Health Physics and Hot Machine 
Shop, fuel handling area of the Auxiliary Building, and the 
Radwaste Building ventilation systems.


Limited changes have been made to the control 
and instrumentation systems, primarily to  the Diverse 
Actuation System (DAS) which provides defence against 
potential common mode failures in the primary Protection 
and Monitoring System (PMS). The AP1000 standard 
DAS architecture uses a 2 out of 2 logic that has been 
shown to provide sufficient reliability to support the 
aggressive PRA safety goals for the AP1000 design. The 
AP1000 50Hz standard has increased the number of DAS 
channels so that the DAS remains operable during testing 
and maintenance. This configuration was adopted to meet
a UK requirement for protection systems backup.
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IV. AP1000 EUR COMPLIANCE ASSESSEMENT


The EUR organization’s assessment of the 
AP1000 design was completed in 2006 (Reference 5).  As 
a result of this review, the European Utility Requirements 
(EUR) organization certified that the AP1000 pressurized 
water reactor had successfully passed all the steps of 
analysis for compliance versus the European Utility 
Requirements, confirming that the AP1000 design could be 
successfully licensed and deployed in Europe.  Results of 
the assessment, with more than 5,000 requirements being 
assessed, revealed that the AP1000 design achieved a very 
high level of compliance, with only 1 percent of the 
requirements assessed as non-compliant.  The 1 percent 
non-compliances was primarily in the areas of aircraft 
crash protection, 12- to 24-month fuel cycle operating 
flexibility, reliability analyses and plant layout.  In the vast 
majority of the cases (aircraft crash analyses, cycle length 
flexibility and reliability analyses just to make a few 
examples), this was due to the status of the design at the 
time of review (e.g., at the time of review, aircraft crash 
analyses were not completed, cooldown studies were not 
yet finalized with all necessary cases, AP1000 plant
specific reliability studies had not been performed).  
Accordingly, the European Passive Plant (EPP) group, led 
by European utilities and suppliers, implemented a 
program to bring the AP1000 design into even stronger
compliance with the EUR.  In addition, to being only 1 
percent non-compliant, 8 percent of the requirements were 
identified as not accessible (NAS) at the time of review.  
Most of these NAS assessment were either country/utility 
requirement specific (and therefore not reviewable as part 
of the overall EUR assessment) or again a consequence of 
the status of the design at the time of review.


Table 1 provides a Westinghouse summary of the 
AP1000 assessment in the different categories, as resulted 
from the EUR review.  The formal result of this assessment 
are documented in the EUR, volume 3, AP1000 subset and 
provides the official conclusions of the EUR organizations 
assessment of the AP1000 design compliance with the 
EUR for each Section of EUR Volumes 1&2. Note that this 
table is a Westinghouse summary of the EUR assessment; 
it can be used to provide a quantitative assessment of the 
high level of AP1000 compliance.  Table abbreviations are 
compliant’ (COM); ‘compliant with objective’ (CWO); 
‘not applicable’ (NAP: these are requirements eliminated 
in the AP1000 design); and ‘beyond requirement’ (BRE).


Table 1:  AP1000 Design EUR, Rev. C, Compliance 
Summary (Vintage 2006)


AP1000 EUR, Rev. C Compliance
EUR Labels Percentage (%)


COM 71
CWO   14
NOC   1
NAP   5
NAS   8
BRE   1
Total 100


Given the progress made since the EUR 
assessment of the AP1000 design and the finalization of 
various design choices for the AP1000 50Hz standard 
design, an updated internal Westinghouse assessment has 
been conducted. As an example, aircraft crash analyses 
have been performed for both the US and UK regulator, 
demonstrating the capability of the AP1000 shield building 
in protecting against these events. The formal ACRS 
endorsement letter was provided to the US Nuclear 
Regulatory Commission (NRC) on January 19, 2011, 
Reference 6. 


Similarly for other requirements, Westinghouse 
has been and continues to conduct periodic overall review 
of the EUR requirements, with the following objectives:


 Review and confirm as appropriate the EUR 
assessors’ conclusions


 Resolve most of the NASs and NOCs identified 
by providing an up-to-date review with 
Westinghouse engineering departments to 
confirm whether the requirements are met and can 
be accepted for the AP1000 50Hz standard design


 Provide justifications and discussions of any 
remaining non compliances
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Table 2:  AP1000 EUR, Rev. C, Compliance Summary
Updated for Recent Design Activities


EUR 2004-2006 
Assessment


Westinghouse 
2011 Assessment


NOC Review


Identified NOC 40


NOC Justified as COM 14


NOC Justified as CWO 24


Remaining 
NOCs/NASs, with 
justification


2


Main NAS Review


Identified Main NAS 8


NAS Justified as COM 2


NAS Justified as CWO 5


Remaining NAS, with 
justification


1


While a detailed discussion of the self assessment 
goes beyond the purpose of this paper, the summary results 
are provided in Table 2.  The only remaining identified 
NAS are relative to Owner/Country specific scope, and the 
one remaining NOC is a formal non compliance common 
to all designs assessed by the EUR Organization.


V. CONCLUSIONS


The AP1000 passive design represents a 
significant improvement over conventional PWRs, and is 
developed around the fundamental design principles of 
safety, simplification and standardization. The 
development of the AP1000 safety concept based on 
passive systems allows full realization of the benefits of 
these fundamental design principles. The adoption of 
passive systems as the primary means to deliver safety 
functions, combined with reliable DID active systems 
allows achievement of both an un-paralleled level of safety 
and optimized support for investment protection. The 
active DID systems are effective in minimizing the demand 
on the passive systems for more frequent postulated faults, 
thus ensuring stable and continued production of 
electricity.


The elimination or simplification of redundant 
and un-necessary systems as a result of the passive safety 
concept allows an overall simplification of the plant. This 
in turn allows elimination of large quantities of 
unnecessary equipment and structures compared to other 


PWRs which maximizes the certainty of delivery and 
schedule, as well as plant operation. 


Finally, standardization, both across the AP1000 
fleet and within the plant simplifies procurement and 
construction, as well as plant operation.


Westinghouse has developed a 50Hz standard 
AP1000 design by working with European utilities and 
organizations, mainly through the European Passive Plant 
(EPP) program, to ensure that European specific market 
needs and requirements are satisfied. A limited number of 
changes were made to make the AP1000 50Hz standard 
design responsive to the European environment (both 
licensing and European utilities needs) such that the 
AP1000 50Hz standard design retains the overall AP1000 
design and its cost, safety and operability advantages.  
These efforts have culminated in a very successful EUR 
assessment and in a successful licensing assessment of the 
AP1000 design in a European country.  The licensing 
assessors in the UK have indicated in their Generic Design 
Assessment (GDA) program that there are no major issues 
that would prevent the AP1000 design from receiving a 
Design Acceptance Confirmation (Reference 3 provides 
additional information).


As discussed in this paper, the AP1000 50Hz 
standard design maintains the basic AP1000 design and its 
advantages of safety, simplification and standardization, 
while satisfying the European market and regulatory
requirements.
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NOMENCLATURE AND ACRONYMS


AC Alternating Current
ACRS Advisory Committee on Reactor Safeguards
BRE Beyond Requirement 
CVS Chemical and Volume Control System
CCS Component Cooling Water System
CFC Carbon Fiber Reinforced Carbon
COM Compliance
CWO Compliance With Objective
DAS Diverse Actuation System
DID Defense in Depth
EA Environmental Agency
EDCD European Design Control Document
EPP European Passive Plant Program
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EPS AP1000 50 Hz Standard Design
EUR European Utility Requirements
FWS Main and Startup Feedwater System
GDA Generic Design Assessment
HEPA High Efficiency Particulate Air
HX Heat Exchanger
IEC International Electrotechnical Commission
IEEE The Institute of Electrical and Electronics 


Engineers
ISI Inservice Inspection
MV Medium Voltage
NAP Not Applicable
NAS Not Assessable Today
ND Nuclear Directorate
NOC Non Compliance
NRC Nuclear Regulatory Commission
PMS Protection and Safety Monitoring System
PRA Probabilistic Risk Assessment
PWR Pressurized Water Reactor
RCP Reactor Coolant Pump 
RFP Request for Proposal
RNS Normal Residual Heat Removal System
SG Steam Generator
SWS Service Water System
SFS Spent Fuel Pool Cooling System
UK United Kingdom
US United States
VTS Turbine Building Ventilation System
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Abstract – The multi-modular nuclear reactor design of nuclear power plants with flexible 
electric capacities and advanced safety features is preferred by many countries these years. The 
operation dynamics of the plant with multi-modular nuclear reactors driving one steam turbine is 
different from and more complicated than the conventional single unit plant with one reactor 
driving one steam turbine. The inter-coupling of multi-modules is obvious and this will definitely 
affect the overall dynamic performance of the plant. The coordinated operation of multi-modules 
is necessary and should be well controlled to maintain the high performance. 
The inherent safe pebble bed modular high temperature reactors are employed by the ongoing 
Chinese HTR-PM project as a demonstration plant, which features twin reactors driving one 
steam turbine. In HTR-PM plant, each reactor is connected to the primary side of one steam 
generator, which forms one nuclear steam supply system (NSSS) termed as one module. The two 
identical modules are joined in the secondary steam side via a steam header to drive the turbine 
generator system, which is a typical multi-modular plant. 
For the safe and economic operation of the plant, the operation dynamics is simulated and 
studied based upon a plant-wide dynamic model. The simulation is also extrapolated to take into 
account more modules in the plant to obtain similar results. Furthermore, an appropriate 
coordinated control system is proposed for the plant as a preliminary result, and the control 
simulation results are well appreciated.  


 
 


I. INTRODUCTION 
 
Multi-modular small and medium nuclear reactors 


with flexible electric capacities and advanced safety 
features are preferred by many countries these years.1 The 
small and medium reactors meet the niche markets such as 
countries with small electricity grids or remote areas with 
infrastructure restrictions. This could benefit from the 
small absolute capital outlay and the robust safety case 
owing to the incorporation of inherent and passive safety 
design features. There have been designs with advanced 
and innovative nuclear reactors such as B&W mPower, 
Westinghouse IRIS, NuScale, Hyperion Power Module 
and Toshiba 4S, which are mostly based on the light water 
reactor design. 


Based on the high temperature gas cooled reactor 
(HTGR), the concept of modular high temperature gas 
cooled reactor (MHTGR) was first proposed by Reutler 
and Lohnert at the end of the 1970s. The MHTGR is 
attractive due to its inherent safety features. Projects have 


been jointly proposed by industries, research institutions 
and universities such as PBMR, GT-MHR, ACACIA, 
HTTR and HTR-10.2 China began research work on 
pebble bed high temperature gas cooled reactor at the end 
of 1970s. After the approving of Chinese government to 
build a pebble bed test reactor in 1992, the 10 MW high 
temperature gas cooled reactor (HTR-10) was designed 
and constructed by the Institute of Nuclear and New 
Energy Technology (INET) of Tsinghua University and it 
achieved full power in January 2003. After the operation of 
HTR-10, the high temperature gas-cooled reactor pebble-
bed module (HTR-PM) project is proposed and actively 
supported by the Chinese government to build a 
commercial demonstration plant.3 


In the multi-modular nuclear power plant,4 each 
reactor is connected to one steam generator with the 
primary loop to form one nuclear steam supply system 
(NSSS), which is designated as one module. Each module 
is connected to the steam common header with steam 
piping from the steam generator. Then the common steam 
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header with multi-modular entry steam could provide 
steam for the turbine generator system. 


Then this kind of multi-reactor single-turbine (MRST) 
structure is configured as multi-modular plant with flexible 
module numbers. 


The operation dynamics of the plant with multi-
modular nuclear reactors driving one steam turbine is 
different from and more complicated than the conventional 
single unit plant with one reactor driving one steam turbine. 
The inter-coupling of multi-modules is obvious and this 
will definitely affect the overall dynamic performance of 
the plant. The coordinated operation of multi-modules is 
necessary and should be well controlled to maintain the 
high performance.  


 
II. PLANT DESCRIPTION 


 
Taking advantage of the multi-modular concept of 


MHTGR, the HTR-PM is at present under detailed design, 
which features twin reactors driving one steam turbine.3,5 
As shown in Fig. 1, In HTR-PM plant each reactor is 
connected to the primary side of one once-through steam 
generator, which forms one module together with one 
blower and appropriate connecting pipes. The two identical 
modules are joined in the secondary steam side via a steam 
header to drive the turbine generator system. The HTR-PM 
plant is of double-reactor two-modular design, which is a 
typical multi-modular plant. 
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Fig. 1. Schematic of the HTR-PM with two modules. 


 
 
The modular reactor adopts a one-zone pebble bed 


core with an increased 250MW thermal power while 
keeping the inherent safety features. The modular steam 
generator is a helical coiled once-through shell-and-tube 
counterflow heat exchanger. The reactor and the steam 
generator are housed in two steel pressure vessels, which 
are arranged side by side as shown in Fig. 2. These two 
vessels are connected to each other by the vessel of the hot 
gas duct. These three vessels come into contract with the 
cold helium (about 250 ) as it leaves the blower, which is ℃
located on top of the steam generator vessel. The helium 
enters the main blower and is pressurized before flowing 
into the outer coaxial pipe of the hot gas duct. It enters the 
channels in the side reflector, and then flows through these 


channels from bottom to top. The cold gas directly enters 
the reactor core and passes through the pebble bed from 
top to bottom where it is heated to a temperature of about 
750 . The hot helium leaves the hot gas chamber in the ℃
bottom reflector and flows through the hot gas duct to the 
steam generator. The heat is transferred to water in the 
secondary circuit and the temperature of the helium falls 
back down to 250 . The secondary feedwater is heated in ℃
the tube side to superheated steam. The steam from two 
modules is then connected to the common steam header, 
where the steam is then delivered to the turbine for 
electrical production. The main design data are presented 
in Table I. 6 
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Fig. 2. Cross section view of the HTR-PM NSSS. 


 
TABLE I 


Main Design Data of the HTR-PM Plant 


Parameters Unit Value 
Thermal power MW 2×250 
Electrical power MW 200 
Primary helium pressure MPa 7 
Core outlet temperature ℃ 750 
Core inlet temperature ℃ 250 
Active core diameter m 3 
Active core height m 11 
Fuel enrichment % 8.9 
Steam generator outlet steam temperature ℃ 571 
Steam generator outlet steam pressure MPa 13.9 


 
III. MODELING OF THE PLANT 


 
For the purpose of study on the dynamic 


characteristics of the multi-modular HTR-PM plant, a 
dynamic model is developed for the overall plant. These 
models include the reactors, the steam generators, the 
blowers, the steam header, the turbine, the generator, the 
condensate and feedwater system, and related piping 
system. Because the dynamic characteristics are the focus 
of the work, the detailed model of all the plant system is 
unnecessary and unrealistic. Instead a simplified minimal 
model is developed, which takes simplification but 
provides sufficient details. 


As a result, the plant is nodalized as lumped units, 
which could be mathematically formulated based on the 
fundamental conservation of mass, energy and momentum. 


The conservation equations are applicable to every defined 
system and can be lumped to the form as follows: 


in out
dm G G
dt


= −                                                   (1) 


( )
in in out out in


d mh
G h G h Q W


dt
= − + −              (2) 


2
out in inP P Gξ= −                                                   (3) 


where m  is the mass, G  is the mass flow rate, h  is the 
specific enthalpy, Q  is the heat flux, W  is the work, P  
is the pressure, ξ  is the coefficient of pressure drop, and 
the subscript in  and out  mean input and output. 


Based on the lumped conservation equations, the 
overall plant model has been mathematically formulated 
and implemented on a personal computer.7 Further the 
model has been verified and validated for the dynamic 
simulation of the plant.  


 
IV. RESULTS AND DISCUSSIONS 


 
The HTR-PM plant features twin reactors driving one 


steam turbine, which is typical MRST configuration. In the 
HTR-PM plant, the two modules are connected to the 
common steam header through the steam pipeline from the 
steam generator. The condensate system and the low 
pressure recuperator to deaerator are commonly used, but 
the feedwater pumps and the high pressure recuperators 
are independent to provide appropriate feedwater. The two 
modules are intercoupled in the secondary steam and 
feedwater system, with the primary system are independent. 
The configuration could be seen in Fig. 1. 


Based on the dynamic model of the plant, various 
transients are simulated to study the characteristics. As the 
preliminary study, the model of condensate and feedwater 
system is dismissed from the plant, and the point of the 
study is focused on the intercoupling of the modules 
through the common steam header. Then the simulation 
model could be tailored from the overall plant model with 
the feedwater flow and temperature manually set by the 
input. Then the input variables are the external reactivity, 
helium flow rate, feedwater flow rate, and feedwater flow 
temperature for each module, and the commonly steam 
governor valve opening position for both modules. As for 
modules, the variables are notified by 1# and 2#, such as 
1# external reactivity for the external reactivity input to the 
1# module. 


The two modules could operate at different power 
level with appropriate common steam feedwater system. In 
this paper, an initial steady state with two modules 
operating at the same 100% power level (100%-100%) is 
assumed, which means that the 1# module and the 2# 
module are all at 100% power levels. Then the following 
scenarios are presented: 
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a) Step of reactivity 
The plant is initially operating in the 100%-100% 


power level. Then the 1# external reactivity is stepped by a 
positive 5 cents (0.05β) with the other input variables held 
constant. 


b) Step of helium flow 
The plant is initially operating in the 100%-100% 


power level. Then the 1# helium flow rate is stepped by a 
positive 5% of nominal value with the other input variables 
held constant. 


c) Step of feedwater flow 
The plant is initially operating in the 100%-100% 


power level. Then the 1# feedwater flow rate is stepped by 
a positive 5% of nominal value with the other input 
variables held constant. 


d) Step of feedwater temperature 
The plant is initially operating in the 100%-100% 


power level. Then the 1# feedwater temperature is stepped 
by a positive 5  with the other input variables held ℃
constant. 


e) Step of main steam governor valve 
The plant is initially operating in the 100%-100% 


power level. Then the main steam governor valve opening 
position is stepped by a positive 0.05 with the other input 
variables held constant. 


The important plant variables such as the reactor 
power, the helium temperature of the reactor outlet and the 
steam temperature of the steam generator are presented in 
Fig.3-8. 


Fig. 3 and Fig. 4 show the variation of the 1# and 2# 
reactor power. The 1# reactor power experiences large 
overshoots due to the step of the external reactivity and the 
helium flow. The variation of the reactor power is the 
result of the variation of total reactivity. The external 
reactivity step is the direct disturbance of the reactivity, but 
the other reactivity disturbances are due to the feedback 
induced by the temperature or poison balance. As for the 
2# reactor power, the overall variations are all small 
compared to the 1# reactor power. However, the departure 
from the referenced point is obvious due to the 
intercouping between modules. Especially the helium flow 
and the feedwater flow have obvious impacts on the 
interconnected modules. 


Fig. 5 and Fig. 6 show the variation of the 1# and 2# 
helium temperature of reactor outlet. Similarly the large 
variation of 1# helium temperature is seen in the step of 
the external reactivity. And the 2# helium temperature 
variations are all small. 


Fig. 7 and Fig. 8 show the variation of the 1# and 2# 
steam temperature of steam generator outlet. As can be 
seen from the figures, the 1# steam temperature has 
experiences large variation during the process of the step 
of the external reactivity, the helium flow and the 
feedwater flow. Especially in the step of the helium flow 
and the feedwater flow, the departure from the referenced 


value (571 ) is over 40 , which is not allowed for the ℃ ℃
normal operation of the plant. As for the 2# steam 
temperature, the variations are all small compared to the 1# 
steam temperature. However, the variations induced by the 
helium flow and the feedwater flow could obviously be 
seen. 


Also from Fig. 3-8, the variations of reactor power, 
helium temperature, and steam temperature induced by the 
step of steam governor valve opening position could be 
seen. Because the governor valve is identical to each 
module, the variation of the variables for each module is 
identical. Compared with the step of other variables, the 
variations of the reactor power, helium temperature and 
steam temperature induced by the governor valve are small 
for the 1# module and large for the 2# module.  
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Fig. 3. Variation of the 1# reactor power. 
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Fig. 4. Variation of the 2# reactor power. 
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 Fig. 5. Variation of the 1# helium temperature of the reactor 
outlet. 
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Fig. 6. Variation of the 2# helium temperature of the reactor 
outlet. 
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Fig. 7. Variation of the 1# steam temperature of the steam 
generator outlet. 
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Fig. 8. Variation of the 2# steam temperature of the steam 
generator outlet. 
 


 
V. SUMMARY AND CONCLUSIONS 


 
In this paper, a simplified simulation model is tailored 


from the overall plant model of the HTR-PM plant to study 
the intercoupling between modules in the multi-modular 
pebble bed high temperature gas cooled reactor nuclear 
power plant. 


From the preliminary results, the intercoupling 
between modules through the common steam header is 
obvious at the present scenarios. Especially the variation of 
primary helium flow and the secondary feedwater flow 
could induce variations of the outputs of other modules, 
which should be noted for further studies.  
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Abstract – As a next generation plant, a large-scale Japan sodium-cooled fast reactor (JSFR) 
adopts a number of innovative technologies in order to achieve economic competitiveness, 
enhanced reliability and safety. This paper describes safety requirements for JSFR conformed to 
the defense-in-depth principle in IAEA. Specific design features of JSFR are a passive reactor 
shutdown system and a re-criticality free concept against anticipated transients without scram 
(ATWS) in design extension conditions (DECs). A fully passive decay heat removal system with 
natural circulation is also introduced for design-basis events (DBEs) and DECs. In this paper, the 
safety design accommodation in JSFR was validated by safety analyses for representative DBEs: 
primary pump seizure and long-term loss-of-offsite power accidents. The safety analysis also 
showed the effectiveness of the passive shutdown system against a typical ATWS. Severe accident 
analysis supported by safety experiments and phenomenological consideration led to feasibility of 
the in-vessel retention without energetic recriticality. Moreover, a probabilistic safety assessment 
indicated to satisfy the risk target. 


 
 
 


I. INTRODUCTION 
 
Since 2006, the Japan Atomic Energy Agency (JAEA) 


has been conducting a fast reactor cycle technology 
development (FaCT) project in cooperation with the 
Japanese electric utilities.1 In this project, a large-scale 
sodium-cooled fast reactor (SFR) is designed with oxide 
fuel cores toward its commercialization. This SFR was 
named the Japan sodium-cooled fast reactor (JSFR), 
characterized by an advanced loop type reactor with 
innovative technologies for economic competitiveness, 
enhanced safety and improved reliability.2 Key milestones 
were set in the project: the determination of innovative 
technologies to be adopted to JSFR in 2010 and the 
presentation of the conceptual design of JSFR in 2015. The 
JSFR demonstration reactor is planned to start its operation 
in 2025, and research and development (R&D) efforts are 
currently made regarding the JSFR design study and 
innovative technologies.  


Several innovative technologies need be developed in 
order to meet the safety requirements and reliability and 
economical targets. The key concept of this reactor is a 
two-loop primary heat transport system (PHTS) for a large 


power output (to 1500 MWe) and adoption of high-
chromium steel pipes to simplify arrangement of piping, 
thereby leading to reducing the volume of building with 
concentrated arrangement of major components. These 
technologies can greatly contribute to reducing the capital 
cost of the plant. An intermediate heat exchanger (IHX) 
was integrated with a primary pump in order to compact 
the layout of components. A newly designed upper internal 
structure (UIS) with a single rotational plug allows 
reduction in the diameter of the reactor vessel. The UIS 
has a slit of a certain width, where a fuel handling machine 
can handle fuel assemblies beneath the UIS without 
completely removing the UIS itself from the original 
position. The JSFR design substantially mitigates adverse 
effects caused by sodium leakage or sodium-water 
reactions in steam generators (SGs). In particular, the 
leaked sodium can be accommodated by double boundary 
structures: guard pipes and guard vessels, which cover 
primary/secondary pipes and vessels respectively. Besides, 
access routes for in-vessel structures are provided in the 
design.3  


The present paper describes conceptual safety designs 
and related evaluations for JSFR performed in the Phase I 
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of the FaCT project (i.e., Japanese fiscal years 2006 - 
2010). Because fast breeder reactors are sure to contribute 
to future sustainable development, we assume that JSFRs 
with fuel cycle systems will be widely distributed through 
the global market. Safety design principles of JSFR and 
their implementation should be consistent with this 
assumption, and also compatible with both economic 
targets and nuclear proliferation resistance/physical 
protection. Along this understanding, the safety design 
concept for JSFR will be developed in this study. Its 
validity will also be confirmed by safety evaluations for a 
wide accident range. 


 
II. JSFR SAFETY DESIGN CONCEPT 


 
II.A. Safety Design Requirements 


 
In terms of safety, a development target and design 


requirements in the FaCT project are shown in Table I.4 It 
can be said that these targets are basically consistent with 
the safety-related goals or user requirements in both the 
Generation IV project 5 and the International Project on 
Innovative Nuclear Reactors and Fuel Cycles (INPRO) 6. 


 
TABLE I 


Safety Related Development Target and Design 
Requirements in the FaCT project 


Development Target 


Safety level shall be equal to future light water reactors (LWRs) 
and related fuel cycle system.” 


Design Requirements 


SR-1.1 Fundamental safety principles shall be observed. Safety 
standards and guidelines for former SFRs shall be 
reflected while specific features of new reactors shall be 
considered. 


SR-1.2 Prevention and mitigation against severe accident 
initiators shall be considered so as to avoid execution of 
off-site emergency plans. 


SR-1.3 Total core damage frequency shall be less than 10-6 
/reactor-year considering multiple units in a site, and total 
containment failure frequency in core damage conditions 
shall be less than 10-7 /reactor-year 


 
II.B. Safety Design Principle 


 
II.B.1 Deterministic Approach Based on Defense-in-


Depth 
 
In order to achieve the above-mentioned design 


requirements SR-1.1 and SR-1.2, we deterministically 
applied the defense-in-depth (DiD) philosophy, which was 
defined in the report of INSAG,7 to the same extent as it 
has been in LWRs. This is because we believe that the 
validity of DiD philosophy has been proven through the 


long experience of LWRs, and that the DiD philosophy is 
an adequate strategy to achieve a high level of safety in 
advanced or innovative nuclear systems for which 
operational experience is rather limited. Essential to this 
philosophy, is the establishment of a highly reliable system 
that rarely produces abnormal conditions, and the design of 
measures for accident prevention and mitigation. 


The deterministic approach was also adopted 
considering design-basis events (DBEs) to specify safety 
functions such as a reactor shutdown system (RSS) and a 
decay heat removal system (DHRS) for prevention of core 
damage. In this approach, it is necessary to have the 
following aims:  
(1) Selecting DBEs to cover the plant conditions that might 


lead to core damage;  
(2) Selecting DBEs for JSFR with a similar sense to those 


for LWRs, taking into account their safety 
characteristics; and 


(3) Selecting conservative design conditions, as with those 
for LWRs, which include a single-failure criterion and 
conservative treatment of safety parameters in the 
evaluation. 
In recent LWRs, such as ABWR-II, EPR and AP1000, 


some design measures to support the containment function 
are explicitly provided against severe accidents, which are 
recognized as another level category of design condition in 
addition to the design-basis approach. Although this 
category was formerly described as a beyond DBE, it has 
recently been recognized that some extended function both 
for prevention and mitigation should be considered more 
explicitly in the design work. Such conditions for extended 
safety design are called design extension conditions 
(DECs).8 Therefore, we incorporated the DEC concept 
explicitly in our safety design policy. Passive safety 
features are also introduced into extended safety functions 
against DECs especially to enhance prevention capability. 
We believe that this safety design policy against DECs 
allow alleviating undue burden on off-site emergency plans. 


 
II.B.2. Risk-informed approach 


 
In addition to the DiD philosophy, we also adopted a 


risk-informed approach using a probabilistic safety 
assessment (PSA) technique that plays a role in 
considerations on the proportion or balance of different 
levels of DiD. At the beginning of the FaCT project, we 
determined that the reference value for large offsite release 
frequency should be less than 10-6/site-year by referring to 
one one-thousandth of the risk encountered in our daily 
activities. We also paid attention to the specific sequences 
that could result in large early release so as to limit the 
frequency to be below that of the other sequences. For a 
reactor facility, our target for large offsite release 
frequency becomes the reference value with a further 
reduction by a factor of at least ten: judging from the fact 
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that one site may already have several reactors, we 
assumed that about ten reactors would be located in a 
single site in the future. Therefore, the large offsite release 
frequency target was set less than 10-7/reactor-year (ry). In 
terms of the safety design of containment function, 
containment failure frequency (CFF) is preferable target 
for designers. In the FaCT project, the CFF was set less 
than 10-7/ry conservatively ignoring a reduction effect in 
the environment that can be considered in the large offsite 
release frequency. Since the containment function could 
suppress the offsite release of radioactive materials with a 
further reduction by a factor of ten, the risk target of core 
damage frequency (CDF) was determined less than 10-6/ry. 


 
II.C. Safety Design Concept for JSFR 


 
Figure 1 shows the framework of safety assurance in 


JSFR. It also shows the structure of DiD, combined with 
three major safety functions, namely reactivity control, 
heat removal and containment. First of all, it is important 
to establish a reliable system by adequate design that 
stands on sound technologies. Furthermore, adequate 
operation and maintenance also have an important role in 
ensuring the first level of DiD. Then, the RSS and DHRS 


play key roles in the second and third levels of DiD, the 
objectives of which are the control of abnormal operation 
and accidents, respectively, as design measures against 
DBEs. Two independent RSSs (primary RSS and backup 
one) and a redundant/diverse DHRS with passive operation 
form sufficient defense lines so that fuel melting does not 
occur. Therefore, the containment function in these levels 
plays a role only for the confinement of radioactive 
materials which are not caused by fuel melting. The fourth 
level of DiD considers design measures against DECs. In 
this level including both of prevention and mitigation of 
severe accidents, the RSS and DHRS provide extended 
prevention functions (i.e. passive shutdown feature and 
accident management), and the containment system 
provides a mitigation function against radioactive material 
release. Moreover, attention is paid to the chemical activity 
of sodium so as to minimize and localize its influences.  


Each of the safety functions is described in detail in 
Sections II.C.1 to II.C.4. It should be mentioned here that 
passive safety measures are preferable from the viewpoint 
of physical protection as well as enhancement of these 
functions.9 JSFR has such systems for reactor protection 
and decay heat removal as described below. 


 
 


 
 


Fig. 1.  Basic framework of safety design in JSFR. 
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II.C.1. Reactor Shutdown Function 
 
The RSS has two independent sub-systems, namely 


primary and backup systems. Each of them, consisting of 
control rods and their drive and scram mechanisms, is 
designed to allow for rapid shutdown in order to prevent 
core damage against DBEs. RSSs are activated by the 
reactor protection system, which is composed of logic 
circuits for activation and an instrumentation system for 
detecting abnormal reactor conditions. In order to avoid 
common-cause failure and the propagation of failure, the 
diversity and independence of the two RSSs are promoted 
as much as possible. The primary RSS has mechanical de-
latch devices with acceleration by gas pressure for 
insertion of the control rods, while the backup RSS has 
electromagnets for the detachment devices. The control 
rods in the backup RSS are inserted by gravity. Various 
kinds of detectors are redundantly installed in the reactor 
protection system. Furthermore, different kinds of 
detectors are independently assigned to the primary and the 
backup RSSs against a single DBE. 


In case of earthquakes, relative displacement between 
the core and the control rods might cause oscillatory 
reactivity insertion as well as hindering the control rod 
insertion. Both the stiff core barrel with its core-restraint 
function and the stiff support structure of the control rods 
are designed to suppress such displacement and oscillation 
so that the core fuel keeps its integrity against possible 
reactivity insertion during the postulated earthquake 
conditions. The seismic isolation of the reactor building 
has an important role in reducing the input acceleration for 
the reactor vessel.  


When anticipated transients without scram (ATWS) 
are postulated, the reactor core becomes damaged in the 
order of minutes, during which period the operators may 
not be able to achieve any accident management measures 
to prevent core damage. Hence, a passive shutdown 
capability, especially against ATWS events, has been 
desired to bring the plant to the safe shutdown condition 
without the operator action as they become 
commercialized. In order to cope with ATWS, only for the 
backup RSS, JSFR introduced passive shutdown capability, 
in parallel with an active reactor protection system and 
instrumentation system.  


A Curie-point electromagnet type self-actuated 
shutdown system (SASS) has been selected as the most 
promising provision for JSFR.10 One of its superior 
features is simple one-dimensional movement of the 
control rods with a large negative reactivity, which is 
triggered once the coolant temperature around a 
temperature sensing alloy rises high. This passive actuation 
principle does not require the activation of the reactor 
protection system, so that it is not necessary to consider a 
common-cause failure between the passive and active 
shutdown systems. This serves to enhance the reactor 


shutdown capability, resulting in the increase of reliability 
of the overall RSS. There is a favorable characteristic in 
that the uncertainty of the reactivity feedback mechanism 
could be small because of its one-dimensional movement 
in comparison with other passive safety characteristics, 
such as radial core expansion. The in-service testability in 
periodic inspections could also present an advantage in 
maintaining the reliability and safety levels of the plant. In 
addition, a stable holding capability during normal reactor 
operation was demonstrated at the experimental fast 
reactor Joyo.11 


 
II.C.2. Core Cooling Function 


 
Since SFRs are generally operated at nearly 


atmospheric pressure, there is negligible risk of a loss-of-
coolant accident, which is a critical issue in LWRs. In 
terms of maintaining the core cooling function after reactor 
shutdown, the JSFR necessitates the prevention of both 
loss of reactor sodium level (LORL) and protected loss of 
heat sink (PLOHS). In addition, the reduction of the core 
flow rate due to a PHTS pump failure has a large influence 
on the short-term core cooling because of its higher power 
density and because of some positive reactivity feedback 
of coolant density in the fast reactor core. Especially, a 
PHTS pump seizure accident is a critical issue in the JSFR 
two-loop cooling system. To cope with the PHTS pump 
seizure accident, the JSFR required some minor but 
important design modifications, i.e., prolonging the delay 
time to activate the PHTS pump trip sequence (e.g., 1.0s) 
and the halving time of the primary flow rate within 
reasonable range (e.g., 5.5s).12 


In the loop-type SFR, unlike the pool-type one, the 
possibility of LORL due to PHTS piping failure is 
apprehended. In order to prevent the LORL with high 
reliability, the following systematic design measures were 
adopted. 
(1) The reactor vessel and its guard vessel have no 


penetration at either the sides or bottom.  
(2) The primary coolant boundaries in the PHTS piping are 


located in the position above the liquid surface level in 
the reactor vessel in order to reduce a possible amount 
of leak.  


(3) The pressure of the secondary heat transport system 
(SHTS) is kept slightly higher than that of the PHTS so 
as to prevent the leaking of primary coolant at the 
interface breach.  


(4) The primary coolant boundaries are enclosed with a 
leak-tight backup structure (i.e., guard vessel and guard 
pipe) so as to restrict coolant leakage against the 
boundary failure.  


(5) Decompressing operations (i.e., PHTS pump trip, 
isolation of the reactor cover gas from its supply 
system) are automatically actuated so as to prevent the 
LORL combined with the above item (2) against 
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double failures in the PHTS boundary and its backup 
structure.  


(6) The open space between the primary pipe and its guard 
pipe is partitioned to limit the volume of the leak and 
prevent LORL.  
Concerning the primary coolant leakage, the signal 


from the leaked sodium level meter inside the guard pipe 
can activate the reactor shutdown and cooling sequence so 
that core integrity is maintained.  


As to prevention of the PLOHS, the decay heat 
removal is an important safety function, as in LWRs. In 
order to achieve sufficient reliability, certain redundancy 
and diversity is required. The DHRS should be designed so 
that the core is coolable under DBEs with a single-failure 
criterion as well as under DECs such that a long-term 
station blackout should be considered in the design. In 
addition, the DHRS should satisfy the reliability target 
value in order to achieve the reference CDF in the sense of 
the probability.12 


In general, a passive DHRS without any active 
components has higher reliability than an active system. 
The failure probability of a passive system is dominated by 
those of the vessel, pipes and heat exchangers. Such 
probabilities are smaller than those of start-up or operation 
of active components (e.g., pumps, blowers). Thus, the 
passive DHRS is suitable for rational design from the 
viewpoints of minimizing redundancy and of suppressing 
subsystems such as the emergency power supply system. 
The current JSFR design adopts a combination of one loop 
of direct reactor auxiliary cooling system (DRACS) and 
two loops of primary reactor auxiliary cooling system 
(PRACS). These DHRSs can be operated under fully 
passive condition, which means that, without pumps and 
blowers, it is required only to activate the DC-power-
operated dampers of the air coolers. The damper system 
has redundancy so that it does not lose its function even 
considering the single-failure criterion; i.e., each air cooler 
has two dampers in parallel so that an opening failure of a 
single damper causes less than a 50% reduction in the air 
flow rate. In addition, diversity is taken into account in the 
mechanical design of the dampers between DRACS and 
PRACS. JSFR is suitable for natural circulation cooling 
due to its simple and short piping connection and due to 
the lower pressure loss of the core design, as well as the 
sufficient height difference between the core and the heat 
exchangers. Both DRACS and PRACS have a sodium-
sodium heat exchanger inside the PHTS. Therefore, they 
are not affected by the abnormal conditions initiated in the 
SHTS and the steam-water systems.  


For DECs, accident management can be expected to 
prevent core damage because the grace period is long 
enough for operators to implement it. With PSA results, 
effective accident management measures are being 
proposed (e.g., additional damper system). 


 


II.C.3. Containment Function 
 
The reinforced reactor block of the JSFR reactor 


building is designed to form a leak-tight containment 
boundary, the leak rate of which is 1%/day. The 
containment is surrounded by a confinement area, where 
an emergency gas treatment system is installed. Function 
of the confinement area is to reduce the release rate of 
radioactive materials through the penetrations of piping at 
the containment boundary.  


In the conventional safety design, the containment 
system has been designed to withstand a significant 
mechanical load resulting from core disruptive accidents 
(CDAs).13 Such an approach is not suitable for future 
reactors, which should meet the development target and at 
the same time should have the economic competitiveness. 
To significantly reduce the loads on the containment, the 
JSFR safety design pursues achieving in-vessel retention 
(IVR), which is defined as termination of CDAs within the 
reactor vessel, utilizing the advantageous features of SFR 
(i.e., the low-pressurized system and the superior cooling 
performance of liquid sodium). A special fuel assembly 
feature was suggested to eliminate a severe recriticality 
occurrence resulting in a mechanical load on the 
containment in CDAs as well as limiting the sodium void 
worth. For core debris retention within the reactor vessel, a 
multi-layered structure was provided at the bottom of the 
reactor vessel. 


Although external events are out of the scope yet in 
the present conceptual design stage, several practical 
measures against external threats on the containment are 
being discussed. 


 
II.C.4. Design Measures Against Chemical Reaction of 


Sodium 
 
The JSFR is a system concept suitable for the 


implementation of a complete double-wall structure (i.e., 
inner piping and guard piping) for both the PHTS and 
SHTS, combined with their short and simple pipe 
connection. The PHTS double-wall structure enables us to 
prevent or minimize the combustion of leaked sodium in 
addition to prevention against LORL. Even if a sodium 
leak resulting from a primary pipe failure occurs, the 
chemical interaction of the sodium can be prevented in the 
space between the primary pipe and its guard pipe, which 
is filled with nitrogen gas, as long as the external boundary 
is intact. A similar boundary structure is also applied to the 
SHTS, where a boundary failure does not lead to LORL, as 
a design measure against sodium leak caused by the inner 
pipe failure. In the JSFR, the SHTS guard pipe is called an 
enclosure. The adoption of the enclosure for the SHTS 
comes from the viewpoints not only of safety but also of 
plant availability, considering the fact that the influence of 
the social acceptance was fairly significant in a sodium 
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leak accident in the SHTS of the prototype fast reactor 
Monju. 


We expect introduction of a leak-before-break concept 
for high-chromium ferrite steel to contribute to minimizing 
the leak rate in coolant boundary failures and to 
eliminating the possibilities for an abrupt decrease in 
coolant flow in the reactor core. Although there are some 
R&D elements required for introduction of the leak-
before-break concept, it would be feasible to accommodate 
sodium leak detection in the annular region between the 
inner and guard piping. With that in mind, a double-ended 
break of the inner piping should be taken into account in 
the DEC of the safety evaluation in order to verify the 
tolerance of the guard piping.  


At the beginning of the FaCT project, a double-wall 
structure has been proposed for the heat transfer tubes in 
the SGs in order to suppress the probability of an SG tube 
leak event to an extremely unlikely level during the plant 
lifetime. This feature corresponds to the aim of achieving 
higher plant availability by excluding plant outage caused 
by an SG tube leak as well. Although this concept is 
technically feasible, the adoption of an alternative concept 
is also considered for the demonstration JSFR by the 
project judgment in the FaCT Phase-I.2 JSFRs are designed 
to be equipped with an SHTS and related sub-systems (e.g., 
early leak detection, the steam-water side pressure release, 
rupture disks in the SHTS) that have the role of preventing 
core damage due to the sodium-water reaction postulated 
in case of an SG tube leak.  


 
III. SAFETY EVALUATIONS FOR DBE 


 
III.A. Event Selections for DBEs 


 
According to the current licensing practice in Japan, 


two event categories were set up within the frame of DBEs, 
namely abnormal transients and accidents. Abnormal 
transients are defined events that lead to abnormal 
conditions due to anticipated failure or malfunction of a 
single component or a single erroneous operation. 
Accidents are defined unlikely events that might lead to 
the release of radioactive materials outside the facility. The 
prevention systems against the events to be classified into 
the accident were designed so as to limit the annual 
occurrence frequency to the extent below 10-2/ry that 
means the frequency less than once per a reactor lifetime. 


In the current stage, it is important to choose and 
evaluate typical events, which are critical for determining 
the design conditions of the major safety function. In this 
paper, a loss-of-flow (LOF) type event was described to 
validate the RSS design. A loss-of-offsite power event was 
also described to validate the DHRS design. A 
comprehensive evaluation for all the selected DBEs will be 
conducted in the FaCT Phase-II.  


 


III.B. Safety Criteria and Conditions for DBEs 
 
Basic requirements for abnormal transients and 


accidents are the same as those of current LWRs in Japan. 
Namely, the requirement for abnormal transients is that 
recovery to normal operation is possible after the transient 
event is terminated. This means that fuel pin and plant 
damage is negligible. The requirement for accidents is that 
the core should be coolable without significant damage and 
provide no significant public exposure. 


Along with these requirements, specific safety criteria 
for the fuel core were tentatively defined in the FaCT 
Phase-I. The maximum temperature of fuel is limited by its 
melting temperature for both abnormal transients and 
accidents. In case of fuel melting, the radial expansion of 
fuel pellet induced by the internal pressure in the molten 
fuel cavity causes a mechanical load on the cladding tube. 
The failure of cladding tube could not occur under small 
melt fraction condition due to the lower fuel smear density 
of 82%.14 Nevertheless, the criteria for accidents was 
conservatively taken because of no experimental data for 
fuel pins under a high burn-up condition, being aimed in 
the JSFR. The maximum cladding temperature is set 
tentatively, based on the developed austenitic stainless 
steel database as well as available data for oxide 
dispersion-strengthened steel, which is now under 
development for its use in the JSFR. According to the 
results of transient burst tests of cladding tube, where the 
temperature increase rate and the hoop stress of reactor 
case were simulated, the failure limit temperature with 
95% reliability was obtained over 900°C. The maximum 
cladding temperature for accidents was determined at 
900°C. For abnormal transients, it was set at 830°C with 
larger margin in order to make the damage negligible. 
Since the oxide dispersion-strengthened steel is expected 
to have higher strength comparing with austenitic steel, it 
is necessary to develop a database for the oxide dispersion-
strengthened steel cladding tubes, especially for irradiated 
ones. The cumulative damage fraction of cladding, for 
which creep damage is taken into account, is calculated to 
be unity when the cladding tube failure occurs. The value 
for abnormal transients was provided as negligible 
contribution to cladding damage. For accidents, the value 
was obtained by subtracting the contribution of normal 
operation, abnormal transients and fuel handling from 
unity. The maximum temperature of coolant was limited to 
its boiling temperature in order to avoid both of significant 
cladding damage and rapid positive reactivity insertion due 
to coolant boiling. 


The uncertainties of parameters and conditions in the 
evaluations were conservatively treated. A core burn-up 
state was selected so as to provide the most severe 
evaluation results, and sufficient uncertainties were 
considered in its reactivity coefficients. The single-failure 
criterion was applied to active components, of which 
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failure provides the most severe result. Loss of offsite 
power was assumed when the mitigative systems, which 
require electric power for operation, were expected to 
activate. The effect of non-safety grade systems was not 
counted in the evaluation. 


 
III.C. DBE Analytical Results 


 
III.C.1. Loss-of-Flow (LOF) Type Events 


 
In general, the PHTS pump seizure accident in one 


loop tends to produce severe consequences in DBEs 
compared with conventional three- or four-loop design. 
Because of the two-loop system, this accident would 
become a critical safety issue in JSFR. However, some 
design adjustments described in Section II.C.2 make it 
possible to restrict the maximum cladding temperature 
within the safety criterion. Each RSS was designed so as to 
independently shut the core down within the cladding 
temperature limit. The primary and backup RSSs are 
activated by signals indicating “low primary pump speed” 
and “low primary flow rate,” respectively. A plant 
dynamics calculation method was used for this analysis in 
a similar way performed in the past.12 


Figure 2 shows calculated temperatures of fuel and 
cladding in the hottest pin for the primary RSS case. The 
activation signal was the “low primary pump speed” signal. 
The calculated temperatures of fuel and cladding are 2373 
and 870°C at maximum, respectively, which are less than 
the safety criteria.  


 


 
Fig. 2. Primary pump seizure accident with primary RSS. 


 
The pump seizure accident has also been calculated 


assuming the activation of the backup RSS, as presented in 
Fig. 3. The activation signal was the “low primary flow 
rate” signal. The calculated maximum temperatures of fuel 
and cladding are 2378 and 899°C, respectively. These 
results satisfy the safety criteria, although the safety 
margin is small. It should be noted that the margin to the 
safety criteria can be enlarged by some design adjustments, 
such as the PHTS pump trip sequence and the PHTS flow 
rate halving time. 


 


Fig. 3. Primary pump seizure accident with backup RSS. 
 


 
Fig. 4. Loss-of-offsite power event (short term after the event 


initiation). 
 


 
Fig. 5. Loss-of-offsite power event (long term). 


 
 


III.C.2. Decay Heat Removal 
 
For the fully passive feature like this DHRS, the 


evaluation for abnormal transients is very important, 
especially from the viewpoint of fuel integrity during the 
slower transient events for the establishment of stable 
coolant circulation. A loss-of-offsite-power transient 
analysis has been done with the same calculation 
procedure as the pump seizure accident analysis mentioned 
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above. In this event, the fully natural circulation capability 
of one-loop DRACS and two-loop PRACSs would be 
expected. In this calculation, the primary boundary 
temperature was assumed to mostly correspond to the 
coolant temperature at the exit of the reactor vessel.  


Short-term calculated temperatures of fuel and 
cladding after the event initiation are shown in Fig. 4. The 
calculated maximum temperatures of fuel and cladding are 
2369 and 732°C, respectively. Figure 5 shows long-term 
calculated temperatures of fuel cladding and primary 
coolant boundary. Following the first peak of cladding 
temperature just after the reactor shutdown, the second and 
third peaks appear around 0.036h (2.2min.) and 0.32h 
(19min.), respectively. The second peak is governed by the 
primary coolant flow rate that is determined by natural 
circulation capability based on a temperature difference in 
the PHTS before the core cooling using the DHRS is 
effective. After the establishment of natural circulation, the 
third peak is formed by the balance between the decay heat 
and the natural circulation capability of the DHRS itself. 
The calculated maximum temperatures of fuel cladding at 
second and third peaks are 679 and 693°C, respectively. 
The calculated maximum temperature of primary coolant 
boundary after the establishment of natural circulation is 
509°C, which is lower than the initial reactor vessel exit 
temperature. After 0.7 h, the cladding temperature 
continuously decreases. These calculation results fulfill the 
safety criteria of fuel, cladding and coolant boundary. The 
cumulative damage fraction is also less than the criterion 
for abnormal transients. 


The other DBE analyses with regard to the decay heat 
removal also indicated that the natural circulation DHRS is 
effective. 


 
IV. SAFETY EVALUATIONS FOR DEC 


 
IV.A. Event Selections for DECs 


 
The DECs are additional conditions or events, where 


failure in fundamental prevention functions or more severe 
initiating-event conditions are assumed. Although the 
DECs are set up in a deterministic way, there should also 
be risk-based consideration in order to avoid overmuch 
design measures. The DECs of concern include classical 
initiators, such as ATWS. The event selection of DECs will 
be defined according to the progress of the design and PSA 
study. Along the DiD philosophy, the effectiveness of 
prevention and mitigation design measures against CDAs 
should be validated in the DEC category. Therefore, the 
safety evaluation should involve two categories for 
prevention and mitigation. In this paper, as representative 
DECs, we selected the ATWS, where the passive shutdown 
capability and mitigative measures against CDAs were 
evaluated.  


 


IV.B. Safety Criteria and Conditions for DECs 
 


For DECs, the basic containment function and post-
accident core cooling shall be maintained. The release 
level of radioactive materials shall be below the level at 
which offsite response is activated. In the JSFR, the 
following criteria were tentatively defined for the 
prevention and mitigation categories. 


For the prevention category, the passive shutdown 
capability is assessed in this paper. The safety criterion was 
set below the boiling point of the coolant for a core outlet 
coolant temperature. The boiling point at the top of the 
core is 1020°C because the cover gas is slightly 
pressurized in the reactor vessel in the JSFR. As mentioned 
in Section III.B, the failure limit of fuel cladding due to 
fuel melting is considerably high. Hence, for the fuel pellet, 
the maximum melt fraction was limited to less than 30%. 
The melting temperature of fuel pellet is ~2740°C in the 
calculated core. 


For the mitigation category, no significant mechanical 
and thermal impacts on the primary boundary are allowed 
because the JSFR aims at the IVR concept without any 
significant internal challenges on the containment function. 
Detail description of the safety criteria is given in Section 
IV.C.2. 


The DEC evaluations were conducted on a best-
estimate basis. The influence of various uncertainties will 
be investigated in a future PSA study.  


 
IV.C. DEC Analytical Results 


 
IV.C.1. Passive Shutdown Capability Evaluation 


 
The ATWS events are roughly divided to three types: 


LOF, transient over-power, loss-of-heat sink type. Thus far, 
we used to call “unprotected LOF (ULOF)” for the LOF-
type ATWS. In the prevention evaluation category, 
however, the core can be protected by the passive 
shutdown feature. Such a terminology might create 
confusion, so we call “LOF without scram (LOFWS)” for 
the passive shutdown evaluation in this paper. Since the 
LOFWS event tends to produce the most severe 
consequence, an analytical result only for the LOFWS 
event is presented in this paper. 


In the LOFWS analysis, a flow coastdown of all 
primary pumps was assumed without a reactor trip from a 
full-power operation. A one-dimensional plant dynamics 
analysis code with point kinetics and heat transfer models 
was applied to this event in a similar way performed in the 
past.10 The maximum temperatures of fuel and coolant in 
the core were calculated for the nominal hottest channel, 
which represents the hottest fuel assembly in the core. The 
activation temperature of the SASS was set at 660°C. It 
was assumed to be 1.0s at a nominal flow rate for the 
coolant transport time from the top of the neighboring fuel 
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assemblies around the backup control rod (BCR), where 
the SASS is installed, to the SASS temperature-sensing 
alloy. This transport time depends on the locations of 
individual BCRs. In this event, this time becomes longer 
due to the reduction of flow rate. The time constant of the 
detachment, defined as a time difference between the time 
when a bulk coolant temperature around the SASS reaches 
the detachment temperature and the time when the SASS 
detaches, was set as 1s. The insertion time of the detached 
control rod was set as 1.5 s for 85% of the rod stroke, 
based on actual rod insertion test data. In this analysis, 
only five BCRs insertion was assumed based on a three-
dimensional computational fluid dynamics calculation, 
which was separately carried out. After the passive 
shutdown, although the natural circulation DHRS can be 
activated in the design, such a cooling mode is neglected in 
this analysis for simplicity. 


 


 
Fig. 6. Loss-of-flow without scram accident with passive 


shutdown. 
 


Figure 6 shows a typical result of fuel, cladding and 
coolant temperatures for the LOFWS, where the halving 
time of the coolant flow rate was 6.5s. The calculated 
coolant temperature around the SASS armature at the BCR 
of the core center reached 660°C of the SASS detachment 
temperature and detached at 10.2s after the transient onset. 
This first BCR insertion mitigated a steep power increase. 
At the other four BCRs in the inner peripheral positions in 
the inner core, the SASS detached the four BCRs at 11.7s. 
The calculated maximum temperatures of fuel and coolant 
are 2202 and 929°C, respectively, which are less than the 
safety criteria. Accordingly, the SASS averted bulk coolant 
boiling, so that the core cooling could be maintained. This 


analysis indicated the passive shutdown capability of the 
SASS against the typical ATWS. 


 
IV.C.2. CDA Evaluation 


 
As the passive safety features are provided against fast 


sequences, such as ATWS, and redundant accident 
managements against slow sequences, the probability of a 
CDA becomes negligibly small. Nevertheless, the 
consequences of CDAs should be mitigated based on the 
DiD philosophy, since a recriticality potential in the course 
of CDAs has been regarded as one of the major safety 
issues in fast reactor cores, and also as a potential 
candidate for early large-release sequences. Enormous 
effort has been dedicated to the clarification of accident 
scenarios and the consequences of CDAs. Once coolant 
boiling is assumed, a significant reactivity increase is 
possible because a typical SFR core has positive void 
reactivity feedback. Over the years, therefore, the ULOF 
scenario has particularly been investigated from the 
viewpoint of mechanical design margin against super-
prompt excursion during the initiating phase and against 
energetic recriticality during the transition phase. The 
thermal design margin has been also investigated to ensure 
IVR.15  


As stated in Section II.C.3, design measures are taken 
in the JSFR safety design approach so that severe power 
burst events with recriticality can be eliminated and core 
materials can be stably cooled in the reactor vessel for the 
long term. In developing the CDA scenario, the core 
degradation sequences were conveniently divided into four 
phases: initiating, early discharge, material relocation and 
heat removal phases. To achieve the IVR, the following 
safety criteria were defined for the four phases: 
(1) No severe power burst for the initiating phase, 
(2) Early fuel discharge from the core before the formation 


of the whole-core scale molten fuel pool for the early 
discharge phase, 


(3) Relocation of disrupted core materials to the coolable 
geometry under the sub-critical state for the relocation 
phase, 


(4) Long-term stable cooling of disrupted core materials in 
the reactor vessel for the heat removal phase. 
In order to avoid severe power burst during the 


initiating phase, the sodium void worth should be limited 
to a certain value. In the FaCT Phase-I, the reference value 
was determined as less than six dollars (6$) based on both 
theoretical consideration and the analytic experiences for 
various types of core design.16 In general, it could be 
achieved by shortening the core height less than 1m in a 
large-scale core. It was found that a power excursion 
driven by positive reactivity insertion due to sodium 
voiding in a ULOF sequence could be limited by negative 
Doppler reactivity insertion due to rapid fuel temperature 
increase, and would be finally cancelled by negative 
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reactivity insertion due to rapid fuel dispersal.17 Before the 
FaCT Phase-I, ULOF initiating phase calculations were 
carried out for various core designs using the SAS4A code. 
In case of taller core height with larger-diameter fuel pins, 
the effect of negative fuel dispersal was slightly delayed. 
This was due to its lower fuel-power density and smaller 
axial fuel worth gradient. Therefore, additional reference 
values were created for an average fuel-specific heat and 
core height in the core design. These values are 40kW/kg-
fuel and 1m, respectively. These design conditions were 
implemented into the current core design.18 A fuel smear 
density is 82% theoretical density in the JSFR design, so a 
high failure threshold is expected. This pin condition 
would allow a high axial level of fuel pin failure resulting 
in negative fuel motion reactivity just after the failure.19 


The SAS4A analysis showed mild power burst so as 
not to reach a prompt criticality during the initiating phase, 
as presented in Fig. 7. Severe power burst has never been 
obtained even in parametric calculations.16 These average 
core fuel enthalpies were less than the solidus temperature 
of oxide fuel. In these calculations, sodium voiding and its 
reactivity effect inside the inner duct were not taken into 
account because a separate calculation indicated that the 
sodium boiling inside the duct occurred in the early 
discharge phase; thus it does not affect the peak power 
level of initiating phase.   


 


 
Fig. 7. Initiating and early fuel discharge phases of unprotected 


loss-of-flow accident. 
 


In the past, it was reported using the SIMMER-III 
computer code that an energetic recriticality occurred only 
by radial whole-core scale fuel motion.20 To avoid such a 
recriticality, Japanese researchers have struggled to create 
measures enhancing axial fuel discharge, which is the most 
effective in reactivity decrease, before enlarging the molten 
region.21 As one of measures, special fuel assemblies have 
been proposed to enhance the molten-fuel discharge. The 
Fuel Assembly with Inner DUct Structure (FAIDUS) is a 
concept in which a steel duct is installed as a fuel escape 
path in every fuel assembly.21 Considering both the 
superior fuel discharge capability of FAIDUS and its 


impact on other aspects, we additionally proposed a 
modified concept of FAIDUS, in which a smaller-diameter 
inner duct with an opening at the upper end was installed.22 
In the modified FAIDUS design, the fuel escape path is 
shorter and hotter compared to that of conventional 
FAIDUS; therefore, the hydraulic diameter of the inner 
duct can be smaller. This is advantageous for limiting the 
impact of the safety feature on core performance. For the 
conventional FAIDUS, the development of a new grid-
spacer is required in order mainly to keep a clearance 
between the fuel pin bundle and the inner duct locating at 
the center of the fuel assembly. On the other hand, the 
conventional wire-spacer technique can be applied to the 
modified FAIDUS design because the inner duct is 
attached at a corner of the wrapper tube; hence, the fuel 
fabrication of this concept becomes more feasible with less 
R&D efforts. It should be noted that certain thermal 
hydraulic problems caused by the asymmetric arrangement 
of the modified FAIDUS must be resolved through some 
minor R&D. 


The event sequence after termination of the initiating 
phase power transient in a relatively higher-power fuel 
assembly is explained as follows. The inner duct wall is 
failed by the contact of hot liquid fuel/steel mixture. The 
fuel/steel mixture is ejected into the inner duct driven by 
the pressure build-up in the pin-bundle side due to fission 
gas released from melting fuel. Sodium voiding and its 
upward expansion inside the duct occur due to interaction 
between ejected fuel/steel and liquid sodium. The molten 
fuel is discharged upward through the voided duct driven 
by the gas pressure. The discharged fuel is dispersed into 
the upper sodium plenum of the reactor vessel. The 
dispersed fuel is relocated mainly on the intermediate 
isolation plate (top level of the core). The above key 
phenomena have been confirmed by experimental study.23 


Figure 7 shows the fuel discharge capability for the 
modified FAIDUS design during the early discharge phase, 
which was evaluated by the SIMMER-III code. In this 
calculation, the geometry of a single fuel assembly was 
used to investigate the phenomena in detail. The fuel 
assemblies in the core were divided into several groups 
depending on the power level, and fuel discharge 
phenomena in each representative fuel assembly were 
separately analyzed using a similar power history but 
different power level corresponding to each fuel assembly 
group. Although the power time history was given as the 
input obtained from the SAS4A result, the reactivity 
feedback due to fuel discharge was taken into account by 
means of an iterative calculation procedure. In each 
calculation of the representative fuel assembly, almost all 
the molten fuel in the assembly was discharged upward 
through the inner duct while the immobile solid fuel 
remained in the core region of the assembly. The total 
amount of fuel discharged from the core, estimated as the 
summation of the discharged fuel from all the fuel 
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assemblies in each group, was about 19% of the initial fuel 
inventory, and the core reached a sub-critical condition. 


Just after the early discharge of molten fuel, solid fuel 
without mobility would remain in the core in the decay 
heat level. The event sequence during this phase is 
explained as follows. Frozen fuel and remaining solid fuel 
around the upper part of the core are fallen and 
accumulated in the lower part of the core. Upper core 
structures inside the fuel assembly, such as axial fuel 
blanket, are collapsed as well as the intact fuel in the most-
inner outer core. Based on a preliminary evaluation, the 
remaining fuel in the core region starts to melt by the 
decay heat at 150 to 200s after the early fuel discharge 
phase. From a phenomenological point of view, it is 
expected that this molten fuel would move downward 
locally through the space in the primary control rod guide 
tube (CRGT) failed by the contact of materials molten by 
the decay heat. It should be noted that absorber-rod 
insertion could be assumed in backup CRGTs just at the 
beginning of the material relocation phase because the 
temperature of materials of the SASS would reach high 
enough to lose its magnetic property by contacting with 
molten fuel and sodium vapor generated during the early 
fuel discharge phase. 


Based on the above event sequence, the reactivity 
change was evaluated by a series of static neutronic 
calculations. As a result, a significant reactivity insertion 
would be avoided by the enhancement of fuel discharge 
through the primary CRGTs; therefore the sub-critical state 
would be ensured during the relocation phase. 


Because the advanced loop concept has a relatively 
small reactor vessel compared with a large fuel inventory, a 
multi-layer debris tray is basically required to hold the full 
inventory of core fuel without dryout and recriticality. 
Proper quenching and distribution as well as coolant 
convection are crucial points in this concept. A thermal 
hydraulic calculation was conducted for the coolability of 
fuel debris.24 In this calculation, all of the fuel was 
uniformly relocated on the multi-layer debris tray. The 
DHRS consisting of one DRACS and two PRACSs was 
available in a fully natural circulation mode. The 
calculation result showed that the decay heat balanced the 
removed heat around 30 min. after the start of the transient. 
The maximum coolant temperature in the debris bed was 
less than 900°C and steadily decreased after the peak 
temperature, so that sufficient cooling capability is 
provided for a long-term stable retention in the reactor 
vessel.  


 
V. PROBABILISTIC SAFETY EVALUATION 


 
It is required to implement the PSA in order to check 


whether the requirements of CDF and CFF are satisfied. At 
the early stage of drawing the design concept, it is also 
required to construct a well-balanced safe system so as to 


eliminate any weak points and/or remarkable cliff edge 
effects that can appear in the risk curve from the risk point-
of-view. Therefore, our study aimed at comprehending 
systematically the safety characteristics of the system with 
respect to a risk potential and at making design 
improvement effectively in such a way as to appropriately 
control and minimize the risk using the PSA technique. 
This section only briefly describes a level-1 PSA result 
because it has been reported in Refs. 25 and 26.  


In SFRs, typical event sequences leading to core 
damage are categorized into three types: ATWS, LORL 
and PLOHS. The point estimates of their frequencies have 
been evaluated by the preliminary PSA, focusing on 
internal events under normal operation. These point 
estimates were 3×10-9/ry, 4×10-9/ry and 9×10-9/ry for 
ATWS, LORL and PLOHS, respectively.25,26 The total 
CDF is about 2×10-8/ry, which satisfies less than 10-6/ry in 
the risk target. This value also meets less than 10-7/ry of 
CFF.  


The PSA activity is continued reflecting up-to-date 
plant design. A seismic PSA is also implemented because it 
is important for the seismic isolation system design in the 
JSFR. According to the preliminary result, the building and 
components in the JSFR have a sufficient safety margin 
even considering a current seismic design condition. 


 
VI. CONCLUSIONS 


 
In the present study, the safety design concept for the 


JSFR has been established to fulfill the development target 
that would ensure a safety level comparable to future 
LWRs. Based on the DiD safety philosophy with the 
complementary use of the risk-informed approach, the 
JSFR adopts highly reliable systems that rarely cause 
abnormal conditions and specific design measures both for 
accident prevention and mitigation. In designing the JSFR, 
considering the superior safety characteristics of SFRs, 
three fundamental safety requirements were systematically 
investigated. The subsequent consideration provided as 
appropriate safety design measures: the SASS as the 
passive feature in addition to the two independent RSSs, 
the fully natural circulation DHRS that can remove the 
decay heat without the SHTS, the introduction of double-
wall piping against sodium leaks, a core design limiting the 
sodium void worth, devisal of the special fuel assembly for 
attaining IVR under ATWS, and the leak-tight containment. 
Such passive and static measures that need not depend on 
operator actions can encompass high safety and reliability 
as well as being preferable from the physical protection 
point of view. The safety analyses and PSA revealed that 
the JSFR design fulfilled the safety criteria. Although some 
of them necessitate further R&D for their deployment in 
future commercialized reactors, we believe all are within 
reach. In the next phase, further design study will be 
steadily performed along with the several R&D efforts. 
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LIST OF ACRONIMS 
 
ATWS anticipated transient without scram 
BCR backup control rod 
CDA core disruptive accident 
CDF core damage frequency 
CFF containment failure frequency 
CRGT control rod guide tube 
DBE design-basis event 
DEC design extension condition 
DHRS decay heat removal system 
DiD defense-in-depth 
DRACS direct reactor auxiliary cooling system 
FaCT fast reactor cycle technology development 
FAIDUS fuel assembly with inner duct structure 
IHX intermediate heat exchanger 
INPRO innovative nuclear reactors and fuel cycles 
IVR in-vessel retention 
JAEA Japan atomic energy agency 
JSFR Japan sodium-cooled fast reactor 
LOF loss of flow 
LOFWS loss of flow without scram 
LORL loss of reactor level 
LWR light water reactor 
PSA probabilistic safety assessment 
PHTS primary heat transport system 
PLOHS protected loss of heat sink 
PRACS primary reactor auxiliary cooling system 
R&D research and development 
RSS reactor shutdown system 
SG steam generator 
SHTS secondary heat transport system 
UIS upper internal structure 
ULOF unprotected loss-of-flow 
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Abstract – In case of a very unlikely severe reactor accident, the core may melt and attack the reactor pressure vessel. After 
failure of the reactor pressure vessel, corium melt would be released into the reactor cavity. In order to protect the 
containment integrity the corium melt has to be cooled. The COMET concept [1] of corium cooling has been developed at 
KIT (former FZK) to safely arrest and cool an ex-vessel corium melt. This concept is based on water injection into the melt 
layer from bottom through multiple flow channels which yields rapid fragmentation of corium and porosity formation and 
thus coolability. The crucial process for a successful cooling is sufficient breakup of the compact corium layer and the 
formation of a porous structure. The process of porosity formation is modelled in the MEWA [2] code of IKE (MEWA-
COMET [3, 4]). In this model it is assumed that the process of porosity formation is essentially determined by strong 
evaporation due to water injection from below. The restriction of vertical steam removal by friction in the melt then yields a 
strong local pressure buildup which also produces lateral motion of steam and water and lateral porosity formation. Thus, 
local porosity fomation can be considered as being linked to local presssure buildup in a matrix of low porosity, due to 
evaporation and resulting flow of steam and water. The MEWA-COMET code is validated against the experimental data, 
especially to the COMET experiments of KIT, but an example of application to an experiment with real core melt is also 
given (experiment in the VULCANO facility at CEA Cadarache). 
 
In the present contribution, MEWA-COMET is applied to a generic reactor case to explore the coolability as well as 
optimization options of the COMET concept. In this study, it is assumed that the whole core melt mass of 152 tonnes arrives 
in liquid state at the cavity floor and is spread on the available surface of about 60 m2. An important optimization for the 
COMET concept could concern the variation of the distance between the plugs (flow channels), i.e. the number of plugs on 
the total spreading area of the melt. On one hand quenching must be assured by a sufficiently small distance, on the other 
hand, too small distances or a large number of plugs may yield too strong quenching yielding too large evaporation of water 
and pressure increase in the containment. Thus, as a first checking, calculations have been performed under variation of the 
distance of plugs. Then, a variation of viscosity has been performed to check limitations of coolability with higher viscosity 
of the melt. Various others studies on parameter effects (e.g. effect of over-pressure at bottom) have been performed. The 
present results shall give a first impression on coolability options and limits as well as resulting consequences in steam 
production. 


.  
 
 


I. INTRODUCTION 
 
In case of a very unlikely severe reactor accident, the 


core could melt and relocate into the lower plenum. If the 
melt is not coolable in this phase the reactor pressure 
vessel (RPV) would fail and corium melt would be 
released in the reactor cavity. The melt has to be cooled or 
retained in this phase, otherwise melt through of the 
containment basement would occur and containment 
integrity would be in danger. 


There exist different concepts of melt retention [5]. 
E.g., the Tian-Wan concept is applied in VVER-1000. In 
this concept, in case of a RPV failure, the corium will be 
collected in the crucible which is located below the RPV. 
The crucible is partly filled with sacrificial material, which 
melts and mixes with the corium and thus reduces the 
volumetric decay heat in the melt. The reduced power 
density yields heat fluxes at the surface of the crucible 
below the critical heat flux which can be removed by 
external cooling with water. 
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In the EPR concept, the corium melt is collected in the 
reactor pit. There, the melt is conditioned with sacrificial 
concrete. This conditioned melt is then spread onto a large 
surface of a special compartment in order to obtain a thin 
layer that can be cooled from bottom by a cooling coil and 
from top by flooding with water. 


In these melt retention concepts, a major problem is, 
besides heat removal from the containment, that the heat 
removal from the melt itself is limited by the low heat 
conductivity of Corium. Further, the decay heat only 
decreases slowly with time. Thus, with a thick layer of 
corium or mixed corium/concrete melt, it will be 
impossible over a long time period to reach solidification 
of the whole melt. With partly liquid material, the decay 
heat removal to and via the boundaries can be realised, due 
to the convection in this liquid part. This means that the 
melt remains in liquid state for a long time (several 
months). 


In deep water concept, a porously solidified structure 
would be formed by break up of melt streams in the water 
pool (located at reactor pit) and settling of quenched debris 
at bottom. A large surface increase obtained in such a 
porous matrix would guarantee a very effective heat 
removal and safe long-term cooling. 


A fourth concept, the COMET concept [1] has been 
developed at KIT (former FZK) based on fragmentation of 
corium and porosity formation by injecting water from 
below into the melt. After erosion of a sacrificial concrete 
layer, the melt is passively flooded from bottom by 
injection of water through multiple flow channels. The 
water is forced up through the melt and evaporates. This 
evaporation process yields a rapid fragmentation of the 
melt and creates a porous solidified structure from which 
the heat can easily be removed. 


In the COMET concept, the crucial process for a 
successful cooling is sufficient breakup of the compact 
corium layer and the formation of a porous structure. The 
process of porosity formation is modelled in the MEWA 
code [2] of IKE (MEWA-COMET [3, 4]). In this paper a 
short description of the porosity formation model is given, 
at first. Then, validation of MEWA-COMET against the 
experimental data, especially the COMET-T experiments 
of KIT is shown, but an example of application to an 
experiment with real core melt is also given (experiment in 
the VULCANO facility at CEA Cadarache, France). After 
these validation results of the MEWA-COMET code, an 
application of the code to a generic reactor case is given. 
The aim of this application study is to explore the 
coolability as well as optimization options of the COMET 
concept. 
 
 


II. POROSITY FORMATION MODEL IN MEWA-
COMET CODE 


 


In the COMET concept, successful cooling depends 
on sufficient breakup of the compact corium layer and the 
formation of a porous structure. Therefore, it is important 
to understand the processes that determine the porosity 
formation. However, the underlying mechanisms for 
porosity formation are very complex as demonstrated by 
the experimental experience. Therefore, one cannot expect 
a very detailed mechanistic modeling and calculation of 
the process of porosity formation. 


In order to describe the breakup of melt and porosity 
formation from the beginning of water injection, a general 
pattern of processes is considered as shown in Fig. 1. This 
picture corresponds to the observations in the experiments 
that initially all water evaporates (only possible by rapid 
lateral spreading of water which also produces the finally 
obtained lateral distribution of porosities) and that strong 
steam outflow at top of the melt occurs practically from the 
beginning [5].  


 


water


steam


water front


melt


surface instabilities


upper region:
channel steam flow
          porosity


lower region:
porosity formation
from evaporation/
pressure buildup
expansion, esp. laterally
          lateral distribution


 


Fig. 1: Process of porosity formation as concluded 
from experiment and as background for the modelling in 
MEWA-COMET [5] 


In the lower region, the injected water evaporates 
immediately and completely due to high temperature of the 
melt. The steam passes through the melt and breaks it, 
thereby forming porosity and quenching the melt. Lateral 
distribution of porosity within this region is provided due 
to the strength of interaction, self-escalating by 
fragmentation, and the resulting pressure build-up driving 
lateral expansion and spreading of water. In case of too 
little pressure build-up from evaporation (or gas injection), 
the gas would mainly flow upwards, thus only forming a 
limited region of porosity as upwards channel around the 
water or gas injection location. With gas flow alone, 
freezing would also not be rapid enough to fix the porosity. 
From a laterally extended steam production region, the 
produced steam may flow upwards through multiple 
channels which may also be interconnected. Only by such 
a pattern, the experimentally detected strong steam outflow 
from the beginning appears to be explainable. Outflow as 
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swarms of steam bubbles does not yield the observed 
velocities and mass streams. 


In later stages, the water progresses further upwards 
and may there also come into contact with still liquid melt 
producing additional lateral porosity, due to pressure 
buildup. But, the major effect will be quenching and thus 
freezing the porosities (channels) formed in the liquid 
state. Generally, porosity formation by evaporation with 
resulting local pressure build-up should become weaker 
when the steam can better escape through porosities. On 
the other hand, pressure build-up is favored by high 
friction hindering steam to escape. 


For getting an overall picture about the processes in 
the melt layer, local porosity formation based on local 
pressurization which exceeds the hydrostatic head of melt 
is considered as basic mechanism. This local pressurisation 
is essentially due to strong local evaporation and limited 
steam release. Local pressurisation may also be considered 
as an effect of steam upflow under restricted conditions 
yielding expansions and porosity formation (channels) in 
the surrounding melt by which the steam can flow out. 
Then, a unified description of both types of processes 
yielding porosity formation is possible within an 
appropriate overall code describing the steam and water 
flow inside the melt as well as porosity formation in the 
melt and cool-down, especially freezing. Freezing is the 
final process which fixes porosities produced in the melt.  


Disappearance of porosities is also possible within the 
above modelling concept, if the local steam pressure falls 
below the respective pressure in the melt, i.e. essentially 
the local hydrostatic pressure. Freezing stops processes of 
porosity formation and porosity disappearance. Within a 
freezing range between liquidus and solidus temperatures, 
the viscosity of the melt increases due to internal 
precipitation of solid parts, if such a mushy behaviour 
(internal precipitation) can be assumed. This also slows 
down and finally stops the processes of porosity formation 
and disappearance (expansion/collapse processes). 


Initially, the WABE code [6] developed at IKE, 
University Stuttgart has been chosen for the inclusion of 
this porosity formation concept [5].This code describes 
steam and water flows within a fixed matrix, including 
exchange of heat and evaporation of water, thus dryout and 
quenching processes within a fixed hot and/or heated 
(decay heat) solid matrix. With this model, evaporation of 
injected water and the resulting pressure distribution can 
be calculated for a given porosity, depending on water 
inflow, heat transfer, steam expansion and its upwards and 
lateral flow, with the limitations from friction in the porous 
matrix. Then, a local porosity production due to the 
increased pressure is assumed if the local steam pressure is 
higher than the local static pressure of the melt. For this 


production rate, the following correlation is presently 
assumed: 


  32
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with pV= gas pressure, pM= melt pressure, M= melt 
density, g= gravity, = porosity, t= time, M= dynamic 
viscosity of melt. A is an adaptation parameter which has 
been fixed by comparison with COMET-T experiments 
and has a value of 1·10-6. This approach is based on 
considerations about steam expansion due to the pressure 
difference of steam and surroundings (considering as a 
basic simplified solutions of the Rayleigh law), required 
gradient of pressure between neighbouring steam regions 
and counter- effects by viscosity of the melt as well as 
buoyancy (against lateral porosity formation). Calculations 
start with an initial matrix of small porosity (typically 
0.05) which in principle represents the resistance of an 
initially compact liquid melt against injection of water and 
steam expansion and flow processes. The increased 
pressure then leads to porosity formation which should 
finally be essentially independent of the initial porosity 
assumption. The matrix is changed during the calculation 
accordingly. Corresponding to the total increased (or 
decreased) porosity, the height of the melt layer is 
increased (or decreased). The temperature development is 
calculated for the matrix in MEWA. Hereby, the freezing 
enthalpy is taken into account between liquidus and 
solidus temperature. Quasi freezing of porosity formation 
is determined in the above law by the increase of melt 
viscosity between liquidus and solidus. 


After stopping of porosity formation due to the 
freezing process, the calculation can be continued to 
explore long-term coolability questions. Of course, this as 
well as quenching analyses can always be done also with 
an assumed fixed matrix (e.g. to check which porosities are 
required for a certain cooling mode, especially determined 
by the conditions of water inflow, which steam production 
occurs, etc.)  


As a recent development, the porosity formation 
description has now been implemented in the MEWA code 
[2]. This code is a combination of the WABE code and the 
core melting code MESOCO. It is used in the German 
severe accident system code ATHLET-CD as module for 
in-vessel processes connected to melting (core melting, 
melt accumulation in the core, finally as a pool, melt 
behaviour in the lower plenum after melt flow into it and 
gathering at the bottom as particulate debris and/or melt 
pool). MEWA combines coolability and melting as well as 
melt progression features. Nevertheless, the molten and 
solid parts are presently still treated as fixed matrix for the 
process of porosity formation, as before in WABE. Melting 
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and melt flow within the solid matrix as degradation 
process can be calculated with MEWA, however. 


 
 


III. VALIDATION OF MEWA-COMET CODE 
 


Within the validation process, MEWA-COMET (and 
WABE-COMET) was especially applied to the COMET 
experiments of former FZK, now KIT, but also an 
application to an experiment with real core melt has been 
done, the VULCANO VN-U1 experiment [7]. 


After implementation in MEWA and further 
modifications and improvements of the model [3, 4], a new 
adaptation to the COMET-T experiments and new 
applications to cases already calculated earlier, e.g. [5, 8], 
had to be performed. As follows, some representative 
results are given. 


 
 


III.A. VALIDATION AGAINST COMET-T 
EXPERIMENTS 


 
The COMET-T [9] experiments used around 60 kg of 


AL2O3 / CaO melt and 5 inlets for water injection from 
bottom. These basic, transient tests (without decay heat 
simulation) have been considered in [5] as key tests for 
model development and first model checking. They 
concern the original COMET concept with an array of 
plastic tubes provided with water via a lower water filled 
gap. Initial data are a melt temperature of about 2000 K, 
melt height of 50 cm and water overpressure at bottom of 
0.2 bar (above system pressure of 1 bar + hydraulic head 
of melt). The inlet diameter is 1 cm.  


Results of a MEWA-COMET calculation on the 
COMET-T8.6 experiment are shown in Fig. 2Fehler! 
Verweisquelle konnte nicht gefunden werden. 
concerning porosity formation and temperature 
development. The calculation has been performed in 
cylindrical geometry assuming axisymmetric behaviour 
around an inlet. The experimental setup is approached for 
one inlet by an elementary cell with a radius of half the 
smallest distance of the inlets in the experiment, as shown 
in Fig. 2 (which shows a section over a radius). About 0.1 
Pa s have been assumed for the dynamic viscosity of the 
melt above the liquidus temperature. Fig. 2 shows the 
resulting porosities and the melt temperature after 100 
seconds of water inflow. 


The calculated porosities of 50-60% are in good 
agreement with the experimental result (~50%). The 
calculated time after which water penetrates essentially the 
layer (~ 95 s) is rather well in agreement with the 
experimentally given time of about 70 s needed to cover 
the melt layer with water (significantly better than earlier 
calculations yielding shorter times, see [5]). At this time, 


the porosities are already essentially fixed by 
solidification, as also concluded from the experiment. A 
practically uniform lateral extension of porosities is 
obtained based on a rapid lateral spreading of water and 
steam at bottom just after onset of the inflow. This is also 
supported by the experimental results for which a uniform 
porosity of 50% is given. Rather good agreement between 
the calculation and the experimental result is also obtained 
concerning the steam outflow rates (evaporation rates), as 
shown in Fig. 3, also for COMET T8.4. In the latter, a 
higher overpressure of 0.4 bar was applied which yields a 
somewhat increased maximum evaporation rate and 
slightly more rapid quenching, as in the experiments. 


 
 


 
 


 
Fig. 2: Porosity (top) and temperature (bottom) distributions 


100s after start of water inflow, calculated with MEWA-COMET 
(initial melt height 52cm, initial temperature of the melt 1973K, 
overpressure of injected water as compared to system pressure + 
initial static head of the melt: 0.2 bar) 
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Fig. 3: Development of the rate of evaporated water in 
COMET-T8.4 and COMET-T8.6 (solid lines: MEWA 
calculations, points: experiments); results for total number 
of 5 inlet channels. 
 


III.A. VALIDATION AGAINST VULCANO VW-U1 
EXPERIMENTS  


 
The VULCANO VW-U1 experiment has been 


performed at CEA Cadarache (France) to validate the 
COMET PCA concept (using porous concrete for water 
inflow) with prototypic corium melt [7]. In this 
experiment, approximately 40 kg melt (UO2+ZrO2+molten 
concrete) have been poured into the COMET cooling 
device at an initial temperature above 2000K. After erosion 
of the sacrificial concrete layer the bottom flooding was 
established. The melt was safely arrested, solidified and 
quenched within approximately 20 minutes. 


 The MEWA-COMET code is applied to the 
VULCANOA VW-U1 experiment in order to verify its 
applicability and to promote better understanding of the 
experimental results. A planar approach has been used for 
calculations with the 2D code MEWA-COMET. Fig. 4 
shows the geometrical representation and numerical mesh 
of the experiment in the calculations, with the initial 
porosity distribution. Inflow of water into the porous 
concrete layer is in the calculation assumed at bottom, in 
the planar approach in line with the inlets towards the melt. 
The distribution of water towards these injection inlets 
made of porous concrete occurs via the bottom concrete 
layer.  


 


Fig. 4: Geometrical representation of the VULCANO 
VW-U1 experiment in the MEWA-COMET calculations; 
initial porosity distribution and nodalisation for plane 2D- 
case. 


The porosity of this concrete layer is given as 0.3, that 
of the concrete inlets as 0.5. With this, earlier calculations 
yielded a significantly more rapid quenching than to be 
concluded from the experimental data, see [8]. Non-
simultaneous opening of the inlets or uncertainties about 
the friction in the porous concrete were assumed as 
possible causes of the discrepancy in [8]. However, 
attempts to account for the delay yielded dominance of 
single paths of flow via increased porosities through the 
bed, i.e. non-homogeneous porosity formation rather than 
an improved result. Reductions of friction in the inlets in 
order to yield improved function of the delayed inlet 
openings also did not yield better results. Finally, it was 
realized that the inlets are mantled and only allow water 
access via holes. Therefore, to account for this, a lower 
porosity is assumed in the present approach in the inlets 
and an increased in the bottom layer (Fig. 4). Indeed, it is 
considered that this should improve the uniformity of 
porosity formation since establishing of high porosity 
paths in the melt layer then should become less effective 
yielding a lower contribution to the total friction losses of 
the water and steam flow while the dominating friction is 
in the water flow through the porous concrete. 


As given from the experiment, an initial melt height of 
22 cm is assumed and an injection overpressure of 0.1 bar, 
i.e. about 1.2 bar absolute pressure in the inflow region. 
The dynamic viscosity of the corium is considered as ~1 
Pa s in the calculation. 
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Results of calculations with MEWA-COMET on the 
VULCANOA VW-U1 experiment are shown in Fig. 5 
concerning porosity formation and temperature 
development as well as the water and steam flow patterns. 
The calculated porosities are in the range of 35-50% which 
is smaller than in the above mentioned COMET-T 
experiments. Nevertheless, rapid cooling still occurs, 
supported by the lateral distribution of porosities. After 
573 s of water inflow as shown in Fig. 5 the porosities are 
already fixed and solidified but at this time some parts of 
solid melt still maintain with higher temperature (but less 
than solidus temperature of 1773 K) which ultimately are 
cooled by water flow from the surroundings and also by 
conduction.  


Fig. 6 shows a comparison for the total evaporated 
steam mass: the dotted lines show the experimental total 
vapour mass, the red line from a measurement, the green 
one as a best estimate. The black solid line shows the result 
of the MEWA-COMET calculation. The calculated steam 
mass development is well within the range of the 
experimental one. 


The short quenching times from the experiment as 
well as the calculation support the present understanding 
of the underlying physical mechanisms. In view of 
uncertainties of the initial conditions for the calculation 
(e.g. initial melt temperature at inlet opening after concrete 
ablation) and the complexity of processes, the comparison 
is quite promising also concerning the quantitative results. 
Since parameters have been adapted to COMET-T 
experiments and have not been changed for the present 
application, the results also support this application with 
extrapolation to different material (corium) as well as to 
the modified concept (COMET-PCA) using porous 
concrete for water inflow. Application to reactor scenarios 
is also encouraged by this. 


 
 


 
 


 
Fig. 5: Porosity (top) and temperature (bottom) 


distribution as well as liquid and vapor velocities 
calculated with MEWA-COMET after 573 s for the 
VULCANOA VW-U1 experiment. 
 


 
Fig. 6: Comparison of calculated and measured total 


steam mass for the VULCANOA VW-U1 experiment 
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IV. APLICATION OF MEWA-COMET TO A 


GENERIC REACTOR CASE 
 


With the same model parameters as used in the 
validation studies, calculations have been performed for a 
generic reactor case using the MEWA-COMET code to 
explore the coolability as well as optimization options of 
the COMET concept. In this analysis it has been assumed 
that a total core melt mass of 152 tonnes arrives on the 
cavity floor and is spread over the available surface of 60 
m². The assumed melt density is about 6000 kg/m³ which 
yields an initial melt height of about 45 cm (a small initial 
porosity of 0.05 is considered in the calculation). The 
system pressure is 5.0 bars and a specific decay power of 
250 W/kg is assumed in the calculation  


An important optimization for the COMET concept 
could be the variation of the distance between the plugs 
(flow channels), i.e. the number of plugs on the total 
spreading area of the melt. On one hand, quenching must 
be assured by a sufficiently small distance, on the other 
hand, too small distances or a large number of plugs may 
yield too strong quenching yielding too large evaporation 
of water and pressure increase in the containment. Thus, as 
a first checking, calculations have been performed under 
variation of the distance of plugs. Then, a variation of 
viscosity has been performed to check limitations of 
coolability with higher viscosity of the melt. Effects of 
water over-pressure at bottom on porosity formation and 
steam production have also been checked in this study.  


 
IV.A. VARIATION OF PLUG DISTANCE  


 
 In these calculations, the injection overpressure is 


chosen to 0.2 bar (above system pressure + hydrostatic 
head of melt), i.e. about 5.47 bar absolute pressure in the 
inflow region. The dynamic viscosity of the corium is 
considered as ~1 Pas. A cylindrical approach around the 
inlets (plugs) is chosen here. A region with a radius of half 
the inlet distance is associated to each plug. It has to be 
cooled by the water flow through the respective inlet. 
Different plug distances have been considered in order to 
check the influence on the porosity formation and 
coolability. Two cases are considered as follows, for 
example. 


 
Case 1: Plug distance 16 cm 


 


Fig. 7 shows the porosity formation in this case with a 
region of radius 8 cm around the inlet. The distribution of 
temperatures inside the melt after 400 s is given in Fig. 8. 
Fig. 9 shows the inlet and outlet mass flow rates for one 
plug: the black curve indicates total mass inflow of water 
at bottom; the red curve indicates total mass outflow at top 


which is separated into liquid (green curve) and steam 
(blue curve) outflow. A difference between the total water 
inflow rate (black curve) and the total outflow rate 
(blue/red curve) can be seen. This is due to the water mass 
filling the pores of the produced porosities. 


The calculated porosities are in the range of 35-50% 
(Fig. 7). The quenching process is quite rapid and 
complete, due to well distributed porosities inside the melt. 
The time after which water penetrates essentially the layer 
is about 250 s (Fig. 9). At this time, the porosities are 
already essentially fixed by solidification. Complete 
quenching occurs in this case after about 800 seconds and 
the maximum steam production rate for 1 plug is about 
0.04 kg/s (blue curve in Fig.8). These results can be used 
for predicting the containment pressure. 


 


 
Fig. 7: Distribution of porosity and liquid velocity 


inside the melt with plug distance 16 cm. 


 
Fig. 8: Distribution of temperature (solidus 


temperature 2173 K) and vapour velocity inside the melt 
with plug distance 16 cm 
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Fig. 9: Inlet and outlet flow for 1 plug with plug 


distance 16 cm 
 


Case 2: Plug distance 32 cm 
 


In this case, in order to explore the coolability limits, 
the extended plug distance of 32 cm has been chosen 
(calculation domain with radius 16 cm i.e. half of the plug 
distances). Fig. 10 shows the results for porosity and 
temperature field, 3600 s after start of water inflow. In this 
case full coolability can not be achieved. There remain 
regions (outer lateral region, beyond about 10 cm) without 
sufficient porosity formation and thus sustained high 
temperatures still after 1 hour in the calculation. 


 
 
 
 
 
 
 
 
 
 


 


 
 


 
Fig. 10: Porosity and temperature distribution after 


3600 s with plug distance 32 cm 
 
 


IV.B. VARIATION OF MELT VISCOSITY 
 
Here coolability limits have been explored with 


respect to melt viscosities (above the liquidus 
temperature). Little information about the core melt 
viscosity is available in the literature. Therefore, 
calculations have been performed for a wide range of 
viscosity (0.1-10 Pas) which may be representative for the 
real core melt. 16 cm plug distance with 0.2 bar water 
overpressure at bottom is considered in these calculations. 
The results of MEWA-COMET calculations with three 
different viscosities are shown in Fig. 11 (for 0.1 and 10 Pa 
s) and Fig. 7 (for 1 Pa s). 
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Fig. 11: Porosity distribution for two different 


viscosities (top: 1 Pa s, bottom: 10 Pa s) calculated with 
MEWA-COMET with plug distance 16 cm and water 
overpressure at bottom 0.2 bar. 


 
Here, a reduction of porosity formation with increased 


viscosity is observed, as can be seen by comparison of the 
cases with lowest and highest chosen viscosities in Fig. 11. 
Further with the lowest viscosity chosen (0.1 Pa s), the 
process is much faster than with the highest one (10 Pa s). 
The timse given in Fig. 11 corresponds to the times when 
water penetrates the layers. Taking this time as indication 
for the solidification and fixing the porosities, this process 
lasts only 170 s in the case with 0.1 Pa s while 590 s are 
required, in the case with 10 Pa s. In the case with the 
small viscosity of 0.1 Pa s, a higher porosity results around 
the inlet region. A limited lateral extension of porosities is 
indicated (Fig. 11 top). With the high viscosity of even 10 
Pa s, a significant porosity of 25-40% is still observed, 
here nearly over the whole lateral extension. Since a 
different effect was expected (and obtained earlier in other 


cases), due to increased expansions with smaller melt 
viscosity, this result needs further investigations. Complete 
quenching occurs in all three cases. 


 
 
 


 
IV.C. VARIATION OF WATER OVERPRESSURE AT 


BOTTOM 
 
To check the effect of water overpressure at bottom on 


porosity formation and coolability, calculations have been 
performed with three different water overpressures of 0.1, 
0.2 and 0.4 bar. Plug distance 16 cm and dynamic viscosity 
of 1 Pa s is considered in these calculations. 


 


 
 


 
Fig. 12: Porosity distribution for two different water 


overpressures at bottom (top: 0.1 bar, bottom: 0.4 bar) 
calculated with MEWA-COMET with plug distance 16 cm 
and dynamic viscosity 1 Pa s. 
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Fig. 13: Steam outflow rate for different water 
overpressures at bottom calculated with MEWA-COMET 
with plug distance 16 cm and dynamic viscosity 1 Pa s. 
 


The results of MEWA-COMET calculations with the 
different overpressures are shown in Fig. 12 (for 0.1 and 
0.4 bar) and Fig. 7 (for 0.2 bar). Here, increased porosity 
with higher water overpressure is observed. This is 
expected because higher overpressure yields higher water 
inflow which yields stronger evaporation and thus creates 
higher porosity. Complete quenching occurs in all three 
cases. The steam outflow rates for different water 
overpressures are shown in Fig.13. On one hand, sufficient 
water overpressure is required to create adequate porosity 
inside the melt. On the other hand, too high water 
overpressure may yield too strong quenching, yielding too 
large evaporation of water and pressure increase in the 
containment. Therefore these data can be used to determine 
the optimum water overpressure at bottom concerning the 
coolability limit and maximum steam outflow without 
endangering the containment. 


 
 


V. CONCLUSIONS 
 


The effectiveness of the COMET concept has been 
proven in various experiments with simulant materials at 
the former FZK, now KIT, and also in one corium test at 
ANL. Meanwhile, also a corium test in the VULCANO 
test facility has been performed and has proven the 
functionality, now also for the COMET-PCA concept with 
water injection via porous concrete.  


The experimental findings are the basis for the model 
development on porosity formation and on cooling in the 
MEWA-COMET code. Observed rapid evaporation of 
injected water in the low regions of the melt layer in 
COMET-T experiments leads to the conclusion that rapid 
radial extension of porosity formation must have occurred, 
instead of a dominating axial motion of steam and water. 
The latter would tend to establish thick channels of 
upwards fluid flow, rather than laterally extended 
porosities. Only pressure buildup by strong evaporation, 
limited upward flow of steam and resulting strong 


expansion processes are considered to explain the lateral 
motion of water and steam, melt breakup and porosity 
formation. The presented model concentrates on key 
features in a heuristic correlation approach on local 
porosity formation, which is considered to be directly 
proportional to the local overpressure. Temperature 
dependent melt viscosity is included. It hinders porosity 
formation. Freezing is taken into account via an increased 
melt viscosity. It finally stops porosity formation. 


The successful reproduction of main features and 
quantitative results of COMET-T experiments under 
adaptation of parameters to these experiments supports the 
understanding of the underlying processes, especially the 
rapid and homogeneous porosity formation and quenching. 
With the same modelling and parameters also the results of 
the COMET-VULCANO experiment are rather well met. 
This supports the extrapolation capabilities of the model. 
Assumptions about the porosity and friction features in the 
porous concrete parts should be checked by specific 
measurements. As a basic effect, it has been observed in 
the calculations that an increased friction in the inlets 
(while decreased in the bottom layer of porous concrete 
distributing the water laterally below the inlets) stabilizes 
homogeneous porosity formation against single path 
effects. This could support further optimization of the 
COMET concept. 


Further, in an application to a reactor scenario, 
optimization possibilities concerning the distance of the 
inlets are indicated, e.g. by increasing the distance to avoid 
excessive steam production, but also limits of this 
procedure. The results about steam production given in the 
figures give the basis for evaluating the pressure buildup in 
the specific containment design. Coolability of the melt 
appears from the above results even to be assured with a 
strongly increased melt viscosity and also with lower 
overpressure. However in both cases less porosity (but still 
significant) and longer quenching time has been obtained. 
These lower porosities and longer quenching times relax 
the steaming question and still yield sufficiently rapid 
quenching. 


Thus, the present experimental and theoretical results 
support the technical applicability of the COMET concept. 
Further optimization investigations and analyses of the 
effects can be performed with the MEWA-COMET code, 
also with variation of the inlet construction, e.g. indicated 
by the calculations for the VULCANO experiments. 
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Abstract – In the situation that a variety of fuel composition is fed to FBRs during LWR-to-FBR 
transition stage, a special consideration on fuel reactivity and its loss by burnup is needed for 
each feeding fuel to keep criticality during operation period as prescribed. Suitable methods of 
determination of fuel enrichment will accomplish this without changing a pattern of fuel-loading 
(including number of loading fuel assembly). The choice of the method of enrichment 
determination affects the core characteristics which have to be controlled in core design. This 
paper describes some characteristics of the methods to determine an enrichment of fast reactor 
fuel from the core design points of view. Merits and demerits of these methods had been clarified 
in this study. 


 
 


I. INTRODUCTION 
        


A conceptual core design study of sodium-cooled 
MOX fuel fast breeder reactor (FBR) in the light water 
reactor (LWR) to FBR transition stage has been progressing 
in the framework of the Fast Reactor Cycle Technology 
Development (FaCT) project in Japan1). In the situation that 
a variety of fuel composition is fed to FBRs during this 
stage, a special consideration on fuel reactivity and its 
burnup loss is needed for each feeding fuel to keep 
criticality during an operation period as prescribed. Suitable 
methods for determination of fuel enrichment will 
accomplish this without changing a pattern of fuel-loading 
(including number of loading fuel assembly). The choice of 
the method for determination of fuel enrichment affects the 
variation range of core characteristics which has to be 
controlled in core design. This paper describes the 
characteristics of the methods to determine an enrichment 
of fast reactor fuel from the core design points of view. 
Merits and demerits of these methods had been clarified in 
this study.  
 
 
II. RELATION BETWEEN FUEL REACTIVITY WOTRH 


TRANSITION AND FUEL COMPOSITION 
 


In this study, the most important key parameter is 
reactivity worth of fuel and core. As the conventional 
method to express the fresh fuel reactivity worth, the 


following index is used in Japanese prototype FBR 
MONJU: 


 
( )∑ ∑


∈ ∈


−+=
241,


239 1
AmPui Ui


iiPuiiPu FE ζβεαε  


∑
∈


≡
HMi


ii Nw , (1) 


 
where, 
 


239E : Equivalent reactivity worth based on Pu-239 worth, 


Puε : Pu enrichment, 


iα : Compositional ratio of Pu isotope i  (including Am-
241) , 


iF : Reactivity worth coefficient of Pu isotope i  (including 
Am-241) relative to Pu-239, 


iβ : Compositional ratio of U isotope i , 


iζ : Reactivity worth coefficients of U isotope i relative to 
Pu-239, 


iN : Compositional ratio of fuel nuclide i , 


iw : Reactivity worth coefficients of fuel nuclide i relative 
to Pu-239. 
 


Since the definition of this reactivity worth is not 
applied to the burnt fuel, we extended in this study this 
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definition to the burnt fuel by giving a parameter of time t 
to the fuel compositional ratio Ni:  


                      ∑
∈


≡
HMi


ii tNwtE )()(239 .                    (2) 


For the three kinds of typical fuels with the different 
transuranic (TRU) compositions, the transitions of )(239 tE  
along with burnup are shown in Fig. 1. The composition 
that has a higher burnup reactivity loss is named “H-comp.” 
fuel, on the other hand, that has a lower burnup reactivity 
loss is named “L-comp.” fuel, respectively. And an 
equilibrium TRU composition in an FBR equilibrium stage 
is named “FBR eq. comp.” fuel. This is the reference fuel 
TRU composition and these three compositions are 
identified in the next chaper. The enrichment of these fuels, 
in other words, the reactivity worth of fresh fuel 


)0(239 cyE  was determined by the requirement of 
criticality of fuel-exchange equilibrium core made of each 
TRU composition. However, it is not sufficient to ensure 
the criticality of the core, when the fuels with different fuel 
compositions are loaded. For example, the fuel reactivity 
worth at the end of the cycle of the fuel-exchange 
equilibrium core made of H-comp. fuels with a refueling 
batch number of 6 is:  


∑
=


=
cy


cyi


HH
EOEC iEW


6


1
239 )( . 


If L-comp. fresh fuel which has reactivity worth )0(239 cyE L  
is fed in the next cycle, the reactivity worth at the end of 
this cycle becomes 


∑
=


+=
cy


cyi


HL
EOC iEcyEW


6


2
239239 )()1( . 


Since )1()1( 239239 cyEcyE HL <  as shown in Fig. 1, the 


criticality of this core is not ensured because H
EOECW  is 


determined to be just critical. The simplest solution to the 
lack of reactivity is increment of enrichment of L-comp. 
fresh fuel as follows: 


)0()0(')0( 239239239 cyEcyEcyE HLL =a . 
By doing this prescription, the criticality of this core will be 
ensured due to )1()1(' 239239 cyEcyE HL > . Since the choice of 
the method for determination of fuel enrichment affects the 
variation range of core characteristics to be controlled in 
core design, it is important to investigate what method we 
should employ to determine an enrichment of fast reactor 
fuel.  


As the simple fuel management (including fuel 
exchanging) will be favorable in commercial reactor,  we 
impose the precondition to keep criticality during an 
operation period as prescribed without changing a pattern 
of fuel-loading (including number of loading fuel 
assembly) in this study. 
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Fig. 1. Change of fuel reactivity worth along with burnup 


 
 


III. EVALUATION CONDITION OF THIS STUDY 
 


III.A. Core specifications and configuration 
 
The core employed in this study is a sodium-cooled 


MOX fuel core which is the most promising concept in the 
FaCT Project in Japan2)-5). Core specifications and 
configuration are shown in Table I and Fig. 2, respectively. 
It was designed for a commercial reactor with an output of 
750MWe and an average discharge burnup of 150GWd/t 
for the driver core fuel. The core consists of inner and outer 
core regions, axial and radial blanket regions, control rods, 
and radial shielding regions. It achieves a breeding ratio of 
1.1 with reference TRU composition, FBR eq. comp., 
shown in Table II (This TRU composition is reference 
composition in FaCT project too). 


As the restrictions of this study, a pattern of fuel-
loading including refueling batch number is constant, and 
the operation cycle length is also constant.  


 
III.B. Core calculation 


 
The core neutronic calculation was performed by a 


neutron diffusion theory for two-dimensional R-Z geometry. 
The calculation was carried out with keeping all control 
rods fully withdrawn. 


Self-shielded cross sections were prepared for 
homogeneous cell representations by using an adjusted 
cross-section library ADJ2000R6), 7). The design values 
were determined by best estimate evaluations, taking into 
account neutron transport, spatial mesh, and cell-
heterogeneity corrections. 


 
 
 
 


)(239 tE H


)(239 tE L
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Table I 
Core specifications 


Item Value 
Reactor power (electric/thermal) [MW] 750/1765
Core height [cm] 100 
Axial blanket thickness (upper/lower) [cm] 20/25 
Core equivalent diameter [m] 3.75 
Operation cycle length [months] 18 
Number of refueling batch (core/radial blanket)  6/6 
 
 


B


　　　　Total 　 　　　　　　　 601


Control Rod Assembly 27


Shielding Assembly (Steel) 72


Shielding Assembly (Zr-H) 162


Outer Core Fuel Assembly 117


Radial Blanket Fuel Assembly 66


Inner Core Fuel Assembly 157


 
 


Fig. 2. Core configuration 
 
 


III.C. Fuel Compositions range assumption 
 


As described above, the range of burnup reactivity loss 
which is proper to each fuel composition is a key parameter 
in the determination of enrichment. The relations between 
fuel composition and core characteristics in the LWR to 
FBR transition stage have been evaluated in a recent study1). 
In this stage, one representative composition, which has the 
property of higher burnup-reactivity-loss (“H-comp.”), is 
the one recovered from an LWR spent fuel with short 
cooling time. The H-comp. fuel is characterized by high Pu-
241 content which contributes significantly to the burnup 
reactivity loss. In contrast, another composition, which has 
lower burnup-reactivity-loss (“L-comp.”), is the one 


recovered from an LWR spent fuel with long cooling time. 
The L-comp. fuel is characterized by lower fissile fraction 
composition, in other words, higher non-fissile (like MA 
nuclides) fraction. As examples of these two compositions, 
typical TRU compositions are selected. These two TRU 
compositions are shown in Table II with the reference TRU 
composition (“FBR eq. comp.”). In this study, these two 
TRU compositions, H-comp. and L-comp, are set as the 
upper and the lower limit from the view point of burnup 
reactivity loss. The core characteristics are investigated 
under the assumption of these TRU composition range. 


The core characteristics of the fuel-exchange 
equilibrium cores made of identical fuel feed for each 
typical TRU composition are shown in Table III. The 
determination of enrichments for these fuels is performed 
without considering the situation of fuel feeding of different 
TRU composition. As described above, the enrichments 
were only decided by the requirement of criticality of each 
typical TRU composition core at the end of equilibrium 
cycle. So, if a fuel which has a different composition is 
loaded to these cores, the criticality during an operation 
period as prescribed is not always promised.  The ratio of 
enrichment of inner and outer core fuel is determined so as 
to become the ratio of maximum linear power ratio 
becomes about 0.95. This value is estimated from the 
difference of fuel melting point between inner and outer 
core fuel. As for uranium composition for blanket fuel and 
for an attenuation of core fuel, depleted uranium 
composition (U-235/U-238 = 0.3/99.7%) is used in this 
study. 
 


Table II 
Typical TRU composition 


*1 Pu-fissile = Pu-239 and Pu-241 
*2 MA = Np, Am, and Cm 


Nuclide H-comp. L-comp. FBR eq. 
comp. 


Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Np-237 
Am-241 
Am-242m 
Am-243 
Cm-244 
Cm-245 


2.2 
46.4 
23.3 
8.3 
6.7 
5.7 
5.6 
0.0 
1.4 
0.4 
0.0 


1.7 
46.7 
23.6 
2.0 
6.7 
6.2 
11.5 
0.0 
1.4 
0.2 
0.0 


1.7 
55.9 
30.5 
3.4 
3.3 
0.3 
3.0 
0.1 
1.0 
0.6 
0.2 


Pu-fissile fraction*1 54.7 48.7 59.3 


MA fraction*2 13.1 19.3 5.2 
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Table III 
Core characteristics of the fuel-exchange equilibrium core for each typical TRU composition 


Item H-comp. L-comp. FBR eq. comp.


Pu enrichment: Pu/HM (IC/OC/AVE) [wt%] 
MA fraction: MA/HM (IC/OC/AVE) [wt%] 
TRU enrichment: TRU/HM (IC/OC/AVE) [wt%]   


18.2/23.6/20.5 
2.7/3.6/3.1 


20.9/27.2/23.6 


18.2/23.8/20.6 
4.3/5.7/4.9 


22.5/29.5/25.5 


18.5/23.9/20.8 
1.0/1.3/1.1 


19.5/25.2/22.0 


Burnup reactivity [%dk/kk’] 
Breeding ratio [-] 
Average discharge burnup (core/total) [GWd/t]  
Maximum linear power [W/cm]  
Total of maximum assembly power [MW] 


2.2 
1.09 


153 / 84 
382/363 


1989 


1.1 
1.13 


153 / 84 
371/350 


1934 


1.9 
1.11 


152 / 84 
372/354 


1959 


(Thses core characteristics were evaluated by two dimensional caluculation.) 
 
For these fuels in Table III, the reactivity worth defined by 
Eq. (1) was also evaluated. In this study, the reactivity 
worth coefficient was calculated by the perturbation 
calculation. And for simplicity, the Ni(t) in Eq.(2) is 
evaluated by a 1-group point-wise burnup calculation for 
fresh fuel composition Ni(0) evaluated from the core 
calculation in Table III. The total neutron flux used for the 
burnup calculation is decided so that the discharge burnup 
is equated to the value evaluated by the core calculation 
(the average of core fuel discharge burnup is listed in Table 
III). The change of fuel reactivity worth evaluated here is 
shown in Fig. 1. It is clear that the gradient of reactivity 
worth in Fig. 1 corresponds to the value of burnup 
reactivity loss shown in Table III. 
 


 
IV. METHODS TO DETERMINE AN ENRICHMENT OF 


FUEL 
 


In this chapter, several methods for determination of fuel 
enrichment described below (CASE 1 to 5) are considered.  
 
CASE 1: Align reactivity worth of fresh fuel  
CASE 2: Align reactivity worth of 1cycle-burnt fuel 
CASE 3: Align reactivity worth of discharged fuel 
CASE 4: Align reactivity worth of fuel at the end of 


equilibrium cycle 
CASE 5: Ad-hoc determination of fuel enrichment keeping 


criticality cycle-by-cycle 
 
Some other methods may be possible. However, they would 
be nothing more than the minor changes of CASE 1 to 5. 
The detail explanation of these concepts is described in the 
next section. 
 


IV.A. Concepts 
 


The key point of these concepts is that how we can 
ensure the criticality of the core with the lowest reactivity 


by considering the characteristics of reactivity worth 
changing shown in Fig. 1. 
 
CASE 1: 


The largest reactivity loss fuel composition is H-comp. 
fuel. If the fresh fuel reactivity worth for any other fuel 
composition is equated to one of H-comp. fuel, the 
reactivity worth of any other fuels are higher than H-comp. 
fuel all the time. Then, in CASE 1, the criticality is kept 
under any circumstances if the criticality of equilibrium 
core consists of H-comp. fuel which has the lowest 
reactivity is ensured. 


In this case, the enrichment of H-comp. fuel is the same 
as the enrichment in Table III. In contrast, the enrichment of 
L-comp. fuel must be increased from the enrichment in 
Table III. As describe above, the core which has the largest 
excess reactivity is the equilibrium core consists of L-comp. 
fuel. 
 
CASE 2: 


The basic concept of CASE 2 is almost the same as 
CASE 1. In this case, the lowest reactivity core which has 
to ensure criticality is the equilibrium core consists of H-
comp. fuel. The difference from CASE 1 is that the 
alignment of the fuel reactivity worth is carried out with 1 
cycle-burnt fuel. This concept aims at rationalization of 
increment of the enrichment by utilizing the fact that 
effective multiplication factor keff at the end of cycle (EOC) 
is smaller than one at begin of cycle (BOC) within the 
ordinal fuel-composition range. As a core at EOC is 
composed 1, 2, 3, 4, 5, and 6 cycle-burnt fuels, alignment 
of reactivity worth of 1 cycle-burnt fuel is sufficient to 
ensure criticality. 


In this case, the enrichment of H-comp. fuel is the same 
enrichment as in Table III. In contrast, L-comp. fuel 
enrichment is increased from fuel enrichment in Table III. 
As describe above, the equilibrium core consists of L-comp. 
fuel has the largest reactivity. However, fuel enrichment is 
rationalized compared to CASE 1 due to the alignment of 
reactivity worth with 1cycle-burnt fuel. 
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CASE 3: 


The lowest reactivity loss fuel composition is L-comp. 
fuel. If the discharged fuel reactivity worth for any other 
fuel composition is equated to one of L-comp. fuel, the 
reactivity worth of any other fuels are higher than L-comp. 
fuel all the time. Then, in CASE 3, the criticality is kept 
under any circumstances if the criticality of equilibrium 
core consists of L-comp. fuel which has the lowest 
reactivity is ensured. 


In this case, enrichment of L-comp. fuel is the same the 
enrichment as in Table III. In contrast, the enrichment of H-
comp. fuel must be increased from the enrichment in Table 
III. As describe above, the core which has the largest excess 
reactivity is the equilibrium core consists of H-comp. fuel. 
 
CASE 4: 


Changing of fuel reactivity worth in CASE 4 becomes 
like Fig. 1. The lowest reactivity core which has to ensure 
criticality consists of the mixing of H-comp. fuel and L-
comp. fuel. The Fig. 1 shows that the reactivity worth of L-
comp. will be the lowest in the first half, and the reactivity 
worth of H-comp. will be the lowest in the last half in this 
case. The criticality of this lowest reactivity core is not 
ensured when the criticality for each equilibrium core 
which consists of identical composition is only considered. 
However, the situation of the core which has the lowest 
reactivity is obvious from Fig. 1. Then, it is possible to 
ensure the criticality of the lowest reactivity core if H-comp. 
and L-comp. fuel enrichment are increased while keeping 
keff at the end of equilibrium cycle (EOEC) equal for both 
compositions. For any other fuel composition, the fuel 
enrichment is determined so as to have the equal keff at 
EOEC to H-comp. and L-comp. fuel. As the characteristic 
of burnup reactivity loss for other fuels will be enveloped 
by the characteristics of H-comp. and L-comp, the 
criticality will be ensured.  


In this case, enrichments of H-comp. and L-comp. fuels 
must be increased from the enrichments in Table III due to 
the increment of keff at EOEC. The situation which has the 
largest reactivity can be observed in the mixed core which 
consists of H-comp. and L-comp. fuels as understood from 
Fig. 1. 
 
CASE 5: 


In CASE 1 to 4, the determination of fuel enrichment is 
performed considering the situation, that the core has the 
lowest reactivity worth preliminarily, so that the criticality 
is ensured under any circumstances. In CASE 5, the 
enrichment is determined improvidently cycle-by-cycle so 
as only to keep the criticality of imminent cycle. Unlike the 
CASE 1 to 4 in which the enrichments are determined 
uniquely for each TRU composition, the enrichment in 
CASE 5 is different according to the other fuels reactivity 
in core even if the fresh fuel has the same TRU composition. 


Therefore, from the viewpoint of core design, it is 
important to estimate the maximum value of enrichment. 
 


IV.B. Calculation methods for determination of fuel 
enrichment 


 
For CASE 2 to 4, to evaluate the fuel reactivity worth 


with brunup dependence, a burnup calculation is needed. 
One-group point-wise burnup calculation is performed for 
simplification as described in previous section. In fact, as 
burnt fuels in core have different compositions and 
reactivity worth point-by-point, this simplified evaluation 
cannot describe fuel reactivity worth in core, accurately. 
Then, we employ another way for determination of an 
enrichment of fuel. This way uses an effective 
multiplication factor keff which is evaluated from a 2-
dimensional core calculation for determination of the 
enrichment of fuel. As described below, the enrichment is 
determined by the methods discussed in previous section 
ensure the criticality of the lowest reactivity core. 


Tables IV and V represent a transition from H-comp. 
equilibrium core (HE) to L-comp. one (LE) by feeding with 
L-comp. fuel, and a transition from L-comp. equilibrium 
core (LE) to H-comp. one (HE) by feeding H-comp. fuel, 
respectively. For CASE 1 to 4, the situations that core 
reactivity worth is the highest or lowest are included in 
Tables IV and V. For example, in CASE 1, HE at EOC has 
the lowest reactivity, and LE at BOC has the highest 
reactivity. In CASE 3 in contrast, LE at EOC has the lowest 
reactivity, and HE at BOC has the highest reactivity. In 
CASE 4, the 3L → H transition core becomes the lowest 
reactivity core at EOC, and the 2H→L transition core is the 
highest reactivity core at BOC. 


 For CASE 1 to 4, enrichments of fuels are decided as 
follows in concrete: 
 
CASE 1: 
-Determination of an enrichment for standard fuel 
composition, i.e. H-comp. fuel, is performed so as to keep 
criticality at HE. 
-Determinations of an enrichment for any other fuels e.g. L-
comp. fuel, are performed so that an effective multiplication 
factor at BOC satisfies HE = 1H→L. 
 
CASE 2: 
-Determination of an enrichment for standard fuel 
composition, i.e. H-comp. fuel, is performed so as to keep 
criticality at HE. 
-Determinations of an enrichment for any other fuels e.g. L-
comp. fuel, are performed so that an effective multiplication 
factor at EOC satisfies HE = 1H→L. 
 
CASE 3: 
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-Determination of an enrichment for standard fuel 
composition, i.e. L-comp. fuel, is performed so as to keep 
criticality at LE. 
-Determinations of an enrichment for any other fuels e.g. 
H-comp. fuel, are performed so that an effective 
multiplication factor at EOC satisfies LE = 5H→L. 
 
CASE 4: 
-Determination of an enrichment for standard fuel 
composition, i.e. H-comp. and L-comp. fuels, are 
performed so that effective multiplication factors of both in 
EOEC are the same. The value is determined so as to keep 
critical in the condition that keff is the lowest. In Table IV, 
the 3L→H transition core is the lowest situation. 
-Determination of an enrichment for any other fuels are 
performed so that an effective multiplication factor at 
EOEC becomes the same as the basic fuel one. 
 
CASE 5: 


As described above, for CASE 5, enrichments of fuels 
are not determined uniquely for each TRU composition. It 
is important for CASE 5 to estimate the maximum value of 
enrichment in the viewpoints of core design. So, the 
situation that an enrichment of fresh fuel becomes the 
highest is identified here. 


When an enrichment of fresh fuel becomes high, the 
enrichments of other fuels in core become low vice versa. 
That is why an effective multiplication factor at EOC is 
constant all the time in this case. This situation is generated 
by the fuel loading pattern described in Table VI. This is the 
pattern in which L-comp. fresh fuel is fed every 6 cycle. 
The other loading fuels are H-comp. fuels. The enrichment 
of L-comp. fuel increases in geometric progression with 
every L-comp. fuel loading, and finally this value shows 
convergence. On the other hand, the enrichment of H-comp. 
fuel is getting smaller. Therefore, the power peaking when 
L-comp. fuel is loaded is also getting higher.  


In this case, the highest reactivity cores are HN and HE 
in Table VI which is the core full-filled with H-comp. fuel. 
The fuels of HN core and HE core are the same in the view 
point of TRU composition, but the enrichments are 
different. The loading fresh fuels to HE core have the same 
enrichment, but those of loading fresh fuels to HN core are 
different. However, these two cores show mostly equal 
burnup reactivity and the excess reactivity at BOC also. 


On the contrary, the situation that fuel enrichment 
becomes lower gradually is shown in Table VII. This is the 
pattern in which with H-comp. fresh fuel is fed every 6 
cycle. 
 


IV.C. Results 
 


On the basis of previous discussion, the enrichments of 
fuels are decided, and the core characteristics ranges for 
each case are clarified in this section. These core 


characteristics are evaluated for the cycles in Table IV, V 
and VI, VII (for CASE 1 to 4, the evaluation is performed 
for the cycles shown in Table IV, V, and for CASE 5, the 
evaluation is performed for the cycles enclosed by thick 
line in Table VI, VII). The excess reactivity, the maximum 
linear power, and the total of maximum linear power are 
compared between these cases. Merits and demerits of these 
cases will be clarified here. 
 


IV.C.1 Fuel enrichment 
 


Transuranic enrichments for each case are shown in 
Tables VIII and IX. For CASE 5, as the enrichments of 
fuels are not determined uniquely for each composition, the 
possible maximum values are shown here. In CASE 1 and 2, 
compared to Table III, the L-comp. fuel enrichments are 
increased, however, the enrichment of fuel for CASE 2 is 
lower than CASE 1 due to rationalization of fuel 
enrichment. In contrast, the H-comp. fuel enrichment is 
increased in CASE 3. In CASE 4 and 5, both H-comp. and 
L-comp. fuels are increased. Increment of enrichment in 
CASE 4 is much smaller than CASE 5. Plutonium and MA 
contents tend to be higher in L-comp. fuel than H-comp. 
fuel. Therefore, additional increment of TRU enrichment of 
L-comp fuel, especially shown in CASE 1 and 5, may 
affect the core and fuel design, and also the fuel cycle 
system design. 
 


IV.C.1 Maximum excess reactivity 
 


The values of the maximum excess reactivity which 
have to be controlled by insertion of control rods are shown 
in Fig. 3. These values are differences from the highest 
value in the equilibrium cores which consist of identical 
TRU composition. The highest excess reactivity in identical 
composition core is exerted by H-comp. fuel as in Table III. 


Compared to CASE 1, about 1%dk/kk’ reduction is 
expected in CASE 2 and 4. For CASE 5, the maximum 
excess reactivity becomes the same level as the equilibrium 
core. 
 


IV.C.2 Maximum linear power 
 


The values of the maximum linear power which relates 
to the power peaking are shown in Fig. 4. These values are 
also differences from the highest value in the equilibrium 
cores which consist of identical TRU composition.  


In CASE 5, the maximum linear power is significantly 
increased for both compositions. In CASE 1 and 2, the 
maximum linear power of L-comp. fuel is increased due to 
the increment of fuel enrichment. In contrast, the value of 
H-comp. fuel is increased in CASE 3. It seems to be also 
caused by the increment of enrichment for H-comp. fuel. In 
CASE 4, the increment of the value is shown in both 
composition, but the increment becomes smaller compared 
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to the other cases. As a result, it is found that the increment 
of the maximum linear power tends to be caused by the 
increment of fuel enrichment.  
 


IV.C.3 Total of maximum assembly power 
 


As a parameter related to the required coolant flow, the 
total maximum assembly power is defined by the following 
expression: 


∑=
i


iinpP , 


where pi and ni represent the maximum assembly power of 
the i-th coolant flow region through the all cycle shown in 
Table IV to VII (Table IV, V for CASE 1 to 4, and Table VI, 
VII for CASE 5) and the number of assembly in the i-th 
coolant flow region, respectively. The coolant flow regions 
were set tentatively for each assembly layer in the 2-
dimensional core modeling. 


The values for each case are shown in Fig. 5. These 
values are also differences from the standard value of 
1990MW which is evaluated in the equilibrium cores 
consisting of identical TRU composition. This standard 
value is evaluated by taking the maximum pi value in both 
equilibrium cores for H-comp. and L-comp. fuels. The 
value is very close to the value of the equilibrium core of 
H-comp. fuel in Table III. This means the thermal design 
envelopes can almost be governed by the equilibrium core 
of H-comp. fuel. 


Compared to CASE 1, the value is increased in CASE 5 
but decreased in CASE 2 and 4. CASE 4 gives the lowest 
increment of the maximum linear power and is superior 
from a power peaking point of view. 


 
 


V. CONCLUSIONS 
 


 The characteristics of the 5 methods to determine an 
enrichment of fast reactor fuel have been evaluated from 
the viewpoints of core design by 2-dimensional neutronic 
calculation. Enrichments of fuels and various core 
characteristics such as the excess reactivity, the maximum 
linear power, and the total maximum assembly power have 
been investigated by using two kinds of typical fuel 
composition. Merits and demerits of these methods were 
clarified.  


There are two types of methods to determine the fuel 
enrichment. In CASE 5, the fresh fuel enrichment is 
different according to the other fuels reactivity in the core, 
even if the fresh fuel has the same TRU composition. On 
the other hand, CASE 1 to 4 are methods that the fuel 
enrichments are determined uniquely for each TRU 
composition. Then the vision in core and fuel design will be 
clearer in CASE 1 to 4 than CASE 5. In CASE 5, the 
maximum excess reactivity is suppressed compared to 
CASE 1 to 4, but there is a possibility that TRU enrichment 


becomes higher, so that the power peaking will also become 
higher. Among CASE 1 to 4, it is found that CASE 4 is 
superior to the other cases in all characteristics in this study. 


CASE 1 is able to take the simplified method with the 
indices “equivalent reactivity worth” and “reactivity worth 
coefficients” in Eq. (1). This method needs not repetitive 
core calculation by using these simplified indices instead of 
keff.  These indices are proven in prototype reactor. If the 
similar simplification for CASE 4 is demanded, 
establishment of burnup-dependent equivalent reactivity 
worth and reactivity worth coefficients would be needed. It 
is future tasks. 
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Table IV  
Transition of core fuel from H-comp. equilibrium core to L-comp. equilibrium core


Fuel in core during 
BOC-EOC 


HE 1H→L 2H→L 3H→L 4H→L 5H→L 6H→L … LE 


0-1cycle burnt fuel H L L L L L L … L 
1-2cycle burnt fuel H H L L L L L … L 
2-3cycle burnt fuel H H H L L L L … L 
3-4cycle burnt fuel H H H H L L L … L 
4-5cycle burnt fuel H H H H H L L … L 
5-6cycle burnt fuel H H H H H H L … L 


 
 


Table V  
Transition of core fuel from L-comp. equilibrium core to H-comp. equilibrium core


Fuel in core during 
BOC-EOC 


LE 1L→H 2L→H 3L→H 4L→H 5L→H 6L→H … HE 


0-1cycle burnt fuel L H H H H H H … H 
1-2cycle burnt fuel L L H H H H H … H 
2-3cycle burnt fuel L L L H H H H … H 
3-4cycle burnt fuel L L L L H H H … H 
4-5cycle burnt fuel L L L L L H H … H 
5-6cycle burnt fuel L L L L L L H … H 


 
 


Table VI 
Fuel loading pattern (1) for CASE 5 


 
 


Table VII 
Fuel loading pattern (2) for CASE 5 


 


Fuel in core during  
BOC-EOC 


HE  H
1-1


H 
1-2 


H 
1-3 


H 
1-4 


H
1-5


H
1-6


H
2-1


… H
3-1


… H
N-1


H
N-2


H
N-3


H 
N-4 


H 
N-5 


H 
N-6 


H
N


… HE


0-1cycle burnt fuel H L H H H H H L … L … L H H H H H H … H 
1-2cycle burnt fuel H H L H H H H H … H … H L H H H H H … H 
2-3cycle burnt fuel H H H L H H H H … H … H H L H H H H … H 
3-4cycle burnt fuel H H H H L H H H … H … H H H L H H H … H 
4-5cycle burnt fuel H H H H H L H H … H … H H H H L H H … H 
5-6cycle burnt fuel H H H H H H L H … H … H H H H H L H … H 


Fuel in core during  
BOC-EOC 


LE  L
1-1


L 
1-2 


L 
1-3 


L 
1-4 


L
1-5


L
1-6


L
2-1


… L
3-1


… L
N-1


L
N-2


L
N-3


L 
N-4 


L 
N-5 


L 
N-6 


L
N


… LE


0-1cycle burnt fuel L H L L L L L H … H … H L L L L L L … L 
1-2cycle burnt fuel L L H L L L L L … L … L H L L L L L … L 
2-3cycle burnt fuel L L L H L L L L … L … L L H L L L L … L 
3-4cycle burnt fuel L L L L H L L L … L … L L L H L L L … L 
4-5cycle burnt fuel L L L L L H L L … L … L L L L H L L … L 
5-6cycle burnt fuel L L L L L L H L … L … L L L L L H L … L 
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Table XIII 
 Enrichment of H-comp. fuel 


[H-comp. fresh fuel] CASE 1 CASE 2 CASE 3 CASE 4 CASE 5* 


Pu/HM (IC/OC) [wt%] 
MA/HM (IC/OC) [wt%] 
TRU/HM (IC/OC) [wt%]  


18.2/23.6/20.5 
2.7/3.6/3.1 


20.9/27.2/23.6 


18.2/23.6/20.5
2.7/3.6/3.1 


20.9/27.2/23.6


19.1/25.2/21.7
2.9/3.8/3.3 


22.0/29.0/25.0


18.5/24.2/20.9 
2.8/3.6/3.1 


21.2/27.8/24.0 


19.0/24.9/21.5
2.9/3.7/3.2 


21.9/28.6/24.8


* Maximum value 
 
 


Table IX 
 Enrichment of L-comp. fuel 


[L-comp. fresh fuel] CASE 1 CASE 2 CASE 3 CASE 4 CASE 5* 


Pu/HM (IC/OC) [wt%] 
MA/HM (IC/OC) [wt%] 
TRU/HM (IC/OC) [wt%]  


20.0/25.8/22.5 
4.8/6.2/5.4 


24.7/32.0/27.8 


19.2/24.9/21.7
4.6/6.0/5.2 


23.8/30.9/26.9


18.2/23.8/20.6
4.3/5.7/4.9 


22.5/29.5/25.5


18.5/24.2/21.0 
4.4/5.8/5.0 


23.0/30.0/26.0 


20.1/26.2/22.7
4.8/6.3/5.4 


24.9/32.5/28.2


* Maximum value 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Difference of the maximum excess reactivity from 
the equilibrium core      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Difference of the maximum linear power from the 
equilibrium core 
 


 


 
 
 
 
 
 
 
 
 
 
 
 
 


 
Fig. 5. Difference of the total maximum assembly power 
from the equilibrium core 
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Abstract – Innovations in safety, operations, and maintenance for improving the availability, 
reliability, and capital cost of the sodium fast reactor are described.  The developments all to a 
degree rely on visualization technology for their use and for demonstration of improvements 
achievable.  A visualization platform for running these applications and the nuclear plant 
thermal-hydraulic, structure, and process codes that underlie them are described.  The platform 
hardware consists of a large-scale tiled display and a haptic hand-controller and in the future will 
grow to include a high-speed network and multiple graphics-client systems.  


 
 
 


I. INTRODUCTION 
 


 The fast reactor in principle can be configured via its 
underlying nuclear technologies to operate as an energy 
source that is very-nearly sustainable with respect to fuel 
supply.  To improve economic viability, however, continued 
development and innovation of the underlying technologies 
is needed.  These technologies straddle the disciplines of 
reactor safety, fuel cycles, and reactor operations.  Central 
to their development is the fuel.  It must be managed from 
initial loading, through recycle, and on to final disposal of 
waste products.  The technologies involved must work 
together so that maximum energy is extracted from the 
heavy metal elements, the waste stream loading is 
minimized, favorable reactor safety characteristics during 
operation are obtained, the mechanical support systems 
operate efficiently and reliably, and the fuel form supports 
safe and efficient handling. 
 Given the complexity of this system, computer-based 
visualization methods can help with better understanding 
the interactions among the component technologies.  
Visualization tools may be of most use to the non-
specialist, i.e. an individual not involved in the intimate 
details of fast reactor design.  Presently the only alternative 
for acquiring an understanding of the concepts is a detailed 
reading of the technical literature i.e. papers and reports.  
The non-specialist individual can appear in several roles 
and capacities.  He is the program sponsor whose need for 
accountability of product delivered may be additionally 
served by a high-level interactive rendering of the 
deliverable.  He is the facility operator whose performance 


may be improved through training on a virtual rendering of 
the system he will eventually operate.  Traditionally an 
operator is trained on a mock-up of a facility.  Training on a 
virtual facility can proceed more quickly and at reduced 
cost.  Then there is the licensing agency.  An interactive 
virtual rendering of the facility and its operation can 
provide a better picture of the overall system and serve as a 
basis for focusing discussions between the submitter and 
the agency.  Finally, it is noted that interactive 
demonstrations of the kind proposed here have already 
found their way into the defense industry. 
 This paper describes work underway on fast reactor 
innovations and the associated development of a platform 
for visualization and demonstration of these innovations.  
The goal is to make more accessible the workings of fast 
reactor innovations and to do so in a human factors 
environment that makes use of state-of-the art visualization 
technologies.  In this work the computer codes in use at 
Argonne National Laboratory (ANL) for the design of fast 
reactor systems are being integrated to run on an interactive 
visualization platform.  In the early stages this involves 
linking reactor systems codes with mechanical structures 
codes and using advanced graphics to depict the thermo-
hydraulic-structure interactions that give rise to an 
inherently safe response to upsets.  It also includes 
visualization of mechanical systems operation including 
advanced concepts that make use of robotics for operations, 
in-service inspection, and maintenance. 
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II. SAFETY 
 
 The reactor must operate safely to protect the plant 
investment and the public.  This will be accomplished if the 
fission products are retained within the fuel pins over their 
life.  This can be achieved by limiting the temperature of 
the fuel pins to prevent breach of the mechanical boundary 
that is the cladding.  But in limiting temperatures economic 
penalties are incurred in the form of margin and protection 
system complexity.  This section describes innovations for 
reducing the size of the penalties. 
 


II.A  On-Line Limiting Safety Settings 
 
 The active protection system is independent of the 
plant control system and serves as a diverse means for 
preventing core temperatures from moving outside safety 
limits.  It is designed to protect against upset events 
resulting from operator error and equipment failure.  At 
normal operation, as a consequence of various 
uncertainties, the actual cladding temperatures are 
purposely set significantly below safety limits.  This 
“margin” is included to eliminate reactor trips that would 
otherwise result from uncertainties associated with 
inferring the operating state of the reactor.  The values of 
process variables at which the protection system trips the 
reactor are referred to as limiting safety settings. 
 In practice during normal operation margin results in 
the reactor outlet temperature being tens of degrees Celsius 
below what would be the case if the actual reactor 
conditions were known exactly.  There are two components 
to the margin.  The first accounts for uncertainties in the 
model used during plant design to predict full-power 
operating temperatures.  The second accounts for 
anticipated variability in the configuration of the reactor at 
full power and its effect on operating conditions (e.g. 
control rod position and its effect on local power).     
 The margin component associated with the model 
uncertainties is potentially recoverable.  It can be reclaimed 
through more precise estimation of peak cladding mid-wall 
temperature in combination with on-line measurements.  A 
high-fidelity model provides a basis for core thermal 
margin recovery.  Margin can be reduced if an improved 
estimate for peak cladding mid-wall temperature is 
obtained.  The high fidelity model in combination with 
real-time temperature measurements at the outlet of the 
core subassemblies at a selected number of points in the 
core can provide the improved estimate. 
 In a plan for margin recovery by adjusting limiting 
safety settings while at power, the digitization of the plant 
instrumentation system provides the required 
computational infrastructure. Uncertainty analysis methods 
provide the statistical distribution of the estimated 
temperature in the cladding at all points in the core as 
derived from the model and data.   This is used to generate 


an on-line operations-based estimate for the peak cladding 
mid-wall temperature.  The estimate is statistical and hence 
a confidence level can be stated.  A fuel pin cumulative-
damage model takes this as input and determines the 
permissible power level such that the cumulative damage 
over fuel pin life is acceptable.  The limiting safety settings 
are then set.  Margin is reduced by use of on-line models 
combined with subassembly outlet temperature 
measurements to yield a more accurate estimate for core 
conditions than is obtained using only reactor outlet 
temperature measurement which is the current practice. 
 This technique for reducing margin by adjusting 
limiting safety settings as the plant operates can be 
displayed on a visualization platform as an aid to 
understanding the process of margin recovery. 
 


II.B  Inherent Core Protection 
 
 The probability that core temperatures will exceed safe 
limits during an unprotected upset event can be reduced by 
designing the reactor core so that temperature feedbacks 
operate to inherently limit the size of any temporary 
imbalance between heat generation and removal rates.  The 
size of the imbalance can be limited through choice of fuel 
form, engineered core restraint system, and core layout.[1]  
Through such choices the frequency over life with which 
peak temperatures approach safe limits is reduced and can 
be used as a basis for simplifying the protection system to 
realize a cost savings. 
 The self-regulating behavior is the result of a reduced 
fission energy release as structural materials expand in 
response to coolant temperature increase.  The coolant heat 
up and the structural changes can be displayed visually on a 
visualization platform as an aid to understanding this 
process. 
 


II.C  Detection of Subassembly Coolant Misallocation 
 
 The margin recovery innovation of Section II.A has 
applicability to the detection of subassembly coolant 
misallocation.  A misallocation of flow occurs when a 
subassembly is placed in a core lattice position for which it 
is not appropriately orificed.  For example, a fresh driver 
placed in a lattice position orificed for a once-burnt driver 
would be under cooled.  Unless the subassembly is 
instrumented with a thermocouple at its outlet, this event 
will go undetected.  An instrument at the outlet of each 
subassembly has its disadvantages, however.  An alternate 
approach recognizes that misplacement results in a 
perturbation to normal operation and can be detected by 
comparing outlet temperatures from a subset of 
instrumented subassemblies against model predictions for 
temperature.  A discrepancy larger than the uncertainty of 
the prediction indicates a coolant misallocation fault.  The 
fineness to which a misallocation can be resolved is 
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dependent on the number of subassembly outlet 
temperature measurements, their precision, and the 
accuracy of the high fidelity model simulation. 
 The technology for detection of coolant misallocation 
can be demonstrated on the visualization platform. 


 
III. OPERATIONS 


 
 Nuclear plant performance is measured in part by how 
well the plant can operate to meet grid demand, to startup 
and shutdown for maintenance and refueling, and the 
degree to which failing equipment can be taken out of 
service on a planned rather than unplanned basis.  This 
section describes how recent plant innovation, new plant 
missions, and monitoring innovations can impact 
operational performance. 
 


III.A  Advanced Energy Conversion 
 
 The supercritical carbon dioxide (S-CO2) cycle [2] is 
under investigation as an alternative to the Rankine energy 
conversion cycle. The interest in this cycle stems from the 
potential for greater thermodynamic efficiency and lower 
equipment cost.  In part these advantages arise from the 
attractive compressor performance with S-CO2 as the 
working fluid.  Work in the compression leg of the cycle is 
less and the component size is reduced compared to, for 
example, the Rankine cycle.  
 An important issue is the control and stability of the 
cycle.  The highly non-linear properties of carbon dioxide 
near the critical point can potentially make control of the 
cycle based on temperature and pressure measurements 
more difficult compared to the Rankine cycle. [3] In 
addition the efficiency of the cycle at partial power is 
sensitive to the control strategy.  Inventory control yields 
high efficiency but rates of power change are limited by the 
capability to store inventory.  Bypass control operates very 
quickly but gives poor cycle efficiency performance.  
Another issue is how performance varies with nearness of 
compressor operating point to the critical point and with 
the temperature of the ultimate heat sink. 
 Visualization methods can aid in the development and 
demonstration of the S-CO2 cycle.   An appreciation for the 
novel aspects of S-CO2 components is a prerequisite for an 
understanding of plant operating characteristics.  
Visualization should make available 3-D images of the 
plant piping and component layout, heat exchanger 
internals and manifolds, and turbomachinery.  Images of 
this type are routinely generated by the CAD software used 
to design these components.  Process variables and 
performance measures presented interactively rather than 
batch mode can facilitate an understanding of cycle 
characteristics.   
 
 


III.B  Non-Base Load Plants 
 
 A potential synergy exists between nuclear energy and 
renewable energy.  Wind and solar have the potential to 
contribute to a more sustainable energy base as the store of 
fossil fuels is depleted.  Before wide-spread market 
penetration can occur, however, the challenge of uncertain 
production rates due to seasonal effects, weather-related 
effects, amount of daylight, etc., which prevents use of 
renewable energy as a base-load energy source, will have to 
be solved.  Small nuclear reactors can complement 
renewables by providing a load-following source of energy 
that can compensate for renewable energy’s inherent 
variability.  Nuclear power provides a potential solution to 
the intermittent availability problem. 
 However, the quasi-stochastic time-varying nature of 
the mismatch between demand and production that nuclear 
would fill is different from the historical stable base-load 
generation role of nuclear power.  New design options are 
needed and must be explored to support this altered 
mission.   First, the use of innovative heat exchangers 
might be used to eliminate high thermal stress points such 
as tube sheets during rapid load changes.  Second, any 
design concept that shifts temperature change from the 
nuclear plant, particularly the primary system, out into non-
safety grade systems is preferred from a material stress 
standpoint.  A large thermal inventory such as a molten salt 
reservoir might permit the nuclear plant to run at near full 
capacity, re-charging the thermal reservoir during times of 
peak renewable energy production and directly feeding the 
grid at time of reduced renewable energy production for 
production load leveling.  Third, reactor core thermal 
feedbacks can be engineered through the selection of 
structural materials and fuel type to safely limit 
temperatures so that the reactor is immune to essentially 
any operator error or control system failure.  Fourth, heat 
transport paths and coolant choice in concert with core 
design can provide for near-autonomous load following 
operation.  Fifth, through the use of internal conversion a 
core can be designed to maintain power for up to 15 years 
with only nominal reactivity shim to make up for design 
uncertainties.   
 The benefits of interactive visualization methods for 
the development and demonstration of innovative design 
concepts for non-base load plants parallel those identified 
for advanced energy conversion concepts above.  The 
methods provide an improved means for understanding and 
viewing relationships in a design space that is quite large. 
 


III.C  On-Line Diagnostics 
 
 Nuclear plant performance can potentially be 
improved if failing equipment can be taken out of service 
on a planned rather than unplanned basis.  Early detection 
of impending failure provides greater flexibility for 
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maintenance planning.  With new reactor missions where 
fuel cycle lengths of ten or more years have been proposed, 
the reliability of instrumentation will become a larger factor 
in plant availability.  It will be important to be able to 
detect instrument incipient failure and to provide 
redundancy or fault tolerant features to avoid shutdown.[4] 
 Innovations in monitoring and prognostics to this end 
should be developed.  For mechanical components that are 
contributors to plant unavailability condition-based 
maintenance can be used to trend and monitor the 
component.  Signals such as motor current, valve position, 
and vibration provide signatures for determining equipment 
condition and on-set of failure.  Uncertainty analysis and 
prognostic methods can be used to signal onset of failure 
well in advance based on the deviation of actual 
performance from projected performance. [5,6]  A 
capability to estimate a process variable using analytic 
redundancy and to estimate its statistical properties using 
uncertainty methods presents an opportunity to 
quantitatively test either a measurement or a process for 
consistency with assumed behavior.   


 
IV. IN-SERVICE INSPECTION AND 


MAINTENANCE 
 


 To protect the plant investment and to assure reliable 
plant operation, routine in-service inspection of structures 
and periodic maintenance of equipment is essential.  The 
mechanical operations involved in these tasks are thus 
critical to reactor operation.  Performing them in a liquid-
metal reactor is, however, difficult because of the 
opaqueness of the coolant.  There then is a role for 
innovative technologies that can reduce the likelihood of 
error and increase the efficiency of how tasks are executed 
in an environment where direct viewing may not be 
possible.  
 


IV.A  Inspection and Servicing 
 


 In-service inspection is performed over the operating 
life of a plant to detect early failures in the structural 
integrity of components necessary for safety and to protect 
the plant investment. Periodic routine inspection is 
mandated and must be supported when needed by non-
routine supplemental inspection [7] and component 
servicing. 
 Because of the opaqueness of the liquid metal coolant, 
unaided visual inspection is not practical.  This gives rise to 
the need for specialized inspection procedures.  The current 
practice of routine visual inspection may be replaced with 
indexing of the assumed location of structure components 
to indirectly identify structural integrity. Failure of an index 
point to be located within prescribed bounds indicates a 
structural problem.  The actual locating of an index point 
can be performed with either an ultrasonic ranging device 


or a mechanical device, e.g. fuel handling machine or a 
dedicated indexing mechanism.   Indexing may require 
incorporating touch sensing. Incorporating feedback of 
sense of touch to the operator can improve the dexterity of 
the indexing operation for better accuracy and safety.  It 
provides an additional means for inferring what is present 
without necessarily viewing it directly. 
 If a routine inspection suggests a problem, then non-
routine inspection methods are required.  These rely on a 
close-up visual inspection to identify in more detail the 
location and nature of the failure. Such inspection may 
require draining of sodium coolant, which represents a 
significant plant event.  Thus innovative alternative 
methods, such as an ultrasonic array for high resolution 
under-sodium imaging, are of interest.  However, in 
addition to the immaturity of this technology, the ultrasonic 
imaging array is a complex system and its use under 
sodium may require a major installation. 
 Alternate innovative approaches for performing 
inspection, albeit as yet untried, combine a single 
ultrasound sensor with robotic scanning and haptic 
feedback.  In a first approach for under-sodium viewing, a 
single range-finding sensor under robotic control scans a 
surface.  The signal is forwarded to imaging software 
where the surface features are reconstructed.  This 
approach provides a physically compact scanning package 
which may be implemented by utilizing existing ultrasonic 
ranging technology.   
 Component servicing in response to an off-normal 
incident, such as recovering a dropped or jammed fuel 
subassembly, may require complex mechanical procedures. 
Performing such operations in a low visibility environment 
may be aided by the addition of haptic feedback.  The 
added sense of touch can compliment or substitute for 
visual information.  
 A visualization platform can serve three purposes in 
the development and demonstration of in-service inspection 
technology.   First, operator training is important for safe 
and efficient execution of plant procedures.  An operator 
can work and experience the indexing operation on a 
visualization platform that simulates the mechanical 
devices and the environment.   His training can proceed in 
stages, first where the target is in view and then later, in a 
setting akin to under-sodium operation, tasks are performed 
having only haptic feedback.  Second, the use of ultrasonic 
ranging for indexing can be simulated for demonstration 
and prototyping of human factors.  Models of 3-D surfaces 
and a sensor are used in place of the actual environment.  
Third, robotic imaging described above can be similarly 
demonstrated and prototyped. 
 


IV.B  Refueling 
 


 Reactor refueling is a mission-critical procedure that 
involves reactor shutdown and lost production.  Refueling 
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needs to be performed in a timely manner but at a measured 
pace so that the chance for error is minimized.  These 
somewhat conflicting goals are complicated by the fact that 
the operation must be performed under sodium. 
 Currently refueling is a semi-automated process using 
open-loop control based on interlocks.  Accidents reported 
have involved misalignment, inadequate pulling, and 
jamming – each causing costly down time and safety issues.  
Extrication from such events can be difficult.  There are 
limited technology options to effectively recover from 
accident situations such as fuel jamming, breakage, and 
dropped fuel. Technology innovations that provide 
feedback in a way that reduces the probability of 
misalignment and that can detect misalignment before it 
can lead to damage are needed.  
 The probability of a misalignment can be reduced by 
shifting toward a closed-loop mode of operation.  In this 
approach the current state is well characterized in 3-D and 
is used to constrain future control actions to prevent those 
that can lead to mechanical interference or misalignment.  
The state characterization is essentially a real time 
inventory of physical space.  This can be incorporated in 
discrete event system simulations.  It can also be computer-
rendered as an image of current equipment and part 
locations for reference by the operator.   
 In those refueling operations where the operator guides 
the trajectory of a component, haptic feedback has a role.   
The mechanical devices used in refueling are high 
impedance devices.  They are inherently non-compliant and 
in the presence of mechanical interference they can easily 
result in mechanical damage.  An operator provided with 
haptic (force and tactile sense) feedback can improve 
dexterity of contact manipulation, thus improving accuracy, 
efficiency and safety. It can be used for avoiding excessive 
forces, identify jamming conditions, and sensing proper 
engagement. Semi-automated operation with shared 
human-machine control may also prove more reliable in 
safety critical operations. The feasibility of this new 
technology can be demonstrated with the addition of haptic 
simulation. Artificial haptic feedback can be demonstrated 
for motion guidance, identification, and preventing 
undesirable access (forbidden region).  


 
V.  TECHNOLOGY DEVELOPMENT AND 


EXISTING CODES 
 


 The visualization environment in which these 
innovations are developed and demonstrated sits on top of 
a representation of the physical world that is the liquid-
metal reactor power plant.  Various computer codes are 
used to construct this reality from the laws that govern the 
flow of mass, momentum, and energy in the materials that 
make up the nuclear power plant.  These codes are 
described in the next two sections. 
 


V.A  Energy Systems 
 
 Energy systems in the plant are simulated using a suite 
of codes.  The thermal-hydraulic behavior of the nuclear 
plant is modeled using the SASSYS one-dimensional 
systems code.[8]  The conversion in the balance of plant of 
thermal energy to chemical energy for use by process 
industries or of mechanical energy to electric energy for 
use by electric utilities is modeled with the G-PASS code.  
Chemical interactions in the plant that have a safety 
consequence are modeled with the SWAAM code.[9]  The 
motion of mechanical structures that provide inherent 
safety are represented in the NUBOW code.[10]  More 
general mechanical deformations as in seismic behavior are 
modeled with the ANSYS code. 
 


V.B  Mechanical Systems 
 
 Mechanical systems such as fuel handling equipment 
are constructed with Autodesk Inventor.  This software is 
also used to prepare CAD representations of these systems 
and of static structures such as the primary system for 
display in the visualization environment.  Mechanical 
analysis of mechanisms is performed using the ANSYS 
code.  For dynamic motion simulation of mechanisms, the 
commercial robot graphic simulation software IGRIP 
(Interactive Graphic Robot Instruction Program) is used.  
This code has been used in conjunction with in-house 
software for haptic technology development using a 
Phantom haptic device and a vibro-tactile display device.  
 


VI.  PLATFORM SOFTWARE AND HARDWARE 
ELEMENTS 


 
 A software infra-structure supports the running of the 
above codes which underlie the simulation component of 
the platform and supports the handling of real-time 
commands from the operator and the displaying of 
visualization graphics. It supports the electronic exchange 
of information needed for the integration of the underlying 
fast reactor computer codes.  The software and hardware 
elements used to create this infrastructure are described. 
 


VI.A  Scripting 
 
 The Python scripting language is used to schedule 
execution of software tasks on the visualization platform 
and to process input and output associated with software 
tasks.  These tasks include the simulation codes identified 
above.  At present, of the simulation codes described 
above, only the SASSYS code has been fully deployed on 
the platform.  A rudimentary database has been built with 
Python for housing data related to updating the display of 
SASSYS data for visualization. 
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 Other software tasks under Python script control are 
C/C++ programs for managing the Haptic display and CAD 
device motion control program. 


 
VI.B  CAD Connectivity 


 
 The 3-D graphic models of the reactor and equipment 
are first constructed with the commercial CAD package, 
Autodesk Inventor, which is also supported with the 
external motion program API. These part geometry models 
are then saved into a data format compatible for import into 
the haptic renderer program, Open Haptics Toolkit by 
SensAbel Inc.[11]  Open Haptics Toolkit provides high and 
low level C++ libraries for implementing visual-haptic 
feedback with a handcontroller. 
 For the graphic display on a large screen system, the 
Scalable Adaptive Graphics Environment (SAGE) will be 
used.[12]  SAGE is a distributed computing architecture for 
supporting two non-trivial problems in visualization. SAGE 
addresses the need to support heterogeneity and scalability 
by decoupling graphics rendering from graphics display 
and using high-bandwidth networking. 
 


VI.C  Hardware 
 
 The visualization platform hardware consists of a 
large-scale tiled display configured using the NSF-
sponsored LambdaVision [13] tool and a haptic hand-
controller.  Driven by SAGE and connected in a high speed 
network environment, it allows heterogeneous and scalable 
interface to multiple graphics client systems. Currently a 
miniature size LambdaVision system on a portable platform 
is used. The haptic hand-controller conveys haptic 
feedback to the operator.  Phantom Omni device by 
SensAble Inc. is adopted for the system. 
 


VII.  VISUALIZATION 
 
 The platform provides an operator interface with the 
requisite human factors for visualization.  
 


VII.A  Power Production 
 
 The operation of the plant while at power is displayed 
on the Plant Control Station (PCS), the Real Time Status 
Station (RTSS), and the Safety Test Station (STS).  Each of 
these stations occupies a display panel. 
 The Plant Control Station provides an interactive 
session for manually controlling plant actuators in a 
SASSYS simulation synchronized to real time. The user 
can choose to manipulate rod reactivity, normalized 
primary pump torque, and normalized intermediate pump 
torque by adjusting a corresponding slider bar. The 
immediate effects of these changes and the response of the 
plant’s safety systems can be observed in real time through 


plots of many different reactor variables, including: reactor 
power, primary and intermediate flow rates, primary and 
intermediate pump speeds, reactor inlet and outlet 
temperatures, and intermediate heat exchanger inlet and 
outlet temperatures. 
 The Real Time Status Station displays the 
instantaneous values of plant process variables against a 
schematic of the plant. All of the major plant components 
are displayed on the screen.  Temperatures of various 
components are updated as they are calculated in real time. 
A blinking effect also highlights these reactor components 
in red when a relevant reactor variable is modified. 
 The Safety Test Station, unlike the other two panels, 
does not run an interactive simulation. Instead, the user 
chooses from a set of common unprotected accidents: loss 
of flow, loss of heat sink, and a rod run out. The simulator 
takes several seconds to execute the accident simulation in 
batch mode, and then loads the data into a diagram of the 
reactor core regions color-coded by their temperatures. The 
simulation also produces a plot of the bulk reactor outlet 
temperature over time and a brief textual summary of the 
run data. The user can then replay the simulation at faster 
speeds or scroll through this data manually using a slider 
bar. This allows the user to examine the plant’s behavior at 
any point in time during the simulation, with the display 
updating itself to reflect the data recorded at that point. 
Figure 1 shows a screenshot of the Safety Test Station.  
 As a demonstration, the effect of subassembly coolant 
misallocation can be visualized.  A multi-assembly 
simulation was performed for a one-sixth core of the 
ABTR.[14] Figure 2 shows the core temperature 
distribution by subassembly during normal operation.  In a 
second simulation a single subassembly (among the whole 
360o core) was purposely placed in a wrong orifice zone 
resulting in an under-cooling of about 25 percent.  Figure 3 
shows that outlet temperatures in all but the misplaced 
subassembly are reduced by 2-3o C compared to the case of 
no misallocation.  A systematic bias of this size across 
multiple subassemblies is statistically significant and forms 
the basis for detection of misplaced driver assemblies 
during startup of the reactor.  In Figures 2 and 3 the plant 
control system is assumed to maintain full power as would 
be the case if a misplaced subassembly were to go 
undetected. 
 


VII.B  Mechanical Systems Operation 
 
 Process technologies such as refueling, inspection, and 
maintenance that rely on coordinated management of 
equipment in time and space lend themselves to platform 
display using 3-D motion programming.  An integrated 
demonstration provides a virtual experience of plant 
operation, inspection, and maintenance in an under-sodium 
environment. Visual and haptic display of the following 
capabilities is envisioned: 
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Figure 1  Full Screenshot of the Safety Test Station Window 
 


 
  
    
 
 


   
                   Figure 2  Subassembly Outlet Temperatures                         Figure 3  Differential in Subassembly Outlet  
                                  At Full Power (oC)                                            Temperature Arising with Misplacement 
                                                                                                                                 of a Single Subassembly (oC)
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• viewing of under-sodium environment with different 
levels of visual opacity 


• operation of mechanical system under various levels 
of human-machine shared control - automatic, semi-
automatic, and manual teleoperation 


• synchronized visual and haptic feedback to operator, 
• simulation of ultrasonic sensing and imaging via 


incremental geometric construction 
• capability to generate artificial motion 


guidance,‘virtual fixture’, for aid in teleoperaton.  
 
 The software driving the visualization includes the 
CAD system Autodesk Inventor for modeling the reactor 
components. This software also provides an option for 
external program interface for motion control. A haptic 
rendering software toolkit is adapted for haptic feedback.  
This adaptation allows for operation of a hand controller in 
synchronization with a visual display of the object being 
sensed. Currently the OpenHaptics Toolkit is being used 
which provides high level program routines for graphic-
haptic synchronization to low level routines for customized 
haptic device capabilities.  
 The current mechanical visualization system is shown 
in Figure 4.  The present focus is on the operation of the 
fuel handling machine, shown in Fig. 5 (a), for use in fuel 
handling and structural indexing for ISI. The platform 
environment conveys both visual and haptic feedback. The 
visual model is constructed in OpenGL with the part 
geometries imported from CAD models. Haptic attritutes – 
friction, stiffness, and damping – are associated with 
geometry surfaces. The end-effector tip of the fuel handling 
machine is represented as a haptic cursor, shown as a cone 
in Fig. 5 (b). The cone is moved by operating with a haptic 
handcontroller. Upon touching a surface with the haptic 
cursor, force is generated and reflected to the hand 
controller, resulting in sensation of touch.  
 Haptic feedback was also demonstrated for generating 
a ‘virtual fixture’, which is an artificially generated surface 
overlaid on human perception in such a way to aid in 
remote operation. Two types of virtual fixtures can be 
implemented - namely for guidance virtual fixture and 
forbidden region. Currently, kinesthetic virtual fixtures are 
implemented for use in fuel handling, but addition of other 
forms, such as visual and auditory virtual fixtures, are also 
known to be of use for improving performance of remote 
operations.  


 
VIII. CONCLUSIONS 


 
Innovations in safety, operations, and maintenance for 


improving the availability, reliability, and capital cost of 
the sodium fast reactor were described.  These 


developments all to a degree rely on visualization 
technology for their use and for demonstration of 
improvements achievable.  A visualization platform for 
running these applications and the nuclear plant thermal-
hydraulic, structure, and process codes that underlie them 
was described. 
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Figure 4. A Prototype Visual-Haptic Display on a Miniature Lambda-Vision Display 


 


 
 
 


        
(a) Fuel handling machine                          (b) Graphic model with haptic cursor 


Figure 5. Fuel Handling Machine Represented as a Haptic Cone (shown blue) 
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Abstract – Key technologies for Japan Sodium-cooled Fast Reactor (JSFR) has been evaluated.  
The hot vessel, two-loop cooling system using high chromium steel, integrated intermediate heat 
exchanger/pump component, reliable steam generator, natural circulation decay heat removal 
system and improved in-service inspection and repair capability have been confirmed to be 
feasible as development items for the next stage.   


 
 


I. INTRODUCTION 
 
In 1999, the Feasibility Study on Commercialized Fast 


Reactor Cycle Systems (FS) had been initiated [1].  
Surveying various concepts like: sodium cooled reactor 
(SFR), Gas-cooled FRs (GFR), heavy metal-cooled FRs 
(lead-cooled FR (LFR) and Lead-Bismuth cooled FR 
(LBFR)) and water-cooled FRs with various fuel like: 
oxide, nitride and metal, the FS concluded to select a 
mixed oxide fuel SFR named Japan Sodium-cooled Fast 
Reactor (JSFR) as a reference concept [2].  Succeeding the 
FS, the Fast Reactor Cycle Technology Development 
(FaCT) project is pursuing commercialization of fast 
reactor cycle system around 2050 under cooperation of 
MEXT (Ministry of Education, Culture, Sports, Science 
and Technology), METI (Ministry of Economy, Trade and 
Industry), utilities, venders and JAEA (Japan Atomic 
Energy Agency).  As results of the FaCT Phase I which has 
finalized in JFY 2010, the key technologies for JSFR have 
been evaluated whether those are feasible to be installed 
into the demonstration JSFR which is planned to be 
operated from 2025.   


 
Major parameters and the bird-view of the 


commercialized JSFR are shown in Table I and Fig. 1.  
JSFR achieves the Generation IV reactor goals adopting 
following key technologies: 
 High burnup fuel with oxide dispersion strengthened 


(ODS) cladding material 


 Safety enhancement with self actuated shutdown 
system and re-criticality free core 


 Compact reactor system adopting a hot vessel and in-
vessel fuel handling with a combination of an upper 
inner structure (slit UIS) with a slit and advanced fuel 
handling machine (FHM) 


 Two-loop cooling system with large diameter piping 
made of Mod. 9Cr-1Mo steel 


 Integrated intermediate heat exchanger (IHX)-pump 
component 


 Reliable steam generator (SG) with double-walled 
straight tube 


 Natural circulation of decay heat removal system 
(DHRS) 


 Simplified fuel handling system 
 Containment vessel made of steel plate reinforced 


concrete 
 Advanced seismic isolation system 


 
In this paper, the feasibility of the compact reactor 


vessel, two-loop cooling system using high chromium 
steel, integrated IHX-pump component, reliable  SG, 
natural convection DHRS and improved in-service 
inspection and repair (ISIR) capability are reported.  The 
two following series papers describe the core and safety 
designs [3, 4]. 
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TABLE I 
JSFR Major Specifications 


Item Value 
Electric output 1500MW 
Thermal output 3750MW 
Fuel type MOX 
Configuration Loop 
Number of loop 2 
Primary sodium temperature 550deg-C 
Reactor vessel material 316FR stainless steel 
Piping material Mod. 9Cr-1Mo steel 
 


 


 
Fig. 1. Bird-view of JSFR 


 
 


II. EVALUATIONS ON KEY TECHNOLOGIES 
 


II.A. Hot Vessel 
 


JSFR has adopted a hot vessel for the primary reactor 
vessel as Joyo and Monju without a vessel wall cooling 
system.  The JSFR reactor vessel protection is further 
simplified than Joyo and Monju without an ex-vessel 
overflow system, while Joyo and Monju have ex-vessel 
overflow systems to maintain steady sodium level during 
startup operation to reduce transient thermal stress.   


 
Since the JSFR reactor vessel adopts ring forged 


316FR stainless steel instead of 304 SS, new structural 
design standards are going to be developed.  The present 
JSME standards based on “Elevated Temperature 
Structural Design Guide for Class 1 Components of 
Prototype Fast Breeder Reactor (BDS) [5]” will be revised 
in 2016 based on “Elevated Temperature Structural Design 
Guide for Demonstration Fast Breeder Reactor (DDS) [6]” 
and developing “Elevated Temperature Structural Design 
Guide for Commercialized Fast Reactor (FDS) [7]”. 


 


Thermal ratcheting and creep fatigue damage on 
reactor vessel structures at sodium level, thermal 
stratification boundary and core support have been 
evaluated and confirmed to meet design limits.  The most 
severe case is the thermal ratcheting on the reactor vessel 
wall at the sodium level.  Evaluation of thermal ratcheting 
at the sodium level based on the DDS [8] is shown in Fig. 
2 where X and Y are defined as follows: 
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where, 
 
PL: primary local stress 
Pb: primary bending stress 
Qm: secondary membrane stress 
Sy: yield strength 
Z: non-dimensional ratcheting strain 


 
The evaluation shows that there is no ratcheting strain 


with startup operation longer than 3.5days.  Even taking 
into account grain-size decrease over 450deg-C, the 
ratcheting strain will not occur with 4-day startup 
operation.  To reduce damage on the reactor vessel wall, a 
sodium dam concept has been proposed as shown in Fig. 3.  
The sodium dam can keep the sodium level constant 
during the startup.  This simple structure can reduce 
thermal stress on the reactor vessel damage dramatically 
even though the reactor vessel is still exposed to hot 
sodium in the normal operation.  The evaluation shows that 
the reactor vessel with the sodium dam can achieve 1.5-
day startup even without ring forged material.   
 


 
Fig. 2. Evaluation of Thermal Ratcheting of Reactor Vessel 
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Fig. 3. Sodium dam concept 


 
From the viewpoint of seismic design, buckling, 


subassembly (SA) jumping and reactivity insertion have 
been evaluated as shown in Table II with the modified 
seismic conditions after the Niigata-ken Chuetsu-oki 
Earthquake in 2007 [9].  As for buckling, the safety factor 
has been evaluated based on DDS and the result meets the 
design requirement with certain margin.  The evaluated 
velocity of the core gird plate is 0.57m/s meeting the limit 
of 0.58m/s which restricts the SA jumping lower than 
50mm.  Though the evaluated SA jumping seems to be 
close to the limit, the evaluation value is already taken into 
account quite conservative assumptions like: summation of 
maximum amplitudes of all vibration modes.  The 
reactivity insertion also meets the requirement taking into 
account relative control rod withdrawal and radial core 
compaction.   


 
TABLE II 


Seismic Analysis on Reactor Vessel 
Item unit value 
Thickness mm 60 


Frequency 
perpendicula
r 


Hz 11.1 


horizontal Hz 4.2 


Buckling 
evaluation - 2.36 
design limit - >1.5 


SA jumping 
(gird velocity) 


evaluation m/s 0.57 
design limit m/s <0.58 


Reactivity 
insertion 


evaluation $ 0.633 
design limit $ <1 


 
As for the slit UIS, the flow pattern has been revealed 


in the 1/10 scale water experiment [10].  For thermal 
striping at the core instrumentation support plate (CIP) at 
the bottom of the UIS, the optimized UIS design has been 
proposed [11, 12] and shown good performance in the 1/3 
scale water experiment [13].  The evaluation showed that 
the CIP could be made of 316FR without any thermal 


resistance material on it.  The compact RV and slit UIS 
elevate coolant velocity in the RV upper plenum.  From the 
view point of the gas entrainment at the sodium level, the 
gas entrainment conditions have been revealed by the 1/10 
scale and 1/1.8 scale water experiments [14] and a three 
dimensional calculation has shown good performance of 
the single dipped plate design [12].   


 
In the 1/10 scale upper plenum water experiment, 


vortex cavitations were founded near the inlet of the hot-
leg piping at the upper plenum in the original JSFR design 
2001.  Prevention of those vortex with an optimized upper 
plenum design was basically confirmed by the 1/10 upper 
plenum water experiment and numerical analyses [15, 16].   


 
As for interaction between the slit UIS and FHM, the 


seismic analysis model has been validated with the full-
scale FHM mockup [17] and the results show that there is 
no interaction between the UIS and FHM even with the 
new severe seismic conditions. 


 
II.B. Tow-loop Cooling System 


 
The two-loop cooling system contributes to simple 


cooling system and compact component arrangement.  
Since major issues: DHRS, loss-of-flow, hydraulics were 
clarified and evaluated in the previous study[18], the basic 
feasibility of the two-loop cooling system has already been 
confirmed.  Recent results on DHRS are describes in the 
subsection “natural convection DHRS”.  As for the design 
base events, the pump seizer accident has appeared to be 
the severest event and the transient analysis taking into 
account the latest design has shown that the two-loop 
cooling system meets safety criteria [3].   


 
JSFR achieves compact component arrangement 


adopting the L-shape pipe for the primary hot-leg piping.  
Design criteria from the viewpoint of thermal stress and 
material strength have been developed [19].  As for a 
welded joint of Mod.9Cr-1Mo steel, creep strength 
decreases comparing with base metal at the high 
temperature and long time conditions, which is known as 
Type-IV damage.  The creep strength reduction by Type-IV 
damage is taken into account in the hot-leg piping design 
of primary cooling system, although definite reduction has 
not been observed at the temperature.  Since experimental 
results are still limited for the JSFR condition of 550deg-C, 
a conservative stress limit has been proposed based on the 
available experimental data of 600 and 650deg-C 
conditions.  The limit of the initial thermal stress has been 
evaluated taking into account stress relaxation.  The elastic 
follow-up parameter for the major part of the hot-leg 
piping has been evaluated to based on the finite element 
analysis with shell elements as shown Fig. 4.  The initial 
thermal stress has been evaluated taking into account stress 
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relaxation with a conservative elastic follow-up parameter 
of 2.0 as shown in Fig. 5.  It is confirmed that the 
evaluated initial stresses at all welded parts are lower the 
proposed design limit of 150MPa.   


 
 
 


 
Fig. 4 Elastic Follow-up Parameter of the Hot-leg Piping 


 
Fig. 5 Stress Analysis Results on the Hot-leg Piping 
 
Hydraulics in the large-diameter piping has been 


revealed by 1/3 scale hot-leg pipe water experiments with 
an acryl pipe for visualization and a stainless pipe for 
vibration data accumulation [18, 20].  The experiment 
extended the pressure loss coefficient data against 
Reynolds number (Re) from the existing Re=3.5×105 to the 
newly accumulated Re=8×105.  The results showed that the 
pressure loss coefficient saturates and there is no Re 
dependency with Re over 3×105 showing that the real scale 
with Re=3.7×106 could be extrapolated from the 1/3 scale 
experimental data.   


 
Detail vibration data was also accumulated from the 


water experiment with the stainless steel pipe.  With the 


accumulated data, conservative design power spectrum 
density (PSD) for stress analysis on random vibration has 
been defined as shown Fig. 6.  Random vibration in the 
hot-leg piping has been analyzed and the maximum stress 
is evaluated to be 28MPa based on the design PSD.  The 
evaluated stress is lower than the limit of high cycle 
fatigue stress of 49MPa for 1011cycle at 550deg-C, which 
has been extrapolated from BDS data [1] of 2-1/4 Cr-1Mo 
steel for 106 cycle. 
 


 
Fig. 6 Power Spectrum Density for Hot-leg Piping Design 


 
JSFR takes into account leak before break (LBB) 


concept in the system design.  A LBB assessment method 
has been proposed based on unstable fracture and crack 
opening displacement assessments [21].  A Laser Sodium 
Leak Detector (LLD) based on Laser Induced Breakdown 
Spectroscopy (LIBS) technology can provide selective 
sodium detection meeting required sensitivity and 
preventing false alarms [22].  Based on the proposed 
method, LBB has been confirmed successfully in the JSFR 
primary piping system. 


 
II.C. Integrated IHX/Pump 


 
The integrated IHX/Pump is one of the JSFR key 


technologies to achieve a compact primary cooling system.  
It includes a primary pump, IHX and primary reactor 
auxiliary cooling system (PRACS) heat exchange tubes.  
Major issues of this component are prevention of gas 
entrainment, sodium level control, pump shaft stability, 
tube wear due to vibration, temperature distribution control 
and fabrication capability.  Feasibility of prevention of gas 
entrainment and tube wear has been already reported based 
on a 1/4 scale mockup of the demonstration JSFR 
component [23, 24].  Figure 7 shows summary of recent 
R&D activities. 


 
The JSFR pump controls the sodium level inside the 


integrated IHX/Pump component while the Monju pump 
uses an over-flow column outside the pump casing.  The 
JSFR pump adopts a leak-flow valve for the sodium level 
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control.  The performance of the proposed sodium level 
control system has been confirmed by a flow-network 
analysis.  As for the leak-flow valve, a full-scale mockup 
has been manufactured and performance has been 
confirmed in a water experiment. 


 
Since height of the JSFR pump shaft is long (approx. 


15m), a damper is going to be installed at the lower 
bearing to increase rotation stability.  A full scale mockup 
of the lower pump shaft bearing with a damper has been 
manufactured and water tests at 80deg-C with the same 
viscosity condition of sodium have been conducted 
accumulating data of shaft holding force and damping 
performance.  With the experimental data, a vibration 
analysis has been verified and shown that the damping 
ratio of the JSFR pump shaft is approximately 6% meeting 
the target of 3%. 


 
Temperature distribution control is important to 


prevent interaction between the pump shaft and its casing.  
In the JSFR pump design, structures to prevent natural 
convection in the shaft-casing annulus and to prevent 
thermal emission from the casing are installed.  The 
temperature distribution is analyzed by Star-CD using a 
three-dimensional model and circumference temperature 
difference is evaluated to be lower than 20deg-C meeting 
the design criteria. 


 
The 1/4 scale mockup experiments has revealed basic 


mechanisms of vibration transmission and tube wear.  And 
an evaluation method on tube wear has been proposed [24] 
showing tube wear can be accommodated by the tube 
thickness margin.  In the recent study, additional several 
experiments such as a partial tube bundle model vibration 
test and a full scale tube bundle water experiment have 
been conducted to validate and verify the proposed 
evaluation method.   


 
The integrated IHX/Pump component has a 


complicate structure including primary main pump, IHX 
and PRACS heat exchanger and the material of 9Cr-1Mo 
steel require post-weld heat treatment (PWHT).  The 
fabrication process has been investigated including 
welding and PWHT processes.  The access and work space 
has been evaluated based on the demonstration JSFR 
component design, since it has smaller dimensions as 
shown in Fig. 8.  The diameter of the upper plenum and the 
length of the pump shaft have been enlarged by 0.8 and 
0.1m accommodating the access and work space.  As for 
PWHT, the temperature distribution has been evaluated 
and showing that thermal stress and deformation are under 
design limits. 


 


 
Fig. 7 Experimental apparatus on integrated IHX/Pump 


 
 


 
Fig. 8 Fabrication process of integrated IHX/Pump 
 
 


II.D. Reliable SG 
 


  JSFR adopts the double-wall tube reliable SG for 
both safety and investment protection.  Periodical 
inspections on both inner and outer tubes are required to 
keep reliable sodium-water boundaries.  The current 
expected performances of inspection devices are detection 
of 10% thickness defect for inner tubes and 20% for outer 
tubes.  The JSFR double-wall tube SG can eliminate tube 
failure propagation as design basis events taking into 
account the above inspection capabilities.  The prevention 
of tube failure propagation has been confirmed covering 
following double boundary failure modes: 
 
- Common mode failure: initiators of common mode 


failures are fretting, flow-induced vibrations and 
departure from nucleate boiling (DNB) oscillation.  
Fretting speed is evaluated to be small enough.  And 
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for flow-induced vibration and DNB, crack 
propagation analyses have been conducted.  Assuming 
initial crack depths for inner and outer tube are 10% 
and 20% respectively based on inspection capability, 
evaluated times for whole through cracks are 7 and 8 
years showing that they are shorter than inspection 
periods. 


- Dependent double failure: Creep damage 
accumulation under single wall failure has been 
evaluated.  The results show that either single inner or 
outer tube can withstand operating conditions until the 
next inspection. 


- Independent double failures: For independent double 
failures, leak positions and rate have been evaluated 
probabilistically.  The result shows that frequency of 
double leaks within a few meters is less than 10-6/ry.  
And experimental results with double failures with a 
certain distance between outer and inner tube failures 
showed that the water leak is self-plugged when the 
annulus gap is less than 10μm.  Then it can be said, 
the leak caused by independent double leak will be 
self-plugged in the design base range and detected in 
the next inspection. 


- Tube to tube-sheet weld failure: Since the double tube 
is expanded after welding, the annulus between the 
tube and tube-sheet is less than 10μm.  Even if 
assuming whole failure of a tube to tube-sheet welding, 
the leak rate is evaluated to be less than 1g/sec.  For 
this leak rate, the hydrogen detection system can 
detect the leak before any failure propagation happens. 


 
The above discussion shows that there is no failure 


propagation in the range of design basis events (DBE).  
Even though the large leak is eliminated in the DBE, a 
double-ended-guillotine (DEG) rupture of one double wall 
tube is assumed as the maximum leak rate for a bounding 
event to confirm certain design margin.  SG tube failure 
propagation analyses have been conducted with initial leak 
rate from small to 1DEG or DEB with hydrogen 
monitoring failure.  The results show that the maximum 
tube failure propagation is within the range of 5DEG and 
the spike pressure on the primary-secondary and secondary 
sodium boundaries due to this range of sodium-water 
reaction have been evaluated to be in the design limits. 
 


From the viewpoint of fabrication, trial fabrication 
tests have been conducted on major pars such as double 
wall tube, tube-sheet, convoluted shell expansion joint 
(CSEJ) and weld at tube to tube-sheet as shown in Fig. 9.  
Single tubes of 17m length have been manufactured and 
double tubes of 15m length have been successfully 
manufactured by cold drawing process [25].  Since 
fabrication of a tube-sheet requires a single forged piece of 
100 and 250tonne for demonstration and commercial 
reactors respectively, electro slug remelting (ESR) process 


on a 50tonne 9Cr steel piece has been conducted showing 
there is no segregation which could affect material strength.  
The JSFR SG adopts a machined CSEJ made of 9Cr steel 
which is not included in DDS [6].  A 250mm diameter 
scale model has been manufactured and a fatigue 
endurance test has been conducted showing that the 9Cr 
machined CSEJ can be evaluated based on DDS.  Then, 
the CSEJ of the JSFR SG has been evaluated by stress 
analysis based on DDS to meet design limits.  Tube to 
tube-sheet welding and tube expansion are important form 
the viewpoint of prevention of tube failure propagation.  
Trial-welding and tube expansion has been conducted on 
the tube and tube-sheet welds showing enough welding 
strength.  Contact pressure between the tube and tube-sheet 
by the tube expansion process is evaluated to be 
maintained over 14MPa during 60year operation by a 
relaxation analysis.   


 


 
Fig. 9 Trial fabrications on SG major parts 


 
For other topics, flow stability of the steam-water side, 


thermo-mechanical stress on the tube-sheet and tube 
buckling have been evaluated and confirmed that they 
could meet design criteria.  Above evaluations have 
concluded that the double wall SG meets all FaCT 
requirements.  One remaining critical issue of the double 
wall tube SG is capacity of the tube fabricators.  Right now, 
there is no fabricator who can provide 35m length double 
tubes.  Taking into account limited R&D resources and 
reduction of R&D risks, an alternative SG concept with 
sodium bonded double wall tubes (heat exchange and 
guard tube) have been also investigated.  The alternative 
concept assumes up to 1DEG leak from the heat exchange 
tube as DBE.  Then the sodium bonded guard tubes are 
conservatively ignored, assuming that their thickness 
cannot be confirmed by periodical inspections.  However, 
even with those conservative assumptions, the results of 
the tube failure propagation analysis showed that the 
alternative SG could limit maximum leak rate up to 5DEG.  
The evaluation results also showed that the alternative SG 
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could actually prevent tube failure propagation when it is 
taken into account guard tube thickness.   


 
II.E. natural convection DHRS 


 
JSFR adopts fully natural convection to achieve 


reliable DHRS.  The all sodium boundaries including air 
cooler tubes are double walled providing sodium leak 
monitoring and inspection access.  Numbers of safety 
analyses in various operating conditions in categories from 
II and IV (for example: loss of offsite power for category 
II and one PRACS sodium leak combined by loss of offsite 
power and one dumper failure of the other PRACS for 
category IV) have been conducted confirming performance 
of the JSFR DHRS system.  Decay heat removal with only 
DRACS have been also evaluated assuming PRACS 
failure during one primary loop maintenance.  The results 
show that the peak temperatures meet criteria taking into 
account decay heat reduction of 7 hours after the reactor 
trip.   


 
For verification and validation of design and 


evaluation tools, a 1/10 scale water test on the whole 
DHRS system and sodium test on the PRACS heat 
exchanger with 1/8 scale piping diameter have been 
conducted as shown in Fig. 10.  A one-dimensional flow 
network analysis code and three-dimensional analysis 
model using STAR-CD have been compared with those 
experimental data showing that they are in good agreement 
[26, 27]. 


 
Frequency of protected loss of heat sink (PLOHS) was 


evaluated to be 2x10-8/reactor year in the previous PSA 
analysis [28].  In the evaluation, when an event sequence 
has a sufficiently long time margin for operators to take 
recovery actions, accident managements to prevent core 
damage are taken into account.  In the recent study, 
frequency of PLOHS has been reevaluated taking into 
account the recent JSFR design.  The result shows that the 
frequency of protected loss of heat sink (PLOHS) is lower 
than 10-8/reactor year meeting requirements on frequency 
of core damage of 10-6/reactor year and failure of 
containment function 10-7/reactor year. 
 


  
1/10 scale water test apparatus       Sodium test apparatus 


Fig. 10 DHRS test apparatus [26, 27] 


 
II.F. improvement of ISIR capability 


 
ISI&R capability is quite important from the safety 


and availability viewpoints especially for commercial 
LMRs.  The JSFR design takes into account 
accommodation of a comprehensive in-service inspection 
and repair (ISIR) program at the very conceptual design 
stage [29].  A comprehensive ISI program for JSFR has 
been developed based on the ISI program of foregoing 
“Monju,” the ISI code for the light water reactor (Japan 
Society of Mechanical Engineers, JSME S NA1)[JSME] 
and that for the liquid metal cooled reactor (American 
Society of Mechanical Engineers, ASME section XI 
division 3).  For example, as for coolant leak accident, 
coolant leak in sodium cooled reactors does not affect core 
cooling as long as the coolant level in the RV is maintained.  
JSFR has complete double-wall sodium boundaries and the 
sodium level could be secured even in primary sodium 
failure.  From the safety point of view, continuous leakage 
monitoring (CM) is applied to regulatory ISI on primary 
sodium boundaries.  As voluntary ISI, visual and 
volumetric tests on the reactor vessel wall are included in 
the ISI program. 


 
Major components are designed considering 


accommodation of ISI programs and reduction of ISI load.  
For example, the compact JSFR reactor vessel can apply 
ring forging manufacturing which provides fine precision.  
The ring forging reactor vessel eliminates welding line 
around high stress parts near sodium free surface in normal 
operation condition enhancing reliability against thermal 
stress.  The core support structure also adopts ring forging 
materials reducing welding lines and providing ISI device 
access [30]. 


 
The JSFR ISR program includes various under sodium 


inspections.  For example, the reactor vessel ISI includes 
visual inspections on the core support and UIS as 
regulatory and voluntary ISI respectively.  Additionally to 
the regulatory and voluntary periodical inspections, access 
to major parts of all components has been investigated.  
For the reactor vessel, most of reactor vessel structures are 
covered by inspection devices: Under Sodium Area 
Monitor (USAM), an arm type under sodium viewer 
(USV), an USV around the UIS and a device for the 
bottom of the core catcher as shown fig. 11.  At the reactor 
vessel top, there are four holes for ISIR and they provide 
access to various parts of the in-vessel structure.  Some of 
holes have penetration at the core support corn to provide 
access to the lower plenum.  For other components like 
integrated IHX/Pump, SG and EVST improvement of 
access capability have also been discussed even though 
access is not required by periodical inspections.  For repair, 
process of extraction repair of UIS, in-vessel piping and 
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pump shaft has been also studied confirming crane 
capability and work spaces.   


 
In the recent JSFR design modification, the ex-vessel 


storage tank (EVST) has been enlarged to accommodate a 
whole core evacuation changing subassembly positions 
from 415 to 1073.  As for primary sodium drain, two dump 
tanks are installed in the reactor building for one primary 
loop drain and sodium drain tanks outside the reactor 
building have been additionally adopted to provide 
capacity for whole primary sodium drain. 


 
 


 
Fig. 11 Reactor vessel structure access 


 
 


III. FaCT PHASE II Plan 
 


In this year, a conceptual design of the demonstration 
JSFR is initiated.  The pre-conceptual design sketch of the 
750MW demonstration JSFR is shown in Fig. 12 [31].  All 
key technologies which have been evaluated to be feasible 
in this study will be applied in the demonstration JSFR 
which is planned to be operated from 2025.  For 
component demonstration, JAEA is preparing large scale 
component demonstration tests.  Advanced Technology 
Experiment Sodium facility (AtheNa) is under construction 
at Oarai.  The conceptual design and plant specifications of 
the demonstration JSFR will be finalized in 2015.   
 


Monju was restarted in May 2010.  To maximize 
feedbacks from Monju operation experiences to the 
demonstration JSFR design, an organization has been 
reestablished among Monju, FBR plant engineering center 
at Tsuruga and JSFR design team at Oarai.  Periodical 
FaCT-Monju communication meetings have been hold and 
will be hold to systematically reflect Monju operation 
feedbacks to the demonstration JSFR. 


 


The United States Department of Energy (DOE), 
France’s Commissariat à l’Energie Atomique et aux 
Energies Alternatives (CEA) and JAEA has signed a 
Memorandum of Understanding (MOU) in October 2010 
renewing the original 2008 MOU to accelerate SFR 
development and share R&D loads by international 
collaboration.  Both CEA and JAEA have national projects 
to build prototype/demonstration sodium cooled reactor.  
The both organizations have cross analyzed their concepts: 
Advanced Sodium Technological Reactor for Industrial 
Demonstration (ASTRID) and JSFR and the analysis has 
shown that the both concepts are technologically feasible 
and meet design goals finding broad possible collaboration 
items [32]. 
 


 
Fig. 12 Pre-conceptual design of the demonstration JSFR 


 
 
 


IV. CONCLUSIONS 
 


The feasibility evaluations on JSFR key technologies 
are summarized.  The hot vessel, two-loop cooling system 
using high chromium steel, integrated intermediate heat 
exchanger/pump component, advanced steam generator, 
natural convection DHRS and improved in-service 
inspection and repair capability have been confirmed to be 
feasible as development items for the next stage.  In the 
FaCT phase II which has started this year, the conceptual 
design of the demonstration JSFR has been activated 
involving the above selected key technologies. 
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Abstract 
Thorium is a natural fertile material which is particularly investigated as the base component of a 


liquid fuel for molten salt reactor systems. It can also be considered as solid fuel in other concepts. Thorium fuel 
is obtained by melting a mixture of thorium fluoride and lithium fluoride at 600°C. Its pyrochemical treatment 
studied to extract and separate actinides, lanthanides and other fission products from the used fuel salt consists 
in a reductive extraction process between the molten salt and a liquid metallic phase constituted of Bi and Th. 


An analytical approach of the extraction process has demonstrated  that the extraction efficiency depends on two 
parameters: the mole fraction of Th in Bi and the ratio of the two liquid phases volumes (melt and metal). The 


validation of the analytical approach needs to perform some defined extraction tests. The first step is the 
preparation of a metallic phase Bi-Th with a given composition. Several procedures have been used for the 


preparation of this phase. ICP-AES measurements of the metallic phase were compared to the expected values 
and the procedure retained is the electrolytic reduction of ThF4 solubilized in the LiCl-KCl molten salt in liquid 
bismuth. By this way, the amount of Th introduced in Bi can be controlled and several liquid alloy compositions 


could be tested in extraction tests. 
 
 


I. INTRODUCTION 
 


With the particularity of using a liquid 
fuel, the MSFR (Molten Salt Fast Reactor) concept 
has been developed [1]. This reactor operates in 
simplified and safe conditions in the Th/233U fuel 
cycle with fluoride salts. The major improvement of 
this concept, compared to the ORNL molten salt 
reactor developed in the 1960s [2-4], is a fast 
neutron spectrum obtained by removing graphite 
and BeF2.  


Previous papers have described this 
innovative concept, the MSFR (previously designed 
as TMSR-NM, Thorium Molten Salt Reactor Non 
Moderated) and developed by CNRS-Grenoble in 
France covering the nuclear physics properties of 
the reactor [5-8] as well as the various stages of the 
fuel processing [9,10]. For two of these stages, the 
process proposed is a reductive extraction using a 
liquid metal solvent [11]. Some analytical relations 
have been established to understand the influence 
of the liquid solvent composition on the extraction 
efficiency. The experimental tests of extraction 
process require an optimized procedure for the 
preparation of the metallic phase. As it will be 
demonstrated in the analytical part, the composition 
of the metallic phase is a key point for the 
extraction efficiency. 


This paper reports the experimental results 
obtained for the preparation of the metallic phase 


constituted of Bi and Th. The literature gives 
various data of Th solubility in liquid Bi obtained 
by mixing at several temperatures the metallic 
elements Bi and Th. In this paper, different 
procedures are reported and the one retained for the 
metallic phase preparation is an electrochemical 
method. 


 
II. ANALYTICAL APPROACH OF THE 


MOLTEN SALT/LIQUID METAL 
EXTRACTION 


 
Due to the liquid fuel, the amounts of 


fissile and fertile elements can be adjusted without 
unloading the core avoiding any initial reactivity 
reserve. The dissolved fission products are daily 
removed and treated with an off-line fuel 
pyrochemical process. Core calculations presented 
here have been made considering that 100kg of 
heavy nuclei are reprocessed per day and sent back 
into the core. This corresponds to a daily 
reprocessing volume of 40 liters of fuel salt.  


This off-line fuel processing involves 
several successive chemical steps: fluorination 
(extraction under gaseous state of uranium, 
neptunium, 90% of plutonium and some fission 
products such as I, Tc, Ru, Te, Nb), molten 
salt/liquid metal extraction, anodic oxidation, oxide 
precipitation [1,11]. The main difficulty in the 
proposed extraction process concerns the 
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actinide/lanthanide separation. To extract actinides 
(Acs) and lanthanides (Lns) from the spent fuel 
molten salt, the same technique is proposed which 
consists in contacting a liquid metal (B
the molten salt [9-11]. The liquid bismuth contains 
thorium in its metallic state which is a reducing 
agent. In this way, a selective extraction of Lns and 
Acs can be performed by the following chemical 
reaction: 


 
4Ln(III) salt + 3ThBi  → 4LnBi + 3Th(IV)
 
Considering this reaction, the analytical expression 
of extraction efficiency can be derived
element M as follows. 
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M characterizes the element M in its metallic state 
dissolved in the liquid metal. MFz characterizes the 
element M in an oxidized state dissolved in the 
molten salt. 


 


Figure 1: Efficiency as a function of the mole phase ratio calculated at 873K in LiF
of Th in Bi of 10-3  
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M characterizes the element M in its metallic state 
characterizes the 


element M in an oxidized state dissolved in the 


In these equations, n(i) is the number of moles, x(i) 
the mole fraction, γ(i) the activity coefficient of the 
element i. 
EML is the potential of the liquid metal, E°
E°MFz/M are the standard potentials of the redox 
systems ThF4/Th, and MFz/M. 
n(LM) and n(MS) are the total number of moles 
respectively of the liquid metal and of the molten 
salt. 
R is the ideal gas constant (8.32 J. mol
temperature (K), F the Faraday constant (96500C), 
z the valency of the element MF
molten salt. 
 


In these relations, some parameters only 
depend on thermochemical data and solvation 
properties such as potentials and activity 
coefficients. Only two experimental parameters can 
be optimized to perform the extraction process: the 
mole ratio n(LM)/n(MS) and the mole fraction of 
metallic thorium in the liquid metal, x(Th). 
Calculations were performed to foresee the 
extraction efficiency and the selectivity of 
extraction as a function of the experimental 
parameters. The constants (activity coefficients and 
standard potentials) were calculated 
thermochemical data of pure compounds
the solvation constants (activity coeffici
determined from several sources [13


Figure 1 presents the extraction efficiency 
calculated for plutonium and neodymium as a 
function of the mole ratio of the two phases.
same calculations can be performed as a function of 
the mole fraction of Th in the metallic phase.
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is the potential of the liquid metal, E°ThF4/Th and 
are the standard potentials of the redox 
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n(LM) and n(MS) are the total number of moles 
respectively of the liquid metal and of the molten 


R is the ideal gas constant (8.32 J. mol-1K-1), T the 
temperature (K), F the Faraday constant (96500C), 
z the valency of the element MFz dissolved in the 


In these relations, some parameters only 
depend on thermochemical data and solvation 
properties such as potentials and activity 


cients. Only two experimental parameters can 
be optimized to perform the extraction process: the 
mole ratio n(LM)/n(MS) and the mole fraction of 
metallic thorium in the liquid metal, x(Th). 
Calculations were performed to foresee the 


nd the selectivity of 
extraction as a function of the experimental 


constants (activity coefficients and 
were calculated combining 


thermochemical data of pure compounds [12] and 
the solvation constants (activity coefficients) were 


ermined from several sources [13-15]. 
Figure 1 presents the extraction efficiency 
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same calculations can be performed as a function of 


ion of Th in the metallic phase. 


 


23 mol%) for a mole fraction 


2249







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11447 
 


 


 


 


III. EXPERIMENTAL 
 


Different procedures of metallic phases 
preparations have been tested: 
Experiments (A): by contacting at high temperature 
ranging between 300 and 650°C metallic elements 
(Bi and Th). Dissolution of thorium in bismuth is 
foreseen until it reaches its solubility. 
Experiments (B): by electrochemical techniques 
with consists to produce - by cathodic reduction of 
ThF4 - metallic Th at a bismuth liquid cathode. 


In all the cases, metallic Bi was firstly 
purified by fusion in inert atmosphere. The oxide 
and impurities are adsorbed on the glass surfaces 
and are separated from the liquid metal. The Bi 
specimen are then cooled and kept in an inert glove 
box. 


In the experiments (A), the metallic 
thorium used for the experiments were under two 
forms: pellets (5 cm of diameter and 1 cm of 
thickness) and rods (5 cm of diameter and 20 cm of 
length). Metallic Th was introduced in liquid 
bismuth at several temperatures and during various 
durations between 24 to 48 hours. It was shown that 
the contact duration has no influence on the 
metallic dissolution of thorium in the bismuth. All 
these experiments were realized in a nuclear glove 
box. 


The experiments (B) were performed by 
electrochemical technique using two different ways. 
The principle is based on the electrochemical 
reduction of ThF4 dissolved in a molten salt. 
Previous basic electrochemical studies are 
necessary to control the electrochemical reaction 
and then to control the quantity of metallic Th 
introduced in the liquid bismuth. The 
electrochemical reaction is given by: 


 
ThF4  +  4e → Th(Bi)  +  4F- 


 
The reaction involving at the anode 


depends on the molten salt used in the process. Two 
molten salts were examined, LiF-ThF4 (77-23 
mol%) at 600°C and LiCl-KCl (59-41 mol%) at 
500°C which contains various concentrations of 
ThF4 from 5.10-2 to 1.5.10-1 mol/kg. The 
coulometries were realized by applying a constant 
current. In the fluoride molten salt (LiF-ThF4)  
 The amount of Th introduced in the 
metallic liquid bismuth (cathode) is controlled by 


coulometry. The charge Q is given by the following 
relation: 
 
Q(C) = I * t = n N F   (2) 
 
in which I is the applied current (A), t the time (s), 
n the charge (n=4 for Th), N the moles of Th 
produced and F the Faraday constant.  
 The mole fraction of Th (x(Th) is 
calculated combining the number of mole of Th 
introduced in the liquid bismuth (calculated from 
the charge Q) and the quantity of bismuth involved 
in the experiment. The apparatus used for this study 
is a Potentiostat PAR model 263A driven by the 
software CorrWare (SOLARTRON).  
 The electrical contact between the 
potentiostat and the liquid electrode is realized by 
using a tungsten rod insulated from the solution by 
a pyrex tube as it was previously described [16]. 


After completing the experiments (A) and 
(B), the metallic phases were analyzed by ICP-AES 
method. Elements such as Li and Th can be studied 
using inductively coupled plasma atomic emission 
spectrometry (ICP-AES). The device used to 
perform the analysis is an ACTIVA M (Horiba 
Jobin Yvon, France). This system is a spectrometer 
designed with a Czerny Turner geometry and the 
detector is a CCD camera. The multichannel 
detector allows the detection of the emission lines 
of interest and the spectrum background at the same 
time [17]. The ICP-AES is a very efficient 
technique for elemental analysis even with solution 
containing high salt concentration (up to 5 g/L). 
Quantitative results were obtained with linear 
calibration curve. No matrix effect was observed 
and results were obtained with 5% uncertainty (at 
k=2). Detection limits for Th (283.7296 nm) and Li 
(670.791 nm) was found at around 5 µg/L. This 
value can be evaluated with the BEC (Background 
Equivalent Concentration) technique. However, 
other method [18] can be used to calculate detection 
limit but the value indicated corresponds to the real 
capability of the ICP-AES technique. 


 
IV. RESULTS AND DISCUSSION 


 
The different experimental conditions tested for the 
preparation of the liquid phase Bi-Th are given in 
the Table 1. 
 


 
 
 
 
 
 
 
 


2250







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11447 
 


 


 


TABLE 1 
Experimental conditions tested for the preparation of the metallic phase Bi-Th (S is the solubility of Th in Bi). 


 
EXPERIMENTS (A) EXPERIMENTS (B) 
Th rod Th pellets LiF-ThF4 LiCl-KCl 
 T 


(°C) 
t 
(h) 


x(Th)  T 
(°C) 


t 
(s) 


x(Th)  Q 
(C) 


x(Th)  Q (C) x(Th) 


A1 
A2 
A3 


350 
450 
645 


24 
24 
24 


S 
S 
S 


A4 
A5 
A6 
A7 


600 
600 
600 
600 


24 
48 
72 
96 


S 
S 
S 


B1 360 10-3 B2 
B3 
B4 


84 
243 
168 


1.7.10-3 
5.7.10-3 
4.10-4 


 


 


Figure 2: Comparison between expected metallic thorium concentrations (in mole fraction) in liquid bismuth and 
experimental results obtained by ICP-AES analysis. Coloured curves: solubilities of Th in Bi as a function of temperature 


[19-21]. Points A1 to A7: ICP-AES analysis of experiments (A). Symbol �: expected results for experiments (B). Symbol •: 
ICP-AES analysis of experiments (B). 


 


 The values of x(Th) given in the Table 1 
corresponds to the expected values: for the 
experiments (A) the value corresponds to an 
average of the solubility S of Th in Bi calculated 
from the literature data [19-21] (the corresponding 
curves are given in Figure 2). For the experiments 
(B), x(Th) is calculated applying the relation (2). 
 The results obtained from the ICP-AES 
analysis are given in the figure 2 and compared to 
the expected values. For experiments (A), the 


expected result was the solubility of Th in Bi 
(curves of the figure 2). A large difference is 
observed between expected and analysis results. A 
weak dissolution of the thorium rod is observed. 
That is probably due to the formation of an oxide 
layer at the metallic interface which decreases the 
surface contact. In the case of Th pellets, the 
measured concentration is higher than the expected 
one. It was observed in this case a disintegration of 
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the thorium pellet under small particles which are 
not dissolved in bismuth. 
 The results of experiments (B) show that 
the reduction of ThF4 from the fluoride salt is not a 
good way to prepare the metallic phase. The real 
concentration in bismuth is very low compared to 
the expected one (103 times). That can be due to a 
weak efficiency of the coulometry: all the current is 
not used for the electrochemical reaction and a part 
of the current charge corresponds to parasite 
reactions. Another explanation is the formation of 
an oxide layer at the interface liquid Bi/molten salt 
when the salt is not purified against oxide ions. 
 The best results have been obtained by 
electrochemical reduction of ThF4 dissolved in a 
chloride molten salt. Indeed, the calculated and 
analysis results are very close, especially for B2and 
B3. Using this method, it is possible to control the 
concentration of Th introduced in the bismuth. 
 


V. CONCLUSION 
 


 A technical procedure has been developed 
to prepare a metallic phase constituted of bismuth 
and thorium. The method retained is based on the 
electrochemical reduction of ThF4 introduced as a 
solute in the molten salt LiCl-KCl at 500°C. In this 
way, a strong control of the concentration of Th in 
Bi is possible by controlling the applied current. 
 The next experiments will be devoted to 
the extraction tests between a molten salt and the 
metallic phase prepared following the method 
described in this paper. 
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Abstract –TRACE (TRAC/RELAP Advanced Computational Engine) model of Lungmen NPP 


(Nuclear Power Plant) was used to analyze the MSIV (Main Steamline Isolation Valve) closure 


direct scram transient as defined in Lungmen FSAR (Final Safety Analysis Report). In this paper, 


there are two purposes as follows: (1) the analysis results of TRACE were compared with those 


from FSAR; (2) the sensitivity study of the MSIV closure speed was performed in order to study the 


water hammer phenomenon. The MSIV closure direct scram transient began with the MSIV of 


main steam piping closing. The scram signal initiated when the opening degree of MSIV was lower 


than 85% with the assumption that MSIV were fully closed in 3 sec. After fully closed, the MSIV 


upstream and reactor pressures increased and the control rod began inserting at about 1.18 sec to 


keep the core power down. However, four RIPs (Reactor Internal Pumps) not connected with M/G 


(Motor Generator) Set tripped at around 3.12 sec and the safety relief valve opened at about 3.71 


sec according to the increase of reactor dome pressure. This paper compares those important 


parameters at steady state and transient, such as the dome pressure and temperature of reactor 


vessel, steam flow, and RIP flow, etc.. It was concluded that the steady state and transient results 


of TRACE calculations are in agreement with RETRAN and FSAR. The water hammer 


phenomenon can be produced by the fast closing of a valve which may cause serious derangement 


in the nuclear systems. Therefore, the sensitivity study of the MSIV closure speed was performed in 


order to study the water hammer phenomenon. By the analysis of Lungmen TRACE model, the 


MSIV closure rate which induces the water hammer phenomenon was found.  
 
 


I. INTRODUCTION 


 


Taiwan and the United States have signed an 


agreement on CAMP （ Code Applications and 


Maintenance Program） which includes the development 


and maintenance of TRACE. INER (Institute of Nuclear 


Energy Research Atomic Energy Council, R.O.C.) is the 


organization in Taiwan that is responsible for the 


application of TRACE in thermal hydraulic safety analysis, 


for recording users’ experiences of it, and providing 


suggestions for its development. To meet this responsibility, 


it has built TRACE models of TPC (Taiwan Power 


Company) NPPs.  


Lungmen NPP is the first ABWR in Taiwan, and there 


are two identical units with 3,926 MWt rated thermal 


power each and 52.2×10
6
 kg/hr rated core flow. The core 


has 872 bundles of GE14 fuel, and the steam flow is 


7.637×10
6
 kg/hr at rated power. There are 10 RIPs in the 


reactor vessel, providing 111% rated core flow at the 


nominal operating speed of 1,450 rpm. The TRACE model 


of Lungmen NPP was adopted for this research. The model 


includes at least feedwater control system, pressure control 


system and RIP control system.  


The MSIVCD (MSIV closure direct scram) transient 


began with the closure of MSIV on the main steam piping. 


The scram signal initiated when the opening degree of 


MSIV was lower than 85% with the assumption that MSIV 
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were fully closed in 3 sec. After fully closed, the MSIV 


upstream and reactor pressures increased and the control 


rod began inserting to keep the core power down. However, 


four RIPs not connected with M/G Set tripped and the 


safety relief valve opened according to the increase of 


reactor dome pressure. The MSIVCD event data from 


FSAR [1] Chapter 15 and RETRAN [2]-[3] are used to 


verify and establish the Lungmen TRACE model.  


The water hammer phenomenon can be produced by 


the fast closing of a valve which may cause serious 


derangement in the nuclear systems. Therefore, the 


sensitivity study of the MSIV closure rate was performed in 


order to study the water hammer phenomenon. The fast 


closure of the MSIV can lead to a high pressure wave 


entering the reactor vessel from the main steam lines and 


collapsing the bubbles of reactor vessel. The above 


phenomenon produces the positive reactivity in the core 


which results in a rapid increase of power. By the analysis 


of Lungmen TRACE model, the MSIV closure rate which 


induces the water hammer phenomenon was found.  


 


II. Methodology of Lungmen TRACE Model 


 


The SNAP（Symbolic Nuclear Analysis Program）v 


1.18 and TRACE v 5.0p1 are used in this research. The 


process is shown in Figure 1. First, the system and 


operating data [1]-[3] for the cases of FSAR chapter 15 of 


Lungmen NPP are collected. Second, several important 


control systems such as RIPs control system, pressure 


control sysem and feedwater control system etc. are 


established with the use of SNAP and TRACE. Next, other 


necessary components (e.g. RPV (Reactor pressure vessel) 


and main steam piping) are added into the TRACE model 


to complete the TRACE model for Lungmen NPP. And 


finally, the Lungmen TRACE model is verified.  


Figure 2 shows the TRACE model of Lungmen. In this 


model, the vessel is divided into 11 axial levels, four radial 


rings, and six azimuthal sectors (separately in 36°, 36°, 


108°, 36°, 36°, 108° apart), and connected with four steam 


lines (connected to the 36° azimuthal sector of the vessel), 


six feedwater lines (connected to six azimuthal sectors 


separately, one for each sector), 18 channels which are 


simulated to the fuel region (one for each azimuthal sector 


in three inner radial rings), the water rods and partial length 


rods are also simulated in the channels, 10 RIPs (connected 


to six azimuthal sectors separately, one for every 36°). 


Besides, every steam line has one MSIV and several SRVs. 


The 10 RIPs classified into three groups, 3 RIPs for each of 


the first and second groups, and 4 RIPs for the third group. 


The RIPs in group 3 are not connected to the M/G set. The 


other 6 RIPs are connected to the M/G set.  


In Lungmen NPP TRACE model, “point kinetic” 


parameters such as delay neutron fraction, Doppler 


reactivity coefficient, and void reactivity coefficient are 


provided as TRACE input for power calculations. 


 


 


 


 


 


Fig. 1. Methodology of Lungmen TRACE Model. 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Fig. 2. Lungmen TRACE Model. 
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III. Verification Analysis of Lungmen TRACE Model 


under Steady State 


 


Before the transient calculation of Lungmen TRACE 


model begins, it is necessary to carry out the steady state 


calculation first to make sure that the system parameters 


reach a consistent steady state and in agreements with those 


from RETRAN [2]-[3]. These parameters include 


feedwater flow rates, steam flow rates, NRWL (Narrow 


Range Water Level), and vessel dome pressure, etc.. Table 


1 shows the comparisons of steady state between the results 


from RETRAN and TRACE. It can be seen that the 


TRACE data agree with RETRAN data. The differences of 


the steady state results between TRACE and RETRAN02 


are caused by the difference of the calculation procedures, 


phenomenological modeling, and nodalization differences.  


Comparing the RETRAN and TRACE model, the main 


difference of simulation of TRACE and RETRAN are the 


RPV and main steam lines. The RPV of Lungmen 


RETRAN model is composed of several pipe components, 


but only one component (vessel, 3D component) is used to 


simulate the RPV in Lungmen TRACE model. There are 


four steam lines in Lungmen, and these steam lines are 


lumped to one steam line in the Lungmen RETRAN02 


model. However, there are four steam lines in Lungmen 


TRACE model which is identical with Lungmen NPP. 


Besides, One-dimensional kinetic model and 


neutronics data was used for power calculations in 


Lungmen RETRAN model. In Lungmen TRACE model, 


“point kinetic” parameters such as delay neutron fraction, 


Doppler reactivity coefficient, and void reactivity 


coefficient are provided as TRACE input.  


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Table 1 The comparisons between TRACE and RETRAN 


data under steady state. 


Parameters  RETRAN 


data 


TRACE data Error (%) 


Power (Mwt) 3926 3926 0 


Dome pressure 


(MPa) 
7.1705 7.1712 0.01 


Dome 


temperature (K) 
560.4 560.6 0.04 


NRWL (m) 1.19 1.19 0 


Steam flow 


(kg/sec) 
2122 2160.5 1.81 


Feedwater flow 


(kg/sec) 
2122 2160.5 1.81 


Core 


flow(kg/sec) 
12314.8 12440 1.02 


Core Bypass 


flow (kg/sec) 
2185.1 2195.8 0.49 


Turbine inlet 


pressure (MPa) 
6.7925 6.7948 0.03 


One RIP mass 


flow (kg/sec) 
1445 1463.2 0.91 


Core inlet flow 


temperature (K) 
550.7 552 0.24 


Feedwater flow 


temperature (K) 
488.7 488.7 0 
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IV. Verification Analysis of Lungmen TRACE Model under 


Transient [1]-[3] 


 


Table 2 shows the MSIVCD sequences in FSAR, 


RETRAN and TRACE. The sequences approximately are 


the same, but the time of the TRACE “action 3 and 4” are 


earlier than the time of FSAR and RETRAN. That is 


because the dome pressure in TRACE increases faster than 


those in FSAR and RETRAN before 4 sec (see Figure 3). 


Hence, it takes shorter times to reach the dome pressure 


setpoint. In the comparisons of the “action 5” time, TRACE 


is the earliest among FSAR and RETRAN. The reason is 


also shown in Figure 3. It shows that the dome pressure in 


TRACE decreases faster than those in FSAR and RETRAN 


after 7 sec. Hence, it takes shorter time to close the SRVs. 


Figure 3 through 6 show the comparisons of transient 


data among FSAR, RETRAN and TRACE. Figure 3 


compares the dome pressure of FSAR, RETRAN and 


TRACE. The trends of the three curves are approximately 


in agreement, but TRACE curve increases faster before 4 


sec. Figure 4 shows the total reactivity curves of FSAR, 


TRACE and RETRAN. The trends of all curves are 


generally consistent, but the value of FSAR is larger than 


those in RETRAN and TRACE after 4 sec. The difference 


of the total reactivity among FSAR, RETRAN and TRACE 


is caused by the void reactivity. The trend of void reactivity 


of FSAR is the opposite of RETRAN and TRACE after 4 


sec. This difference affects the trend of other parameters 


among FSAR, RETRAN and TRACE after 4 sec. Figure 5 


compares the core inlet flows of FSAR, RETRAN and 


TRACE. The trends of their curves are roughly consistent, 


but the value of FSAR is lower than those in RETRAN and 


TRACE after 4 sec. This result is caused by RIP pump 


flows (the total RIP pump flows = the core inlet flow). The 


reason for this is due to the use of different pump data 


curves in FSAR, RETRAN and TRACE. However, there is 


no pump curves data of FSAR to confirm this. Besides, the 


differences of the pump flow of FSAR, RETRAN and 


TRACE are caused by the differences in the vessel 


modeling of FSAR, RETRAN and TRACE (example: the 


different loss coefficient of the vessel caused the different 


pump flow when they are the same pump speed).  


Figure 6 compares the vessel outlet steam flows of 


FSAR, RETRAN and TRACE, and the comparison results 


are also in agreement. However, the predictions in TRACE 


are higher than those in FSAR and RETRAN before 2.5 sec. 


Because the dome pressure of TRACE is larger than FASR 


and RETRAN before 4 sec, the steam flow of TRACE is 


larger than FASR and RETRAN. It is only one steam line 


in RETRAN model but there are four steam lines in 


TRACE model (the vessel and steam lines simulation 


method of FSAR can’t obtain). These differences in the 


vessel and steam lines modeling of FSAR, RETRAN and 


TRACE may cause the differences of the dome pressure 


and steam flow. 


 


 


 
Table 2 The MSIV closure direct scram transient sequence of 


FSAR, RETRAN and TRACE. 


Time (sec) Action 


FSAR RETRAN TRACE 


1 Closure of all main 


steamline isolation 


valves (MSIVs) 


0.00 0.00 0.00 


2 MSIVs position scram 


initiated 
0.98 0.98 0.98 


3 Four RIPs trip 


initiated due to high 


reactor pressure 


3.10 3.12 3.00 


4 Safety/relief valves 


open due to high 


pressure 


3.68 3.71 3.42 


5 Safety/relief valves 


close 
8.76 8.25 7.87 


 


 


 
 


V. The water hammer study for the MSIV closure rate 


 


The water hammer phenomenon can be produced by 


the fast closing of a valve which may cause serious 


derangement in the nuclear systems. Therefore, the 


sensitivity study of the MSIV closure rate was performed in 


order to study the water hammer phenomenon. According 


to Barten et al. research [4], the water hammer 


phenomenon can be observed  by the setting in the TRACE 


model which is the cell length =0.1m, the maximum time 


step=5×10
-5
 sec, and graphics interval=5×10


-5
 sec. Table 3 


lists the sensitivity analysis cases which have the different 


parameters in the the cell length, the maximum time step, 


and graphics interval and the pressure of the steam line 


before the MSIV is observed in order to study the water 


hammer phenomenon. The pressure of  “Side A” which was 


shown in Figure 2 was obtained. Figure 7~10 show the 


sensitivity analysis results of TRACE model in A side. The 


results indicated that the water hammer phenomenon can 
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not be observed when only one parameter changes in the 


cell length, the maximum time step, and graphics interval 


(shown in Figure 7~9). However, when three parameters 


(cell length =0.1m, the maximum time step=1×10
-4
~5×10


-5
 


sec, and graphics interval=1×10-4~5×10-5 sec) change 


together, the little pressure wave oscillation is shown in 


Figure 10. It indicated that the water hammer phenomenon 


can be observed. The above results comply with the Barten 


et al. research.  


Table 4 shows the sensitivity analysis cases of the 


MSIV closure rate. Figure 11 and 12 show the sensitivity 


analysis results of TRACE in the MSIV closure rate.  The 


faster the MSIV closure rate is, the more oscillation of 


pressure wave is observed (shown in Figure 11). The fast 


closure of the MSIV leads to a high pressure wave entering 


the reactor vessel from the main steam lines and collapsing 


the bubbles of reactor vessel. This phenomenon produces 


the positive reactivity in the core which results in a rapid 


increase of power. Figure 12 shows the trend of TRACE 


analysis results which comply with the above phenomenon. 


Besides, Figure 12 also shows that the power increases 


when the MSIV closure rate larger than 0.9 (valve area 


fraction /sec, (1-0.01)/(1.7-0.6)=0.9) during 0~3 sec.  


 


 


VI. CONCLUSIONS 


 


In conclusion, the preliminary Lungmen TRACE 


model is established. Effectiveness of the proposed model 


was verified with the MSIVCD transient data from FSAR. 


Analytical results indicate that the Lungmen NPP TRACE 


model predicts the behaviors of important parameters in 


consistent trends with FSAR and RETRAN data. In the 


sensitivity study of the MSIV closure rate, the water 


hammer phenomenon can be observed by the setting in the 


TRACE model (cell length =0.1m, the maximum time 


step=1×10
-4
~5×10


-5
 sec, and graphics interval=1×10


-


4
~5×10


-5
 sec). The analysis results of TRACE indicated 


that the MSIV closure rate larger than 0.9 (valve area 


fraction /sec) causes the increase of the power. 


 


 


 


 


 


 


 


 


 


 


 


 


 


ABBREVIATIONS 


ABWR Advanced Boiling Water Reactor 


CAMP Code Applications and Maintenance 


Program 


FSAR Final Safety Analysis Report 


INER Institute of Nuclear Energy Research 


Atomic Energy Council, R.O.C. 


M/G Motor Generator 


MSIV Main Steamline Isolation Valve 


MSIVCD MSIV closure direct scram  


NPP Nuclear power plant 


NRWL Narrow range water level 


RIP Reactor Internal Pump 


RPV Reactor pressure vessel 
SNAP Symbolic Nuclear Analysis Program 


SRV Safety Relief Valve 


TPC Taiwan Power Company 


TRACE TRAC/RELAP Advanced Computational 


Engine 
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Fig. 3. The comparison of dome pressure among FSAR, 


RETRAN, and TRACE for MSIVCD.  
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Fig. 4. The comparison of total reactivity among FSAR, 


RETRAN, and TRACE for MSIVCD.  


 


0 2 4 6 8 10
Time (sec)


8000


10000


12000


14000


16000


18000


C
o
re
 i
n
le
t 
fl
o
w
 (
k
g
/s
e
c
)


FSAR


RETRAN


TRACE 


Fig. 5. The comparison of core inlet flow among FSAR, 


RETRAN, and TRACE for MSIVCD.  
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Fig. 6. The comparison of vessel outlet steam flow among 


FSAR, RETRAN, and TRACE for MSIVCD.  
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Fig.7. The comparison of  “Side A” pressure between case 


1 and 2. 
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Fig.8. The comparison of  “Side A” pressure among case 


1 ,3, and 4. 
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Fig.9. The comparison of  “Side A” pressure among case 1, 


5, and 6. 
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Fig.10. The comparison of  “Side A” pressure among case 


1, 7, 8, and 9. 
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Fig.11. The comparison of  “Side A” pressure among case 


9~14. 
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Fig.12. The comparison of power among case 9~14. 


 


 


 


 


 


 


 


 


 


Table 3 the sensitivity analysis cases for the water hammer 


study. 


Case Cell 


length(m) 


Max time 


step(s) 


Graphics 


interval(s) 


1 


(base) 


10.6 1 0.5 


2 0.1 1 0.5 


3 10.6 1.0E-4 0.5 


4 0.1 1.0E-4 0.5 


5 10.6 1 1.0E-4 


6 0.1 1 1.0E-4 


7 10.6 1.0E-4 1.0E-4 
8 0.1 1.0E-4 1.0E-4 
9 0.1 5.0E-5 5.0E-5 


 


 


 


 


Table 4 the sensitivity analysis cases of the MSIV closure 


rate. 


Case MSIV closure curve 


Valve area 


fraction 


1 1 0.01 0 9 


(base) 


Time (sec) 0 0.6 1.7 3 


Valve area 


fraction 


1 1 0.01 0 10 


Time (sec) 0 0.6 0.61 3 


Valve area 


fraction 


1 1 0.01 0 11 


Time (sec) 0 0.6 0.7 3 


Valve area 


fraction 


1 1 0.01 0 12 


Time (sec) 0 0.6 1.2 3 


Valve area 


fraction 


1 1 0.01 0 13 


Time (sec) 0 0.6 2.2 3 


Valve area 


fraction 


1 1 0.01 0 14 


Time (sec) 0 0.6 2.7 3 
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Abstract –A core of heavy water cooled thorium breeder reactor that produces 3.5GWt energy using Th-233U oxide fuel has 
been studied to depict a concrete design specification. In order to improve the breeding performance compared to that of our 
previous study, one of key parameters in core design moderator to fuel volume ratio (MFR) is re-surveyed. By reducing MFR 
from 1.0 to 0.6, the swing of keff during a cycle is considerably flattened, keeping negative void coefficient. The batch 
number is 3 and the refueling scheme employs out-in method to limit the radial power peaking factor less than 1.3. Due to 
efficient internal conversion, the reactivity of the core slightly increases with burnup, so that the cycle length is extended up 
to 1,300days. Consequently, high averaged burnup of 80GWd/t and breeding ratio of 1.07 at middle of cycle is achieved 
without any blankets. The number of control rods made of B4C is 19 and the total reactivity worth is -6.5%dk/k. The present 
core uses Zircaloy-4 as cladding material, the fast neutron fluence at EOC, however, exceeds its limit due to hard spectrum 
and long cycle length. As a part of future study, design will be further explored considering cladding integrity. 


 
I. INTRODUCTION 


 
The water-cooled plant technology is in common use 


throughout the world and it is recognized that the current 
LWR is already well-established as commercial plant 
through enormous operation and maintenance experiences. 
It is reliable and acceptable for both public and utilities. 
For utility company the transparent coolant is convenient 
especially for maintenance. If a breeder reactor is designed 
based on this common plant technology, there could be 
lesser requirements of investment and time for new 
technology development, education for operators and so on.  


Earlier our studies have shown that water-cooled 
thorium reactor based on the matured plant system can be 
designed as a competitive breeder1-3. Wide range of 
parameters like fuel cell design, power density, averaged 
discharge burn-up, etc. were earlier analyzed to determine 
breeding potential of water cooled reactor. It was found 
that light water cooled reactor with low MFR (~0.3) is 
feasible to breed fissile fuel and achieve comparable 
burnup to LWR but the core size is too large to be 
economical because of the low pellet power density 
(~45w/cc). On the other hand, heavy water cooled reactor 
showed relatively wider design window. Therefore a 
possibility to design a heavy water cooled reactor core 


having better neutronic and economic features than light 
water cooled reactor was studied4-5. 


As a result of these studies, the authors are now 
pursuing heavy water cooled thorium breeder reactor with 
sufficiently high breeding performance and higher burn-up 
for the smooth deployment of economically competitive 
and sustainable reactors for middle-term future use. In the 
present study, a 3.5GWt heavy water cooled thorium 
breeder reactor design is being evolved.  


 
II. METHODS 


 
The nuclear data JENDL-3.3 have been employed for 


the analyses to generate effective cross sections. The 
calculation code used is the SRAC system6. For the SRAC 
analyses, cell calculations using the collision probability 
method are performed to obtain effective group macro 
cross sections. Core calculations are performed with the 
COREBN module in the SRAC System. COREBN is an 
auxiliary code of the SRAC system for multi-dimensional 
core burn-up calculation based on the diffusion theory and 
interpolation of macroscopic cross-section tabulated to 
local parameters such as burn-up moderator temperature, 
and so on. Three dimensional, HEX-Z model is used for the 
hexagonal type of fuel assemblies. The whole process of 
calculation is shown in Fig.1. 
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Fig.1 Flow of calculation 
 


The definition of the instantaneous conversion ratio used 
here is defined as the ratio of neutron capture rate by fertile 
to neutron absorption rate by fissile as follows. 
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233240238234232   (2) 
 


    PuPuUUrr ag
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ag


241239235233   (3) 
 


This quantity is referred to as breeding ratio (BR) if it is 
more than unity. 
 


III. CORE OPTIMIZATION 
 


Optimizing the core to achieve high breeding ratio is 
performed by reducing the moderator to fuel volume ratio. 
Properties studied in the survey are instantaneous 
conversion ratio, effective multiplication factor (keff), void 
coefficient of reactivity. Two refueling schemes of out-in 
method and in-out method are studied to minimze the radial 
power peaking of the core. Main design parameters are 
listed in Table I. 


TABLE I 


Design parameters used in optimization 


 Units  
Total power output MWt 3,000 
Coolant material  D2O 
Cladding material 
Pellet diameter of fuel 
Outer diameter of fuel pin 
Pellet power density (average) 
Core diameter 
Core height 
Cycle length 
Batch number 
Moderator to fuel ratio 


 
mm 
mm 


W/cc 
mm 
mm 


Days 
- 
- 


Zircaly-4 
13.1 
14.5 
158 


4,054 
3,700 


700 - 1,300 
3 


0.5 - 1.0 
 


III.A. Moderator to Fuel Volume Ratio 
 
Moderator to fuel volume ratio is changed from 1.0 to 


0.5 to study its effect on reactivity swing and instantaneous 
conversion ratio. The fuel pin diameter is kept constant and 
only fuel pin pitch is changed here. Through the 
preliminary survey, the enrichment of U-233 in Th-232 
oxide fuel is determined to 8wt% and cycle length is set to 
700days. Results obtained by two dimensional diffusion 
calculation are shown in Fig 2 and Fig. 3.  


It is observed from Fig. 2 that for MFR of 1.0, there is 
sharp fall of reactivity as a function of burnup for each 
cycle whereas this slope becomes more flat for MFR of 0.7 
and below. Keff is almost flat with 0.2%dk/k reactivity 
swing in an equilibrium cycle for MFR of 0.6 while for 
MFR equals 0.5, core cannot remain critical.  


Fig.3 shows that for MFR of 0.6 the instantaneous 
conversion ratio is around 1.1 at the beginning of the each 
cycle and remains above 1.07 at the end of the each cycle. 
It is thus concluded from this result that the desired core 
with high breeding potential and minimum reactivity swing 
is feasible with MFR equals 0.6.  
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Fig.2. Keff swing as a function of burn up for 
different MFR values 
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Fig.3 Conversion ratio as a function of burn up for  
different MFR values 
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Fig. 4. Impact of thermal output increase on keff 
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Fig. 5. Impact of thermal output increase on conversion ratio 


 
 


III.B. Increase of Power Output and Cycle Length 


 
The flat reactivity for MFR=0.6 shown in Fig.2 implies 


that there is room for enhancing burnup. It is a key 
performance to affect electricity generation cost. The effect 
of thermal output on keff is therefore examined in the range 
of 2.5GWt to 3.5GWt (for the core of MFR=1.0) by three 
dimensional diffusion calculation. The cycle length is 
extended from 700days to 1,000days. The result is 
illustrated in Fig.4. The values of keff at EOC for later 
cycle decreases by increasing power output, however 
criticality is still kept. The conversion ratio given in Fig.5 
is also worsen by power increase but is more than unity 
even in the highest case of 3.5GWt. Considering these 
results the thermal power of the thorium breeder is fixed at 
3.5GWt in the following discussion. 


As shown in Fig.3 the optimum MFR is 0.6 to achieve 
better breeding performance. Hence similar examination 
mentioned above is also performed for MFR=0.6 core. The 
core has superior neutronic performance, so that keff 
increases with burnup after once dropped down as can be 
seen in Fig.6. To maintain conversion ratio more than 1.05, 
the cycle length is determined as 1,300days for the 
enhanced thermal power core with MFR of 0.6. 
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Fig. 6 keff and conversion ratio for extended cycle length 


(3,500MWt, 1,300days/cycle, MFR=0.6) 
 


III.C. Arrangement of Control Rods 


 
Control rods design is based on that of Monju reactor. 


The absorber material is B4C and the cladding is SUS-316. 
The cross section is homogenized in each ring as shown in 
Fig.3. Control rods are modeled like a ring with 1 control 
rod in the 1st ring, 6 rods in the 2nd ring and 12 rods in the 
3rd ring and the homogenized diameters of the control rod 
ring are given in Table II.  


Control rods of 19 are arranged over the core. The 
location is decided to equalize the number of fuel 
assemblies to be controlled by one rod. The total rod worth 
at fully inserted position is evaluated as -6.5 %dk/k. 
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B4C


SUS+D2O


Fig. 7 Homogenization of control rod in form of rings 


TABLE II 
Equivalent diameter of homogenized control rod 


Equivalent 
diameter


[mm]


Number
of rods


B4C rod in 1st ring 14.2 1
SUS-316 and D2O


in 1st ring 28.1 -


B4C rod in 2nd ring 44.7 6
SUS-316 and D2O


in 2nd ring 61.7 -


B4C rod in 3rd ring 78.9 12
SUS-316 and D2O


in 3rd ring 121.3 -


III.C. Specifications of optimized core


Fig.8 gives the core layout of the optimized core and 
Table III summarizes the specifications. It is simple 
homogenous core with 8wt% U-233 in ThO2. U-233 is 
100% in the U vector. The core has 282 fuel assemblies 
with 169 pins in each assembly. Fuel pin have ID/OD of 
13.1/14.5 mm with fuel pin gap of 45 mm which facilitates 
heat removal. There are 96 reflectors contained heavy 
water surrounding the core and 19 control rods. The core is 
designed for power of 3.5 GWt with cycle length of 1,300
days with 3 batch refueling. The average pellet power 
density is 158 w/cc. This core achieves averaged discharge 
burn up of 80.2 GWd/ton and breeding ratio of 1.07.


U-Th fuel


D2O reflector


B4C control rod


Fig. 8 Core layout of the 3.5GWt rating thorium breeder 


TABLE III
Design parameters


Core
Thermal power [MWt] 3500
Cycle length [days] 1300
Batch number 3
Fuel type 232Th-233U mixed oxide
233U enrichment [wt%] 8
Core height [mm] 3700
Core Diameter [mm] 4050
Coolant D2O


Fuel assembly


Assembly Type Hexagonal
Number of fuel assemblies 282
Fuel Assembly Pitch [mm] 230
Number of fuel pins in an assembly 169
Pellet diameter of fuel pin [mm] 13.1
Outer diameter of fuel pin[mm] 14.5
Fuel pin gap [mm] 4.5
Fuel Pin Pitch [mm] 17.6
Cladding material Zircaloy-4


III.D. Local Void Coefficient 


It has been observed by the authors in the earlier studies 
that heavy water cooled reactor have negative void 
coefficient for a wide range of MFR values2. For the 
designed core with MFR of 0.6, void coefficient is
estimated at various zones in the core as shown in Fig 9.


燃料 燃料 燃料


：


Fig.9 R-Z map of the core indicating the voided regions with 
white blocks 
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Also the void coefficient at the localized zone and 
position in the core is calculated as shown in Table V and 
VI respectively. To calculate the void coefficient in a
particular zone, the coolant is voided by 95% in that zone 
then the inserted reactivity is devided by the voided 
fraction in percent unit. It is observed that coefficient is 
negative in whole region of the core.  


Table V 
Zone wised local void coefficients (%dk/kk‟/%void)


Inner
core
Zone


Middle core
zone


Outer
core
zone


Upper Zone
(250～370cm) -4.02E-10 -3.66E-09 -6.73E-10


Middle zone
(170～250cm) -3.66E-09 -3.17E-08 -7.53E-09


Lower zone
(0～120cm) -3.07E-10 -2.71E-09 -4.72E-10


TABLE VI
Void coefficients at localized position (%dk/kk‟/%void)


Inner core
zone


Middle core
zone


Outer
core
zone


Local position
in upper zone
(250～370cm)


-3.44E-10 -3.13E-09 -5.77E-10


Local position
in mid. zone


(170～250cm)
-3.40E-09 -2.94E-08 -6.99E-09


Local position
in lower zone
(0～120cm)


-2.63E-10 -2.32E-09 -4.05E-10


III.E. Fuel Loading Method and Power Distribution 


In the studied core design, 1/3 of the fuel assemblies 
are discharged after a cycle length of 1,300days and fuel 
assemblies burnt for 1 or 2 cycles are shifted to other 
region in the core then the vacant region are reloaded with 
new fuel assemblies. Such in-out and out-in fuel loading 
scheme is illustrated in Fig. 10. 


Power distributions and main safety parameters are 
evaluated for each fuel loading scheme. Table VII 
describes the effect of the two loading methods on radial 
peaking factor (RPF), void coefficient of reactivity and 
doppler coefficient at EOC of 5th cycle. It is observed in the 
both methods, void and doppler coefficient of reactivity 
have negative values. The radial peaking factor is higher 
for in-out method and RPF < 1.3 can only be achieved by 
out-in method.  


Power distribution profiles of the core at BOC of 1st


cycle and at EOC in 5th cycle with out-in scheme are shown 
in Fig.7(a) and Fig.7(b), respectively. The core at BOC in 
1st cycle loaded with the same fresh fuels over the core 


causes power peak in the center region of the core. After 4
times reloading of fuels, the 5th cycle core has power peak 
in the peripheral region. The power produced in the outer 
region is more than that in the inner region, since the fresh 
fuel are loaded in the outer region and once and twice cycle 
burnt fuel is shifted inside the core. This provides a flatter 
core power distribution which maximizes the overall power 
output of the core. However further power flattening must 
be considered by optimizing fuel loading patterns for 
realistic commercial power reactor. 


 TABLE VII 
Impact of fuel loading method on core performances at  


EOL of the 5th cycle 
Void reactivity 


coefficient
[⊿k/k/%void]


Doppler 
coefficient
[⊿k/k/℃]


Radial
peaking 
factor


[-]
In-out method -6.54E-03 -3.27E-05 1.53


Out-in method -2.09E-03 -2.92E-05 1.14


1/6 core


Fig. 10 Fuel loading methods for 3 zoned core 


IV. SUMMARY & CONCLUSIONS 


A conceptual 3.5 GWt heavy water cooled thorium 
breeder reactor using Th-233U oxide fuel has been studied.
One of the most important design parameter MFR is 
reexamined to improve burnup and breeding performance 
while keeping negative void reactivity coefficient. The 
optimum MFR is found as 0.6 in this study.  


Control rods that are based on the design of Monju 
reactor are arranged by 19 to the optimized the core. The 
total reactivity of control rods is -6.5%dk/k. Refueling 
scheme employs out-in method to satisfy the radial power 
peaking factor limit (<1.3). The batch number is 3 and the 
core has 1,300 days of cycle length and achieves 80 GWd/t 
of discharged burnup. The breeding ratio of 1.08 is 
obtained with no blanket. The reactivity swing for 
1,300days operation is evaluated as 0.2%dk/k in the 


2236







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11404 


   


equilibrium cycle that is much less than that of standard 
sodium cooled MOX-FBR.  


It is found that the fast neutron fluence in the designed 
core reaches about 1×1023 n/cm2 because the core has 
longer cycle length, moreover the neutron spectrum of this 
heavy water cooled core is neither thermal nor epi-thermal 
but almost fast one. In the present core design Zircaloy-4 is 
used as the cladding material of fuels. It is known that 
Zircaloy undergoes dimensional changes for the fast 
fluence >1022 n/cm2 that is about one order less than the 
evaluated value for this core. Hence use of other cladding 
material that can withstand higher fluence such as HT-9, 
ODS etc. dedicated to fast reactor have to be studied. To 
avoid deterioration of breeding performance, it seems that 
materials having less absorption cross section than 
martensitic, ferritic and austenitic stainless steels are 
preferable. As a part of the future study, design will be 
further explored with such cladding materials. 
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Fig. 7a Power distribution of the core at the BOC of 1st cycle 
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Fig. 7b Power distribution of the core at the EOC of 5th cycle 
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Abstract – The QUENCH experimental program is being performed at Karlsruhe Institute of 
Technology (KIT) to investigate heat-up and reflooding of a reactor core, using an electrically 
heated rod bundle. Until recently, QUENCH concentrated on early phase severe-accident 
conditions with essentially intact rod geometry.  
The newly launched QUENCH-LOCA series aim to investigate the impact of ballooning, burst and 
secondary hydrogen uptake of the cladding under representative design basis accident conditions. 
The planned experiments will examine the effect of different cladding materials, geometric 
configurations and pre-hydriding. 
QUENCH-L0 was performed as a scoping test for the new QUENCH-LOCA series in order to 
investigate the bundle response to a new set of thermohydraulic states and also the facility 
capabilities to achieve the required conditions. It was the first QUENCH experiment with 
pressurized fuel rods simulators. The target temperature and boundary conditions were chosen to 
represent as close as possible a calculated LOCA accident scenario of existing PWRs.  
Planning analyses for the QUENCH-L0 were performed to support the conduct of the experiment 
using local versions SCDAP/RELAP5/irs (3.22) and SCDAP/Sim (3.4) containing models for the 
QUENCH heater elements, from which recommendations for the final test protocol were defined. 
Consistent results with only minor differences between the two codes were obtained, despite 
several differences in the models, strongly indicating that the test objectives would be met. 
Preliminary post-test calculations were performed with the experimental boundary conditions, 
focussing on the thermal transient, the rod internal pressure response and the burst scenario, the 
latter providing some assessment of the ballooning model. Recommendations were made for 
further QUENCH-LOCA experiments, based on the observed behaviour and post-test calculations.  


 
 


I. INTRODUCTION 
 
The QUENCH experimental program is being 


performed at the Karlsruhe Institute of Technology (KIT). 
The main goal of this program is to investigate the efficacy 
of water injection under accident conditions and to identify 
the limits (e.g. temperature, injection rate etc.) for which 
successful reflood and quench can be achieved.  


Previously, the QUENCH facility was used for 
experiments to investigate the high-temperature materials 
behaviour under early phase severe-accident conditions, i.e. 
in the temperature range of up to 2400 K. The hydrogen 
source term that results from the water or steam injection 
into an uncovered LWR core was one of the principal 
objectives in the severe-accident test series. A total of 15 
QUENCH experiments were performed between 1997 and 
2009 with different cladding materials and geometric 
configurations, with essentially intact rod geometry [1]. 


Within the envelope of design-basis accidents, it is still 
accepted that the existing embrittlement limit of 17 % local 
oxidation is valid for unirradiated cladding with no 


hydrogen uptake [2, 3]. The U.S. Nuclear Regulatory 
Commission (NRC) has presently been evaluating LOCA 
experiments focusing on cladding embrittlement [4], in 
order to define a new, performance-based ECCS 
(emergency core cooling system) acceptance criterion [5]. 
The new criterion will be defined taking into account the 
rod cladding content of hydrogen, which is a measure of 
burnup. 


In the newly launched QUENCH-LOCA series, the 
impact of ballooning, burst and secondary hydrogen uptake 
of the cladding under representative design accident 
conditions is being studied. The effect of different cladding 
materials, geometric configurations and pre-hydriding will 
be analyzed during the planned experiments. The 
QUENCH-LOCA conduct was mainly based on the 
evaluation of the FR2-LOCA single rod test series [6-11] 
and the REBEKA bundle test series [12] data.  


The QUENCH-L0 experiment is the scoping test for 
the new QUENCH-LOCA series. The target boundary 
conditions for the QUENCH-L0 experiment were based on 
a RELAP-calculated scenario for a German PWR of the 
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AREVA design under large-break Loss-of-Coolant 
Accident (LOCA) conditions [13]. The transient has 
typically four phases: the blowdown, where the pressure 
drops rapidly and the temperature reaches first peak; a 
more gradual second heatup when rod burst is most likely; 
an intermediate cooling with steam flow; and reflood 
quench. QUENCH-L0 comprised the 2nd, 3rd and 4th 
phases, with a peak temperature of ca. 1300 K and at a 
pressure of ca. 0.3 MPa. A preliminary temperature history 
for the QUENCH-L0 was calculated with the help of the 
SOCRAT computer code [13]. In QUENCH-L0 the rods 
were pre-pressurized with krypton at different pressures to 
characterize the mechanical response to different pressure 
loadings. The results of the QUENCH-L0 experiment will 
be used for optimization of facility configuration, operation 
and test definition of the remaining QUENCH-LOCA test 
program. Pre- and post-test analyses for the QUENCH-L0 
were performed using local versions SCDAP/RELAP5/irs 
(3.22) and SCDAP/Sim (3.4). The planning analyses were 
performed to provide recommendations for the final test 
protocol. The post-test analyses were focussed on the 
thermal transient, the rod internal pressure response and the 
burst scenario. 


The following section summarises the QUENCH 
facility configuration in QUENCH-L0. Sections III and IV 


describe respectively the analytical tools and the pre-test 
calculations, the results of which were used to define the 
nominal test protocol. Section V summarises the test 
conduct and main observations. Section VI describes the 
post-test analysis, and some preliminary conclusions are 
given in section VII. 


 
II. SUMMARY OF QUENCH FACILITY  


 
The QUENCH-L0 bundle was similar to the one used 


previously for the QUENCH-14 experiment [14]. As-
received Zircaloy-4 cladding with outside diameter of 
10.75 mm was used. The bundle was equipped with 21 fuel 
rod simulators about 2.5 m long. All the rods were heated 
by 1024 mm long and 6 mm diameter tungsten heaters 
located at the rod centres. Molybdenum and copper 
electrodes connect the tungsten heaters to the cables 
leading to the DC electrical power supply. The copper 
electrodes were drilled in the axial direction from the lower 
end so that the electrically heated fuel rod simulators could 
be pressurized. In QUENCH-L0 each rod was separately 
pressurized to 3.5, 4.0, 4.5, 5.0, and 5.5 MPa, with one 
unpressurized rod to provide a reference. 
 


  


power
supply


cooling 
bundle foot


temperature-
controlled
bundle head


bottom 
quenching


Ar cooling jacket


Ar purge flow


ZrO  insulation2


containment
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H O2
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Fig.  1: QUENCH-L0 (left) Cross section, (right) Schematic of the facility 
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The tungsten heaters are surrounded by annular ZrO2 
pellets to simulate the UO2 fuel. The geometry and most 
other bundle components are prototypical for Western-
type PWRs. The fuel rod simulators are held in position 
by five grid spacers, four are made of Zircaloy-4 and the 
one at the bottom of Inconel 718. Four corner rods are 
installed to mount additional thermocouples. The bundle 
is surrounded by a Zircaloy 702 shroud to provide 
encasement, a 37 mm thick ZrO2 fibre insulation and a 
double-walled cooling jacket of Inconel 600/stainless steel 
within which a flow of argon is maintained to remove 
excess heat. The whole set-up is enclosed in a steel 
containment. The facility bundle cross-section and the 
schematic of the facility are shown in Fig.  1.  


 
III  ANALYTICAL TOOLS AND FACILITY 


NODALIZATION 
 


For the QUENCH-L0 Planning calculations 
SCDAP/RELAP5/irs [15] and SCDAP/Sim [16] codes 
were used. Both codes use a full two-fluid treatment and 
have been extended to model specific features of the 
QUENCH facility [17]. The codes have been used 
extensively for planning and analyses of QUENCH 
experiments [18, 19].  


The descriptions of the facility and test section are 
different for the different code versions (Fig.  2), as well 
as some of the model implementation. Some of the 
functionality is different between the code versions, and 
these force additional differences in the representation of 
the facility and test section. 


 


 
Fig.  2 Q-L0 SCDAP/RELAP and SCDAP/Sim 


nodalizations 


As is the case with all system simulation tools, the 
code versions enable only an approximate treatment of all 
the relevant features of the QUENCH facility 
characteristics. In fact, the two SCDAP-based codes 
enable slightly different descriptions and it beneficial to 
use both versions to provide additional confidence in the 
results and their interpretation. 


The main difference between the input models is that 
the SCDAP/Sim representation of the facility is 
simplified, such that the inlet pipe, the offgas line and the 
containment are not included. However, these components 
are probably of minor significance as regards simulation 
of the bundle itself. There are, however, difference in the 
code features themselves. The cooling jackets are 
represented by separate hydraulic systems and 
containment is represented as a boundary condition.  


The temperatures at each end of the heater rods are 
given as boundary conditions, but in a different way in the 
two codes: The condition is applied within the end 
volumes in SCDAP/Sim and at the end surfaces in 
SCDAP/RELAP5. A larger number of axial nodes is 
therefore used for the molybdenum electrodes in the 
SCDAP/Sim model. In some cases there may be a 
significant effect on the results. In addition the material 
composition of SCDAP components may vary axially in 
SCDAP/Sim but is uniform in SCDAP/RELAP5. 


The ballooning and strain are calculated by both 
codes using the “sausage deformation model”. This is a 
mechanistic model which follows the theory of Hill [20] 
and the Prandtl-Reuss equation [21]. The burst process is 
not directly calculated by both codes. The rods are 
assumed to burst when the strain reach a limit provided by 
the user. The default value in the code is 20%. 


 
IV. PLANNING ANALYSIS OF QUENCH-L0 


 
The QUENCH-L0 conduct was planned to represent 


as close as possible the calculated scenario of existing 
PWRs [13]. The experiment conduct comprised three 
phases: initial heat-up, cooldown and quenching.  


The QUENCH-L0 was planned to start at a 
temperature of  ~870 K with steam and argon flow rates of 
2g/s and 3g/s (Steam, Ar temperature = 433 K), 
respectively. The system pressure was 0.3 MPa and the 
rods were pressurized at 3.5, 4.0, 4.5, 5.0, and 5.5 MPa. 
The transient was planned to start by rapidly increasing 
the power with from 4.5kW to 70 kW for 50 s, and then 
reduce the power to 50 kW until the maximum 
temperature of 1300K is reached. At that point, the power 
would be decreased to 3.5 kW to simulate decay heat and 
the cooldown phase started by increasing the steam flow 
rate using a separate “high flow” injection line. When the 
maximum temperature decreases to about 950K the steam 
would be switched of and the quench phase with 90g/s of 
water initiated. 
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Fig.  3 Q-L0 Illustration of the general conduct of the 


QUENCH-LOCA tests 
 
The calculations were performed with 


SCDAP/RELAP5/irs and SCDAP/Sim for QUENCH-L0 
using the initial planned experimental conditions. For the 
cooldown phase different steam and argon rates 
combinations were tested. After analysis of the different 
cases, the flow rates of 35 g/s of steam and 7g/s of Ar 
were chosen, in order to obtain the desired cool down rate 
and avoid condensation. One reference case, where the 
rods were unpressurized (i.e. the fill pressure was the 
same as the bundle pressure, 0.3 MPa), was calculated. 
This case was used to set the times when the cooldown 
phase and the quench phase started. Additional 
calculations were made with internal rod pressures of 3.5, 
4.0, 4.5, 5.0 and 5.5 MPa. Code limitations preclude 
representing the individual rod pressurisation of the 
experiment; for simplicity therefore, all the rods had the 
same pressure. 


 
Maximum temperature 
Fig.  4 shows the temperature increase to ca. 1300 K 


in the reference case and ca. 1200-1250 K in the 
pressurized cases, reflecting the more efficient heat 
removal from the ballooned rods. The effect on the 
thermal response of differing degrees of ballooning at 
different locations indicated a need to specify a sufficient 
high temperature criterion for initiation of cooldown. The 
heatup rate is ca. 5 K/s at 70 kW for 50 s, then ca 3 K/s at 
50 kW until 80 s. Cooling was established after 80 s by 
the increased steam flow and the facility was totally 
quenched after 300 s.  


 
Fig.  4 Q-L0 Core Maximum surface temperatures (predicted) 


 
Ballooning and burst 
All the cases with pressurized rods burst (Fig. 5), 


between 45 s and 62 s after the start of heat up phase at 
temperatures of ca. 1090-1180 K. The rods with a higher 
fill pressure burst earlier and at lower temperatures than 
the ones with lower pressure. Burst was predicted for all 
the cases when the default strain limit of 20% was used. 


 
Fig.  5 Q-L0 Burst times and temperatures (predicted) 


 
Because of possible rod-to-rod temperature variation 


in the experiment, a sensitivity analysis was performed to 
investigate the influence of the temperature on the burst 
time (Fig.  6), for an arbitrarily chosen case (fill pressure 
at 4.0 MPa). The power of the central rod was reduced by 
different amounts in order to obtain a range of lower 
temperatures in this rod. The burst time was progressively 
later as the power was reduced. Burst occurred only at 
temperatures greater than ca. 1100K. The code predicted 
that deformation of the rod cladding could occur during 
both the heat up and cooldown phases, as shown by the 
case with the power was reduced 60% (red line) where 
burst occurred during the cool down phase. When the 
power was reduced by more than 60% no burst occurred. 
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The central rod temperatures obtained with this reduction 
of power are lower than ca. 1050 K.  
 


 
Fig.  6 Q-L0:  sensitivity to central rod power (predicted) 
 
Effect of code version 
There was no significant difference in the heat up but 


SCDAP/Sim calculated a slightly faster cooldown and 
steeper decrease during reflood (Fig.  7). Some of the 
differences might be due to code model details and some 
because of the different nodalization.  


 
Fig.  7 Q-L0 code version differences (predicted) 


Condensation 
One concern during the Planning analysis was the 


possibility that condensation might occur in the upper part 
of the bundle, with possible adverse effect on experiment 
control and data qualification. No condensation was 
calculated in the SCDAP/RELAP5/irs simulations, either 
in the offgas pipe or in the upper part of the bundle. The 
SCDAP/Sim model does not include the offgas pipe but 
earlier calculations, with reflood initiated at ca. 800 K and 
with lower Ar flow, had predicted condensation at the top 
of the test section (above 1300 mm), in the period shortly 
before reflood. For this reason the higher reflood 
temperature of 950 K and a higher argon flow rate were 
proposed to avoid condensation.  


 


V.  TEST CONDUCT 
 
QUENCH-L0 experiment started by stabilizing the 


bundle conditions with an application of total electrical 
bundle power of 4.6 kW and using 6 g/s argon plus 2.1 g/s 
steam flow, resulting in maximum bundle temperatures of 
800 K. The transient was then started by increased rapidly 
the power to 27 kW followed by steady increase to 44 kW 
within 185 s. It is noted that the specified power of 70 kW 
was not achieved, due to a limitation in the power supply; 
this is one of the facility features identified for 
improvement in further experiments.  


During the initial heat-up phase the bundle maximum 
temperature increased from 800K to more than 1300K at 
the hottest elevation (950 mm), as planned. The increased 
ductility of the heated cladding resulted in a progressive 
ballooning and consequent burst of all of the pressurized 
rods. The first burst occurred 108 s after transient 
initiation at about 1075 K on rod 1 which was pre-
pressurized to 5.0 MPa. All 20 pressurized rods failed 
within the next 63 s. The temperature range for bursts is 
estimated from thermocouple readings to be between 1070 
and 1130 K. The individual rod failures were indicated by 
internal pressure readings and correlated precisely with 
krypton peaks measured in the offgas pipe by mass 
spectrometer. The post test measurements showed that the 
rods burst at strain values between 15% and 30%. The 
experiment continued with power decrease to 3.4 kW to 
simulate decay heat and subsequent injection of steam at a 
nominal of 50 g/s at 215 s, resulting in immediate and 
rapid cooling to about 400 K. The cooling was greater 
than expected, suspected to be caused by entrainment of 
water which had collected in the injection line. The 
cooling phase was followed by a second, minor reheating 
to about 660 K and terminated by 90 g/s water injection at 
360 s. 


 
VI.  POST-TEST CALCULATIONS 
 
A first calculation was made shortly after the 


experiment with SCDAP/Sim and SCDAP/RELAP5 with 
the actual experimental boundary condition. In these 
calculations the internal fill pressures were 3.5 and 5.5 
MPa for the internal and external ring, respectively and 
the central rod was unpressurized (Fig.  8). 


A good agreement was obtained between the 
experimental and calculated burst time, especially for the 
fill pressure of 5.5 MPa. The temperatures with both of 
the code versions also agreed well with the experimental 
result during the heat up phase. Some differences were 
observed in the temperatures when the power is 
decreased, notably that the measured temperatures 
continued to increase for a longer period than in the 
calculations.   
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Fig.  8 SCDAP/Sim Q-L0 rod internal pressure (pgas: predicted; 


rod: experimental) 
 


 
The cooldown phase was considerably different from 


the experimental one. The strong cooling trend observed 
in the experiment, during the period of increased steam 
flow. This was not reproduced by the calculation using the 
experimental boundary conditions, suggesting an 
unplanned presence of water in the facility (Fig.  9).  


Further investigation on the facility showed that some 
water could have condensed in the “high flow” steam line. 
Several calculations were made in order to reproduce this 
cooling effect. Different amounts of saturated or room 
temperature water were injected from the bottom of the 
bundle (Fig.  9).  


  


 
Fig.  9 Q-L0 Cooling trend during cooldown phase (TFS: 


experimental; cadct: predicted)  
 


 


The calculation where ca. 19 kg of water were 
injected is the one which is closer to the experimental 
temperature. However, this is an unrealistically large 
amount of water, it was estimated that not more than ca. 
2.1 kg of condensed water could have accumulated in the 
steam line. Realistic assumptions of the water mass 
underestimated the cooling, which suggests a limitation of 
the code. This is consistent with previous experience of 
QUENCH experiment analyses, in that the RELAP5 
models generally under-represent the observed surge of 
water into the bundle at the start of rapid injection. There 
may also be additional effects not identified, as there is 
not complete knowledge of the facility behaviour.  


Additional calculations with fill pressures of 3.5, 4.0 
4.5 5.0 and 5.5 MPa (all rods with the same fill pressure) 
were made with both code versions, in order to compare 
the burst times and temperatures predicted by both codes. 
In Fig.  10 the case with fill pressure at 5.0 MPa is shown. 


 


 
Fig.  10 Burst temperatures and times for a rod at 5.0 MPa 
(green lines: experimental; red and black lines: predicted) 
 
When the default strain limit value of 20% (Fig.  11) 


is used the calculated burst was between ca. 105-170 s, 
whereas all the rods burst in the experiment between ca. 
110-175 s. The calculated burst temperatures are in very 
good agreement with the experimental values which 
extend over the approximate range 1050-1150 K. 


The first burst calculated by SCDAP/RELAP5 
occurred ca. 15s later than in SCDAP/Sim due apparently 
to the slightly lower heat-up rate. The inner rod burst time 
and temperature trends were well predicted by both codes.
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Fig.  11 (left) burst Temperatures; (right) burst time (lines: predicted; symbols: experimental) 


 
There is a clear trend in which the rod burst 


temperatures decrease when the fill pressure increases, as 
expected. There is also a slight difference of ca. 15 s and 
20 K at the time of burst between the two code versions, 
apparently due to key role of “time-at-temperature” for 
deformation. This is consistent with the pre-test sensitivity 
calculations on the heat generated in central rod, which 
shows a similar effect on burst time and temperature. 


The inner and outer rods with the same fill pressure 
burst almost at the same temperature in both of the codes, 
since very similar conditions were calculated. For the 
outer rods it seems that the observed trend goes in the 
opposite direction to the calculations (i.e. the rod burst 
temperatures increase when the fill pressure increase). 
This discrepancy might be explained by variations in the 
heat transfer conditions at the time of burst in the 
experiment, which appear to be due both stochastic and 
systematic causes. For example some of the 
thermocouples were facing towards the centre of the 
bundle, where the temperatures are higher; and others 
towards the walls where the temperatures are lower. There 
are also known though not fully characterised azimuthal 
variations in the flow conditions within the bundle itself. 
The ballooning and burst processes themselves are to 
some extent stochastic. All of the effects are at a more 
detailed level than can be represented at present. The 
overall effect is more noticeable in the outer rods whether 
the thermal variations are stronger and may have 
dominated the natural trend observed on the inner rods.  


A sensitivity analysis using different burst strain 
values showed that the burst times vary by only ca. 10s 
when the burst strain limit value vary between 15%-30%. 


 
VII. SUMMARY AND CONCLUSIONS 


 
Pre-test planning calculations and post-test analysis 


for QUENCH-L0 were performed with SCDAP/RELAP5 


and SCDAP/Sim codes. All the calculations showed 
ballooning and burst of the pressurised rods. A sensitivity 
analysis showed the influence of the temperature on the 
burst time, i.e. for the central rod pressurized at 4.0 MPa 
the burst occur at maximum temperatures greater than ca. 
1100K. For temperatures lower than 1050 K burst did not 
occur. As expected, more efficient heat removal from the 
ballooned rods was calculated, a fact that needed to be 
considered when defining the maximum target 
temperature.  


The planning calculations enabled a nominal test-
protocol to be defined that would meet the objective of 
bursting all the pressurised rods. The results supported a 
choice of flow rates and reflood initiation temperature to 
avoid condensation in the upper part of the bundle. 


The pre-test calculations differed from the experiment 
due to the different boundary conditions that applied in 
the experiment. In particular the power could not be 
increased fast enough to reach the planned maximum of 
ca. 70kW, therefore causing a slower heat-up phase. 
However, the test conduct proved to be robust to these 
factors and the differences did not impact the objectives 
regarding ballooning and burst. The strong cooling trend 
at the start of cooldown was not predicted, but this had no 
bearing on the rod burst. 


The actual boundary conditions were used in the post-
test calculations which satisfactorily reproduced the rod 
thermal response during the heat-up. The post-test 
analysis confirmed the hypothesis that the unexpected 
strong cooling trend observed during the period of 
increased steam flow was due to the presence of water in 
the facility. The exact boundary conditions are not known, 
but neither of the code versions reproduced this behaviour 
unless unrealistically large amounts of water were 
assumed to enter the lower section of the bundle.  


The rod failure temperatures were similar between the 
pre- and post-test calculations, indicating only a small 
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influence of heating rate. The burst was predicted for all 
the cases at the default strain of 20%. The calculated burst 
history was fairly insensitive to burst strain within the 
observed range of 15-30%; the timing varied by ca. 10s.  


The rod failure times, calculated with both codes 
were generally in agreement with the experiment. 
Differences of ca. 15 s in the burst time were found 
between the two code versions, due to the slower heating 
rate calculated by SCDAP/RELAP5, which as a result 
also calculated a burst temperature by lower ca. 20 ˚C.  


The inner rod burst times and temperature trends 
were very well predicted by both codes. For the outer rods 
there were large discrepancies which might be explained 
by the stochastic distribution of the rod burst time 
connected with spatial variations in temperatures in the 
experiment, both rod-to-rod and azimuthally around the 
rods. It is thought these variations may have been larger 
among the outer rods, and amplified by the thermocouple 
orientations (inward or outward facing).  


The QUENCH-L0 conduct helped to identify the 
limitations in the QUENCH facility which should be 
improved for further experiments of the QUENCH-LOCA 
test series: the power supply will be modified in order to 
obtain the desired level; trace heating of the “high flow” 
steam line will avoid problems of spurious water injection 
during the cooldown phase. 
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Abstract – Under certain conditions, boiling water reactors (BWRs) are susceptible to coupled 
neutronic-thermohydraulic instabilities, and have been observed in several boiling water reactors.  
Many researches noted that at low-flow and high-power conditions, two-phase pressure drop and 
void reactivity coefficient are very important and are considered to be of primary concern for 
BWRs stability analysis.  In order to improve the reactor core stability, a part length fuel assembly 
has been adopted to reduce two-phase pressure drop in reactor core because of larger flow area in 
the regions on top of these part length fuels.  This paper employed LAPUR6 and SIMULATE-3 
codes to establish a methodology to conduct such analysis. Comparisons of instability 
characteristics between full length fuel assemblies and part length fuel assemblies are made. 
Moreover, this research also makes a parametric characteristic and comparative study to explore 
such influences in different operation points, based on the reload core design of Chinshan unit 1 
(BWR4) cycle 25. Therefore, this study also presents the effects on the use of partial length fuel 
assemblies among different operating conditions. It is concluded that the part length fuel 
assemblies could show favorable two-phase to single-phase pressure drop ratio and result in 
smaller decay ratios.  


 
 


I. INTRODUCTION 
 
Oscillation of core instability is one of the main 


reasons that cause the minor core damage event.  Boiling 
water reactors have the unique coupling mechanisms 
between neutronic and two-phase flow thermal-hydraulic 
behaviors and may induce instability by unstable 
power/flow oscillations.  Density-wave oscillations are 
common type of instability of two-phase flow system and 
are due to the delay of two-phase pressure drop caused by 
heat input perturbation. Essentially, the stability depends 
on the relative magnitudes and interactions between the 
two-phase pressure drop and single-phase pressure drop. 
On March 9, 1988, the LaSalle-2 nuclear power plant 
experienced a neutron flux oscillations under natural 
circulation condition (Araya et al., 19911).  The mechanism 
of these oscillations is understood to be a coupling one 
between thermal-hydraulic and neutron kinetics.  As a 
major safety issue in BWRs, researchers (March-Leuba 
and Blakeman 19912, Kengo Hashimoto 19933) noted that 
at low-flow and high-power conditions, two-phase pressure 


drop and void reactivity coefficient are large and they are 
considered to be of primary concerns for BWR instability.  
 


The stability issues in boiling water reactors are very 
important as they are closely related to the plant 
operational safety.  For the purpose of quantifying the 
reactor instability, many studies (Bergdahl et al.4, 1989; 
Kishida K.5, 1990; Sanchis R.6, 1997; Van Der Hagen 
20017) have been focused on the decay ratio trying to 
evaluate the stability of boiling water reactor cores.  
March-Leuba applied LAPUR code to show in full detail 
the parametric effects, and to understand the influences of 
the different parameters upon reactor core instability 
(March-Leuba 19838, 1986a, b9, 10) 


 
From a practical point of view, it has significant 


meaning if we could realize at an early stage of such 
potential instability occurrence such that we could adopt 
certain effective measures to prevent it from happening.  In 
order to improve the reactor core stability, a part length rod 
(PLR) fuel assembly has been adopted to reduce two-phase 
pressure drop in reactor core because of larger flow area in 
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the upper portion of these part length fuels.  As the studies 
we surveyed from many other publications, it is rare to 
mention and discussion how the part length fuel assemblies 
affect reactor instability. 


  
From stability characteristics point of view, it is well 


known that the increase of single-phase drop through the 
inlet orifice installation could stabilize the system. In effect, 
this reduces the ratio of two-phase and single-phase 
pressure drops. In general, two-phase pressure drop is 
composed of gravitational, acceleration, and frictional 
pressure drops. The gravitational pressure drop depends on 
the densities and void fractions of the flow. The 
acceleration pressure drop is a function of the channel 
heating power. Finally, the frictional pressure drop depends 
on the available rod surfaces and the flow area. In the 
upper portion of the PLR, the heating power and rod 
surfaces are apparently smaller. As a result, the frictional 
pressure drop and acceleration pressure drop are smaller. 
On the other hand, gravitational pressure drop would be 
larger for PLR. However, the contributions of gravitational 
pressure drop are the smallest so that, in total, it turns out 
that two-phase pressure drops for PLR are smaller than 
those in full length rod (FLR) fuel assemblies. Therefore, it 
would beneficial if one could obtain favorable two-phase 
to single-phase pressure drop ratio and improve the BWR 
instability. In fact, the claimed good stability behavior of 
ATRIUM fuel designs mainly results from the optimized 
two-phase to single-phase pressure drop ratio through the 
use of PLR of the channel. For the purpose of exploring 
how PLR fuel assemblies influence instability, this 
research applied LAPUR 6.0 methodology to analyze the 
differences in stability characteristics in FLR and PLR fuel 
assemblies.  


 
II. LAPUR METHODOLOGY 


 
LAPUR 6.0, based on frequency domain approach, is 


a computer code that analyzes core instability and 
calculates decay ratios of boiling water nuclear reactors. 
SIMULATE-3, based on the three-dimensional iterative 
nodal method, is a neutronic code that generates three-
dimensional distributions of a nuclear reactor core. These 
two codes are arranged, plus several interface programs, to 
obtain important stability characteristics such as core wide 
and regional instability decay ratios. Each operation point 
has a decay ratio, defined as the ratio of two continuous 
maxima values of impulse response from the oscillating 
variable, which signifies the system response 
characteristics.  And the value can be calculated by Eq. (1). 
There are two modes of instabilities in BWRs. Global 
mode (or core wide mode, or in-phase) oscillation is 
characterized by its overall core region behaviors. On the 
other hand, regional mode (or out-of-phase) instability 
shows local oscillations. Reactor power can increase in one 


half of the core and decrease in the other half, while the 
total power remains unchanged. 


 


DR =  exp   (1) 
 
Basically, LAPUR 6.0 is divided into two separate 


programs, LAPURX and LAPURW. LAPURX solves the 
steady state governing equations of coolant and fuels. On 
the other hand, LAPURW is programmed to handle the 
dynamic equations of coolant, fuels, and core neutronics in 
the frequency domain8. Because of the differences in 
neutronic models in LAPUR5.2 (point kinetics) and 
SIMULATE-3 (3-D), it is necessary to process some of 
their inputs and outputs. PAPU developed by Polytechnic 
University of Valencia, Chemical Engineering Department 
11, transfers results from reactivity perturbation calculations 
(density and Doppler reactivity coefficient) and other 
dynamic nuclear parameters12, and prepares the input file 
for LAPURW. Besides, the analytic process also needs the 
recirculation loop gain and time constant at this point. 
EXAVERA, developed by our own team, collects and 
processes thermal hydraulic and power distributions from 
SIMULATE-3, plus other information such axial power 
profile, power fraction, and channel contraction 
coefficients, into formats compatible with LAPURX inputs. 
Two output files, LAPURX.OUT and LAPURW.OUT, are 
then obtained from LAPUR 6.0. At the end of LAPUR 
calculations, users should try to examine results (core 
pressure drops, channel flow, and core density reactivity 
coefficient) to see if they are consistent (within preset 
acceptable error percentages) with results from 
SIMULATE-3 to ensure that their errors are within the 
limits prescribed. The error limits for core pressure drops, 
channel flows, and core density reactivity coefficient are 
2%, 10%, and 1%. If the accuracy is not met, new density 
reactivity coefficient, pressure drop, and flow distribution 
are assumed and new iterations are repeated. If the iteration 
converges, the calculation will stop. Fig. 1 depicted the 
analytic procedures of LAPUR 6.0 methodology in this 
study. 


 
The current version of LAPUR is LAPUR 6.0, which 


is used in this study. The old LAPUR 5 does not allow for 
the existence of a variable cross-area in the fuel assemblies. 
The channel has a constant axial flow area (LAPURX 
input data card 19). The new version LAPUR 6.0 has the 
capability for modelling bundles with variable flow area, in 
order to represent more adequately the part length rods of 
the new fuel designs. 


 
In LAPUR 6.0, it is available to model variable axial 


flow area by input the flow area, hydraulic diameter, and 
the top height from bottom of the axial interval of channel 
in LAPURX input data card 58-62. 
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Fig. 1. Simplified flow chart of LAPUR 6.0 methodology. 


 
III. THE RESULTS OF CHINSHAN UNIT 1 CYCLE 


25  
 


Chinshan NPP is a BWR4, the first nuclear power 
station of Taiwan Power Company. In Chinshan unit 1 
cycle 25 reload design, the core has only one type of fuel 
(ATRIUM-10), and some of their fuel and operating initial 


conditions are shown in Table I. In this study, all fuel 
assemblies were grouped into twelve regions. According to 
the LAPUR6.0 requirements, the sum of relative power in 
each region is required not to exceed 20%. This 
requirement guarantees a good description of the radial 
power shape, especially for the high power channels. In 
this study, the highest relative power was 8.8%. 


OUTPUT FILE 
(SUMMARY and OUTPUT)


(Thermal-hydraulic and Power
  distribution) 
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(Density and Doppler
reactivity coefficient)


EXAVERA
Channel grouping


(Axial power profile, Power
fraction, and Inlet contraction


coefficients)


OUTPUT FILE (KINETIC) 
(Reactivity perturbations
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nuclear parameters)


Recirculation
loop gain and 
time constant


  INPUT FILE 
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Design and
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                       LAPUR6.0
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TABLE I 


Chinshan unit 1 cycle 25 core data 
 


Core Data 
Number of fuel assemblies (ATRIUM-10)  408 
Rated thermal power, MWt 1775 
Rated core flow, Mlbm/hr 53.0 
Rated core inlet subcooling, Btu/lbm 20.0 
Moderator temperature. °F 531 
Channel dimension for ATRIUM-10 fuel, inch 


Thickness 
Internal face-to-face dimension 


 
0.08 
5.278 


Fuel assembly cell dimensions, inch 
Assembly pitch 
Wide gap thickness (total) 
Narrow gap thickness (total) 


 
6.0 


0.522 
0.522 


Control Rod Data 
Total blade span, inch 9.81 
Total blade support span, inch 1.58 
Blade thickness, inch 0.26 
Blade face-to-face internal dimensions, inch 0.20 
B C absorber rods per blade (per wing) 76(19) 
B C absorber rod outside diameter, inch 0.188 
B C absorber rod inside diameter, inch 0.138 
B C absorber density, percent of theoretical 1.76 


 
The PLRs are shortened with respect to the remaining 


rods, which extend from the bottom of the assembly to the 
regions of the fuel assembly in which two phase flow 
occurs, thus increase the flow area on the upper portion 
region of the channel and other favorable thermal hydraulic 
characteristics. In our analysis, fuel rods are divided into 
four zones axially, as shown in Fig. 2. The lengths of PLR 
are about 3/4 of the FLRs, which terminate at the top of 
zone 3. In this paper, we assume the first three zones have 
same flow area and we enlarge the flow area of zone 4 to 
model PLR fuel assembly. 


 
Normally in high power and low flow conditions it 


may easily induce instability problem. In this research, we 
focused on such operating conditions to investigate the 
heating and flow area effects on PLR and FLR fuel 
assemblies for BWR. Moreover, this research also makes a 
parametric characteristic and comparative study to explore 
such influences in different operation points, based on the 
reload core design of Chinshan unit 1 (BWR4) cycle 25. 
The following analyses include some important parameters 
of stability on seven power/flow operation points. Data of 
group 1 are under different power conditions based on 40% 
core flow and group 2 are based on 50% core flow. 


 
 


Fig. 2. Axial fuel composition map. 
 


Table II shows the comparisons of some parameters 
between FLR and PLR in Chinshan unit 1 cycle 25 reload 
design. It shows that the single-phase pressure drops are 
roughly the same for both designs. The heating power and 
the flow areas are the same in the nonboiling region. From 
Table II, two-phase pressure drop decreases about 8% after 
using PLRs. Two-phase pressure drop includes subcooled 
boiling and bulk boiling region pressure drops. Subcooled 
boiling pressure drop has no apparent difference, but the 
bulk boiling pressure drop decrease significantly. That’s 
because the PLR is terminated at the bulk boiling region, 
which has a significant impact on the pressure drop in this 
region, thus results in the decrease of two-phase pressure 
drop. And the ratio of two-phase and single-phase pressure 
drops also decreases to stabilize the system. Bulk boiling 
pressure drop is composed of gravitational, acceleration, 
and frictional pressure drops.  From Table II, the 
gravitational pressure drops stay about the same after using 
PLRs. The acceleration and friction pressure drops of bulk 
boiling region decrease significantly after using PLRs. It is 
also found that larger changes of these two pressure drops 
exist for lower power conditions. According to Table II, the 
use of PLR results in smaller decay ratios in all power/flow 
points, which imply the consistent improvements in the 
core stability. Besides, it is noted that at same power/flow 
points, the changes of regional decay ratios are larger than 
those of global decay ratios.  


 
Fig. 3 shows the relationship between the global decay 


ratios to the ratio of two-phase to single-phase pressure 
drops in Chinshan unit 1 cycle 25. Closed symbols refer to 
the use of FLR only and open symbols refers to the use of 
PLR. It can be clearly seen that the larger changes of decay 
ratio accompany larger changes of two-phase to single-
phase pressure drop ratio. The blue symbols represent 
results of 40% core flow rate, and the red symbols 
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represent results of 50% core flow rate. It is also found that 
larger changes of decay ratio exist for lower flow rate 
conditions. On the other hand, under the same flow 


conditions, it is also interesting to see that the 
improvements in stability (the reduction in decay ratio) are 
more evident for high power operating point.  


 


 


 


TABLE II  


Comparisons between using FLR and PLR of Chinshan unit 1 cycle 25  
 


 Group 1 Group 2 
power(%)/flow(%) 40/40 50/40 60/40 70/40 50/50 60/50 70/50 


P(1ф) 
FLR 0.0508 0.0430 0.0424 0.0392 0.0533 0.0457 0.0416 
PLR 0.0511 0.0429 0.0421 0.0388 0.0535 0.0452 0.0407 


P(Sub) 
FLR 0.2433 0.2176 0.1915 0.1801 0.2850 0.2345 0.2191 
PLR 0.2325 0.2129 0.1865 0.1778 0.2579 0.2301 0.2103 


P(Bulk) = 
P(Grav.)+P(Acc.)+P(Fric.) 


FLR 0.0892 0.1288 0.1641 0.1872 0.0973 0.1673 0.2000 
PLR 0.0744 0.1058 0.1391 0.1575 0.0912 0.1364 0.1711 


P(Grav.)
FLR 0.0210 0.0248 0.0278 0.0281 0.0180 0.0267 0.0271 
PLR 0.0213 0.0246 0.0282 0.0280 0.0202 0.0266 0.0295 


P(Acc.)
FLR 0.0019 0.0043 0.0074 0.0103 0.0030 0.0069 0.0103 
PLR 0.0014 0.0032 0.0061 0.0085 0.0027 0.0051 0.0083 


P(Fric.)
FLR 0.0662 0.0996 0.1289 0.1488 0.0763 0.1337 0.1626 
PLR 0.0516 0.0780 0.1048 0.1210 0.0683 0.1046 0.1332 


P(2ф) =  
P(Sub)+P(Bulk) 


FLR 0.3325 0.3464 0.3556 0.3673 0.3822 0.4018 0.4191 
PLR 0.3069 0.3187 0.3256 0.3353 0.3491 0.3665 0.3814 


P(Total) 
FLR 0.4724 0.4776 0.4853 0.4935 0.5747 0.5857 0.5980 
PLR 0.4473 0.4499 0.4551 0.4609 0.5419 0.5500 0.5594 


∆P(2ф)
∆P(1ф) 


FLR 6.546  8.058  8.392  9.366  7.173  8.797  10.086 
PLR 6.010  7.434  7.737  8.633  6.531  8.105  9.361  


DRC 
FLR 14.763 15.193 15.628 15.694 15.328 15.455 15.751 
PLR 14.740 15.170 15.606 15.672 15.310 15.438 15.733 


Global 
Decay Ratio 


FLR 0.42 0.61 0.85 1.09 0.31 0.42 0.51 
PLR 0.32 0.46 0.63 0.78 0.25 0.32 0.37 


Regional 
Decay Ratio 


FLR 0.21 0.51 0.81 1.12 0.11 0.23 0.41 
PLR 0.12 0.30  0.50  0.79 0.06 0.12 0.22 


Note: FLR: full length rods  
PLR: part length rods 
Ps are in the units of kg/cm^2 
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Fig. 3. The results of Chinshan unit 1 cycle 25. 


 
IV. CONCLUSIONS 


 
This research employed LAPUR6 and SIMULATE-3 


codes to make comparisons of instability characteristics 
between full length rods fuel assemblies and part length 
rods fuel assemblies. In LAPUR methodology, we adopted 
a larger flow area at the end of fuel channel to model the 
fuel with part length rod. The results show that using part 
length rod in fuel assemblies decreases the two-phase 
pressure drop, especially the pressure drop in the bulk 
boiling region. From this viewpoint one may say that the 
part length fuel assemblies could reduce two-phase 
pressure drop and two-phase to single-phase pressure drop 
ratio, and eventually result in smaller decay ratios. 
Moreover, we found that under the same core flow rate, the 
greater the core thermal power, the more significant effects 
exist for part length rod fuel assemblies. 
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NOMENCLATURE 
 
DR = Decay Ratio 
 = damping coefficient  
PLR = part length rod 
FLR = full length rod 
P (1ф) = single-phase pressure drop (kg/cm^2) 
P (2ф) = two-phase pressure drop (kg/cm^2) 
P (Sub) = pressure drop of subcooled boiling region 
                  (kg/cm^2) 


P (Grav.) = gravitation pressure drop (kg/cm^2) 
P (Acc.) = acceleration pressure drop (kg/cm^2) 
P (Fric.) = friction pressure drop (kg/cm^2) 
P (Bulk) = pressure drop of bulk boiling region 


 (kg/cm^2) 
P (Total) = total pressure drop (kg/cm^2) 
DRC = density reactivity coefficient (%K/K)/(g/cm^3) 
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Study on Self-initialization Algorithm of SCDAP/RELAP5 Code 
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Abstract - The SCDAP/RELAP5 (SR5) code, which is composed of the RELAP5 and the SCDAP model, is 
a severe accident analysis code for nuclear power plants. In order to simulate a consistent accident 
scenario with SR5, a correct initial steady-state condition must be generated. RELAP5 provides useful 
controller components for the self-initialization purpose. However, many users still use the trial-and-error 
approach to generate for the initial conditions. 
 
This paper demonstrates the application of the self-initialization algorithm of the RELAP5 and SR5 codes. 
Kuosheng nuclear power plant (NPP), a GE BWR-6 with MARK III containment, and Maanshan NPP, a 
Westinghouse pressurized water reactor plant, are cited as a reference plants. First, the standard 
controller components provided in the RELAP5 model are described. Then, a set of controllers that mimic 
an actual plant control system is applied to establish the steady-state conditions for Kuosheng and 
Maanshan NPPs with the SR5 code. The problems associated with the self-initialization are discussed and 
solved. The initialization work of partial-power conditions of the Maanshan NPP is also demonstrated. 
These initial conditions are successfully generated with the RELAP5 controller components. By using this 
feature, it not only improves the accuracy of the simulation, but also eliminates the tedious trial-and-error 
initialization process. 
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Abstract – The ALIX programme relies on experimental analyses of four fuel 
samples irradiated between 5 and 7 cycles in the French Gravelines-5 reactor. 
These analyses are dedicated to the inventory of actinides (U, Pu, Np, Am, Cm) and 
fission products indicative of burn-up (Nd, Cs). This programme provides unique 
experimental data for a fuel sample with a burn-up reaching 85 GWd/t: the burn-up 
of French spent fuel samples never exceeds 70 GWd/t up to now. The fuel 
inventory of each fuel sample in the ALIX programme is interpreted by assembly 
calculations with the APOLLO2/REL2005/CEA2005v4 package. The depletion 
calculation route consists in a two-level approach, based on the 281 energy group 
SHEM mesh for the first level calculation with the Pij multicell model, and on cross 
sections collapsed into 26 energy groups in the second level calculation with the 
Method Of Characteristics for a 2D-exact heterogeneous geometry of the 
assembly. An accurate modeling of the irradiation history is used in the APOLLO2 
calculations, in terms of power level, intercycle shut-downs, and modification of 
operation parameters during irradiation cycles. This refined core follow-up is 
required for a satisfactory prediction of the 239Pu / 241Pu consumption, and Am - Cm 
inventories. The comparison between Experiment and Calculation shows 
satisfactory results with a distinct improvement of the results thanks to the 
JEFF3.1.1 library (with regard to JEF2.2) for 236U, 238Pu, 242Pu and the americium 
concentrations. The 239Pu concentration is always predicted within 4% target 
accuracy. 


 
 
 


I. INTRODUCTION 
 
One of the main issues for the qualification [1] of the 


APOLLO2.8 [2] neutron deterministic code and its 
CEA2005v4 associated nuclear data library concerns the 
fuel inventory calculation for PWR 17x17 assemblies 
(UOX and MOX). The qualification of the depleted fuel 
material balance relies on an experimental database of 
spent fuel analyses dedicated to light water reactors. This 
database is regularly supplied by new post irradiated 
experiments (PIE). Bugey-3 and Fessenheim-2 assemblies 
allow the qualification of 3.1% 235U enriched UOX fuel up 
to 60 GWd/t [3], Gravelines-2 and Gravelines-3 PIEs 
concern the 20-62 GWd/t range for 4.5% enriched 
assemblies, meanwhile PIE after 5 and 6 cycles in Cruas-2 
enables the extension of the qualification up to eU235=4.5% 


and BU=70 GWd/t. The qualification of the depleted fuel 
inventory calculation is now extended up to very high 
burn-up, i.e. 85 GWd/t, thanks to the recent ALIX PIE in 
Gravelines-5. Chemical analyses were performed in fuel 
rods irradiated 5, 6 and 7 cycles. 


This paper aims at presenting the qualification 
extension of the calculation dedicated to the assembly 
depletion and the fuel inventory for high burn-ups with the 
interpretation of the ALIX programme. The analysis of the 
experimental data is performed through 2D assembly 
calculations with the APOLLO2.8/REL2005/CEA2005v4 
package. It concerns the inventory of actinides and some 
fission products for four fuel rod cuts. After a brief 
description of the PIE, the APOLLO2 modeling and the 
calculation scheme, the interpretation results are given and 
commented. 
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II. DESCRIPTION OF THE ALIX PIE 
 
The ALIX irradiation campaign in the industrial 


Gravelines-5 EDF reactor (900 MWe) was initially 
dedicated to the qualification of new cladding materials 
(M5 alloy), in the field of thermo-mechanics behaviour 
under irradiation and the corrosion resistance: several fuel 
rods (eU235=4.5%) irradiated for 1 to 7 cycles were 
examined with non destructive analysis. For the 
qualification need of the neutron APOLLO2 code for the 
high burn-up, 4 fuel rod samples irradiated for 5 to 7 
cycles were taken for dissolving and chemical analysing: 
E06 (5 cycles), E04 and N05 (6 cycles), and D13 (7 
cycles). The name of the samples corresponds to the 
position of the sample in the assembly for the last cycle 
(see Fig. 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 1: Position of the moved and analyzed fuel rods in 
a PWR 17x17 assembly. 


All the samples are irradiated at the same time and in 
the same assembly for the 5 first cycles. Then, E06 rod is 
unloaded for analysis whereas E04 and N05 rods are re-
loaded in another assembly (the same for the 2 fuel rods) 
for the last cycle. D13 rod is re-loaded in another assembly 
(different from this of E04 and N05) for the 2 last cycles. 
The irradiation began in 1993. 
 


The samples are 20mm-long fuel rod cuts, taken close 
to the rod mid-height, except for N05 sample which was 


positioned 30 cm above. The sample analyses are 
performed by CEA. Samples are dissolved in a nitric acid 
medium without contamination. The isotopic analyses 
(abundance ratio between 2 isotopes) are made by mass 
spectrometry for actinides (U, Pu, Np, Am and Cm) and 
fission products (Cs, Nd). They are normalized to the 238U 
concentration because of its predominant abundance and 
its reduced and well-estimated burnout during irradiation. 


 
 
III. DEPLETION CALCULATION ROUTE 


APOLLO2.8/REL2005 
 
The APOLLO2.8 calculation of the assemblies 


containing the analyzed fuel samples relies on the 
REL2005 calculation route [1]. It is a two-level approach, 
based on the 281 energy group SHEM mesh for the first 
level calculation with the Pij multicell model, and on cross 
sections collapsed into 26 energy groups in the second 
level calculation with the Method Of Characteristics 
(MOC) for a 2D-exact heterogeneous geometry description 
of the assembly. Fig. 2 shows the synoptic of the REL2005 
depletion calculation scheme. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Fig. 2: Synoptic of the REL2005 depletion 


calculation scheme. 
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The different stages of the REL2005 depletion route 
were largely validated as presented in [4]. For each 
depletion step, the main calculation stages are as follows: 
 


- A self-shielding calculation, above 22.5 eV 
(upper boundary of the SHEM fine mesh) for 
various fuel rods according to their position. The 
self-shielded heavy isotopes are 235, 236, 238U, 239, 


240, 242Pu (plutonium isotopes are produced with 
the irradiation). The space-dependent self-
shielding based on the French “Background 
Matrix” method is implemented, using probability 
tables for a more efficient quadrature in the 
homogeneous/heterogeneous equivalence. The 
fuel pellets are split into several rings. The 
resonant mixture self-shielding treatment is used 
above 23 eV in the intermediate range so as to 
rigorously account for resonance overlapping [5]. 
Isotopes are self-shielded at the initial step. The 
self-shielding procedure is iterated at 4, 8, 12, 24, 
36, 48, 60, and 70 GWd/t, as well as at the 
depletion steps concerned by an operating 
parameter modification (temperatures, power, 
soluble boron concentration). 
The Doppler broadening is implemented below 23 
eV for actinides and some fission products; 


 
- A 281 group flux calculation with the UP1 Pij 


multicell model (based on linearly anisotropic 
interface fluxes) in the 2D assembly geometry; 


 
- A 281/26 energy group collapsing with an 


equivalence procedure to preserve the reference 
reaction rates on the resonant media; 


 
- A 26 group flux calculation with the MOC solver 


on the exact 2D geometry using the unstructured-
meshes. A simplified mesh (no sector are 
considered in the fuel, and the thermal flux 
increase in the moderator is accounted for by a 
windmill mesh) is used (Fig. 3). The anisotropic 
scattering is considered through a transport 
correction; 


 
 
 
 
 
 
 
 


 
 
Fig. 3: Spatial mesh of the UOX assembly for the flux 


calculation with MOC. 
 


- A fuel depletion calculation on the basis of the 
MOC flux: the depletion steps used are refined 
below 2000 MWd/t, then a burnup step by 500 
MWd/t is used above 2000 MWd/t. 


 
The multigroup CEA2005 library of the APOLLO2.8 


code was derived from the latest European nuclear data file 
JEFF-3.1.1 [6] by NJOY processing. 


 
 


IV. MODELING OF THE OPERATING 
PARAMETERS FOR THE DESCRIPTION OF THE 
IRRADIATION HISTORY 


 
The APOLLO2.8 depletion calculation accounts for 


the actual irradiation history (power level, shut-downs 
during the cycle) and the operating parameter 
modifications (fuel and moderator temperatures, soluble 
boron concentration). This detailed modeling is essential 
for an accurate experiment interpretation. For instance, 
neglecting shut-downs during cycles (see TABLE I) 
induces an underestimation of the 241Am and 242mAm and 
Cm concentrations at the end of cycle; neglecting the 
stretch out conditions at EOC (i.e. campaign extension 
thorough the decrease of moderator temperature and 
power) induces an underestimation of the 239Pu / 241Pu 
consumption. Fig. 4 to 6 highlight that Am and Cm 
inventories are particularly sensitive to the irradiation and 
cooling times. A 1.3 year cooling at the end of 5 
consecutive irradiation cycles (before irradiation for the 
sixth cycle) induces a step jump in the 241Am and 242mAm 
concentration at around 60000 MWd/t shown in Fig. 4 and 
5. 
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Fig. 4: 241Am/238U evolution for each analyzed fuel rod  (modeling with an accurate irradiation history). 
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Fig. 5: 242mAm/238U evolution for each analyzed fuel rod  (modeling with an accurate irradiation history). 
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Fig. 6: 243Cm/238U evolution for each analyzed fuel rod  (modeling with an accurate irradiation history).
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TABLE I: Impact (%) of a modeling with a 
continuous irradiation (no operating parameter 
modification, no shut-downs) / irradiation history 


 


* EOI: End Of Irradiation 
 


IV.A Fuel temperature 
 


The space-dependent self-shielding standard options 
in the APOLLO2 code do not model the temperature radial 
profile in the fuel pellet. An uniform neutron effective fuel 
temperature (1) was defined in order to preserve the 238U 
absorption rate linked to the real temperature profile [7]: 
 


)(
18


1 scthermeff TTTT −−=    (1) 


With  Ttherm : mean thermal temperature on the fuel pellet 
          Tc : temperature at the fuel pellet centre 
          Ts temperature at the fuel pellet surface 


 
These three temperatures are calculated with the 


METEOR [9] thermal mechanical code during the 
irradiation history. The cladding temperature is given by 
METEOR at the same time. 
 


The solid-state effect linked to the UO2 fuel is taken 
into consideration with the definition of a “crystal” 
temperature Tcrystal [9] given by (2): 
 


2)(


31006.8
1


effeffeff


crystal


TTT


T ++=      (2) 


(T in K) 
 
 
 


IV.B Moderator temperature 
 


The moderator temperature used in the APOLLO2 
calculation is representative of thermal conditions of the 
fuel sample irradiation and depends on: 


- the EDF temperature programme during the cycle 
and the stretch-out period; 


- the axial position of the sample in the fuel pellet 
column; all the samples are close to the core mid-
plane, except N05 which was irradiated at 30 cm 
above the core mid-plane; 


- the power axial profile of fuel rods, given by 
EDF. 


 
It is possible to estimate the moderator temperature 


during the irradiation thanks to these data and an enthalpy 
calculation at the sample axial position. 


 
 


IV.C Soluble boron concentration and operating 
power 


 
The soluble boron concentration and the power 


history during the irradiation is given by EDF: these data 
allows a precise description of the various power stages, 
the intra and inter cycle shut-downs. 
 


V. RESULTS OF THE CALCULATION 
/EXPERIMENT COMPARISON 


 
The local burn-up determination which characterizes 


each sample is deduced from the concentration 
measurement of cumulated fission rate indicators, such as 
148Nd/238U, (145Nd+146Nd)/238U and 150Nd/238U. The fission 
yields of these isotopes are known better than 2% (1σ). 
 


The results of the local burn-up linear adjustment 
with the neodynium concentrations are presented in 
TABLE II. The bias between the mean fuel rod burn-up 
given by EDF and the local burn-up obtained with the 
neodynium referencing is about 10%: it is consistent with 
the expected difference between the mean fuel rod burn-up 
and the burn-up at the fuel rod mid-plane, given by the 
measured axial burn-up profiles). 
 
 
 
 
 
 
 


 


 5 cycles 6 cycles 7 cycles 
 E06 E04 N05 D13 


239Pu/238U 2.8 0.4 0.6 1.9 
241Pu/238U 3.3 1.3 1.3 2.8 


     
241Am/238U 


EOI* 
-24.6 -12.2 -15.2 -28.1 


242mAm/238U -20.1 -5.2 -8.5 -26.3 
243Am/238U 1.1 0.3 0.1 0.5 


     
243Cm/238U -2.5 4.9 5.4 13.9 
244Cm/238U 2.1 1.0 0.9 2.0 
245Cm/238U 6.0 3.4 2.9 5.5 
247Cm/238U 3.0 1.2 1.0 1.5 
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TABLE II: Burn-up of ALIX samples 


 


 E06 E04 N05 D13 


Local burn-
up (Nd 
referencing) 
[MWd/t] 


 


64627 


 


73169 


 


75013 


 


85059 


 
 


The results of the Calculation/Experiment 
comparison for the interpretation of the ALIX 
measurements are presented in TABLE III. The analyses 
concern the inventory of actinides (U, Pu, Np, Am and 
Cm) and fission products indicating burn-up (neodynium 
and caesium). 
 
 


The one-standard deviation uncertainty associated to 
the (C-E)/E values are indicated in TABLE III. This total 
uncertainty combines the following uncertainty 
components: 
- the precision of the fuel effective temperature; 
- the precision of moderator temperature; 
- the neodynium referencing; 
- the technological uncertainty associated with initial 235U 
enrichment; 
- the modelling of the irradiation history; 
- the experimental uncertainty associated with the isotopic 
ratio measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


TABLE III: Calculation/Experiment comparison for 
the inventory of fuel spent samples 


 


 
 
 
 


 
 


(C-E)/E (%) 
 5 cycles 6 cycles 7 cycles 
 E06 E04 N05 D13 


234U/238U 1.4 ± 2 2.9 ± 2.4 2.3 ± 2.4 2.2 ± 2.4 
235U/238U 5.7 ± 6.1 11.4 ± 7.0 7.9 ± 7.0 10.3 ± 7.0 
236U/238U -0.8 ± 1.1 0.0 ± 1.2 -0.1 ± 1.2 0.2 ± 1.2 


     
237Np/238U 1.0 ± 2.7 4.6 ± 2.4 4.1 ± 2.4 -2.4 ± 2.4 


     
238Pu/238U -4.7 ± 4.1 -4.6 ± 3.3 -4.1 ± 3.3 -4.2 ± 3.3 
239Pu/238U 4.2 ± 1.6 3.3 ± 1.8 0.5 ± 1.8 -0.8 ± 1.8 
240Pu/238U 4.8 ± 1.3 6.1 ± 0.9 6.0 ± 0.9 5.7 ± 0.9 
241Pu/238U -0.1 ± 1.7 1.1 ± 2.0 -1.3 ± 2.0 -1.5 ± 2.0 
242Pu/238U -2.7 ± 3.9 -1.5 ± 2.8 -0.1 ± 2.8 -0.3 ± 2.8 


     
241Am/238U  0.56 ± 11 5.89 ± 11 2.3 ± 11 0.36 ± 11 


242mAm/238U 4.0 ± 7 14.7 ± 7 18.5 ± 7 5.6 ± 7 
243Am/238U -0.7 ± 5.5 0.2 ± 3.9 2.2 ± 3.9 0.9 ± 3.9 


     
242Cm/238U - -4.0 ± 12.4 - - 
243Cm/238U -20.9 ± 5.5 -20.2 ± 6.5 -24.3 ± 6.5 -19.2 ± 6.5 
244Cm/238U -8.7 ± 9.9 -9.7 ± 6.4 -7.9 ± 6.4 -8.2 ± 6.4 
245Cm/238U -7.1 ± 11.2 -9.5 ± 8.0 -9.6 ± 8.0 -11.7 ± 8.0 
246Cm/238U -21.3 ± 14.2 -23.1 ± 9.9 -19.4 ± 9.9 -21.6 ± 9.9 
247Cm/238U -17.35±16.3 -18.9±11.7 -15.88 ±11.7 -18.2 ± 11.7 


     
143Nd/238U 1.4 ± 1.1 3.0 ± 1.1 2.1 ± 1.1 2.5 ± 1.1 
144Nd/238U -2.0 ± 2.9 -2.2 ± 1.9 -1.7 ± 1.9 -1.5 ± 1.9 
145Nd/238U -0.6 ± 1.5 -0.3 ± 1.2 -0.4 ± 1.2 -0.4 ± 1.2 
146Nd/238U -0.3 ± 2.4 -0.2 ± 2.0 -0.2 ± 2.0 -0.4 ± 2.0 
148Nd/238U 0.2 ± 2.1 0.6 ± 1.7 0.5 ± 1.7 0.2 ± 1.7 
150Nd/238U -0.6 ± 2.3 0.0 ± 1.9 -0.2 ± 1.9 -0.5 ± 1.9 


     
133Cs/238U 8.8 ± 1.7 1.0 ± 1.2 0.5 ± 1.2 1.5 ± 1.2 
134Cs/238U 11.7 ± 5.3 -0.7 ± 4.7 -3.7 ± 4.7 1.4 ± 4.7 
135Cs/238U 9.1 ± 2.1 0.1 ± 1.9 -2.3 ± 1.9 -1.9 ± 1.9 
137Cs/238U 7.7 ± 2.1 -2.1 ± 1.7 -1.8 ± 1.7 -1.7 ± 1.7 
Burn Up 


local 
[MWd/t] 64627 73169 75013 85059 
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The interpretation of the ALIX experiment with 
APOLLO2.8/REL2005/CEA2005v4 makes it possible to 
identify the following trends: 


- a low overestimation of the 234U concentration 
(2%), 


- an overestimation of the 235U residual 
concentration (particularly sensitive to U235σa 
cross section for these very high burn-ups), 


- an underestimation of the 238Pu concentration 
(4%), 


- an overestimation of 240Pu (5%), 
- an underestimation by 10% of the 244Cm and 


245Cm, 
- an overestimation of the 143Nd concentration (2%) 


and an underestimation of 144Nd (2%). 
 
 
 
The main evolution in the JEFF3 library originated 


with the feedback of the APOLLO2 qualification based on 
the JEF2.2 library (PIE, oscillations in the MINERVE 
facility, regular lattice cores in the EOLE facility).The 
comparison of the ALIX interpretation results with both 
libraries (TABLE IV), JEFF3.1.1 and JEF2.2, brings into 
relief various improvements. The 236U concentration is 
now predicted better than 1%, thanks to the 235U resonance 
integral increase in JEFF3. The 238Pu concentration is 
improved by 2%, thanks to a better 236U concentration 
estimation and the 238U(n,2n) increase in JEFF3. Besides, 
the strong underestimation concerning the 242Pu and 243Am 
concentrations is cancelled thanks to the increase of the 
241Pu capture resonance integral in JEFF3. The 241Am EOI 
overestimation is strongly reduced thanks to the increase of 
the 241Am capture cross section in JEFF3. Concerning 
fission products, the 143Nd and 144Nd concentration 
estimation is improved thanks to the increase of the 143Nd 
capture cross section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


TABLE IV: Impact (%) of the nuclear data library 
(JEFF3.1.1/JEF2.2) on the calculated fuel spent 
inventory for the E06 sample 
 


 E06 – 5 cycles 
234U/238U 3.4 
235U/238U -2.4 
236U/238U 3.3 


    
237Np/238U 3.4 


    
238Pu/238U 2.9 
239Pu/238U -0.9 
240Pu/238U 1.1 
241Pu/238U -0.4 
242Pu/238U 5.1 


    
241Am/238U EOI -5.8 


241Am/238U -1.0 
242mAm/238U 21.9 
243Am/238U 5.3 


    
242Cm/238U 0.1 
243Cm/238U -6.1 
244Cm/238U 4.9 
245Cm/238U -0.2 
246Cm/238U -2.7 
247Cm/238U 10.1 


    
143Nd/238U -2.3 
144Nd/238U 1.3 
145Nd/238U -0.2 
146Nd/238U 0.1 
148Nd/238U -0.6 
150Nd/238U -0.4 


    
133Cs/238U 1.1 
134Cs/238U -1.8 
135Cs/238U -1.1 
137Cs/238U -0.9 
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VI. CONCLUSION 


 
This paper presents the synthesis of the interpretation 


results for the ALIX programme analyses in Gravelines-5. 
These analyses are dedicated to the inventory of actinides 
(U, Pu, Np, Am, Cm) and fission products indicative of 
burn-up (Nd, Cs).  


Calculations are based on a exact-2D heterogeneous 
assembly modeling, with the 
APOLLO2.8/REL2005/CEA2005v4 package. An accurate 
description of the assembly irradiation history (power 
level, shut-downs, operating parameter evolution) is 
needed in the calculation for a satisfactory prediction of 
239Pu, 241Pu , Am and Cm concentrations. 


 
The Calculation/Experiment comparison is globally 


satisfactory. The 239Pu concentration is always predicted 
within 4% target accuracy. There has been a distinct 
improvement of the results thanks to the JEFF3 library 
(with regard to JEF2.2). The interpretation results show a 
satisfactory prediction of the 236U concentration 
(cancellation of the systematic underestimation by 4% with 
JEF2.2), the 238Pu concentration (2% improvement on the 
6% underestimation with JEF2.2), the 242Pu concentration 
(changeover from -6% with JEF2.2 to -1% with JEFF3) 
and the americium isotope concentration.  


 
The analysis results concerning LWR-UOx fuels with 


a burn-up reaching 85 GWd/t (an unique D13 sample) 
presents a major interest for the qualification objective of 
neutron codes, since the burn-up of analyzed samples 
exceed 70 GWj/t in other French programme (Bugey-3, 
Fessenheim-2, Gravelines-2, Cruas-2). 
 
 
 


ACKNOWLEDGMENTS 
 
The authors acknowledge CEA and their industrial 


partners Areva-NP and EdF for the fundings of the ALIX 
experiment and its interpretation. 
The authors would also like to thank Dr Jean-François 
Vidal (CEA Cadarache) for his help concerning the 
implementation of the ‘REL2005’ depletion calculation 
route. 


 
 
 
 
 
 
 
 


REFERENCES 
 


1. A. Santamarina, D. Bernard, P. Blaise, L. Erradi, P. 
Leconte, R. Le Tellier, C. Vaglio, J.F. Vidal, “APOLLO2.8: 
a validated code package for PWR neutronics 
calculations”, Proc. Int. Conf. ANFM 2009, Hilton, Head, 
Island, USA, 2009 
 
2. S. Loubière, R. Sanchez, M. Coste, A. Hébert, Z. 
Stankovski, I. Zmijarevic, “APOLLO2 twelve years after”, 
Proc. Int. Conf. On Math. And Comp. M&C99, Madrid, 
Spain, 1999 
 
3. C. Chabert, A. Santamarina, R. Dorel, D. Biron, C. 
Poinot-Salanon, “Qualification of the APOLLO2 assembly 
code using PWR-UO2 isotopic assays. The importance of 
irradiation history and thermo-mechanics on fuel inventory 
prediction”, Proc. Int. Conf. PHYSOR2000, Pittsburgh, 
USA, 2000 
 
4.  J.F. Vidal, O. Litaize, D. Bernard, A. Santamarina, C. 
Vaglio, “New modelling of LWR assemblies using the 
APOLLO2 code package”, Proc. Int. Conf. On Math. And 
Comp. M&C2007, Monterey, USA, 2007 
 
5. M. Coste-Delclaux, A. Aggery, N. Huot, “New 
developments in resonant mixture self-shielding treatment 
with APOLLO2 code and application to Jules Horowitz 
reactor core calculation”, Proc. Int. Conf. On Math. And 
Comp., M&C2005, Avignon, France, 2005 
 
6. A. Santamarina et al., “The JEFF-3.1.1 nuclear data 
library”, JEFF Report 22, NEA, 2009 
 
7.  L. Erradi, A. Santamarina, O. Litaize, “The reactivity 
temperature coefficient analysis in light water moderated 
UO2 and UO2-PuO2 lattices”, Nuclear Science and 
Engineering, 144, 1 p 47-73, 2003 
 
8. C. Struzik, J.C. Melis, E. Federici, “Fuel modelling at 
extended burnup; comparison between METEOR 1 / 
TRANSURANUS calculations and examination of fuel 
pins irradiated up to 60 GMd/tm”, ANS, West Palm Beach, 
1994 


 
9.  A. Meister, A. Santamarina, “The effective 
temperature for Doppler broadening of neutron resonances 
in UO2”, Proc. Int. Conf. PHYSOR’98, Long Island, USA, 
1998 


 
 
 


1543








Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11464 


 


 


Use of Risk Insights to Enhance Safety Focus of Small 
Modular Reactor Reviews 


 
 


Mr. Stewart L Magruder 
U.S. Nuclear Regulatory Commission 


MS: T9F27 
Washington, DC 20555 


stewart.magruder@nrc.gov 
 
 


Abstract – The U.S. Nuclear Regulatory Commission staff is considering a more integrated, 
graded approach to the review of small modular reactor (SMR) pre-application activities and 
design applications.  The concept is to improve the efficiency and effectiveness of the reviews by 
focusing on safety significant structures, systems, and components (SSCs).  The unique design 
features associated with SMRs and knowledge gained reviewing other passive reactor designs 
present opportunities to risk-inform the SMR design certification process to a greater extent than 
previously employed.  The review process can be modified for SMR applications by considering 
the aggregate of regulatory controls pertaining to SSCs as part of the review and determining 
those regulatory controls which may supplement or replace, as appropriate, part of the technical 
or engineering analysis and evaluation.  Risk insights acquired from staff reviews of passive LWR 
designs (i.e. AP1000, ESBWR) can also be incorporated into the review process.  Further, risk 
insights associated with integral pressurized water reactor (iPWR) design features (i.e. 
underground facilities impact on turbine missiles review) can be incorporated into the review 
process.  Thus, the staff can use a graded approach to the SMR design certification process. 


 
 


I. INTRODUCTION 
 
The U.S NRC staff has developed a more risk-


informed and more integrated review framework for pre-
application and application review activities pertaining to 
iPWR designs in response to guidance from the 
Commission.1 The proposed iPWR review framework is 
consistent with current regulatory requirements and 
Commission policy statements and builds on the staff’s 
current application review process.  In addition, the 
framework retains the current processes the staff uses to 
determine both safety class (i.e., safety-related or non-
safety-related) and risk-significance.  The framework is 
more risk-informed in that it provides a graded approach 
for the review of structures, systems, and components 
(SSCs) with the most detailed, in-depth review (analogous 
to the current review process) conducted for SSCs 
determined to be both safety-related and risk-significant, 
and a progressively less detailed review applied to SSCs 
determined to be non-safety-related or not risk-significant.  
The framework enhances the efficiency of the SSC review 
process by improving the integration of performance-based 
program requirements into the SSC review process.  This 
integration is possible for most SSCs because of the 


correlation between certain review acceptance criteria (i.e., 
those criteria which are performance-oriented) and certain 
program requirements (i.e., those which are performance-
based).  The staff anticipates that implementation of the 
proposed iPWR review framework could result in 
efficiencies that would be incorporated into future budgets 
and application schedules.  The framework is discussed in 
more detail in a paper the staff sent to the Commission.2 


 
II. Background 


 
As discussed by the staff in a paper describing key 


policy and technical issues3, and in other communications 
with the Commission, nuclear reactor vendors are 
developing SMR designs using several technologies.  
Potential applicants have notified the NRC that they may 
submit applications as early as fiscal year (FY) 2012  
 


The Commission directed the staff to more fully 
integrate the use of risk insights into pre-application 
activities and the review of applications and, consistent 
with regulatory requirements and Commission policy 
statements, to align the review focus and resources to risk-
significant SSCs and other aspects of the design that 
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contribute most to safety in order to enhance the efficiency 
of the review process.  The Commission directed the staff 
to develop a design-specific, risk-informed review plan for 
each iPWR to address pre-application and application 
review activities.  Over the longer term, the Commission 
directed the staff to develop a new risk-informed 
regulatory structure, building on insights from iPWR 
reviews, next generation nuclear plant (NGNP) review 
activities, and a feasibility study conducted by the staff 
several years ago4. 


 
 


III. Risk-Informed Framework for the Licensing 
Review of iPWRs 


 
III. A. Overview 


 
The staff intends this review framework to be 


consistent with current regulatory requirements and 
Commission policy statements.  It will provide guidance to 
the staff on the review of risk-significant SSCs and other 
aspects of the design that contribute most to safety in order 
to enhance the efficiency of the review process.  This 
review framework builds on the current review process to 
result in a more risk-informed and integrated process for 
the review of iPWR designs.  The processes described in 
the framework could result in more efficient reviews. 
 


The review framework addresses the level of detail in 
the staff’s review of selected acceptance criteria, as defined 
in the staff’s review guidance.  It should be noted that this 
initiative does not change any regulatory requirements or 
Commission policy and makes no change to the current 
processes the staff uses to determine both safety class (i.e., 
safety-related or non-safety-related) and risk-significance 
of SSCs.  The framework incorporates a more risk-
informed approach to the staff’s review by considering 
both the safety-importance and risk-significance of each 
SSC to help determine the appropriate level of review for 
each SSC.  In this regard, the framework is similar to the 
requirements of a recent regulation on the risk-informed 
categorization and treatment of SSCs.5  The determination 
of risk-significance is discussed in the next section of this 
paper.  


 
It should be noted the risk-significance determinations 


use not only risk insights from probabilistic risk 
assessments but also rely on deterministic approaches and 
defense-in-depth concepts.  The framework provides a 
graded approach in which the staff would conduct the most 
detailed, in-depth review (analogous to the current review 
process) for SSCs determined to be both safety-related and 
risk-significant, and a progressively less detailed review 
would be applied to SSCs determined to be non-safety-
related or not risk-significant.  SSCs determined to be 


neither safety-related nor risk-significant would receive the 
least detailed review under this framework.   
 


The review framework derives from the current review 
process, to include current reviewer guidance and SSC-
specific acceptance criteria contained in the standard 
review plan (SRP) for light water reactor safety reviews6, 
but it enhances the efficiency of the SSC review process by 
improving the integration of performance-based program 
requirements into the SSC review process.  This integration 
is possible because of the correlation between certain 
acceptance criteria (i.e., those criteria which are 
performance-oriented) and certain program requirements 
(i.e., those which are performance-based).  For most SSCs, 
specific acceptance criteria contained in the SRP may be 
characterized as either design-related criteria or 
performance-oriented criteria.  The design-related criteria 
address SSC functions and adequacy of the design.  The 
performance-oriented criteria address aspects of 
performance (e.g., the capability, availability, reliability, or 
maintainability) of the SSC.  In addition to the SRP 
specific acceptance criteria, most SSCs are subject to 
programmatic requirements (e.g., technical specifications, 
availability controls for SSCs subject to the regulatory 
treatment of non-safety systems, the maintenance rule, 
reliability assurance program, initial test program) which 
also address aspects of performance.  It is observed that, 
for most SSCs, a number of the performance-based 
measures identified in the programmatic requirements 
correlate with the performance-oriented acceptance criteria 
identified in the respective SRP sections.  The staff’s 
review of SSCs, under both the current review process and 
the proposed review framework, involves review against 
all of the SSC-specific acceptance criteria (i.e., both 
design-related and performance-oriented acceptance 
criteria), and, additionally, the applicable programmatic 
requirements.  It should be noted that the proposed review 
framework makes no change to the current review process 
regarding review against the SSC-specific design-related 
acceptance criteria.  However, the proposed review 
framework revises the current review process by providing 
for integration of the review of the performance-oriented 
acceptance criteria and the programmatic requirements.  
 


The review framework, for review areas in which a 
correlation exists between specific performance-oriented 
acceptance criteria and performance-based program 
requirements, provides for identifying those program 
requirements as part of the SSC review.  The framework 
would use tests or inspections to either augment or replace, 
as appropriate, technical analysis and evaluation 
techniques that the staff currently applies.  For SSCs 
determined to be both safety-related and risk-significant, 
the review would be detailed and in-depth (analogous to 
current review process), including independent technical 
analysis and evaluation, and the identification of correlated 
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program requirements would augment the review.  For 
SSCs determined to be non-safety-related and/or not risk-
significant, the framework relies increasingly on specific 
elements (e.g., tests or inspections) of programmatic 
requirements to satisfy performance-oriented acceptance 
criteria for such SSCs.  For example, the requisite 
monitoring and analyses of an SSC’s performance that are 
associated with its inclusion within an applicant’s 
reliability assurance program (RAP)7 and maintenance rule 
program may be sufficient to satisfy performance-oriented 
acceptance criteria pertaining to the reliability, availability, 
and maintainability of the SSC. 


 
III. B. Risk-Informed Review Approach 


 
The review framework incorporates a more risk-


informed approach by considering both the safety 
importance and risk significance of SSCs to determine the 
appropriate level of review (i.e., the framework uses a 
graded review approach).  The staff determines whether an 
SSC is safety related, risk significant, or both as a 
prerequisite to implementing the review framework 
through current evaluation and decision processes.   
 


The process for determining risk-significance of SSCs 
consists of four steps.  The first step is to collect and 
examine design/plant-specific information that can 
facilitate risk-significant determinations.  The second step 
is to identify plant systems and associated functions that 
are modeled (explicitly or implicitly) or included in the 
following analyses and programs:  
 


• the design/plant-specific risk assessments and 
severe accident evaluations that cover the full 
spectrum of potential events and the range of 
plant operating modes considered in SRP 
Section 19.0;  


• the list of risk-significant SSCs included in the 
RAP.   


 
The third step is to categorize each of the system 


functions identified in step two as risk-significant if it has 
been included in the RAP.  System functions that are not 
included in RAP onsidered low risk-significant candidates.    
The fourth, and final, step is to ensure that the identified 
systems/system functions and associated risk-significance 
are reasonably reflective of the current design/plant-


specific information (e.g., plant design, risk models) and 
that the information is updated, as needed, throughout the 
review process.  The staff anticipates that during the review 
of a new design the design/plant-specific information used 
to identify the systems/system functions and associated 
risk significance may change as review of the PRA and 
RAP evolve.     


 
Figure 1 illustrates the framework for this review 


process.  For a particular SSC, the level of review is 
derived from both the SSC’s safety importance (i.e., safety 
related or nonsafety related) and risk significance (i.e., risk 
significant or not risk significant).  Four review levels 
(labeled as A1, A2, B1, and B2 in Figure 1) correlate to the 
safety importance and risk significance of the SSC under 
review.   


 
III. C. Implementation Example 


 
Provided here is an example of how the framework 


would be implemented for an iPWR design review and 
how the review would differ from what is currently done.  
The system chosen, station service water, is assumed to be 
a nonsafety related system that is risk significant.  As such, 
it would receive a B1 level review in accordance with the 
framework flowchart.  For this system, SRP section 9.2.1 
identifies several acceptance criteria that are design-related 
and several that are performance oriented.  One of the 
design-related acceptance criteria refers to the 
requirements in General Design Criteria8 (GDC) 2 for 
protection against natural phenomena.  This acceptance 
criterion would require technical analysis and evaluation to 
verify that, for example, the system adequately addresses 
seismic design standards.  This review is the same as 
would be done under the current process.  Another example 
of a design-related acceptance criterion is GDC 4 for 
environmental and dynamic effects.  In contrast, the 
acceptance criteria related to GDC 45 (inspection) and 
GDC 46 (testing) may be satisfied by specific 
performance-based activities (e.g., testing or monitoring) 
within programmatic requirements (e.g., combination of, 
initial plant testing and RAP.  No credit for these activities 
is given in the current process, however, in the new 
framework, the reviewer may be able to gain efficiency by 
relying on these performance-based activities as an 
alternative to detailed technical analysis and evaluation.
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Fig. 1. Risk-informed integrated review framework (iPWRs) 
 


 
IV. CONCLUSIONS 


 
 This review framework builds on the current review 


process at the U.S. NRC to result in a more risk-informed 
and integrated process for the review of iPWR designs.  
The processes described in the framework could result in 
more efficient reviews. 
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Abstract – Current designs of new nuclear power plants include operational life cycles of 60 
years.  When the total life cycle of a new nuclear power program is considered, and includes all 
aspects from plant design selection to decommissioning, the total program duration may begin to 
approach 100 years.  One hundred years of program duration requires multiple generations of 
workers. This paper will describe a process for considering staffing requirements for each phase 
of the nuclear power plant life cycle: 
 
1. Plant Design Selection 
2. Site Selection 
3. Plant Licensing 
4. Construction 
5. Start Up/Testing 
6. Commercial Operations 
7. Shut Down/Safe Store 
8. Decommissioning 
 
During each of the eight life cycle phases, specific functional activities need to be performed.  
Thus, each phase has unique staffing requirements that must be analyzed to ensure safe and 
effective implementation of all required programs and activities.  This paper will discuss the 
staffing functions relevant to each life cycle phase, and identify key drivers during each phase that 
directly impact staffing requirements for each of nine functional areas: 
 
• Operations 
• Maintenance 
• Work Management 
• Radiation Protection 
• Safety 
• Regulatory Compliance 
• Engineering & Technical Services 
• Management & Support 
• Supply Chain 
 
Issues surrounding management approaches will also be discussed, including the impacts of 
organizational design structures, outsourcing, and work force planning.  Additionally, potential 
impacts resulting from centralization and standardization across multiple nuclear plant sites will 
be discussed. 
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I. INTRODUCTION 
 
Current designs of new nuclear power plants include 


operational life cycles of 60 years.  When the total life 
cycle of a new nuclear power program is considered, and 
includes all aspects from plant design selection to 
decommissioning, the total program duration may begin to 
approach 100 years.  One hundred years of program 
duration requires multiple generations of workers. This 
paper will describe a process for considering staffing 
requirements for each phase of the nuclear power plant life 
cycle: 


 
1. Plant Design Selection 
2. Site Selection 
3. Plant Licensing 
4. Construction 
5. Start Up/Testing 
6. Commercial Operations 
7. Shut Down/Safe Store 
8. Decommissioning 
 
During each of the eight life cycle phases, specific 


functional activities need to be performed.  Thus, each 
phase has unique staffing requirements that must be 
analyzed to ensure safe and effective implementation of all 
required programs and activities.  This paper will discuss 
the staffing functions relevant to each life cycle phase, and 
identify key drivers during each phase that directly impact 
staffing requirements for each of nine functional areas: 


 
• Operations 
• Maintenance 
• Work Management 
• Radiation Protection 
• Safety 
• Regulatory Compliance 
• Engineering & Technical Services 
• Management & Support 
• Supply Chain 
 
The purpose of this paper is to inform decision-makers 


about the human resource requirements during the total life 
cycle of a nuclear power plant.  References to staffing 
levels are 1) estimates, which are based on current U.S. 
operational 1-Unit nuclear plants, and 2) in reference to the 
operating organization, which do not include major 
contractor organizations such as the power plant 
construction contract/vendor, or support personnel applied 
to refueling outages.  


 
II. A STRUCTURED FRAMEWORK 


 
A structured framework can be helpful in gaining an 


understanding of staffing requirements over time.  By 
applying Table 1 below as a framework, each functional 
area can be more easily analyzed in terms if each of the 
eight life cycle phases.  
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TABLE I 


Staffing Requirements During Plant Life Cycles 


                Life Cycle Phase


Process Area Work Function
Plant Design 


Selection Site Selection Plant Licensing Construction Start Up/Testing
Commercial 
Operations


Shut Down/     
Safe Store Decommissioning


Operations Chemistry


Environmental


Operations


Operations Support


Work Management
Outage 
Management
Project 
Management
Scheduling


Radiation Protection ALARA/ Rad Engr


Decon/ Radwaste


HP Applied
HP Support


Maintenance
Maintenance/ 
Construction
Maintenance/ 
Construction 
Support


Engineering & Tech 
Support


Computer 
Engineering


Design Engineering


Design/ Drafting


Nuclear Fuels
Procurement 
Engineering


Quality Control
Reactor 
Engineering
Systems/ Field 
Engineering
Technical 
Engineering


Supply Chain Contracts
Materials 
Management


Purchasing
Warehouse


Safety
Emergency 
Preparedness


Fire Protection


Safety/Health
Security


Regulatory 
Compliance Licensing


Nuclear Safety 
Review 
(CAP/OE/HU)
Quality Assurance


Management & 
Support Admin/Clerical


Budget/Accting


Communications
Document 
Control/Records


Facilities


Human Resources
Information 
Management


Management
Management 
Support
Training  


 
III. LIFE CYCLE PHASES 


 
III.A.PLANT DESIGN SELECTION 


 


Operations – Operations experienced or qualified 
personnel will be one of the primary skill sets required to 
evaluate proposed nuclear plant designs.  These personnel 
will be required to ensure a proposed plant design can 


1058







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11189 


   


safely and effectively operate, and can be safely shut down 
in the event of a wide range of scenarios. 


 
      Maintenance – Maintenance experienced or qualified 
personnel should be involved in evaluating plant designs to 
ensure that maintenance can be safely, effectively, and 
efficiently performed.  The location, positioning, and 
access to plant equipment will need to be evaluated for 
maintenance access and safety.  


 
       Radiation Protection – Radiological Engineers will be 
required to evaluate the radiological safety of the plant 
design.  These evaluations will include both total plant 
exposure risks as well as local exposure risks to operations 
and maintenance personnel during the course of either 
normal operations, emergency plant shutdown scenarios, 
or maintenance and refueling outages. 


 
Regulatory Compliance – Licensing personnel will be 


required to review the design basis of proposed plants and 
how they conform to the framework established by the 
national regulatory agency.  Quality Assurance personnel 
should be applied to ensure that the bidding vendors’ 
quality assurance programs are robust and have been 
effectively implemented. 


 
Engineering & Technical Services – Many of the 


engineering functions will be required in this phase of the 
plant life cycle.  Computer engineers will review the codes 
for the plant process computer, as well as ensure that the 
full scope simulator is consistent with the design and 
implementation of the main control room systems and 
software.  Design engineers will evaluate the design basis 
of the plant.  Nuclear fuels analysts will review the 
vendors proposed fuel loads, planned fuel cycle duration, 
and thermal and safety analyses.  Reactor engineers will 
evaluate the predicted core performance relative to fuel 
performance and criticality issues. Systems engineers will 
analyze predicted systems interactions, systems 
performance, and review proposed system health 
programs.  Technical engineers (which include those 
responsible for engineering programs) will be needed to 
evaluate the proposed programs for a range of areas 
including probabilistic risk assessments, flow accelerated 
corrosion, fire protection, etc. 


 
Management & Support – As is true in any organization, 
administrative and management functions will be required.  
Additionally, budget/financial analysts will be required to 
analyze the complete set of life cycle costs (construction, 
operations and maintenance, fuel procurement, capital 
replacements, and decommissioning).  Document control 
personnel will also be required to support management of 
the bidding vendors documentation, and to track 


correspondence between the operating company, the 
bidding vendors, and regulatory agencies.    


 
Supply Chain – Contracts and purchasing personnel 


will be required to evaluate the terms and conditions of the 
bidders offers, and once a final selection for a plant design 
is made, to support drafting and executing the final 
contract. 


 
III. B. SITE SELECTION 


 
Operations – Environmental personnel will be 


required to support development of an environmental 
impact statement based on the plant design and the 
potential site location. 


Safety – Emergency preparedness personnel will 
evaluate potential site locations and the area encompassed 
by the emergency planning zone for emergency response 
scenarios and the ability to minimize risk to site staff, local 
populations, and the environment. 


 
Regulatory Compliance – Licensing staff will evaluate 


proposed site conditions for compliance with local, 
regional, and national regulatory requirements.  Such 
requirements could demand modifications of a given plant 
design when sited on a specific location. 


 
Engineering & Technical Services – Design 


engineering will be required to evaluate potential impacts 
on the plant design basis the might be due to siting 
location, including cooling water temperature and outfall 
volume and temperature, seismic issues,, technical 


 
Management & Support – As with other life cycle 


periods, administrative and management functions will be 
required.  Additionally, budget/financial analysts will be 
required to analyze the property costs (including potential 
taxes).  Document control personnel will also be required 
to support management of the land records, and to track 
correspondence between the operating company, the land 
owners, and regulatory agencies.  Communications staff 
will also be needed to support media and community 
relations in connection with the final site selection and 
purchase. 


 
Supply Chain – Contracts and purchasing personnel 


will be required to evaluate the terms and conditions of the 
land purchase, and once a final selection for a plant site is 
made, to support drafting and executing the purchase 
contract. 


 
III. C. PLANT LICENSING 


 
Operations – During this life cycle phase, chemistry, 


environmental, and operations personnel will be needed.  
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Chemists will evaluate vendor specifications and ensure 
they are compliant with regulatory requirements.  
Environmental personnel will ensure operating 
organization approaches to plant operations will comply 
with environmental requirements.  Operations staff will 
review and validate procedures, and review and process 
any adjustments required by the regulator. 


 
Radiation Protection – Staff from several radiation 


protection functions will be required for final analyses of 
expected sources, operational byproducts, and waste.  They 
include radiological engineering, radwaste processing, HP 
Support. They HP Support staff develop, implement, and 
monitor the personnel radiation monitoring program for 
the site. 


Safety - In the Safety area, personnel with emergency 
planning, fire protection, and security experience will be 
needed to support the plant license application. 
 


Regulatory Compliance – Licensing personnel will be 
needed to analyze the selected plant design, and from 
there, develop the operating license application.  
Additionally, personnel with experience with corrective 
action programs, industry operating experience (OE), and 
human performance (HU) programs will be needed to 
support the license application. 


 
Engineering & Technical Services – Many of these 
functions will be required to conduct technical analysis 
related to the license application and responding to queries 
from the regulator.  These functional areas include 
computer engineering, design engineering, design/drafting 
(which includes configuration management), nuclear fuels, 
reactor engineering, systems engineering, and 
technical/programs engineering. 


 
Management & Support – In addition to the 


management and support functional staff required in earlier 
life cycle phases, human resources and information 
management personnel will now be needed to support the 
growing staff size of the operating organization. 


 
III.D. CONSTRUCTION  


 
During the construction life cycle phase, the operating 


organization will be required to oversee installation and 
testing of equipment and systems.  Consequently, most 
functions will be required to be in place.  For the few 
functional areas identified below, the reasons they are not 
required are identified. 


 
Operations – Operations support personnel, who 


provide work start authorizations, review radiation work 
permits, etc., will not be needed until commissioning 
begins.   


 
Work Management – The outage management 


function will not become active after commercial 
operations begin.  Project management activities, which 
support modifications, will be carried out by the 
construction organization until turn over to the operating 
organization at the time of commercial operations. 


 
Radiation Protection – Although the time will come 


for first fuel delivery and fuel installation, when most 
radiation protection functions will be needed, one will not 
be required until after commercial operations: 
Radwaste/Decontamination. Intermediate and low level 
radioactive waste will not be generated until after 
operations commence. 


 
III.E. START UP/TESTING 


 
During the Start Up/Testing life cycle phase, the 


operation organization will be required to oversee testing 
of equipment and systems and support commissioning 
activities.  Consequently, most functions will be required 
to be in place.  Only the outage management function will 
not be required. 


 
III.F. COMMERCIAL OPERATIONS 


 
During commercial operations, all of the functional 


areas are operative.  The demand for each function varies 
over time, due to operational fuel cycles, maintenance 
demands, and regulatory change.  While the staffing levels 
in Chart 2 imply that the peak staffing levels for steady-
state operations remain constant, they do vary slightly.   
The variance is due to aging employees retiring, non-
retirement attrition, and the time lags to replace these 
personnel.  Additionally, changing plant conditions and 
evolving regulatory requirements may also impact staffing 
levels during this life cycle phase. 


 
III.G. SHUT DOWN/SAFE STORE 


 
During this life cycle phase, the operating organization 


will be required to oversee safe shutdown and potentially 
safe store conditions at the site.  Consequently, many 
functions will be required to be in place.  For the few 
functional areas identified below, the reasons they are not 
required are identified. 


 
Work Management – Normally, all outage and project 


related activities of the operating organization are 
completed prior to shut down.  Consequently, no outage 
management or project management personnel will be 
required. 
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Engineering & Technical Services – Computer 
engineering personnel will no longer be needed as the 
plant process computer and the simulators will not be 
operating after the final shutdown.  Procurement 
engineering personnel, whose normal function is to 
support technical analyses of replacement parts and 
components, will no longer be needed. 


 
Supply Chain – None of the four supply chain 


functions will be necessary during Shut Down/Safe Store, 
unless contracted services are applied. 


 
III.H. DECOMMISSIONING  


 
During this last life cycle phase, the operating 


organization will oversee installation the decommissioning 
of the plant and the owner controlled area.  While support 
contractors typically perform the demolition and removal 
tasks, the operating organization will normally be legally 
and practically responsible for final disposition of the 
remaining nuclear fuel, radiated equipment and 
components, and site clean up. Again, most functions will 
be required to be in place to support these activities, 
although they will be at lower staffing levels than during 
the operational life cycle.  For the few functional areas 
identified below, the reasons they are not required are 
identified. 


 
Operations – No operations support personnel will be 


required to support daily work activities as they normally 
occur in the operations life cycle phase. 


Work Management – Outage management will no 
longer be required because there will be no refueling or 
restart activities to manager. 


 
Engineering & Technical Services – Several of these 


functions will no longer be active due to the lack of need 
for operational support, including computer engineering, 
reactor engineering, nuclear fuels, procurement 
engineering, and technical engineering. 


 
Management & Support – The management support 


function, which includes a few personnel dedicated to 
support special projects or activities for senior managers, 
will be needed.  Finally, the training function will no 
longer be required. 


 
Staffing levels are estimated below in Figure 1 for 


each of the life cycle phases.  These staffing levels 
represent the personnel within the operating organization 
only.  Specifically, large contractor/vendor groups which 
provide the physical construction or the refuel outage 
maintenance are not represented.  These estimates provide 
an indication of the order of magnitude of the human 
resource challenge for a nuclear power program.  


Additionally, they represent the number of personnel 
retained, not hired, interviewed, or recruited.   
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Fig. 1. Estimated Staffing Requirements. 


 
 
Staffing levels shown in Figure 2 represent the number 


of personnel throughout the complete life of the plant. 
 


Estimated Life Cycle Staffing Requirements (1-Unit NPP)


0


100


200


300


400


500


600


700


800


900


1 6 11 16 21 26 31 36 41 46 51 56 61 66


Year In The Nuclear Life Cycle


N
um


be
r o


f P
er


so
nn


el


 
Fig. 2. Estimated Life Cycle Staffing Requirements. 
 
 


When recruiting is considered, the numbers may be 20 
times as high, or more, based on the available labor 
market, number of resumes reviewed, and the interviews 
conducted for each hired individual. 
 


IV. ISSUES SURROUNDING MANAGEMENT 
APPROACHES 


 
Other factors resulting from management approaches 


always impact staffing levels, and may be applicable 
during each of the eight life cycle phases.  The structure of 
the organizational design, the degree of outsourcing, and 
the application of work force planning will have an effect 
on staffing requirements.  Each of these three areas is 
discussed below. 


 
Within the area of organizational design, the number 


of layers of management and the breadth of the spans of 
control must all be carefully considered such that 
additional personnel are not unnecessarily added.   The 
layers of management, which are the number of 
organizational layers between an individual contributor 
and the senior nuclear officer, should not be excessive.  As 
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additional layers are created, additional (and unnecessary) 
supervisory and management personnel will be added.  


 
Outsourcing can reduce the operating organization's 


staffing requirements.  However, many international 
nuclear operating organizations have more than 40% of the 
personnel labor provided by outsourced 
contractors/vendors.  There is, of course, a spectrum, and 
some current nuclear operating organizations outsource as 
little as 5% of their labor requirements. 


 
Work force planning, which is defined as a process for 


having the appropriate number of qualified personnel in 
the correct job positions at the right time, is an important 
aspect of the human resource development process for 
nuclear power programs.  At many international nuclear 
power plants, the Operations organization will have a 
"pipeline" of personnel in training to become future 
operators.  At some organizations, these pipelines are also 
active for maintenance and engineering positions.  As the 
number of pipelines, and their respective sizes increase, so 
will the nuclear program's overall staffing levels. 


 
Staffing levels can also be impacted by management 


approaches when the nuclear power program has multiple 
plant sites.  When this scenario is encountered, efficiencies 
in the application of human resources can be applied 
through centralization of common functions and 
standardization of processes.  Common activities that must 
be performed for each nuclear plant, but are not required to 
be performed at the site location, can be centralized to a 
corporate nuclear organization.  For example, the vendor 
audit function with Quality Assurance can be centralized to 
avoid multiple audits of the same list of support vendors.  
Another example is design engineering, where a group of 
centralized design engineers can serve a fleet of plant more 
efficiently than distributed groups located at each site.  


 
Furthermore, the standardization of processes can help 


optimize the application of human resources.  In the 
example of physical security, access control, fitness for 
duty, and personnel background reviews can all be 
performed using the same process for each site location.  
In the maintenance function, if processes are standardized, 
then maintenance personnel can be shifted from one site 
where demand is lower to a different site where demand is 
higher.  Between centralization and standardization, 
significant efficiencies have been realized a operating 
nuclear power organizations with multiple site locations. 


 
IV. CONCLUSIONS 


 
Staffing nuclear power plants is a complex problem.  


The number of people required with specific, but different, 
skill sets, varies over the life of the plant.  By using a 


framework to support the analysis of staffing requirements 
throughout the major lifecycle elements of a new nuclear 
plant, decision makers can more accurately plan for, 
recruit, develop, and train appropriate staffing contingents. 
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Abstract – In the framework of the development of future nuclear reactors, materials with an 


improved high-temperature mechanical strength are required for specific components. The 9-


12%Cr tempered  martensitic steels are candidate materials for these applications. However, when 


subjected to cyclic loadings, they show a cyclic softening effect due to coarsening of the 


martensitic substructure. Two ways of improvement have been considered in this work. 


Thermomechanical treatments, based on the ausforming principle, have been applied to Grade 91 


material. This treatment aims at refining both the microstructural elements and the precipitation 


state. Tensile and creep properties are improved, and the cyclic softening effect is less deleterious 


for the optimized steels. The optimization of the chemical composition has been considered as 


asecond approach. This leads to a finer precipitation state and a stabilized martensitic 


microstructure. Creep and creep-fatigue properties of the optimized 9Cr3W3CoVNbBN steel are 


highly improved while tensile and fatigue properties are not influenced. 


 
 
 
 


I. INTRODUCTION 
 
9-12% Cr martensitic steels are candidate materials for 


applications in the field of nuclear energy production. They 
are envisaged to replace austenitic stainless steels in future 
nuclear reactors due to their lower swelling under 
irradiation (linked to their bcc matrix) and their better 
thermal properties [1,2] 


In service these components will be subjected not only 
to constant loads, but also to cyclic loadings during 
reactors maintenance or starts-and-stops. It is therefore 
necessary to have data about the cyclic behaviour and 
creep-fatigue interactions of these materials. 


The commercial Grade 91 (G91) steel has been 
extensively studied in terms of high-temperature fatigue 
and creep-fatigue properties. It has been reported that G91 
shows pronounced cyclic softening under fatigue or creep-
fatigue loadings [3-5]. In the same way, a pre-cycled 
material shows a minimum creep rate 100 times higher than 
the as-received material [5]. It has been proved that this 
cyclic softening effect is caused by the coarsening of the 
martensitic microstructure [2,6]. 


The purpose of the present work is to improve high-
temperature mechanical properties of the 9-12% Cr 
martensitic steels in order to reduce their cyclic softening 


effect or, at least, to maintain good mechanical properties 
even after cyclic loadings. For that purpose, the authors 
envisage either to apply a thermomechanical treatment to 
the steel, based on the ausforming principle, or to optimize 
the chemical composition of the steel. Both solutions are 
expected to refine the microstructure and improve the 
precipitation state within the material. 


 
 
 


II. EXPERIMENTAL 
 


II.A. Materials 


 
The materials under study in this paper are the 


commercial Grade 91 steel and an experimental 
9Cr3W3CoVNbBN steel (NPM - Heat 4). The detailed 
compositions are given in TABLE I.  
The as-received (AR) Grade 91 steel was austenitized at 
1050°C, then air quenched and tempered at 780°C. 
The NPM steel was austenitized 1 hour at 1150°C, air 
cooled to room temperature and tempered at 770°C for 4 
hours. 
The steels are used in the form of small blanks (100mm x 
40mm x 30mm). 
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 TABLE I: Chemical compositions in wt% of  
Grade 91 and NPM steels. 


 G91 NPM  G91 NPM 


C 0.088 0.09 Si 0.324 0.299 


Cr 8.91 9.26 W 0.01 2.92 


N 0.04 0.01 Cu 0.068 - 


Mn 0.363 0.51 Al 0.018 0.004 


Mo 0.917 - P 0.017 0.001 


Nb 0.08 0.05 Ni 0.15 - 


V 0.198 0.199 S 0.001 0.003 


Co - 2.88 B 0.001 0.0114 
 
 


II.B. Thermomechanical treatment- principle; parameters 
 
The thermomechanical treatment (TMT) studied in the 


present paper is based on the ausforming process [7-10], as 
well as on more recent works [11,12]. Ausforming consists 
of hardening the steel in the austenitic metastable phase 
field. That has already been shown to lead to a significant 
hardening of martensite and to the refinement of the 
precipitation [7-10]. 


The initial heat treatment and the subsequent 
thermomechanical treatment are shown in Fig. 1. Two 
different degrees of thickness reduction during the rolling 
step have been chosen: 25% and 50%. The temperatures of 
the 2nd austenitization, the rolling step and the final 
tempering step have been selected supported by a 
simulation using the software package MatCalc [13,14]. 
This software helps predicting the evolution of the 
precipitation state as a function of time and temperature in 
the material. Detailed information about the complete 
methodology and the resulting parameters of the TMT can 
be found in [15]. 
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Fig. 1. Thermal cycles of the first heat-treatment and the 


following TMT under study. 


II.C. Experimental procedures 
 


Vickers microhardness measurements (500g) were 
performed, and thermo-electrical power (TEP) 
measurements were made on the rolled material (just 
quenched and also once tempered at different temperatures 
- see details in [15]).  


Extractive carbon replicas were prepared by etching 
the polished steel surface 10 minutes in a solution of 1% 
tetramethylammonium chloride and 10% acetylacetone in 
methanol, followed by the deposition of carbon onto the 
etched steel sample, then dissolution of the matrix in the 
same solution at a voltage of 1.2V. These carbon replicas, 
as well as thin foils, were examined using a JEOL-
2010FEG transmission electron microscope. 


Tensile tests were carried out at a strain rate of 7.10-4  
s-1, at 20°C, 550°C and 650°C. Creep tests were performed 
at 650°C at 120 MPa. Low cycle fatigue tests were carried 
out at 550°C at ± 0.35% strain. Creep-fatigue tests were 
driven at 550°C at ± 0.35% strain with an additional 0.5% 
strain during creep at the maximum stress of each cycle, i.e. 
0.85% total strain during the tensile load. Full details can 
be found elsewhere [5,6]. 


 
 


III. RESULTS 
 


III.A. Thermomechanical treatment of Grade 91 steel 
 


The first part of the study consists of applying and 
evaluating the TMT on the commercial Grade 91 steel. So 
far, two different TMTs have been studied: 
- the material named G91-R6/25-T7 (R for rolled, T for 
tempered) has been normalized 30 minutes at 1150°C, air 
quenched to 600°C, rolled at 600°C to 25% of thickness 
reduction, water quenched and tempered for 1 hour at 
700°C; 
- the material named G91-R6/50-T7 has been normalized 
for 30 minutes at 1200°C, air quenched to 600°C, rolled at 
600°C to 50% of thickness reduction, water quenched and 
tempered for 1 hour at 700°C. 


 
Effect of the TMT on the Grade 91 steel microstructure 


 
Both optimized G91 steels exhibit a fully martensitic 


microstructure. The normalizing temperature, as well as the 
degree of thickness reduction, have an important effect on 
the prior austenitic grains (PAG) size and morphology.  
The increase of the austenitization temperatures, from 
1080°C to 1150/1200°C, leads to an increase of the PAG 
size, from 15-20 µm (G91-AR [3]), to 25µm for G91-
R6/25-T7 and 190 µm x 60 µm (elongated grains) for G91-
R6/50-T7. This non-linear increase has already been 
observed [16]: PAG size increases very slowly when 
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normalization is carried out below 1140°C; while at higher 
temperatures the growth is much faster.  
The 25% warm-rolling leads to equiaxed PAG whereas the 
50% warm-rolling causes the deformation of the PAG 
which become elongated (shape factor: 3). This 
deformation occurs because the rolling temperature is not 
high enough to provoke the re-crystallization of the 
material [17-18]. 
 


         
Fig. 2. Optical micrograph of the G91-AR. 


         
Fig. 3. Optical micrograph of G91 steel rolled at 600°C 
with 25% of thickness reduction and water quenching. 


         
Fig. 4. Optical micrograph of G91 steel rolled at 600°C 
with 50% of thickness reduction and water quenching. 


 
As shown by the TEM observations, the TMT also 


leads to a refinement of the microstructure: 
- the martensitic laths width is reduced; for instance the 
laths are 210 to 230 nm wide in G91-R6/25-T7 compared 
to 370 nm [3] in G91-AR; 


- the most interesting precipitates (MX-type particles, i.e. 
niobium or vanadium carbonitrides) are smaller after the 
TMT; for instance they have a mean size of 5x11 nm² in 
G91-R6/25-T7 compared to 30x50 nm² in G91-AR [3]. 
- It can be found roughly 2 populations of M23C6  in G91-
R6/25-T7. The biggest M23C6 carbides are either elongated 
or spherical, their mean diameter being 100 nm, i.e. as in 
the G91-AR steel. Smaller M23C6 carbides did also 
precipitate on laths boundaries, these ones are elongated 
and they have a size going from 20 to 40 nm.  
 


   
 a) Grade 91 - AR                      b) G91-R6/25-T7 


    
c) G91-R6/25-T7 


 
d) G91-R6/25-T7 


Fig. 5. TEM observations showing the characteristic laths 
widths (a,b) and the size and partial distribution of MX (c) 


and M23C6 (d). 
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Effect of the TMT on the Grade 91 steel mechanical 


properties 
 


Both TMTs lead to increasing hardness values, as 
shown in TABLE II. The hardness gain is higher in the case 
of the TMT with the normalizing step at 1200°C and the 
50% warm-rolling: there is a difference of 37 Hv between 
the two TMT before the final tempering stage, even if this 
difference becomes smaller once the steels have been 
tempered (15 Hv). 


In the case of G91-R6/25-T7, it has been possible to 
separate the contribution of the increase in normalizing 
temperature (1080 to 1150°C) from that of the rolling step.  
The hardness value of a G91 steel normalized at 1150°C 
and tempered at 700°C is indeed 290 Hv [16]. The increase 
in hardness values can thus be attributed to both the higher 
normalizing temperature and the rolling process.  


 
 


TABLE II: Microhardness values (under 500g) of G91-AR 
steel compared to the values after TMT. 


 
 


Tensile tests show that the thermomechanically treated 
steels exhibit much higher yield strengths independently of 
the test temperature. At 20°C, the gain offered by the TMT 
is about 410 to 455 MPa for the yield strength, but the 
optimized steels are about 7% less ductile than the G91-
AR. Generally speaking, the two TMT steels show a very 
similar tensile behaviour.  
At 550°C the yield strength increase is more pronounced 
for G91-R6/50-T7 (+ 250 MPa) than for G91-R6/25-T7 (+ 
175 MPa); and the optimized steels exhibit a 3-5 % weaker 
ductility. High-temperature tensile curves show a more 
pronounced strain-softening effect than the G91-AR. SEM 
observations of the fracture surfaces for all temperatures 
confirm that the fracture is ductile. 
 


Both optimized steels were exposed to high-
temperature creep testing. Fig. 7 shows that the TMTs led 
to an increase of the creep lifetimes at 650°C. The lifetime 
of G91-R6/25-T7 at 120 MPa is 20 times longer than that 
of G91-AR and even 2.2 times longer than that of Grade 92 
steel. The creep test of the optimized G91-R6/50-T7 steel 
at 140 MPa is still running, but its lifetime is already 20 
times higher than that of G91-AR, 2.3 times higher than 
that of G92-AR, and there is still no evidence for the onset 
of the tertiary creep stage.  
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Fig. 6. Tensile tests results of G91-R6/25-T7 and G91-


R6/50-T7 compared with G91-AR at: a) 20°C, b) 550°C. 
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Fig. 7. Creep test results (650°C) for G91-R6/25-T7 and 
G91-R6/50-T7 compared to G91-AR and G92-AR [19]. 


 
 
Thermomechanically treated G91-R6/25-T7 has been 


tested in fatigue at 550°C: the cyclic softening effect is less 
pronounced and slower for this optimized steel compared 


material G91-AR 


G91-
R6/25-


quenched 


G91-
R6/25-T7 


G91-
R6/50-


quenched 


G91-
R6/50-T7 


hardness 225 Hv 470 Hv 320 Hv 507 Hv 335 Hv 
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to G91-AR. Furthermore, the maximum stress for each 
cycle is 140 MPa higher for the G91-R6/25-T7. 
TEM observations of a thin foil, taken from the fatigue 
tested specimen, show that the softening effect is linked to 
the coarsening of the martensitic microstructure (Fig. 9). 
The subgrains tend to become more equiaxed and in some 
areas the martensitic laths are not visible any more. 
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Fig. 8. Fatigue test results for G91-R6/25-T7 compared to 


G91-AR. 


  
Fig. 9. TEM observation of G91-R6/25-T7 material after 


fatigue testing - transverse direction. 
 


To summarize, the application of thermomechanical 
treatments to Grade 91 steel improves mechanical 
properties such as hardness, tensile strength and high-
temperature creep lifetime. Even though the cyclic 
softening effect still occurs, fatigue properties are better 
after the TMT: for an equal solicitation, the optimized steel 
shows improved mechanical strength. 


 
 


III.B. A chemically optimized steel: the NPM 
 


Microstructural and mechanical characterizations of 


the as-received NPM steel 
 


In a second part, this work focuses on the optimization of 
the high-temperature properties of 9-12%Cr steels by 


optimizing the chemical composition. The NPM steel is a 
9Cr3W3CoVNb steel with balanced boron and nitrogen 
content. Tungsten is used instead of Molybdenum. Boron is 
added in order to stabilize the martensitic microstructure 
and precipitates especially at grain and laths boundaries. 
Further details on the NPM steel can be found in [20]. It is 
fully martensitic with a mean PAG size of around 300 µm 
(Fig.  10).  
 


 


     
Fig.  10: Optical micrograph of NPM-AR.  


 
 


This steel has been mechanically tested in order to compare 
it to commercial grades such as the Grade 91 material. The 
hardness of the NPM steel is 240 Hv, i.e. 15 Hv higher 
compared to G91.  


Tensile properties of the NPM steel are slightly higher 
than those of G91 at 20°C investigated (Fig. 11) but equal 
at high temperature. At 20°C, the NPM yield stress is 80 
MPa higher compared to the G91, but the ductility is 2% 
worse. At 550°C, both materials exhibit the same yield 
stress value. Nevertheless, the NPM steel shows a 3% 
higher ductility. 


 


 
Fig. 11. Tensile tests results of NPM-AR  


compared to G91-AR. 
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Creep tests at 650°C have been performed both at TU 
Graz and at SRMA (CEA). For the two loads investigated, 
the lifetimes are consistent one with each other. The results 
(Fig. 12) confirm that this steel shows a much better high-
temperature creep resistance than the commercial grades, 
and also better than that of the TMT G91 steel. 
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Fig. 12. Creep tests results (650°C) of NPM-AR compared 
to G91-AR, G92-AR [19] and G91+TMT.  


Fatigue tests performed for NPM-AR show that this 
steel exhibits a pronounced cyclic softening effect under 
cyclic loadings (Fig. 13). The maximal stress per cycle 
decreases more rapidly in the case of the NPM steel (Fig. 
13a). Moreover, with regards to the cumulated plastic 
deformation, the softening effect is even more pronounced 
than that of the G91-AR (Fig. 13b). TEM observations 
allow to compare the microstructure at the as-received state 
(Fig. 14a) to that after fatigue testing (Fig. 14b). The 
micrographs show a pronounced coarsening of the 
martensitic subgrains and laths. 


Nevertheless, creep-fatigue tests for the NPM-AR 
reveal better properties compared to the G91-AR. The hold 
time (i.e. the time for reaching 0.5% creep strain) is 
increasing for both materials during the first cycles. Then it 
decreases for the G91 steel whereas it still increases for the 
NPM steel (Fig. 15a). This is confirmed by plotting the 
maximum stress versus the cumulated plastic deformation: 
the drop of the normalized stress stabilizes after 200 cycles 
for the NPM steel whereas it continuously decreases for the 
G91 steel. Moreover creep-fatigue resistance of NPM is 
better than that of Grade 91 (Fig. 15b). However cyclic 
softening still occurs to a small extent in the NPM steel. 
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Fig. 13. Fatigue tests results (550°C) for NPM-AR 


compared to G91-AR: a) stress vs. cycles; b) normalized 
stress vs. cumulated plastic strain. 


 
 


Fig. 14. TEM thin foil observations of: a) NPM-AR, 
b) a NPM specimen after fatigue testing. 
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Fig. 15. Creep-fatigue test results (550°C) of NPM-AR 


compared to G91-AR: a) creep time vs. cycles; b) 
normalized stress vs. cumulated plastic strain. 


 
Summing up, the optimization of the chemical 


composition of a 9Cr3W3CoVNbBN steel results in 
improved mechanical properties compared to commercial 
grades (such as G91), in terms of hardness and creep 
strength. Although, high temperature cyclic loading leads to 
a pronounced cyclic softening effect especially in pure 
fatigue tests.  


In order to improve the resistance to cyclic loadings 
of the NPM steel, a thermomechanical treatment has thus 
been applied and evaluated for this steel. As in the case of 
Grade 91 steel, the temperatures of the 2nd austenitization, 
the rolling step and the final tempering stage have been 
selected with the help of the simulation software MatCalc. 
The TMT under study consists of a normalization step of 
30 minutes at 1150°C, a rolling step with 25% reduction in 
thickness at 650°C. The tempering temperature is being 
investigated.  


Preliminary optical microscopy and TEM 
observations reveal that all precipitates were dissolved 
during the normalization step. The rolling process results in 
a reduction of the martensitic laths mean width, as shown in 
Fig.  16b. 


   
a)                                          b) 


Fig.  16: TEM observations of a) NPM-AR in comparison 
to: b) NPM rolled (650°C, 25%) and water quenched. 


 
 
 


IV. DISCUSSION 
 


The macroscopic stress is usually partitioned into 
three components: the kinematic stress or backstress X, the 
isotropic stress R, and the viscous stress v. It has been 
proved that in G91 steel the softening effect is mainly due 
to a decrease in backstress [21]. In fine grained materials 
the backstress is often linked to the grain size by Hall-Petch 
effects. Cyclic softening of 9-12% Cr steels was 
successfully modelled by taking into account subgrain 
coarsening [20]. 


In the present study two ways of strength optimization 
have been considered:  
- On the one hand, a thermomechanical treatment involving 
rolling in the austenitic metastable range leads to finer 
martensitic subgrains, smaller precipitates, and a higher 
density of dislocations. These kinds of reinforcement will 
have an effect both on the backstress through the reduction 
of the subgrain size, and on the isotropic stress through the 
improvement of the precipitation state and the increase of 
the dislocation density. Both stress components increase 
(the yield stress is indeed much higher due to the TMT).  
High-temperature creep properties are improved (x20) by 
applying a thermomechanical treatment due to the 
contribution of the improved isotropic part of the stress. 
During fatigue loadings, the backstress decreases and the 
hardening effect of the small subgrain size progressively 
disappears. The isotropic stress remains slightly higher than 
for the conventional G91 steel. This explains that even if 
cyclic softening occurs, the maximal cyclic stress of the 
optimized G91 steel during fatigue is higher than that of the 
conventional G91-AR steel.  
- On the other hand, the optimization of the chemical 
composition has no direct influence on either the 
dislocation density or the martensitic laths width. The 
strengthening due to the chemical optimization should act 
mainly on the isotropic component of the cyclic stress, and 
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is definitely not affected by subgrain coarsening. As the 
yield stress of the NPM material is very close to that of 
G91 at 550°C, it can be assumed that the ratio X/R has 
changed. The part of the stress due to the subgrain size 
might be lower for the NPM than for the G91 steel. This 
difference might be one of the reasons why under creep-
fatigue, the cyclic softening of the NPM steel saturates and 
is rather limited compared to G91. Indeed, as the initial 
strengthening due to kinematic stress is smaller, even 
though the same subgrain coarsening mechanism takes 
place, it will lead to a more limited softening effect. 
In addition the fact that the creep lifetime of the NPM steel 
is 3 times longer than that of the thermomechanically 
treated G91 material suggests that improving the 
precipitation state (finer, more stable and more 
homogeneously distributed particles) has a more 
pronounced effect on high-temperature creep than refining 
the subgrain size and increasing the dislocation density. 


 
V. CONCLUSIONS 


 
Two ways of materials optimization have been 


investigated in order to reduce the deleterious effect of 
cyclic loadings. A thermomechanical treatment including 
warm-rolling in metastable phase has been applied to a 
commercial Grade 91 steel.  High-temperature mechanical 
properties of this steel have been improved by this way, 
even the response to fatigue loadings. These improvements 
are linked to a refinement of the martensitic microstructure 
and the improvement of the precipitation state. Cyclic 
softening still occurs although it is slower after the TMT. 
However, the fatigue properties of the thermomechanically 
treated steel being much better than those of the as-
received steel, and the cyclic softening being slower, its 
creep properties after cycling are expected to be better, too. 
This will be analyzed by creep tests after fatigue loadings 
for the optimized Grade 91 material. 


A chemically optimized 9Cr3W3CoVNbBN steel 
(NPM) has also been studied in terms of mechanical 
properties. Its hardness, its tensile properties and especially 
its creep resistance are improved by its chemical 
composition. Nevertheless this steel also shows cyclic 
softening when exposed to fatigue loadings. This softening 
is mainly caused by the coarsening of the martensitic 
microstructure.  
Additionally, thermomechanical treatments are developed 
for this steel; first results show a reduction of the 
martensitic laths width as in the case of the successful TMT 
of G91. The thermomechanically treated NPM steel is 
currently investigated in terms of microstructure evolution 
and high-temperature mechanical strength. 
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Abstract – Today the use of advanced nuclear power plant, have an important role in the 


environment and economic sustainability of country energy strategy considering the capacity of 


a nuclear reactor of producing energy in safe and stable way contributing in cutting the CO2 


emissions. In the last 20 years, in fact, the international community, taking into account the 


excellent operational experience of the nuclear reactors, starts the development of new advanced 


reactor designs, by including also the use of the natural circulation for the cooling of the core in 


normal and transient conditions. In this international framework, Oregon State University has 


constructed, under a U.S. Department of Energy grant, a system level test facility to examine 


natural circulation phenomena of importance to Multi-Application Small Light-Water Reactor 


(MASLWR) design. The MASLWR is a small modular integral pressurized water reactor relying 


on natural circulation during both steady state and transient operation, including an integrated 


helical coil steam generator. Starting from an experimental campaign in support of the MASLWR 


concept design verification, the planned work, related to the OSU-MASLWR test facility, will be 


not only to specifically investigate the MASLWR concept design further but also advance the 


broad understanding of integral natural circulation reactor plants and accompanying passive 


safety features as well. Four tests have been performed at this facility in order to assess the 


thermal hydraulic behavior of the MASLWR design in normal and transient operation and to 


assess the passive safety system under transient condition. This paper illustrates a preliminary 


analyses, performed by TRACE code, aiming at the evaluation of the code capability in 


predicting natural circulation, heat exchange from primary to secondary side by helical steam 


generator in superheated condition and primary/containment coupling phenomena typical of the 


MASLWR design. The tests take into account for this analysis are the OSU-MASLWR-001, an 


inadvertent actuation of 1 submerged ADS valve and the OSU-MASLWR-002, a natural 


circulation test investigating primary system flow rates and secondary side steam superheat for a 


variety of core power levels and feed water flow rate. The analyses of the calculated data show 


that the TRACE code predicts the phenomena of interest of the selected tests. 


 
 


I. INTRODUCTION 


 


Today considering the world energy demand increase, 


in order to fulfill an environment and economic 


sustainability, the energy policy of each country has to 


diversify the sources of energy and use stable and safe 


energy production options able of producing electricity in a 


clean way1. In the framework of the sustainable 
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development, the use of advanced nuclear power plant, 


have an important role in the environment and economic 


sustainability of country energy strategy considering the 


capacity of a nuclear reactor of producing energy in safe 


and stable way contributing in cutting the CO2 


emission.2,3,4 


In the last 20 years, in fact, the international 


community, taking into account the excellent operational 


experience of the nuclear reactors, starts the development 


of new advanced reactor designs, to satisfy the demands of 


the people to improve the safety of nuclear power plants 


and the demands of the utilities to improve the economic 


efficiency and reduce the capital costs5. Design 


simplifications and increased design margins are included 


in the advanced Light Water Reactors (LWR)6. In this 


framework, the project of some advanced reactors 


considers the use of emergency systems based entirely on 


natural circulation for the removal of the decay power in 


transient condition and in some reactors for the removal of 


core power during normal operating conditions.4,7,8  


In the current reactor designs, there is a good 


technical basis and some operational experience in 


relation with the natural circulation, because it has been 


used for removing decay heat if forced circulation becomes 


unavailable. In some existing reactors, like the VK-50 


reactor in Russia, the Dodewaard reactor in the 


Netherlands, and the Humbholdt Bay 3 reactor in 


California, USA, the natural circulation has been used to 


remove the core heat under normal operation conditions. 


This operational experience can be applied to new reactor 


concepts.4,7,8 


In the development process of these advanced nuclear 


reactors, the analysis of single and two phase fluid natural 


circulation in complex systems, under steady state and 


transient conditions, is crucial for the understanding of the 


physical and operational phenomena typical of these 


advanced designs. Besides, the use of experimental facility 


is fundamental in order to characterize the thermal 


hydraulic of these phenomena and to develop an 


experimental database useful for the validation of the 


computational tools necessary for the operation, design 


and safety analysis of nuclear reactors.7 


Different computer codes have been developed to 


characterize two phase-flow systems 9, from a system and 


a local point of view. Accurate simulation of transient 


system behavior of a nuclear power plant or of an 


experimental test facility is the goal of the best estimate 


thermal hydraulic system code.10  


The evaluation of a code’s calculation accuracy is 


accomplished by assessment and validation against 


appropriate system thermal hydraulic data developed 


either from a running system prototype or from a scaled 


model test facility, and characterizes the thermal hydraulic 


phenomena during both steady state and transient 


conditions. The identification and characterization of the 


relevant thermal hydraulic phenomena, and the 


assessment and validation of the best estimate thermal 


hydraulic systems codes, has been the objective of multiple 


international research programs10. 


In this international framework, Oregon State 


University (OSU) has constructed, under a U.S. 


Department of Energy grant, a system level test facility to 


examine natural circulation phenomena of importance to 


MASLWR design. The MASLWR is a small modular 


integral PWR relying on natural circulation during both 


steady state and transient operation. It includes an 


integrated Steam Generator (SG) consisting of banks of 


vertical helical tubes contained within the Reactor 


Pressure Vessel (RPV)10. Four tests have been conducted 


in support of the MASLWR concept design verification in 


the experimental facility.  


The planned work related to the OSU-MASLWR test 


facility will be not only to specifically investigate the 


MASLWR concept design further but also advance the 


broad understanding of integral natural reactor plants and 


accompanying passive safety features as well10. An IAEA 


International Collaborative Standard Problem (ICSP)11 on 


the “Integral PWR Design Natural Circulation Flow 


Stability and Thermo-Hydraulic Coupling of Containment 


and Primary System during Accidents” it is executing in 


the facility.  


The validation and assessment of the thermal 


hydraulic system code TRACE, developed by USNRC to 


perform best estimate analysis for LWR, against the 


MASLWR natural circulation phenomena in steady and 


transient condition is the topic of the present research 


activity. Specifically the current research activity is 


focused on the assessment and validation of the TRACE 


code in predicting natural circulation, heat exchange from 


primary to secondary side by helical SG in superheated 


condition and primary/containment coupling phenomena 


typical of the MASLWR design. 


 


II. MASLWR DESIGN 


 


The MASLWR12, Fig. 1, is a small modular integral 


PWR relying on natural circulation during both steady-


state and transient operation.  


It includes an integrated SG consisting of banks of 


vertical helical tubes contained within the RPV and 


located in the upper region of the vessel outside of the Hot 


Leg (HL) chimney. As it is shown in Fig. 1, the primary 


coolant flows outside the SG tubes, and the feed water is 


fully vaporized resulting in superheated steam at exit of 


the SG. The safety systems are designed to operate 


passively10,12,13.  
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The RPV is surrounded by a cylindrical containment, 


partially filled with water. This containment provides 


pressure suppression and liquid makeup capabilities and is 


submerged in a pool of water that acts as the ultimate heat 


sink. The RPV can be depressurized using the Automatic 


Depressurization System (ADS), consisting of six valves 


discharging into various locations within the containment. 
10,12,13 


 


 
 


Fig. 1. MASLWR conceptual design layout 10,12,13. 


 


The MASLWR has a net output of 35MWe. Its small 


size considered the prototypical MASLWR relatively 


portable and thus well suited for employment in smaller 


electricity grids but take into account its design simplicity, 


its simplified parallel construction, the consequent 


reduction of the capital costs, reduction of construction 


time, reduction of finance and operation cost14, recognizes 


it to be able to reach larger electricity market in 


developing and developed region. 


 
III. OSU-MASLWR EXPERIMENTAL FACILITY 


 


III.A. Experimental Facility Description 


 


The OSU-MASLWR test facility10,13,15, is scaled at 1:3 


length scale and 1:254 volume scale and includes three 


major component packages consisting of the primary and 


secondary circuit and the containment structures. It is 


designed for full pressure (11.4 MPa) and full temperature 


(590 K) prototype operation. The Fig. 2 shows the 


experimental facility and details of the facility 


containment structures. 


The primary circuit, consists of the RPV and the ADS 


blowdown lines, vent lines and sump recirculation lines. 


As it is shown in Fig. 2, the primary flow, exits the un-


rodded Lower Plenum (LP) region, below the downcomer, 


radially inward into the rodded but unheated LP region, 


then upward into bottom of the core via a lower core flow 


plate. After leaving the core, the flow enters the chimney 


of the HL riser that creates a riser/downcomer 


configuration to enable natural circulation. After leaving 


the top of the HL riser, the flow enters the Upper Plenum 


(UP) that directs the flow radially outward and then down 


into the SG coil bundle of the SG primary section. After 


leaving the SG primary section, the flow continues 


downward into the CL downcomer region. This is an 


annular region bounded by the RPV wall on the outside 


and the HL riser on the inside. The flow exits the CL 


downcomer region into the LP to complete the primary 


flow circuit.10 


 


 


PRZ 


Steam Region


PRZ 


Heaters


Core


Flange


RPV


SG


Coils


SG


Steam Drum


HL


Riser


Cone


Chimney


Core


Lower Plenum


RPV key Areas


 
 


Fig. 2. OSU-MASLWR facility and RPV key areas 10,13,15.  


 


The SG of the facility is a once through heat 


exchanger consisting of three separate parallel coils tubes. 


The outer and middle coils consist of five tubes each while 


the inner coil consists of four tubes. A total of 14 tubes, of 


0.0159 m outside diameter with a total heated length of 86 


m, are present in the facility. 


A High Pressure Containment vessel (HPC) and a 


Cooling Pool Vessel (CPV) with an heat transfer surface 


between them to establish the proper heat transfer area, 


are used to model the MASLWR containment structure, in 


which the RPV sits, as well as the cavity within which the 


containment structure is located.10,13,15 
 


III.B. OSU-MASLWR Experimental Campaign 


 


The first experimental test campaign conducted at the 


OSU-MASLWR facility10,12,13 were in support of the 


MASLWR concept design verification. Four tests have 


been conducted: the OSU-MASLWR-001 -inadvertent 
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actuation of 1 submerged ADS valve-; the OSU-


MASLWR-002 -natural circulation at core power up to 


210 kW- ; the OSU-MASLWR-003A -natural circulation 


at core power of 210 kW (Continuation of test 002)-; the 


OSU-MASLWR-003B -inadvertent actuation of 1 high 


containment ADS valve-. The tests analyzed in this paper 


are the OSU-MASLWR-001 and 002. 


The purpose of the test OSU-MASLWR-001, a design 


basis accident for MASLWR concept design, was to 


determine the behavior of the RPV and containment 


pressure following an inadvertent actuation of one middle 


ADS valve. In order to minimize the rise in containment 


pressure the normal open sequence used in the MASLWR 


for the ADS valves is: 1) the submerged lines, 2) the high 


containment lines and 3) the sump recirculation lines. In 


this way a large fraction of the energy transferred to the 


containment is direct into the subcooled containment 


coolant.10,12,13  


By opening the submerged line ADS 1 a subcooled 


blowdown, characterized by a rapid pressure decrease, 


takes place. This period is followed by a saturated 


blowdown, characterized by chocked two-phase flow 


condition and a decrease of the depressurization rate. 


When the PRZ pressure is equal to the saturation pressure 


a single phase blowdown, characterized by an increase of 


the depressurization rate, takes place. When the vent 


valves, located in the upper part of the RPV, are opened 


the equalization of the RPV and HPC takes places. When 


the sump recirculation lines are opened, starts the refill of 


the core. Then the blowdown of the RPV terminates and 


the refill determines the end of the reverse core flow, due 


to the blowdown, starting a normal core direction flow 


period. The RPV level water never fell down the upper 


part of the core during the execution of the test 1 and the 


refill period of the MASLWR was demonstrated and 


thermal-hydraulically characterized.10,13 The phenomena16 


of interest in this test are the single and two-phase natural 


circulation, the heat transfer in covered core, the 


blowdown and the refill.  
The test OSU-MASLWR-002 investigated the primary 


system flow rates and secondary side steam superheat for a 


variety of core power levels and feed water flow rate. 


OSU-MASLWR-002 test stepped power level 


incrementally up to 165 kW, varying feed water flow rate 


at each power level. Six core power steps and seven feed 


water steps has been used. Since the slope of the main 


steam superheat curve increases if the value of the core 


power increases and decreases if the value of the feed 


water flow rate increases, the target of this test is to 


acquire primary system flow rate and secondary side steam 


superheat for different core power and feed water flow 


rate. The phenomena16 of interest in these tests are the 


single phase natural circulation, the heat transfer in 


covered core, the heat transfer in SG primary and 


secondary side and the superheating in secondary side for 


a variety of primary and secondary operation conditions.10  


 
III. TRACE CODE 


 
In order to analyze the thermal hydraulic behavior of 


LWR reactors, the USNRC has maintained four codes, the 


RAMONA, the RELAP5, the TRAC-B and the TRAC-


P.10,17,18 In the last years the NRC is developing an 


advanced best estimate thermal hydraulic system code, by 


merging, among other things, the capability of the 


previous codes into a single code called TRAC/RELAP 


Advanced Computational Engine or TRACE.10,18,19  
It is a component-oriented system thermal hydraulic 


code designed to perform best estimate analysis for LWR 


and based on two fluid, two phase field equations. This set 


of equations is coupled to additional equations for non-


condensable gas, dissolved boron, control systems and 


reactor power. Relations for wall drag, interfacial drag, 


wall heat transfer, interfacial heat transfer, equation of 


state and static flow regime maps are used for the closure 


of the field equations. The interaction between the steam-


liquid phases and the heat flow from solid structures is 


also considered. These interactions are in general 


dependent on flow topology and for this purpose a special 


flow regime dependent constitutive-equation package has 


been incorporated into the code.10 TRACE code can be 


used together with a user-friendly front end, Symbolic 


Nuclear Analysis Package (SNAP)20, able to support the 


user in the development and visualization of the code 


model and to show a direct visualization of selected 


calculated data and their time evolution using its 


animation model capability10. 


 
IV. OSU-MASLWR TRACE MODEL 


 
The present OSU-MASLWR TRACE model 10,21,22,23, 


shown in Fig. 3, is developed in order to evaluate the 


TRACE code capability in predicting the thermal 


hydraulic phenomena typical of the MASLWR design as 


natural circulation, heat exchange from primary to 


secondary side by helical SG in superheated condition and 


coupling primary/containment. TRACE nodalization has 


been developed by using SNAP.  


TRACE nodalization models the primary and the 


secondary circuit. The containment structures, consisting 


of the HPC, CPV and heat transfer plate, are modeled as 


well.  


The primary circuit, consists of the RPV and the ADS 


blowdown lines, vent lines and sump recirculation lines. 


The RPV comprises the core, the HL riser, the SG and the 


PRZ. UP is divided in two thermal hydraulic regions 


connected to the PRZ. The PRZ is modeled with two pipes 
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in order to allow natural circulation/convection 


phenomena. The PRZ heaters are modeled. The internal 


shells between the fluid ascending the HL and the fluid 


descending the CL are modeled with heat structures 


thermally-coupled with these two different hydraulic 


regions. This permits to simulate the direct heat exchange 


between them.10 The RPV shell and the connected 


insulation are modeled.  


The secondary circuit comprises the common inlet 


header, the SG coils and the steam drum. The SG coils are 


simulated with three different oblique equivalent group of 


pipes in order to simulate the three separate parallel coils 


banks of tubes. 


 


 
 


Fig. 3. OSU-MASLWR TRACE model.10 


 


The HPC and the CPV are modeled by two hydraulic 


region thermally coupled by an heat structure simulating 


the heat transfer plate. The HPC and CPV shell and the 


related insulation are modeled. In the simulation of the 


OSU-MASLWR-001 test the HPC has been modeled again 


and has been divided in two hydraulic regions connected 


by single junctions in order to allow natural circulation/ 


convection phenomena during the primary/ containment 


coupling following the blowdown.  


In order to improve the capability of the code to 


reproduce natural circulation phenomena the “slice 


nodalization” technique, consisting in realizing the same 


dimension in nodes of different zones of the nodalization 


simulating zones of the plant at the same elevation, is 


adopted.10 


The qualification process of the OSU-MASLWR 


TRACE nodalization is still in progress considering the 


facility characterization conducted in the IAEA ICSP 


framework.24 Therefore the current results are preliminary 


and should not be used for the code assessment, but are 


able to show the TRACE capability in reproducing the 


thermal hydraulic phenomena typical of the MASLWR 


design.10 The procedure considered in the validation 


process is reported in 25. 


 


V. ANALISIS OF TRACE CALCULATED DATA 


 
V.A. Analysis of the OSU-MASLWR-002 test 


 
The calculated data, here presented, are focused on 


the analysis, performed by TRACE V5.0 Patch 01 (plot 


reference P1) and Patch 02 (plot reference P2) code, 


aiming at the evaluation of the code capability in 


predicting natural circulation phenomena and heat 


exchange from primary to secondary side by helical SG in 


superheated condition by simulating the OSU-MASLWR-


002 test. A third calculation (plot reference P2_HL), made 


by using TRACE V5.0 Patch 02, in which the heat losses 


of the facility are incremented, is here reported as well. 


The analyses of the calculated data, shows that the 


phenomena characterizing this test are qualitatively 


predicted by the code. The primary system flow rates and 


the secondary side steam superheat, for a variety of core 


power levels and feed water flow rates, are collected by the 


TRACE analysis and compared with the experimental 


data.10  


The primary single phase natural circulation and the 


heat transfer in covered core phenomena are qualitatively 


predicted by the code as it is shown by the inlet/outlet fluid 


core temperatures, Fig. 4, the primary volumetric flow 


rate, Fig. 5, and the difference between the core inlet and 


outlet fluid temperature.  


 


 
 


Fig. 4. Experimental data versus code calculations for fluid 


temperature at the core outlet/inlet for the OSU-MASLWR-002 


test. 


 
The analysis of the data related to the flow 


temperature after the SG primary side section and the core 
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inlet temperature, show that the direct heat exchange, 


through the internal shell, between the fluid ascending the 


HL and the fluid descending the CL, determines a fluid 


temperature increase along the down comer region. The 


phenomenon is qualitatively predicted by the TRACE 


model used10. Besides, the TRACE code is qualitatively 


able to predict the temperature decrease along the riser 


due to the same phenomenon. Fig. 6. shows the RPV 


temperature profile of the TRACE model, developed by 


using SNAP.  


The level of the integrated PRZ, shown in Fig. 7, is 


qualitatively predicted by the code. Previous PRZ pressure 


discrepancies, Fig. 8, predicted by the TRACE V5 patch 


01, are now not predicted by the patch 02 that shows, in 


general, a more stable prediction of PRZ pressure and 


level.  


 


 
 


Fig 5: Experimental data versus code calculations for primary 


volumetric flow rate for the OSU-MASLWR-002 test. 


 


HL region
UP region


 
 
Fig 6: TRACE RPV temperature profile (P2) for the OSU-


MASLWR-002 test (2605 s after the SOT). 


 


The heat exchange from primary to secondary side by 


helical SG in superheated condition is predicted by the 


TRACE code as it is shown in Fig. 9. As in the 


experimental data the slope of the main steam superheat 


curve increases if the value of the core power increases 


and decreases if the value of the feed water flow rate 


increases.10  


Fig. 10, developed by using the SNAP, shows the fluid 


temperature along the inner helical coil cells and the fluid 


temperature profile along the SG primary side section. 


From this figure it is possible to identify the subcooled, 


saturated and superheat region of the inner equivalent 


helical coil. In agreement with the experimental data, the 


steam will leave the SG superheated.  


 


 
Fig. 7: Experimental data versus code calculations for PRZ level 


for the OSU-MASLWR-002 test. 


 


 
 


Fig. 8: Experimental data versus code calculations for PRZ 


pressure for the OSU-MASLWR-002 test. 
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Fig. 9. Experimental data versus code calculations for the fluid 


temperature at the SG coil outlet for the OSU-MASLWR-002 


test. 


 


Saturated region


SG EQUIVALENT INNER COIL 


 
 
Fig. 10. SG primary side and equivalent inner coil temperature 


diagram for the OSU-MASLWR-002 test (2605 s after SOT). 


 


The inlet/outlet fluid core temperature, show a 


qualitative agreement but a general overestimation 


compared with the experimental data. This could be 


related to SG primary and secondary side heat transfer. 


One of the reason could be an underestimation of the 


helical coil heat transfer coefficient during the different 


phase of the test. No specific helical coil models has been 


used during the simulation. However, in order to 


quantitative evaluate the capacity of the TRACE code to 


simulate OSU-MASLWR natural circulation phenomena, 


a qualification of the TRACE nodalization against a heat 


losses experimental characterization at different primary 


side temperature is a necessary step. Fig. 4 shows the 


behavior of inlet/outlet core temperature by increasing the 


heat losses of the TRACE model (P2_HL). A general 


quantitative improvement of the calculated data has been 


showed by P2_HL calculation.21 


As it is shown by Fig. 5, the primary volumetric flow 


rate shows an underestimation compared with the 


experimental data in the last part of the transient. A 


pressure drop experimental characterization at different 


mass flow rate is necessary in order to qualify the TRACE 


nodalization.  


A previous analysis, reported in10, and performed by 


using the TRACE V5 patch 01, show that one of the 


reasons of the instability of the superheat condition of the 


fluid at the outlet of the SG, observed in a previous 


studies21 as well, is the equivalent SG model used to 


simulate the different group of helical coils. In particular, 


if the helical coils are modelled by only one “equivalent” 


vertical tube a more stable fluid temperature at the outlet 


of the helical tubes is predicted by the code.10 


 


V.B. Analysis of the OSU-MASLWR-001 test 


 


The purpose of the OSU-MASLWR-001 test, is to 


determine the behavior of the RPV and containment 


pressure following an inadvertent actuation of one middle 


ADS valve located below the HPC and RPV water level 


before the SOT.13 The phenomena of interest in this test 


are single and two-phase natural circulation, heat transfer 


in covered core and primary/containment coupling 


following a blowdown. 


The analyses of the calculated data, developed by 


using the TRACE V5 patch 02 (a previous analyses by 


using the patch 01 is presented in23), show that the 


phenomena of interest in the test are qualitatively 


predicted by the code. Following the inadvertent middle 


ADS actuation the blowdown of the primary system takes 


place. The following subcooled, saturated and a single 


phase blowdown are predicted by the code. 


Consequentially, as it is shown in Fig. 11, different 


depressurization rate are predicted by the code, in 


agreement with the experimental data. 


 


 
 


Fig. 11. Experimental data versus code calculations for the PRZ 


and HPC pressure for the OSU-MASLWR-001 test. 
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When the pressure difference between the RPV and 


the HPC reaches a value less than 0.517 MPa, the vent 


valves are opened which equalizes their pressure in 


agreement with the experimental data, Fig. 11. When the 


pressure difference reaches a value less than 0.034 MPa, 


the sump valves are opened and the refill period begins in 


agreement with the experimental data. When the sump 


valves are opened the vapor produced in the RPV goes in 


the upper part of the facility and through the vent valve 


goes to the HPC where it is condensed. At this point 


through the sump line the fluid go to the core again. This 


mechanism permits the cooling of the core with a two-


phase natural circulation. The refill period of the 


MASLWR is qualitatively predicted by the TRACE code 


as it is shown by the RPV level, Fig. 12. In agreement 


with the experimental data, during the simulation, the 


RPV water level never fell down the upper part of the 


core. 


The PRZ pressure, the HPC pressure, the RPV level 


and the HPC level are qualitative predicted by the code. In 


particular the code over predicts the final PRZ pressure. 


The HPC pressure is over predicted during the transient as 


well. It is thought that this could be due to a combination 


of selection of vent valve discharge coefficients and 


condensation models applied to the inside surface of the 


containment.22 The topological modeling of the HPC and 


CPV influences the code prediction. A splitting of the CPV 


in two thermal hydraulic regions connected by single 


junctions could allow the possible natural circulation/ 


convection phenomena inside. The inlet/outlet core 


temperature is qualitatively predicted by the code and 


show a general overestimation compared with the 


experimental data. 


 


 
 


Fig. 12. Experimental data versus code calculations for RPV 


level for the OSU-MASLWR-001 test. 


 


As it is reported in the22, in which a comparison 


between the RELAP5, RELAP3D and TRACE has been 


performed, the codes tends to over predict important safety 


related parameters.22 


 
Currently the OSU-MASLWR TRACE model has 


been updated26, to simulate the IAEA ICSP tests, taking 


into account the updated facility characterization 


conducted in the ICSP framework.24  


A depressurization phase following an ADS 


blowdown, during one of the phase of one the ICSP test, is 


shown in Fig. 13. 
 


 
Fig. 13. PRZ and HPC pressure calculated data for ICSP test.26 


Fig. 14 shows an animation of the calculated facility 


fluid conditions during a two phase natural circulation at 


reduced primary side mass inventory. 
 


 
 


Fig. 14. Calculated facility fluid condition during natural 


circulation at reduced primary side inventory for ICSP test.26 


 


CONCLUSIONS 


 
The validation and assessment of the best estimate 


thermal hydraulic system code TRACE against the 


MASLWR natural circulation phenomena in steady and 


transient condition is the topic of the present research 


activity. The experimental database has been developed in 


a first experimental campaign at OSU-MASLWR 


experimental integral test facility, constructed, under a 


U.S. Department of Energy grant, at Oregon State 


University. The OSU-MASLWR-001 test, an inadvertent 
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actuation of 1 submerged ADS valve, and the OSU-


MASLWR-002 test, a natural circulation test, have been 


selected and analyzed by using the TRACE V5 code.  


Since the qualification process of the OSU-MASLWR 


TRACE nodalization is still in progress, considering the 


facility characterization conducted in the IAEA ICSP 


framework, the current results are preliminary and should 


not be used for the code assessment, but are able to show 


the TRACE capability to reproduce the thermal hydraulic 


phenomena typical of the MASLWR design.  


The analyses of the OSU-MASLWR-002 test show 


that the TRACE code is able to qualitatively predict 


natural circulation phenomena and heat exchange from 


primary to secondary side by helical SG in superheated 


condition. The subcooled, saturated and superheated 


region of the SG secondary side are predicted by the code 


resulting in steam superheat at the SG exit. An 


overestimation of the inlet/outlet core temperature is 


predicted by the code. One of the reasons could be an 


underestimation of the helical coil heat transfer coefficient 


during the different phase of the transient. TRACE model 


heat losses calibration against an experimental heat losses 


characterization is necessary.  


The analysis of the OSU-MASLWR-001 test show 


that the TRACE code is able to qualitative predict the 


single and two-phase natural circulation and 


primary/containment coupling phenomena characterizing 


the test. The subcooled saturated and single phase 


blowdown is predicted by the code. The refill of the core, 


permitting its cooling, is predicted as well. In agreement 


with the experimental data the RPV level water never fell 


down the upper part of the core during the blowdown 


following the middle valve opening. The results of the 


calculated data show a general over prediction compared 


with the experimental data. 


In order to quantitatively evaluate the capability of the 


TRACE code to simulate the OSU-MASLWR phenomena, 


and therefore use the calculated data for the TRACE code 


assessment, is necessary a TRACE nodalization 


qualification against several facility operational 


characteristic like pressure drop at different primary mass 


flow rates and heat losses at different primary side 


temperatures. Currently the TRACE model qualification 


process is in progress considering the facility 


characterization conducted during the IAEA ICSP.27 


 
NOMENCLATURE 


ADS, Automatic Depressurization System;  


CHF, Critical Heat Flux;  


CL, Cold Leg;  


CPV, Cooling Pool Vessel; 


HL, Hot Leg;  


HPC, High Pressure Containment;  


IAEA, International Atomic Energy Agency;  


ICSP, International Collaborative Standard Problem;  


LOCA, Loss of Coolant Accident;  


LP, Lower Plenum;  


LWR, Light- Water Reactor;  


MASLWR, Multi-Application Small Light-Water  


Reactor;  


NSSS, Nuclear Steam Supply System;  


OSU, Oregon State University;  


PRZ, Pressurizer;  


PWR, Pressurized Water Reactor;  


RPV, Reactor Pressure Vessel;  


SBLOCA, Small Break Loss of Coolant  


Accident;  


SG, Steam Generator;  


SOT, Start of the Transient; 


SNAP, Symbolic Nuclear Analysis Package;  


TRACE, TRAC/RELAP Advanced  


Computational Engine;  


UP, Upper Plenum;  


USNRC, U.S. Nuclear Regulatory Commission. 
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Abstract – In metallic fast reactor fuel, fission product lanthanides (LA=La, Ce, Pr, Nd, etc) 
accumulate in the fuel and migrate to cladding. The lanthanides are more reactive with Fe-base 
cladding than the fuel constituents, and the resulting reaction products lower the cladding melting 
point, reduce effective cladding wall thickness and therefore increase stresses in the cladding. 
Kinetics and mechanism of LA migration may also provide valuable insight in predicting the 
behavior of minor actinides (MA) in MA-bearing fuel. A sample disc of U-10wt%Zr-2wt%Ce with 
dimensions of 6 mm D x 5 mm L was tested for 90 days at 500 oC on one end and 750 oC on the 
other end, to give a thermal gradient of 50 oK/mm. The sample has a through-hole at the axial 
centerline to examine the effectiveness of the direct vapor transport mechanism. The test sample 
was metallographically examined and characterized. Constituent concentrations were measured. 
The meaured data were diffusion analyzed. The results showed that the test has lower constituent 
redistribution than U-Zr and U-Pu-Zr data reported in the literature. Ce migration was also very 
low. 


 
 


I. INTRODUCTION 
 
Migration of minor actinides (MA=Am, Np, Cm) to 


the fuel surface is a concern in TRU-burning fast reactor 
fuel because of the potential for reaction with Fe-base 
cladding. However, irradiation test data of MA-bearing 
metallic fuel are rather limited because the concept of MA-
burning in a fast reactor has only been introduced recently. 
Difficulty dealing with MA also hampers understanding in 
this subject in general. MA migration and reaction with 
cladding have not been quantitatively characterized.  


 
In metallic fast reactor fuel, fission product 


lanthanides (LA=La, Ce, Pr, Nd, etc), accumulating in the 
fuel by fission, were also observed to migrate to cladding. 
The lanthanides are more reactive with Fe-base cladding 
than the fuel constituents, a phenomenon known as Fuel-
Cladding Chemical Interaction (FCCI), and the resulting 
reaction products lower the cladding melting point. 
Cladding wall-thinning by reaction with LA has been 
identified as one of the life-limiting factors for fast reactor 
metal fuel.  


 
In general, lanthanides appear to have similar 


migration behavior as MA. Therefore, kinetics and 
mechanism of LA migration may provide valuable insight 


in predicting the behavior of MA-bearing fuel. In 
particular, considering the high cost and difficulty of 
dealing with actinides for a test, the use of surrogate LA 
seems practical.  


 
CRIEPI and ANL planned out-of-pile tests of fuel 


samples containing cerium, simulating irradiation of high 
burnup metallic fuel to measure kinetics of LA migration 
and examine the migration mechanism. The tests have 
been conducted at ANL. Ce is selected because of its high 
fission yield and behavior similar to MA.  


 
LA and MA migration were conceived to be enhanced 


by constituent migration in two ways: If their migration 
mechanism relies on interdiffusion through the fuel matrix, 
fuel constituent migration that is also by an interdiffusion 
mechanism activates LA and MA diffusion. If it relies on 
direct transport, such as vaporization and convection 
through connected pores, LA and MA migration 
enhancement by constituent migration through 
interdiffusion itself may be small. However, constituent 
migration does have indirect effect by forming zones of 
different composition that results in different pore 
morphology.  


 
II. EXPERIMENTAL 
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The proposed sample comprises depleted uranium with 
additions of 10 weight% zirconium and 2 weight% cerium, 
designated as U-10wt.% Zr-2wt% Ce. Uranium alloyed 
with 10 weight % zirconium was the standard driver fuel 
used in the EBR-II. Based on its high fission yield and 
migration behavior similar to other LA, Ce is selected as 
the representative element. Commercially available 99% 
pure Ce is used. 
 


The sample alloy was fabricated by an arc-melting 
method. The melt was melted four times for better 
homogeneity. The cross section of an as-fabricated sample 
is shown in Fig. 1. The darkest phase is identified as Ce 
precipitates. 
 


 
Fig. 1 Optical micrograph of as-fabricated U-
10wt%Zr-5wt%Ce. The dark phase is cerium 
precipitates. The actual sample used in the test was U-
10wt%Zr-2wt%Ce. 


 
The sample is a cylindrical disk with 5 mm in length 


and 6 mm in diameter. A 1-mm central hole was drilled to 
examine possible vapor transport of LA through the open 
surface. A schematic of the sample assembly is shown in 
Fig. 2. 
 


The sample (specifically, heating rod) was heated by 
an induction heating method. The sample assembly was 
housed in the quartz tube with 38-mm OD that was 
connected to the diffusion vacuum pump running at 1 Pa 
(or 10 mtorr). The temperatures are recorded with a chart 
recorder. A schematic of the test setup is shown in Fig. 3. 
 


TC3 with tip 
at ~0.25 mm 
from end surface


TC2 with tip 
at ~6.4 mm
from rod surface


Sample Vanadium 
barrier
thickness
~0.25mm


TC1 with tip 
at ~0.25 mm
from rod surface


Axial
center
hole


* All dimensions in mm.  
Fig. 2  Schematic of sample assembly (TC means 
thermocouple). 


 
A ceramic thermal shield is used to cover the sample 


to avoid direct radiation and convection heating from the 
induction heating. The sample is heated only by heat 
transfer from the heat transfer rods in order to make certain 
that the thermal gradient is truly generated by the 
difference between the temperatures at both ends of the 
sample. Other important roles of the thermal shield are to 
help guide the vanadium disk barriers and sample during 
sample assembling and to hold them during the test.  
 


 
Fig. 3 Schematic of test setup. 


 
The heating test was designed to provide a thermal 


gradient that exists radially in a typical fuel pin during 
irradiation. To simulate this condition, the proposed 
heating test was held at 750oC at one send and 500oC at the 
opposite side to provide a thermal gradient of 50 K/mm for 
90 days. The proposed temperature range is typical for 
EBR-II fuel during irradiation. The temperatures are 
controlled within 5± oC. In a typical EBR-II test pin, 
however, the life-average thermal gradient is ~90 K/mm. 
The higher starting Ce concentration in the present test, 
however, is expected to compensate the lower thermal 
gradient from the migration standpoint. 


 
After the test, the sample was cut along the hole, and 


SEM analysis was performed on the cross sections to 
measure the concentrations of Zr and Ce along the thermal 


Heating rod 
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gradient direction, and Ce concentration along the surface 
of the axial center hole. SEM phase characterization of the 
compounds that include Ce was also performed. 


 
III. RESULTS 


 
III.A  Phase and composition analysis 


 
Two post-test SEM analysis images are shown in Fig. 


4; one from the cold end region, and the other from the hot 
end region. The images clearly show morphology of three 
phases. There is no significant difference in morphology 
between the two ends. The brightest phase is a U-rich 
(U,Zr) phase, and the gray phase is a Zr-rich (U,Zr) phase 
and the darkest phase is Ce-included (U,Zr,Ce) phase. The 
composition of the brightest phase shows that this phase is 
close to the α-U with Zr solid solution. Referring the phase 
diagram of the U-Zr system [1], the Zr solubility is very 
low, ~1at%. The gray phase is the δ-phase, UZr2.  


 


 
(a) at 0.5 mm from the cold side end 


 
  


 
(b) at 0.5 mm from the hot side end 


Fig. 4 SEM BSE images of U-10Zr-2Ce after heating 
under a thermal gradient of 500 -750 oC for 90 days. 
 


X-ray mapping of three elements are shown in Fig. 5. 
The results show that Ce is found in precipitates with Zr 
and U.  


 
(a) Uranium (more green means higher U intensity) 
 


 
(b) Zirconium (more blue means higher Zr intensity) 
 


 
(c) Cerium (more red means higher Ce intensity) 
Fig. 5 X-may mapping of U, Zr and Ce at cold surface 
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III.B  Constituents redistribution 


 
The Zr-rich rind typically observed in U-Zr alloy [2] 


was not observed either side of the sample. Instead, a 
decolorized zone was found on both sides of the sample, in 
which the composition was continuous from the substrate. 
The exact cause for the formation of this zone needs 
further examination, although it might be oxygen and 
nitrogen gases infiltrated during the test at the stated 
vacuum. 


 
The local inhomogeneity in line scan data due to the 


existence of the three phases makes concentration 
measurement difficult. To overcome this difficulty, an 
image analysis method was used to measure elemental 
concentration across the sample by using SEM BSE 
images taken at every 0.5 mm across the thermal gradient. 
The measured concentration profiles are shown in Fig. 6. 
The extent of constituent migration is low, and Ce 
migration is negligible. 
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Fig. 6 Concentration profiles of U, Zr, and Ce across 
sample from hot to cold end. 
 
Zr slightly enriched in the hot end region and also 


slightly accumulated in the cold end region. The 
concentration change from the as-fabricated is in general 
quite lower than the existing data in the literature [3,4]. 
The factors that determine migration kinetics are believed 
to be temperature and thermal gradient, irradiation 
enhancement, presence of Pu, and time. The present result 
indicates that higher temperature and greater thermal 
gradient and longer time are required to reach an extent of 
constituent migration comparable to those of the literature.  


 
III.C  Cerium concentration measurement 


 
Cerium concentration is quite flat across the sample 


cross section as shown in Fig. 6. At about 1.5 mm from the 


cold end surface, Ce precipitates were larger in size and 
more in population, which resulted in the jump in 
concentration shown in Fig. 6. However, this is believed to 
be a local anomaly. 


 
The composition of the Ce-containing precipitates, 


UxZryCez, varies such that 0.15≤ x≤ 0.59, 0.1≤ y≤ 0.19, 
and 0.33 ≤ z ≤ 0.75. This implies that cerium forms a 
locally different phase. 


 
The surface of the drilled center hole was observed 


with line scanning to examine whether cerium releases and 
migrates in the hole by a vapor transport mechanism. 
Several places along the hole, line scanning from the 
surface into the sample, vertically to the hole axial 
direction, was performed. Fig. 7 shows an example. As can 
be seen, cerium concentration does not increase at the 
surface. This result suggests that cerium does not migrate 
through the center hole in the sample.  
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Fig. 7 Line scanning of cerium concentration near the 
central hole surface. The arrow in the SEM image 
indicates the direction of scanning.  


 
IV. CONSTITUENT MIGRATION ANALYSIS 


 
The concentration profile of Zr given in Fig. 6 was 


used to calculate the interdiffusion flux and effective 
diffusivity of Zr. The modified Boltzmann-Matano method 
was used for the calculations [3,5].  
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where ZrJ~  is the Zr interdiffusion flux, t is the test 
duration, CZr is the Zr concentration, and x is the distance 
from the hot end of the sample. The origin of the 
laboratory fixed frame was set at x=0 (or hot end surface). 


0
ZrC  denotes the Zr as-fabrication concentration, i.e., 0.222 


mole fraction. 
 


The calculated Zr flux is shown in Fig. 8, together 
with temperature and modified Zr concentration used in 
the calculation. The analysis for U is not shown here. It 
moves opposite in direction and therefore the sign of the 
diffusion flux is also opposite with same magnitude. 
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Fig. 8  Calculated Zr concentration and flux  


 
 
The negative fluxes indicate that the Zr diffusion is 


opposite to the x variable; in other words, it migrates to the 
hot side. The slight increase in the Zr concentration at the 
cold end region suggests that Zr also migrates to the cold 
surface, probably due to its affinity to nitrogen and oxygen 
gases available at the sample surface. 


 
For simplicity with still reasonable accuracy, the 


sample is considered as U-Zr binary alloy from the 
diffusion point of view, excluding the effect of the 
presence of Ce. For a binary system in radial gradients of 
temperature and concentration, the interdiffusion flux of Zr 
can be expressed by [3,6]: 


 


dx
dCD~


dr
dT


T
CQ~J~ Zr


Zr
Zreff


ZrZrZr −β−=  (2) 


 
where Zrβ  is the atomic mobility, eff


ZrQ~  the effective heat of 


transport, ZrD~  the interdiffusion coefficient of Zr. In a 


single phase region, eff
ZrQ~  is given by ZrQ~ , heat of 


transport of Zr for the phase. In the two-phase region, such 
as the β+δ phase, the partial enthalpy of solution of Zr in 
the δ-phase ( ZrHΔ ) affects the heat of transport. In order 
to consider this additional effect, the heat of transport is 
modified as eff


ZrQ~ = ZrZr HQ~ Δ+ .  
 
Over a range of x1-x2 of the diffusion medium, Eq. (2) 


can be integrated as: 
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where eff
ZrZrQ


~
β  and ZrD~  are average values in the range x1-


x2. Similarly, the following equation is also valid [3]. 
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When the temperature, Zr concentration and 


interdiffusion flux profiles given in Fig. 8 are applied to 
Eqs. (3) and (4), two linear equations are obtained for two 


unknowns, i.e., eff
ZrZrQ


~
β  and ZrD~ .  


 
The equations are considered for the entire length of 


the sample. Solving the equations, we obtained eff
ZrZrQ


~
β =  


-3.9x10-9 cm2/s, and ZrD~ =3.0x10-10 cm2/s.  
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V. DISCUSSION 
 


V.A. Concentration redistribution 
 
The calculated diffusivity in the previous section is 


about an order of magnitude smaller than that obtained for 
U-19Pu-10Zr in Ref. 5. The lower diffusivity in the present 
work than that of the ternary system is thought to be due to 
the effect of the absence of Pu, as is known that it 
enhances constituent migration chemically and perhaps 
also by irradiation effects [7]. Pu and Ce have considerable 
mutual solubility, which suggests that Pu provides an 
interdiffusion medium to Ce. The rate of Zr redistribution 
in in-pile tests is also lower for U-Zr than for U-Pu-Zr 
[2,4,7]. 


 
The obtained diffusivity is about a half of the γ-phase 


data in the literature [8] and larger by a factor of 15 for the 
β-phase at 625 oC than the data given in Ref. [4]. At this 
temperature, the present work’s value is for the β+γ 
mixture. Therefore, the result is considered to be in the 
right range. The irradiation data observed for X447 (U-
10Zr alloy fuel [4]) are an order of magnitude higher than 
the out-of-pile data given in Ref. 8. It should also be noted 
that the small amount of Zr migration measured in plane 
geometry in the present test will be more salient in real fuel 
pin geometry due to the curvature effect at the fuel central 
region where Zr accumulates. 


 
Reduction by the presence of cerium is thought to be 


negligible as this element exists in precipitates and its 
volume fraction is small.  


 
V.B Cerium migration mechanism 


 
In previous models [8,9], the migration mechanism of 


MA and LA, particularly Am, having a high vapor 
pressure, was viewed as a vapor transport mechanism 
through interconnected pores down the radial temperature 
gradient. This mechanism relies on the observation that 
Am was found mainly in precipitates at locations where 
large interconnected pores were available. This mechanism 
seemed reasonable because of the low solubilities of MA 
and LA in uranium and zirconium. 


 
However, the vapor transport mechanism was unable 


to explain the observation that LA precipitates were also 
found in the fuel central region where the temperature is 
higher than in the fuel periphery region. Thus, LA 
thermodiffusion through the fuel matrix and subsequent 
precipitation in the pores also appeared to be plausible. 
The migration mechanism is probably complex, involving 
perhaps some vapor transport and surface diffusion in 


interconnected pores in addition to thermodiffusion in the 
fuel alloy.  


 
The possible reasons for the present result with 


negligible cerium redistribution are as follows: First, the 
extent of uranium and zirconium migration was low. The 
cerium migration phenomenon shown by Kim et al. [9] 
was observed in an irradiation test that has much larger 
fuel constituent redistribution and at higher temperature 
(600 – 800 oC) than the present test. Second, in the present 
test sample, no connected pores exist. The 1-mm central 
hole in the sample does not appear to simulate the 
connected pores that are typical in U-Zr fuel during 
irradiation because of the seemingly too large diameter. As 
said in the introduction, Ce migration needs both 
constituent migration and interconnected pores in the 
sample. However, neither was available in the present test, 
hence low Ce migration. 


 
VI. CONCLUSIONS 


 
A 5-mm long disk sample of U-10Zr-2Ce heated under 


a thermal gradient between 500 – 750oC for 90 days 
showed that U and Zr migration was minimal. Ce 
migration was also negligibly small. Using the measured 
concentration profile of Zr, interdiffusion analysis was 
performed. The Zr diffusivity is an order of magnitude 
lower than that for U-19Pu-10Zr at similar test conditions, 
which explains the role of Pu by enhancing U and Zr 
migration. The low Ce migration is reasoned to be due to 
the low constituent in the sample and lack of porosity, both 
of which are necessary for its migration.  
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Abstract – The purpose of this work is to statistically evaluate the safety performance of Super-
Safe, Small, and Simple reactor (4S) by analyzing with a plant dynamics computer code for a 
sodium-cooled fast reactor, the ARGO code.  
In this evaluation, Unprotected Loss of Flow (ULOF), Unprotected Transient Overpower 


(UTOP), and Unprotected Loss of Heat Sink (ULOHS) events are selected as typical Anticipated 
Transient Without Scram (ATWS) events. The Cumulative Damage Fraction (CDF) for cladding is 
selected as a metric to evaluate the integrity of coolable geometry of the core. Then, Phenomena 
Identification and Ranking Tables (PIRTs) are produced in order to select the plausible 
phenomena that affect the metric. Then a sensitivity analysis is performed for the parameters 
related to the selected plausible phenomena. Finally statistical methods are used to evaluate 
whether the metric satisfies the safety acceptance criterion.  
The statistical evaluation result shows the upper side of the tolerance limit of 95 percent 


probability at a 95 percent confidence level in CDF is 0.034 at the maximum, which satisfies the 
safety acceptance criterion; CDF < 0.1. The result shows that the 4S safety performance meets 
the safety acceptance criterion in the ULOF, UTOP, and ULOHS events even if the uncertainties 
in the phenomena are statistically taken into account． 


 
 


I. INTRODUCTION 
 
4S1 is a sodium-cooled fast reactor developed as small 


decentralized power supply, and its conceptual design has 
been done so far. Here, ‘‘4S’’ stands for Super-Safe, Small 
and Simple, which are the representative features of the 
reactor.  


The purpose of present work is to evaluate 
quantitatively the passive safety of 4S under ATWS events. 
The safety performance is analyzed with the ARGO code2, 
which is a plant dynamics code for a sodium-cooled fast 
reactor developed by Toshiba. The authors have carried out 
analyses under realistic conditions using response surface 
method3. Then, an evaluation of the Unprotected Loss of 
Flow (ULOF) event using tolerance limits method 4  has 
been shown 5 . In this paper, the Unprotected Transient 
Overpower (UTOP), and Unprotected Loss of Heat Sink 
(ULOHS) events are selected as other typical case of 
analysis from various Anticipated Transients without 
Scram (ATWS) which is included as a category of 
postulated accident analyses.6,7  


The purpose of the evaluation is to show the statistical 
estimation of the one-sided upper tolerance limit of 95 
percent probability at a 95 percent confidence (95/95) level 


in metric is within the safety acceptance criteria. The safety 
performance during ATWS events is evaluated to 
demonstrate compliance with the safety acceptance criteria 
for 4S. The analysis method used here is based on a 
nominal analysis together with quantification of the 
uncertainties in the analysis, following the guidelines of 
the Regulatory Guide (RG) 1.157.8 


 
II. 4S SYSTEM 


 
4S has various functions based on the safety concept 


for system design. Figure 1 is a cross section of the reactor. 
And the main specifications of 4S are shown in Table I. 
The fuel life is designed to be 30 years by the use of long 
metallic fuel pins, which have high thermal conductivity 
and low enthalpy, and a dense core configuration. The slim 
cylindrical shaped core, which is 2.5m in length and 0.95m 
in effective diameter, serves the negative coolant reactivity 
feedback. 


The criticality is controlled by 6 segments of reflector. 
The reflector surrounds the core and moves upward at 
approximately 2∼3mm per week in order to compensate for 
reactivity loss through burn-up. In case of an accident, the 
reflector descends to render the core sub-critical.  
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Fig. 1. Cross section of a 4S 
 
Electromagnetic (EM) pumps and Intermediate Heat 


Exchanger (IHX) are arranged in the upper part of the 
reactor vessel. Both are annular in shape, therefore the 
primary coolant flows in the annular region in the IHX and 
EM pumps. The Guard Vessel (GV) is put on the 
circumference of the Reactor Vessel (RV). Hence, the 
double vessels protect the primary coolant from leakage.  


There is the reactor cavity surrounding the guard 
vessel, so-called Reactor Vessel Auxiliary Cooling System 
(RVACS). RVACS is a flow path to remove heat from the 
primary system. RVACS has no active components and 
utilizes only natural circulation. This is one of the passive 
safety functions. Intermediate Reactor Auxiliary Cooling 
System (IRACS), which has a safety grade decay heat 
removal function under normal reactor shutdown, is 
provided on the Intermediate Heat Transport System 
(IHTS) loop. IHTS is composed of one loop, which 
transfers the thermal energy from IHX to Steam Generator 
(SG). Double wall heat transfer tubes are adopted for the 
SG.  


TABLE I 


Main design specification of 4S 


 


III. SAFETY ACCEPTANCE CRITERIA 
 
The safety acceptance criterion for the 4S ATWS 


event is cladding Cumulative Damage Fraction (CDF) < 
0.1.9 For the safety analysis of the 4S, the events to be 
evaluated and the safety acceptance criteria were 
determined by modifying and/or replacing the guidance 
from the regulatory documents such as the Standard 
Review Plan (SRP) NUREG-08006 and RG1.2067 which 
are developed for light water reactors. Specifically, the 
following items were performed: 
(1) The categories of events to be evaluated were 


established as Anticipated Operational Occurrences 
(AOOs), Design Basis Accidents (DBAs), and also 
ATWS.  


(2) The events to be evaluated were selected on the 
traditional basis for deterministic analysis; that is, 
based on the expected frequency of occurrence and 
event type. 


(3) The safety acceptance criteria for AOOs, DBAs, and 
ATWS were defined based on design criteria that 
mainly limit CDF for the cladding. The choice of the 
criteria parameters were based on criteria that were 
developed for the Experimental Breeder Reactor-II 
EBR-II Mark-V metallic fuel pins, 10  taking into 
account the specific characteristics of the 4S design. 
 


IV. ANALYSIS MODELS OF ARGO CODE 
 
ARGO code is used to estimate the temperature for the 


fuel pin, cladding CDF, the primary coolant boundary 
under the main DBAs, AOOs and ATWS. The main DBAs 
include an increase/decrease of heat removal by balance of 
plant, a change of flow in the primary or intermediate 
coolant systems, anticipated reactivity insertion at full 
power operation or start-up, and loss of off-site power. 
Under DBAs, in order to calculate the temperature of the 
fuel cladding and primary coolant boundary, the plant 
transient status must be modeled conservatively. On the 
other hand, under ATWS events, in order to analyze the 
safety performance of the reactor, it is preferred to be done 
with realistic conditions with consideration of uncertainties. 


ARGO code mainly models (1)the single-pin and 
multichannel core, (2)the fluid flow, (3)the kinetics 
characteristics, and (4)the heat transfer:  


(1) The single-pin and multichannel model is used to 
calculate the thermal and neutronic transients of the core. 
The core is divided into total 6 channels; inner core, 
middle core, outer core, control rod, reflector, and gap 
between the core and the reflector, and each channel is 
represented by single pin, while the actual core consists of 
18 fuel subassemblies, each of which contain 169 pins. In 
order to model the flow and the power distribution in the 
core region, the fuel, cladding and the coolant in the core 
are divided into cells in the axial direction, as is the fuel 
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slag in the radial direction. The temperature distribution in 
the subassembly due to peripheral flow is included in the 
model so that the integrity of fuel and cladding can be 
evaluated from the hottest pin in the core. The hottest pin 
is defined as the specific fuel pin whose cladding 
temperature is the hottest among all the pins in the core, 
and the model calculates the transient cladding temperature 
and cladding CDF for that pin. CDF is evaluated using 
creep rupture data.10 In this analysis, eutectic phenomena 
are considered to occur between the metal fuel and the 
cladding. Therefore, this code includes a model that 
calculates the amount of cladding thinning derived from 
the inside temperature of the cladding.11 


(2) The movement of a one-dimensional 
incompressible fluid is modeled in order to expresses the 
fluid flow according to the one-dimensional flow network 
model, including the IHX, SG and the core. Starting from 
an initial steady thermal-hydraulics balance ARGO 
analyzes the transient. The main flow network model is 
shown in Figure 2. The flow network models the equation 
of motion of the fluid in one dimension by balancing the 
pump head, the natural convection head, and the pressure 
loss. The friction pressure loss is expressed in a form 
depending on the Reynolds number and shape pressure 
loss is included. The equation of motion is systematically 
solved by considering the flow distribution in the reactor 
core, the flow of the heat transport system and the flow in 
the heat exchanger. 


(3) The reactor kinetics is described with a one-point 
approximation model (i.e. one-point kinetics) and six 
groups of delayed neutron precursors. The following 
reactivity elements are considered: reactivity feedback 
based on the temperature change in the fuel, cladding, and 
wrapper duct, reactivity change through the axial thermal 
expansion of the control and extensions rod, and reactivity 
change through the radial thermal expansion of the core. 


(4) The Air Cooler (AC) model of the IRACS can 
express heat exchange between intermediate coolant and 
air which flows inside/outside the heat-transfer tube 
respectively. The RVACS is modeled by combining the 
natural convection and the heat transfer models. 


 
V. PROCEDURE FOR STATISTICAL 


EVALUATION OF UNCERTAINTY  
 
The procedure to verify statistically the satisfaction of 


the safety acceptance criteria on ATWS of 4S is as follows. 
Figure 3 shows the flowchart of the procedure. 
(1) Selection of the event: 


ULOF, UTOP, ULOHS events are selected as an 
analysis object. 


(2) Definition of the metric: 
Metric that indicates an acceptable safety condition on 


the safety analysis, such as the design limit of fuel 
cladding or primary coolant boundary, is defined. CDF, 


 
 


Fig. 2. Flow network model of 4S 
 


which is a safety criterion indicating damage of fuel pin, 
is selected as a metric. 


 (3) Selection of the phenomena and the parameters by 
Phenomena Identification Ranking Table (PIRT) 12 
and/or analysis of the reference case: 
Plausible phenomena in 4S which affect CDF are 


identified, and parameters related to those phenomena 
are also identified, which are used as input values at 
calculation run. Then, PIRT is made in order to rank the 
relative degree of importance of those phenomena. The 
ranking is completed using currently available 
information including expert opinion. In this work, 5 
experts of Toshiba performed the ranking. 
As one of the inputs to investigate the plausible 


phenomena, analysis with nominal conditions is 
performed as a reference case.  


(4) Specification of uncertainty width of the parameters / 
sensitivity analysis: 


Parameters assumed to have respective uncertainty 
such as statistical error. The uncertainty width is 
specified for the parameters selected at clause (3) 
according to the expert’s opinion. Then, sensitivity 
analysis is performed in order to pick the dominant 
parameters which have large sensitivity against CDF.  


(5) Identification of the dominant parameters: 
The dominant parameters are selected according to the 


result of the sensitivity analysis. The parameters which 
affected the maximum temperature of the fuel cladding 
“Tc” more than Δ3℃ are selected as dominant 
parameter. Tc is used here because it is a factor of CDF. 


(6) Specification of the condition of the statistical analysis / 
evaluation of the input variables: 
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Specifying the uncertainty width and distribution of 
the dominant parameters, input variable sets are 
generated for statistical analysis. A total of 59 sets of 
input variables are generated by a constrained 
randomization called Latin Hypercube Sampling 
(LHS).13  


The required minimum number N of calculations for 
the one-sided tolerance limit is given by Wilks’ formula 
(1)4: 
1 - αN≧β (1) 
where, α = probability and β = confidence level. 
Specifying α = β = 0.95, and minimum number N = 59. 


Thus, 59 cases of calculations show the one-sided upper 
tolerance limit of 95/95 level. The uncertainty width 
and the distribution of dominant parameters are 
specified according to the expert’s opinion. 


(7) Statistical analysis: 
Statistical analysis with ARGO is performed. The 


statistical tolerance limit is approached using the input 
variable sets 59 times, and then using ARGO to 
generate 59 outputs that are used to produce probability 
distribution for CDF with 95 percent confidence level. 


(8) Evaluation: 
Finally compared to the one-sided upper tolerance 


limit of 95/95 level in CDF value (CDF95/95), the 4S 
safety performance is evaluated using statistical method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 3. Flowchart of the analysis procedure 
 


VI. SUMMARY OF ULOF CASE5 


 
The scenario of the reference case used for the ULOF 


analysis is as follows. Both the redundant primary EM 
pumps trip because of loss of off-site power, but the 


redundant reactor shutdown system fails to scram. 
Subsequently, primary flow rate decreases according to the 
flow coast down characteristic of the primary EM pumps, 
which is 30 second of flow halving time. The initial 
conditions of the reactor power and the primary flow are 
the rated values, and the initial condition of the maximum 
temperature of the cladding is 570℃. 


Then, as a results of the sensitivity analysis, following 
10 parameters have been selected as dominant parameters:   


1. Pressure loss coefficient of the core region 
2. Doppler reactivity coefficient 
3. Coolant density reactivity coefficient 
4. Fuel density reactivity coefficient 
5. Radial core expansion reactivity 
6. Power distribution 
7. Flow distribution 
8. Core power 
9. Flow halving time of the primary EM pumps 
10. Flow halving time of the intermediate EM pump 
Finally, as shown in the figure 4 and 5, the results of 


the 59 case calculation runs indicated that the one-sided 
upper tolerance limit of 95/95 level of TC; TC95/95=816℃ 
and CDF95/95= 0.034, which have enough margins to the 
safety acceptance criteria. 
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Fig. 4. 59 calculation runs of cladding temperature 
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Fig. 5. 59 calculation runs of CDF (ULOF) 


1. Selection of the event


2. Definition of the metric


3. Selection of the phenomena and the parameters by PIRT 
/ analysis of the reference case


4. Specification of the uncertainty width of the parameters
/ sensitivity analysis


5. Identification of the dominant parameters


7. Statistical analysis


6. Specification of the condition of the statistical analysis


8. Evaluation


CDF95/95 = 3.4×10-2 


TC95/95 = 816℃ 
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VII. ANALYSIS RESULTS OF UTOP CASE 
 
VII.A. Selected Phenomena and Parameters (UTOP) 


 
Table II shows the phenomena and associated 


parameters selected for the analysis of the UTOP event. 
 


TABLE II 


Selected phenomena and associated parameters (UTOP) 
No. Phenomena Parameter


1 Pressure loss in core region
Pressure loss coefficient of core
region


2 Doppler reactivity feedback Doppler reactivity coefficient


3
Coolant density reactivity
feedback


Coolant density reactivity coefficient


4 Fuel density reactivity feedback Fuel density reactivity coefficient


5
Radial core expansion reactivity
feedback


Radial core expansion reactivity


6
Cladding expansion density
reactivity feedback


Cladding density reactivity coefficient


7
Core/reflector relative
displacement reactivity feedback


Core/reflector relative displacement
reactivity coefficient


8
Core support plate expansion
reactivity feedback


Core support plate expansion
reactivity coefficient


9
Heat transfer between core
support plate and sodium Volume of core support plate


10 Core power changes Core power


11
Flow distribution changes in core
region


Flow distribution


12
Power distribution changes in
core region


Power distribution


13
Eutetic reaction between fuel and
cladding


Eutetic start temperature


14 Axial power distribution Axial power distribution


15
Heat transfer between primary
and intermediate coolant


Heat transfer coefficient of IHX


16
Pressure loss in airflow path of
RVACS


Pressure loss coefficient of airflow
path of RVACS


17 Heat transfer between GV and air Coefficient of heat transfer formula


18
Heat transfer between colector
and air


Coefficient of heat transfer formula


19
Thermal radiation between  RV
and GV


Radiation rate


20
Thermal radiation between  GV
and collector


Radiation rate


21 Air temperature of RVACS inlet Air temperature of RVACS inlet  
 


VII.B. Result of Analysis of the Reference Case (UTOP) 
 


In this work, the analysis with nominal conditions is 
considered to be the reference case, and then another 59 
calculation cases are performed to assess the uncertainty. 


The scenario of the reference case used for the UTOP 
analysis is as follows. The positive reactivity is added 
during the rated operation by the multiple failure of the 
reflector driving mechanism or failure of a cavity can 
which is installed on the reflector to enhance the effect of 
neutron leakage. The reactor is scramed when the 
instruments of the neutron flux detect the increase in the 
neutron flux. In case of the failure in scram, the reactor 
power output is decreased passively, and the decay heat in 
the reactor is removed by RVACS and IRACS. In this 


evaluation, however, only RVACS is taken in account, 
assuming the IRACS to be failed in start up operation. 


Figures 6 through 9 show the following analysis 
results of transient state of reference case; reactor power 
ratio, reactor flow ratio, reactivities, fuel and cladding 
temperature of the hottest pin, core inlet and outlet 
temperature, and CDF of the hottest pin, respectively. The 
transient till 20000 seconds (about 5 hours) is evaluated 
taking in account the time within which operator can 
action. The initial conditions of the reactor power and the 
primary flow are the rated values. Then, the initial 
condition of the maximum temperature of the cladding is 
570℃. As shown in the figures, reactor power is increased 
due to addition of the positive reactivity. As a result, the 
temperature of the fuel, primary coolant, and reactor 
internal structural material is increased. Then, negative 
reactivity is added via those temperature increases. 
Therefore, even if a positive reactivity is accidentally, the 
increase of the power is retained to be within the range of 
130 to 140%. Thus, temperature in the core is increasing 
during the period that power greater than rated condition. 
TC and CDF are 645 ℃  and 1.1x10-5, respectively. 
Therefore it has a margin to the safety acceptance criteria: 
CDF < 0.1. 
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Fig. 6. Power and flow ratios (UTOP) 
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Fig. 7. Reactivity transient (UTOP) 
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Fig. 8. Fuel and cladding peak temperature transient 
(UTOP) 
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Fig. 9. CDF transient (UTOP) 


 
 


VII.C. Result of Sensitivity Analysis (UTOP) 
 


Figure 10 and 11 show the sensitivity to TC and CDF. 
According to the results, the seven parameters which 
affected TC more than Δ3℃ are selected as dominant 
parameters as follows.  


1. Flow distribution 
2. Power distribution 
3. Radial core expansion reactivity 
4. Core power 
5. Pressure loss coefficient of the core region 
6. Coolant density reactivity coefficient 
7. Doppler reactivity coefficient 
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Fig. 10. Sensitivity to TC of the selected parameters 
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Fig. 11. Sensitivity to CDF of the selected parameters 


 
VII.D. Result of Statistical Analysis (UTOP) 


 
59 case calculations are performed varying the value 


of the dominant parameters selected in the section VII.C.  
Figures 12 and 13 represent the analysis results of 59 


case calculation runs of cladding temperature and CDF 
transient respectively. Then, the following values are 
obtained: the one-sided upper tolerance limit of 95/95 level 
of TC; TC95/95=704℃ and CDF95/95=3.9×10-4. Accordingly, 
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the result of the statistical analysis has enough margins to 
the safety acceptance criteria. 
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Fig. 12. 59 calculation runs of cladding temperature 


(UTOP) 
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Fig. 13. 59 calculation runs of CDF (UTOP) 


 
VIII. ANALYSIS RESULTS OF ULOHS CASE 


 
VIII.A. Selected Phenomena and Parameters (ULOHS) 


 
Table III shows the phenomena and associated 


parameters selected for the analysis of the ULOHS event. 
 


VIII.B. Result of Analysis of the Reference Case (ULOHS) 
 
The scenario of the reference case used for the 


ULOHS analysis is as follows. The amount of the heat 
removal of SG is reduced due to the abnormal flow 
condition in the water-steam system, followed by the 
increase in the temperature of the primary and intermediate 


system. The reactor is scramed via the neutron flux 
monitor or the instrumentation of the coolant temperature 


 
TABLE III 


Selected phenomena and associated parameters (ULOHS) 
 


No. Phenomena Parameter


1 Pressure loss in core region
Pressure loss coefficient of core
region


2 Doppler reactivity feedback Doppler reactivity coefficient


3
Coolant density reactivity
feedback


Coolant density reactivity coefficient


4 Fuel density reactivity feedback Fuel density reactivity coefficient


5
Radial core expansion reactivity
feedback


Radial core expansion reactivity


6
Cladding expansion density
reactivity feedback


Cladding density reactivity coefficient


7
Core/reflector relative
displacement reactivity feedback


Core/reflector relative displacement
reactivity coefficient


8
Core support plate expansion
reactivity feedback


Core support plate expansion
reactivity coefficient


9
Heat transfer between core
support plate and sodium Volume of core support plate


10 Core power changes Core power


11 Heat capacity of core assemblies Heat capacity


12
Heat transfer between reflector
and coolant


Heat transfer coefficient


13 Pressure loss in IHTS Pressure loss coefficient of IHTS


14
Heat transfer between primary
and intermediate coolant


Heat transfer coefficient of IHX


15
Pressure loss in airflow path of
RVACS


Pressure loss coefficient of airflow
path of RVACS


16 Heat transfer between GV and air Coefficient of heat transfer formula


17
Heat transfer between colector
and air


Coefficient of heat transfer formula


18
Thermal radiation between  RV
and GV


Radiation rate


19
Thermal radiation between  GV
and collector


Radiation rate


20 Air temperature of RVACS inlet Air temperature of RVACS inlet  
 


at the outlet of the IHX. In case the reactor is failed in 
scram, the reactor power is decreased passively, and the 
decay heat in the core is removed by RVACS and IRACS. 
In this evaluation, however, IRACS is assumed to be failed 
in operation.      


Figures 14 through 18 show the analysis results of 
transient state of reference case. As shown in the figures, 
the temperature of the intermediate system increase due to 
loss of the function of the heat removal of the water-steam 
system, followed by the temperature increase of the 
primary coolant at the outlet of the IHX. Therefore, the 
temperature of the core support plate is increased due to 
the coolant temperature rise at the core inlet.  As a result, 
negative reactivity is added, and the power output is 
decreased. The system average temperature becomes stable 
at the level higher than rated condition. TC and CDF are 
575℃ and 7.2x10-9, respectively. Therefore it has a margin 
to the safety acceptance criteria: CDF < 0.1.  


 


CDF95/95 = 3.9×10-4 


TC95/95 = 704℃ 
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Fig. 14. Power and flow ratios (ULOHS) 
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Fig. 15. Reactivity transient (ULOHS) 
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Fig. 16. Fuel and cladding peak temperature transient 
(ULOHS) 
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Fig. 17. Core inlet and outlet transient (ULOHS) 
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Fig. 18. CDF transient (ULOHS) 


 
 


VIII.C. Result of Sensitivity Analysis (ULOHS) 
 


Figure 19 and 20 show the sensitivity to TC and CDF. 
According to the results, the three parameters which 
affected TC more than Δ3℃ are selected as dominant 
parameter as follows: 


1. Core Power 
2. Pressure loss in core region 
3. Pressure loss in IHTS 
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Fig. 19. Sensitivity to TC of the selected parameters 
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Fig. 20. Sensitivity to CDF of the selected parameters 


 
VIII.D. Result of Statistical Analysis (ULOHS) 


 
Figures 21 and 22 represent the analysis results of 59 


case calculation runs of cladding temperature and CDF 
transient respectively. Then, the following values are 
obtained: TC95/95=596℃ and CDF95/95= 4.5×10-4. 
Accordingly, the result of the statistical analysis has 
enough margins to the safety acceptance criteria.  


 
IX. CONCLUSIONS 


 
The analysis result of the reference case for ULOF, 


UTOP, and ULOHS events satisfy the safety acceptance 
criteria: CDF < 0.1. Further statistical evaluations are 
performed taking into consideration the uncertainty in the 
dominant parameters which have relatively large impact on 
CDF. As shown in the table IV, the result shows that the 
maximum value of the one-sided upper tolerance limit of 
95 percent probability at a 95 percent confidence level of 
CDF are less than 0.1. Accordingly, the current design of 
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Fig. 21. 59 calculation runs of cladding temperature 


(ULOHS) 
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Fig. 22. 59 calculation runs of CDF (ULOHS) 


 
4S complies with the safety acceptance criteria required to 
secure the coolable geometry of the core. Hence, it was 
demonstrated that the 4S safety performance is acceptable 
in the ULOF, UTOP, and ULOHS events. 


Pertinent to ULOF event, the phenomena that have 
large effect on the CDF was “Flow distribution in the core” 
and “radial power distribution in the core”, followed by 
“radial core expansion reactivity” and “flow halving time 
of the primary pumps”. The flow halving time of the EMP 
is designed to be 30 seconds, where 20% (6 seconds) of 
the uncertainties have been taken in account for this 
evaluation. Further analysis is planned reflecting the 
development of the detail design of the EM Pump.  


Regarding UTOP event, the phenomena that have 
large impact on CDF were as same as ULOF case, though 
the flow coast performance was not identified since the 
EM pump does not trip in this event.  


In the ULOHS event, the phenomena have less impact 
on CDF since the increases of TC were smaller compared 
to ULOF and UTOP events.  


TC95/95 = 596℃ 


CDF95/95 = 4.5×10-4 
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TABLE IV 


Statistical value of CDF and TC at ATWS 
 
EVENTS CDF95/95 [－] TC95/95 [℃] 
ULOF 3.4 x 10-2 816 
UTOP 1.6 x 10-3 704 
ULOHS 4.5 x 10-8 596 
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Abstract – In the framework of the development of the FAST code system at PSI, the TRACE 
thermal-hydraulic code is being extended for simulation of sodium two-phase flow. The present 
paper focuses in particular on the simulation of dryout onset and the post-dryout regime. Since 
dryout can lead to the melting of core components, adequate prediction of the corresponding 
cooling limits is of prime importance in safety studies for the Generation IV Sodium-cooled Fast 
Reactor (SFR). First, we present a review of the existing correlations used to predict dryout in 
sodium flow. Then, on the basis of experimental data from specific 12-pin wire-spaced bundles, we 
present an analysis of dryout prediction and simulation  using the TRACE code. 


 
The test results highlight three principal types of phenomena which can follow the onset of dryout, 
viz. rewetting of dry spots, slow growth of dry zones and permanent dryout. The TRACE 
simulation shows that the prediction of the wall temperature is highly dependent, not only on the 
thermal-hydraulic conditions of the bundle (inlet flowrate and heat flux rate), but also on the 
correlations used for the heat-transfer coefficients (HTCs) and the dryout criterion. A sensitivity 
analysis of the TRACE results has been carried out with respect to the physical parameters 
defining dryout, e.g. void fraction, flow quality and critical heat flux/temperature, and this has led 
to a new correlation in the transition regime that represents the experimental data quite well.  


 


                                                           
* Co-affiliation: Ecole Polytechnique Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland 


I. INTRODUCTION 
 
The Sodium-cooled Fast Reactor (SFR) is considered 


by the Gen-IV International Forum (GIF) as one of the best 
candidates for the near-future implementation of the fast-
neutron spectrum technology and closure of the fuel cycle. 
Safety demonstration remains one of the key R&D issues. 
In particular, sodium two-phase flow needs to be 
accurately studied, since an accidental boiling event can 
introduce positive reactivity in the core, and also lead to 
dryout and the loss of efficient pin cooling.  


In the framework of the FAST project1, which aims at 
the comparative study of the safety characteristics of 
different advanced fast-spectrum systems, the thermal-
hydraulic code TRACE2 is being extended to sodium two-
phase flow. The new tool has been validated against a 
number of selected sodium two-phase flow experiments 
such as steady-state sodium boiling3 and loss-of-flow 
experiments4. The present work aims at the further 
validation of the code for accurate simulation of dryout.  


Most investigations of dryout in liquid metal cooled 
systems have been performed in the 1980’s and can be 
divided between experiments in tubes and those in tube 
bundles. Wall and Sheriff5 reported the work containing 
liquid metal dryout information. Among the available data, 
the experiments of Kottowski and Savatteri in Ispra, using 
both gridded and wire-wrapped bundles, provide valuable 
results for dryout investigations. The present work focuses 
on experiments performed in the 12-pin bundles with wire 
spacers6.  


In Section II, we present a summary of the closure 
relations used to simulate sodium boiling in the annular 
flow regime. Then, the correlations investigated for the 
simulation of dryout and the post-dryout regime are 
discussed. The sodium boiling experiments selected for 
assessing the validity of the physical models are presented 
in the Section III. The comparison of the experimental data 
with the calculated results using different models has 
enabled one, on the one hand, to study the sensitivity of the 
results on the correlations and, on the other hand, to 
establish recommendations for future modeling. This 
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analysis is presented in Section IV. The recommendations 
and main conclusions are given in the final section.  


 
II. CLOSURE MODELS IMPLEMENTED IN 


TRACE 
 
The basis for simulation of sodium two-phase flow 


with TRACE is the original two-fluid, non-homogeneous, 
non-equilibrium model available for representation of 
steam-water flow. The original 6-equation model is being 
used with new closure relations to represent the transfer 
mechanisms between the phases as well as between the 
phase and the wall. Since the accuracy of a two-fluid 
model is very dependent on the closure models, a number 
of models specific to sodium have been implemented and 
investigated. The validation of a selected set of correlations 
has been performed against a number of sodium boiling 
experiments3,4.  


 
II.A. Constitutive relations in the pre-dryout region 


 
For sodium under fast reactor conditions, there is a 


large volume change at the onset of boiling due to the large 
liquid to vapor density ratio (1500:1). As a consequence, 
annular flow dominates. Table I summarizes the 
recommended models for the considered regime7.  


 
TABLE I 


Constitutive equations currently used in the extended 
TRACE code for annular flow (The various symbols are defined 


in the nomenclature section of the paper) 


Interfacial transfer mechanisms 
Interfacial area: 


 
 


 (1)
 


Interfacial momentum exchange: 


 (2) 
Coefficient of interfacial heat transfer: 


 (3) 


Wall-to-fluid transfer mechanisms 
Wall heat transfer - for liquid phase: 


 (4) 
 - for vapor phase: 


 (5) 
Two-phase flow pressure drop multiplier: 


 (6) 


 
 


II.B. Dryout criteria 
 
Dryout occurs when the liquid film flowrate falls 


locally, and smoothly, to zero. This condition arises when 
the combination of evaporation and entrainment exceeds 
the droplet deposition from the core flow. After a flow 
excursion for example, the subcooled coolant is prevented 
from entering the subassemblies where boiling occurs, and 
the liquid film remaining of the hot wall is rapidly 
evaporated. Only a few studies have been done on the 
post-dryout region for sodium flow. Different dryout 
criteria used in the past for sodium flow simulation are 
briefly listed below.  


On the basis of a correlation established for potassium 
flow in tubes and measurements with sodium two-phase 
flow, Kottowski and Savatteri established a new critical 
heat flux (CHF) correlation for tubes and rod bundles8:  
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where the terms a and b account for the test-section 
geometry (a = 0.224 and b = 0.766 for the long 12-pin 
wire-spaced bundle).  


It was shown that this form of correlation for dryout in 
sodium represents the correct dependencies of dryout on 
most experimental parameters. However, a more detailed 
inspection has revealed that there are discrepancies that are 
important in terms of fast reactor safety analysis, since the 
correlation does not provide a conservative estimation of 
dryout conditions5. An alternative approach based on the 
local conditions was investigated by Wall. In his work, he 
highlighted the clear dependency of the dryout heat flux on 
the local void fraction and proposed5:  


 


wCHF pAKq )1( α−=  (8) 
 


where K is constant which value depends on the channel 
geometry (tube, grid- or wire-spaced bundle).  


In the same way, No and Kazimi used a simple dryout 
criterion based on Autruffe’s experiments on steady-state 
sodium two-phase flow in a heated tube9. The analysis 
indicated that vapor did not come into contact with the 
wall until the void fraction exceeded 0.957. This value was 
then used by No and Kazimi in the THERMIT-6S code for 
the dryout criterion in pin bundles: the authors assumed 
that, below α = 0.957, the entire surface of the rod is 
covered with liquid, and that the liquid contact fraction 
decreases linearly from 1 to 0 when the void fraction is 
increased from 0.957 to 1.  
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II.C. Constitutive relations in the post-dryout region 
 
Different models have been implemented in the 


TRACE code as dryout criterion and for representation of 
the post-dryout regime. It has been assumed that, as the 
liquid film breaks down smoothly, the flow goes from the 
annular regime to the single-phase vapor (SPV) regime. 
The difficulty has been in finding a set of correlations that 
would enable one to model this transition without leading 
to numerical instabilities. A simple dryout criterion, based 
on the void fraction and equilibrium quality, has been 
chosen to compute the fraction of liquid and gas in contact 
with the wall (Cfwl and Cfwg, respectively):  
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with αCHF = 0.957 according to the experimental 
observations of Autruffe and αSPV = 0.9999 as defined in 
TRACE. The wall contact area of the fluid, illustrated in 
Fig.1, has been used to extrapolate the correlations 
representing the transfer mechanisms between the wall and 
the fluid from the annular flow to the SPV regime. Thus: 
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where the subscript 1 and 2 refers to the pre- and post-
dryout correlations, respectively.  


 
Fig. 1. Wall contact area of liquid Cfwl. 


 


In the same way, the transfer mechanisms between the 
phases have been modified so as to approach the SPV 
regime requirements when α→1, using the following 
transition factor d:  
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where αi and a1 need to be determined. Physically, one 
would expect the interfacial area of heat transfer to 
approach zero as α→1. Accordingly, the interfacial heat-
transfer rate from liquid to interface is set to zero, whereas 
that from vapor to interface is kept very high in order to 
maintain the interface at saturation temperature. Similarly, 
the interface drag coefficient was set to very high values, 
in order to have the liquid and vapor phase velocities 
equal, according to the TRACE logic. Effectively, the 
interfacial closure relations have been updated in the 
following way:  
 


⎪
⎩


⎪
⎨


⎧


=


=


=


dcc


h


dhh


ii


ig


ilil


12


8
2


12


10  (12) 


 
On the basis of the experimental data presented in 


Section IV, a sensitivity study has been performed to 
determine a set of parameters (a0, b0, a1, xcrit, αi) defined in 
Eq. 9, which would enable one to represent the test data 
without numerical instabilities due to the sharp changes in 
the correlations. It has been found that the predicted wall 
temperature is very sensitive to a0, and much less to xcrit 
and b0. This suggests that a dryout criterion based on the 
void fraction only would suffice to represent the test data 
adequately. However, calculational results seem to be more 
stable when b0 is non-zero.  


The results are also very dependent on the way the 
interfacial drag approaches the SPV regime, since the latter 
is used to determine the liquid velocity and thus the liquid 
HTC. A linear transition has been used for void fractions 
higher than 0.99. The final set of parameters used for the 
simulation is: a0 = 0.5; b0 = 1.5; xcrit = 0.3; αi = 0.99. The 
calculated results are presented in Section IV, together with 
their comparison with the experimental data.  
 


 
III. DESCRIPTION OF THE EXPERIMENTS 


 
III.A. Description of the wire-spaced 12-pin bundles 


 
A specific set of sodium boiling experiments with 


dryout onset has been selected to assess the quality of the 
correlations. The experiments6,8,10 were performed at the 
Joint Research Center, Ispra, Italy in the 1980’s as part of a 
program investigating the similarities and differences of 
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sodium flow characteristics in grid and wire-spaced 
bundles. Four 12-pin bundles of identical cross-section and 
pin diameter, but with different spacers, were built. For 
each spacer type (grid or wire), a short and a long bundle 
were considered. The long bundles consist of three zones: 
unheated inlet (540 mm), heated region (500 mm) and 
unheated outlet part (735 mm). In the short bundles, the 
unheated outlet part consists of an open channel. The 
bundles were electrically heated with a uniform heat flux, 
the subchannel walls being designed to establish an as-
uniform-as-possible radial temperature distribution.  


The data used here have been measured on the long 
and short wire-spaced bundles. The loop facility used for 
the experiments has been described by Kottowski11. Figure 
2 presents the long wire-spaced test-section scheme with 
its instrumentation. The main design features are given in 
Table II. 


 


 
  


Fig. 2. Ispra 12-pin wire-spaced long bundle and its 
instrumentation6 (dimensions in mm). 


 
 
 
 
 
 
 


TABLE II 


Design features of the wire-spaced 12-pin bundles 


Test section designation Long Short 
Number of pins 12 12 
Pin diameter (mm) 8 ± 0.05 8 ± 0.05 
Pitch (mm) 10.4 10.4 
Hydraulic diameter (mm) 3.8 3.8 
Coolant flow cross-section (mm2) 496.5 496.5 
Wire-wrap pitch length (mm) 150 150 
Unheated inlet length (mm) 540 ± 8 540 ± 8 
Heated length (mm) 500 ± 8 500 ± 8 
Unheated outlet part (mm) 735 ± 8 - 
Maximum power per heated length 
(W/cm) 


750  750  


Maximum power per heating surface 
(W/cm2) 


300 300 


 
III.B. Description of the selected tests and 


phenomenology of dryout in sodium flow 
 
Steady-state boiling was established prior to the 


dryout tests, and flowrate was decreased stepwise. With 
stable boiling established near to dryout, only a small flow 
reduction was necessary to run into dryout itself. 
Following the interpretation of dryout measurements in the 
different test-sections, Kottowski and Savatteri concluded 
that the dryout mechanism is best exhibited by the 
temperature, void and pressure evolution. From the 
cladding wall temperature and pressure noise 
measurements, the authors observed three main stages8:  


(a) formation of dry spots (hot spots) and 
rewetting; this  pattern is very sensitive to 
mass flow or heat flux disturbances; 


(b) onset of non-rewetting dryout with slow 
growth of the dry zones; 


(c) permanent dryout with the consequence of 
immediate burnout (fast temperature rise, 
leading to clad melt).  


Depending on the flow reduction from the stable 
boiling state, one of the following consequences was 
observed: rewetting of dry spots, slow growth of the 
dryout spots, or immediate permanent dryout. The tests 
show that, especially for low heat fluxes (< 200 W/cm2), 
dryout starts with rewettable hot spots in a developed two-
phase environment, before this runs into permanent dryout 
caused by mass flow or heat flux disturbances. For high 
heat fluxes, the difference between dryout onset and 
permanent dryout is reduced significantly, or does not 
appear at all. 


 
IV. ANALYSIS OF THE EXPERIMENTS WITH TRACE 


 
The time-dependent results of the dryout measurements, 
performed with the wire-spaced test section and presented 
by Kottowski and Savatteri, have been used to assess the 
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capability of the TRACE code to predict dryout. For this 
purpose, a simplified 1D model, limited to the test section 
with imposed inlet mass flow rate and temperature and 
constant outlet pressure and power, has been developed in 
TRACE. For each set of test conditions, the calculated 
temperature, void and pressure evolutions are presented, 
comparisons being made with experimental data where 
available. 


 
IV.A. Tests with the long wire-spaced test section 


 
The dryout measurements for low and high heat fluxes 


at fully developed steady-state boiling are presented in 
Fig. 3, together with the simulated results. The boundary 
conditions were constant inlet temperature (Tin = 550°C), 
constant cover gas pressure (Pout = 0.8 bar) and constant 
power. The inlet mass flowrate was lowered stepwise.  


At low power (Q = 9 kW/pin), the experimental data 
first show dryout at level 6 (see Fig. 2), followed by an up- 
and down-stream expansion. Dryout expands uniformly 
across the whole cross-section of the bundle, starting from 
a local spot. The measurements show that the wall 
temperatures rise almost simultaneously at the top of the 
heated bundle10. The TRACE simulation, presented in Fig. 
3a, predicts a very small increase of the wall temperature at 
dryout onset followed by an immediate increase in the wall 
temperature, comparable to the permanent dryout observed 
during the experiment. A detailed analysis of the 
experiments has suggested that, in the case of slowly 
growing dry spots, annular flow with droplets in the vapor 
stream is the predominant flow pattern. Thus, a more 
accurate simulation of the rewetting of hot spots, between 
dryout onset and permanent dryout, would require taking 
into account the droplets in the vapor stream.  


At high power (Q = 18 kW/pin), rewettable hot spot 
do not appear. Permanent dry-out occurs immediately in 
the experiment. The time of this sharp temperature increase 
is well predicted by TRACE (Fig. 3b), through the increase 
is lower than the measured one. 


It should be mentioned that TRACE uses a porous-
media representation of the sub-channel. In other words, 
the results are averaged over the cross-section area. This 
would explain why, in the low-power experiment, dryout 
is first predicted at the end of the heated section (level 7), 
where all the pin temperatures increase simultaneously and 
why the predicted increase of the wall temperature is lower 
than in the experiment at high power. A sub-channel code 
would be needed for a more detailed simulation.   


 
(a). Long wire-spaced bundle, low power (9 kW/pin) 


 
(b). Long wire-spaced bundle, high power (18 kW/pin) 


 
Fig. 3. Temperature, void fraction, pressure and mass flow history  


approaching dryout at the end of the heated section for the 
different experimental conditions in the long-wire spaced bundle 


 
 


IV.B. Tests with the short wire-spaced test section 
 
The experiments performed in the short wire-spaced 


test section have also been simulated with TRACE. Results 
for low power (9 kW/pin) and high power (18 kW/pin) are 
presented in Fig. 4a and 4b, respectively.  


 
Compared to the case of the long test section, large 


differences are observed in the experimental results. This is 
mainly due to the design differences, which provide a large 
flow area at the end of the heated section. The change in 
the cross-section, from pin-bundle configuration to free-
flow area, is by as much as a factor of 2.3 (496.5 mm2 to 
1153.98 mm2), which leads to a considerable pressure 
recovery. As direct consequence, even with steady-state 
boiling, vapor condenses at the top of the bundle causing 
cavitation, which influences the boiling and dryout pattern. 
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In these conditions, the rewettable hot-spot pattern has 
been observed also for high heat fluxes10. 


 
 


 
(a). Short wire-spaced bundle, low power (9 kW/pin) 


 
(b). Short wire-spaced bundle, high power (18 kW/pin) 


 
Fig. 4. Temperature, void fraction, pressure and mass flow history  


approaching dryout at the end of the heated section for the 
different experimental conditions in the short-wire spaced bundle 


 
 
In TRACE simulations, vapor does not condense at 


the top of the test-section, and the mentioned pressure 
recovery is not observed. However, the code is able to 
predict dryout and the subsequent increase in the wall 
temperature. In the high-flux experiment, only a slight 
increase in the wall temperature has been predicted. It 
should be mentioned that, with a different interpolation 
function (typically with a0 = 1.0 instead of 0.5), the 
prediction was more accurate for the high-flux experiment 
in the long-wire bundle but largely over-predicting the 
temperature increase in both short-wire experiment. The 
sensitivity of the results on a0 and b0 (Eq. 9) is illustrated 
in Fig. 5.  


 
(a) Long bundle, low power 


 


 
(b) Long bundle, high power 


 


 
(c) Short bundle, low power 


 


 
(d) Short bundle, high power 


 
Fig. 5. Experimental wall temperature evolution and 


TRACE simulation with different a0 and b0 values. 
 


V. SUMMARY AND CONCLUSIONS 
 
The analysis of a selected set of dryout experiments 


with TRACE has enabled one to assess the capability of 
the code to predict dryout in sodium flow. The evolution of 
the wall temperature after dryout has been seen to be very 
sensitive to the models used during the transition from 
annular flow to the single-phase vapor regime. A model, 
based on the liquid contact area with the wall, has been 
proposed. A sensitivity study showed that the liquid 
fraction (1-α) is one of the main parameters controlling the 
wall temperature after dryout onset. On the basis of the 
experimental data in 12-pin wires spaced bundles, we 
propose the following correlation for the liquid contact 
area fraction:  
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Though more data clearly need to be investigated to 
further validate the proposed correlation for full-scale 
reactor fuel subassembly, the present analysis has enabled 
a deeper understanding of the important aspects for 
simulation of dryout and post-dryout regimes in sodium 
two-phase flow. As such, it will be used as interpretation 
basis for the simulation results to be obtained for 
hypothetical, unprotected SFR accident scenarios with 
boiling onset.  


NOMENCLATURE 
 


ai interfacial area concentration (m-1) 
Cf fraction of fluid in contact with the wall (-) 
ci interfacial friction coefficient 
Dh hydraulic diameter (m) 
f friction factor 
G specific mass flow (kg/m2.s) 
h heat transfer coefficient (W/m2.K) 
hfg heat of vaporization (J/kg.K) 
HTC Heat Transfer Coefficient 
L heated length (m) 
M molar mass (g/mol) 
Nu Nusselt number 
pw wetted perimeter (m) 
Ps saturation pressure (Pa) 
Pe Peclet number 
Pr Prandtl number 
P/D Pitch-to-diameter ratio 
R universal gas constant 
Re Reynolds number 
Ts saturation temperature (K) 
xcrit critical vapor quality 
xi subcooled inlet vapor quality 
XLM Lockhart-Martinelli variable 
Greek symbols 
α void fraction 
φ


 
two-phase flow multiplier 


ρ density (kg/m3) 
σ coefficient (recommended value: 1.0) 
Subscripts 
CHF critical heat flux 
g gas 
i interfacial 
l liquid 
SPV single-phase vapor  
w wall 
1 pre-dryout regime 
2 post-dryout regime 
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Abstract – A numerical benchmark exercise, aimed at assessing the behaviour of codes and 
models in the prediction of stability conditions in heated channels with fluids at supercritical 
pressure, was hosted by the University of Pisa within the framework of the IAEA CRP on “Heat 
Transfer Behaviour and Thermo-hydraulics Codes Testing for SCWRs”. Eight institutes from 
different countries participated in the exercise. The first part of this benchmarking activity was 
aimed at comparing the results of linear and non-linear codes and models in the application to a 
simple reference geometrical condition. The simplicity of the problem proposed was conceived to 
allow for the application of one-dimensional models. The results of the analyses were reported in 
dimensionless form, adopting recently proposed definitions in order to check their suitability to 
represent stability thresholds. Both dynamic and static instabilities were addressed. The paper 
summarizes the analysis of the results of this benchmark exercise. 


 
 


I. INTRODUCTION 
 
In support of Member States’ efforts in the area of 


SCWRs, the IAEA started in 2008 a Coordinated Research 
Project (CRP) on “Heat Transfer Behaviour and Thermo-
hydraulics Codes Testing for SCWRs”. The two key 
objectives of this CRP are: 1) To establish accurate 
databases for heat transfer, pressure drop, blowdown, 
natural circulation, and stability for conditions relevant to 
super-critical fluids, and 2) To test analysis methods for 
SCWR thermo-hydraulic behaviour, and identify code 
development needs. 


In the frame of the latter of the two above objectives, 
it was proposed to organize an analytical benchmark 
exercise on flow stability at supercritical pressure, 
conceived as a code-to-code comparison, in front of well 
defined boundary conditions. The exercise was hosted by 
the University of Pisa, that proposed the boundary 
conditions and prepared the reference data. 


Flow stability is a major issue for nuclear reactor 
concepts operating at supercritical pressure. In fact, the 
dense fluid entering the core is gradually heated up and 
expands along the channels, in similarity with what 
observed for boiling systems. The strong link existing 
between flow, fluid density and pressure drops at a given 
channel power may make the system susceptible to 


oscillatory and non-oscillatory instabilities; this constitutes 
an unwanted effect in view of a stable reactor operation. 


Several works were published on this subject since the 
nuclear community showed a renewed interest for 
supercritical water reactor designs in the last decade. The 
performed studies strongly benefit from previous 
experience and methodologies developed in relation to 
two-phase boiling systems and range from basic single-
channel analyses1-3 to complex reactor studies with the 
inclusion of neutronic feedback4-8. 


Despite of the abundance of previous experience on 
the similar subject of boiling channel instabilities, 
experimental information on these phenomena at 
supercritical pressure is still scarce9. This situation 
motivates new experimental researches capable to provide 
the reference data for code assessment. While waiting for 
these researches to be completed, assessing models against 
each other and making sensitivity analyses on the most 
important parameters represents a suitable way of gaining 
a greater understanding of the basic phenomena expected 
to occur at supercritical pressure. This is the main 
motivation for the proposed exercise, which addresses a 
single heated channel, whose stability represents the key 
feature of the more complex plant behaviour. 


II. REFERENCE PROBLEM DESCRIPTION 
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Fig. 1 illustrates the geometrical features and the main 
boundary conditions proposed for the exercise10. A circular 
rough pipe with uniform cross section is assumed to join 
two plena, mainly needed to assign inlet and outlet 
conditions. Uniform imposed heat flux is assumed along 
the pipe and variable inlet and outlet throttling is imposed.  
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Fig. 1. Boundary conditions proposed for the  


Benchmark Exercise. 


The problem proposed for this benchmark exercise 
involves two main sections: (1) a basic set of analyses for 
operating conditions concerning a vertical pipe with 
supercritical pressure water and different degrees of outlet 
throttling; (2) an additional set of analyses for vertical and 
horizontal pipes related to fluid-to-fluid comparison, with 
strong inlet and outlet throttling. 


In the first part of the exercise, only water at a 
pressure of 25 MPa is specified with vertical channel 
orientation, while in the second part three additional fluids 
were considered, being CO2, R23 and NH3 at working 
pressures of 8.0, 5.7 and 15.0 MPa respectively, addressing 
both vertical and horizontal channel conditions. For those 
participants who did not have the possibility to address the 
fluid-to-fluid part of the exercise, having available only 
tools applicable to water, it was suggested to make use also 
of water at 30 and 40 MPa in order to address the effect of 
different fluid properties on the stability boundaries 
obtained in dimensionless form. 


The exact value of the pressure drop across the 
channel is not too relevant for the analysis of the density-
wave type oscillations, though it affects the region of 
excursive behaviour. Therefore, in a first phase only a 
generic range of flow rate (around 50 to 80 g/s) was 
suggested for initialising the calculations. Later on, upon 
request from Participants, a pressure drop of 0.12 MPa was 
specified, demonstrating anyway the little effect of 
different choices for most of the specified conditions. 


The exercise consisted in predicting the thresholds of 
instability with different 1D codes at prescribed inlet fluid 
conditions. The inlet temperature was specified in 
dimensionless form and it was requested to express the 


threshold of instability using a coherent formalism. In 
particular, the following definitions were adopted3: 
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These two dimensionless numbers were used 
respectively to express the inlet subcooling of the fluid 
with in relation to the pseudo-critical conditions and to 
define the threshold of instability in terms of a 
dimensionless power-to-flow ratio. In particular, the values 
of NSPC proposed for the calculations were 0.5, 1.0, 1.5, 
2.0, 2.5 and 3.0, to be addressed for different outlet 
throttling. 


The reference data generated by the University of Pisa 
for the Benchmark Exercise11 were not disclosed to 
Participants, in order to maintain the character of a blind 
exercise; they were delivered after receiving the 
submissions12. The data were generated making use of 
three different codes: 
• an in-house code, based on dimensionless balance 


equations discretised in space and time and linearised 
by perturbation, suitable to produce stability maps3; 


• an in-house transient code working in dimensional 
terms, able to deal with different fluids (named 
TRANSDIM)13; 


• the RELAP5/MOD3.3 code14. 
The use of RELAP5 was justified by the need to get 


an independent confirmation of the results obtained by the 
in-house codes, making use of a relatively diverse tool, 
based on different modelling assumptions. Nevertheless, 
the three codes share the feature to be based on similar 
discretisation of the balance equations, based on a semi-
implicit numerical scheme. In particular, 48 nodes were 
used in the three cases to axially discretise the channel. 
This justified the assessment of the effects of truncation 
errors by specific analyses that showed a limited difference 
between the stability boundaries obtained with 48 and 96 
nodes in the channel (see Fig. 2). The effect of other 
parameters, like the channel Froude number, were also 
investigated to assess their influence. 


Fig. 2 and Fig. 3 present an overall view of the data 
generated for the two phases of the exercise. As it can be 
noted, the continuous lines, obtained by the dimensionless 
linear stability code, are confirmed by the location of the 
stability thresholds obtained by the transient codes 
(RELAP5 and TRANSDIM). In particular, the data 
obtained in the fluid-to-fluid comparison are reasonably 
the crowded along the dimensionless stability lines, 
showing the applicability of the adopted dimensionless 
formalism to relatively different fluids. Data for the ratio 
of the transit time to the period of oscillations were also 
proposed (see e.g., Fig. 4). 
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Fig. 2. Reference data for the vertical channel with water 
(Kin=20). 
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Fig. 3. Reference data for the vertical and horizontal 


channel with different fluids (Kin=Kout=20). 
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Fig. 4. Ratio of the transit time to the period of oscillations 


for the vertical channel (Kin=Kout=20; Fr=0.03). 


III. OBTAINED RESULTS 
 
Eight different organizations participated in the 


exercise with their own codes or with system codes widely 
used for nuclear reactor analyses (see Table I)15-22. The 
submissions showed different degrees of discrepancy with 
respect to reference data; a few provided results in very 
close agreement with them.  


TABLE I 


Participating organizations and scientists 


ORGANISATION SCIENTISTS 
VTT, Valtion Teknillinen 
Tutkimuskeskus, Finland 


Markku Hänninen 
Jorma Kurki 


University of Manitoba and 
AECL, Canada 


V. Chatoorgoon, 
S. Yeylaghi, L. Leung  


BARC, Bhabha Atomic 
Research Centre, India 


M. Sharma, 
P.K. Vijayan, 
D.S. Pilkhwal, D. Saha, 


JRC-IE, Petten 
The Netherlands 


L. Ammirabile 


Gidropress, Russia Andrey N. Churkin 
Gruppo di Ricerca Nucleare di 
San Piero a Grado Pisa, Italy 
and McMaster University, 
Canada 


F. Fiori, D.R. Novog,  
A. Petruzzi 


 
The data by VTT16, reported in Fig. 5, were obtained 


by the use of the APROS code, adopting a nodal staggered 
mesh technique for solving the balance equations. Forty 
nodes were used to discretise the channel equipped with a 
thin heated structure, as suggested in the specifications, to 
avoid thermal inertia effects. Friction and heat transfer 
correlations specifically developed for supercritical fluids 
were adopted, addressing only water data at 25 MPa for 
the vertical channel case.  


The submission by VTT is particularly interesting 
because it shows discrepancies with the reference data 
partly caused by the use of different correlations. In fact, 
the reference data and most of the other submissions were 
generated basing on “standard” correlations applicable to 
subcritical fluids: this represents the obvious limitation of 
the present exercise, that was aimed only at a code-to-code 
comparison. The APROS code, on the other hand, made 
use of the friction correlations for supercritical fluids in 
smooth pipes by Kirillov and Filonenko; the classical 
Colebrook correlation, accounting for sand roughness, was 
also used, as shown in Fig. 5a and Fig. 5b. Therefore, in 
addition to possible other sources of discrepancy, the use 
of different correlations points out the need to develop well 
established correlations for the different relevant 
phenomena, in order to get a reliable stability prediction. 
This task requires obviously to acquire a better quantitative 
knowledge by specific experimental data. 
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a) analysis with the Kirillov friction correlation (Kin= 20) 
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Fig. 5. Results by VTT 
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Fig. 6. Results by the University of Manitoba and AECL 


The submission by the University of Manitoba and 
AECL17 made use of a linear stability analysis code and of 
a different dimensionless formalism with respect to the one 
proposed in the exercise. This dimensionless formalism is 
quite interesting, because it succeeds in collapsing various 
effects, including the different fluid properties, into a 
single stability boundary, as shown in the upper plot of 
Fig. 6. The same results are compared with the reference 
data in the lower plot of Fig. 6. 


The Bhabha Atomic Research Centre18 made use of a 
linear stability code (SUCLIN) and of a transient code 
(NOLSTA) providing different results, which are anyway 
in qualitative agreement in showing the regions of density 
wave oscillations (lower lobe of the stability boundary) 
and excursive instabilities (upper lobe) (Fig. 7). The 
observed discrepancies are justified by the fact that the 
linear stability code does not account for a complete 
perturbation of all the fluid properties and friction factor. 
As it can be noted, the data obtained by the transient code 
are in very close agreement with the reference data.  


This is also the case of the data submitted by JRC-
IE19, which were obtained by RELAP5, strictly following 
the specifications and the suggestions provided to 
Participants in order to perform the calculations (Fig. 8). 
The very good agreement obtained in this case represents a 
sort of independent confirmation of the reference data. 
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Fig. 7. Results by BARC 
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Fig. 8. Results by JRC-IE 


Gidropress20 adopted a transient subchannel code, 
named TEMPA-SC, with 61 nodes for the channel 
discretisation and the increasing power strategy to identify 
stability; a specific criterion for automatically detecting the 
onset of instabilities was adopted. The match with the 
reference stability lines of the thresholds calculated by the 
TEMPA-SC is only approximate, especially concerning the 
effect of outlet throttling (Fig. 9). 
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Fig. 9. Results by Gidropress 


The submissions by the McMaster University and the 
GRNSPG21-22 involved the use of the RELAP5 and of the 
TRACE system codes, adopted with very similar 
discretizations. The vertical and the horizontal channel 
with water were addressed, calculating several working 
conditions. The models adopted for RELAP5 and TRACE 
include a pipe discretised with 23 nodes and two branches 
(upstream and downstream the channel) to simulate the 
plena, in addition to two time-dependent volumes needed 
to impose inlet and outlet pressures. The procedure 
adopted for reaching the instability threshold is the one 
suggested in the specifications for transient codes and used 
also by other participants, i.e., a progressive increase of 
channel power at imposed pressure drop across the 
channel. A greater stability with respect to the reference 
data is observed; also in this submission, the presence of 
the excursive instability is confirmed at low temperature 
(Fig. 10 and Fig. 11). 


 


0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0


0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
NTPC


N
SP


C Kout = 20
Kout = 10
Kout = 5
Kout = 2


McMaster/GRNSPG - RELAP5/Mod3.3
Vertical Channel 


Extrapolated fluid property region


Stability boundaries:
continuous lines 48 Nodes,


dashed lines 96 Nodes


 


0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0


0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0


NTPC


N
SP


C


Kout = 20
Kout = 10
Kout = 5
Kout = 2


McMaster/GRNSPG - TRACE 5.0
Vertical Channel 


Extrapolated fluid property region


Stability boundaries:
continuous lines 48 Nodes,


dashed lines 96 Nodes


 
Fig. 10. Results by McMaster University and GRNSPG  


for the vertical channel 
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Fig. 11. Results by McMaster University and GRNSPG  


for the horizontal channel 
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IV. CONCLUSIONS 
 


The performed Benchmark Exercise was successful in 
stimulating interest for the application of different codes 
and models in the analysis of flow stability with 
supercritical fluids. The received submissions testify for 
the need felt by code users for comparing their predictions 
with those of other codes and users, in order to get 
indications about the adequacy of model assumptions and 
to improve the understanding of phenomena. 


Though the data proposed by the University of Pisa 
cannot be considered an exact reference, being produced 
by standard codes and models, similar to the ones adopted 
by Participants, the good match among the results obtained 
by the three different models adopted to prepare the 
exercise supported their substantial coherence and 
adequacy. The good agreement observed with some of the 
data obtained by the Participants reinforces this 
conclusion. 


Nevertheless, as it was clearly pointed out in the 
application by VTT, the use of “standard” code models 
adopted for subcritical pressures limits the applicability of 
these data to the role of describing what these standard 
models “can predict” in relation to stability with 
supercritical fluids. A further fundamental task, which was 
out of the scope of the present exercise, is obviously the 
collection and the elaboration of experimental data on key 
basic phenomena (e.g., heat transfer and friction) and, 
more specifically, on stability in order to improve model 
reliability. 


The discrepancies observed between the different 
submissions and the reference data can be possibly 
explained in terms of model assumptions or 
simplifications. At the time of writing, only a partial 
feedback on data comparison was received and a coherent 
picture of the reasons for discrepancy is available only for 
some of the Participants. It is believed that this action, 
when fully completed, will provide the intended benefit of 
enabling Participants to better discuss their modelling 
assumptions, providing an increased awareness of model 
capabilities and limitations. 


NOMENCLATURE 
 


,p pcC  specific heat the pseudocritical temperature 


[J/(kgK)] 
Fr  Froude number = 2


inw gL  


inh  inlet specific enthalpy [J/kg] 


inK  inlet singular pressure drop coefficient [-] 


outK  outlet singular pressure drop coefficient [-] 


pch  specific enthalpy at the pseudocritical temperature 


[J/kg] 
p  pressure [Pa] 


heatingQ&  heating power [W] 


T  period of oscillations [s] 
transT  fluid transit time along the channel [s] 


w  cross section averaged velocity [m/s] 
inw  channel inlet velocity [m/s] 


inW  channel inlet flow rate [kg/s] 


pcβ  isobaric thermal expansion coefficient at the 


pseudocritical temperature [1/K] 
ε  roughness [m] 
ρ  fluid density [kg/m3] 
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Abstract – The Molten Salt Reactor (MSR) is one of the six innovative systems envisaged by the 
Generation IV International Forum for safe, proliferation resistant and sustainable nuclear energy 
production. The MSRs are characterized by a complex physical environment, as a consequence of 
the unusual role of the molten salt, which acts simultaneously as fuel and coolant. Such unique 
feature requires the development of dedicated simulation tools, able to take into account peculiar 
phenomena of Circulating Fuel Reactors (CFR) such as the delayed neutron precursor (DNP) drift 
and the subsequent decay out of the core. 
In this paper, reference is made to the Molten Salt Reactor Experiment (MSRE). The MSRE was an 
8 MWth graphite-moderated MSR built at the Oak Ridge National Laboratory during the sixties. It 
represents a convenient validation framework due to the availability of both design and 
experimental data. The analysis is carried out by means of a dynamic model. All the main 
components of the experimental plant are simulated. The entire model is implemented in Simulink® 
(The MathWorks Inc., 2006). On the basis of the available MSRE experimental data, the proposed 
model results sufficiently accurate to predict the plant response in terms of the most relevant 
variables. 
In addition, the developed simulation tool is employed in order to assess some of the issues related 
to the control strategy of graphite-moderated MSRs. The analyses are carried out using the 
control toolbox provided by Simulink®. The dynamic response of the whole system is evaluated, 
and significant transient initiators are considered. Useful indications for transient behavior and 
possible control strategies are finally identified. 


 
 


I. INTRODUCTION 
 
The Molten Salt Reactor (MSR) is one of the six 


innovative systems envisaged by the Generation IV 
International Forum for safe, proliferation resistant and 
sustainable nuclear energy production [1,2]. The first 
efforts in the development of this technology were carried 
out during the sixties at the Oak Ridge National Laboratory 
(ORNL). These studies led to the construction of the 
Molten Salt Reactor Experiment (MSRE), a small MSR 
prototype that demonstrated the feasibility of the molten 
salt technology [3]. In this paper, reference is made to the 
MSRE due to the availability of design and experimental 
data.  


Nowadays, the MSR is gaining a renewed interest 
thanks to its unique features and competitive economics for 


actinide burning and extending resources exploitation, as 
attested by the numerous international projects (e.g., 
THORIMS-NES, LICORN, MOST, ALISIA, EVOL, 
MARS) carried out by various universities and research 
centers [4-6].  


The MSR is characterized by the presence of a liquid 
mixture of fluoride salts that flows in the primary loop 
acting both as fuel and coolant. Such unique feature leads 
to a particular dynamic behavior, which requires the 
development of dedicated simulation tools, able to take into 
account peculiar phenomena such as the delayed neutron 
precursor (DNP) drift and their subsequent out-of-core 
decay. The zero-power dynamics of such system has been 
investigated in the past at the Politecnico di Milano [7]. 
Aim of the present paper is to extend the results of such 
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study allowing for power effects, based on preliminary 
works on the subject [8,9].  


As concerns the control strategy, different scenarios 
are possible (e.g., a reactor-following control, the use of 
control rods, the adoption of a varying salt flow rate in the 
primary loop). In this paper, reference is made to the 
reactor-following control. 


The paper is organized as follows: Section II gives a 
brief introduction on the reactor design chosen as 
reference. In Section III, the modeling scheme adopted in 
the present analysis is described. Sections IV and V deal 
with the issues related to the MSR dynamics and control. 
Finally, the main conclusions are drawn.  


 
II. DESCRIPTION OF THE ANALYZED SYSTEM 


 
The MSRE is an 8 MWth prototypic graphite-


moderated MSR that operated during the sixties. The 
project was carried out at ORNL to investigate the 
feasibility of civil applications of the MSR technology 
[10]. During its operative period, three different fuels were 
adopted. In two of them, 235U was used as fissile material, 
whereas 233U was adopted in the other kind of fuel, making 
the MSRE the first reactor using such kind of fissile 
material. In the present paper, reference is made to the 
mixture of molten salts containing 233U. 


In the MSRE, the fuel salt enters the vessel from the 
upper part and, by means of a flow distributor, flows 
uniformly in a downcomer, which leads it in a bottom 
plenum. Here, the fuel flows upwards through the core, 
which is constituted by a cylindrical matrix of graphite bars 
arranged so as to provide 1140 rectangular channels. The 
heat produced inside the core is transported by the fuel 
itself to a heat exchanger. At the secondary side, another 
molten salt loop is present, which dissipates the power to 
the environment by means of a radiator. The MSRE 
operated in reactor-following mode by changing the air 
mass flow rate at the radiator. Fine adjustment of the power 
level was performed also by means of control rods. Figure 
1 shows the adopted scheme for the MSRE plant. 
The data adopted for the present modeling purposes are 
resumed in Table I. Some of the data reported cannot be 
found in the original ORNL reports1, but have been 
obtained through a preliminary thermal characterization of 
the plant [11]. The aim of this computation was the 
calibration of the air flow rate at the radiator, needed to 
maintain the core at a desired power level. At each power 
level, mass and energy balance equations have been solved 
for every plant component in order to compute the steady-
state condition of the system, ranging from 10% to full 
power.  


                                                           
1 http://www.energyfromthorium.com/pdf/ 


 


Fig. 1. MSRE scheme. 


 
(a) 


 
(b) 


 
 


Fig. 2. Results of the calibration process: (a) air mass flow 
rate in the radiator as function of the power; (b) radiator air 
outlet temperature as function of the power.  


The calibration curve for the air mass flow rate in the 
radiator as function of the power has been computed 
interpolating the obtained results. In Fig. 2, such curve is 
reported, as well as the resulting outlet temperature of the 
air. The calibration curve (Fig. 2(a)) will be systematically 
used in Section IV in order to study the dynamic behavior 
of the system at three different power levels, namely 1 
MW th, 5 MWth and 8 MWth. 
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TABLE I 


MSRE data used for modeling purpose 


 
III. SYSTEM MODELING 


 
In order to study the dynamic behavior of the MSRE, a 


model has been developed that takes into account all the 
main components of the plant (i.e., reactor core, heat 
exchanger and radiator). The phenomena involving energy 
and DNP transport have been described according to a one-
dimensional approach. In fact, simpler models based on a 
fully lumped approach have proved themselves not 
satisfactory in predicting the dynamic behavior of MSRs 
when power effects are taken into account [8].  


As concerns the time evolution of the neutron 
population, a lumped description has been adopted 
considering one-energy neutron group and six groups of 
DNPs (Eq. (1)). The balance equations for the DNPs have 
been modified adding a transport term in order to allow for 
the precursor drift inside the core. For this computation the 
core has been axially subdivided in N regions. Each ith 
region contains one computational node, where an equation 
is solved in the form of Eq. (2), according to an upwind 
scheme of discretization [12].  
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for j = 1,…6 and i = 1,…N     (2) 
 
The number of neutrons in each region, ni, has been 
computed considering the neutron population to have a 
cosine-distribution in the axial direction. A pure time delay 
describes the out-of-core path of the DNPs. In particular, 
the “inlet” terms c0


j of the first region depend on the DNP 
population in the last region according to the following 
expression: 
 


( ) ( ) ext
j


etctc ext
j
N


j τλτ −−=0      (3) 


for j = 1,…6 
 
It is worth pointing out that the term ρ0 represents the 
positive reactivity provided in order to guarantee steady-
state conditions, thus compensating for the loss of 
reactivity due to the out-of-core decay of DNPs. 


Nominal Power 8 MWth Specific heat of secondary salt 2416 J·kg-1
·°C-1 


Power fraction generated in the salt 0.93 
Heat transfer coefficient between primary and 
secondary salt 


82800 W·°C-1 


Core active height 1.72 m Primary loop cold leg transit time 8.67 s 
Flow rate in the primary loop 171.2 kg·s-1 Primary loop hot leg transit time 5.77 s 
Mass of salt in the core 1448 kg Flow rate of air (at nominal power) 66.5 kg·s-1 


Specific heat of primary salt 1983 J·kg-1
·°C-1 Mass of salt in the radiator 403 kg 


Mass of graphite in the core 3687 kg Mass of air in the radiator 25 kg 


Specific heat of graphite 1757 J·kg-1
·°C-1 Specific heat of air 1015 J·kg-1


·°C-1 
Heat transfer coefficient between primary salt 
and graphite 


36000 W·°C-1 
Heat transfer coefficient between secondary salt 
and air (at nominal power) 


17849 W·°C-1 


Flow rate of secondary salt 105.7 kg·s-1 Secondary loop cold leg transit time 8.24 s 


Mass of salt in the heat exchanger (fuel side) 342 kg Secondary loop hot leg transit time 4.71 s 


Mass of salt in the heat exchanger (coolant side) 117 kg Inlet air temperature in the radiator  38 °C 


Salt feedback coefficient -11.03 pcm·°C-1 DNP fraction - group 1 22.8·10-5 


Graphite feedback coefficient -5.81 pcm·°C-1 DNP fraction - group 2 78.8·10-5 


DNP decay constant - group 1 0.0126 s-1 DNP fraction - group 3 66.4·10-5 


DNP decay constant - group 2 0.0337 s-1 DNP fraction - group 4 73.6·10-5 


DNP decay constant - group 3 0.139 s-1 DNP fraction - group 5 13.6·10-5 


DNP decay constant - group 4 0.325 s-1 DNP fraction - group 6 8.8·10-5 


DNP decay constant - group 5 1.13 s-1 Neutron generation time 4·10-4 s 


DNP decay constant - group 6 2.50 s-1   
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Notable attention has been placed in the modeling of 
the thermo-hydraulics of the core that has been divided in 
three radial zones (subscript k in the equations) of equal 
mass in order to take into account its radial dimension. 
Each radial zone has been axially divided in the same N 
regions (subscript i in the equations), as in the case of the 
DNP equations. In the present case, each region has been 
also divided in three computational nodes (one for the 
graphite and two for the salt). The adopted modeling 
scheme is shown in Fig. 3.  


 


 
Fig. 3. Computational scheme adopted for the modeling 


of the thermo-hydraulics in the core. 
 
In the two nodes describing the salt, the energy 


transport equation is written according to an upwind 
scheme (Eqs. (4) and (5)) [12], while a simple energy 
balance is imposed for the graphite neglecting the axial 
conduction (Eq. (6)). In each core zone, the salt flow rate 
has been imposed according to the ORNL data [13]. For 
simplicity, the fraction of fission power in every region, 
proportional to the neutron population, has been set 
considering the power to have a cosine-distribution in the 
axial direction and a Bessel-distribution in the radial 
direction.  


In the following, the equations are written according to 
the scheme here below: 
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for i = 1,…N and k = 1,2,3 
 


The temperature variations determined by the thermo-
hydraulic model of the core are used as input for the 
neutronic model by expressing the reactivity variation 
according to Eq. (7): 


 
( ) ( ) ( ) ( )tTtTtt ggssh ∆+∆+∆=∆ ααρρ      (7) 


 
The first term on the right hand side expresses the 
contribution of the control rods, whereas the other two 
terms represent the feedback on the reactivity due to the 
variation of the temperatures of salt and graphite. These 
variations have been computed by weighting the 
contribution of the mean temperature of each region 
according to the distribution of the fission power. 


The thermo-hydraulics in the heat exchanger has been 
handled in a similar way, but only one region with two 
nodes is considered for each fluid. Although this model 
cannot strictly be considered one-dimensional, the use of 
two nodes, instead of the classical one adopted in fully 
lumped models, avoids the onset of unphysical oscillations 
(see Ref. [8] for details). The equations adopted are 
resumed below: 
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The same scheme has been adopted for the modeling 
of the radiator (Eqs. (12-15)): 


 


( ) ( ) ( )


( ) ( )( )tTtT
U


tTtTc
dt


tdTcM


r
a


r
c


ac


inr
c


r
ccpc


r
ccp


r
c


−−


+





 −Γ−=


2


2


,


,


   (12) 


( ) ( ) ( )


( ) ( )( )tTtT
U


tTtTc
dt


tdTcM


r
a


r
c


ac


r
c


outr
ccpc


outr
ccp


r
c


−−


+





 −Γ−=


2


2


,


,
,


   (13) 


( ) ( ) ( )( )
( ) ( )( )tTtT


U


tTtTc
dt


tdTcM


r
a


r
c


ac


inr
a


r
aapa


r
aap


r
a


−+


+−Γ−=


2


2


,


,


   (14) 


( ) ( ) ( )( )
( ) ( )( )tTtT


U


tTtTc
dt


tdTcM


r
a


r
c


ac


r
a


outr
aapa


outr
aap


r
a


−+


+−Γ−=


2


2


,


,
,


   (15) 


 
The piping has been modeled by means of pure time 


delays. In particular, the following constraints have been 
imposed, so that the fluid inlet temperature in each 
component is function of the outlet temperature in the 
preceding component: 
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In particular, it can be noted that the inlet temperature in 
the heat exchanger has been defined as the average outlet 
temperature of the three radial zones of the core. 


The model described has been implemented using the 
software Simulink® [14].  


 
IV. ANALISYS OF THE SYSTEM DYNAMICS 


 
The power-to-reactivity frequency response of the 


system has been computed considering the response of the 
developed non-linear model to sinusoidal reactivity 
perturbations of small amplitude (1 pcm). The frequency 
response obtained has been compared with that of a 
reference model elaborated by ORNL [15]. The ORNL 
model has been expressly developed to reproduce/predict 
the dynamic behavior of the MSRE and has been assessed 
on the basis of experimental data [16]. The amplitude and 
phase diagrams of the MSRE frequency response according 
to the considered models are shown in Figs. 4, 5 and 6. 
Three different power levels have been considered. The 
comparison shows a similar response of the two models 
that predict a more damped behavior of the system as the 
power level increases. This feature is in agreement with 
experiments and can be evinced from the amplitude 
diagram, which shows that the relative power change is less 
at higher power levels. This is a typical behavior of nuclear 
reactors with negative temperature coefficients and results 
from the increase of temperature variations due to a higher 
power. 


Both the numerical models are characterized by a dip 
in the amplitude diagram at a frequency of about 0.25 rad/s, 
which results from temperature feedbacks originated by the 
salt re-entering the core. During a periodic reactivity 
perturbation at this frequency, the fuel heated in the core 
returns to it exactly one period later, thus causing a 
reactivity feedback effect that overlaps with the 
perturbation imposed. Anyhow, experiments show the 
presence of a less-evident dip. Some calculations 
performed at ORNL [17] have demonstrated that the 
theoretically predicted magnitude of the dip is function of 
the amount of salt mixing in the external part of the loop. 
This fact could in part explain the overestimation in the 
amplitude of the dip. In fact, the circulation of the fuel in 
the piping has been modeled by means of pure time delays, 
without allowing for mixing effects.  


Figures 7, 8 and 9 show the variation of power and 
temperature as function of time after a reactivity step. As 
before, three different power levels have been considered. 
At high power levels, the insertion of reactivity causes a 
steep increase of the power. Accordingly, the salt temperature 
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Fig. 4. Power-to-reactivity frequency response at 1 MWth: (a) amplitude diagram; (b) phase diagram.  
 


 
Fig. 5. Power-to-reactivity frequency response at 5 MWth: (a) amplitude diagram; (b) phase diagram.  
 


 
Fig. 6. Power-to-reactivity frequency response at 8 MWth: (a) amplitude diagram; (b) phase diagram.  
 
 


(a) (b) 


  


(a) (b) 


  


(a) (b) 


  


837







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11099 


   


 
Fig. 7. System response after a reactivity step of 13.9 pcm at 1 MWth: (a) predicted power variation and (b) salt temperatures 
at the inlet and outlet of the core; (c) experimental power variation from Ref. [16]. 
 


 
Fig. 8. System response after a reactivity step of 19 pcm at 5 MWth: (a) predicted power variation and (b) salt temperatures at 
the inlet and outlet of the core; (c) experimental power variation from Ref. [16]. 
 


 
Fig. 9. System response after a reactivity step of 24.8 pcm at 8 MWth: (a) predicted power variation and (b) salt temperatures 
at the inlet and outlet of the core; (c) experimental power variation from Ref. [16]. 
 


(a)   (b)     (c) 


 


(a)   (b)      (c) 


 


(a)   (b)      (c) 


 


838







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11099 


   


increases and the temperature feedbacks make the power 
decrease until a plateau is reached, where the temperature 
feedbacks counter-balance the initial insertion of reactivity. 
During this period, the inlet temperature of the salt in the 
core is constant, as can be noted in (Figs. 7(b), 8(b) and 
9(b)). At about 17 seconds, the salt heated up during the 
initial power peak reenters the core after its circulation in 
the out-of-core part of the primary loop. The temperature of 
the salt in the core increases and the temperature feedbacks 
on the reactivity forces the power to a second steep 
decrease. The comparison of the three responses shows that 
the behavior of the system becomes more sluggish as the 
power level decreases. This is coherent with the frequency 
responses reported in Figs. 4, 5 and 6, which clearly indicate 
that at low power the low frequencies are more amplified 
with respect to the high frequencies, while the opposite is 
true at high power. 


The agreement between the developed model and the 
ORNL model is satisfactory. The comparison with the 
experimental data shows a more damped behavior of the real 
system. According to preliminary analyses discussed in 
Ref. [8], this difference is imputable to the assumptions 
adopted for the distribution of the power and of the 
“neutron importance” (i.e., the weight associated to the 
feedback coefficients) in the different regions of the core. 
Moreover, a discrepancy could exist in the actual 
temperature reactivity coefficients with respect to those 
ones adopted in the numerical models. Finally, in the 
numerical models, the steeper power decrease, when the 
hot salt reenters the core after 17 seconds, is probably 
caused also by the lack of mixing effects, as pointed out 
above. All these aspects need further investigation.  


 
V. PRELIMINAR ANALYSIS OF THE MSRE 


CONTROL STRATEGY  
 


The strong negative temperature feedback coefficients 
make the MSRE a self-stabilizing system that does not tend 
to run away following power changes. This noticeable 
feature makes possible the operation of the system 
according to a reactor-following mode (i.e., the power level 
is controlled varying the air mass flow rate in the radiator). 
This control strategy was that one adopted during the 
MSRE operative period. Only little adjustment of the 
power level was performed manipulating the regulating 
rod. Actually, as can be noticed from Figs. 7(a), 8(a) and 
9(a), reactivity changes provided by the control rods are 
not very effective in varying the power level because of the 
strong temperature feedbacks. The main role of the control 
rods was indeed for the scram of the reactor. 


As far as the control strategy during normal operation 
is concerned, a main requirement of the system is related to 
the molten salt temperatures, which have to remain above 
450°C in order to keep the salt mixtures in a liquid state. 
This requirement places some limits on the increase of the 


air flow rate at the radiator when an increase of the power 
level is required. In fact, an increase of the air mass flow 
rate causes first of all a decrease of the cold leg 
temperature of the secondary loop.  


In order to analyze the safety margin with respect to 
the salt temperature in the cold leg of the secondary loop, 
the developed model has been equipped by a feedback 
control scheme, with a PI (Proportional-Integral) controller 
that acts on the air flow rate in the radiator (Fig. 10). The 
control law is reported in Eq. (20): 


( ) ( ) ( ) ττεε dKtKt
t


ipa ∫+=Γ
0


 (20) 


 
with ε(t)=Pref(t)-P(t).  
The integral and proportional gains of the controller have 
been imposed on the basis of a preliminary parametric 
study. The adopted values are Ki=0.2 and Kp=0.5. 
The analyses have been carried out using the control 
toolbox provided by Simulink® [14]. In particular, the 
worst operating transient has been considered, where the 
power is increased from its nominal value (i.e., 8 MWth) to 
about 11 MWth, that was the maximum power allowed in 
the MSRE before a scram. The results are shown in Fig. 11. 
As can be noticed, the salt temperature at the new power 
level is about 40°C higher than the limit of 450°C. 


In the present modeling, the mass flow rates in the 
primary and secondary loops are considered constant but 
their variation can represent an effective control strategy. 
As a matter of fact, there is a recent graphite-moderated 
MSR design, the Japanese FUJI, which has been developed 
to operate with variable salt flow rate in the primary loop 
[5].  
 


 
Fig. 10. Control scheme adopted for the analysis. 
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(a) 


 
(b) 


 
 


Fig. 11. Reactor-following control mode: (a) power and  (b) 
coolant temperature in the cold leg of the secondary loop.  
 


 
VI. CONCLUSIONS 


 
In the present paper, a preliminary investigation of the 


modeling issues related to dynamics and control of 
graphite-moderated MSRs is discussed. A numerical model 
has been developed, able to take into account peculiar 
effects of MSRs such as the delayed neutron precursor 
(DNP) drift and the subsequent out-of-core decay.  


The developed model has been compared with an 
ORNL model expressly elaborated to reproduce/predict the 
dynamic behavior of the MSRE, as well as with 
experimental data. The developed model resulted to be in 
good agreement with the ORNL model, while some 
discrepancy has been pointed out with respect to the 
experimental data. Some of these discrepancies are 
imputable to the assumptions adopted for the distribution of 
the power and the “neutron importance” in the different 
regions of the core, as well as to some inaccuracy in the 
chosen coefficients. Also mixing effects in the external part 
of the primary circuits could play an important role. 


A preliminary analysis of the control strategy has been 
also carried out considering a reactor/slave radiator/master 
control, confirming this strategy as a safe and effective one. 
Other control strategies are possible (e.g., by using variable 
flow rate in the primary loop), but they require further 
investigation. 


NOMENCLATURE 
 


c DNP population [-] 
cp specific heat [J·kg-1


·K-1] 
Ki integral gain of the PI controller [-] 
Kp proportional gain of the PI controller [-] 
M mass [kg] 
N number of axial core regions [-] 
n neutron population [-] 
P power [W] 
T temperature [K] 
t time [s] 
U overall heat transfer coefficient [W·K-1] 
 
Greek symbols 
α temperature coefficient of reactivity [K-1] 


β DNP fraction [-] 


γ fraction of power generated in the salt [-] 


Γ mass flow rate [kg·s-1] 
ε error signal between actual and reference power [W] 


λ DNP decay constant [s-1] 


Λ neutron generation time [s] 


ρ reactivity [-] 


ρh reactivity insertion through control rods [-] 


ρ0 reactivity compensation at steady-state [-] 


τ transit time [s] 


 
Subscripts and superscripts 
a air  
c coolant (secondary loop) 
cold leg cold leg 
core core 
ext external part of the primary loop 
g graphite 
h.e. heat exchanger 
hot leg hot leg 
i core ith axial region  
in region inlet  
j j th DNP group 
k core kth radial zone 
out region outlet 
p.l. primary loop 
r radiator 
s fuel salt (primary loop) 
s.l. secondary loop 
  
∆ indicates variation. 


 
 


 


840







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11099 


   


REFERENCES 
 


1. GENERATION IV INTERNATIONAL FORUM, “A 
Technology Road Map for Generation IV Nuclear 
Energy Systems,” US DOE Nuclear Energy Research 
Advisory Committee and The Generation IV 
International Forum, GIF-002–00 (2002). 


 
2. GIF2008, “Generation IV International Forum - 2008 


Annual Report”. 
 
3. H. G. MACPHERSON, “The Molten Salt Reactor 


Adventure,” Nuclear Science and Engineering, 90, 
374-380 (1985). 


 
4. C. RENAULT and M. DELPECH, “Review of Molten 


Salt Reactor Technology - MOST final report,” 
European Commission, 5th Euratom Framework 
Programme (2005). 


 
5. K. FURUKAWA et al., “A Road Map for the 


Realization of Global-Scale Thorium Breeding Fuel 
Cycle by Single Molten-Fluoride Flow,” Energy 
Conversion and Management, 49, 1832-1848 (2008). 


 
6. D. LEBLANC, “Molten Salt Reactors: A New 


Beginning for an Old Idea,” Nuclear Engineering and 
Design, 240, 1644-1656 (2010). 


 
7. A. CAMMI et al., “Transfer Function Modeling of 


Zero-Power Dynamics of Circulating Fuel Reactors,” 
Journal of Engineering for Gas Turbines and Power, 
133, 052916-1–8 (2011). 


 
8. C. FIORINA et al., “Development of a Simulation 


Tool for a Preliminary Analysis of the MSR Core 
Dynamics,” Proceedings of the International 
Conference Nuclear Energy for New Europe 2010, 
Portoroz, Slovenia (2010). 


 
9. C. GUERRIERI et al., “A Multi-Physics Numerical 


Model for the MSR Core Dynamics,” Proceedings of 
the International Conference Nuclear Energy for New 
Europe 2010, Portoroz, Slovenia (2010). 


 
10. R. B. BRIGGS, “Molten-Salt Reactor Program Semi-


annual Progress Report,” Oak Ridge National 
Laboratory Technical Report, ORNL-3708 (1964). 


 
11. B. SPINELLI, “Preliminary Analysis of the MSRE 


Dynamic Behaviour,” M.Sc. Thesis, Politecnico di 
Milano, Milan, Italy (2010). 


 
 


12. A. QUARTERONI et al., “Numerical Mathematics,” 
Springer, New York (2000). 


 
13. R. J. KEDL, “Fluid Dynamic Studies of the Molten-


Salt Reactor Experiment (MSRE) Core,” Oak Ridge 
National Laboratory Technical Report, ORNL-3229 
(1970). 


 
14. SIMULINK ® software, The MathWorks, Inc. (2008). 
 
15. S. J. BALL and T. W. KERLIN, “Stability Analysis of 


the Molten-Salt Reactor Experiment,” Oak Ridge 
National Laboratory Technical Report, ORNL-TM-
1070 (1965). 


 
16. R. C. STEFFY, Jr., “Experimental Dynamic Analysis 


of the MSRE with 233U Fuel,” Oak Ridge National 
Laboratory Technical Report, ORNL-TM-2997 
(1970). 


 
17. R. C. STEFFY, Jr. and P. J. WOOD, “Theoretical 


Dynamic Analysis of the MSRE with 233U Fuel,” Oak 
Ridge National Laboratory Technical Report, ORNL-
TM-2571 (1969).  


841








Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11374 
 
 


Photoelectrochemical Approach for Understanding  
the Radiation Enhanced Corrosion of Zr Alloy in a Simulated BWR Water 


 


Young-Jin Kim 


GE Global Research Center 
1 Research Circle 


Schenectady, NY 12309, USA 
Tel: 518-387-6592, Fax: 518-387-7007, Email: kimyj@ge.com 


 
 


Abstract - A form of radiation enhanced corrosion known as “shadow corrosion” has 
been known to adversely affect the performance of fuel cladding alloy within a reactor 
core during the operation of BWRs.  The exact mechanism for shadow corrosion is not 
known, but shadow corrosion has been observed when a Zr alloy is proximate to or in 
direct contact with a dissimilar metal (e.g., Alloy 750) in BWRs. 
 
Shadow corrosion is a performance and reliability concern in the nuclear industry.  
However, shadow corrosion has only been observed in-reactor and has not been 
demonstrated to occur in laboratory environments.  As a result, the development of 
mitigating designs is cumbersome, time consuming, and expensive, because such 
development necessarily involves in-reactor testing.  Thus, the photoelectrochemical 
method was developed to understand the fundamental mechanism of radiation enhanced 
shadow corrosion at laboratory and eventually its mitigation method can be developed. 
 
This paper describes the photoelectrochemical method for measuring the corrosion 
characteristics of Zr alloys and Alloy X-750 in 0.01M Na2SO4 at 25oC and in high purity 
water at 300oC under ultraviolet (UV) irradiation and determining the occurrence of 
shadow corrosion phenomena on Zr alloy under simulated BWR water chemistry 
conditions. 


 


I. INTRODUCTION 
 
 Zirconium alloys have been used mot 
extensively as a fuel cladding materials for water-
cooled reactors.  Considerable researches have 
done into insuring that zirconium alloys are 
corrosion resistant in high temperature water and 
steam [1].  Zirconium reacts with high 
temperature water and steam to form ZrO2 and 
hydrogen:  On corrosion-resistance material the 
initial oxide is substoichiometric in O2 and is 
black, adherent, and a semiconductor.  However, 
with continued exposure the oxide film 


eventually is converted to stoichiometric ZrO2 
which is white, loosely adherent, and an insulator.  
The crystal structure of the oxide film before and 
after transition is monoclinic.  Film growth prior 
to transition is believed to be by oxygen ion 
migration inward via anion vacancies in the oxide. 
 


There have been instances of control 
blade operational difficulties in certain BWR 
plants due to increased fuel channel bow, beyond 
that expected from fast fluence gradient-induced 
differential growth or relaxation of fabrication-
induced stresses [2, 3].  Characterizations of the 


2272







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11374 
 
 
channel bow condition have been conducted for a 
number of plants.  The review of channel 
operation history indicates that shadow corrosion 
due to exposure of the channel to the stainless 
steel control blade casing, particularly early on 
during the channel operational history, is a major 
factor.  However, how shadow corrosion leads to 
eventual channel bow is not well understood.  
Improved understanding in a number of areas is 
required in order to mitigate channel bow due to 
shadow corrosion.  Available information shows 
that shadow corrosion occurs in a radiation 
environment and between dissimilar materials, 
i.e., different corrosion potentials.  There is, 
however, no readily available method for 
assessing the relative susceptibility among 
different potential channel materials.   
 
 Lysell et al argue that the most likely 
cause of shadow corrosion is the theory of 
galvanic corrosion [4], and also state that the 
reason shadow corrosion is not reproducible in 
autoclave (out-of-pile) tests is because of the 
photoconductivity effect caused by reactor 
produced radiation on the Zr alloy component.  It 
is also interesting to note that a crevice geometry 
formed between Zircaloy and the different metal 
component (Alloy X-750) contributed to the 
shadow corrosion [5].  Recently, Adamson 
summarized the variables influencing shadow 
corrosion, mainly from field observations [6].  
Firstly, Adamson confirms that shadow corrosion 
occurs only under radiation in a reactor and was 
never reproduced in autoclave laboratories.  He 
also lists possible mechanisms by which radiation 
assist the shadow corrosion process, (1) increase 
the conductivity of the oxide film on the Zr alloy, 
(2) increases the conductivity of the water by 
ionizing it and (3) accelerates the reaction of the 
reduction of molecular oxygen to form hydroxyl 
anions.  Recently, author and co-authors have 
developed the advanced electrochemical method  
by using a UV light for examining the 
photoelectrochemical characteristics of various 
alloys at high temperature [7]. 


 
 The purpose of this paper is to investigate 
the photoelectrochemical corrosion characteristics 
of Zr and other alloys under UV irradiation by 
measuring the corrosion potential, impedance and 
galvanic corrosion behavior, and the possible 
mechanism is proposed for a better understanding 
of shadow corrosion phenomena in BWRs. 
 
 


II. EXPERIMENTAL PROCEDURES 
 
 Alloy X-750, 304 SS and Zircaloy 2 
alloys in sheet form were used.  Specimens of 
1.25cm x 1.25cm x 0.12cm were cut from them 
and then polished using a wet 600-grit emery 
paper.  Specimens for electrochemical 
measurement were spot welded to a 
polytetrafluorethylene (PTFE) insulated 304 SS 
or Zircaloy wire, which were mounted in a Conax 
fitting. 
 
 Water in the loop was purified through a 
demineralizer, an organic removal column, and a 
sub-micron filter before passing into a 1-gallon 
(3.78 liter) glass conditioning column.  The water 
was equilibrated with appropriate mixtures of Ar, 
O2, and H2 to establish the desired water 
chemistry.  A platinum flag electrode was used to 
monitor the effective redox potential of the water.  
Electrochemical measurements in high 
temperature water were conducted in a 1-gallon 
(3.78 liter) SS autoclave by controlling the water 
chemistry conditions at a water flow rate of 100 
cc/min. 
 
 Electrochemical measurements were 
conducted using a Gamry Reference 600 
Potentiostat/Galvanostat/ZRA to evaluate the 
electrochemical response of oxide layers in 
0.01M Na2SO4 solution at 25oC or in pure water 
at 300oC.  The saturated calomel electrode (SCE) 
and a Pt foil electrode were used as a reference 
electrode and a counter electrode, respectively, at 
25oC.  In high temperature water, electrochemical 
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measurements were performed using a zirconia 
high temperature pH sensor with a 
copper/cuprous oxide internal junction as a 
reference electrode, with an Agilent Model 
34970A electrometer.  The measured values were 
converted to the standard hydrogen electrode 
(SHE) scale on the basis of the calculated 
potential for the zirconia sensor in neutral water. 
 
 Photoelectrochemical response of oxidized 
surface was evaluated by introducing the UV light to 
the specimen through optical fiber glass.   An Expo 
OmniCure Series 2000 was used as a UV light 
source.  The test specimen was irradiated through the 
sapphire window.  A thin diamond disk made by 
chemical vapor deposition (CVD) was placed on the 
top of sapphire window to protect it from dissolution 
in high temperature water and did not affect the UV 
intensity. 
 


III. RESULTS AND DISCUSSION 


III.A. Fundamental of Photoelectrochemistry 
 
 Characterization of oxide films formed on 
metals and alloys has been the subject of study 
for many years because the chemical and physical 
properties of oxide films can alter the mechanism 
and kinetics of the corrosion processes.  The 
oxide films formed on metals and alloys exhibit 
semiconductive properties and photo-
electrochemical method can be used to 
characterize the electrical property and 
consequently their susceptibility to general or 
localized corrosion [8, 9].  The 
photoelectrochemical behavior of oxide films is 
largely influenced by their electronic properties.  
If light of a suitable energy, hv, is absorbed by the 
oxide film, electrons can be excited from 
occupied electric states into unoccupied ones. 
 
 One of the typical phenomena related to 
semicondcutivity is the photo-effect.  The 
concentration of carriers near the surface is 
increased by illumination.  Illumination can 


create holes and electrons in the oxide if the 
incident photon’s energy is large enough.  The 
created holes and electrons flow in opposite 
directions because of the electric field in the 
oxide.  The created holes are strong oxidizing 
agents that can oxidize H2O or OH- groups to O2 
and electrons reduce H+.  This mechanism is 
generally used to explain the photocurrents 
generated from semiconductors immersed in 
solutions and also for anodic photocurrents on 
metals. 
 
 Depending on the properties of the oxide 
film with respect to its conduction type, different 
energetic conditions can be distinguished for an 
n-type or p-type semiconducting or an insulating 
film.  Under the conditions of a depletion layer 
buildup at the film-solution interface in a 
semiconducting film, the electron/hole pair is 
separated in the electric field of the space charge 
layer.   
 
 In a p-type semiconducting film, the 
electron migrates to the surface from where it can 
react with an unoccupied (acceptor) state in the 
electrolyte which is represented by an oxidized 
chemical species.  The hole flows to the backside 
contact and the resulting current is cathodic.  In 
an n-type oxide, illumination produces an anodic 
current because holes migrate to the oxide surface, 
reacting with occupied (donor) state and electrons 
move back. 
 
 Since the generation of a photocurrent 
depends on the presence of an electric field in the 
oxide, there will be usually be a photopotential 
where thee electric field goes to zero and the 
photocurrent disappears.  In a crystalline 
semiconductor, this zero photocurrent potential is 
the so-called “flat-band potential”. 
 


III.B. Corrosion Potential Behavior 
 
 The presence of light source of a short 
wavelength (e.g., Cherenkov radiation) would 
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alter the corrosion potentials of n-type 
semiconducting ZrO2 formed on zirconium alloys 
or p-type semiconducting oxide formed on Alloy 
X-750 [10].  Figure 1 shows the effect of UV 
light on the ECP of Zircaloy 2, 304 SS and Alloy 
X-750 in 0.01M Na2SO4 at 25oC.  Test specimens 
have been preoxidized for 4 weeks in 300oC 
water containing 1.1ppm O2.  As shown in Figure 
1, when the UV light was turned on, the corrosion 
potential of Zircaloy 2 immediately decreased 
and then increased when the UV illumination 
stopped.  In contrast, the corrosion potential of 
Alloy X-750 increased when the UV light was 
turned on.  It is known that the oxides become 
more conductive in the radiation field, since 
photons at UV and higher energies excite 
electrons from the valence band to the conduction 
band where they are free to move [9]. 
 


 
Figure 1 -Effect of UV illumination on corrosion 
potential behavior of Zircaloy 2, 304 SS and 
X750 electrodes in 0.01M Na2SO4 solution at 
25oC.  Test electrodes have been pre-immersed 
for 4 weeks in 300oC water containing 1.1ppm O2. 
 
 Therefore, it may be postulated that the 
difference of corrosion potential between 
Zircaloy 2 and Alloy X-750 becomes larger in the 
presence of UV light and consequently enhances 
the susceptibility of galvanic corrosion between 
Zircaloy 2 and X-750.  The effect of UV 
irradiation on the ECP of Zirclaoy 2 and Alloy X-
750 were also measured in 300oC water 
containing 1.1ppm O2.  As shown in Figure 2, 


UV irradiation increases the ECP of Alloy X-750 
and decreases the ECP of Zircaloy 2, suggesting a 
larger ECP separation between Alloy X-750 and 
Zircaloy 2 under in-core water chemistry 
condition and consequently results in a higher 
susceptibility to galvanic corrosion. 
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Figure 2-ECP of X750 and Zircaloy 2 electrodes 
in 300oC water containing 1.1ppm O2 with and 
without UV illumination.   


 
III.C. Galvanic Corrosion Behavior 


 
 Galvanic corrosion may occur when two 
different metals in contact (or connected by an 
electrical conductor) are exposed to a conductive 
solution.  A difference in electrical potential 
exists between different metals, and serves as the 
driving force to pass current through the metals.  
This current flow results in increased corrosion of 
one of the metals in the couple.  The larger the 
potential difference between two metals, the 
greater the possibility of galvanic corrosion.  
Note that galvanic corrosion only causes 
increased deterioration of one of two metals.  
Galvanic corrosion can often be recognized by 
the increased amount of corrosion close to the 
junction of two metals. 
 
 Photoelectrochemical tests of Zr alloys at 
ambient temperature using monochromatic xenon 
light have been reported [11].  They observed a 
photocurrent response upon UV illumination and 
also observed the effect of oxide surface and 
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applied potential on the amount of photocurrent.  
However, photoelectrochemical characteristics of 
Zr oxides have not been evaluated in high 
temperature and high purity water. 
 
 Figure 3 shows the galvanic current 
response of Zircaloy 2 coupled with Pt, X-750, 
304 SS, Zircaloy 2 or pure Zr electrode in 0.01M 
Na2SO4 at 25oC.  All specimens were fully pre-
oxidized in 300oC water as described previously.  
An anodic electrode is Zircaloy 2 and a cathodic 
electrode is Pt, X-750, 304 SS, pure Zr or another 
Zircaloy 2 electrode.  When the coupled 
specimens were illuminated by the UV light, the 
galvanic current immediately increased or 
decreased.  The most saturated galvanic current 
was measured on Zircaloy 2 coupled with Pt.  No 
galvanic current was measured on Zircloy 2 
coupled with another Zircaloy 2.  The positive 
galvanic current indicates the galvanic current 
flow from Zircaloy 2 to Pt, Alloy X-750, or 304 
SS electrode, indicating the anodic corrosion of 
Zircaloy 2. 
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Zry2-X750


Zry2-304SS
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Zry2-Zry2


 
Figure 3-Galvanic current response of Zircaloy-
X750, Pt, 304 SS, or Zircaloy 2 coupling in 
0.01M Na2SO4 at 25oC with and without UV 
illumination. 
 
 It is interesting to note that, as shown in 
Figure 3, the negative current flow was measured 
when Zircaloy 2 coupled with pure Zr was 
illuminated with the UV light.  This negative 
current can be explained by the current flow from 


pure Zr to Zircaloy 2 due to the lower corrosion 
potential of pure Zr than Zircaloy 2.  The 
presence of small amounts of alloying elements, 
Sn, Fe, Cr, and Ni, increase the electric 
conductivity through the oxide layer and hence 
increases the corrosion potential of Zircaloy 2.  A 
galvanic current of coupled electrodes was also 
measured in 300oC water containing 1.1ppm O2 
and is shown in Figure 4.  This galvanic current 
behavior is very similar to one measured at 
ambient temperature. 
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Figure 4-Galvanic current of Zircaloy 2 coupled 
with Alloy X-750, 304 SS or Pt electrode in 
300oC water containing 1.1ppm O2 with and 
without UV illumination. 


 
 


IV. CONCLUSION 
 
 The photoelectrochemical behavior of 
oxides formed on Zircaloy 2 and other alloys was 
investigated by measuring the corrosion potential, 
galvanic current and impedance with and without 
UV illumination.  UV illumination shifted the 
corrosion potential of Zircaloy 2 to the negative 
direction, while the corrosion potential of Alloy 
X-750 or 304 SS to the positive direction.  It was 
also revealed that the UV illumination increased 
the galvanic current of Zircaloy 2 coupled with 
dissimilar alloys, e.g., Alloy X-750, 304 SS or Pt.  
This result indicates the possible susceptibility of 
galvanic corrosion, when these alloys are in 
contact. 
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Abstract – FLICA-OVAP is an advanced two-phase flow thermal-hydraulics code based on a full
3D subchannel approach. It is designed to analyze flows in Light Water Reactors (LWRs) cores
such as PWRs, BWRs and experimental reactors. Therefore its applicability covers all ranges of
operating conditions for water-cooled reactors.
The FLICA-OVAP code includes several models, to adapt to the needs associated to different
core concepts and multiple industrial and research applications. The set of models includes a
Homogeneous Equilibrium Model (HEM), a four-equation drift flux model, a two-fluid model and
a more general multi-field model. Several correlations are available to account for momentum,
heat and mass transfer phenomena, as well as turbulence effects.
This paper presents an overview of FLICA-OVAP modelling capabilities for applications in nu-
clear reactors design and safety analysis. A validation matrix is proposed and its results are pre-
sented. The matrix covers a wide range of selected phenomena, which are relevant for thermal-
hydraulics studies. Therefore the different FLICA-OVAP physical correlations addressed in the
current study include single phase and two-phase friction factors, single phase and boiling heat
transfer, turbulence and critical heat flux.
Results of the FLICA-OVAP validation studies highlight the capabilities of the code to well-predict
two-phase flows in Light Water Reactors for both normal operation and under accidental circum-
stances. Future developments as well as validation activities are also summarized.


I. INTRODUCTION


The FLICA-OVAP1 code is being developed at the Com-
missariat à l’énergie atomique et aux énergies alternatives
- France (CEA) to answer various needs in nuclear reactor
core modelling. The code is based on a series of solvers
that adapt to the requirements associated with analysis of
different core concepts and multiple industrial and research
applications.


FLICA-OVAP predecessor, FLICA-42, has been
largely used for nuclear core safety and design analysis:
its development relied on a large verification and valida-
tion database. However, FLICA-4 is based solely on a four-
equation model and is written in an aging programming lan-
guage. Hence, the FLICA-OVAP platform has been cre-
ated and developed to progressively replace FLICA-4. It
is written in C++, and several new models have been im-
plemented in the platform: an Homogeneous Equilibrium


Model (HEM), a four-equation drift flux model similar to
FLICA-4’s, a six-equation two-fluid model and a more gen-
eral multi-field model. In order to validate the new mod-
els, FLICA-OVAP benefits from FLICA-4 large database of
experiments as well as new tests. Validation of the code
consists of testing all of the physical correlations used in
FLICA-OVAP and assessing the calculated physical quanti-
ties compared to experimental data. In this paper, validation
of the four- and six-equation model is presented. The val-
idation matrix was built such that it could cover the widest
range of operating conditions as well as conditions of ac-
cidental scenarios. Studies therefore cover both 1D and
3D flows. One dimensional test sections are single chan-
nels, heated or not. Three dimensional test sections are both
bundle geometries and rectangular channels accounting for
LWR assemblies and plate-type fuel reactors. Pressure and
mass flux ranges of the selected experiments are represen-
tative of both Boiling Water Reactors and Pressurized Wa-
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Nomenclature T temperature (K)
Vg j drift velocity (m·s−1)


c vapor concentration x vapor quality = Qv/Q
Cp heat capacity (J·kg−1·K−1) xeq equilibrium quality
C0 distribution parameter
Dh hydraulic diameter (m) Greek letters
Dheat heating diameter (m)
E total energy (J·kg−1) α void fraction
g acceleration due to gravity (m·s−2) Γ mass transfer rate (kg·m−3·s−1)
G mass flux (kg·m−2·s−1) δ droplet diameter (m)
h heat transfer coefficient λ thermal conductivity (W·m−1·K−1)
h enthalpy (J·kg−1) µ dynamic viscosity (kg·m−1·s−1)
h f g latent heat of vaporization (J·kg−1) ρ density (kg·m−3)
hlv hv−hl (J·kg−1) σ surface tension (N·m−1)
hx flow enthalpy (J·kg−1) τi interfacial friction (N·m−3)
H total enthalpy (J·kg−1) φ 2


`o two-phase frictional multiplier
Nu Nusselt number χv fraction of flux for vaporization
P pressure (Pa)
q
′′


heat flux (W·m−2) Subscripts
qki interface to phase k heat transfer (W·m−3)
qw volumetric power from wall to fluid (W·m−3) i interface
qwk volumetric power from wall to phase k (W·m−3) in inlet
qwik vol. power from wall to interface/phase k (W·m−3) k phase k
Q mass flow rate (kg·s−1) ` liquid phase
Pr Prandtl number out outlet
Re Reynolds number sat saturation
u mixture velocity (m·s−1) t turbulent
ur relative velocity (m·s−1) v vapor phase
t time (s) w wall


ter Reactors. Plate-type experimental set-up are similar to
flow channels in experimental and naval propulsion reac-
tors. The different FLICA-OVAP physical correlations clo-
sure models addressed in the current study include single
phase and two-phase friction factors, single phase and boil-
ing heat transfer, turbulence, drift velocity and critical heat
flux.


First, the two main models are described: the drift-flux
four-equation model and the six-equation two-fluid model.
The balance equations are formulated and the solutions cho-
sen for the closure problem are presented. The main features
of the validation matrix are then formulated. The core of the
paper presents the experiments used to benchmark FLICA-
OVAP, the selected models and the results associated. The
five benchmark experiments which have been selected are
CISE, Bartolomei, Bennett, BFBT and DEBORA. When as-


sessed, the six-equation model tends to give the best results.


II. The FLICA-OVAP code


II.A. Physical modelling


To provide a relevant answer to different core concepts and
multiple industrial applications, several models coexist in
the FLICA-OVAP platform: the Homogeneous Equilibrium
model, the drift flux model, the two-fluid model, and finally,
a general multifield model, with a variable number of fields
for both vapor and liquid phases. For each model, an adapted
set of closure laws is proposed concerning mass and heat
transfer, interfacial and wall forces, and turbulence. In this
section, we describe in details the two models assessed in
the present validation matrix: the drift flux model and the
two-fluid model.
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II.A.1. Four-equation drift-flux model


The four-equation drift-flux model of FLICA-OVAP comes
directly from FLICA-4 code3. To simplify the equations,
the model is presented without taking into account porosity.
The three balance equations for the mixture read:
• mixture mass conservation


∂


∂ t
( ∑


k=v,`
αkρk)+∇ · ( ∑


k=v,`
αkρkuk) = 0, (1)


• mixture momentum balance


∂


∂ t
( ∑


k=v,`
αkρkuk)+∇ · ( ∑


k=v,`
αkρkuk⊗uk)+∇P


−∇ · ( ∑
k=v,`


αkτk) = ρg+Fw (2)


• mixture energy balance


∂


∂ t
( ∑


k=v,`
αkρkEk)+∇ · ( ∑


k=v,`
αkρkHkuk)


−∇ · ( ∑
k=v,`


αkqk) = qw +ρg ·u (3)


In these equations, αk, ρk, uk, Ek, Hk are respectively
volume fraction, density, velocity, total energy and total en-
thalpy for the phase k. P is the pressure, ρ = ∑k=v,` αkρk
the mixture density, g the gravity vector and Fw the fric-
tion forces. τk represents the viscous and Reynolds stress
terms for the phase k, qk includes molecular and turbulent
heat fluxes, and qw is the volumetric source term of thermal
power. Thermal disequilibrium is taken into account by an
additional balance equation:


∂


∂ t
(αvρv)+∇ · (αvρvuv)−∇ · (Kc∇c) = Γv (4)


where c = αvρv/ρ is the vapor concentration, Kc represents
a diffusion term for the concentration and Γv` the mass ex-
change rate. Relative velocity between vapor and liquid
ur = uv−ul is given by a drift flux correlation. The model
is closed by a general equation of state for each phase:


ρk = ρk(P,hk), for k = v, ` (5)


and by the assumption that the vapor is at saturation temper-
ature in presence of liquid: hv = hv,sat(P).


For the most part, correlations for this model (wall
transfer, mass exchange, ...) are the same as FLICA4 code
and have been described in Royer et al.3.


Mass transfer. In equation (4), the mass exchange Γv is
the sum of the vapor generation on the wall Γwv and the
evaporation or condensation within the bulk flow Γvl .


Γwv is modeled by a coefficient χv witch represents the
heat flux fraction for the vaporization:


Γwv =
χvq


′′


h f g
· 4


Dheat
(6)


The calculation of χv completes the definition of the
wall heat exchange coefficients h to form the comprehensive
model of the heat exchange.


The mass exchange term Γv` is given by:


Γv` =
qv`


hv−h`
(7)


where qv` is the heat transfer rate between the phases.


Wall temperature. Wall temperatures are estimated on
the basis of the bulk temperature and the heat transfer co-
efficient as


Tw = Tb +
q
′′


h
= Tb +


q
′′


Nuλ/Dh
(8)


The Nusselt number and the bulk temperature depend on the
heat transfer regime. In particular, four different regimes
can be distinguished: single-phase convection heat transfer,
subcooled nucleate boiling (SNB), saturated nucleate boil-
ing (SANB) and eventually post critical heat flux heat trans-
fer (post-CHF).


For single-phase heat transfer and subcooled nucleate
boiling, bulk temperature is equal to the liquid phase tem-
perature, whereas in saturated nucleate boiling it is the sat-
uration temperature. The single-phase heat transfer coeffi-
cient is obtained by the Dittus-Boelter correlation. The onset
of significant void (OSV), which is the transition between
single-phase heat transfer and SNB can be predicted with
Forster and Grief correlation4 at low pressure or Jens and
Lottes correlation5 at high pressure. Both correlations al-
low estimating the minimum wall superheating required to
achieve net vapor generation. Vapor generation starts when
wall temperature estimated with Dittus-Boelter correlation
exceeds this value, vapor generation onsets at walls and the
wall temperature is estimated by the Jens and Lottes model
for the tests cases in the validation matrix.


In post-CHF conditions, the choice of correlation de-
pends on the boiling characteristics, whether it is IAFB (in-
verted annular film boiling) or DFFB (dispersed flow film
boiling). These solutions are detailed in section III.C..
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Pressure drop. Friction Fw is the sum of two effects:


• singular friction due to assembly grids or other pressure
drops Fsing


Fsing =−1
2


ρK sing||u||u (9)


where K sing is an antisymmetric tensor.


• the distributed friction on wall Ffrict:


Ffrict =− 1
2Dh


ρ


 f X
w


f Y
w


f Z
w


 ||u||u (10)


Friction terms in equation (10) are divided into three
components: an isothermal friction factor fiso, a heating wall
correction factor fheat and the two-phase multiplier f2φ .


fw = fiso× fheat× f2φ (11)


The two-phase flow multiplier in FLICA-OVAP is of
the form:


f2φ = 1+
(
φ


2
`o−1


)(
1+


Dheat


Dh
Cφ q


′′
)


(12)


where φ 2
`o is the adiabatic two-phase frictional pressure drop


multiplier and Cφ a constant accounting for heat flux.


Drift-flux correlations. FLICA-OVAP includes several
Zuber-Findlay type correlations in order to estimate the rel-
ative velocity ur between vapor and liquid phases. The gen-
eral form of these correlations is:


uv = C0〈j〉+ 〈〈vg j〉〉= C0〈j〉+Vg j (13)


where C0 is the distribution parameter, 〈j〉 = αuv + (1−
α)u` the area-averaged total volumetric flux and Vg j is
the void-weighted area-averaged drift velocity. Chexal-
Lellouche correlation6 and a correlation derived from Ishii7


are implemented because they are suitable for many flows
conditions. For bubbly flows, the distribution parameter C0
of the Ishii-type correlation in FLICA-OVAP has the follow-
ing form:


C0 =
[
C∞ +(1−C∞)


√
ρv/ρ`


](
1− e−ζ α


)
(14)


where C∞ and ζ are constants, and the three-dimensional
drift velocity is


Vg j =−C1


(
σ ||g||(ρ`−ρv)


ρ2
`


)1/4


(1−α)θG
g
||g||


(15)


where C1, and θG are model constants, and σ is the surface
tension.


Diffusion effects. The tensor τk for viscous and turbulent
effects is defined for each phase by:


τ
i j
k = µk(1+Mi j


t,k)


(
∂ui


k
∂x j


+
∂u j


k
∂xi
− 2


3 ∑
l=x,y,z


∂ul
k


∂xl
δi j


)
(16)


where µkMi j
t,k is a turbulent viscosity (i and j account for the


x, y, and z directions). For practical applications, turbulent
viscosity is limited to the liquid phase. The anisotropic for-
mulation used for turbulent conditions is:


Mi j
t,` = Mi j


t0 (Re−Ret)bM fM( f2φ ) (17)


where Re = GDh/µl is the Reynolds number, Mi j
t0, bM and


Ret are parameters and fM( f2φ ) a function of the two-phase
frictional multiplier.


Molecular and turbulent heat fluxes are written as:


∑
k=v,`


αkqk =
λ`


Cp`


(1+K t,`)∇hx (18)


where hx = xhv +(1−x)h` is the flow enthalpy based on the
quality x. Turbulent conductivity coefficients Ki j


t,` are:


Ki j
t,` = Ki j


t0(Re−Ret)bK fK( f2φ ) (19)


where Ki j
t0, bK and Ret are parameters. In the following si-


mulations, Kt0 and Kc (see eq. (4)) are equal.


II.A.2. Six-equation two-fluid two-phase flow model


In three dimensions, mass, momentum and energy balance
equations of the two-fluid two-phase flow model are:


∂


∂ t
αkρk +∇ · (αkρkuk) = Γk, with ∑


k=v,`
Γk = 0, (20)


∂


∂ t
(αkρkuk)+∇ · (αkρkuk⊗uk)+αk∇P−∇ · (αkτk)


= αkρkg+Fwk +Fk i +Γkui
(21)


with ∑k=v,` Fk i = 0,


∂


∂ t
(αkρkEk)+P


∂


∂ t
αk +∇ · (αkρkHkuk)−∇(αkqk)


= αkρkg ·uk +Fk i ·ui +qwk +qk i +Γk


(
hk i +


(uk i)2


2


)
(22)
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Table 1: Validation matrix


Measured
quantities


1D Parameters & Correlations 3D Parameters & Correlations


Single-phase
pressure drops


BFBT fiso, fheat, K sing


Two-phase
pressure drops


CISE f2φ BFBT f2φ


α BARTOLOMEI Interfacial mass transfer model BFBT Interfacial mass transfer model
Drift model (C0,VG) Drift model (C0,VG)
Interfacial friction (six-equation) Interfacial friction (six-equation)


Turbulence model (Kt ,Mt )
Subcooled and saturated nucleate boil-
ing model


Subcooled and saturated nucleate boil-
ing model


DEBORA Drift model in stratified flows
Tw BENNETT CHF and post-CHF correlations


with ∑k=v,`(qk i +Γkhk i) = 0.


Subscript i refers to the interfacial variables. There are
three types of interfacial interactions: mass transfer terms,
Γk, are the volumetric production or destruction rates of
phase k due to phase changes. Interfacial momentum trans-
fer terms, Fk i, which are caused by drag forces, interfacial
pressure forces, virtual mass effects or lift forces (the two
latest terms are negligible). Interfacial heat transfer terms,
qk i. Fwk represents the wall friction for the phase k and
qwk is the power density transferred from the wall to phase k.


The model is closed by equations (5). It could also be
complemented with additional transport equations for inter-
facial area concentration.


The mass transfer term Γv is:


Γv =−∑k=v,` qk i +∑k=v,` qwik


hvi−h`i
+Γres (23)


where qk i is the interfacial heat transfer for phase k, qwik
power density transferred from the wall to phase k interface
and Γres the numerical residual mass transfer rate, used in
case of residual phase.


II.B. Numerical methods


The four-equation or the six-equation models are solved
with collocated finite volume type schemes. These schemes
allow to solve the system of governing equations on any
type of structured or unstructured mesh that can be either
conforming or non-conforming. A Godunov type scheme is
adapted to low Mach number flows and is used to solve for
the hyperbolic part of the governing equations. Diffusion in


the system is approximated with a diamond technique.


A VFRoe-type scheme is chosen to solve for the four-
equation model and a nonconservative Roe-type scheme for
six-equation model to approximate convective fluxes. Nu-
merical methods have been detailed in Fillion et al.1.


III. VALIDATION MATRIX


An appropriate validation matrix is established to validate
FLICA-OVAP and its various physical models for nuclear
reactor applications. FLICA-OVAP main physical models
have been therefore tested against the selected database. The
models are:


• pressure drop model, including models for the isother-
mal friction factor fiso, the heating wall correction fheat
and the two-phase flow multiplier f2φ ;


• models affecting the void fraction distribution namely:


– mass transfer between phases model, via Kv0 pa-
rameter


– drift model (C∞ and C1 parameters), which also
includes the effect of an angle θ ;


– turbulence models, via turbulent conductivity Kt
and turbulent mass transfer coefficient Mt


• critical heat flux and post-BO heat transfer coefficient
models.


The model selection and its corresponding experimental
tests database for validation are summarized in Table 1. De-
scription of the tests, FLICA-OVAP modelling choices and
calculation results are detailed in the following sections.
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III.A. CISE experiments for pressure drop calculation
benchmarks


CISE experiments were carried out at the Piacenza facility
(CAN-2 program). Total pressure drop is measured in a ver-
tical circular tube for an upward flow in adiabatic conditions.
Measurements are performed on two test sections of vari-
able hydraulic diameters for pressures ranging from 20 to
90 bars. CATHARE and FLICA-4 codes have been bench-
marked on the CISE tests8, 9. They are now used to validate
FLICA-OVAP. The benchmark allows for the validation of
both four- and six-equation models and two closure models
in particular:


• the wall friction two-phase multiplier model


• the one-dimensional interfacial friction model


Experimental conditions cover a large spectrum of pres-
sures, mass fluxes and qualities similar to BWRs operating
conditions (see Tab. 2).


Table 2: Experimental conditions of CISE tests


Pressure [bar] 20 ; 50 ; 70
Pipe inside diameter [mm] 9.18 ; 15.3
Mass flux kg·m−2·s−1 from 110 to 3900
Flow quality from 0.0307 to 0.9814
Length [m] 1.429 ; 2.5


Experimental data consist of inlet mass flux for the mix-
ture, inlet quality as well as exit pressure and total pres-
sure drop measured between two pressure taps. Experi-
mental boundary conditions are input in the code: valida-
tion of FLICA-OVAP consists in comparing calculated and
measured pressure drops. Water enters the test section at
saturation temperature and there is no heating of the walls.
Friction factor for the four-equation model is given in equa-
tion 11. Since there is no external source of heat in the ex-
periment, fheat = 1.


The isothermal friction factor depends on the flow
regime. Only turbulent flows are modeled for the CISE tests,
therefore, the isothermal friction factor correlation is:


fiso =
at


Rebt
(24)


where, at = 0.316 and bt = 0.25.
For the two-phase adiabatic multiplier φ 2


�o, the
Chisholm correlation is chosen10.


The one-dimensional interfacial friction model is acces-
sible for the six-equation model of the FLICA-OVAP code.


It is derived from the CATHARE model11 and interfacial
friction is of the form:


τi =
1
2


fiaiρvDV 2k(α) (25)


where fi is a friction coefficient, ai the volumetric interfacial
area, DV2 the square of a velocity difference between phase
velocity and a reference velocity and k(α) is a smoothing
function.


The data base of 289 tests has been run with both four-
equation and six-equation solvers. Some results are summa-
rized in Table 3.


Table 3: Averaged calculation error on the total pressure
drop calculations (P=70 bar, Dh=9.18 mm)


Model average error(%)
four-equation 22.2 %
six-equation 14.4 %


The CISE benchmark exercise shows the ability of the
code to model one-dimensional pressure drop for a wide
variety of pressures, mass fluxes and qualities. Calculated
pressure drops across the channel are in good agreement
with the experimental measurements. Figure 1 for example


Figure 1: CISE experiment: Predicted and experimental
pressure gradients against quality for different mass fluxes
(pressure = 50 bars)


shows the results of the FLICA-OVAP calculations in dots
with comparison to experimental results in solid lines. The
results are for the particular case of an operating pressure
of 50 bars and calculations are done with the six-equation
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solver. Pressure drops are better predicted as the mass flux
is high.


The modelling approach is not the same for the four-
and six-equation models, thus calculated pressure drop are
different. Overall, the six-equation model gives better re-
sults than the four-equation approach, because it can better
simulate flow conditions at the boundaries. Modelling with
the six-equation is closer to the experimental set-up.


III.B. Bartolomei et al. experiments


Measurements of void fraction under subcooled condi-
tions and tubular geometry were performed by G.G. Bar-
tolomei et al. at the Moscow Power Institute12. These
tests have the advantage of covering an operating range for
the PWR from the accident conditions (pressure from 30 to
100 bar and mass flux below 1000 kg·m−2·s−1) to conditions
approaching the nominal operation in term of pressure (pres-
sures close to 150 bar). 24 results of void fraction profiles vs.
the equilibrium quality xeq are presented for different values
of pressure, inlet mass flux, inlet temperature and uniform
heat flux density. No information is given in the original ar-
ticle on the location of the pressure probes. Therefore, we
assume that the pressure value is measured at the inlet of the
heated length, as in13. The error on the void fraction does
not exceed ±0.04. An evaluation of the maximum absolute
error of xeq using an energy balance, from the relative er-
rors on pressure, temperature, velocity and heat flux density
and the variation over the time of the aforementioned pa-
rameters, has been achieved in14: a value of±0.01 has been
found.


These results are used to validate correlations in sub-
cooled boiling and in nucleate boiling for the full saturation
zone by several authors (e.g.13;15). For the four-equation
model, these runs allow to assess the drift flux correlations
(Chexal-Lellouche6 and Ishii7) and the mass exchange term
Γvl in these zones.


The heat transfer rate between the phases qv` in equa-
tion (7) is modeled by the following correlation, in the
diphasic zone:


qv` = Kv0
G2


log(1+Re/Re0)
f (P,ρ,µ`,u,ur)


ρc(xeq− c)
1− c


(26)
where Kv0 is a constant, and f (P,ρ,µ`,u,ur) a function de-
pending on local conditions.


In the six-equation model, the interface to liquid heat
transfer q`i in (Eq. 23) corresponding to the condensa-
tion in subcooled boiling is evaluated from a similar NEP-


TUNE_CFD correlation16 for qvi (see note 1):


q`i =
αvρ`Cp`


(Tsat−T`)
τc


if T` < Tsat (27)


where Cpl is the liquid heat capacity and τc is a relaxation
time for the condensation. In FLICA-OVAP, a formulation
of τc taking into account the mass flux G is used for these
experiments. By analogy with the equation (26), we suggest
the following expression of the relaxation time:


τc = τ(G,G0,τ0) = τ0


(
G0


G


)2


log(1+
G
G0


), (28)


A calibration of τ0 and G0 against the Bartolomei’s curves
(xeq,α) using the Uranie platform17 leads to the following
values: τ0 = 5.37× 10−2 s and G0 = 1000 kg·m−2·s−1, in
the range 405≤ G≤ 2123 kg·m−2·s−1.


For saturated boiling, a similar formulation for q`i cor-
responding to flashing is used:


q`i =
αvρ`Cp`


(Tsat−T`)
τ f


if T` > Tsat (29)


where τ f is a relaxation time for flashing.
The interface to vapor heat transfer qvi is modelled us-


ing a CATHARE formulation18:


qvi =
6 f (α)λv


δ 2
Nu


1−103(Tsat−Tv)
(Tsat−Tv) (30)


where δ is the mean diameter of the droplets, Nu the Nusselt
number and f a function of the void fraction.
Finally, we used the same formulation for the drag force and
wall friction as for as the CISE experiments.


Figure 2 shows comparisons between the four-equation
model with the Chexal-Lellouche or the Ishii drift flux cor-
relation, the six-equation model and the experimental data
points. The considered drift flux correlations do not signif-
icantly affect the results for the four-equation model. How-
ever, with this model, the void fraction is underestimated
in the saturated region. The six-equation model gives good
agreements against the experiment for these two tests.


1In 16, the expression of the interfacial term qvi is:


qv i =
αvρvCpv (Tsat−Tv)


τ


.
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(a) Test 3b-2: Pin = 108.1 bar, Gin = 966.0 kg·m−2·s−1, Tin=502 K,
q′′=1.13 MW·m−2
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(b) Test 2b-4: Pin = 147.0 bar, Gin = 2014 kg·m−2·s−1, Tin=545 K,
q′′=1.72 MW·m−2


Figure 2: Comparison of the results obtained by FLICA-
OVAP models and Bartolomei experimental data for two
tests (Pin: inlet pressure, Gin: inlet mass flux, Tin: inlet tem-
perature, q


′′
: heat flux)


III.C. Bennett et al. experiments


One of the most relevant database of post critical heat flux
heat transfer is the one made available by Bennett et al.19.


Experiments were carried out on the Harwell High Pres-
sure Two Phase Heat Transfer Loop. The test section con-
sists of a tube, 12.6 mm (0.497 in) i.d. and 15.9 mm (0.625
in) o.d., of total length 5790 mm (19 ft). Two series of exper-
iments were carried out with different heated length: 1218
mm (144 in) in the first series and 3658 mm (219 in) in the
second. The internal wall temperature was measured by 27


thermocouples deployed along the heated section.
Water enters upward the test section with appropriate


pressure and subcooling in order to achieve critical heat flux
conditions at the end of the heated section. Once critical heat
flux is detected by the highest thermocouple, the power is
raised in order to make the liquid deficient region propagate
towards the inlet section. When the temperature of 1400°F
is detected, the power is progressively decreased.


More than 200 tests were performed, investigating dif-
ferent physical phenomenologies. Tests with moderate flow
rates and moderate heat fluxes addressed situations of dry-
out with dispersed liquid droplets (high qualities), which are
characterised by important thermal non-equilibrium effects
between vapor and the liquid (droplets) phases. Tests with
higher mass flow rates investigated inverted annular film
boiling conditions, typical of low quality flow and high heat
fluxes, which can be reasonably described by models based
on thermal equilibrium assumption.


In FLICA-OVAP, several models are implemented to
predict critical heat flux conditions. The W3 correlation20 is
adapted to predict departure from nucleate boiling phenom-
ena typical of pressurized water reactor. Dryout conditions
are instead evaluated by means of the Katto21 or the Shah22


model. In this analysis, the location of dryout was predicted
by the Shah model.


To deal with the prediction of the post critical heat flux
heat transfer coefficient, two different models are currently
implemented in FLICA-OVAP to be used with the four-
equation model. The model of Dougall and Rohsenow23


is a model based on the assumption of thermal equilibrium,
adapted to analyse tests where inverted annular film boil-
ing conditions are expected. To account for non-equilibrium
effects, the Groeneveld and Delorme24 model is available
in FLICA-OVAP. The model allows to estimate the actual
vapor quality and the actual vapor temperature based on
equilibrium quantities. Thermal non-equilibrium conditions
can be thus investigated with four-equation models adopting
thermal equilibrium hypotheses.


III.C.1. The Shah model


The Shah model22 consists of two separate correlations to
determine the boiling number Bo, defined as


Bo =
q
′′
chf


Gh`v
(31)


The first correlation covers situations where the critical heat
flux depends on the upstream conditions, named UCC (Up-
stream Conditions Correlation). The second, named LCC,
depends only on local quantities.
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III.C.2. The Dougall and Rohsenow equilibrium model


The equilibrium correlation of Dougall and Rohsenow is


Nu =
hDh


λv
= 0.023


[(
GDh


µv


)(
xeq +


ρv


ρ`
(1−xeq)


)]0.8


Pr0.4
v,sat


(32)
This correlation is based on the Dittus-Boelter correlation
for single phase heat transfer. The difference with single
phase heat transfer is taken accounted for by the use of the
actual mass flux in the two-phase Reynolds number.


III.C.3. The non-equilibrium model of Groeneveld and
Delorme


Groeneveld and Delorme suggested a modified version of
equilibrium correlations that accounts for non-equilibrium
effects. The methodology uses a single-phase heat transfer
correlation:


Nu =
hDh


λv, f
=


q
′′
Dh


(Tw−Tv,a)λv, f


= 0.008348
[(


GDh


µv, f


)(
xa +


ρv


ρ`
(1− xa)


)]0.8774


Pr0.6112
v, f


(33)


xa and Tv,a are the actual vapor quality and the actual
vapor temperature, given by:


xa =
h`v xeq


hv,a−h`,sat
(34)


hv,a−h`,sat = h`v +
∫ Tv,a


Tsat
Cpv dTv (35)


To know the actual vapor temperature, the actual vapor
enthalpy hv,a is calculated by:


hv,a−hv,eq


h`v
= exp(− tanψ) (36)


where hv,eq is the equilibrium vapor enthalpy and ψ is the
non equilibrium parameter. A detailed description of the
function ψ and the model can be found in the original pa-
per24 or in classical textbooks on two-phase heat trans-
fer25;26.


Experimental wall temperatures are compared to calcu-
lated values for tests at low void fractions and high heat flux
and for tests at high void fractions and moderate heat fluxes,
respectively in Figures 3 and 4. Behavior of the models
is qualitatively and quantitatively satisfactory in both cases.
Despite the use of a four-equation equilibrium model, the


model of Groeneveld and Delorme allows to achieve a satis-
factory description of physical phenomena in the tests char-
acterized by thermal non equilibrium effects (Fig. 4).
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Figure 3: Comparison between experimental and calcu-
lated wall temperatures in the Bennett tests (Dougall and
Rohsenow model)
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Figure 4: Comparison between experimental and calculated
wall temperatures in the Bennett tests (Groeneveld and De-
lorme model)


III.D. OECD/NRC BFBT benchmark


The BWR Full-size Fine Mesh Bundle Tests (BFBT) bench-
mark27 aimed at promoting the validation of existing
thermal-hydraulics codes and encourage the development
of new computational tools for the modeling of two-phase
flows. Based on the data made available by the Nuclear
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Power Engineering Corporation (NUPEC) in Japan, the
benchmark consists of several exercises including steady-
state and transient void distribution tests as well as critical
power tests in a full-size mock-up representative of different
BWR-type assemblies (see Fig. 5).


Figure 5: BFBT assembly types


Among the different experimental campaigns carried
out within the BFBT test section (see Fig. 6), the atten-
tion was focused on tests involving pressure drops measure-
ments and tests where the axial void fraction profile was
measured. 22 pressure drops tests and 15 void distribu-
tion tests were addressed involving radial and axial power
profiles (see Fig. 5) and different operating conditions (see
Tab. 4).


Table 4: Experimental conditions of the BFBT pressure drop
and void distribution tests


Pressure drop Void distribution
tests tests


Outlet pressure [MPa] 7.2 ; 8.6 7.2
Inlet subcooling [kJ/kg] 50.2 50.2
Outlet quality [%] 7 ; 15 ; 25 5 ; 12 ; 25
Inlet mass flow rate [t/h] 20 – 50 55


Experimental void fraction were determined by X-ray
CT scanner at an elevation of 3.758 m, and by X-ray den-
sitometer at axial location 0.682, 1.706 and 3.708 m (see
Fig. 6). Due to the technological limitation of the X-ray
densitometer measurements, and considering the difference
between the void fraction distribution in the subchannels for
the bubbly and slug flows, a correction of original experi-
mental data has been developed28;29 for the void fractions
measured by this device:


Figure 6: BFBT test section


• for assemblies 0-1, 0-2, 0-3 tests:


αcorrected =
αmeasured


−0.001αmeasured +1.231
(37)


• for assembly 4 tests:


αcorrected =
αmeasured


−0.001αmeasured +1.167
(38)


Both one-dimensional (1D) and three-dimensional (3D)
calculations were performed. In the case of 1D calcula-
tion, an optimized axial discretization consisting of 73 non-
uniform axial volumes was used. For 3D calculations, each
sub-assembly has been discretized, whereas the same axial
mesh as for the 1D model has been used. In both cases, mass
flux, liquid and vapor enthalpies, and void fractions are im-
posed at the inlet section. Pressure is imposed at the outlet
section.


Both four-equation and six-equation models are tested.
In the case of the drift flux model, the analysis was aimed at
assessing:


• the mass transfer model between vapor and liquid
phases Γvl


• the drift model: the Ishii correlation with parameters
adapted to rod bundle geometries: C1 = 4.5 and C∞ =
1.32, and the Chexal-Lellouche correlation
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Figure 7: BFBT void distribution tests. Comparison of the predicted cross-sectional average void fraction at z = 0.682, 1.706
and 3.708 m vs. measured and corrected void fraction, for the six-equation model.


• the wall heat transfer model: the Dittus-Boelter model
for single-phase heat transfer and the Jens-Lottes
model for subcooled nucleate boiling


• the distributed pressure drop model using Chisholm
correlation to evaluate the two-phase flow multiplier.


• the singular pressure drop model;


• the turbulence model with Mt0 = 0.019 and Kt0 =
0.019.


In the case of the six-equation model, the analysis
aimed at assessing the condensation and flashing terms,
the entrainment model, the wall heat transfer model (the
same correlations as for the four-equation model) and the
pressure drop models. For the interfacial transfer term q`i,
the formulation (Eq. 28) for the relaxation time τc has been
used.


Figure 8 shows results of the cross-sectional averaged
void fraction against the elevation for the four-equation and
the six-equation models, for the test 0011-55. At the bottom
and the middle of the bundle, the predicted results mainly
depend on the condensation term: pretty good agreement
is found in this region. At the top of the bundle, the drift
flux correlation or the drag is one of the key correlation to
well fit the experimental data. Compared to the measured
void fractions, FLICA-OVAP tends to underpredict the void
fraction in this case, but the results are in agreement with
the corrected void fractions. Calculated void fractions are
compared to both experimental measurements and corrected
void fractions. All distributions at locations z = 0.682, 1.706
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Figure 8: BFBT test 0011-55 – Axial profiles of the bundle
averaged void fraction


and 3.708 m (Fig. 7) are tested and the previous behavior
is confirmed: simulation results for highest qualities tend
to underpredict measured void fractions. However, the un-
derprediction does not appear when results are compared to
corrected measurements (Eq. 37 and 38).


The accuracy of the 3D calculations for the void frac-
tion distribution tests strongly depends on the mixing pa-
rameter Mt0 and the conductivity parameter Kt0 of the dif-
fusion models. In figure 9 the radial distribution of the void
fraction error at the outlet of the test section is plotted, for
the test 0031-16 on a 0-3 type assembly. The maximal error
is located near the non-heating rods where the void fraction
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is overestimated. Nevertheless, void fraction distribution is
well predicted on the border subchannels.
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Figure 9: BFBT test 0031-16 – Error produced by the four-
equation model for the outlet void fraction map


III.E. DEBORA experiments for validation of
two-dimensional void fraction profile calculations


The DEBORA experiments were led at the CEA in the
early 2000s. They were originally designed to qualify naval
propulsion in-core thermal hydraulics and safety codes. The
test section has a rectangular cross section and is electrically
heated with two external plates (Figure 10). The experimen-


Figure 10: Test section for the DEBORA experiments


tal set-up controls inlet mass flux and inlet temperature as
well as exit pressure. At the exit of the test section, two-
dimensional profiles of void fraction are measured using a


bi-probe. Experimental fluid is freon R12. Extensive stud-
ies have led to a valid transposition between freon and wa-
ter: experiments are simulated using water as a coolant and
boundary conditions for the water experiments are obtained
with the transposition.


The most interesting feature of the experiments is that
some of the tests are conducted with the test section held
at an angle: stratification of the flow becomes predominant.
DEBORA experiments allow validation of the stratification
model by Ishii30 implemented in FLICA-OVAP. Pressure,
mass flux and temperature ranges are similar to those of nor-
mal and accidental operation of PWRs. Validation studies
were conducted with the homogeneous four-equation model
of FLICA-OVAP. Two-dimensional void fraction profiles at
the exit of the test section are compared to experimental re-
sults. Because of the confidentiality of the results, this paper
will not present in details the data that has been used. How-
ever, the results being quite interesting, they will be shown
as normalized.


Figure 11: Normalized void fraction profiles for the
DEBORA experiments, calculated with FLICA-OVAP 4-
equation model


Physical models used for the FLICA-OVAP simulations
include:


• two-phase friction multiplier: Friedel model31


• mass transfer model between vapor and liquid Γvl


• a derived form of the Ishii and Zuber drift-flux model30


for stratified flows using a three-dimensional tensor for
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the distribution parameter, with optimized C∞ and ζ


constants in the scope of naval propulsion studies.


Results of three tests are shown Figure 11: subplots
from left to right respectively holds for an inclination of the
test section of 0°, 30° and 45°. FLICA-OVAP well predicts
the two-dimensional profiles, especially in the area where
stratification is the most important. This preliminary study
shows the good predictability of highly stratified flows with
FLICA-OVAP. Further investigation will consist in calcula-
tion of the profiles using FLICA-OVAP six-equation model.


IV. CONCLUSIONS AND PERSPECTIVE


FLICA-OVAP is an advanced two-phase thermal-hydraulic
code designed to analyze flows in light water reactor cores.
It includes a homogeneous equilibrium model, a 4 equa-
tions drift-flux model, a two-fluid six-equation model and
a generic multi-field model. In this paper, the current ca-
pabilities of the four-equation and the four-equation models
have been presented.


The attention has been focused on those aspects which
are of major interest in the design and the safety analysis
of nuclear reactors. Therefore, the models have been tested
against experimental data covering a wide range of physical
phenomena, including two-phase flow pressure drop, boiling
heat transfer, critical heat flux and post critical heat flux heat
transfer, and involving flows with both moderate and high
void fractions. one- and three-dimensional geometries have
been investigated. Satisfactory results have been achieved in
all the proposed tests.


Future activities are presently being planned, aimed at
consolidating the validation of the code. These activities
include the participation to the NUPEC PWR Sub-channel
Bundle Tests (PSBT) benchmark promoted by OECD-NEA,
addressing steady state and transient void fraction and criti-
cal heat flux tests in rod bundle geometries, and the analysis
of the Hori32 experiments of post critical heat flux in tran-
sient conditions. Nevertheless, it is planned to address the
DEBORA and the Bennett tests with the two-fluid model. It
could be also envisaged to apply a three-fluid model (liquid,
vapor and droplets) to some post critical heat flux tests of
the Bennett database.
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Abstract – The present focus on the analysis of the coolability of a calandria vessel starting with 
a dry debris bed. The calculation are performed with SCDAP/RELAPSIM/MOD3.4 code version 
and using COUPLE routines modified to properly use the option for a horizontal cylinder. 
Parametric studies are performed in order to quantify the effect of several identified sources of 
uncertainty on calandria vessel failure: metallic fraction of zirconium inside the debris, 
containment pressure, timing of water depletion inside calandria vessel, Reactor Vault 
nodalization and, the gap heat transfer coefficient.   


 
 
 


I. INTRODUCTION 
 
The CANDU 6 reactors are single unit pressurized 


heavy water reactors (PHWRs) with a gross capacity of 
approximately 700 MW(e). The general CANDU concept 
is that the CANDU reactor is natural uranium fuelled, 
heavy water moderated, and heavy water cooled. The 
pressure boundary in the core consists of 380 horizontal 
pressure tubes, each containing 12 short (0.5 m) fuel 
bundles. Surrounding each 0.42 cm thick pressure tube is a 
0.14 cm thick calandria tube. Between the calandria tube 
and pressure tube is an insulating gas filled gap, which 
reduces normal heat loss to the moderator.  


The calandria vessel (CV) is in turn contained within 
a shield tank (or reactor vault), which provides biological 
shielding during normal operation and maintenance, as 
shown in Figure 1. It is a large concrete tank filled with 
ordinary water. During normal operation, about 0.4% of 
the core’s thermal output is deposited in the shield tank and 
end shields, through heat transfer from the calandria 
structure and fission heating. This heat is removed via the 
End Shield Cooling System, consisting of pumps and heat 
exchangers. 


However, in scenarios when an initiating event, like 
LOCA or station blackout, and a subsequent loss of all heat 


sinks occur, the fuel channels would fail and a bed of dry, 
solid debris would be formed at the bottom of the 
calandria, which would heat up and eventually melt. Thus, 
the molten pool of core material would be retained in the 
calandria vessel, cooled externally by the shield-tank 
water, and would eventually resolidify. Consequently, the 
calandria vessel would act inherently as a “core-catcher” as 
long as the shield tank cooling is maintained. Nevertheless, 
since loss of all heat sinks occur, external calandria vessel 
cooling can be maintained until the shield tank water level 
drops below the debris level. After this point, the calandria 
wall temperature rise rapidly and the calandria vessel will 
fail by creep.  


Although there are several developed computer codes 
that analyze severe accidents for the light water reactors, 
for CANDU severe accidents analysis two codes were 
developed: MAAP4-CANDU [1] and ISAAC [2]. These 
codes are similar in plant modeling and assumption as both 
codes started by using MAAP4/PWR as reference code [3] 
and implemented CANDU 6 specific models. 


Recently, a joint project involving Romanian nuclear 
organizations and coordinated by Politehnica University of 
Bucharest has been started. The purpose of the project is 
the assessment and adaptation of the SCDAP/RELAP5 
code [4] to CANDU 6 severe accidents analysis. A series 
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of improvements was proposed during last years regarding 
both early phase degradation in a CANDU fuel channel 
and the late phase of a severe accident scenario [5, 6]. 


The present work continues the previous research and 
focus on the analysis of the coolability of a calandria 
vessel starting with a dry debris bed. The calculation are 
performed with SCDAP/RELAPSIM/MOD3.4 code 
version and using COUPLE routines modified to properly 
use the option for a horizontal cylinder. Parametric studies 
are performed in order to quantify the effect of several 


identified sources of uncertainty on calandria vessel 
failure: metallic fraction of zirconium inside the debris, 
containment pressure, timing of water depletion inside 
calandria vessel, Reactor Vault nodalization and the gap 
heat transfer coefficient.  


 
 
 
 


 


 
 


Fig. 1 CANDU 6 reactor – End view 
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II. MODEL DESCRIPTION 
 
The analysis starts after depletion of water in the CV, 


when the core debris in the CV begins to heat up: a 
terminal debris bed relocated on a bottom of a depleted 
CV and externally cooled by reactor vault (RV) water, as 
shown in Figure 2.  


 


 
Fig. 2 Terminal debris bed formed on CV bottom, 


externally cooled by RV water 
 


 
Fig. 3 COUPLE mesh (the numbers refer to the CV 


outside wall nodes) 
 


The SCDAP/RELAP5 code was used to analyze the 
accident sequence following the situation described 
above. The debris and the calandria wall were modeled 
using the COUPLE module. The COUPLE models in 
SCDAP are capable of calculating the heat up of the 
debris and surrounding structures. User-defined slumping 
of debris was imposed inside the COUPLE mesh at start 
of transients, defining the mass, the composition, the 
porosity and particle diameter of the debris. A 2D finite 
element mesh (see Figure 3) is generated by COUPLE 
based on the coordinates input of a selected number of 
nodes. When using the 'no-slumping' option, the elements 
of the mesh are filled by the code user with debris and 


structure material on the desired locations and timing. The 
rate of heat generation per unit volume has to be defined 
for the debris material. This imposes the heat load 
towards the calandria vessel wall. Convection and 
radiation heat transfer take place from the upper boundary 
of the debris bed towards other connected volumes. 
Convection heat transfer from the CV wall to surrounding 
RELAP5 hydrodynamic volumes is considered. As such, 
it is possible to create a detailed mesh representing the 
CV filled with debris, connected to volumes at the inside 
of the mesh that stand for the CV internals and volumes at 
the outside of the mesh representing the contents of RV.  


Traditionally, the COUPLE model has been 
employed for PWR/BWR situations, with vertical core 
and hemispherical lower head. In SCDAMSIM/RELAP5, 
the late phase models included with COUPLE can 
basically treat the behavior of the terminal debris bed on 
the bottom of a cylindrical vertical pipe, since this 
geometry is already designed in the code. Nonetheless, 
testing and a series of modifications were made in [6] for 
use of the plane geometry which allow properly modeling 
a horizontal cylinder.  


 The heat generated in the corium is conducted 
through the vessel wall, it is eventually removed from the 
calandria vessel by the water in the reactor vault (RV) 
surrounding the CV, and is transferred directly to the 
containment by radiation.  


A fictitious heat slab on the top of the COUPLE 
debris-bed is modeled to allow for radiative heat transfer 
between the debris-bed and the upper calandria wall. The 
temperature of this fictitious heat slab is the same as the 
temperature of the top debris bed nodes.  The model used 
for late phase of the severe accident calculation is shown 
in Figure 4 [6].  


The RELAP5 hydrodynamic system consists of two 
independent systems: (1) the first system represents the 
CV internals and consists of component 401, 402, 498, 
499 and 999 (receiving heat from the debris bed); (2) the 
second system represents the RV and consists of 
component 650, 750 (receiving heat from the outside of 
the CV) and 950. The volume 750-01 of RV pipe 
component receives heat transferred from the COUPLE 
nodes representing the external surface of the calandria 
vessel wall. Both calandria vessel and reactor vault are 
connected to the containment which is represented by 
time-dependent volume (TDV), as shown in Figure 4. 


The following materials are included in the mesh: 
(1) debris (corium) that consists of UO2, oxidized 
Zircaloy, and Zircaloy, (2) stainless steel for the calandria 
vessel wall, and (3) null material used to model the 
debris-to-vessel heat transfer coefficient (or gap heat 
transfer coefficient). We do not consider any material 
interaction between debris and CV wall in the present 
study. 
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Fig. 4 SCDAP/RELAP5 model of the CV thermal-


hydraulics. 
 
. 
The null material is a virtual material defined to be 


present in the elements describing the corium-vessel 
interface. When debris relocates to the lower head, the 
thermal contact between the debris and the structural 
material is reduced because of surface roughness and gas 
trapped between the debris and the surface of the vessel. 
These interface elements do not possess a 'height' but, by 
filling them with null material, it is possible to assign a 
convective heat transfer coefficient to each of these 
elements and to enable heat transfer between the corium 
and the vessel wall.  


 
III. CALCULATION CASES 


 
The terminal debris bed located in the bottom of CV 


is the presumed result of the channels degradation 
culminating with core collapse during a severe accident in 
CANDUs for the station blackout scenario. The main 
assumption and the accident analysis for the scenario 
considered until this point can be found in [7].   


Different assumption and modeling approach for the 
early phase of the accident can lead to diverse initial 
condition for the late phase simulation. For the base case 
the debris dry-out moment is 31,563 s from the accident 
initiation, the mass fraction of oxidized zirconium is 
considered to be 80 % and for the heat transfer between 
the corium and the vessel wall the default value of 500 
W/m2•K was used. 


The main parameters for the different cases analyzed 
are presented in Table I. These parameters were varied to 
highlight their effect on the CV rupture moment. These 
are: (a) the mass fraction of oxidized zirconium 
(parameter ‘‘zrox” in Table I, in % units); (b) the 
containment pressure (parameter ‘‘cntprss” in Table I, in 
kPa units) (c) timing of water depletion inside calandria 


vessel (parameter ‘‘time” in Table I, in s) (d) heat transfer 
coefficient in the gap between debris and CV (parameter 
‘‘hgap” in Table I, in W/m2 K units) and (e) Reactor Vault 
nodalization (parameter ‘‘RVnod” in Table I). The 
rationale of studying the effect of these parameters is 
given as follows: 


(a) Generally, for CANDU reactors it is considered 
that any amount of existing unoxidized zircaloy at the 
moment of debris dry-out would be added afterwards to 
the oxidic pool because it is assumed that the metal may 
not separate from the UO2 and ZrO2 due to formation of 
U–Zr–O [10], and there are only small amounts of 
stainless steel in a CANDU core. In this way, the focusing 
effect is not considered in calculations, in the same 
reference although it is called a ‘‘phenomenological 
uncertainty” [10]. Although the materials are 
homogenously mixed in the COUPLE mesh, introducing 
different metallic mass fractions of zirconium inside the 
mixture of materials leads to changes in the volume and 
thermal properties of the debris. The quantity of 
zirconium oxidized can be an uncertainty in 
SCDAPSIM/RELAP5 calculation as the code is not a 
mechanistic code for CANDU reactors in present and the 
core collapse simulation depend on the model employed 
and the assumption made.  


(b) The containment pressure is a boundary condition 
for reactor vault in this study. For sensitivity study the 
value of 101 kPa, 300 kPa, 400 kPa and a pressure 
evolution taken from MAAP4-CANDU [11] is used to 
evaluate the containment pressure influence. 


(c) SCDAPSIM/RELAP5 has no CANDU specific 
models for fuel channels disassembly and core collapse. 
Different approach can be used to model these 
phenomena using the code as built. However, this will 
lead to different timing for the water depletion inside 
calandria vessel. The earlier moment, 31,563 s, is chosen 
to represent the base case. Two other values were used for 
sensitivity study: 34,693 s and 36,263 s. 


(d) User-defined gap heat transfer coefficient value 
for the base case was 500 W/m2 K. This value is 
recommended in [8] as being representative for the 
reduced thermal contact between the debris and the in-
vessel surface, caused by surface roughness and gas 
trapped between the debris and lower head wall. For 
sensitivity study the value of 200 W/m2K and 900 W/m2K 
was considered. 


(e) To evaluate the influence of RV modeling the 
volume 750-01 is further divided in 12 volumes, one 
volume for each calandria vessel wall COUPLE node. 


Porosity and particles size in the initial debris bed 
were the same for all cases on the basis of sensitivities 
performed in [9]. Thus, the reference values used for the 
two parameters are 0.5 for porosity and 3 cm for the 
particles diameter. 
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TABLE I Calculation cases 
 


Case  Description Sensitivity 
Case I Zrox=80; hgap=500; cntprss=101; time 


= 31,563; RVnod = 1 
zrox 


Case II Zrox=100; hgap=500; cntprss=101; time 
= 31,563; RVnod = 1 


 


Case III Zrox=60; hgap=500; cntprss=101; time 
= 31,563; RVnod = 1 


 


Case IV Zrox=40; hgap=500; cntprss=101; time 
= 31,563; RVnod = 1 


 


Case V Zrox=80; hgap=500; cntprss=300; time 
= 31,563; RVnod = 1 


cntprss 


Case VI Zrox=80; hgap=500; cntprss=400; time 
= 31,563; RVnod = 1 


 


Case VII Zrox=80; hgap=500; cntprss=MAAP-
CANDU [10]; time = 31,563; RVnod = 
1 


 


Case VIII Zrox=80; hgap=500; cntprss=300; time 
= 34,693; RVnod = 1 


time 


Case IX Zrox=80; hgap=500; cntprss=300; time 
= 36,263; RVnod = 1 


 


Case X Zrox=80; hgap=200; cntprss=300; time 
= 31,563; RVnod = 1 


hgap 


Case XI Zrox=80; hgap=900; cntprss=300; time 
= 31,563; RVnod = 1 


 


Case XII Zrox=80; hgap=500; cntprss=300; time 
= 31,563; RVnod = 12 


RVnod 


 
IV. RESULTS 


 
Table 2 presents the synthesis of results for all 


calculated cases. The angle of the CV ruptured node is 
measured from the vertical. 


 
TABLE II Synthesis of results for calculated cases 


 
Case CV failure time (s) Wall rupture 


angle (o) 
 


Case I 92,583 30 
Case II 101,033 27 
Case III 87,298 30 
Case IV 68,383 30 
Case V 128,708 39 
Case VI 154,483 33 
Case VII 145,263 39 
Case VIII 128,993 33 
Case IX 136,958 33 
Case X 143,973 30 
Case XI 128,938 30 
Case XII 139,938 39 
 
Figure 5 shows the evolutions of the average temperature 
of the debris for the cases I to IV while Figure 6 displays 
the evolutions of maximum temperature of the calandria 
vessel wall for the same cases. 


 
 


Fig. 5 Average debris bed temperature 
 


 
 


Fig. 6 Maximum calandria vessel outer surface 
temperature 


 
Several comments can be made concerning the 


results presented: 
- The assumption of the existence of metallic 


zirconium in the debris reduces the volume of debris 
(the maximum height in the CV bottom being 
between 0.9425 m for the Case I and 0.9048 m for 
the Case IV). The increase in the metallic zirconium 
fraction leads to increase in the COUPLE wall 
transferred power, lowering the temperature of the 
debris (Figure 5). It is basically because of the 
change in the thermal conductivity making the 
downward and side heat transfer from the molten 
pool to the crust more efficient. The effect is a 
considerable diminishing of the CV integrity time 
interval for the low oxidation assumption (Table 2). 
Based of hydrogen generation during the accident, 
the zirconium oxidation is about 65% of the initial 
mass of zirconium. However, most of this quantity, 
about 80%, results as the oxidation of the suspended 
debris bed [12]. Thus accurate modeling of 
suspended debris bed is an important means to reduce 
the uncertainty in CV integrity. This includes the 
model of fuel channel dissassembly and core collapse 
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phenomena and is dependent of the existing 
zirconium area and available steam.  


- The value of containment pressure plays an important 
role in CV rupture time. The containment pressure 
will establish the saturation temperature for the RV 
water. Increasing the pressure, significantly increase 
the CV rupture time.  


- The timing of water depletion in CV determines the 
magnitude of the decay heat and thus the volumetric 
heat generation rate into debris bed. Difference less 
than an hour in calculation of this moment did not 
influence the time of CV rupture (Case V vs. Case 
VIII and Case IX in Table 2).  


- Increasing the gap heat transfer coefficient from 500 
W/m2K to 900 W/m2K does not produce almost any 
change in the rupture time (Case V vs. Case XI in 
Table 2) whereas the decrease of this coefficient to 
200 W/m2K delays significantly the rupture time 
(Case V vs. Case X in Table 2). 


- Increasing the number of nodes for the RV in the 
debris region increase the time of calandria vessel 
integrity. As the rupture of CV appear on the same 
location (Case V vs. Case XII in Table 2), the delay 
in the rupture time is due to the steam venting effect 
which reduce the rate of wall temperature increase 
for the nodes located at the top of CV wall in contact 
with debris. 
 


V. CONCLUSIONS 
 


The aim of the paper was to perform parametric 
studies in order to quantify the effect of several identified 
sources of uncertainty on calandria vessel failure with 
SCDAPSIM/RELAP5. 


The main outcome of the calculations is the 
identification of possible source of uncertainty and 
modality to improve the accuracy of results. Also the 
results obtained confirm the capability of the heat 
removal from the CV wall by the RV water, as long as the 
liquid phase is present in the tank. 


The analysis will help in improving the 
SCDAPSIM/RELAP5 code models to better simulation of 
the severe accident in CANDU plants. However, in the 
absence of integral experiments to study the core collapse 
into the CV and its subsequent dry-out and heat-up, 
uncertainty in modeling these phenomena still remain. 
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Abstract – Innovative Sodium-cooled Fast Reactors are currently investigated by the CEA, AREVA and EDF in the 
framework of a joint French collaboration. The reference core since 2009 is the SFR v2b, featuring a very low burn-up 
reactivity swing and a total sodium void worth reduction of about 2$ with respect to the European Fast Reactor. In order to 
achieve a more significant reduction of the sodium void worth, new innovative heterogeneous designs are being studied at 
CEA and EDF. An annular core concept featuring a step wise modulation of the fissile height (onwards referred to as a 
“diabolo” shape) allows to reach a negative value of the sodium void worth, even for large power (1200MWe). The pre-
conception process leading to such a core is presented. Using simplified tools, parametric studies are performed. The impact 
of design options on sodium void effect is shown. A large design space is scanned thanks to a pre-conception methodology so 
as to select a core complying with a set of requirements on, among others, sodium density effect and burn-up reactivity swing. 
Behavior during ULOF transient is studied, first using a simplified quasi-static method, and then with the MAT4 DYN code. 


 
I. INTRODUCTION 


 
Since 2007, large R&D efforts have been engaged in 


France by CEA and its partners, EDF and AREVA, in order 
to develop a new generation of Sodium-cooled Fast 
Reactors (SFR) complying with the Generation IV forum 
requirements. A prototype, ASTRID, is due to operate by 
2020. Commercial deployment could take place around 
mid-century. 


In this context, innovative core designs are being 
developed. Main objectives are to increase the safety and 
competitiveness level with respect to previous generation 
core designs like SuperPhénix or the European Fast 
Reactor (EFR). 


In 2009, the SFR v2b [1] was the reference design in 
the French framework. Thanks to a “fat pin and small wire” 
bundle design, a high fuel volume fraction was achieved. 
The result was a break-even core with a very low burn-up 
reactivity swing that reduces reactivity insertion in case of 
control rod withdrawal accident. However, as for most 
large cores (3600 MWth), the total sodium void worth was 
largely positive (5.0$). 


This parameter (or, better, the sodium reactivity 
feedback coefficient) has a key role on power evolution 
during unprotected loss of flow transients (ULOF). Large 
positive values prevent the power from decreasing quickly 
enough as the mass flow rate slows down. Besides, in the 
next phase of the accident, the voiding effect drives a large 
part of the reactivity increase responsible for the first 
power peak leading to pin failures. 


For these reasons, new studies began in 2010 in order 
to strongly reduce the sodium void effect. Many works 
have already been done on that matter in the past. 


 
First, an upper sodium plenum associated with an 


upper boron plate is a well known feature against sodium 
void effect [2]. The reduction of the ratio of fissile height 
on diameter (H/D) is another. Starting from the SFR v2b, 
this can lead to an homogeneous core concept with a 
sodium void worth as low as 1.5$.  


 
To go further, heterogeneous designs with very low or 


even negative total sodium worth were developed by the 
CEA and EDF, but a low sodium void effect and a low 
burn-up reactivity swing are often antagonists. A very good 
trade-off between burn up reactivity swing and sodium void 
worth was achieved at CEA ([3]). The key feature is an 
axial fertile blanket located slightly below the core mid-
plane. This concept is suitable for large cores as well as for 
smaller ones. 
 


In this paper, a radially and axially heterogeneous core 
studied at EDF is presented. Two main features were 
investigated in order to reduce the sodium void worth (and 
consequently the sodium density effect). First, an inner 
fertile zone is added at the center of the core. Second, the 
fissile height is higher for inner and outer sub-assemblies 
than for intermediate ones. This shape, hereafter mentioned 
as a “diabolo” shape, greatly enhances the sodium plenum 
efficiency. 


In the first section, main pre-conception tools and 
methods used are quickly described. Many simplifications 
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are made in the framework of the method. The objective is 
not to present an industrial design, but to use core concepts 
to identify key parameters and effects, and to deepen the 
understanding of physical aspects of heterogeneous cores. 


Then, in a second section, parametric studies and 
physical trends are presented. The impacts of the annular 
shape and of the diabolo shift are detailed. A scan over a 6-
dimensions parameters space is performed with the 
methodology (called SDDS, [4]) in order to find a design 
achieving a good trade-off between sodium density effect 
and burn-up reactivity swing. A simplified formulation 
giving an estimator of the asymptotic sodium outlet 
temperature during a ULOF under single-phase assumption 
is used over the study space. Antagonism between ULOF 
behavior improvement and others design requirements, 
such as burn-up reactivity swing and core diameter, are 
highlighted. 


Finally, an optimized design is presented. More 
detailed calculations with ERANOS and MCNP codes are 
made so as to assess its neutronic performances, including 
reactivity feedbacks. A ULOF transient is simulated with 
the MAT4 DYN code ([5]). The behavior of the 
heterogeneous core is briefly compared to homogeneous 
designs featuring low and high sodium density effects. 


 
II. METHODS AND CODES 


 
II.A. Numerical codes 


 
Neutronic calculations were performed using 


ERANOS, the CEA reference code system for fast neutron 
reactors [6]. 


For parametric studies and design parameters 
scan, a simplified neutronic scheme was used. It includes a 
rough cell calculation with 33 energy groups and an 
homogeneous geometry description, followed by a S4 
transport core flux calculation on 2D-RZ geometry 
(BISTRO solver within the ERANOS code) and once 
through fuel evolution. The ERALIB1 library was used. 


A more detailed route was used to assess the final 
design. This route includes a 1968 energy groups cell 
calculation with an heterogeneous geometry description for 
fissile and fertile sub-assemblies. Core flux calculations is 
still 2D-RZ S4 transport with once through fuel evolution. 
The JEFF31 neutronic data library was used with this 
“reference” scheme.  


The impact of a 3D hexagonal to 2D-RZ 
modelling of the core within ERANOS would need further 
investigation. However, a 3D MCNP check calculation is 
presented in the last section and confirms the trends shown 
with 2D-RZ ERANOS schemes. 
 


For fuel thermal-mechanics, the GERMINAL v1.5 
code was used [7]. It simulates fuel thermo-physics and 


chemistry within a single pin located in an equivalent 
sodium sub-channel. 
 


The MAT4 DYN code was used to simulate 
unprotected transients [5]. Neutronics are modelled by a 
point-kinetics solver fed with axially discretised reactivity 
feedback coefficients from ERANOS. Thermal-hydraulics 
is modelled with a single sodium channel. The mean axial 
power profile is also taken from ERANOS. The channel 
with the highest sodium heating is considered. This way, 
the outlet sodium temperature obtained will be 
representative of the peak sodium outlet temperature during 
the transient. The nominal mass flow rate is set assuming a 
180°C mean coolant heating in the peak power sub-
assembly. 


This single-channel approach is clearly not 
consistent to model cores featuring such strong radial 
heterogeneities such as a step-wise modulation of fissile 
height. However it is assumed that results obtained with a 
power profile radially averaged on the whole set of fissile 
sub-assemblies is an indicator of qualitative trends. 
 


II.B. Quasi-static methods 
 


Unprotected transients can be studied using a time 
evolution with an axial description of the core (time + 1 
spatial dimension). Multi-channel codes are one step 
further because they use a time evolution and a 2D 
description of the core. On the contrary the simplest point-
kinetics method would consist of a time evolution with 0D 
spatial description of the core. 


Quasi-static method ([8]) is a way to get rid of the 
time evolution aspect. This method assumes that an 
asymptotic equilibrium – i.e. a zero reactivity state - is 
reached at the end of the transient. This assumes that the 
core neither reaches prompt-criticality nor complete 
shutdown. A basic reactivity balance written with the initial 
values of reactivity feedback coefficients then gives the 
only possible values for the thermal power and the coolant 
temperature of the asymptotic state.  


The asymptotic sodium outlet temperature under 
single-phase assumption during a ULOF (Unprotected Loss 
of Flow) can classically be written as : 
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Where k, g and h are integral safety coefficients. k 
(pcm1/°C) is the reactivity insertion resulting from a 1°C 
increase of sodium inlet temperature, g is the reactivity 
insertion resulting from a 1°C increase of mean sodium 
heating through the fissile height, and h is the reactivity 
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insertion resulting from a 1% increase of total thermal 
power. (A, B, C mentioned in [8] are easily deduced from 
k, g, h, and vice-versa). NaT  is the sodium outlet 


temperature, 
iNaT ,
 the sodium inlet temperature. 


NaT∆  is 


the mean heating of the sodium. q  is the mass flow, and 


the ∞  subscript refers to asymptotic values. 
Though very rough, this “no time – 0 spatial 


dimension” method is a comparative indicator of intrinsic 
core safety characteristics (i.e. a safety estimator) and can 
be used for systematic investigation of a wide set of 
designs. This last remark leads us to the last tool used for 
pre-conception studies. 


 
II.C. SDDS pre-conception methodology  


 
In order to scan a wide space of design 


parameters, a simplified methodology, called SDDS, was 
developed at EDF. This method was first used on 
homogeneous cores [4] and is part of a wider trend towards 
the development of more systematic conception and 
optimization methods ([9], [10]). 
The process of SDDS is the following :  


• First, a general core design is chosen, .e.g. annular 
cores with a diabolo shift. Then, a set of geometric 
parameters is chosen on this shape, including, for instance, 
the inner fissile radius and the diabolo shift depth. 


• A neutronic performance database is created using 
ERANOS calculations on a limited number of cores (~103). 
Then neutronic performances of a wider set (~106) are 
determined using interpolations in this database. Some 
additional performances (margin to fuel melting, regular 
pressure loss, …) are estimated thanks to very rough 
models or correlations. As neutronics and thermal-
mechanics are simultaneously taken into account, coupling 
effects can be highlighted. 


• All these data can be handled very easily within 
MATLAB multi-dimensional tables. Designs complying 
with a given set of constraints can then be selected. 
Optimized cores with respect to such or such criterion can 
be found. Trends can be easily plotted.  


Since 2010 ([4]), the neutronic scheme was 
improved from diffusion to S4 transport (namely, it is the 
simplified neutronic scheme mentioned before). More, 
global reactivity feedback effects are now included in 
SDDS analysis and can be part of the optimization. Quasi-
static evaluation of the asymptotic temperature during a 
ULOF can be evaluated as well. 


 
III. PRE-CONCEPTION PARAMETRIC STUDIES 
 
All the cores studied throughout this paper include an 


upper sodium plenum and a boron plate above it. These 


features are known to decrease the total void worth by 
about 1$ and 0.5$ respectively. 


In order to minimize the sodium void effect (or the 
sodium density effect), two additional design 
characteristics were used. First, the core was given an 
annular shape so as to introduce an inner leakage surface. 
Second, the fissile height was radially modulated so as to 
enhance the sodium plenum efficiency. The impact of both 
of these features is presented in III.A.1 and III.A.2 using 
SDDS with the simplified neutronic scheme mentioned in 
section II. Cores presented have a mean discharge burn-up 
of 100 GWd/tHM and their plutonium content was set so as 
to be consistent with a 750pcm end of cycle reactivity using 
a 5 batches fuel reload scheme. The geometry of a core 
with a diabolo shift and an annular shape can be seen in  


Fig. 10 and Fig. 11. 
 


III.A .1 Annular Shape 
 


The use of an annular shape to minimize sodium void 
was investigated in the past [11]. It was shown that this 
design presented the lowest sodium void worth among all 
cases analyzed in the framework of a parametric study [11]. 
Hence, this solution has been implemented here but with 
some innovative features presented hereafter. A three-zone 
plutonium mass content scheme is used to flatten the power 
profile: outer and inner radial zones have higher plutonium 
content to compensate for leakage, whereas the 
intermediate one has lower content. As the inner radius 
increases, the global sodium void worth decreases and the 
burn-up reactivity swing increases. This can be easily 
understood as higher leakage decreases sodium void 
(transport component) and worsens neutronic balance. 


Hottest zones (fissile sub-assemblies, upper gas plena 
and sodium plena) are voided to evaluate the total sodium 
void worth. 


Impact of the inner fissile radius 
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Fig. 1. Impact of the inner fissile radius on the burn-up reactivity swing 


and on the End Of Cycle sodium void worth. 


A linear regression shows that the annular effect is 
about minus 1.7pcm/cm on sodium void and plus 7pcm/cm 
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on burn-up reactivity swing (Fig. 1). It can also be shown 
that the sodium effect reactivity feedback coefficient 
decreases from 0.24pcm/°C to 0.2pcm/°C for an inner 
radius change from 80cm to 160cm. 


However, an increase of the inner fissile radius is a 
waste of space. For a given total fissile volume, it increases 
the vessel diameter, thus penalizing investment costs. 
Additionally, such a shape might decouple opposite fissile 
zones. This could be a drawback for core piloting. 
 


III.A.2 Diabolo Shift 
 


Let us begin with a simple analogy. To enhance 
thermal exchange, computers’ central processing units 
feature cooling fins that greatly increases the exchange 
surface. The same way, a step-wise modulation of the 
fissile height increases neutronic leakage at the sodium 
plenum level. The effect can be seen on Fig. 2 on a typical 
annular geometry. 


Impact of the diabolo shift 
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Fig. 2. Impact of the diabolo shift on the burn-up reactivity swing and on 


the End Of Cycle sodium void worth. 


A linear regression shows that the diabolo effect is 
about minus 33pcm/cm on total void worth and plus 
8.7pcm/cm on burn-up reactivity swing. 


It can be seen that for a given reactivity swing 
penalty, the diabolo feature is far more efficient than the 
annular shape. Indeed, the leakage induced by the diabolo 
feature is triggered by the voiding of the sodium plenum, 
and has thus only little negative impact on nominal 
neutronic balance. 


However, the power released in lower fissile zones 
must be high enough. If not, some criteria on the radial 
temperature gap between sub-assemblies will be hard to 
comply with. For that reason, a maximum depth of 30cm 
was chosen. Moreover, if the lower fissile zone is too 
narrow, neutrons leaking from one side of the diabolo will 
come back in the core by the opposite side. Further 
optimizations of these parameters have not been carried out 
so far. They will be object of future works. 


 


III.A .3 Sodium density effect 
 
In this paragraph, the effect of a 1% decrease of 


sodium density in fissile zones, upper gas plena and sodium 
plenum is presented. The contribution of each zone to the 
global effect on the reactivity can be decomposed thanks to 
the use of the perturbation theory within ERANOS (Fig. 3).  


 
Total sodium density effect : + 5.54 pcm  
Capture effect       : +  2.02 pcm  
Transport Effect   : -  19.39 pcm 
Central Effect       : + 22.91 pcm 


Fig. 3 Distribution of sodium density effect (pcm/cm3) 


 
Thanks to the axial leakage induced by the annular 


shape, the inner fissile zone has a low density effect. The 
effect of the sodium plenum is clearly seen. Inside the 
sodium plenum, the density effect is more negative near the 
inner and outer zones. The higher plutonium content in 
these zones may lead to a harder spectrum and hence a 
higher mean free path inducing higher leakage.  


Because of the sodium plenum, the axial distribution 
of the sodium density effect is heterogeneous and must be 
taken into account for transients calculations (Fig. 4). 


 
Fig. 4 Axial profile of sodium density effect (pcm/cm3) in the 


intermediate fissile zone. 
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III.B. Design Optimization with SDDS 
 


III.B.1. Study space and set of requirements 
 


As shown before, the price paid to decrease the 
sodium density effect is a reactivity swing increase. In this 
section, the SDDS method is used in order to select a core 
achieving a trade-off between these two performances. 
Complementary details about this study can be found in 
[9]. 


Once admitted the overall core shape ( 
 


Fig. 10), the design can be described by a set of 
parameters. Here, 6 independent parameters were chosen. 
Their span within the parametric study with SDDS define a 
study space. The performances of all the cores on a regular 
grid over this space is evaluated using interpolations and 
simple correlations. A large space with a low density of 
points is first scanned, and then a smaller one with higher 
density (Tab. 1). 


All main neutronic performances are evaluated. A 
basic power flattening is obtained by an adjustment of the 
plutonium content ratio between inner and outer zones on 
one hand (high plutonium content), and intermediate zone 
(low plutonium content) on the other hand. A 5-batches 
scheme is assumed in order to determine the period of the 
once through irradiation equivalent to a mean cycle. A set 
of requirements to be met by the core is then defined (Tab. 
2). For each core design, the plutonium mass content 
(%.vol.) is fitted inside its variation domain so as to comply 
with the required End Of Cycle (EOC) reactivity. 


 
Design variable 


Variation domain 


Mean Pu content (% vol) 19 to 25 
Fissile volume (m3) 9 to 13  


Inner fissile radius (cm) 81 to 161  
Diabolo shift (cm) 0 to 30 


Outer pin diameter (mm) 9.5 to 10.8 
Inner pellet diameter (mm) 2 to 3 


Pin rows 9 or 10 (without counting the central one) 


Tab. 1 design space 


Core characteristic Constraint 
Mean discharge burn-up 


(GWd/tHM) 
100 


Margin to fuel melting (°C) 240 
Diabolo shift (cm) < 30 


Outer core radius (m) < 5 
Inner flat to flat width (mm) < SFR v2b value (197.3) 


Maximum linear heat rate (W/cm) 460 
Sodium reactivity feedback 


coefficient (pcm/°C) 
< 0,15 


Burn-up reactivity swing (pcm) < 1800 
End Of Cycle reactivity (pcm) 750 


Tab. 2 Initial set of requirement 


That set of requirement is used as a filter to select 
a core design. The design obtained directly with SDDS is 
given in [9]. Minor changes lead to a final design presented 
in the last section of this paper. The focus will onwards be 
set on trade-off  visualization. 
 


III.B.2 Trends visualization 
 


It was shown in III.A. that the diabolo shift is a far 
better compromise between the reactivity swing and the 
void effect than the annular shape. For this reason, it has 
been set to its maximum value, i.e. 30cm. The number of 
pin rows have indeed very little impact on core 
performances. This way, only 4 main design variables 
remain from Tab. 2 : the fissile volume, the inner fissile 
radius, the outer pin diameter and the inner pellet diameter. 


A 3D plot with fissile volume, inner fissile radius 
and inner pin diameter as axis is given in Fig. 5. Each 
surface is an iso-surface corresponding to one constraint in 
Tab. 2. 


The burn-up reactivity swing increases when the 
fissile volume is reduced (higher neutronic leakage induces 
a worse neutronic balance), or when the inner fissile radius 
is increased (same reason as for the volume), or when the 
inner pellet radius is increased (the fuel fraction decreases 
so that the plutonium content has to be increased). For that 
reason, the direction of the normal to the burn-up isosuface 
can be easily understood. 


It can be checked that the final design (cf. IV) is 
located within the viability space, i.e. complies with the 
given set of constraints.  


 
Fig. 5 Viability space (diabolo 30cm, pin diameter 10.1mm) 


Fig. 5 was plotted again for pin outer diameters of 
10.6mm (Fig. 6) and 9.5mm (Fig. 7). 


If the pin radius is increased, the linear power rate 
increases. That is why, on Fig. 6, the fuel melting margin 
isosurface moves to regions of higher fissile volumes. 
Higher volumes are indeed necessary to reduce the power 
density and get back to a lower linear heat rate. As the fuel 


Viability space 
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fraction is increased, the plutonium content is decreased. 
As a consequence, the burn-up reactivity swing isosurface 
shifts to the right. If the pin radius was increased too much, 
the viability space would become empty as the fuel melting 
margin would cross the maximum outer fissile radius 
isosurface. 


On the contrary, if the pin radius is reduced, the margin 
to fuel melting increases for a given power density. That’s 
why, on Fig. 7, the fuel melting margin moves to the front. 
Besides, the burn-up reactivity swing increases as the fuel 
fraction is reduced. Consequently, the dark blue isosurface 
shifts to the left. The viability space is here almost empty as 
the constraint on sodium density effect and burn-up 
reactivity swing are hard to comply with simultaneously. 


 
Fig. 6 Viability space (diabolo 30cm, pin diameter 10.6mm) 


 


Fig. 7 Viability space (diabolo 30cm, pin diameter 9.5mm) 


 
III.C Quasi-static ULOF asymptotic temperatures  


 
ULOF (Unprotected Loss of Flow) is a standard 


transient used to estimate the intrinsic safety behaviour of 


designs. A more detailed study of ULOF with the MAT 
4DYN code on the final design is given in section IV. 


 
The expression (1) was implemented in SDDS. This 


way; the mean sodium asymptotic outlet temperature can 
be evaluated on the design space. Let us mention that an 
exact calculation of h would require an estimation of the 
fuel inner temperature. This temperature was estimated in a 
simplified way on the cold geometry, using the same 
constant pellet conductivity and a constant gap 
conductance for all cores. Some reactivity feedback effects 
are calculated in a simplified way in SDDS. Besides, as 
said in section II, this is a “no time – 0 spatial dimension 
model”. For this reason, the axial profile of the sodium 
density feedback is not taken into account. This coefficient 
has a positive peak near the maximum flux location and a 
negative peak in the plenum. This profile has an impact on 
the transient behaviour. As it mainly depends on the core 
shape, however, it should remain similar over the study 
space. Last, a single-phase assumption is used, even if the 
predicted temperature goes beyond the sodium boiling 
onset (957°C for a pressure of 1.8bar). 


For all these reasons, the asymptotic sodium 
temperature presented hereafter is not a realistic value but 
only an estimator used to compare different designs. 
 


The asymptotic mass flow rate considered here is 14%. 
This value is low enough to be representative of natural 
circulation after a complete loss of electrical supply of 
primary pumps. During a ULOF, the mass flow ratio is, of 
course, decreasing. The reactivity feedback coefficients 
generally allow to reach a negative total reactivity, even 
before sodium boiling. Hence, the total thermal power 
decreases as well. However, positive reactivity feedbacks 
such as, in this case, sodium density2 and Doppler effects 
prevent the power from decreasing quickly enough. The 
power to flow ratio thus increases, leading to high sodium 
temperatures.  


 
Isolines of ULOF asymptotic temperature on a 2D 


plane (Inner fissile radius / Fissile volume) are plotted on 
Fig. 8. It can be seen that the constraints chosen on burn-up 
reactivity swing and outer fissile radius prevent us from 
improving more this estimator. The temperature is not 
varying that much on this 2D-plane. 


 
In the quasi-static formulation (1), the Doppler effect 


is taken into account in the h integral coefficient, as a 
product of the Doppler constant and of a temperature 
factor. The temperature factor is the relative rise of 


                                                           
2 Actually, the effective sodium density feedback is negative, as a 


consequence of the axial profile mentioned before. See also IV.C. Here, 
only the positive global reactivity feedback is taken into account (cf. Tab. 
4). However, core comparisons should remain consistent. 


Viability space 


Viability space 
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temperature induced by an increase of 1% of nominal 
power. The h integral coefficient, the Doppler constant and 
the temperature factor are plotted on Fig. 9. The 
temperature factor is lower when the power density, and 
hence the nominal fuel temperature, is lower. The Doppler 
constant is tightly related to the plutonium content and 
behaves as the burn-up reactivity swing does. It can be seen 
that the h coefficient and the ULOF asymptotic temperature 
seem tightly related because the corresponding isolines are 
roughly parallel. 


 
Fig. 8 ULOF simplified quasi-static analysis 


Additionally, the sodium density effect isolines are 
parallel to that of the burn-up reactivity swing and could 
influence the result as well. 


 
Fig. 9 Variation of h, Doppler constant and temperature factor 


 
A direct minimum search with SDDS shows that the 


minimum asymptotic sodium temperature under the sole 
constraint of 100GWd/tHM burn-up is 857°C over the 
study space given in Tab. 1. This value is obtained for a 
core (“extreme design”) with smaller pins (9.5mm), larger 
inner fissile diameter (161cm) and higher fissile volume 
(13m3). This core features a burn-up reactivity swing of 
2077pcm and a very large outer fissile diameter. The 
asymptotic sodium outlet temperature obtained with the 


“selected design” is 896°C. Besides, the temperature 
obtained with “extreme design” values for Doppler  
constant and for the temperature factor, and with “selected 
design” values for other feedbacks is 865°C. The impact of 
Doppler constant and of the temperature factor on this 
particular design change is thus about 31°C out of 39°C. 
The contribution of sodium density effect change can be 
evaluated the same way and amounts to roughly 7°C only. 
However, recent works led with a variable pellet 
conductivity across the design space could lead to different 
results concerning the relative impact of each effect. 
Studies are still ongoing. 


 
IV. FINAL DESIGN 
 
IV.A. Main characteristics and performances 
 


After the optimization with SDDS, some minor 
adjustments led to a final design. Its characteristics are 
given in Tab. 3 and compared with an homogeneous design 
with plenum and boron plate but no diabolo shift. This 
design is based on the French concept SFR_v2b ([1]), with 
a reduction of fissile height and total power of 20%. The 
performances of both cores calculated with the “finer” 
neutronic scheme (cf. section II.A) are presented in Tab. 4. 


Fuel and pin behaviour during irradiation are 
studied with GERMINAL. The margin to fuel melting is 
about 325°C at end of life. Mechanical stresses on the clad 
are acceptable according to standard criteria. 


The sodium density effect is very low.  However it 
does not take into account the contribution of the inner 
fertile zone. 


A preliminary cooling group scheme was 
established for a power distribution at EOC. This scheme 
ensures a mean sodium heating of 150°C, and a maximum 
discrepancy of 50°C between two neighboring sub-
assemblies. The power released in the inner fertile zone 
increases by 25% from BOC to EOC. As the mass flow rate 
is kept constant throughout the cycle, the sodium outlet 
temperature will be lower at BOC than at EOC for these 
sub-assemblies and the 50°C criterion may not be 
respected. For that reason, further investigation would be 
needed to check that criteria are respected at the BOC. If 
the power swing within the inner radial blanket is too large, 
a very low initial plutonium content could be added in this 
zone. 


 


 
 


 
Fig. 10 2D-RZ scheme of the core (scales not respected) 


Symmetry axis R 


Z 


selected 
design 
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Core design : Annular 
core with 


diabolo shift 


Homogeneous 
design 


Global core characteristics   
Thermal Power (MW) 2880 2880 
Inner fissile radius (cm) 109 0 
Outer fissile radius (cm) 245 247 
Fissile height of inner and outer 
fissile zones (cm) 


92,5 80 


Fissile height of intermediate 
fissile zone (cm) 


62,5 80 


Diabolo shift depth (cm) 30 0 
Fissile Volume (m3) 11,73 13,95 
Fertile Volume (m3) 7,58 0 
Bundle characteristics   
Outer pin diameter (mm) 10,1 10,73 
Outer pellet diameter (mm) 8,84 9,43 
Inner pellet diameter (mm) 2,2 2,5 
Spacer wire diameter (mm) 1 1 
Plutonium content (% vol.) 
(inner/intermediate/outer) 


20,05 / 18,7 / 
20,05 


16,85 (inner) 
19,87 (outer) 


Wrapper   
Inner flat-to-flat (mm) 186,86 197,31 
Outer flat-to-flat (mm) 195,38 206,31 
Sub-assembly pitch (mm) 199,64 210,81 


Tab. 3 Final design characteristics 


 


Core design : 
Annular core with 


diabolo shift 
Homogeneous 


design 
Nominal regime 


Reactivity at the EOC 
(pcm) 


1021 750 


Beta effective (pcm) 354 351 


Burn-up reactivity swing 
(pcm) 


1506 
1386 


(down to 1000 with a 
lower fertile blanket) 


Breeding Gain total / 
internal (%) 


4.08 / -15.0 / -10.0 


Global form factor 
max(BOEC,EOEC)) 1.420 1.413 


Damage over 5 
equivalent, cycle 
(avg/max), dpa 


89 / 135 97 / 141 


Integral Safety Parameters 
EOC total void effect 


(pcm) -330 (-0.93$) 630 (+1.79$) 


EOC fissile + fertile void 
effect (pcm) 1531 (+4.33$) 1654 (+4.71$) 


Doppler Constant (pcm) 
for a fuel temperature 


shift of +1073°C  


Fissile : -688         
Fertile : -118 


Fissile : -810 


Reactivity feedback coefficients : 
Sodium density effect 


(pcm/°C) 
0.159 0.264 


Tab. 4 Final design performances 


 
 


 
 


 


Fig. 11 Layout of the final design 
 
IV.B. Comparison with MCNP 
 


MCNP (4c2 release) calculations were performed to 
check the results on reactivity and total sodium void worth. 
The core is taken at BOL (no fission products), with 
slightly different temperatures. The JEFF3.1 library was 
used. The core geometry is 3D hexagonal for MCNP, with 
an heterogeneous description of the media inside the fissile 
and fertile zones. Calculations in the same configuration 
were made with ERANOS (“finer” scheme, cf. II.A, 
caution : 2D-RZ geometry). Results are given in Tab. 5. It 
can be seen that the discrepancy on the k-effective is 
relatively large. However, additional comparisons have 
shown that the flux spatial and spectral distributions are 
very similar with the two codes. Moreover, the value of the 
total void worth is confirmed. 


 


Total void worth       
(∆ρ∆ρ∆ρ∆ρ = (k’-k)/k’k)) 


ERANOS 


MCNP 
(standard 


deviation 8.5 
pcm) 


Discrepancy 
     ∆ρ     ∆ρ     ∆ρ     ∆ρ1111−∆ρ−∆ρ−∆ρ−∆ρ2222                


    (pcm) 


(fissile zones, upper 
expansion volume, 


Na plenum) 
-869 -724 -145 


Tab. 5 MNCP-ERANOS comparison on the final design 
 
IV.C. ULOF study with MAT4 DYN 
 


The performances of the SFR v2b, of the homogeneous 
design previously mentioned and of the annular design with 
diabolo shift are briefly compared in this sub-section using 
the MAT4 DYN code. 
 
Hypothesis : 


The initial sodium inlet temperature is 395°C. The 
mass flow rate is decreasing at an exponential rate from 
100% to 14%. The mass flow rate is divided by two within 
30s. 


Radial reflectors 
(31 / 288  S/A) 


Inner fertile 
 


Control Rods 


Intermediate fissile zone 
 (144 S/A C2) 
 (lower plutonium content) 


Inner fissile zone  
(96 C1 S/A)  
and outer fissile zone  
(174 S/A C3)  
(higher plutonium content.) 
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The pin geometry does not take into account swelling 
nor thermal-mechanical evolution, but only thermal 
dilatation. The gap conductance has been fitted for each 
design to get an inner fuel temperature of about 2400°C. 
For each design, it was assumed that a mass flow rate 
configuration can be found so as to obtain a 180°C peak 
sodium heat-up.  


The reactivity insertion due to control rod differential 
expansion depends on the S-curve. As no control rods 
optimization has been made on the annular core so far, the 
same coefficient was taken for all three cores (-
0,509pcm/°C), so as to be able to compare them. 


For the axial fuel expansion reactivity effect, it is 
considered that the pin expansion drives the fuel expansion. 


Feedbacks coefficients used for this study correspond 
to the End-Of-Cycle of a 4-batch reload scheme (discharge 
burn-up : 80GWd/(h.m.t)) and were evaluated with 
ERALIB1 library. 


Reactivity evolution : 
On Fig. 12 is plotted the reactivity evolution for a 


typical case with a highly positive sodium void effect 
(3600MWth SFR v2b like core, with slightly different 
conditions than the cores studied in this paper3). Here, the 
driving positive effect is sodium density. The total 
reactivity is going down, but not quickly enough to avoid a 
power peak. As a consequence, the fuel temperature 
increases, inducing an initial negative Doppler 
contribution. 


For the annular core, the sodium reactivity effect is 
slightly negative. The driving effects are the Doppler and 
the differential control rod expansion (Fig. 13). This large 
positive Doppler component is a consequence of the fuel 
temperature decrease as the power goes down. 


Temperature evolution : 
Final and peak temperature are given on Tab. 6. There 


is a sodium temperature peak in the SFR_v2b case, and the 
asymptotic temperature is slightly lower for the annular 
core than for the homogeneous one.  


Prospects : 
For this transient, the positive sodium reactivity 


insertion was removed. Three options can be considered to 
further improve the cores’ behavior. The two first ones are 
consistent with results of section III.C. 


1. One could try to get a very negative sodium density 
effect, so as to reduce the power faster. The low 
improvement from the homogeneous design to the annular-
diabolo core shows that this option is no easy task. 


2. One could try to lower the Doppler effect, that slows 
down the power decrease. Nevertheless, the most common 
way to reduce this component is a high plutonium content. 
This would increase the burn-up reactivity swing and 
worsen the behaviour in case of control rod withdrawal 
accident. 


                                                           
 


Core design Peak sodium outlet 
temperature (°C) 


Asymptotic 
sodium outlet 


temperature (°C) 
Annular core with 


diabolo (2880 MWth) 
1053 942 


Homogeneous core 
(2880 MWth) 


1192 1029 


SFR v2b (3600 MWth) 1513 1174 
Tab. 6 Sodium Outlet temperature results in ULOF 


 
Fig. 12 Reactivity evolution for the SFR_v2b 


 


 


Fig. 13 Reactivity evolution for the annular-diabolo core 


3. One could use other ways, such as an increase of the 
pump decay time, or another kind of negative reactivity 
insertion to improve the behaviour.  


Basic safety objectives are to avoid core degradation 
or to mitigate its consequences if it should occur. Actually, 
the transient is only the initial phase of the accident. If fuel 
degradation cannot be avoided, severe accident analysis 
with dedicated numerical codes must be used in order to 
study them. The optimization of the core behaviour during 
the transient might even be antagonist with the behaviour 
after the ebullition onset. For instance, the Doppler effect 
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can insert negative reactivity during further phases of the 
accident.  


V. CONCLUSIONS 
 
In this paper, an innovative annular core featuring a 


diabolo shift (a step-wise modulation of fissile height), 
coupled to a sodium plenum and a boron absorber plate 
was developed.  


The SDDS methodology allowing to scan a wide set of 
cores was presented. Thanks to this methodology, a design 
achieving a good compromise between the sodium density 
effect and the burn-up reactivity swing was selected. The 
implementation of a quasi-static method made it possible to 
evaluate the asymptotic outlet temperature during a ULOF 
over a wide parameter space. 


The behavior of the final design during a ULOF is 
simulated with the MAT4 DYN code. From these 
preliminary analyses it appears that sodium boiling cannot 
be avoided, above all if margins are to be taken into 
account to ensure a robust safety demonstration. However, 
one has to be cautious about these results because the 
single channel approach used in MAT4 DYN reaches its 
limits for cores with strong radial heterogeneities. An 
upgrade to multi-channel analysis is currently under way 
and will allow to perform more realistic simulations in a 
near future. 


Whether it could be shown that sodium boiling cannot 
be excluded, the next phase of the accident should be 
studied using dedicated severe accidents numerical codes. 
If core degradation could not be avoided, specific design 
mitigation features should be adopted in order to limit the 
consequences of a large core degradation accident and 
particularly to lower the mechanical energy release. 


However, the innovative design presented in this paper 
features clear advantages with respect to more traditional 
homogeneous core designs like the SFR v2b core (with or 
without a Na-plenum): the sodium outlet temperature 
during a ULOF transient is lowered by a few hundreds 
degrees. Nevertheless, the price to pay is a degradation of 
the burn-up reactivity swing. 


This shows that even among safety parameters, 
antagonisms exist. To draw the line between them is what 
the optimization process is all about. 
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Abstract –The Supercritical CO2 Brayton cycle is the subject of much interest for its potential to 
deliver high efficiency (over 40%), relatively simple and compact energy conversion systems for 
Sodium Fast Reactors. In recognition of the mutual needs for R&D and the limitation of resources, 
the members of the Generation IV International Forum (GIF), SFR Component Design and 
Balance of Plant (CD&BOP) project have undertaken a multilateral collaboration on research 
and development for the S-CO2 Brayton Cycle. Within this project, work has been performed in the 
qualification of a computational model developed at CEA for compact-bonded heat exchangers 
for supercritical CO2. The CEA heat exchanger model calculates CO2 conditions at nodes along 
hot and cold one-dimensional channels in a counter current configuration. The model is based on 
the use of empirical correlations for heat transfer and frictional pressure developed in 2007 by the 
Tokyo Institute of Technology (Tri Lam Ngo and al.) for zigzagged channels. Performance testing 
was carried out using experimental data from  ANL (A. Moisseytsev and al.) for a 17.5 KW 
nominal heat duty Heatric PCHE. The CEA model for PCHEs is shown to give quite reasonable 
predictions of the heat exchange and pressure drops measured in the ANL heat exchanger 
performance tests. In this paper, the authors propose preliminary design for two Low Temperature 
Heat Exchangers (lengths of 1.4 m and 2.4 m) envisioned for use by the CEA in a supercritical 
cycle. 
 


 
 


I. INTRODUCTION 
 
Within the international R&D framework for next 


generation nuclear reactors (Generation IV International 
Forum), the supercritical CO2 cycle (S-CO2) is viewed as 
an attractive alternative to classical steam cycles for power 
conversion systems, as many studies have revealed that the  
S-CO2 Brayton cycle can keep at least the same, or better, 
efficiency, as to the SFR/Rankine cycle. 


Since 2007, as part of the Generation IV International 
Forum, work relevant to the S-CO2 cycle has been gathered 
by the Sodium Fast Reactor, Component Design and 
Balance of Plant Project Management Board  
(SFR CD&BOP PMB). 


 
 
 
 
 


 
 
The main objective of this project is to enhance the 


performance and economic competitiveness of Sodium 
Cooled Fast Reactors (SFRs) through the development of 
advanced components. 


As described in reference1, complementary research on 
different aspects of the S-CO2 Brayton cycle are carried out 
by R&D agencies of the four countries belonging to the 
SFR Project Management Board: ANL and SNL from 
USA, KAERI from South Korea, JAEA and TIT from 
Japan and CEA from France. 


Within this project CEA contributions have been 
focused on cycle and component design, S-CO2 corrosion, 
and Na-CO2 chemical interaction. 
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Fig. 1. Brayton cycle conditions and calculated performance 
 
One of the projects at CEA considers the development 


of a model for sizing a ‘zigzag’ microchannel exchanger to 
be used as Low Temperature Heat Exchanger in a 
3600 MWth Fast Reactor with an S-CO2 power conversion 
cycle. 


 
II. CYCLE CONDITIONS 


 
The S-CO2 cycle envisioned for use by CEA is a 


“recompression cycle” in which a portion of the CO2 flow 
is recompressed without rejection of heat. A generic SFR 
has been selected for the various analyses and is presented 
in Fig. 1.  


The components of the S-CO2 cycle include a Na-CO2 


Heat Exchanger (Na-CO2 HX), a turbine and a flow split 
between the main compressor (MAIN COMP.), a cooler, a 
recompressing compressor (RECOMP. COMP.) and high 
and low temperature recuperators (HTR and LTR 
respectively) to raise the efficiency. 


The CO2 is heated in the HX and expanded in the 
turbine, where the mechanical work is converted into 
electricity by a generator. After the turbine, the CO2 goes 
through the high and low temperature recuperators. The 


flow from the recuperators is split into two parts. The 
majority goes through the cooler (where heat is rejected 
from the cycle to the water heat sink) and the main 
compressor before passing through to the LTR. The 
remainder is directly compressed by the “recompressing 
compressor” and hence bypasses the cooler and the LTR. 
The flows merge before passing through the HTR and then 
returning to the Na-CO2 HX. The turbine and both 
compressors are on the same shaft. The flow is split and is 
used to balance the difference in the specific heats between 
the high and low pressure flows in the low temperature 
recuperator. 


A 3600 MWth SFR with 4 intermediate loops  
(900 MWth per loop) is considered. Fig. 1 shows the cycle 
layout as well as the temperatures, pressures, and flow rates 
along the cycle. The final core power for one loop is 898.2 
MWth (instead of 900 MWth) due to heat losses of the 
vessel. 
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Fig. 2. Maximum pressure effect on the efficiency 
And the pressure at the inlet of the MAIN COMPRESSOR 


 
The core outlet and inlet temperatures are 545°C and 


395°C respectively. There is a 15°C temperature drop from 
the primary to the intermediate Na loop, making a 530°C 
intermediate sodium temperature at the Na-CO2 HX inlet. 
The CO2 temperature at the turbine inlet is 515°C. The 
flow split between the compressors (64.1%) is optimized to 
maximize the cycle efficiency. The cycle operates at 
supercritical conditions meaning that the CO2 pressure and 
temperature are above the critical values everywhere in the 
cycle. The main feature of this S-CO2 cycle is that it takes 
advantage of the sharp CO2 properties changes near the 
critical point (compression is performed within a pseudo-
liquid phase resulting in low compression work). 
Therefore, an accurate representation of the CO2 properties 
near the critical point is very important to calculate the 
cycle performance with high accuracy. 
 


Fig. 2 shows the dependency of the efficiency with the 
pressure at the inlet of the main compressor versus the  
S-CO2 pressure at the inlet of the turbine. This figure 
demonstrates that operating above a maximum pressure of 
25 MPa does not provide any efficiency benefit as the 
efficiency is quite constant above this pressure at around 
43.13%. It can also be seen that below 25 MPa, raising the 
maximum pressure raises the efficiency. Also from Fig. 2., 
it can be seen that below 25 MPa, the minimum pressure is 
quite close to the critical value at 7.68 MPa. Above 
25 MPa, the minimum pressure value increases 
continuously and reaches a value of 8.54 MPa for 30 MPa. 


 
The resulting steady-state net efficiency is 43.08 %. The 


calculations include considerations for mechanical losses 
(98.7%) and electrical losses (98%) in the generators. We 


take into account the isentropic efficiency of turbomachinery 
(93% for the turbine, 88% and 89% for the compressors) and 
the thermal efficiency of the heat exchangers (92.5% both for 
the HTR and the LTR). 


 
 


S-CO2 envisoned CEA cycle (43,08%)
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Fig. 3. Brayton cycle condition (T,S Diagram) 


 
The corresponding Brayton cycle T,S diagram is shown 


in Fig. 3. Table I summarizes the operating conditions for the 
Low Temperature heat Exchanger. The fluid properties were 
obtained by a specific equation of state and are in good 
agreement with NIST Chemistry WebBook2. 
 


TABLE I : LTR operating conditions (663.76 MWth) 


 Hot channel 
(primary) 


Cold channel 
(secondary) 


 In out In Out 
Fluid type CO2 CO2 CO2 CO2 
Temperature 
(°C) 


213.39 80.36 69.57 202.61 


Pressure 
(MPa) 


7.837 7.737 25.3 25.2 


Density 
(kg/m3) 


89.67 152.78 743.11 328 


Heat 
capacity 
(J/kg K) 


1128.5 1464.25 2 212 1 466.6 
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III. DETERMINATION OF THE CEA PCHE MODEL 


 
Among the various types of Compact Heat Exchangers 


the Plate type diffusion-bonded heat exchanger 
manufactured by HEATRIC (PCHETM) were investigated in 
this study. Fig. 4 shows a cut through cross-section of a 
typical PCHE and shows the shape of the channels3. We 
refer to the channel with the primary fluid flowing inside as 
the ‘hot channel’ and the ‘cold channel’ is the channel with 
secondary fluid flowing inside. 


 


 
Fig. 4. PCHETM cross-sections  


 
Some parameters describing the PCHE internal 


structure had to be estimated in order to construct the 
PCHE model as detailed below. Fig. 5 shows the front 
section and side view of PCHE channel, in this figure, each 
symbol represents a basic geometrical variable. In this 
study, it is assumed that the hot and the cold wavy channels 
are semicircular in cross section, and it is assumed that the 
channel diameter, plate thickness, and channel angle are not 
the same in both sides. The main configuration parameters 
are determined from seven basic geometrical variables. Fig. 
5 shows these seven basic geometrical variables which are 
also listed below. 
 


L     : PCHE length (m) 
H    : PCHE height of front surface (m) 
W    : PCHE width of front surface (m) 


d    : Channel diameter for each side (m) 


tp      : Plate thickness for each side (m) 


α    : Channel angle for each side (m) 


ft     : Channel wall thickness for each side (m) 


 
The following formulas are used to calculate some 


configuration parameters. 
 


• Pitch (P ) 
The pitch (P ) of the heat exchanger channels can be 


expressed as follows: 
 


dtp f +=  (1) 


 
• Hydraulic diameter (de) 


The hydraulic diameter of the PCHE can be determined 
by the following equation 


 


2)2/(


)8/(44 2


+
=


+
==


π
π


π
π d


dd


d


perimeterWetted


areaFlow
de  (2) 


 
• Heat transfer perimeter 


The heat transfer perimeter for the channels is calculated 
based on the channel diameter, the total number of plates 


( pn ), the PCHE width and pitch, and the channel angle. 


)
)2cos(


1
)(()


2


1
()5.0( απ


P


W
nddHTP p+= (3) 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Illustration of PCHE zigzag channel geometry 
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• Flow areas 
The channel inlet flow area is calculated based on the 


area of one channel, on the total number of plates and on 
the total number of etched channels per plate. (Note, the 
hot and cold flow areas are different) 


))(
2
1


)(
8


( 2


P


W


t


H
dA


p


π=  (4) 


 
The model is a steady state model; the exact heat 


balance is always calculated. The heat transfer is calculated 
taking into account the zigzag geometry and the different 
number of channels on both sides. Instead of developing a 
two-dimensional analysis, a 1D approach has been used 
similar to that described in reference5. In this approach the 
heat transfer region is divided into a number of smaller 
regions (200) along its length and the solution is obtained 
for the total flow through the whole plate, instead of the 
flow through each individual channel. 


The overall heat transfer coefficient can be expressed 
as follows: 


 


coldcoldhotwallhothothot HTPhHTPhHTPhHTPU


1111 ++=


 (5) 
 
Where : 


U    : Overall Heat transfer coefficient of the wall (W/m2 K 


coldh : Heat transfer coefficient in the cold side (W /m2 K) 


hoth   : Heat transfer coefficient in the hot side (W /m2 K) 


Wallh  : Heat transfer coefficient of the wall (W/m2 K) 


 
The heat transfer coefficient of the wall is the ratio of 


the thermal conduction of the wall versus the metal 
thickness between the hot and cold channels. 


 


)2( dt
h


p


wall
wall


−
= λ


 (6) 


 
As seen below, in our particular thermalhydraulics 


conditions, including the effects of transition and laminar 
flow regions is not necessary, and so in this paper we 
consider fully developed turbulent flow only (Re>3 000).  


 
The heat transfer coefficients for both sides are 


evaluated based on the Nusselt number, which is described 
as a function of the Reynolds number (Re) and the Prandtl 


number (Pr ).  
 


cbe
u A


k


dh
N PrRe==  (7) 


Where k  is the thermal conductivity and A, b and c are 
constants. 
 


The pressure drop, ∆P, of CO2 through the channels is 
given in terms of the friction factor (f ). 


 


de


x
VfP elocity


∆=∆ 22 ρ  (8) 


 
Where the friction factor (f ) is a function of the 


Reynolds number (Re) and constants B and d . 
 


dBf Re=  (9) 


 
IV. ANL HEAT EXCHANGER TESTS  


 
ANL have contributed results to CDBOP from their 


ongoing work on the development of the S-CO2 Brayton 
cycle for advanced energy conversion systems for SFRs.  
ANL5 have provided relevant experimental results from 
performance testing of a small-scale, 17.5 kW nominal heat 
duty, diffusion-bonded Printed Circuit Heat ExchangerTM (by 
Heatric, a Division of Meggitt (UK) Ltd.) for CO2-CO2 under 
typical Low Temperature Recuperator (LTR) conditions of 
pressure, temperature, and scaled flow-rate. Some 
assumptions on the channel geometries were necessary; 
namely the diameter d=1.5 mm (the same in the both side) 


and the channel angles hotα =76° and coldα =90°. Some 


other general heat exchanger design parameters: the surface 
area, the free flow areas, the number of channel per side and 
the channel hydraulic mean diameter, were supplied by the 
manufacturer7. True steady state conditions were not 
achieved in the experiments, and the secondary power was 
found to be always slightly higher that the primary power. 
 


V. VALIDATION OF THE CEA MODEL 
 


The CEA numerical model is validated using a mixed set 
of experimental and numerical results provided by ANL in 
reference5. As mentioned above, true steady state conditions 
were not achieved in the experiments. Thus, as the CEA 
model is a steady state model with an exact heat balance, in 
the set of input data for the CEA calculations it is necessary 
to mix the experimental and calculated values provided by 
ANL. For the CEA calculations we chose six operating 
conditions; for four of them, the pressures and flow-rates are 
the exact experimental values; for the two others, the outlet 
temperature of the hot side and the power are the numerical 
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values. In Table II we summarize these six fixed operating 
conditions for each test. 
 


The numerical results presented Table III are obtained 
using the heat transfer and pressure drop correlations 
described by Ngo and al. in Reference6. These correlations 
were developed for carbon dioxide and for plate type 
compact heat exchanger with zigzag channels where 


hotα = coldα =104°.  


 
TABLE II : Fixed operating conditions for CEA 


calculations 
Hot side Cold side  Test 


Press. 
 


(Exp.) 
(bar) 


Flow 
Rate 


(Exp.) 
(kg/hr) 


Toutlet 
 


(Num.) 
(°C) 


Press. 
 


(Exp.) 
(bar) 


Flow 
Rate 


(Exp.) 
(kg/hr) 


Q 
 


(Num.) 
(kW) 


M-1 79.2 306 49.1 175 224 13.41 
M-2 84.5 311 44.9 113 214 15.62 
M-3 81.9 312 51.8 177 195 13.49 
M-4 84.5 319 51.1 200 203 14.41 
M-5 83.5 326 49.5 169 217 13.80 
M-6 84.5 331 49.8 187 233 15.21 
M-7 83.3 328 51.1 156 226 14.59 
M-8 82.5 330 46.9 145 215 14.93 
M-9 84.7 331 46.0 127 220 16.12 
 


Figure 6 shows that the Nusselt number is described as 
a function of the Reynolds number (Re) and the Prandtl 


number (Pr ). We also see that the overall heat transfer 
coefficient predicted by equation 10 differs from 
experimental values by %6± . 


 


317.0629.0 PrRe1696.0==
k


dh
N e


u  (10) 


 
00022Re3003 <<  and 2.2Pr75.0 <<  


 


 


Fig. 6. Calculated Overall Heat Transfer Coefficients versus 
experimental values (Tri Lam Ngo et al.6) 
 


Similarly, Fig. 7 shows the friction factor f  as a 


function of only the Reynolds numbers (Re) as described by 
equation 11. This time, the calculated overall pressure drop 
differs from the experimental values by %27± : 


 
091.0Re1924.0 −=f  (11) 


00022Re3003 <<  


 


 
Fig.7. Calculated Overall pressure drop versus experimental 
values (Tri Lam Ngo et al.6) 
 


Table III presents the CEA model predictions with the 
ANL model predictions for comparison. It is seen that the 
temperatures are very well predicted with differences always 
less than 6% and we conclude that the above Nusselt 
correlation is well adapted and no specific treatment of the 
transition or laminar flow regions would be necessary. 


It also seen that the pressure drop on the hot side is 
always above the ANL value with a mean difference between 
the models of 10%. However, the pressure drop on the cold 
side is always below the ANL value with a mean difference 
between the models of 30%. Despite these differences we 
have concluded that the experimental correlation of the 
friction factor used in the paper6 is acceptable for initial 
performance predictions, given the uncertainties of the heat 
exchanger internal geometry. Although high, such error is 
acceptable for initial performance predictions. 


In addition, the long length of the PCHE may cause 
serious thermal stress problems along the flow direction due 
to the significant temperature changes. However, as the flow 
length would typically be refined later in more complicated 
thermal and mechanical analyses, such stresses are not 
considered in this paper. 
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TABLE III : Comparison ANL model/CEA model 
  Hot Side Cold Side 
  Tinlet 


(°C) 
∆P 


(kPa) 
T inlet 
(°C) 


T outlet 
(°C) 


∆P 
(kPa) 


ANL 159.4 6.87 46.6 136.1 2.47 M-1 
CEA 159.49 7.46 46.66 136.21 1.52 
ANL 158.8 7.43 43.1 157.9 4.31 M-2 
CEA 158.89 7.97 43.11 157.96 2.92 
ANL 160.0 8.00 45.9 156.5 2.37 M-3 
CEA 160.05 8.67 46.05 156.70 1.52 
ANL 161.1 8.20 40.7 156.8 2.40 M-4 
CEA 161.01 8.91 40.69 156.77 1.50 
ANL 150.1 7.55 44.4 139.8 2.59 M-5 
CEA 149.95 8.25 44.38 139.74 1.66 
ANL 160.2 7.76 43.6 145.7 2.79 M-6 
CEA 160.21 8.5 43.64 145.78 1.77 
ANL 160.4 7.50 48.8 147.7 2.89 M-7 
CEA 160.53 8.19 48.89 147.91 1.87 
ANL 153.8 7.68 42.9 147.0 2.84 M-8 
CEA 153.66 8.81 42.93 147.02 1.89 
ANL 157.6 7.88 42.8 155.5 3.71 M-9 
CEA 157.5 8.60 42.69 155.22 2.45 


 
VI. LTR CONFIGURATION FROM THE CEA 


CYCLE 
 


We now consider the application of our model to the 
LTR from the CEA cycle shown Fig. 1 and whose operating 
conditions are summarized in Table IV. Currently, the 
manufacturing limit on the size of PCHE by HEATRIC is 
0.6 m x 0.6 m x 1.5 m for a module, and so a lot of parallel 
modules would be needed. However, packaging many 
modules in the real plant may be difficult and HEATRIC 
has carried out investigation of larger design with a 
maximum size of 0.9 m x 0.63 m x 2.5 m that we also 
consider now. 


To take into account the flow distributor length, nozzles 
and metal pressure boundary, we set that the greatest size 
for one small unit to be either 0.55 m x 0.55 m x 1.4 m or 
for a larger unit to be 0.85 m x 0.6 m x 2.4 m. 


 
TABLE IV : Fixed operating conditions for CEA 


calculations  
Hot side Cold side  


Pressure 
 


(bar) 


Flow 
Rate 
(kg/s) 


Toutlet 
 


(°C) 


Pressure 
 


(bar) 


Flow 
Rate 
(kg/s) 


Q 
 


(MWth) 


77.37 4132 80.36 253 2649.6 663.76 
 


The design parameters of the LTR for the two selected 
lengths (1.4 m and 2.4 m) are summarized in table V. It was 
found that, using 2.4 m long instead 1.4 m, would reduce 
the number of modules, from 185 to 87. This reduced 


number would facilitate packaging the modules and also 
reduce the pressure drop in the connecting pipes and elbows. 


To achieve pressure drop values of approximately 
100 kPa on both sides, we had to use a larger hydraulic 
diameter in the hot side than in the cold side, due to the 
different mass-flow rates. The channel angles are the same on 


both sides ( hotα = coldα = 90°) and are very similar to those 


used in the experimental correlation selected in this paper 


( hotα = coldα =104°).  


The channel wall thickness (ft ) and the wall thickness 


between the hot and cold channels ( 2
dtt phc −= ) are 


important parameters as they are linked with the calculation 
of the mechanical stress due to the pressure difference 
between the primary and secondary side. In the ANL 
experiments the maximum pressure drop was 11.5 MPa and 
we have estimated that, the wall thickness is 0.74 mm and the 
metal thickness between the channels is 0.6 mm. In our 
calculations the pressure difference value (17.5 MPa) is 52% 
larger. So, at first estimate we need 52% larger thicknesses. 


Then, the values used in our calculations for ft  and hct  are 


1.126 mm and 0.913 mm respectively. 
Figures 8 and 9 shows the distributions of temperature, its 


difference, the specific heat, Reynolds number, heat transfer 
coefficient and the pressure drop along the heat exchanger 
length. These figures illustrate how the temperature profile is 
non-linear due to the significant property variation on both  
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TABLE V : Design parameters of the LTR for two lengths parameter 
Parameter Designation Unit Side Design for 


1.4 m length 
Design for 


2.4 m length 
n Number of module   185 87 


L  Length m  1.4 2.4 


H  Height m  0.55 0.6 


W  Width m  0.55 0.85 


Hot 3.3 5.0 d  Channel diameter mm 
Cold 1.78 2.65 
Hot 2.56 3.41 


pt  Plate thickness mm 
Cold 1.80 2.24 
Hot 90 90 α  Channel angle Degree 
Cold 90 90 


hct  Wall thickness between 
Hot and cold sides 


mm Hot 
Cold 


0.913 
0.913 


0.913 
0.913 


Hot 1.126 1.126 
ft  Channel wall thickness mm 


Cold 1.126 1.126 
 


sides with temperature.  
 


VII. CONCLUSIONS 
 


Work has been performed to provide heat transfer and 
hydraulic data at conditions relevant for low-temperature 
applications in a 3600 MWth supercritical CO2 Brayton 
cycle. A steady-state computational model of PCHE has 
been developed at CEA. The model accounts for the 
property variation along the heat transfer length and used 
specific correlations developed in 2007 at the Tokyo 
Institute of Technology6. The model has been compared 
against a series of supercritical CO2-CO2 heat exchange 
experiments performed by ANL using zigzag channels of 
different number on the hot and cold sides. A good 
agreement between modeled and experimental results has 
been seen for the power and the pressure drop at conditions 
representative of a low-temperature recuperator 
applications in supercritical CO2 Brayton cycles. Following 
this, the PCHE model was applied to the case of a 
663.76 MWth low-temperature heat exchanger using both 
the currently manufacturable length of 1.4 m and a length 
of 2.4 m proposed for the future by the manufacturer. The 
model predicts that, at these two sizes, 185 and 87 parallel 
modules respectively would be required. 
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Fig.8. Calculated profiles inside the LTR heat exchanger for L=1.4m 
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Fig.9. Calculated profiles inside the LTR heat exchanger for L=2.4m 
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Abstract – Consideration of the critical heat flux (CHF) requires difficult compromises between 
economy and safety in many types of thermal systems, including nuclear power plants. Many 
researches have been directed towards enhancing the CHF, and many recent studies have revealed 
that the significant CHF enhancement in nanofluids is due to surface deposition of nanoparticles. 
The surface deposition of nanoparticles influenced various surface characteristics. This fact 
indicated that the surface wettability is a key parameter for CHF enhancement and so is the 
surface morphology.  In this study, surface wettability of Zirconium alloy used as cladding 
material of fuel rods in nuclear power plants was modified using surface treatment technique (i.e. 
anodic oxidation).  Pool and flow boiling experiments of distilled water on the prepared surfaces 
was conducted at atmospheric and saturated conditions to examine effects of the surface 
modification on CHF. The experimental results showed that CHF of Zirconium alloy can be 
significantly enhanced by the improvement in surface wettability using the surface modification, 
but only the wettability effect can not explain the CHF increase on the modified Zirconium alloy 
surfaces completely. It was found that below a critical value of contact angle (10°), 
micro/nanostructures created by the surface treatment increased liquid spreading ability of liquid 
on the surface, which could lead to further increase in CHF even beyond the prediction caused 
only by the wettability improvement. These micro/nanostructures with multi-scale on heated 
surface induced more significant CHF enhancement than it based on the wettability effect, due to 
liquid spreading ability. In addition, we represented photographs of test samples on CHF 
enhancement to investigate the liquid spreading ability of modified structures. 


 
 


I. INTRODUCTION 
 


The problem of cooling has become increasingly 
critical in the nuclear industry. The most effective way of 
cooling a nuclear power plant running at high temperatures 
is boiling heat transfer, which exploits the latent heat of 
vaporization during the phase change from liquid to gas. 
However, boiling heat transfer has an inherent limitation: 
the critical heat flux (CHF). The CHF is the maximum heat 
flux that occurs when boiling heat transfer has a high 
cooling efficiency. When a surface reaches the CHF, it 
becomes coated with a vapor film that interferes with the 
contact between the surface and the ambient liquid, and 
decreases the heat transfer efficiency. The system 
temperature increases and failure occurs if the temperature 
exceeds the limits of the system’s constituent materials. 
For this reason, every system incorporates a safety margin 
by running at a heat flux much lower than the CHF; 
however, this approach reduces the system efficiency. This 


compromise between safety and efficiency is an important 
problem in the nuclear industry. Nanofluids are engineered 
heat transfer fluids consisting of nano sized particles 
(nanoparticles) dispersed in a base liquid. These fluids 
have been studied in various fields of thermal engineering 
since Choi 1 began research with nano-sized particles well 
dispersed in engineered fluid. You et al.2 found that adding 
tiny amounts (less than 0.001% by volume) of alumina 
nanoparticles to a conventional cooling liquid could 
significantly increase the CHF up to 200%. Kim et al.3 
conducted pool boiling CHF experiments with pure water 
on a heater fouled by nanoparticles resulting from pre-
boiling in a nanofluid. This produced the interesting result 
that the same magnitude of significant CHF increase in a 
nanofluid was observed for the nanoparticles fouled 
surface submerged even in pure water. This suggested that 
the CHF increase in nanofluids is caused by the altered 
surface characteristics due to the surface deposition of 
nanoparticles during nanofluid boiling. The same results 
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were recently obtained by Golobic et al.4 This suggests that 
interfacial parameter improvements due to nanoparticles 
fouling could be a key factor in the significant increase in 
the nanofluid CHF. Kim et al.3 reported that nanoparticles 
fouled surfaces had significantly greater wettability 
measured by a reduction in the static contact angle. They 
based their suggestion on a review of the prevalent CHF 
theories, stating that the improved wettability caused by 
the nanoparticles layer could predict CHF enhancement. 
Liu and Liao5 and Coursey and Kim 6 performed pool 
boiling experiments with water-based and alcohol-based 
nanofluids on a plain heated surface and found that the 
deposition of the nanoparticles on the boiling surface 
changed the microstructure and the physicochemical 
properties of the surface. Such changes in the heat transfer 
surface significantly influenced the boiling phenomena by 
changing key parameters such as nucleation site density, 
bubble departure diameter, bubble frequency, and 
evaporation of the micro and macro layer beneath the 
growing bubbles. However, a heat transfer system using 
nanofluid raises questions about the permanence of the 
nanofluid because of the change in volume concentration 
of the working fluid (nanofluid). From the nanofluid 
experiments, we can conclude that the heating surface 
characteristic significantly affect the nucleate boiling 
phenomena. A large number of investigations for the 
argumentation of boiling heat transfer and CHF using 
surface modification have taken place since the 1950s. 
Some research groups developed an artificial structure 
using MEMS technique on silicon wafer to increase the 
boiling performance. Kim et al.7 conducted the 
experimental approach for the CHF enhancement on the 
artificial surface like the nanoparticles deposition layer 
after pool boiling in nanofluid. Flat, micro, nano and 
micro/nano surface that was made on the silicon wafer by 
the MEMS technique had different CHF values. The effect 
of surface structure and of surface wettability was 
dominant of CHF enhancement. Finally, the spreading 
effect of nano size rods on the micro/nano surface included 
the wettability effect and achieved more CHF value than 
others. For the real application, zirconium alloy was used 
to the test material for the pool boiling CHF experiment in 
this study. It was used to the cladding of the nuclear fuel 
rod. However, the question was remained whether the 
CHF on zirconium alloy surface could be enhanced by 
some methods, not the normal metals, e.g. copper, stainless 
steel. In this study, various trials of surface treatment 
methods about zirconium alloy were conducted for more 
wettable surface. There are several ways to increase 
surface wettability. Since the wetting phenomenon is 
governed by two major factors, surface energy and surface 
morphology modification methods can be classified by two 
corresponding categories. For the surface energy 
modification, thermal oxidation is an easy, simple method. 
Since metal oxide is more hydrophilic than pure one, 


wettability can be increased in this way. Many 1980’s 
researchers used thermal oxidation to make hydrophilic 
heater surfaces also 8. However, simple thermal oxidation 
has certain limitation and not appropriate to achieve highly 
wettable surface. For another surface energy modification, 
UV irradiation can be used. High energy radiation changes 
surface energy of the substrate and can even achieve super 
hydrophilic (contact angle < 5°) state. Recent researchers 
used this method to increase wettability and confirmed 
increase of heat flux 9. However, this method is not very 
practical for industrial use because the effect is not 
permanent. In contrast to prior ones, surface morphology 
modification makes a permanent change of wettability. 
Very high wetting property also can be achieved 10. In this 
research, anodic oxidation (anodic oxidation) method is 
used for morphology change. Some metals including 
zirconium are reported to form self-organized oxide 
nanostructure in certain conditions 11. Because of high 
roughness, the surface becomes highly hydrophilic in this 
way. In this paper, zirconium alloy, a zirconium-based 
alloy for nuclear reactor is used instead of pure zirconium. 
Actually, anodic oxidation of the zircaloy itself was 
already reported by electrochemists a long ago 12. 
However, their focus was not on observation of the wetting 
phenomenon as we do. Recently, Ahn et al. 13 conducted 
that the modified zircaloy-4 increased dramatically CHF 
due to micro/nano multi scale structures. Based on their 
results, we conducted that the CHF enhancement on 
modified zirconium alloy was governed the wettability and 
the liquid spreading ability, which some pictures of liquid 
spreading were taken. Directly, the CHF enhancement was 
related with liquid spreading ability with the contact angle 
under 10° and was compared with some pictures as liquid 
spreading.  
       In this study, the experimental facility of pool and 
flow boiling CHF was developed to verify the effect of 
liquid spreading on nano and micro structures under pool 
and flow boiling situations. To understand the spreading 
effect on CHF enhancement quantitatively, the dynamic 
wetting experiments was conducted based on a simple 
model of CHF enhancement due to the liquid spreading.  
 


II. EXPERIMENTAL  
 


II.A Pool boiling experimental facility  
 


Figure 1 shows a schematic diagram of the pool boiling 
experimental facility. It consists of a boiling pool part, test 
sample, and heating section. The boiling pool part has a 
test pool, immersion heaters, visualization windows and 
reflux condensers. The aluminum test pool is a rectangular 
vessel with a height of 600mm. Three immersion heaters 
with the maximum heating power of 3 kW are embedded 
in the pool to preheat working fluid. 
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Fig. 1 Experimental facility of pool boiling  


 
A 10 mm-thickness polycarbonate window with a 


maximum allowable temperature of 140°C is placed in the 
front and back wall of the pool to visualize the boiling 
phenomenon on the test heater. A reflux condenser is 
located at the top of the pool to condense phase-changed 
vapor into liquid. Three T-type thermocouples are 
immersed into the pool to measure the average bulk 
temperature. During the experiment, the bulk temperature 
is maintained at 100°C using a feedback control of the 
thermocouples and cartridge pool heaters. The test sample 
is at the bottom of the pool, as shown in Figure 1. For 
boiling experiments, the sample is heated by conduction 
from the heating section, which consists of conductive 
copper blocks and ten cartridge heaters with an individual 
maximum heating power of 500W. 
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Fig. 2 Detailed sketch of the test section 13  


The cartridge heaters with total capacity of 5 kW heat the 
copper block, and the generated thermal energy is 
transferred to the test sample via conduction. All parts of 
the heating section are sustained by uniformly spaced 
mechanical springs on the supporting jack, and thus small 
and uniform thermal contact resistance is guaranteed at the 
interface between the copper block and test sample. When 
the CHF phenomenon occurs on the heating surface, the 
heated copper block is immediately lowered using the 
supporting jack, so the direct contact to the heating surface 
is removed. This mechanism helps to protect the test 
sample from thermal damage caused by the tremendous 
temperature increase right after the CHF. Figure 2 shows 
the detailed schematics of the assembly of the rectangular 
Zirconium alloy test sample and the conductive copper 
block. To prevent a leakage of working fluid into the 
heating section, a VITON gasket with the maximum 
temperature of 210°C is inserted between the test sample 
and the zirconia block with low thermal conductivity 
(~3W/m/K). The micro-sized gaps between the boiling 
surface and the side insulation structures would be served 
as the preferred cavities of bubble nucleation, and then 
premature bubble nucleation from these undesired cavities 
could severely distort boiling heat-transfer characteristics, 
resulting in poor repeatability of experiments. Thus, the 
test sample is post-machined to have the actual boiling 
surface (10mm × 10 mm) only at the center of the test 
sample and the thin fin (0.2 mm in thickness) in the 
boundary, so that onset of the nucleate boiling starts on the 
boiling surface of interest. Consequently, the clear bubble 
nucleation phenomenon results in very good repeatability 
in pool boiling curves for pure water, which will be 
explained in the experimental result section. 
 


II.B Flow boiling experimental facility 
 


The circular tube internal flow boiling was selected to 
show the effect on the circular zirconium alloy tube used 
as a test section. The experimental facility will be 
demonstrated as Figure 3. Main loop consisted of pump, 
flow-meter, pre-heater, steam condenser, heat exchanger 
and reservoir. 3/4” SUS316 tube and fitting composed the 
entire loop. Centrifugal magnetic gear pumps and inverter 
was used to circulate the working fluid on the loop. The 
flow rate was controlled by the throttling valves on main 
line and by-pass line. Two-way pumps had the maximum 
performance of 7LPM, 70bar pressure difference and 14 
LPM, 70 bar pressure difference on its outlet. They were 
selectively used as the experimental condition. For 
prevention from the cavitations phenomenon on the pump, 
the inlet temperature of pump should be maintained as the 
subcooled. The cooling system of working fluid consisted 
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Fig. 3 Schematic diagram of internal flow boiling experimental loop 


 
of a steam condenser of shell and tube type and a heat 
exchanger of plate type. The former was a heat exchanger 
to condense steam with less pressure drop and it shows the 
100,000kcal/hr at maximum performance. The plate type 
heat exchanger made the condensed working fluid to 
decrease the temperature with the normal condition 
(subcooled) before entering the reservoir. The circulation 
heater acted as the pre-heater so that the temperature of the 
working fluid was controlled and fixed before entering the 
test section, and the outlet temperature of working fluid on 
pre-heater was controlled by the K-type thermocouple, PID 
temperature controller. The flow meter was the turbine 
type and has the maximum range of 10 LPM. The pool or 
reservoir was the cylinder with the 300 mm of diameter 
and 450mm of depth front of pump.  The cooling water 
used for the tap water. To control the total exchanged heat 
on the steam-condenser and the heat exchanger, the 
centrifugal pump of 100 LPM was installed on the cooling 
system, which consisted of the large reservoir of tap water 
and the by-pass line to control the cooling water. 
 


In this study, we conducted the upward, which means 
that flow direction is opposite to the direction of gravity, 
internal flow boiling experiment. The heating method was  
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Fig. 4 Schematic of experimental test section 
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selected as the Joule heating method using the DC 
electricity. The 150kW power supply was used for the 
supplying DC current, which was connected to the 
specimen (zirconium alloy tube) directly by the machined 
copper electrode. The temperature and pressure of inlet 
and outlet were measured by the thermocouple and 
pressure transducer. Test specimen was zirconium alloy 
tube, which has 3/8” of outer diameter and 0.5 mm of 
thickness, and the actual heating length was 430 mm. For 
measuring of surface temperature, the 10 thermocouples 
were installed on the outer surface of heater with 40mm 
gap between each thermocouples and the first one was 
equipped on the site 15mm far from the top end. The zig 
with wood was used to attach the thermocouple to the 
heating surface as Figure 4, due to the high wall 
temperature, electricity insulation and surface conservation 
from burn-out. The insulation fitting was also used to 
prevent from the flowing of electricity to the loop and the 
z-directional transfer equipment was also installed for easy 
exchange of test specimen. The National Instrument data 
acquisition system and a personal computer were used to 
collect the data fast and analyze from the temperature and 
pressure sensors, it was used to shut down the power 
supply system very fast, in order to prevent the test tube 
from burn-out and explosion when CHF occurs. 


 
II.C Experimental procedure and uncertainty 


 
The experimental procedure and uncertainty analysis 


would be demonstrated of pool boiling experiment. To 
measure the surface temperature and heat flux, a 0.25 mm-
diameter K thermocouple was inserted horizontally at the 
center of the test sample 0.3 mm below the boiling surface, 
and three 0.5-mm-diameter K thermocouples were 
embedded at intervals of 7 mm along the center axial line 
of the conductive 99.999% pure copper block. Because the 
thermal conductivity of the copper (about 400 W/m/K) was 
three orders of magnitude greater than that of the 
insulation material (about 0.5 W/m/K), the heat loss 
through the insulation was assumed to be less than 0.01%; 
this was confirmed by a numerical simulation using the 
commercial software, FLUENT 6.0. We assumed that the 
heat loss through the insulation was negligible in the 
conduction block surrounded by the thermal insulator since 
the thermal conductivity of the copper was three orders of 
magnitude higher than that of the insulation material.  Note 
that the linear relationship among the three temperature 
measurements in the cylindrical copper block was 
examined with a numerical simulation for the steady-state 
heat conduction in the actual heater geometry using the 
commercial software, FLUENT 6.0 14, and the numerical 
simulation results confirmed that, Eq. (1) is proper to 
estimate the heat flux. 
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where T1 and T2 are the temperatures recorded in the 


conductive copper block. The surface temperature or wall 
superheat was calculated by extrapolating the temperature 
T0 measured inside the test sample using the heat flux 
obtained from Eq. (1): 
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where the parameters Uq″, UT2-T1, and U∆x are the 


uncertainties of the heat flux q’’, T2 – T1, and ∆x, 
respectively. All the thermocouples were calibrated using a 
reference resistance temperature detector sensor with a 
measurement accuracy of ±0.2 K certificated by the Korea 
Testing Laboratory. The overall maximum uncertainties in 
the heat flux and wall superheat measurements were 10.2% 
and 11.2% at q″ = 100 kW/m2, and 2.3% and 3.2% at q″ = 
900 kW/m2.   
 


Next, the experimental procedure and uncertainty 
analysis would be demonstrated of flow boiling 
experiment as following. Before the CHF experiment, the 
pre-experiment process was required as follows. After the 
filling of the reservoir with working fluid(die-ionized 
water), the working fluid was circulated in the 
experimental loop by pump and also heated and 
maintained at 80� by pre-heater for removing the non-
condensable gas. Degassing process was progressed during 
about 1 hour and then the inlet temperature and flow rate 
were stable to a given state. All data of temperature, flow 
rate and pressure were time-averaged at the steady state of 
each stage. After the steady-state of pre-experiment, the 
heat flux was applied to the test specimen using the voltage 
control method which means that the voltage increased 
step by step. Each step of increasing heat flux took 3 
minutes of steady time and 200 kW/m2 heat flux. Near the 
CHF, the increasing rate of heat flux was decreased to 
100kW/m2. When the CHF occurred, the surface 
temperature (the nearest to the top end) suddenly rose and 
the data acquisition system automatically shut down the 
power supply. Finally, the flow boiling CHF experimental 
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cases were as that water flow boiling as increasing the 
mass flux from 300 kg/m2·sec to 1500 kg/ m2·sec.  


The wall, inlet and outlet temperatures were measured 
using K-type thermocouples. The thermocouples were 
calibrated using a reference RTD temperature sensor with 
the maximum measurement error of ±0.1K, and thus it 
could be assumed that the measurement error of the 
thermocouples were ±0.1 K. The flow meter was calibrated 
using the balance and showed 2.06% of uncertainty of 
mass flux in the full scale. The absolute pressure 
transducers of inlet and outlet of test section were 
calibrated by SETRA, INC. and have the maximum error 
of ±1 % in the full scale. 


 
In this study, the heat flux was calculated as follows. 
 


loss
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VIq q
D Lπ
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Where q” is the heat flux (kW/m2), V is the voltage (V), 


I is the current (Ampere), Di is the tube inner diameter (m) 
and L is the tube length (m). In this equation, the heat flux 
assumed regular and q”loss could be obtained with the form 
of linear equation as follows. 
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Tw.o is the outer temperature of heating pipe (℃). 


Following equations were applied for the uncertainty of 
heat flux. 16  
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Above Tw.o is the outer temperature but the CHF is 


deeply concerned with the inner temperature of pipe (Tw.i) 
so the simple calculations of 1D conduction with heat 
generation should be conducted. Eq. (8) is the governing 
equation and the boundary condition that was used in this 
calculation. 
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By solving the Eq. (8), Eq. (9) and Eq. (10) could be 


obtained as follows. 
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And from Eq. (6), finally the inner temperature of 
heating surface could be calculated. 
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Eq. (12) could be also extended to the uncertainty in the 
inner temperature measurement as follows. 
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The thermodynamic quality is profoundly connected 
parameter to the boiling regime on the flow boiling. 
Especially, the outlet thermodynamic quality is the one of 
the most important parameter which is concerned with 
CHF.  In this study, the outlet thermodynamic quality was 
calculated with Eq. (14), in order to define the flow regime 
at the CHF and compare with CHF look-up data sheet. All 
property data were gained from the NIST data. 
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For the uncertainty of thermodynamic quality, we applied 
as follows. 
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II.D Anodic oxidation of zirconium alloy 


 
Anodic oxidation is an electrochemical fabrication 


technique in which an external applied electric potential is 
used to enhance the chemical reaction at the interface 
between an electrolyte and the target material. The reaction 
rate can be very easily controlled by adjusting the applied 
voltage; this is as sensitive as a 108-fold increase of the 
reaction rate per volt of increased potential17. We 
conducted wettability studies on these nanotubes as well as 
the associated micro/nano-scale valley-like structures that 
were subsequently discovered. Rectangular zirconium 
alloy plates (20 × 25 × 0.7 mm) were used as test samples. 
They were mechanically polished with #1200 silicon 
carbide abrasive to remove impurities and produce a  
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Fig. 5 SEM images and contact angle of plate samples as increasing anodic oxidation time 


 
uniform surface. The polished samples were cleaned with a 
1:1 mixture of acetone and methanol in an ultrasonic bath. 
After rinsing in die-ionized water, the samples were 
completely dried (Salot et al., 1996). Anodic oxidation 
process had the electrolyte as 0.5 wt. % hydrofluoric acid 
solutions. The sample surfaces were anodized by applying 
a constant electric potential (20V) between the anode and 
cathode using a DC power supply (N5771A; Agilent). The 
solution temperature was fixed at 10°C to maintain a 
constant reaction speed. The exposure time to the anodic 
oxidation process was varied from 0 to 600 s to obtain 
various zirconium oxide surfaces with different surface 
morphologies. After the anodic oxidation process, the 
modified samples were heated for 6 hr at 300°C in an 
electric muffle furnace to eliminate any fluoride residue.  


 
Figure 5 shows the contact angle and the SEM images 


of zirconium alloy as increasing the anodic oxidation time. 
The obvious observation was that there is the transition 
regime from the nano tube structure to micro structure neat 
the oxidation time of 8 min. In next section, it would be 
demonstrated how the characteristics (wettability and 
structure effects) of modified zirconium alloy heaters 
influence the CHF enhancement. 
 
 


III. RESULT AND DISCUSSION 
 


III.A Pool boiling CHF  
 


The validation of the experimental results was done by 
carrying out several experiments on the bare zirconium 
alloy surface with the deionized water for repeatability. 
The experimental data on the bare zirconium alloy surface 
had good repeatability for nucleate boiling heat transfer 
and the CHF, with a scatter within ±5%, respectively. 13 
This result showed the pre-condition of surface was  


 


 
Fig. 6 Boiling curve on bare and modified zirconium alloy. 
13 


 


 
Fig. 7 CHF enhancement ratio on the modified zirconium 
alloy (CHFenhance/CHFbare). 13  
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maintained uniformly, e.g. he roughness and the 
wettability. The CHF values at the bare case agree quite 
well with the CHF model of Zuber (1959) as followings: 


 
0.5 0.25


_ lg lg" 0.131 [ ( )]CHF Zuber l gq h gρ σ ρ ρ= −                       (16) 


 
Figure 6 shows representative pool boiling curves for bare 
and modified Zirconium alloy surfaces using deionized 
water. Both cases had almost identical heat transfer 
performances under the natural convective regime. As the 
surface heat flux increased, the onset of nucleate boiling 
was generated at a similar wall superheat of about 21°C 
like that shown in the boiling curve, but the nucleate 
boiling heat transfer performance of the modified 
Zirconium alloy surface was degraded compared to the 
bare case, which had a higher wall superheat. However, 
the modified case produced a maximum 90% increase in 
the CHF above the value of the bare case. We modified the 
Zirconium alloy surface, which had had its contact angle 
changed by anodic oxidation. The CHF increased as the 
contact angle decreased. Kandlikar 18 analyzed the 
mechanism of the CHF phenomena using a force balance 
of the recoil force and the surface tension on the heating 
surface; the recoil force was generated by fast evaporation 
into the liquid-vapor interface and the surface tension 
acting on a single bubble. Kandlikar 18 suggested the 
following correlation model:  
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( )


1 2
1 2


CHF g


1 4
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            (17) 


 
Figure 7 shows the results of the tests used to determine 
whether the CHF enhancement was related to the well- 
controlled surface contact angle. The CHF enhancement on 
the modified Zirconium alloy surface had a tendency 
similar to the model of Kandlikar 18 in which the CHF 
increased as the contact angle decreased. However, the 
contact angle data below 10° had a higher CHF than 
predicted by Kandlikar. These results could be explained 
the capillary spreading effect described by Kim et al.19  and 
Kim and Kim 20. 


 
III.B Spreading effect on CHF enhancement  


 
Ahn et al.13 reported that there was the liquid 


spreading phenomenon on micro/nano scale structure with 
the contact angle under 10°. They explained that the CHF 
with liquid spreading increased more than the prediction of 
Kandlikar 18 which was modeled to include the effect of 
surface wettability. In addition, the liquid spreading on the 
micro/nano multi-scale structure under high heat flux 
probably induced the liquid inflow on the dry spot.  


 
Fig. 8 Liquid spreading phenomenon on modified 
zirconium alloy of plate. 


 
This inflow delayed the growth of the dry patch that 
caused the CHF phenomenon. Based on their results, we 
conjectured the difference of liquid spreading of samples 
would influence the CHF enhancement. Figure 8 shows the 
liquid spreading results which were spread with 10 μL 
droplet of water. All pictures were taken after 2 second 
droplet dispensed on samples. Fig.8–(a) was the longest 
exposure time in anodic oxidation solution. As previous 
mentioned at Figure 5, the surface structure was developed 
as increasing anodic oxidation time. At 10 min (Fig. 8-(a)), 
micro structure like valley was fully developed. It had the 
72% CHF enhancement. However, the liquid spreading 
was not yet. Through Fig. 8-(b), complete wetting 
(complete spreading) was occurred at 8 min. It was 
induced by micro/nano multi scale structures. Finally, this 
maximum liquid spreading ability influenced the maximum 
CHF enhancement. The structures of Fig. 8-(a) and (b) 
could be confirmed by Fig. 5. This result shows that the 
optimized surface of CHF enhancement was developed 
transiently from nano surface to micro surface. Fig. 8-(d) 
was induced by only nano structure. 
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Fig. 9 SEM images of bare and modified zirconium alloy 
tube specimen. 


 
III.C Flow boiling CHF  


 
To conduct the flow boiling CHF experiments of bare 


and modified tubes, the especial facility of anodic 
oxidation was developed. Through a lot trial and error of 
fixing the optimized condition, the proto type of modified 
tube was developed as Fig. 9. There are not same 
structures with the pool boiling case, but there is a micro 
valley structures beneath not disappeared some oxidation 
layer.  However, we decided that the proto type of surface 
could be assessed to have the possibility of CHF 
enhancement by flow boiling CHF experiment.  In addition, 
the contact angle of modified zirconium alloy tube 
decreased than it of bare as Fig. 10. The range of mass flux 
was from 300 kg/m2·sec to 1500 kg/m2·sec. Figure 11 
shows the CHF on modified zirconium alloy increases as 
increasing the mass flux. Based on the pool boiling case of 
plate heater, the modified zirconium alloy had the 
characteristics with wettability due to oxidation and 
spreading due to nano and micro structures. In flow boiling 
case of tube, the wettability increase like Fig. 10. However, 
the liquid spreading as Fig. 8 could not be observed on the 
modified tube. It would be given by the not-optimized 
anodic oxidation process as Fig. 9. If the anodic oxidation 
process is optimized that the oxidation layer over the micro  
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Fig. 10 Comparison of contact angle with bare and 
modified zirconium alloy tube. 
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Fig. 11 CHF enhancement on modified zirconium alloy 
tube under flow boiling as increasing mass flux.  
 
structure is disappeared, there would be the liquid 
spreading on the modified zirconium alloy tube. Finally, 
we have a plan to find the optimization process of 
modifying the zirconium alloy tube.  
 


IV. CONCLUSIONS 
 


Pool boiling CHF enhancement by anodic oxidation of 
zirconium alloy surfaces was investigated under saturated 
and atmospheric conditions. Zirconium alloy was selected 
to be relevant to real application because it is used as 
cladding material of fuel rods in nuclear power plants.  The 
anodic oxidation of the zirconium alloy surfaces decreased 
contact angle of a water droplet by creating 
micro/nanostructures from 49.3° to 0°. Liquid spreading 
phenomenon was observed on the surfaces with contact 
angles less than 10°. The experimental results above the 
CHF prediction with the wettability effect could be 
interpreted with liquid spreading ability on the surfaces. 
The liquid spreading was governed by the generated 
surface which was micro, nano or micro/nano. As 
increasing anodic oxidation time, nanotube surface was 
first developed in small spreading regime which had both 
spread precursor line and droplet contact line. Second, the 
micro/nano surface was developed transiently. It had the 
maximum liquid spreading ability and CHF enhancement. 
Finally, nano surface was disappeared and micro surface 
was remained.  


In addition, the modified zirconium with wettability 
and spreading also increased CHF under flow boiling. In 
next step, we strongly expect that the optimized structure 
of zirconium tube increases more CHF through modifying 
the anodic oxidation process of inner tube.  
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NOMENCLATURE 
 


q” Heat flux                                                      (w/m2) 
h            Latent heat                                                  (kJ/kg) 
g            Gravity acceleration                                      (m/s2) 
 
Greeks symbols 
σ            Surface tension                                             (N/m) 
ρ            density                                                        (kg/m3) 
β             contact angle     (°) 
φ             inclined angle     (°) 
 
Subscripts 
l              liquid state 
g             vapor state 
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Abstract-The Department of Energy (DOE) Office of Nuclear Energy (NE) has issued a 
roadmap1 for its research, development and demonstration (RD&D) activities to ensure 
nuclear energy remains a compelling and viable energy option for the United States. The 
roadmap defines NE RD&D activities according to four R&D Objectives that address the 
challenges to expanding the use of nuclear power. The R&D Objectives are: (1) Develop 
technologies and other solutions that can improve the reliability, sustain the safety, and 
extend the life of current reactors; (2) Develop improvements in the affordability of the 
new reactors to enable nuclear energy help meet the Administration’s energy security 
and climate change goals; (3) Develop sustainable fuel cycles; and (4) Understand and 
minimize the risk of nuclear proliferation and terrorism.   
 
The Fuel Cycle Technologies (FCT) Program, within the Office of Nuclear Energy 
supports achievement of the R&D Objective 3 and has the mission to research, develop 
and demonstrate options to the current U.S commercial fuel cycle to enable the safe, 
secure, economic and sustainable expansion of nuclear energy while minimizing 
proliferation and terrorism risks. 
 
Sustainable fuel cycle options are those that improve uranium resource availability and 
utilization, minimize waste generation, and provide adequate capability and capacity to 
manage all wastes produced by the fuel cycle.  The key challenge for the government is to 
develop a suite of options that will enable future decision-makers to make informed 
choices about how best to manage the used fuel from reactors.  The overall goal is to 
have demonstrated the technologies necessary to allow commercial deployment of 
solution(s) for the sustainable management of used nuclear fuel that is safe, economic, 
secure and widely acceptable to American society by 2050. 
 
Since the scope of the program is very broad and the goal is four decades away, the 
principles of systems engineering are being used to help prioritize the research and 
development conducted under the program.  The presentation will describe progress 
achieved toward development and implementation of a documented transparent and 
objective methodology to support decision making. 
 


                                                 
1 Nuclear Energy Research and Development Roadmap, Report to Congress, April 2010 
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Abstract – In this study the parameter identification tool (PIT) for the loss-of-coolant accident 
(LOCA) of a BWR-4 plant with Mark-I containment, Chinshan nuclear power plant (NPP) in 
north Taiwan, is developed. The PIT is composed of the Simplex search algorithm and the MAAP5 
code with the integration approach presented by Tsai et al. The LOCA is assumed to occur after 
station blackout sequence with the break elevation of 17 m and the break area of 2.1×10-2 m2. The 
break elevation of 16.93 m and the break area of 2.1×10-2 m2 are identified by the PIT with the 
imitated plant data, which are the RPV pressure and the shroud water level generated by MAAP5 
code. With the identified parameters, the timing of events and source terms in the LOCA of 
Chinshan NPP can be predicted. It demonstrates that the PIT is helpful and important in severe 
accident management.   


 
 


I. INTRODUCTION 
 
The Three Mile Island accident showed the world that 


severe accident management plays an important role in 
nuclear power plants (NPPs). For the purpose of mitigating 
consequences during a severe accident, the MELCOR 
computer code1 and the modular accident analysis 
program2 (MAAP) are developed and used for light water 
reactor (LWR) plants. In Taiwan, MELCOR has been 
widely used in the nuclear industry for many years.3-7 For 
instance, in 2005 the accident sequence in a large-break 
loss-of-coolant accident (LOCA) of the Kuosheng NPP 
and the station blackout (SBO) accident of the Maanshan 
NPP were studied with MELCOR and MAAP.8 Both tools 
give similar simulation results for important phenomena, 
while MAAP has the fast-running feature. The MAAP 
code was further extended to investigate the strategy of 
containment flooding of the Kuosheng NPP9 and to 
validate the severe accident management guidelines of the 
Chinshan NPP.10,11 


It is essential to use the MAAP code to simulate the 
accidental sequences of power plant for the optimal actions 
to mitigate the accident consequence as soon as possible. 
However, the accident parameters are typically unknown 
and difficult to be identified prior to simulation. For a 
parameter identification problem with one unknown, the 


parameter can be tracked by comparing the errors between 
plant data and simulation results in the manner of trial and 
error. In the cases of more than one unknown, the idea to 
combine the MAAP and the optimization algorithm as a 
computer-aided means to accomplish the sophisticated 
work of adjusting parameters is straightforward. 


In 1993 Wang et al. put the idea into practice to 
develop a tool for the parameter identification (called 
parameter identification tool, PIT) of the dynamics of the 
turbine driven reactor feedwater pump (TDRFP) of the 
Kuosheng NPP.12 The long-term dynamics of the TDRFP 
could be adequately predicted by the mathematical model 
with the adjusted parameters. In the PIT development, the 
optimization algorithm was coded within the TDRFP 
model and all codes are compiled into a single application. 
In 2008 Chien et al. used the same approach to develop the 
plant-specific and accident-specific PIT for the postulated 
LOCA of the Kuosheng NPP.13 The Simplex search 
algorithm and MAAP4 code were involved. The break area 
and break elevation were successfully identified with the 
plant data. 


In the progress of parameter identification, the MAAP 
is repetitively run concurrent with adjusting the accident 
parameters to minimize the discrepancies between the 
plant data and simulation results. The approach Wang et 
al.12 and Chien et al.13 used possibly leads to some 
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variables be inconsistent at the beginning of every accident 
simulation. It shows that the PIT is plant-specific and 
accident-specific because the variables changed are highly 
sensitive to plant design and accident type. Thus, the 
programmer must comprehensively understand the MAAP 
source codes to ensure that all plant variables at the 
beginning of every accident simulation are identical except 
for the adjusted accident parameters. Much effort is 
required to trace and modify the MAAP source codes in 
terms of plant design and accident type. The idea is, 
therefore, not easy to apply widely to severe accident 
management, like being boxed in.  


In 2010 Tsai et al. presented a so-called out-of-box 
approach for the PIT development.14 The parameter 
identification for the recirculation line break LOCA of the 
Kuosheng NPP,13 the boiling water reactor (BWR)-6 
design with Mark-III containment,15 was re-evaluated. The 
PIT is developed with the integration of the Simplex 
algorithm and the MAAP5 code in the manner of 
compiling both into individual applications. The 
advantages of successful identification, less programming 
efforts, and no plant- and accident-specific features are 
demonstrated. Through the introduction of the out-of-box 
approach, the result of wide applications of integrating the 
optimization algorithm and MAAP code on severe accident 
management of power plants is believed.  


The remainder of this paper is divided into four 
sections. Section II introduces the BWR-4 power plant 
with Mark-I containment, the Chinshan NPP at north 
Taiwan,16 and the LOCA scenario as the verification case. 
In Section III, the MAAP5 code, the approach to develop 
the PIT, and the Downhill Simplex algorithm code are 
introduced.  The parameter identification for the LOCA of 
the Chinshan NPP is then discussed in Section IV and 
followed by the conclusions.  


 
II. LOCA SCENARIO OF A BWR-4 POWER PLANT 


 
II.A. The Description of Chinshan NPP 


 
The rated thermal power and net electric output of the 


Chinshan NPP are 1,775 MWt and 636 MWe, respectively. 
The core contains 408 fuel bundles and 97 control rods. 
The reactor coolant system (RCS) operates at 7.033 MPa. 
The RCS consists of two recirculation lines. Each line is 
associated with a recirculation pump. The RCS coolant 
flow rate during normal operation is 6,677.9 kg/s. The 
Chinshan NPP is designed as nitrogen-inerted, limestone 
/common sand concrete, and steel-lined structure 
containment. The primary containment includes the 
drywell and wetwell. A suppression pool is designed to 
reduce the containment pressure following a transient-
initiated event or a LOCA. It separates the air spaces of the 
drywell and wetwell. The suppression pool can also be 
used to retain radioactive material released from the fuel 


during severe accidents. The concrete type of drywell 
basement is limestone/common sand with CO2 21.15 wt% 
and H2O 4.7 wt% in the concrete. The free volumes in 
drywell and wetwell are 3,681 m3 and 2,690 m3, 
respectively. The suppression pool water mass is 2.2×106 
kg. The reactor building free volume is 34,830 m3. The 
design pressure of the primary containment is 0.2048 MPa.  


There are ten safety relief valves (SRVs) associated 
with the RPV. Five of them are used for the automatic 
depressurization system (ADS). The ADS is to reduce the 
reactor pressure to a value low enough (< 300 psig for the 
Chinshan NPP) to allow the low-pressure coolant injection 
(LPCI) and core spray (CS) systems to pump water to the 
reactor in case the capability of high-pressure systems is 
not sufficient to maintain the reactor water level. The 
emergency core cooling system (ECCS) includes high-
pressure coolant injection (HPCI), reactor core isolation 
cooling (RCIC), core spray, and two loops of residual heat 
removal (RHR) systems for low-pressure injection and 
recirculation. The RHR system operates in the LPCI mode 
to inject water into the reactor vessel following a LOCA 
that results in rapid depressurization of the vessel. The 
design flow rate per RHR pump is 0.428 m3/s (6,784 
gal/min). The RHR system can also be used to remove 
decay heat and sensible heat from the reactor vessel and 
containment during and after plant shutdown. This limits 
the suppression pool temperature and containment pressure 
following a LOCA or a transient. The system operates in 
one of three modes: SPC mode, primary containment spray, 
or shutdown cooling. For operation in any heat removal 
modes, the pump discharges of trains A and B are 
realigned so that flow is directed through the heat 
exchangers. The heat exchangers are cooled by two trains 
of the essential service water system, which transfer the 
energy to the ultimate heat sink, the East China Sea. The 
drywell is equipped with the drywell cooling system to 
control the drywell airspace temperature. The drywell 
cooling system consists of eight air handling units. The air 
handling units are cooled by chilled water. The drywell 
cooling system is designed to provide drywell adequate 
cooling to maintain the drywell airspace temperature below 
135 deg-F (330 K) under normal operation. 


The Chinshan NPP incorporates several accident 
mitigating features as described below. The 5th emergency 
diesel generator is added to reduce the core damage 
frequency due to SBO accidents. Two raw water tanks on 
the top of the mountain can inject water into RPV or 
containment through RHR loops with gravity force into 
containment even in the SBO sequence. Another possible 
source is the RHR service water (RHRSW), from which 
seawater can be injected by RHR booster pump. The 
primary containment is inerted with nitrogen to prevent 
hydrogen combustion. Harden vent with rupture disc can 
bent primary containment to high-pressure failure.  
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II.B. The Postulated LOCA Scenario 
 
In this study the PIT is developed for the LOCA of the 


Chinshan NPP. The break area and the break elevation are 
assumed as the targeted parameters in the parameter 
identification, while are the RPV pressure and shroud 
water level are used as the plant data. The Chinshan plant 
is assumed to initiate with the reactor operating at rated 
power and the high-pressure core spray (HPCS) system 
being unavailable. The alternate current power was lost at 
100 s. The motor-driven LPCI and CS system were thus 
unavailable. The LOCA event with a break area of 2.1×10-


2 m2 at a break elevation of 17.0 m is assumed to occur at 
600 s. The first 1,000-seconds plant data were generated 
by MAAP5. The timing of key events for this case is listed 
in TABLE I. The RPV pressure and shroud water level are 
shown in Figs. 1 and 2, respectively.  


When the alternate current power loses, the turbine 
stop valves close, LPCI and LPCS lock off, and control 
rod (CRD) pump is tripped. The water inventory in the 
RPV is quickly heated to steam. The reactor scram follows 
with high RPV pressure. The SRVs act for RPV pressure 
release and the water level decreases. Then the 
recirculation pump is tripped at 110.3 s and the RCIC is 
activated at 122.34 s. The HPCI starts to inject water into 
RPV at 137.34 s. After the LOCA event, the RPV pressure 
and water level decrease rapidly and the core is uncovered 
at 760.79 s.  


 
TABLE I 


Timing of Key Events for the LOCA of Chinshan NPP 


Key Events Time (s) 
Program starts 0.0 
HPCS locked off 100.0 
Loss of alternate current power (locked)  
Turbine stop valves closed  
CRD pump off  
LPCI and LPCS locked off  
Reactor scrammed 100.28 
Recirculation pump tripped 110.03 
RCIC on 122.34 
Feedwater pump tripped and MSIV closed 129.46 
HPCI on 137.34 
LOCA occurs 600.0 
Core uncovery 760.79 
Program terminated 1000 
 


0 200 400 600 800 1,000
0.0


1.0


2.0


3.0


4.0


5.0


6.0


7.0


8.0


R
P


V
 P


re
ss


ur
e 


(M
P


a)


Time (sec)  
 
Fig. 1. The RPV pressure in the LOCA of Chinshan NPP. The 
break elevation is 17.0 m and the break area is 2.1×10-2 m2. 
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Fig. 2. The shroud water level in the LOCA of Chinshan NPP. 
The break elevation is 17.0 m and the break area is 2.1×10-2 m2. 


 
III. PARAMETER IDENTIFICATION TOOL 


 
The past approach to develop the parameter 


identification tool is to code the optimization algorithm 
within a simulation code and then to compile the code 
package into an application. For instance, Wang et al. 
developed the PIT with the integration of the Simplex 
search algorithm and MAAP4 code in the case of the 
recirculation line break LOCA of the Kuosheng NPP.13 
Once the simulation results were obtained and then 
transferred to the subroutine of the Simplex search 
algorithm for the investigation of objective function merit, 
the other accident simulation with different break 
parameters was continuously implemented without leaving 
the MAAP4 codes. Some plant variables in the consecutive 
accident simulations may possibly be inconsistent to those 
in the first simulation. It’s also obvious that the 
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inconsistency is plant- and accident-dependent.  In 
addition to comprehensively understand the MAAP4 code, 
the considerable knowledge about the plant operations, and 
severe accident analysis and management are required.  


In this study the out-of-box approach to integrate the 
optimization algorithm and the MAAP code presented by 
Tsai et al.14 is used to develop the PIT for the LOCA of the 
Chinshan NPP, a BWR-4 design with Mark-I containment. 
The PIT is composed of the Simplex search algorithm and 
MAAP5 code. The MAAP5 code is first introduced and 
followed by the introductions of the out-of-box approach 
Tsai et al. presented and the Simplex algorithm.  


 
III.A. MAAP5 Code 


 
The MAAP is developed by Fauske & Associates 


Inc.’s. The new MAAP5 computer code (including the 
MAAP5-GRAAPH graphical interface)17 includes the 
major model improvements by revising the MAAP4 code,2 
i.e. increased pressurized water reactor (PWR) RCS 
nodalization to model individual loops and to calculate 
natural circulation, improved core model including point 
kinetics (PWR only) and 1-D neutronics models, lower 
head modeling improvements, improvements in BWR 
primary system thermal hydraulics, improvements in 
fission product modeling plus in-plant and ex-plant dose 
calculations, and enhanced containment modeling features.  


It can simulate the response of LWR NPPs during 
severe accident sequence, including mitigations actions of 
accident management. The entire spectra of severe accident 
phenomena, including core heat-up, degradation and 
relocation, lower plenum phenomenology, corium-concrete 
interactions, containment hydraulics, hydrogen 
combustion, radionuclide release and transport, etc. are 
treated in MAAP5. All the control volumes of the plant, 
including reactor vessel, steam generator (S/G), 
containment, ECCS and its associated control logic are 
provided. It provides a flexible, efficient, integrated tool 
for evaluating the in-plant effects of a wide range of 
postulated accidents and for examining the impact of 
operator accident on accident progressions. The advance 
BWRs are also included, e.g. the simulation of passive 
flooder, containment overpressure protection system, etc.   


Whether running MAAP4 or MAAP5, the operations 
in evaluating nuclear reactor systems or accident 
simulations are common. Fig. 3 shows the procedure of 
generic operations of one MAAP running on a local 
computer. MAAP running relies upon various required and 
optional input files. At a minimum, an Input Deck (.INP) 
and a Parameter (.PAR) files are included. The Input Deck 
contains the sequence-specific information such as the 
accident initiator, operator actions, and problem time. The 
Parameter file contains the plant-specific parameter 
information, output specifications, and user-controlled 
phenomenological parameters. In the Phase I, prior to 


execution, the input files are prepared. While the Input 
Deck is executed, the progress enters to Phase II and then 
III. During the execution, the MAAP writes numerous 
output files, e.g. Event Summary (.SUM) file, Plot (.Dxx) 
file, etc. The Event Summary file contains a summary of 
the sequence times at which event codes change status. 
Values of selected variables are written at a user-specified 
interval to the plot files for subsequent plotting and listing. 
In the final phase, the simulation results can be visualized 
using either the default plotting package that accompanies 
MAAP or a user-supplied plotting package, such as 
Microsoft Excel.  


 


 
Fig. 3. The schematic of generic operations of MAAP running 
(cited from Tsai et al. study14). 


 
Users need to set up the MAAP5 parameter files and 


input file to run MAAP5 code. In the parameter file, users 
should specify the plant and system configurations, 
including reactor core parameters, primary systems and 
safety systems parameters, containment and auxiliary 
building parameters, and engineered safeguards safety 
systems. The values of parameters used for the MAAP5 
models governing these phenomena are based on MAAP5 
suggestion. FAI (MAAP developer) did a lot of 
comparisons with experiment data and the results from 
other computer codes. FAI suggests MAAP users to use 
the default values to calculate these phenomena. The 
containment nodalization of the Chinshan NPP is shown in 
Fig. 4. Nodes 1 and 2 represent the cavity and drywell, 
respectively. The vent pipe and wetwell (torus) are 
represented by nodes 3 and 4. The suppression pool is in 
the bottom of wetwell. In the input file, users should define 
the accident sequences and operation interventions  
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Fig. 4. The containment nodalization of Chinshan NPP. 
 


III.B. The Approach for PIT Development 
 
The contribution of the idea of combining the MAAP 


program and the optimization algorithm to identify realistic 
accident parameters has been demonstrated by Chien et 
al.13 The alternate approach Tsai et al. presented is based 
on the concept of compiling the MAAP code and the 
optimization algorithm into two individual applications, 
between which the interactions are controlled by accessing 
files. The sophisticated work of adjusting break parameters 
is accomplished through the PIT. Fig. 5 shows the 
schematic diagram for the actions in the PIT. Two blocks 
in the gray background represent the individual 
applications compiled from the Simplex search code and 
the MAAP5 source codes, respectively. The application on 
the left is viewed as the main program, and the application 
on the right acts as the subroutine. The MAAP5 
application runs with the input deck and parameter files 
and outputs the simulation results in files. The Simplex 
application evaluates the discrepancies between simulation 
results and plant data and then adjusts the accident 
parameters for the next search. In the consecutive MAAP5 
runs, all plant variables are reloaded from the same 
parameter files and the accident parameters are updated by 
the Simplex application. It can be sure that all plant 
variables are definitely exact at the beginning of every 
accident simulation. No tedious tracing work and code 
modification are required in the PIT development. Use of 
the MAAP5 application in the PIT developed in this 
manner is purely like the original MAAP5 utility. 
Comprehensive knowledge about the severe accident 
analysis and management is thus not absolutely required 
for the programmer.  


 


 
 
Fig. 5. The interaction of the Simplex search algorithm and 
MAAP5 in the PIT (cited from Tsai et al. study18).  


 
As seen in the discussion above, there is no plant and 


accident-specific feature in the PIT development using that 
approach. Once a PIT is developed with the effort to add 
some lines in the Simplex search code for updating the 
input deck and accessing the MAAP5 simulation results, 
only the file storing plant variables should be changed for 
the other NPP and only the input deck saving the accident 
scenario should be updated for the other accident type. The 
time-consuming problem and high technical threshold in 
the PIT development using the previous approach are 
eliminated. In addition, the other powerful optimization 
modules could be easily introduced to track the initial 
response of the accident for the multi-objective 
optimization and multiple local-optimum problems.  


 
III.C. Downhill Simplex Search Algorithm 


 
The Downhill Simplex algorithm of Nelder and 


Mead19 is further developed from the method proposed by 
Spendley et al.20 It uses geometric properties of the n-
dimensional space to search the optimal design parameters 
rather than calculating the gradient of the objective 
function merit. The search path is directed by three simple 
actions, reflection, expansion, and contraction. The 
paradigm for a minimization problem is shown in Fig. 6. 
The geometric figure formed by a set of n＋1 points in an 
n-dimensional space is called a simplex. The simplex is 
said to be regular if the points are equidistant. For an 
optimization problem with two design parameters the 
simplex is a triangle, and a tetrahedron in a three-
dimensional space.21 In the case of n design parameters, an 
initial simplex with edges of equal length, scaling factor c, 
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can be constructed by choosing one point at the origin. The 
point i is located at (b, b, …, b, a, b, …, b) where 
coordinate a is at the location i, i=1 to n. The values of a 
and b can be determined as  


( )11
2


−+= n
n


cb  


and 


2
cba += . (1) 


 


 
 
Fig. 6. The block diagram of the Downhill Simplex algorithm for 
a minimization problem (cited from Tsai et al. study14). 
 


In this study the parameter identification problem is to 
find the unknown accident parameters to match the plant 
data by minimizing the discrepancies between simulation 
results and plant data. The objective function merit σ  is 
represented by the root-mean-squared-error (RMSE). If 
two parameters are adjusted, a regular triangle is easy to 
create with one initial trial point (x, y). Three vertices of 
the first simplex are denoted and located at V1 (x, y), V2 
(x+b, y+a), and V3 (x+a, y+b). After the vertices with 
minimal (VL) and maximal objective function merit (VH) 


are determined, the centroid (VO) of all the vertices Vi 
(except for VH) is then located. Once the points of VH and 
VO are known, the point of reflection (VR), expansion (VE), 
or contraction (VC) can be evaluated with the coefficient of 
reflection (α ), expansion ( β ), and contraction ( γ ), 
respectively. Based on the strategies after the initial 
simplex shown in Fig. 6, the point with the highest merit 
will be replaced by a newly generated point in 2 to 3 
calculations of objective function merit. The minimization 
is assumed to have converged while σ  is smaller than a 
prescribed small quantity ε , i.e.  


εσ ≤
+


−
=
∑
+


=
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))((
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1


2


n


FVF
n


i
i
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where F  is the mean of n+1 values of objective function 
merits. 
  


IV. RESULSTS AND DISCUSSTION 
 


IV.A. Preliminary Study 
 
Compared with the past approach, the Simplex search 


algorithm and the MAAP5 are compiled into individual 
applications and viewed as the main program and a 
subroutine, respectively. In the process of parameter 
identification, every accident simulation is carried out by 
reloading the input deck and parameter files to run an 
individual simulation using MAAP5 application. The PIT 
for the LOCA of the Chinshan NPP is developed in the 
manner Tsai et al. presented. The sampled plant data is 
chosen as the RPV pressure and the shroud water level. 
The plant data is retrieved from the first 1,000-s transient 
values generated with the break elevation of 17.0 m and 
the break area of 2.1×10-2 m2. The discrepancies between 
plant data and simulation results from each MAAP5 
running are represented by RMSE. The objective function 
merit in the minimization is calculated as  multiplying the 
discrepancies by a uniform weight.  


The contour of the break area in the range of 1.0 ×10-3 
through 0.38 m2 and the break elevation in the range of 
15.0 through 21.0 m is plotted for validation (Fig. 7a). In 
this plot the gradient of the objective function merit is 
descended from the top to the lower side while the 
parameter of the break elevation has little effect on the 
objective function merit with a given break area. It is 
straightforward to adjust the parameter of the break area to 
the portion near the targeted parameters. However, to 
approximate the break parameters in the range of the small 
break area is more difficult in the long concave extended 
along the coordinate of break elevation (Fig. 7b).  
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Fig. 7a. The contour plot of objective function merit. The star 
mark with red color denotes the searching target.  
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Fig. 7b. The contour plot of objective function merit near the 
searching target.  


 
IV.B. LOCA Parameter Identification 


 
With an initial guess of the break area of 0.35 m2 and 


the break elevation of 18.5 m, and searching factors listed 
in TABLE II, the PIT directs the MAAP5 to calculate the 
transient data of RPV pressure and shroud water level with 
the trial points determined by the Simplex search algorithm 
in terms of the objective function merits at a previous 
search step. The effectiveness in the parameter search is 
dominated by the region where the Simplex first reaches. It 
is recommended to tune the scaling factor for this problem.  


After 32 iterations, including the initial search, the 
break elevation of 16.93 m and the break area of 2.10×10-2 
m2 are identified by the PIT. The searching errors are 
smaller than 1%. Fig. 8 shows the last five Simplex shapes. 
The consecutive searches are contraction, reflection, 
contraction, and reflection in order. The evolution of 
parameter searches is shown in Fig. 9. Fig. 10 represents 
the corresponding evolution of the objective function merit.  


TABLE II 


Parameter Identification Factors for the LOCA of Chinshan NPP 


Targeted break parameters  
Break elevation (m) 17.0 
Break area (m2) 2.1×10-2 


Initial search base  
Break elevation (m) 18.5 
Break area (m2) 0.35 


Convergence criteria  
Maximum iterations 60 
Prescribed standard deviation 3.0×10-4 
Maximum overall contractions 10 


Search coefficients  
Scaling factor 11.5 
Expansion factor 2.0 
Contraction factor 0.5 
Reflection factor 1.0 
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Fig. 8. The last five Simplex searches in the design space. The 
star sign in red color denotes the targeted parameters. 
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Fig. 9. The evolution of design parameters in the parameter 
identification. The break elevation and the break area at the initial 
point are 18.5 m and 0.35 m2, respectively. The corresponding 
targeted parameters are 17.0 m and 2.1×10-2 m2.  
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Fig. 10. The convergence evolution of the objective function 
merit in the parameter identification. The objective function merit 
is represented by the RMSE of weighted discrepancies of 
normalized RPV pressure and shroud water level between the 
plant data and simulation results.  


 
IV. CONCLUSIONS 


 
In this study the out-of-box approach Tsai et al. 


presented is used to integrate the Simplex search algorithm 
and the MAAP5 code as a PIT for the Chinshan LOCA. 
The tedious tracing and modification work on codes is 
eliminated and no comprehensive knowledge about the 
severe accident analysis and management is required in the 
PIT development. The break parameters, the elevation and 
area, are successfully identified with the imitated plant data 
generated by MAAP5. The capability of the PIT is verified.  


With the experience of PIT development for the 
LOCA cases of the Kuosheng and Chinshan NPPs, it’s 
believed that the PIT can be developed for other accidents 
and power plants with little effort on the small accident- 
and plant-dependent issues. The integration of 
optimization modules with MAAP5 codes may give an 
alternative method in finding the break parameters. The 
identification for two parameters can be finished in a short 
time. With the identified accident parameters, a realistic 
accident can be reconstructed by MAAP5 to perform the 
prediction of the timing of events and source terms.  


From this paper and the previous study we can point 
out four issues for further studies. Firstly, the contour plots 
in both studies show the break parameter identification for 
the LOCA is a global optimization problem. The Simplex, 
a local search algorithm, may be not appropriate to all 
accidents and power plants. Secondly, the performance 
index is not sensitive to the break elevation in the 
searching domain. It may lead the Simplex search to local 
extreme which is far away from the real target. Thirdly, the 
searching pattern is dominated by the initial simplex and 
the searching coefficients. The definition of initial trial 


point, and scaling, expansion, reflection, and contraction 
factors is important for PIT performance. Finally, the 
searching limits with respect to the parameters identified 
should be added in the PIT development for practical uses.  


 


NOMENCLATURE 
 
ADS automatic depressurization system 
BWR boiling water reactor 
CDF core damage frequency 
CRD control rod 
CS core spray 
ECCS emergency core cooling system 
FAI Fauske & Associates, Inc.’s 
HPCI high-pressure coolant injection 
LOCA loss-of coolant accident 
LPCI low-pressure coolant injection 
LWR light water reactor 
MAAP modular accident analysis program 
MSIV main steamline isolation valve 
NPP  nuclear power plant 
PIT parameter identification tool 
PWR pressurized water reactor 
RCIC reactor core isolation cooling 
RHR residual heat removal 
RHRSW RHR service water 
RPV reactor pressure vessel 
RMSE root mean squared error 
SRV safety relief valve 
SBO station blackout 
TDRFP turbine driven reactor feedwater pump 
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ABSTRACT - Historically, nuclear power plants in the US and elsewhere, were designed for a design 
basis earthquake incident defined by a certain value of peak ground acceleration and a broad band 
response spectrum.  The peak ground acceleration value was determined based on a study of the historical 
earthquakes within a certain radius of the plant site.  The design response spectra in the US were based on 
the USNRC Regulatory Guide 1.60 and Utility Requirement Document (URD), Chapter 1; and in Europe 
by the European Utility Requirements(EUR) for LWR Chapter 2.  Most recently in the US, plant designs 
based on the use of the standard earthquake response spectra need to be confirmed by the generation of a 
site-specific earthquake analysis based on USNRC RG. 1.165 or RG 1.208.  Similar requirements are 
suggested for plants built elsewhere (IAEA Safety Guide SSG-9).  In the US, the frequency characteristics 
of the site-specific response spectra in a few sites in the Central and Eastern United States (CEUS) are 
such that they are not bounded by the standard response spectra.  In the standard spectra, the amplified 
region is in the frequency range of two to ten Hz, while for a few sites in the CEUS, the amplified response 
is in the frequency range 15 to 30 Hz.  For such sites, the standard plant design based solely on the 
standard response spectra would be inadequate.  This raises the question of relevance of the standard 
spectra for standard plants that need to cover a wider range of sites.  The standard ground motion 
response spectra (URD or EUR) need to be updated in light of the CEUS data and other world-wide 
seismic data.  
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I. INTRODUCTION 


In order to develop and license a new 
nuclear power plant, seismic loads have to be 
established long before the selection of the site. 
At this early stage seismic design response 
spectra have to be chosen. The choice of the 
appropriate seismic level is crucial to ensure a 
competitive product and a product that could be 
adapted to cover as many regions as possible.  
The multiple regulations in the different 
countries and at the international level make the 
choice even more difficult. 


This paper presents the evolution of the 
seismic design basis in the US and Europe over 
the past 40 years.  The current seismic hazard 
definition and consequence analysis 
methodologies proposed in the different 
regulations in US and Europe are also reviewed. 


II. EVOLUTION OF SEISMIC 
DESIGN BASIS IN THE U.S  


Several papers have already explored in 
depth the historical development of seismic 
criteria, most notably the paper by J. D. 
Stevenson [1].  Thus, only a brief summary of 
the historical seismic criteria is reviewed in this 
paper.  


Deterministic Approach 


Nuclear Plants designed in 1970s and 80s in 
the US were predominantly based on the United 
States Nuclear Regulatory Commission  
(USNRC) Regulatory Guide (RG) 1.60 ground 
motion response spectra [2].  The RG 1.60 
spectra were based on a statistical study of the 
then-available earthquake records, primarily in 
the western US.  The amplified portion of the 
horizontal acceleration response spectra lies in 
the range of 2.5 to 9 Hz and then linearly 
decreases to the maximum ground acceleration 
value at 33 Hz and constant thereafter.  Figure 7 
shows the RG 1.60 spectra anchored to a peak 
ground acceleration of 0.3g.  The shape of the 
vertical response spectra is somewhat different, 
with the amplified region in the 3.5 to 9 Hz 
range, and the spectral values are only 2/3 of the 
corresponding horizontal spectra in the 
frequency range < 0.25 Hz, equal to the 
horizontal in the range > 3.5 Hz, and varies 


linearly from 2/3 to 1 times the horizontal in the 
0.25 to 3.5 Hz range. 


It should be noted that the RG 1.60 spectra 
do not distinguish the foundation medium, soil or 
rock, except for very soft sites.  RG 1.60 also 
states that the spectra are not to be used for sites 
relatively close to the epicenter (near-field 
earthquakes). 


A few years after the introduction of RG 
1.60, Newmark and Hall [3] published a set of 
seismic spectra (commonly referred to as 
NUREG/CR-0098 spectra) to be used in 
evaluating the then-operating plants that were 
not designed based on RG 1.60.  NUREG/CR-
0098 spectra were generated for both soil and 
rock sites and also for median (50 percent non-
exceedance probability) and median-plus-one 
standard deviation (84 percent non-exceedance 
probability). Both the RG 1.60 and the 
NUREG/CR-0098 spectra were based on a 
limited set of recorded ground motions, primarily 
from the western US.  Also, these definitions 
were generic in nature and not site-specific.   


Probabilistic and Performance-Based 
Approach 


In 1997, USNRC introduced RG 1.165 [4], 
which provided guidelines for the developing  
site-specific ground motion spectra based on 
probabilistic seismic hazard analysis (PSHA). 
Based on pilot studies at a few potential new 
plant sites, it became evident that this 
methodology would result in rather high peak 
spectral accelerations and at higher frequencies 
as well. RG 1.165 has since been withdrawn and 
has yielded the way for RG 1.208 [5], which is 
derived from a performance-based approach.  At 
one of the typical rock sites in CES, the 
probabilistic approach based on RG 1.165 
yielded a peak ground acceleration of 0.6g [16, 
17]. For the same site, application of the 
performance-based approach using RG 1.208 
resulted in a PGA of 0.35g.  RG 1.208 has 
become the standard for all new plants being 
planned and licensed (Combined Operating 
License Application, COLA) in the US. 


RG 1.208 provides the guidelines for 
determining a performance-based ground motion 
response spectra (GMRS).  The process involves 
performing the following: 
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• site- and regional-specific geological, 
seismological, geophysical and 
geotectonic investigations 


• probabilistic seismic hazard analysis 
(PSHA) 


• site response analysis considering the 
effects of local geology and topology 


• appropriate performance goals and 
methodology selection. 


Based on this approach, an initial ground motion 
response spectrum (GMRS) is generated using 
PSHA for a given mean annual probability of 
exceedance (e.g., 1x10-4).  The above GMRS is 
then modified by a scale factor that is based on 
the slope of the mean hazard curve between 
1x10-4 and 1x10-5.  The resulting spectrum is then 
the performance based GMRS corresponding to 
the mean annual probability of exceedances 
(frequency) of the on-set of significant inelastic 
deformation (FOSID) [5]. 


III. EVOLUTION OF SEISMIC 
DESIGN BASIS IN EUROPE  


In Europe the seismic hazard was 
historically defined following different 
methodologies, depending on the country. It is 
only recently that, for several European projects, 
the need arose to have more common references. 
One of the first projects was the EFR (European 
fast-breeder reactor) with the UK, Germany, 
Italy, and France as participants on this project. 
Within the framework of this project the 
operators of the different countries tried to define 
a design basis earthquake that covers most parts 
of Europe. The selected level of earthquake was 
a compromise to keep the power plant 
economically competitive for low seismic 
regions and limit the adaptation necessary for 
higher seismic regions. 


In fact, the earthquake design bases used in 
the four main countries were compared and a 
mean ground motion was determined after 
negotiation amongst the different operators.  


As cooperation between the various 
countries evolved, international vendor 
companies also began to emerge with the goal of 
offering nuclear power plants initially in Europe 
and ultimately to foreign countries outside 
Europe. The EUR (European Utility 
Requirements) [6] was then used as the vehicle 
to define the specifications for these new 
products. 


The selected ground response spectrum is 
scaled to a level corresponding to a commonly 
encountered intensity of VII in most parts of 
Europe. The shape of the response spectrum is 
derived from the shape used in the regulation 
relative to non-nuclear buildings with an 
amplification range of frequency between 3 Hz 
and 15 Hz depending on the kind of soil (see 
figure 1). 


 


 
Fig. 1. Ground response spectra defined by EUR. 


Once a site is selected, the methodology to 
define the ground motion spectrum depends on 
the country. Until now, many European countries 
used deterministic methods. However, in the 
recent past some countries began to use 
American methods (Probabilistic Approach), an 
example being Switzerland through the Pegasos 
project. On the other hand many countries in 
Europe and outside Europe rely on IAEA 
recommendations. 


Deterministic Method Case of France 


For non-nuclear installations the first 
seismic rules (PS69) were issued in the 1960s.  
At that time the earthquake was treated by a 
horizontal acceleration with a magnitude around 
0.1g. Although the dynamic characteristics of the 
structure were not taken into account, this 
approach still provided a certain level of seismic 
structural capability. These rules were up-dated 
in the 80s giving PS90 [8] which was 
subsequently revised to give PS92 [10]. These 
rules provided ground response spectra, 
introduced the effect of the amplification of the 
motion by the dynamic effect and even 
considered the effect of ductility.  In these rules 
the ground motion spectrum is defined for three 
different types of soil, with conventional spectra 
that are scaled depending on the region. The 
level of earthquake for each region is defined by 
state regulations. 
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Fig. 2. Generic spectra defined by PS90 for 
different soil types. 


The first nuclear regulation was RFSI.2.c 
(called RFS81 [11], which means safety 
fundamental rule) issued in the 1980s. This rule 
was based on a deterministic approach, where a 
maximum credible earthquake is determined 
using historical catalogues over the last 1000 
years. The maximum historically recorded 
earthquake is increased by a single level of 
intensity, on the MSK (Medvedev-Sponheuer-
Karnik 1964) scale to provide some margin. 
While the nuclear standard introduced many new 
features, it was evident from the onset that it 
would be an evolving standard. A study of the 
seismic source zone around the installation is 
mentioned, but no precise instructions are given. 
It is interesting to observe that the probabilistic 
approach is also mentioned as an option, 
although in practice this approach has rarely, if 
ever, been used. It is also important to notice that 
a near-field earthquake is considered, but only a 
conventional response spectrum is imposed with 
a peak ground acceleration calibrated as a 
function of the intensity of historical 
earthquakes. This spectrum has high 
amplification in the range of 8 Hz. 


 


Fig. 3. GRS defined by PS92 [10]. 
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Fig. 4. Near-field conventional GRS defined by 
RFSI.2.c. 


The most recent evolution of this rule, which 
was appended in 2001, is called RFS2001-01 
[12]. The evolution comprises a better 
description of the seismic source zone definition. 
The attenuation functions imposed depend on the 
type of soil; two types of soil are considered (soft 
soil and rock). The near-field conventional 
spectrum is no longer required. However, a 
requirement for the consideration of geological 
evidence of paleoseismicity poses a future threat 
that the hazard level can change for plant 
operators. 


It is interesting to mention that the Eurocode 
[9] was recently developed, and in particular 
EC8, which is dedicated to seismic design of 
non-nuclear installations. EC8 also defines some 
generic ground response spectra, and, as was the 
case of previous non-nuclear rules, the spectra 
have a conventional shape and a level fixed by 
each country regulation. The regulation in France 
is based on a probabilistic approach that was 
performed at the state level.  


 


Fig. 5. Ground response spectrum defined by the 
EC8 for different soil conditions. 
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Probabilistic Method Case of 
Switzerland 


The case of Switzerland is worthy of note, as 
this country recently used state-of-the-art 
probabilistic approaches. An important project 
named Pegasos defined the seismic hazard in 
Switzerland based on a PSHA and the so-called 
SSHAC (Senior Seismic Hazard Analysis 
Committee) methodology. The results, which 
were clearly different from what one would 
expect from previous methods, gave larger Peak 
Ground Accelerations than seen before. This 
evolution is perhaps less due to the method itself, 
than due to the large number of experts and an 
extended consideration of uncertainty including 
many different hypotheses. This method induced 
a large dispersion of the results that affected the 
mean values as well. In general, despite the high 
PGA value governed by near-field earthquakes, 
high frequency content was not observed [7]. 
This phenomenon of high acceleration in the 
range of 10-30 Hz is observed for the study of a 
site in Finland [13]. 


 


Fig. 6. High acceleration in the 10-30 Hz, in 
Europe. 


Comparison of Deterministic and 
Probabilistic Approach 


Many steps of the deterministic and 
probabilistic approaches are similar. The main 
differences, which have a major impact on the 
seismic demand, can be attributed to the 
handling of near-field earthquakes. In the 
deterministic approach the governing 
earthquakes for each source zone are selected on 


the observed intensity. It is one of the reasons 
leading to the elimination of some near-field 
earthquakes, as they have low intensity. The 
second main difference is perhaps in the 
treatment of the dispersion of the PGA for a 
given magnitude and distance in the attenuation 
function. In the deterministic approach it is 
supposed that this dispersion is limited. As in the 
probabilistic approach the distribution of PGA is 
considered, and for very low probability 
extrapolation of this distribution can lead to high 
PGA, even for small magnitude. 


The performance-based approach introduced 
in the U.S. (as discussed in Section II) is yet to 
take root in Europe.  It is likely that Europe 
would follow the U.S. if they find the 
Probabilistic Approach results in high ground-
motion response spectra as was observed in the 
U.S. 


IV. STANDARD GROUND-MOTION 
SPECTRA VS. SITE-SPECIFIC 


SPECTRA 


US utilities, through the Electric Power 
Research Institute (EPRI), generated the Utility 
Requirements Document (URD) [14] that 
established the guidelines for the design, and 
construction of the new-build plants.  Section 
4.5.2.4 of Chapter 1 of the URD provides the 
requirements of earthquake loads.  Specifically, 
the URD requires the Safe Shutdown Earthquake 
to be based on the RG 1.60 with a maximum 
ground acceleration of 0.3g.  The URD also 
requires a site-specific SSE to be generated 
based on the governing regulatory requirements.  
The Plant Designer is to compare the standard 
spectra (RG 1.60-based) and the site-specific 
spectra prior to the beginning of the detailed 
design and report to the Plant Owner points on 
the site-specific spectra that exceed the standard 
spectra. USNRC refers to the standard ground-
motion spectra used in the application of Design 
Certification (DC) of a standard nuclear power 
plant as the Certified Standard Design Response 
Spectra (CSDRS) [18]. 


Figure 7 shows a comparison of the standard 
spectra and site-specific spectra for a few 
proposed sites in the central and eastern US.  For 
the standard spectra, the URD and EUR-based 
CSDRS are presented for a damping value of 
five percent.  Note that the EUR provides three 
sets of spectra based on the site soil conditions; 
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soft, medium and hard.  URD spectra (based on 
USNRC RG 1.60) do not differentiate the site 
soil conditions, soil or rock.  The US EPR™ 
plants are designed for the three EUR spectra 
and enhanced in the high frequency range 
considering the site-specific GMRS for one of 
the eastern US sites [15].   It is seen that the site-
specific spectra for the central and eastern US are 
not bounded by either the URD or the EUR 
spectra, exceedances in the higher frequencies (> 
8 Hz) being lower in the case of EUR than URD 
spectra.  The exceedances are site-specific and as 
seen in Figure 7, some are more significant than 
others. 


 


Fig. 7. Comparison of EUR, URD and Site-
Specific Ground Design Spectra Horizontal 
Direction, 5% Damping 


Design Implications of Site-Specific 
Earthquakes 


The design philosophy embodied in URD 
[14] and EUR [6] is to construct standard plants 
for a variety of sites in order to achieve lower 
overall cost. Based on the comparisons presented 
in Figure 7, it would appear that current standard 
spectra specified in URD and EPR do not 
envelop the site-specific ground-motion spectra 
of several sites in the US and possibly elsewhere 
in the world.  In the US, the approach has been to 
augment the certified seismic design response 
spectra (CSDRS [18]) in the high frequency 
range to envelop the site-specific spectra. 
Different reactor vendors have generated 
different CSDRS based on the specific sites 
where their reactor system is to be used.  For the 
US EPR™ plants, the CSDRS comprises the 
three EUR spectra (soft, medium and stiff soil) 
and one of the CEUS site-specific spectra 
(Figure 8).  We recommend that URD and EUR 
revisit this topic and update the standard seismic 
spectra to reflect the site-specific characteristics 
of CEUS and other similar regions in the world. 


 


Fig. 8. Certified Seismic Design Response 
Spectra (CSDRS) for USEPR™ 


V. SUMMARY AND CONCLUSIONS  


The seismic design basis for nuclear power 
plants in the US and Europe has shifted from a 
deterministic approach to either a probabilistic or 
performance-based approach.  Based on the 
expanded database of worldwide earthquake 
records, the probabilistic and performance-based 
approaches yield higher peak ground 
accelerations and higher frequency (greater than 
10 Hz) seismic spectra as compared to the earlier 
deterministic spectra that were based on limited 
data.  The standard plant designs based strictly 
on the deterministic-standard spectra (URD, 
EUR spectra) are not enveloped by the site-
specific seismic spectra for certain sites in the 
Central and Eastern United States (CEUS) and 
elsewhere in Europe.  Thus, the standard plants 
are using an augmented standard design spectra 
in the frequency range >10 Hz. 


Based on a review of the current practice we 
recommend that the standard spectra (URD and 
EUR) be revised to envelop the site-specific 
characteristics of the CEUS and Europe.  There 
may also be a need to specify different levels of 
PGA.  The current recommended values of 0.25g 
in Europe and 0.3g in US may not envelop all 
potential sites. 


The organizations/authorities in Europe 
could find advantages in adopting the U.S. 
Performance-Based Approach (RG. 1.208) for 
the determination of the site-specific ground-
motion response spectra. 
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Abstract- The AP1000® passive safety systems are designed to mitigate against design basis accidents 
without the need for AC power. A key component of the passive core cooling system (PXS) is the passive residual 
heat removal (PRHR) heat exchanger which is the safety grade component designed to remove decay heat from the 
reactor coolant system (RCS) following an accident. The PRHR heat exchanger is located in the in-containment 
refueling water storage tank (IRWST) at an elevation above the reactor core. The inlet to the heat exchanger is 
connected to one of the two hot legs while the outlet is connected to the outlet plenum on one of the two steam 
generators. The inlet is open to the RCS pressure, and the outlet pipe is normally closed by two isolation valves in 
parallel to assure that the system is single failure proof. During normal operation, the water in the heat exchanger 
tubes is in thermal equilibrium with the IRWST which is at the containment temperature. When a safety injection 
signal is generated following an accident, these isolation valves are opened and natural circulation is established in 
the heat exchanger which is sized to remove the decay heat from the RCS. To enhance natural circulation, the 
reactor coolant pumps are tripped on a safety injection signal. 
 
 As part of a comprehensive safety case, the AP1000® design approach requires also demonstration that the 
novel passive features included not only lead to an improved response to design basis events, but are also analyzed 
to demonstrate the adequateness of the design in responding to spurious actuations. One such sequence is the 
inadvertent opening of the PRHR isolation valves when the reactor is operating at full power. Cold water from the 
PRHR heat exchanger tubes is discharged into the steam generator channel head where it mixes with the RCS loop 
flow as it exits from the steam generator tubes. The two cold legs on the non-PRHR loop will be unaffected by this 
event.  For the PRHR loop, depending on the degree of mixing in the steam generator channel head, one of the cold 
legs could be significantly colder than the other.  Mixing can also occur in the reactor vessel downcomer and the 
lower plenum.  In the limit where there is no mixing in the steam generator plenum and no mixing in the 
downcomer, flow could enter one quadrant of the core at a  lower temperature leading to a locally higher power due 
to a positive reactivity insertion from the colder, denser, reactor coolant. Thus, it is useful to determine the degree of 
mixing to guide the safety analysis assumptions for this accident. 
 
 Testing was conducted at the APEX integral test facility at the Oregon State University.  The APEX facility 
is a one-fourth pressure, one-fourth height scale model of the AP1000® reactor coolant and passive core cooling 
systems. The facility has been used to simulate design basis accidents in support of the AP1000® design 
certification. The facility is extensively instrumented to provide pressure, temperatures and flow rates throughout 
the RCS and PXS. In addition, there is a large number of thermocouples in the downcomer to determine the extent of 
mixing between the four cold leg streams before they enter the reactor vessel lower plenum. The inadvertent PRHR 
actuation accident was simulated at APEX to determine the degree of mixing in the steam generator outlet plenum 
and the reactor vessel downcomer. The results of these tests were then used to guide the safety analysis assumptions 
on mixing.  As a result of this detailed investigation, the design and the protection functions can be properly 
validated, to confirm not only the dramatic advantages provided by the adoption of passive systems, but also how 
the design addresses effectively any potential for postulated spurious actuations.  
 
AP1000 is a trademark or registered trademark in the United States of Westinghouse Electric Company LLC, its 
subsidiaries and/or its affiliates. This mark may also be used and/or registered in other countries throughout the 
world. All rights reserved. Unauthorized use is strictly prohibited. Other names may be trademarks of their 
respective owners.  
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Figure 1:  AP1000® Reactor Loop Layout and Passive Core Cooling System 


 
 
I. INTRODUCTION 
 


The AP1000® plant is a two-loop, 1000 
MWe passive plant design.  Unique to the AP1000® 
is the passive core cooling system (PXS) shown in 
Figure 1.  The PXS consists of the following: 
 
• Two full-pressure core makeup tanks (CMTs) 


that provide borated makeup water to the 
primary system at any pressure. 


 
• Two accumulators that provide borated water 


to the reactor vessel if the primary pressure 
falls below 4.83 MPa (700 psia). 


 
• A passive residual heat removal heat 


exchanger (PRHR HX) composed of a C-
shape tube bundle submerged inside the in-
containment refueling water storage tank 
(IRWST), which can remove heat from the 
primary system at any pressure. 


 
• The automatic depressurization system 


(ADS), which comprises a set of valves 
connected to the pressurizer steam space and 


the two hot legs.  These valves are opened 
sequentially to provide a controlled 
depressurization of the primary system.  The 
first three stages of the ADS discharge to the 
IRWST, while the fourth stage discharges 
directly to the  containment atmosphere. 


 
• An IRWST that provides a large source of 


core cooling water, which drains by gravity 
after the ADS has reduced the primary system 
pressure to near the containment pressure. 


 
• A recirculation sump that collects water 


discharged from the primary system and 
steam that condenses within the containment.  
After the primary system is depressurized, and 
the gravity head becomes great enough, the 
water in the sump is recirculated to the 
primary system. 


 
 The AP1000® plant (Ref. 1) overall safety 
approach, combining passive systems and active, 
defense in depth features, provide a unique level of 
diversity and protection for a PWR, and especially it 
allows to break the connection between increased 
costs to achieved improvement is safety, which are a 
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Figure 2: Peak Core Heat Flux vs. Time for 


Inadvertent PRHR 
 


 
consequence of the conventional design approach 
that has to rely on addition of multiple trains of 
similar equipment to achieve improvements in safety. 
 To fully realize the benefits of passive 
technology, the system must of course be optimized 
to minimize the demand on the passive features and 
to ensure the design appropriate and optimized 
response to address postulated spurious actuations. 
 This paper demonstrates the analysis and 
testing that was performed to characterize the reactor 
coolant system cooldown resulting from an 
inadvertent actuation of the PRHR heat exchanger 
while the plant is operating at full power.  Of 
particular interest is the degree of asymmetry 
resulting from the mixing of cold water returning 
from the PRHR and the normally hot RCS flow. 
 The results show that the AP1000® plant 
protection system is designed to mitigate the events, 
even with the most pessimistic safety analysis 
assumptions. 
 
 
II. ANALYSIS OF THE INADVERTENT PRHR 
ACTUATION FAULT 
 
 The PRHR HX is designed to remove 
reactor decay in the event of a loss of normal heat 
sink event.  The heat exchanger is maintained at full 
RCS pressure, but is in thermal equilibrium with the 
IRWST.  The inlet to the heat exchanger is connected 
to one of the two hot legs, and the outlet is connected 
to the channel head on one of the two steam 
generators.  The heat exchanger is located at an 
elevation which is higher than the reactor core 
promoting natural circulation flow.   
 When a safety signal is generated by the 
plant protection system, isolation valves on the outlet 


line are opened and the cold water in the heat 
exchanger tubes flows into the steam generator 
channel head.  Hot water from the hot leg enters the 
top of the heat exchanger tubes and heat is transferred 
to the IRWST. 
 The inadvertent actuation of the PRHR is 
considered an RCS cooldown fault which causes an 
injection of relatively cold water into the reactor 
coolant system.  This produces a reactivity insertion 
in the presence of a negative moderator temperature 
coefficient.  This power increase could challenge the 
core safety limits (DNB and fuel centerline melting).  
The degree of cooldown is not as severe as a large 
main steam line break which requires a reactor trip 
(based on low steam pressure) to mitigate the effects 
of the reactivity insertion.   
 The PRHR heat exchanger is connected to 
one of the two reactor coolant loops.  With good 
mixing in the steam generator channel head where 
the PRHR return line is located, two of the four cold 
legs will be moderately colder than the other loop.  
Without good mixing, the cold PRHR return water 
will enter one of the two cold legs connected to the 
steam generator channel head, while the other will 
remain at the same temperature as the reactor coolant 
loop without the PRHR.  For this case, the “colder” 
cold leg will be significantly lower in temperature 
than the other thee cold legs.  Thus, it is important to 
determine the degree of mixing in the steam 
generator channel head. 
 The four cold legs enter at 90-degree 
intervals around the reactor vessel circumference.  
The flow turns 90-degrees, flows down the 
downcomer, and enters the lower plenum.  With 
limited mixing in these two regions, there is the 
potential for one sector of the core to see a 
significantly colder temperature than the other 
sections of the core.  The subsequent rise in power 
would trigger a reactor trip, but not fast enough to 
limit the power excursion. 
 Based on the most pessimistic assumption of  
mixing in the steam generator channel head and the 
reactor vessel, the peak power in the quadrant of the 
core with the cold water can be substantial as is 
shown in top curve in Figure 2 and could challenge 
the fuel integrity.  For this reason, the AP1000® plant 
protection system includes a reactor trip based on the 
position of the PRHR discharge valves.  Thus, for an 
inadvertent actuation of these valves, the core, the 
reactor trips before the cold water reaches the core.  
The result is a 1-2% power increase followed by a 
rapid shutdown as is shown in the bottom curve in 
Figure 2.  This demonstrates the ability of the  
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Figure 3:  APEX Test Facility 
 


Table 1:  Applicable Scaling Factors from AP1000® 
Scaling Analysis 
Parameter Scaling Ratio 
Length Ratio 1:4 
Flow Area Ratio 1:48 
Volume Ratio 1:192 
Fluid Velocity Ratio 1:2 
Fluid Residence Time Ratio 1:2 
Mass Flow Rate Ratio 1:96 
Power Ratio 1:96 
Break Mass Flow Rate Ratio 1:96 
Pressure (after equilibrium with 
SG secondary side) 


1:4 


 
AP1000® plant protection system to mitigate this 
fault with little challenge to the fuel. 
 
III. APEX TEST FACILITY 
 
 The APEX test facility, shown in Figure 3, is 
a one-fourth height, on-half time scale reduced pressure 
integral systems facility (Ref. 2).  The facility was 
constructed in the 1990s to support the design 
certification of the AP600® plant design, and was 
modified in 2002 to support the design certification of 
AP1000® plant design. 
 Included in this facility: 


 
 Reactor Coolant System:  This includes an 


electrically heated 48-rod bundle core, a 
reactor vessel with internals, two hot legs,four 
cold legs, two 133 U-tube steam generators, a 
pressurizer, and four reactor coolant pumps. 


 


 
Figure 4:  APEX Simulation – Cold Leg 


Temperatures  
 


 
• Passive safety Systems:  This includes two 


CMTs, two accumulators, a four-stage ADS, a 
PRHR heat exchanger, an IRWST, and 
portions of the lower containment 
compartments. 
 


• Balance of Plant:  This includes a feedwater 
system, non-safety grade Chemical Volume 
Control System (CVS) and an active Residual 
Heat Removal System. 
 


 All of the reactor coolant system components 
are constructed of stainless steel and are capable of 
consistent operation at 27.6 bar (400 psia) while at the 
saturation temperatures.  All primary system 
components are insulated to minimize heat loss.  The 
scaling factors used to design APEX are summarized in 
Table 1.  APEX was used extensively to simulate both 
LOCA and non-LOCA faults to provide the basis for 
computer code verification and validation for AP1000® 
(Ref. 3). 
 Nearly 700 instruments are used to determine 
conditions such as pressure, temperature, flow rates, 
power, and liquid level at key locations in the RCS and 
PXS. 
 
Simulation of the Inadvertent PRHR Actuation Fault 
 
 In the event of a safety “S” signal, the facility 
is designed to mimic the plant protection system by 
tripping the reactor, opening the CMT and PRHR  
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Figure 6:  Temperature Distribution in the Reactor Vessel Downcomer 


 
isolation valves and tripping the reactor coolant pumps.  
To simulate an inadvertent actuation of the PRHR, the  
logic was modified so that the initiating event is the 
opening of the PRHR isolation valves.  The reactor 
remains at full power and the reactor coolant pumps are 
not tripped. 
 The test results show that the PRHR flow 
represents about 2.5% of the total loop flow.  Figure 4 
shows the fluid temperatures for all four cold legs.  If 
perfect mixing is assumed, the temperature of the two 
cold legs on the PRHR return loop would be equal in  


temperature and moderately colder than the two cold 
legs on the other side.  However, Figure 4 shows that 
three of the cold legs are roughly the same temperature 
and that one is significantly colder.  This indicates that 
nearly all the PRHR return flow enters one of the two 
cold legs and practically no mixing occurs.  This is 
likely due to the vortex developed in the channel head 
by the two reactor coolant pumps.  Previous tests (Ref. 
2) show that the PRHR flow is well mixed for the case 
where the RCPs are tripped. 
 The APEX reactor vessel downcomer is 
instrumented with several thermocouples to determine 


t=24 sec t=30 sec 


t=36 sec t=42 sec 


deg-C 
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mixing.  Contour plots of the downcomer temperatures 
are shown in Figure 5 warmer flow from the other cold 
legs.   These results indicate that while there is some 
mixing between the cold leg flows, the effect is small, 
and the assumption of no mixing is largely valid. 
 The APEX reactor vessel lower plenum is not 
prototypic and no determination of mixing in this 
region can be made from this test. 
 The results of this simulation show that there 
is no significant mixing in either the steam generator 
channel head or the reactor vessel downcomer.  Thus, 
the assumption of zero mixing designed to maximize 
the local reactivity feedback is justified for the 
computer simulation of this event. 
 
IV. CONCLUSION 
 
The following conclusions can be drawn from this 
study: 
 


 The AP1000® plant protection system is 
capable of mitigating all design basis faults, 
including those involving the inadvertent 
actuation of the passive safety systems unique 
to AP1000® design. 
 


 An inadvertent PRHR actuation at full power, 
full flow conditions can result in significant 
asymmetry with respect to the temperatures in 
the four cold legs.  This is due to the lack of 
mixing of the cold water return from the 
PRHR in the steam generator channel head 
due to a vortex formed by the reactor coolant 
pumps.   
 


 Some mixing occurs in the reactor vessel 
downcomer, but scale-model testing shows 
significant asymmetrical core inlet 
temperature distributions can occur for this 
event. 
 


 A reactor trip based on the PRHR discharge 
valve position is thus effective for mitigating 
the power excursion from the asymmetric 
cold water injection by tripping the reactor 
before the cold water slug arrives at the core 
inlet.  The resulting power increase is minimal 
(1-2%) for this event. 
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Abstract – The present paper deals with the development and validation of a numerical model of 
the integral facility SPES with the French system code CATHARE. The different stages followed 
for the correct setup of the model are summarized: building of the nodalization in accordance to 
the real geometry, steady state stabilization through the control of the main thermal-hydraulic 
parameters, achievement of the reference steady state by tuning on experimental data. The 
capability of this model to simulate the transient behaviour of the facility in its present 
configuration, called SPES-99, has been actually verified against an IB-LOCA (Intermediate 
Break - Loss of Coolant Accident) transient test conducted in the SPES2 facility at the end of 90’s. 


 
 


I. INTRODUCTION 
 
The development and acquisition of methods for the 


design and the safety analysis that are requested in the 
licensing process of nuclear power plants, as well as the 
availability of large facilities and laboratories for nuclear 
qualification are essential tools for the renaissance of the 
Nuclear Energy in Italy. ENEA, the Italian National agency 
for new technologies, energy and sustainable economic 
development, which has maintained its competences in the 
nuclear field during the long period of nuclear moratorium, 
has recently redirect part of its R&D activity toward these 
objectives.  


Starting from the Three Mile Island accident (1979) 
[1], the capability to predict the behaviour of a power plant 
in transient and accident conditions became of fundamental 
importance for the design and assessment of the safety. For 
this purpose new computer codes, called “best estimate”, 
having numerical models able to describe all the physical 
phenomena considered important and expected in a nuclear 
power plant have been developed in the following years. In 
spite of the nuclear moratorium, ENEA has acquired these 
codes within the framework of international agreements 
like the CAMP (Code Applications and Maintenance 
Program) with US-NRS for the RELAP5 code and the 
bilateral cooperation with the French CEA (Commissariat à 
l'Énergie Atomique) for the CATHARE code.  


In particular, the activity on CATHARE 2 [2], which is 
the reference code for the transient and accident analysis of 
the EPR (European Pressurized Reactor), has been 
strengthening in the last time due to the recent Italian 
interest toward this reactor. This paper that deals with the 


development and validation of a CATHARE 2 model of the 
integral facility SPES2 belongs to this line of activity. 


The facility, which was built in 80’s to simulate a 
PWR Westinghouse reactor and modified in 90’s for the 
certification process of the AP600 reactor [3], will be 
refurbished in order to investigate some specific 
phenomena and to qualify systems and components. The 
CATHARE model will be an useful tools for the design of 
the modifications and the experimental campaigns, 
moreover the transient tests carried out in the facility will 
allow the code verification. 


In order to meet these objectives the model has been 
developed with particular rigour concerning the plant lay-
out and the geometry of the components. The steady state 
has been obtained by means of an algorithm of regulation 
of the main T/H parameters that reproduces as much as 
possible the real regulations of the facility. A calibration on 
the experimental data has allowed to reduce the 
uncertainties related to some phenomena. At the end of this 
procedure the capability of the model to simulate the 
transient behaviour of the facility in its present 
configuration, called SPES-99, has been verified against a 
IB-LOCA (Intermediate Break - Loss of Coolant Accident) 
transient test conducted in the SPES facility at the end of 
90’s. 


 
II. THE SPES-99 FACILITY 


 
The SPES facility, located at SIET laboratories in 


Piacenza (Italy), was modified after five years of inactivity 
from the SPES-2 configuration [4] to SPES-99 [5], in view 
of possible future programs and to investigate intermediate 
break transient phenomena, never been simulated before in 
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this facility. The SPES-99 circuit is a full pressure, full 
height, two-loop experimental test facility simulating a 
commercial size PWR, with an overall scaling factor of 
about 1:400. It is basically constituted by the primary 
circuit, the secondary circuit up to the steam isolation 
valves, and the accumulators, as systems to protect the 
plant in case of accident. The scheme of the SPES-99 
facility is shown in Fig. 1. 


 


 
Fig. 1. SPES-99 layout 


 
 


Each of the two primary loops includes a Hot Leg 
(HL) and two Cold Legs (CL). The hot leg connects the 
reactor pressure vessel to the steam generator. The two 
cold legs detach from a single primary coolant pump 
vertical discharge line. A device simulating a 10" 
equivalent break is mounted on the cold leg 2 of the loop B 
to carry out the intermediate break test. 


The reactor pressure vessel is composed by the lower 
plenum, the riser, where the rod bundle is placed, the upper 
head and the down-comer. The down-comer consists of an 
annular section, where the four cold legs and the two 
Direct Vessel Injection (DVI) nozzles are attached, and an 
outer pipe connecting the annular section to the lower 
plenum. 


The rod bundle is electrically heated and consists of 97 
skin heated Inconel rods with the maximum power of 7 
MW. The pressurizer consists of a cylindrical flanged 
vessel equipped with two immersed heaters and six 
external ones. It is connected to the hot leg of the intact 
loop. 


The pumps are centrifugal, single stage, horizontal 
shaft type. The suction line is horizontal and the delivery is 
vertical, discharging downwards into a pipe upstream of 
the two cold legs. 


The facility has two identical SGs to transfer thermal 
power from the primary to the secondary circuit. The SG 


primary side consists of a 13 Inconel600 tube bundle, 
assembled in a square lattice, and inlet/outlet plena. The 
secondary side has full elevation up to the top of the steam 
separator and the secondary separators (dryers) are located 
at the SG’s top. 


The main characteristics of the SPES 99 facility are 
reported in Tab. I. 


 
TABLE I 


Main Characteristics of SPES-99 


Cooling Fluid water 


Number of loops 2 


Number of pumps 2 


Design Primary Pressure [MPa] 20  


Design Secondary Pressure [MPa] 20  


Primary Design Temperature [°C] 365 


Design Secondary Temperature [°C] 310 


Maximum Power [MW] 9 


Height Scaling factor 1:1 


 
 


III. CATHARE 2 Code 
 
CATHARE (Code for Analysis of THermalhydraulics 


during an Accident of Reactor and safety Evaluation) is a 
system code developed for the transient and accident 
analysis in PWR and used to support the licensing process 
of French power plant (N4, EPR). The present 
CATHARE2 code, started in 1979, is the result of a 
collaboration among CEA (Commissariat à l'Énergie 
Atomique), IRSN (Institut de Radioprotection et de Sûreté 
Nucléaire), EDF (Électricité de France) and AREVA NP.  


CATHARE [6] treats the thermal-hydraulic of the 
heat-transfer fluid by means of a non-homogeneous and 
non-equilibrium two-fluid model (liquid and vapour) based 
on 4 scalar equations (mass and energy), 2 vector equations 
(momentum), for the 6 main parameters: liquid and gas 
enthalpy (Hl, Hg), liquid and gas velocity (Vl, Vg), pressure 
(P) and void fraction (α). It includes the transport 
equations to take into account up to 4 non-condensable 
gases and 12 radio-chemical components. A fully implicit 
solution scheme is adopted for 0-D and 1-D modules and a 
semi-implicit scheme for 3-D module. The modular 
structure of the code allows the parallel computation. 


The code relies on a unique set of qualified physical 
correlations and generic component models (1-D, 0-D and 
3-D and Boundary Conditions modules) for the closure 
relationship to calculate mass, momentum and energy 
exchange between the two phases and between each phase 
and the boundaries of the thermal-hydraulic system. Sub-
modules for special components and processes are also 
available: source, sink, valves, pumps, break, SG, etc. In 
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addition, special process models are foreseen for active 
walls, fuel etc. 


The high degree of maturity achieved by the 
CATHARE 2 code makes it a tool able to simulate, with 
high confidence, practically every kind of LWR, including 
naturally the conventional thermal-hydraulic loop like the 
integral test facility.  


 
IV. SPES-99 CATHARE Model 


 
IV.A. Nodalization 


 
The latest version V2.5_1 of CATHARE 2 has been 


adopted to simulate the SPES-99 facility; the related 
nodalization has been developed by respecting the 
geometrical dimensions of different parts and components 
as well as the topology of the circuits [7]. In particular, the 
modular structure of the code has allowed to find a good 
compromise to preserve heights, flow areas and fluid 
volumes. It is worth to remind that the facility is scaled 1:1 
in height and 1:397 in volume respect to the AP-600 
reactor.   


In Figs. 2 and 3 are reported the nodalization schemes 
of the primary vessel and of the loop A that includes the 
pressurizer. 


 


 
 


Fig. 2: Vessel nodalization  


 
 


Fig. 3: Loop A nodalization 
 
Some choices on the nodalization of the facility can 


strongly influence the results of the simulation. The vessel 
anular downcomer has been represented with a 0-D 
component (DWC_ANN) in order to easy describe the 
high number of connections in this part of the circuit (4 
cold legs, downcomer-upper head bypass, accumulators 
injection, tubular downcomer). On the other hand this 
component does not allow to take into account the inertial 
forces (the internal velocity is neglected) and the possible 
multi-D effects. The utilization of axial or 3D components 
is not considered in the present work but will be evaluated 
with future sensitivity analyses. The accumulators have 
been simulated by means of the specific CATHARE sub-
modules that do not allow the detailed description of the 
discharge line. The thermal capacity of the wall structure 
could have effect on the gas expansion and therefore in the 
water injection behaviour.  


 
IV.B Regulated Steady State 


 
The CATHARE code has an algorithm (PERMINIT) 


that provides the initial steady state conditions of the 
thermal-hydraulic parameters starting from a set of guess 
values and introducing the necessary corrections to achieve 
the calculation convergence. This is the first step to obtain 
the reference steady state that was recorded on the facility 
before running the Intermediate Break LOCA test. 
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In order to get thermal-hydraulic conditions closer to 
the reference steady state ones a regulation procedure of 
the main parameters that has reproduced as much as 
possible the real regulations of the facility has been 
adopted. This objective has been achieved according to a 
procedure recommended for CATHARE [8] by running the 
transient calculation algorithm (TRANSIENT) and 
controlling the main parameters directly in the input-deck. 
To this purpose, it has acted on the boundary through a 
proportional-integral regulation. 


The following parameters: primary mass flowrate, 
liquid level in the pressurizer, primary pressure, fluid 
inventory in the steam generators and feed-water mass 
flowrate have been controlled for 3500 seconds until the 
acceptance criteria have been satisfied. The following 1500 
seconds of calculation have been run after stopping all the 
regulations to verify the stability of the steady state 
achieved. 


 The results of this regulated calculation are compared 
with the experimental values in Tab. II. Important 
deviations are related to the temperatures in the primary 
circuit that are about 4 °C lower than the measured values, 
and the pump rotation velocities that result 20% lower than 
the experimental ones. 


 
TABLE II 


Main Parameters after Regulation Phase 


Steady State Conditions Experimental 
Values 


Calculated 
Values 


Heater Rod Power (MW) 4.97 4.92 
Pressurized Pressure (MPa) 15.37 15.36 
CL Temp. (A1, B1) [°C] 279.7 277.6 273.8 272.9 
CL Temp. (A2, B2) [°C] 279.4 277.6 273.8 272.9 
Core Inlet Temp. [°C] 277.9 273.4 
Core Outlet Temp. [°C] 320.4 312.7 
HL Temp. (A, B) [°C] 315.8 316.9 312.5 312.5 
Core Mass Flowrate [kg/s] 23.55 23.55 
CL MFlow (A1,B1) [kg/s] 6.04 5.56 6.23 5.78 
CL MFlow (A2,B2) [kg/s] 6.24 5.82 6.05 5.65 
Pump speed (A, B) [rpm] 3057 2769 2453 2299 
DC-UH bypass Mflow [kg/s] 0.13 0.13 
Pressurizer level [m] 3.77 3.72 
SG pressure (A , B) [MPa] 4.97 4.94 4.96 4.96 
SG Dome level (A , B) [m] 0.8 0.8 0.8 0.8 
SG FW Temp. (A ,B) [°C] 225.6 226.9 226.0 226.0 
SG Dome Pres. (A ,B) [MPa] 5.16 5.08 4.97 4.97 
SG FW flowrate (A ,B) [kg/s] 2.00 2.20 1.41 1.32 
 


 
IV.C Reference Steady State 


 
The tuning on experimental data has allowed to reduce 


the uncertainties related to certain phenomenologies and to 
obtain a reference steady state in good agreement with the 
experimental results.  


The lower values of the primary temperatures 
calculated by CATHARE indicate an over-prediction of the 
SGs heat transfer that is justified by the uncertainties on 
the heat transfer coefficients and on the fouling degree of 
the SG tubes. In order to solve this discrepancy the 
exchange area of the SG tubes has been reduced of 15% to 
match the experimental average primary temperature.  


The under-prediction of the pump speed at the end of 
the regulation phase is due to an underestimation of about 
20% of the total pressure drop in the primary circuit. The 
comparison between the pressure drops measured and 
calculated in the different parts of the circuit has revealed 
that the larger discrepancies concerned the annular 
downcomer (some internal structures implemented to 
represent the pressure drops expected in the AP600 are not 
simulated in the model), the connections between upper 
plenum and hot legs and the steam generators. These 2 last 
differences can be attributed to the uncertainties in 
calculating the geometrical pressure drops at the entrance 
and exit of the large plenum. Moreover, in the U-tubes of 
the SGs the fouling phenomena could be responsible of an 
increase of the distributed pressure drops respect to the 
ideal situation considered in the calculations.  


The following geometrical coefficients used to 
calculate some concentrated pressure drops have been re-
calibrated on the experimental data: connection between 
cold-legs and annular downcomer, entrance of hot-legs 
from the upper plenum, connections between hot/cold-legs 
and SGs’ plena. 


The final results of the reference steady state 
calculation are reported in Tab 3. 


 
TABLE III 


Main Parameters after Calibration Phase 


Steady State Conditions Experimental 
Values 


Calculated 
Values 


Heater Rod Power (MW) 4.97 4.93 
Pressurized Pressure (MPa) 15.37 15.36 
CL Temp. (A1, B1) [°C] 279.7 277.6 277.0 276.0 
CL Temp. (A2, B2) [°C] 279.4 277.6 277.0 276.0 
Core Inlet Temp. [°C] 277.9 276.5 
Core Outlet Temp. [°C] 320.4 315.2 
HL Temp. (A, B) [°C] 315.8 316.9 315.1 315.1 
Core Mass Flowrate [kg/s] 23.55 23.68 
CL MFlow (A1,B1) [kg/s] 6.04 5.56 6.16 5.70 
CL MFlow (A2,B2) [kg/s] 6.24 5.82 6.14 5.67 
Pump speed (A, B) [rpm] 3057 2769 2723 2603 
DC-UH bypass Mflow [kg/s] 0.13 0.13 
Pressurizer level [m] 3.77 3.72 
SG pressure (A , B) [MPa] 4.97 4.94 4.96 4.96 
SG Dome level (A , B) [m] 0.8 0.8 0.8 0.8 
SG FW Temp. (A ,B) [°C] 225.6 226.9 226.0 226.0 
SG Dome Pres. (A ,B) [MPa] 5.16 5.08 4.97 4.97 
SG FW flowrate (A ,B) [kg/s] 2.00 2.20 1.41 1.32 
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It can be noticed that all the thermal-hydraulic 
parameters calculated by CATHARE result in good 
agreement with the experimental data except for the feed-
water mass flowrate in both the secondary loops. In fact for 
this parameter CATHARE provides a value of 1,4 kg/s 
against the value of 2 kg/s reported on the experimental 
report. A thermal balance carried out on both secondary 
loops has shown that the calculated value is realistic 
whereas the experimental data is affected by a relevant 
error which reason is not clear from the information 
reported on the experimental report.  
 


V. SPES-99 IB LOCA Transient 
 


V.A Results of the experiment 
 


The Intermediate Break LOCA test consisted in a 10" 
equivalent break in Cold Leg B2 starting from full power 
and full pressure conditions. The test was defined by a 
working group constituted by ENEA, ANPA, JRC Ispra, 
ANSALDO, Pisa University and SIET [9]. 


The experimental boundary conditions of the test are 
reported in Tab. IV together with the relevant thermal-
hydraulic events. 


 
TABLE IV 


Test Boundary Conditions 


Test Boundary 
Conditions 


Specified 
 Time (s) 


Actual  
Time (s) 


Break opening 0 0 
Steam Line A closure P<12.41 MPa + 2s 5. 
Steam Line B closure P<12.41 MPa + 2s 5. 
Scream Signal P<12.41 MPa + 3.5s 6.5 
FW A Closure P<11.72 MPa+ 2s 7 
FW B Closure P<11.72 MPa + 2s 8 
PRZ empty - 8 
UP in saturation cond. - 4.5 
Pump A trip (coastdown) P<11.72 MPa + 16.2s 25 (4) 
Pump B trip (coastdown) P<11.72 MPa + 16.2s 25 (8) 
SG A PORV open/close P (SG) = 6.30/6.20 13/20 
SG B PORV open/close P (SG) = 6.30/6.20 14/17 
Two-flow at break - 17 
First dry-out (starting) - 38 
Secondary P > Primary P - 46.8 
ACC A Injection start P (DVI)<4.8 MPa 74.5 
ACC B Injection start P (DVI)<4.8 MPa 73 
ACC A Injection stop - 725 
ACC B Injection stop - 646 
Second dry-out (starting) - 1908 
Electrical Power shut-off Rod Clad Temp>664 °C 2600 
End of test - 2712 
 
 


The main phases of the transient can be summarised 
in: 


- a fast depressurisation after the break; 


- the first heater rod heat-up due to DNB; 
- the Accumulator intervention with quench of the first 


heat-up; 
- the continue loss of mass from the break and the 


second heat-up due to dry-out of the core; 
- the end of test for electric power supply interruption 


at the cladding temperature of 664 °C . 
The trends of the main quantities, with the indication 


of the events are shown in Fig. 4 and Fig. 5. 
 


 
Fig. 4 – PRZ, SG-A, SG-B pressure and core power 


 
 


 
Fig. 5 – ACC-A/B flow rate and heater rod temperature 


 
 


V.B Comparison between post-test results and 
 experimental data 


 
The IB LOCA test has been calculated with the 


CATHARE model described in the previous paragraph. 
The transient calculation has started from the reference 
steady state conditions achieved after the calibration phase 
(Tab. III). The boundary conditions reported in the second 
column of Tab. IV as well the power curve provided in the 
experiment has been imposed by means of the transient 
algorithm of CATHARE. 


 The main calculated parameters are compared with 
the experimental trends in Figs. 6 to 12.  
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TABLE IV 


Power Curve 


Time (s) Power (kW) Time (s) Power (kW) 
0 4991.54 27.5 401.28 


5.75 4991.54 30 381.70 
5.76 978.74 35 347.45 
12.38 978.74 40 318.09 
14.5 978.74 45 293.62 
15 753.63 50 278.94 


17.5 636.18 70 234.89 
20.82 548.09 100. 195.78 
22.5 450.22 200 156.59 
25 425.75 500 127.24 
… … 1000 107.66 


 
 


The Fig. 6 shows the fast depressurization of the 
primary system, this behaviour is well predicted by 
CATHARE in the first seconds of the transient while in the 
following the calculated depressurization results faster than 
in the experiment.  


The slight anticipated intervention of the accumulators 
highlighted in Figs 7 and 8 is a direct consequence of the 
faster depressurization of the loop, whereas the prediction 
of the injection behaviour without interruption is due to the 
lack of the short ripressurization in the CATHARE 
calculation. Both these discrepancies could be related to 
the low detail used in the geometrical description of the 
downcomer and accumulator injection line.  
 


 
Fig. 6 – Pressurizer pressure 


 
 
In order to improve the simulation of the fast 
depressurization phase of the transient a more detailed 
model than the present 0-D volume should be adopted for 
the downcomer. The utilization of the 3D components able 
to take into account the inertial forces and the multi-D 
effects will be evaluated in the future as well as a more 
realistic description of the thermal capacity of the internal 
structures. 


 
 
 


 
Fig. 7 – Accumulator A injection mass flow rate 


 
 


 
Fig. 8 – Integral mass injected by the accumulators 


 
 


In spite of these discrepancies the occurrence of DNB 
phenomena is well predicted by the code, in particular, at 
the lower/middle level (Fig. 10) the rod heat-up duration is 
precisely calculated. The clad peak temperature results 
more marked than in the experiment and the effect of the 
mesh refining in the power channel should be investigated.  


The Figs. 9 to 12, that report the rod clad temperature 
at four different levels, confirm that the intervention of the 
accumulator is effective to quench the first heat-up of the 
heated rods. 


The second part of the transient that represents the 
continue loss of mass from the break until the dry-out of 
the core is calculated in good agreement with the 
experiment. The occurrence of the second heat-up at about 
2000 s is well predicted by the code, at the different levels 
of the power channel, but with a slight delay compared to 
experimental data. Again, the refining of the meshes in the 
power channel, with a more accurate evaluation of the clad 
temperature at the level of the thermocouples, could be 
beneficial in improving the results of the simulation. The 
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correct prediction of the dry-out occurrence could be a 
confirmation of the correct estimation of the primary 
inventory and consequently of the integral break mass flow 
rate but experimental value is unfortunately not available. 


 


 
Fig. 9 – Rod Clad Temperature in Lower PC 


 
 


 
 


Fig. 10 – Rod Clad Temperature in Lower/Middle PC 
 
 


 
 


Fig. 11 – Rod Clad Temperature in Middle/Upper PC 
 


 
 


Fig. 12 – Rod Clad Temperature in Upper PC 
  
 


VI. Conclusions 
 


The present work concerns the development of a 
numerical model based on the system code CATHARE for 
the simulation of the thermal-hydraulic behaviour of the 
SPES-2 facility. This model has been developed with a 
particular rigour, in specific: 
• The geometry of the facility is described in detail 


adopting rules and approaches for the simulation of the 
different components and phenomenologies 
recommended by the code developers.   


• The reference steady state conditions have been attained 
by means of an algorithm of regulation of the main 
parameters that has reproduced as much as possible the 
real regulation. 


• The stability of the calculated steady state has been 
verified through a calculation phase without regulations. 


• The comparison of the CATHARE results with the 
experimental data has requested a reiteration on the 
facility model in order to reduce the uncertainty related to 
the thermal coupling between primary and secondary 
circuits as well as to calibrate the pressure drops 
calculated along the primary circuit.   


In conclusion the validity of the model has been 
verified against a IB-LOCA transient conducted in the 
SPES-99 configuration of the facility in the ‘90s.  


The results of the simulation that in part have been 
described in the present work have highlighted the good 
capability of the model to predict the behaviour of the 
facility also in transient conditions, although the 
comparison with the experimental trends has suggested 
some possible improvements of the models.  
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NOMENCLATURE 
 


ACCU Accumulator 
CL Cold leg 
DC Down-Comer  
DNB Departure of Nucleate Boiling 
DVI Direct Vessel Injection 
FW Feed-water  
HL Hot Leg 
IB Intermediate Break 
LOCA Loss Of Coolant Accident 
LWR Light Water Reactor 
P Pressure 
PC Power Channel 
PRZ Pressurizer 
PWR Pressurised Water Reactor 
RPV Reactor Pressure Vessel 
SG Steam Generator 
SPES Simulatore Pressurizzato per Esperienze di 


Sicurezza 
T Temperature 
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Abstract – Nuclear core of third generation should be attractive from the nuclear fuel cycle 
management aspect. The main goal is to achieve a good conversion of fertile isotopes into fissile 
isotopes while respecting safety constraints. Preliminaries studies have shown the interest of 
heterogeneous core loaded with fertile and fissile assemblies. The core is composed of 33 fertile 
assemblies and 208 fissile assemblies with 11cm fertile axial layers placed every 50 cm of fissile 
material. The purpose of this work is to find out an optimized loading pattern and axial repartition 
of fissile and fertile elements in regards with the following criteria: power peak and void 
coefficient minimization. 
Previous work had shown some limitations in the bi criteria 2D optimization on an axial 
homogeneous core configuration. Thermal hydraulic feedbacks were not actually considered as 
well as axial neutron’s leakages, thus degrading respectively the reliability of the power peak and 
the void coefficient evaluation. This approximation is inappropriate to a 3-D evaluation needed 
for axial heterogeneities consideration. 
Due to the huge number of possible combination, we have replaced the global optimization by two 
simplest: first optimization of the fertile / fissile repartitions on an assembly in 1D representation, 
secondly optimization of the core's loading pattern in 3D representation.  
The evaluations of the criteria have been done using the neutron physics transport solver MINOS 
integrated in the new lattice-core APOLLO3 code. The research algorithms used in this study are 
an evolutionary algorithm, a "Max Min ant system colony algorithm" and a particle swarm 
adapted to our multi criteria approach. These algorithms are distributed using heterogeneous 
island’s method. A second level of parallelism has been introduced inside each island. Therefore 
we could increase the number of evaluations while respecting the CPU time limitation of the batch 
queues available.  
There are several solutions that stand out from the simulations. Some of them are completely 
original and have proved to be relevant a posteriori. Relevant loading pattern can be obtained in 
less than half a day, so we can consider this method as a decision support tool for the exploitation 
reactors and also for the design of new reactors. 
  


 
 


I. INTRODUCTION 
 


In the frame of the third generation new design nuclear 
core project that aims to get high conversion factor and to 
provide a plutonium recycling analysis, an heterogeneous 
configuration core loaded with fissile assemblies including 
fertile elements and pure fertile assemblies has been 
selected [1] [2] [3]. A two dimensional representation is 
shown in Figure 1. This configuration associated to a 


square lattice core composed of under-moderated 
assemblies leads to a harder neutron spectrum inside the 
core and thus allows reaching a high conversion rate in 
fissile matters. However, the presence of fertile assemblies 
produces a F3D (maximum of the 3D power shape) of 2.45 
associated to a radial shape factor Fxy (maximum of the 
radial power shape) of 1.65 on some fissile assemblies. 
Moreover the void coefficient (VC) defined as the 
reactivity discrepancy at the beginning of the cycle; 
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between nominal core configuration and void situation 
(moderator density equal to 0.007) is worth -1100 pcm. 
 


 
 


Figure 1: transversal section of reference core 


 
The configuration issued from the previous studies was 
already satisfactory in term of constraints on the F3D and 
the VC; nevertheless it might exist others configurations 
whose criteria can be yet improved.  


 Sensitivity of the both criteria on the fuel loading 
pattern and the fertile distribution inside Mox assembly had 
been highlighted during previous studies. Loading pattern 
and fertile distribution could be seen as a search of an N 
elements permutation, or axial combination of P fertile 
slices in N slices. Because of the huge number of 
possibilities, we suggest in this paper to tackle this problem 
on two separated combinatorial optimization algorithm. 
Evolutionary algorithms have been used with success on 
many combinatorial optimization problems; they use an 
internal representation of solution (chromosome) that 
should be adapted to the problem. Thus a first optimization 
on the loading pattern of a core without axial 
heterogeneities using distributed evolutionary algorithm 
had been led successfully, reduction of the Fxy and the VC 
having been achieved [4]. 


 In this work, we are dealing with a reference reactor 
that has containing this time, radial and axial 
heterogeneities. This core is constituted with fertile 
homogeneous assemblies and fissile MOX assemblies 
containing a fixed percentage of fertile slices. So the 
introduction of a new dimension in input variables causes 
inflation of the research space whose exploration can be 
difficult given that the computing resources available. 


Therefore we present in the first part, an approach that 
simplifies this complex problem, consisting to deal with 
two single input variable optimization of: either the loading 
pattern, or either the fertile distribution inside Mox 
assembly. Assuming that impact of the radial and axial 
heterogeneity on the criteria is extensive, we proceed to 
two separated optimization: first optimization of the 
loading pattern of a pure radial heterogeneous core, 


secondly optimization of the fertile distribution. Then final 
solutions with bi heterogeneities are pieced together again 
from one of each set of solutions issued from bi criteria 
single variable optimization. 


As the final solution is a meta heuristic as in its 
construction and its components as well, a validation of the 
criteria values is then performed in second part. It is done 
by the mean of a neutron physics computation scheme 
based on less approximation developed with a new CEA 
coupling platform for core physics named SALOME [5].  
 


II. EVALUATION OF THE OBJECTIVE FUNCTION 
 


The criteria are evaluated using the Minos SPN solver 
integrated in the new core Apollo3 code [6]. The Minos 
solver [7] provides a complete tool for static and transient 
calculations either on Cartesian or on hexagonal 
geometries. 


Minos solves the simplified transport approximation 
(SPN) to the transport equation. It is based on the mixed 
dual finite element approximation of the SPN equations. 
The iterative algorithm consists first in the elimination of 
the flux of unknowns and then to getting a linear system 
having as unknowns the normal current on each edge of the 
triangulation. 


For the Cartesian geometry, the Raviart-Thomas-
Nedelec elements (RTN) are used to discretize the different 
functional spaces. The iterative algorithm used to solve the 
within-group source equations can be viewed as an 
alternating direction sweep, performed on the different 
components of the current vector. 


 
III. METHODOLOGY 


 
In the optimization described in [4], the criteria are 


evaluated along one fuel cycle length. Depletion of the core 
is reached, as critical bore averaged concentration reaches 
20 ppm. Whenever the core is depleted, one quarter of the 
fuel core is reloaded. After several reloading, the averaged 
depletion of the core is stabilized. This is the situation 
serving as a reference for the criteria computation. In the 
frame of the optimization, as shown on Figure 2, the 
distributed evolutionary algorithm evolves populations who 
exchange them interesting subjects (seen as a permutation 
of the reference) until they converge or the time limit is 
reached.   


 


   Reflector


    MOX


    UO2


E : Emergency shutdown rod
C : Control rod
P:  Peripheral position
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Figure 2: Evolutionary algorithm general synoptic 


 
As a population can be comprised hundred of subjects 


and several generation of a population could be necessary 
to get convergence, the time elapsed to evaluate the criteria 
of a subject must be not too important. That is the reason to 
compute them just along the first fuel cycle. Thus the time 
of the evaluation, nearly 90 seconds, is quite acceptable. 
However we have to lay on an initial burnup map: they 
come from the 2D burn up map of the reference core in 
balance whose we applied the permutation that transformed 
the reference into the subject. These burns up are not 
relevant because on the one hand, they depend on the 
reference loading pattern and the other hand the 3D burn 
up map is extruded from the 2D map reference. Therefore, 
we smooth the burn-up sawtooth profile due to fertile 
distribution into the Mox assembly, as shown in Figure 3.  


 


 


Figure 3: Burn up profile in hot column where takes place 
the power peak of the reference core. 


Since we met difficulties to initialize the burn up axial 
profile in a convenient manner, we decide on to uncouple 
the effect of the axial and radial heterogeneities. Assuming 


that, the original bi criteria optimization problem can be 
disassociated into two sub bi criteria optimization problem 
of the loading pattern and the fertile distribution. In that 
manner, we reduce vastly the size of the search space. In 
the absolute sense, we can deal with such sub problems 
since it has already been done with optimization of similar 
size during the Big Challenge campaign [8]. Once two 
optimizations performed, we pick up two samples of 
solutions issued from the both optimization that we mixed 
together. Thus Mox assemblies in solutions of the radial 
optimization are substituted by a solution of the axial 
optimization, defining thus a core-solution taken as a 
solution of our global optimization problem. As the 
evaluation function of the criteria used in the two 
optimizations are based on approximations, the criteria and 
others interest measurements of the pieced-together core 
must be then validated by the mean of a more accurate 
computation scheme. 
 


 
III.1 Axial fertile distribution optimization 


 
As for the fertile distribution optimization, we deal with 


a Mox assembly considering null leakages on the edges and 
having null flux condition on the bottom and the top. The 
assembly divided into N=72 slices of 5cm width 
corresponding also to the computation mesh. To be 
conservative with the reference assembly, 55cm must be 
filled with fertile material, giving P=11 fertile slices. The 
problem is to find a combination of P fertile slices between 
N slices without order consideration between slices of same 
material; burns up of every slice are taken to null value. 


Thus the number of possibilities is NPC , that is about of 


three trillion.  
EA needs a coding to represent the assembly in order 


to apply it laws of reproduction and mutations for 
generating populations. Coding used is a binary code, 
allocating respectively zero or one value depending on 
whether the slice is containing fertile or fissile material. 
There is no slice positioning constraints but we can force 
constraints on the values of the criteria. Thus one tries 
respecting the Fxy to keep margins in regard with safety 


specifications: Fxy must be lower than 5.1lim =xyF , and the 


VC must be strictly negative. 
Simulation use 256 processors and the convergence 


got at the end of 2 hours and half. EA strategy is hybrid 
using particular swarm, ant colony and genetic algorithm. 
The characteristics of the hybrid simulation are presented 
on TABLE I.  
 
 
 
 


Bu 
MWj/t 


Heigth(cm) 
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TABLE I  


EA simulation short description 


Algorithm Number of 
subjects 


Number of 
evaluation 


Number of 
processors 


Ant  40 32000 4 
Swarm 64 32000 4 
Genetic  250 64000 8 
 
 
The set of non dominated subjects, id subjects who are 


better or equivalent than the others members of the set for 
at least one criterion, is called the "Paretto front". 


 
The Paretto front depicted on Figure 4 is the complete 


front obtained without constraints. It is clearly not 
homogeneous, lower part of the diagram corresponding 
respectively of low Fz value (maximum of the axial power 
shape) and high VC value is denser than the upper part. If 
we force the VC criterion to be lower than 16000 pcm then 
we refill the upper part of the front while as if we force the 
Fz to be lower than the reference, there is no noticed 
improvement. Analysis of the fertile distribution indicates 
that the dense area corresponds to subjects distributing 
fertile slices in a homogeneous manner on the whole height 
of the assembly while the upper part includes subjects 
aggregating at least two slices in the top of the lower part. 


 


 
 


Figure 4: Paretto front issued from the fertile distribution 
optimization 


 
Only three subjects are retained, A1 and A3 which 


dominate the reference (Ref) and A2 which does not but 
presents a lower value of Fz. From the VC criterion 
viewpoint they are strictly better than the reference whereas 
concerning the Fz they are located on either sides of it. The 
values of the criteria are described on TABLE II.  


TABLE II 


Criteria of retained subjects 


Designation Fz VC 
Ref 1.8 0.173 
A1 1.8 0.162 
A2 3.4 0.152 
A3 1.3 0.168 


 
 


The material description of these subjects is done on 
Figure 5 beside that of the reference. Note two fertile slices 
are aggregated in the lower part of A2 subject. 
 


 


Figure 5: fertile distribution of the three retained subjects 


 
III.2 Radial fertile distribution optimization 


 
What concerning the fuel loading pattern optimization, 


the core includes now only radial heterogeneities. Fertile 
assemblies represent 13.7% of the all assemblies. 
Nevertheless the reference core was loaded with Mox 
Pu2035-type while now in the sub problem we consider a 
core loaded with Mox Pu2016-type. So we remain 
conservative in relation to the percentage of fissile Pu mass 
contained in the reference core (close to 8% of the whole 
fuel mass). 
This problem is an affectation problem (allocation 
positions to assemblies). To limit the search space, we 
suppose that the configuration respects invariant 
transformations (eighth symmetry). So, it has theoretically 
(NR=38) factorial possibilities (about 1043). However, the 
respect of safety constraints on positions of certain 
assemblies reduces slightly the size of the search space. 
The whole of these constraints and the coding used by the 
EA are described in reference [4]. We just remind that fuel 
assemblies are identified using structured data: the material 
of the assembly (MOX or FER), the age (i.e. the number of 
reloading) and the depletion (indexed by a rank). The 


VC 


 


Fz 
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material and the age of an assembly are represented by a 
single identifier called a class. 


Simulation use 1024 processors and the convergence 
got at the end of 24 hours. EA strategy is hybrid using ant 
colony and genetic algorithm, the characteristics of the 
hybrid simulation is presented on TABLE III. 
 


TABLE III  


EA simulation short description 


Algorithm Number of 
subjects 


Number of 
evaluation 


Number of 
processors 


Ant 1 15 9375 16 
Ant 2 20 18800 32 


Genetic 1 160 20000 32 
Genetic 2 190 30000 48 


 
The Paretto front, depicted on Figure 6, is quite well 


filled apart from the lower part corresponding respectively 
to low and high values of Fxy and VC. Axes intersects at 
the criteria values of the reference, thus showing the 
subjects have the most a VC lower than the reference 
whereas much less  have a lower Fxy. 
 


 


 


Figure 6: Paretto front issued from the fertile distribution 
optimization 


To analyze the diversity of the subjects which belong in the 
Pareto front, we introduce two Euclidian distances D1 and 
D2, defined in (1) and  (2). Distance D2 provides 
information about permutation between two assemblies 
taking into accounts their class and rank while distance D1 
depends only on permutation on two different materials 
(fertile vs. fissile assembly). 
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 Figure 7 shows the Fxy subject's distribution according to 
the two distances D1 and D2. As a result of D1, solutions 
can be classified into three types of solutions, each one 
corresponding to a constant value of D1. In practice, for 
each values of D1 matches a number of permutations 
between Mox and fertile assemblies according to the 
reference loading pattern. 
 
 


 


Figure 7: Fxy distribution according to distances D1 and 
D2 of subjects from the best estimate. 


  
The subjects that have the same value of D1 define that we 
call specie. Species have not the same size, S1 is quite well 
populated as S2 and S3 have few members, just one and 
five subjects respectively For the species S1, the high 
density of subjects suggest that the front is well estimated 
to contrary of the fronts associated to S2 and S3 whose 
subjects are rather scarce. For each species, one takes 
subject maximizing the Fxy and then minimizing the VC 
that gives P1, P2, P4 to which one add a subject P3 of the 
best estimate's specie very close to P2. P3 is kept because 
we want to test if two close radial optimized subjects from 
the same specie in term of Fxy, keep close values after the 
rebuilding process of the final solutions. The values of the 
criteria of these solutions are described on TABLE IV. 
That subjects and the reference loading pattern are depicted 
on Figure 8.  


 
 
 


VC 


Fxy 


F
xy 
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TABLE IV 


Criteria of retained subjects 


Designation Fxy VC 
Ref 1.43 -218 
P1 1.41 -303 
P2 1.85 -538 
P3 1.93 -557 
P4 1.45 -344 


 
 


 


 
 


 
 


 
 


 
 


 
 


Figure 8: Species and permutation associated according to 
the reference 


 
 


IV. VALIDATION OF THE REBUILD SOLUTIONS 
 


Finally we rebuild final solution piecing together 
solutions of the two optimizations. Thus heterogeneous 
Mox assembly optimized is substituted to the fertile 
homogeneous assembly in the loading patterns optimized. 
Afterwards, we recalculate the criteria and different shape 
factors of the rebuilt solution in a reference situation 
corresponding to a cycle in balance. This state is reached 
when the averaged depletion of the core remains stable 
from a fuel reloading to another. 


TABLE V provides the maximum of the axial and radial 
shape factor, Fz and Fxy respectively along a stabilized fuel 
cycle. The validation computation respect the Fz axial 
sorting of the solutions: as A3 dominated A1 from the Fz 
point of view, the group solution Si=5,8 display results better 
than the group solution Si=1,4. A2 axial optimized subject 
combined with Pi=1,4 radial optimized subjects gives 


unacceptable values of F3D, then that solutions have been 
given up. 


TABLE V 


Shape factors of rebuild solutions 


Designation Rebuilding Fxy Fz 
Ref --- 1.65 1.40 
S1 A1+P1 1.35 1.40 
S2 A1+P2 1.66 1.47 
S3 A1+P3 1.72 1.49 
S4 A1+P4 1.40 1.40 
S5 A3+P1 1.82 1.38 
S6 A3+P2 1.81 1.39 
S7 A3+P3 1.84 1.40 
S8 A3+P4 1.82 1.38 


 
Concerning Fxy, solutions Si=1,4 are in keeping with the 


sorting issued from the Fxy radial optimization whereas it 
is less conspicuous for solutions Si=5,8. That suggests there 
may be interferences between effect of axial fertile 
distribution and radial loading pattern on the 3D power 
map. We remind that the criteria during axial optimization 
are computed just over one cycle, with burn up initialized 
to zero. Here the axial profile of burn up in a Mox 
assembly presents a saw tooth shape and depends sharply 
on its direct environment, that is to say the fuel loading 
pattern. As observed on Figure 9, A3 tends to move the 
power peak F3D to the lower part of the core: the F3D will 
increase more in configuration where the power is more 
concentrated in the center id S1, S4 in opposite to S2, S3 
and that is we notice as reported by  TABLE V. 


 


 


Figure 9: Axial power distribution in the hot column that 
contains the F3D for S5,8 


 
Figure 10 compares the F3D of the different solutions 


along one fuel cycle. F3D occurs at the beginning of the 
cycle and then decreases regularly to the end of cycle. The 
sorting of Si=1,4 is abided even if solutions come close at the 
end of cycle, the range of F3D variation decreases along the 
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cycle. On the other hand the sorting of Si=5,8 inverses in the 
middle of the cycle whereas its range of F3D variation 
increases along the cycle. 


As a result we noticed that S1, S4 provides both values 
of F3D (2.07 and 2.15) better than the reference (2.45). On 
the other hand, their duration of depletion (11239 and 
11150 MWd/t) are shorter than one of the reference (11864 
MWd/t), however if solutions S5, S8 give F3D higher (2.93 
and 2.91) they also achieve to longer duration of depletion 
(12451 and 12875 MWd/t). 
 
 


 


Figure 10: F3D evolution along the core depletion for 
Si=1,4and Si=5,8 


 
Referring to the TABLE VI, a marked improvement 
concerning the criterion VC is established for all solution 
relative to the reference (more than -1500 pcm). Reminding 
that all solution are issued from optimized subjects whose 
VC are already in radial and axial optimization, all better 
than the reference, the validation confirms thus the 
consistency of that solutions. The sorting according to the 
axial optimized component Ai is respected (S1<S5, S2< 
S6…, S4<S8). In addition within axial specie A1 or A3, 
sorting according to the radial optimized component is 
preserved as well (for A1, S1<S4<S2<S3 as we had 
P1<P4<P2<P3 and idem for A3 and Si=5,8). If we pay 
attention to the fertile distribution in A1 and A3, we see 
that slices are more in number than in the reference (11 
slices of 5 cm split up into the full height  with a slight gap 
upwards for A3 relative to A1). As a result slices of Mox 
are isolated from one to each other. Therefore in draining 
situation as scattering vanished, neutron flux can only come 
from to another Mox slices. More slices are in number 
more the quantity of fissile Pu they contains are reduced 
contributing to less production (less fission and less 
slowing down) and thus leading to make decrease the 
reactivity. 
 


TABLE VI 


VC Criterion of rebuild solutions 


Designation Rebuilding VC (pcm) CR 
Ref --- -1197 0.815 


S1 A1+P1 -2765 0.822 
S2 A1+P2 -3252 0.825 
S3 A1+P3 -3275 0.825 
S4 A1+P4 -2863 0.823 
S5 A3+P1 -2447 0.855 
S6 A3+P2 -2931 0.787 
S7 A3+P3 -2959 0.822 
S8 A3+P4 -2556 0.788 


 
 
On Figure 11 we look at the evolution of the second criteria 
in regard to the moderator density. VC keeps negative 
along the draining and a minimum is reached for all 
solutions between ρ = 0.21 and ρ = 0.1. After that minimum 
VC increases to ρ = 0.007 which is the moderator density 
selected to evaluate the VC criterion. At the beginning the 
thermal neutron flux goes down inducing a fall of the 
reactivity, and gradually the flux becomes then harder 
activating more and more fission by fast neutrons in Mox 
and thus the reactivity straights up. 
 


 


Figure 11: VC evolution along core depletion 


 
Finally as last TABLE VI shows the conversion ratio 


CR taken as the ratio between the fissile mass contained in 
depleted Mox3 at the end of cycle (EOC) and the fissile 
mass contained in fresh Mox0 at the beginning of the cycle 
(BOC): 
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Though this measurement is not taken into account in both 
optimizations, Si=1,4 and S5, S7 displays better CR than the 
reference and S5 even reach 0.85. Remarkably, Figure 12 
shows that it doesn't seem to have any correlations with the 
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both criteria optimized. As much as the loading pattern 
doesn't have any effect on CR for solutions Si=1,4 issued 
from A1 and Pi=1,4, it has one for solutions Si=5,8 issued from 
A3 and Pi=1,4. 
 
 


 


Figure 12: CR evolution along core depletion 


 
V. CONCLUSIONS 


 
The methodology that consisted to transform the 


optimization of double heterogeneities based on the 
reference into two simpler optimizations, one axial and the 
other radial, has finally given satisfactory results. Two 
solutions among the whole rebuild from the sub solutions 
have been found whose criteria Fxy, VC are better than the 
reference. Moreover F3D and CR which were not criteria 
taken into account by the optimizations, are slightly better 
estimated than the reference as well. 


Nevertheless the sorting of sub solutions is not ever 
well preserved after rebuilding as is the case from the Fxy 
criterion point of view, for an axial given sub solution. 
More generally there may be criteria value overlap between 
rebuild solutions Si=Ai+Pi depending on the rank have their 
components Ai and Pi, thus the set of rebuild solutions does 
not account for a Paretto front.  


There can be two reasons to explain that: first Mox 
assemblies in radial optimization are not heterogeneous but 
homogeneous; second the criteria are computed just over a 
single cycle not well converged in burn up.  In order to get 
more relevant solutions with the same approach, we should 
now improve the consistency of the radial optimization 
including Mox assemblies issued from axial optimization. 
The evaluation of the criteria Fxy or F3D and VC should be 
performed with a 3D computation based on a consistent 
burn up 3D map. To get to such burn up 3D map, we need 
to compute several reloading to obtain a map that is 
relevant. 


As such computation that comes close to the validation 
one, is very expensive, we have to find out a compromise 
between CPU cost and reliability of the evaluation. 


Therefore having a limit of five reloading will be enough 
for the moment. Since one quarter of the fuel is unloaded at 
every cycle, that will allow to push out all Mox assemblies, 
which would have been under influence of the not very 
relevant initial 3D burn up map.   


Thanks to this map, in addition we will be in position 
to compute a reliable conversion factor and then to 
introduce it as a new criteria to take into account. To keep 
the same number of evaluations, we will need of more CPU 
resources; the high capacity parallel computers available in 
the frame of GENCI project [13] should be capable to 
achieve such optimizations.  


Finally we could investigate in outlook to substitute the 
fertile assembly by another axial heterogeneous Mox 
assembly. Indeed historically the fertile assemblies issued 
from a pure radial heterogeneous core FERT7 have been 
added to a pure axial heterogeneous core 11/55 cm to get a 
VC negative, the downside being an increase of the F3D. 
Considering margins on the VC criterion we got, probably 
we can do without these radial fertile assemblies. So the 
core would comprise only axial heterogeneities that would 
make easier the fuel retraining.  Thus we will look for if 
two different kinds of axial heterogeneous assembly could 
also preserve a VC widely negative. Nevertheless due to 
the increase of the heterogeneities, use of diffusion solver 
should be not very adapted and therefore we should 
probably compute the criteria with the transport solver 
Minaret including in code A3 [14].  


The approach developed here could be used be in a 
middle-term as a new design multi criteria optimization 
tool of nuclear core and for a design given and its reference 
physics neutron calculation, as an incertitude optimization 
tool exploring in the search space of  the possible 
calculations option. 
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Abstract – In the frame of the European Coordination and Support action EUROPAIRS (7th Framework Programme – 
EURATOM), the feasibility of coupling an industrial process and a High Temperature Reactor (HTR) has been studied. It has 
entailed collaboration between the necessary partners of such a challenge: designers from the nuclear and non nuclear 
industry, owners of industrial complexes, end-users and technical support organizations (TSO). These latter partners have 
tried to identify key points for the safety assessment of the coupled system. The paper will describe the proposed specific 
safety criteria and acceptance criteria relevant for the coupled system. 


The first part of the study deals with the selection of two examples among the various industrial applications explored within 
EUROPAIRS. One layout corresponds to steam and electricity production for a chemical complex, the other describes the 
coupling with a hydrogen production plant based on high temperature electrolysis (HTE). These examples illustrate 
respectively near-term and mid-term potential applications for co-generation of heat and electricity. Modular architectures 
are envisaged to fit the needed power range and to increase the flexibility of the system (adaptability to the variations in the 
energy demand). 


In Europe, a mandatory safety assessment based on risks analysis is required for industrial sites which fall within the 
SEVESO II directive. So, following this approach, the industrial risks related to the nuclear plant safety assessment have 
been listed for both test cases. From the reactor side, these risks can be classified within the external hazards and internal 
events categories and should be integrated then to the reactor safety demonstration as accident scenarios with their 
associated probability. It has been noticed that there was a lack of a common standard approach for the assessment of the 
process induced external hazards. However, it seems feasible to integrate the results of the industrial risk analysis into the 
reactor safety demonstration. The main principle has been to establish a safety distance between the nuclear plant and the 
industrial site being compatible with the coupling. Other safety criteria are the limits for the occurrence frequencies of the 
abnormal events potentially induced by the process plant. A difficulty also appears concerning the risk of missile damages 
for which no evaluation methodology has been defined yet.   


As regards the risks induced by the reactor, the main requirement would be to demonstrate that the benefits for society 
brought by the coupled system are balancing the risks. Nevertheless, the nuclear risks should anyway be limited because of 
the stringent HTR’s design objectives in terms of environmental impact. Availability of the plant, measures to limit the tritium 
contamination of the circuits and emergency planning coherence have been identified as key points for the assessment 
feasibility.  


Finally, although the safety approach should not be impacted in its principles by the coupling, several key points for the 
safety assessment feasibility have been pointed out and relevant criteria are proposed. 


 
 


I. INTRODUCTION 
 


Among the generation IV systems, High Temperature 
Reactors (HTR) are foreseen to play a role in the reduction 
of the emission of greenhouse gases because they exhibit 


great potential for their use as heat and electricity co-
generation. The HTR concept is a likely candidate for 
hydrogen and synthetic fuel production relying on the 
suitable temperature range of the coolant going from 
700°C up to 1000°C in the future. Insofar as past 
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experiences on HTRs building and operation have 
demonstrated the technical viability and the licensability of 
the concept (see paragraph III), the challenge lies in the 
assessment of the coupling with existing industrial 
facilities or innovative processes. Especially, if the reactor 
is to be coupled with existing facilities usually integrated 
in vast industrial complexes to optimize the use of the 
process heat. This results in a licensing risk which needs to 
be evaluated prior to further commitment of Vendors, 
Utilities and End Users in nuclear cogeneration. 


The European support action EUROPAIRS (7th 
Framework Programme – EURATOM) has aimed at 
creating a direct interaction between end-user industries 
and the nuclear community to issue a roadmap for the 
further design of a demonstration facility. The 
EUROPAIRS consortium gathers world leaders in nuclear 
engineering, research and conventional process 
engineering. Technical safety organizations (TSO) were 
also invited to join, in order to investigate the licensing 
issues. So the TSOs have formed a work team with the 
objective to perform a preliminary study of the 
licensability of the coupled system. This study has been 
grounded on a review of the already applicable 
requirements and approaches. Then, two examples of 
coupled systems were chosen as test cases: the coupling 
with an existing industrial complex located in the 
Netherlands (Chemelot) and a hydrogen production unit. 
The potential impact of each installation (nuclear and 
industrial) on the other has been assessed. Only the first 
test case analysis will be presented in this article. Finally, 
the results of the study are tentative safety criteria and 
recommendations. Indeed, it should be noted that this 
article focuses on the feasibility of the safety assessment as 
licensing falls within the competence of the Safety 
Authorities.  


II. GENERAL OBJECTIVES FOR THE COUPLED 
SYSTEM 


 
In order to assess the licensing feasibility of the coupled 
system, two basic objectives were acknowledged: 


1. The coupled industrial facility shall not fall under 
nuclear regulation. 


2. The level of safety of the nuclear plant shall not be 
lowered by the coupling. 


The first specification comes from the industrial operators. 
Actually, the nuclear plant shall be seen as a utility from 
the industrial site and no specific procedures or regulations 
related to nuclear safety shall be applied to the industrial 
processes. This involves a physical separation between the 
nuclear and the industrial sites, each one being under the 
responsibility of a single operator1. In this frame, the 
                                                                                                                     


1 Note that in Europe, the operator of a nuclear facility is 
responsible for the safety even if he is not the owner.  


workers of the industrial facilities shall be considered as 
members of the public, in terms of radiological protection 
and exposure limits. Moreover, the heat is transferred 
(indirectly) to the process by a fluid further called 
“coupling fluid” which comes out of the nuclear site. So, 
the nuclear applicant shall demonstrate the acceptability of 
the contamination level of the coupling fluid, according to 
the limits established in the European regulation (Directive 
96/29 EURATOM – 1996). 


 
Point n°2 derives from the fact that the vicinity of the two 
systems gives rise to specific hazards (toxic release, 
explosion hazards, etc.). Practically, the safety assessment 
of each facility needs to integrate the impact of all 
potential hazards induced by the industrial environment. 
As an example, the nuclear plant safety demonstration 
shall integrate the potential hazards induced by the coupled 
process in the standard category of event called “external 
events”. 
 
Around LWRs, an evacuation area has usually been 
established based on effective dose limit in case of 
accidental release of radioactive elements (50 mSv in 
many EURATOM countries). It is obvious that the 
installation of a process control room within the evacuation 
area of the nuclear plant would require drastic isolation 
measures. For the HTR concept, the evacuation area could 
be canceled and the maximum protective measures limited 
to temporary sheltering in a limited area around the nuclear 
site. Such a strategy, could be convenient for the coupled 
system because it would remove a constraint on the safety 
distance between the nuclear plant and the process. As an 
example, the GT-MHR project does not include provisions 
for protective measure to be applied out of the nuclear site 
(ref.1), which is consistent with the limit criterion as 
defined in reference 2: “the effective individual radiation 
dose for the population at the buffer area during design 
basis and beyond design basis accidents2 should not 
exceed 5 mSv for the entire body during the first year after 
the accident. In this case, special protection measures for 
the population are not required”. In some states, the limit 
criterion could be more stringent (in South Africa, 
regulation stipulate a limit criterion of 1 mSv). It is to be 
noticed that, up to now, the Authorities in Europe require 
the definition of severe accidents that would ground the 
implementation of the 5th level of the defense in depth. 
These accidents are then used to establish the emergency 
planning. This is why this point would require a validation 
from Public Authorities involved in the emergency 
planning. 


III. LICENSING FEEDBACK 


 
2 In Europe these accidents correspond to Design Extension 


Conditions (DEC). 
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Figure 1: Design approach based on the European 
Utility Requirements 


This study has been grounded on a review of the licensing 
feedback. In Germany, the last project was the HTR-2-
Module for combined generation of electricity and process 
steam (ref.3, 4). The Siemens and Interatom companies 
have applied for licensing this project in 1987 and, before 
the project was cancelled, peer analysis of the safety was 
conducted. Other lessons have been drawn from the 
HTTR-steam reforming system (ref.5), envisaged by JAEA 
(Japan). But, practically, the assessment of a HTR based 
cogeneration system, taking into account the specificities 
industrial processes, has never been achieved. Moreover, 
past licensing was relying mainly on PWR’s guidelines. 
Indeed, several principles applied to the licensing of PWRs 
were found relevant to the coupled system. First is the 
integration of the external hazards induced by the 


coupling. These hazards may be taken into account in the 


design without significant changes of the approach, as 
shown on the figure 1. Envelope scenarios Risk analysis of 


the industrial 
process In principle, the consequences of the external hazards 


induced by the coupled process should not exceed the 
range of radiological risks associated with internal 
accidents. As an example, the safety objectives for the 
integral core melt frequency (CMF) should be less than 
10-5/y for the EPRTM, considering all types of events. The 
integral large release frequency should be less than 10-6/y 
(following the INSAG3 recommendations). Given the 
annual frequency of external hazards and considering the 
same limit frequencies as stated above, it should be 
demonstrated, for the HTR, that the impact of the external 
hazards on the severe accident frequency is compatible 
with these limits. 


This implies a comprehensive review and evaluation of the 
specific external hazards induced by the industrial 
processes and of the internal hazards induced by the 
coupling circuits.  


Another general requirement could be derived from LWRs 
for which the internal explosion of hydrogen must be 
excluded in case of severe accident. Similarly, the 
explosion of chemical products inside the HTR building 
might be excluded because of the unacceptable loadings 
then induced on the confinement structures. 


As regard the strategy to ensure the protection of the 
public, three barriers have been implemented between the 
nuclear fuel of the PWRs and the environment. A draft 
concept of the physical barriers which could be settled 
around the radioactive materials is presented on figure 2.  
The first barrier is the association of the fuel, the coatings 
of the particles and the graphite. The second barrier is the 
primary circuit, including a part of the intermediate heat 
exchanger (IHX). The third barrier is the reactor building 
which design is mainly imposed by the confinement 


function to be achieved in case of accident (degradation of 


Safety classified Non safety classified 


Figure 2: Tentative scheme of the barriers of the coupled system 
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the first two barriers, plane crash, etc.). As the protection 
objective for the process operators is the same as for the 
public, isolating valves shall be implemented on the 
intermediate circuit. The isolating valves would act as the 
last confinement device, so they can be seen as an 
extension of the third barrier, even if they are activated 
only in case of leak detection from the primary circuit or in 
case of accident (pipe rupture, etc.). The isolating valves 
(see fig. 2) could also prevent the accidental inlet of 
industrial fluid into the IHX in case of a leak of the heat 
exchanger (HX). It should be noted for the assessment that 
the valves shall fulfill the single failure criterion. 


At least, up to the last confinement barrier, the equipments 
are “safety grade”. Similarly, if they participate in the 
minimization of the radiological consequences, they are 
also “safety grade”. 


IV. METHODOLOGY FOR THE ASSESSMENT OF 


THE INDUSTRIAL RISKS 


In the European Union, the safety of industrial platforms 
with significant risks falls under the SEVESO II directive 
on the control of major accident hazards involving 
dangerous substances (directive 92/82/CE issued in 1982 
and amended in 1996). The member states have transposed 
this directive in their own regulation. 


Following the directive’s approach, the mandatory safety 
demonstration for the industrial site is based on risks 
assessment and analysis of the risks reducing measures 
taken by the applicant.  


In a safety report of an industrial site, the study of the 
major accident hazards relies on a comprehensive risk 
analysis for the site and its activities. This analysis leads to 
the definition of several major accident scenarios in terms 
of occurrence frequencies and potential impact outside the 
site limits. 


Indeed, in Europe, several nuclear plants (LWR) are 
located close to industrial areas. So, the typical scenario 
involves a loss of the containment of a dangerous product 
(examples: catastrophic rupture of tank, leak or full board 
rupture of a pipe, etc.). The different types of risks are 
listed in the table 1. The potential “domino effects” are 
also assessed in order to avoid aggravating events by 
adequate provisions for the separation of the processes. 


For each type of effect (thermal, pressure or toxic) 
thresholds are set up corresponding to the impact intensity 
on structures or on human health. Several European states 


use international thresholds while others have fixed their 
own thresholds in their domestic regulation3. 


Hazard 
family 


Scenario Effects 


Pool fire Fire 


Jet fire 


Potential effects on 
structures and 
human health : 
evaluation of heat 
flux 


Vapor cloud 
explosion 


Explosion 


BLEVE (Boiling 
Liquid 
Expanding Vapor 
Explosion 


-Thermal effects 
(fire ball or flash 
fire) 


-Pressure wave 


-Projectiles 


Toxic 
dispersion 


Loss of 
Containment 


Effects on human 
health as a function 
of exposure 
duration and toxic 
concentration 


 Table 1. Types of hazards to be considered in the risk 
analysis 


For each hazardous phenomenon identified in the risk 
analysis, maximum effects distances are evaluated 
corresponding to the thresholds. Those distances are 
defining areas around the accident spot within which any 
structure or person is affected. If the distances appear to be 
unacceptable (inhabitants to close, etc.), the operator must 
implement mitigation measures to reduce the impact level 
of the potential accidents. 


Depending on the (European) state risk regulation, mainly 
two kinds of approaches are developed in the safety reports 
of the industrial sites: 


1. Probabilistic approach: the probability of 
dangerous phenomena is evaluated. Criteria are 
also established to evaluate the risk acceptability ; 


2. Deterministic approach: scenarios are defined by 
the regulation or guidelines and no probability is 
taken into account. 


“Mixed approaches” are also possible, with a list of 
scenarios defined by the regulation or guidelines and a 
probabilistic evaluation of the defined scenarios. 


In the case of a probabilistic approach, risk acceptance 
criteria are defined within domestic regulations.  


 
V. EXAMPLE OF THE CHEMELOT SITE 


                                                           
3 As an example, in France, the thresholds are fixed in the order of 


the 29th of September 2005. 
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Chemelot is a huge chemical platform located in the 
Netherlands, on an area of 800 hectares, hosting about 50 
chemical facilities. These facilities are operated by more 
than a dozen companies (DSM, DEX-plastomers, SABIC, 
etc.). The data were made available to the project through 
Baaten Energy Consulting with the assistance of the USG 
(Utility Support Group). 
 


V.A. Utilities for steam and electricity production 
 


The diagram below shows the energy supply system in 
operation today at the Chemelot site. The energy 
production on the Chemelot site relies on natural gas and 
also on off-gases produced onsite. A part of the natural gas 
purchased is directly supplied to the End Users (ex.: for 
ammonia production). Electricity and a part of the steam 
are produced by a cogeneration plant. The electric power 
output of the cogeneration plant is 180 MW (multiple 
units). The total site demand in electricity is 270 MW. 
 
The figure 3 below has been provided to the EUROPAIRS 
partners by the Utility Support unit of the Chemelot site. 
The cogeneration plant produces steam at two pressure and 
temperature levels: 14 MPa/525°C and 1.8 MPa/300°C. 
According to the data given by the USG (2009 data), the 


average monthly production of steam by the cogeneration 
plant is around 100 t/h (1.8 MPa) and 120 t/h (14 MPa).  


The boilers have an average power output of 295 MW but 
a total capacity around 650 MW. The overcapacity is 
required to ensure reliable steam supply also in case of 
maintenance, trips of boilers and sudden increase in 
demand in case of process start-up by customers. 


V.B. Coupled system layout 
 


For the test case, the cogeneration plant is replaced by two 
HTR modules with a thermal power of 450 MW as shown 
on the figure 4 built upon the data given by EUROPAIRS 
partners (temperatures, pressures and helium mass flow are 
assumptions). The core outlet temperature is assumed to be 
750°C, which is considered achievable in a short term 
objective. The intermediate circuit includes a classical 
steam turbine which exhibits a better efficiency than a gas 
turbine for this range of core outlet temperature. The 
secondary steam is produced around 570°C to be able to 
reach the required tertiary steam temperature of 525°C. At 
least, two primary loops should be envisaged because of 
technology limits on the power of the steam generators. 


 


   Figure 3. Energy flow diagram for the Chemelot site 
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T≈570°C 
P≈170 b 


216 kg/s 


350°C 450 MW 


The intermediate circuit is isolated from the Chemelot 
steam grid by the tubing of the reboilers, allowing a 
dedicated monitoring and conditioning of the water/steam 
quality, in case the industrial requirements on steam quality 
would be less severe than the nuclear ones. Finally, this 
layout is also favourable to the damping of the thermal and 
mechanical transients on the steam generator using the 
thermal inertia of the intermediate circuit, thus reducing 
the potential damage rate on the barrier.  


V.C. Risk assessment for the Chemelot site 


It should be noted that the risk assessment for the 
Chemelot site has taken into account some prevention and 
mitigation measures specifically implemented by the 
applicants during this assessment. 
 


The Chemelot site hosts a wide range of chemicals. The 
main processes involving hazardous materials are the 
following: 


Toxics: 
• Ammonia : although ammonia is a flammable gas, 


the toxic hazards are the main risks associated with 
ammonia in major accidents; 


• Nitrogen oxides (NOx); 
• Cyanhydric acid (or prussic acid); 
• Oleum (or fuming sulphuric acid); 
• Phenol; 
• Other products: acrylonitril. 


 


As regards toxic products, the effects of exposure on man 
(deadly effects, or irreversible effects) depend on the 
concentration of the product in the atmosphere together 
with the duration of exposure. 


450 MW 
Limit of the nuclear 
site


P<70 b 


350°C 


Steam 1.8 MPa / 300°C 


220 MW


Steam 14 MPa / 525°C 
180 MW


T≈570°
C 
P≈170 b 


Figure 4. Tentative layout for the cogeneration plant
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Flammables (explosion or fire risk): 
 


• LPG (butane, propane): butane and propane are 
highly flammable gases that can lead to the 
following hazards: 
• Ignition of a gas cloud in a congested 


environment or in the open air, causing 
overpressure effects (VCE) or thermal effects 
(flash fire); 


• Jet fire causing thermal effects; 
• BLEVE of a pressurized capacity, causing 


overpressure effects and thermal effects 
(fireball). 


• Propylene: propylene is also a flammable gas 
having the same type of hazards that the GPL; 


• Vinyl chloride monomer (VCM) : VCM is a highly 
flammable gas that can lead to the following 
hazards: 
• Pool fire (the boiling point of VCM is -11°C at 


the atmospheric pressure); 
• Ignition of a gas cloud in a congested 


environment or in the open air, causing 
overpressure effects (VCE) or thermal effects 
(flash fire); 


• Jet fire causing thermal effects; 
• BLEVE of a pressurized capacity, causing 


overpressure effects and thermal effects 
(fireball). 


• Acrylonitril: acrylonitril is a liquid at the ambient 
temperature and the atmospheric pressure. It’s 
highly flammable and can lead to the same kind of 
hazards as VCM (except BLEVE). 


 
A comprehensive study of the loss of containment 
scenarios of the products listed above and their 
atmospheric dispersion has been performed for the safety 
demonstration of the Chemelot site. The associated 
maximal potential effects distances have been evaluated by 
the operator. They are based on envelope scenarios 
corresponding to several families of hazards (toxic, 
thermal, and pressure hazards). The maximum safety 
distance is obtained for the loss of containment and 
explosion of a butane tank (capacity around 1500 t). The 
frequency of this scenario has been evaluated to 10-7 / year 
with an effect distance of 2800 m corresponding to an 
overpressure of 30 hPa. 


V.D. Potential impact on the nuclear pant – synthesis 


In the table 2 are listed the hazards identified for the test 
case. They are compared to the list established in the IAEA 
document in reference 6. 
 


Indeed, the fundamental principle for nuclear plant siting is 
to avoid any kind of stationary source of hazard in the 
vicinity. But, the coupling will lead to establish voluntarily 
the nuclear site near potential sources of hazards. This is 
why, as stated in the IAEA document (annex I of the 
reference 7), the elimination criterion associated to most of 
the human induced hazards is a safety distance sufficient 
for the accidents effects to be mitigated. Given the data 
available in the safety report of a typical chemical complex 
as Chemelot, it appears that the most convenient way to 
achieve the safety demonstration of the coupled system is 
to situate the nuclear plant beyond a “safety distance” 
determined from the maximum effects distance. To be 
acceptable, the frequency of the associated scenario 
(industrial scenario) shall be compatible with the global  


 


Industrial hazards 
(IAEA ref. 6) 


Chemelot 
site 


Comments 


Toxic Yes Indirect impact on the 
workers and rescue 
teams 


Corrosive Yes Maybe delayed impact 
on  


Explosion / pressure 
wave 


Yes  


Explosion / Heat 
wave 


Yes  


Fire Yes Relatively short effect 
distance 


Missiles ? (probable) Scenario not quantified 
–  several turbines on 
the site –  may be 
enveloped by an 
aircraft crash 


Hazards due to 
mobile sources and 
pipelines 


Yes  


Electromagnetic 
interference 


? This risk is partially 
addressed by the 
protection against 
indirect effects of  
lightning 


Ground collapse Yes In case of excavation 
and/or explosion. 
Requirements are 
imposed in the 
construction permit 
procedures of the 
Chemelot site. 


Flooding (related to 
industrial activities) 


Yes Risk of chemical 
product and water 
spillage 


Table 2. Synthesis of the risks for the Chemelot site 
 


limit frequency for core damage and radioactive release 
imposed to the nuclear plant. This specific study, taking 
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into account the design provisions on the nuclear plant is 
to be achieved by the nuclear applicant. In this frame 
several comments should be made with regards to the 
coupling of an HTR with an industrial process: 


• The sensitive equipments (also called “targets”) 
must be determined with regard to the specificity 
of the HTR design. As an example, the limited 
need for active safety systems should be a 
favorable feature also in case of external hazards. 


• The practical determination of the design basis 
events from the external hazards presented in the 
safety report of the industrial site is not already 
standardized.  Following the state of the art, as 
presented in the IAEA safety guide (ref. 8), an 
approach is to “establish the design input 
parameters by a combination of deterministic and 
probabilistic methods and to proceed with the 
design in a deterministic manner”. 


  
If we take the example of Chemelot, for assessment 
completeness, it may be required that the industrial 
applicant establish scenarios corresponding to the fourth 
category of the nuclear plant design conditions (frequency 
above 10-6/y). These scenarios may complete or replace the 
standard design loads usually applied for the design of the 
containment building of the nuclear plant (like the standard 
shock wave or thermal loads). Moreover, combinations of 
external hazards should also be explored on a probabilistic 
or deterministic judgment basis. As an example, an 
explosion could be followed by the release of a toxic 
cloud. Such a situation could jeopardize the management 
of the emergency procedures in the nuclear plant. 
 
As regards the toxic clouds, although this scenario does 
not lead to the envelope consequences for the Chemelot 
site, protection of the workers should be ensured in any 
case. For a coupled system, the objective should be to 
ensure the workers capability to pilot the nuclear plant 
(mainly to reach a safe state). 
 


Moreover, it seems obvious that an explosion or a 
turbine blade failure could generate projectiles potentially 
harmful for the nuclear plant. This scenario has not been 
studied yet for the test case, but would necessarily be 
assessed for the coupled system. In the French 
fundamental safety rules, it is stated that the design of the 
buildings against aircraft crashes is deemed sufficient to 
cope with missiles hazard. Practically, it should be noted 
that there is no standard way to address this risk and 
characterization of the potential projectiles remains at the 
level of an R&D approach. 


 
VI POTENTIAL IMPACT OF THE NUCLEAR PLANT 


ON THE INDUSTRIAL PROCESS 


 
According to the general licensing requirements for 
nuclear installations all negative impacts from the nuclear 
installation during normal operation, anticipated 
operational occurrences (AOO) and design basis accidents 
must be restricted to the nuclear installation. Taking this 
requirement as a basis there should be no potential hazards 
for the public and therefore for any industrial plant in the 
vicinity of the nuclear facility originating from the nuclear 
power plant. This applies as long as the facilities are 
completely independent and not coupled in any way.  


This is, however, not the case if the industrial plant is 
supplied with heat in form of steam or any hot fluid from 
the nuclear plant. Potential hazards for the chemical plant 
originating from the nuclear island then are the transfer of 
tritium into the product and thermal turbulences induced 
into the chemical system by the inadvertent loss of the heat 
source.  


VI.A. Potential for tritium contamination 


Tritium balancing is an important aspect in planning, 
operating, and decommissioning of any nuclear plant. 
Main sources for tritium in the reactor core are ternary 
fission (~50% of total tritium production), neutron captures 
on boron (control rods) and impurities (lithium, boron) in 
graphite (~35%), and activation of the 3He fraction in the 
helium coolant (~15%). The principal forms, in which 
tritium exists in the primary circuit, are HT, CH3T and 
HTO. Its extreme mobility requires effective retention 
mechanisms in a process heat plant.  


As most impurities in the helium coolant, tritium is 
effectively removed from the circuit by the gas purification 
system. The degree of removal depends on how much of 
the coolant is bypassed through the purification system. An 
important sink for tritium in the HTR are the graphite 
structures, where the tritium is bound by adsorption, 
chemisorption, and eventually diffusion inside the 
graphite. But the tritium might later, with decreasing 
tritium production, be desorbed again. 
 
For the HTR, most important is the capability of tritium to 
pass through metallic walls penetrating the water/steam 
and/or product gas cycle. The permeation process strongly 
depends on material and surface effects as well as on 
temperature and pressure conditions. Gas composition at 
the heat exchanger walls is such that the metals typically 
react with the in situ formation of an oxide layer which 
was found to reduce significantly the tritium permeation 
rates. Drawback of protective oxide layers is their poor 
stability against temperature cycling. The controlled 
addition of water vapor may enhance the formation or 
repair of oxide layers. In this case, graphite corrosion may 
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be carefully monitored. Pre-oxidation of the metals could 
also be an option. 


For the coupled system, a fraction of the tritium transferred 
via the tertiary fluid would probably be released in the 
environment from the industrial processes and another part 
would be diluted in the industrial products.  As far as the 
fluid sent to the End Users (coupling fluid) is not directly 
incorporated in the chemical process but used as a heat 
carrier (process heating or turbine driving), the tritium 
contamination of the industrial products would likely be 
very low and potentially not significant. Nevertheless, if 
there is a possibility of direct or indirect contact between 
the contaminated coupling fluid and the consumer product 
(synthetic fuels, resins, etc.), then the End User would be 
liable for an impact study (as standardized in several 
European domestic regulations). 


Considering the tritium issue, several points have been 
highlighted in the study: 


• The European directive 96/29/EURATOM 
specifies exemption criteria for the controls of the 
Authorities on practices involving contaminated 
products. At least, the coupling fluid used in the 
process shall fulfill these exemption criteria. This 
means that the workers shall not be relevant for 
dose monitoring. Nevertheless, the applicant shall 
make the demonstration that the workers will not 
be relevant for doses monitoring (potential 
contamination risks, impact of unplanned work, 
etc.). 


• Whatever the residual concentration of tritium in 
the consumer products, their marketing could be 
forbidden in several European countries (It would 
be the case in France). So, if tritium is present in 
marketed products, derogations shall be granted. 


• One of the criteria to be verified within the impact 
study is that the effective dose brought to workers 
or the public should not exceed a fraction of the 
limit dose of 1 mSv/y, in compliance with the 
ICRP recommendations (ref. 9). 


• As regards the assessment approach, the 
demonstration of tritium release limitation 
(through the coupling fluid) shall address not only 
the leak-tightness of barriers but also the limitation 
of tritium production (defence in depth). 


 


Concerning the marketing of consumer products or 
industrial by-products with potential tritium contamination, 
it should be noticed that any derogation would be granted 
on the basis of an impact/benefit assessment. It means that 
the applicant shall demonstrate the global benefit of this 
technology for the society. 


VI.B. Loss of heat source 


Besides the specific radioactive hazards, the unavailability 
of the nuclear plant must be taken into account. Depending 
on the nature of the industrial process a breakdown of the 
energy supply can cause more or less severe hazards for 
the industrial plant up to a destruction of the process 
equipment of the plant. Where a continuous process heat 
supply is necessary, the nuclear reactor must be back 
upped by an adequate system like a conventional boiler. 
The layout proposed for the test case n°1 is consistent with 
this requirement. Already existing boilers are run together 
with the nuclear plant. 


The main feature of the back up system is to provide 
energy to the industrial process in such a manner that the 
process is not disturbed or interrupted when the basic 
energy supplying system (reactor) trips.  


This requirement is however not specific for nuclear 
systems but applies to all other heat supply systems as 
well.  


VI.C. Emergency planning 


Another essential issue which has to be kept in mind when 
discussing the feasibility of a combined nuclear/non 
nuclear installation is the fact that a common emergency 
planning for the whole site has to be established. 


This combination of the emergency planning for two 
completely different installations with completely different 
safety philosophies is a great challenge. On the one hand 
the chemical plant is operated in accordance with national 
and international safety standards for chemical plants and 
on the other hand nuclear power plant, licensed and 
operated under nuclear regulatory requirements. 


In more detail this means that two regulatory bodies, each 
of them with its specific responsibility and well established 
regulatory approach, will have to cooperate in the 
emergency planning for the combined site in such way that 
the regulatory requirements for both types of facilities are 
fulfilled.  


This goal can only be reached by adopting the higher 
safety requirements in all cases where under normal 
conditions different safety levels apply. In total this should 
lead to enhanced safety requirements for the non nuclear 
part. 


VII. CONCLUSIONS 
 


This paper has provided the preliminary analysis from the 
TSOs involved in the EUROPAIRS support action as 
regards the feasibility of the licensing of a HTR coupled 
with an industrial process. The approach was base on the 
analysis of tests cases together with a review of the 
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licensing trend. Besides the theoretical aspects, the 
discussions held with end-users are one the major 
achievement because it helps focusing the study on 
practical expectations from the potential customers. 
 
As regards the HTR compatibility with an industrial 
process, the plant is to be designed to have a very low 
potential impact on the neighborhood in any situation 
(according to designers). This objective is a clear 
advantage for the coupled system assessment. Potential 
contamination of the coupling fluid and the products from 
the industrial process is to be assessed but the challenge 
lies mainly in acceptance criteria. 
 
As regards the external hazards, the test case of the 
Chemelot site, which is located in a densely populated 
area, shows that technical solutions can be found to reduce 
drastically the frequency and the intensity of the accidents. 
This results in relatively short safety distances and low 
associated consequence frequency which are closed to the 
exclusion limit usually considered for nuclear plants (10-


7/y for external hazards). Nevertheless, standard external 
loadings may be applied to the nuclear plant in order to 
prevent, at least, the evolutions of the industrial 
environment. A technical aspect which remains pending is 
the evaluation of the risks induced by the projectiles.  


Moreover, it should be noted that all the issues identified 
are not only technical ones. In particular, for the tritium 
issue, a discussion on the free limits with the Safety 
Authorities should be struck up prior to further design of 
coupled systems. Similarly, a difficulty lies in the 
integration of the emergency planning within a document 
relevant for the whole site. 


This study may also help designers to define new items or 
priorities among R&D 


Finally, the key aspects for the safety assessment of a 
coupled system were found to be the followings:   


• completeness of the safety documents of the 
industrial sites and compatibility with the approach 
to be used for the safety demonstration of the 
nuclear plant; 


• issuance of a standard framework for assessment 
of the risks induced by the external hazards ; 


• possibility to determine safety distances; 
• preparation of the emergency planning which shall 


encompass the industrial and nuclear sites; 
• issuance of a regulatory framework to address the 


issue of potential tritium contamination of the 
coupling fluid. 


A further step could reasonably be taken towards the 
design of a coupled system with demonstration objectives. 
In parallel, the work done within EUROPAIRS, could be 


the basis for discussions with Safety Authorities or their 
European organization. 
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Abstract – A graphite oxidation kinetics model is developed which incorporates Gaussian distributions of 
the activation energies of the surface free sites and oxide complexes. These distributions and the reactions 
parameters are determined using a multi-parameter optimization algorithm from the reported experimental 
measurements of gasification. The model calculates the transient values of the free sites and surface 
complexes yields, the burn-off fraction, and the gasification rates of CO and CO2 as functions of 
temperature and oxygen partial pressure. It is successfully demonstrated for the oxidation of pyrolytic 
graphite thin films. Future work will extend the model to nuclear graphite in high temperature reactors. 
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Abstract – A possibility to enhance the nonproliferation characteristics of a commercial FBR is 
investigated in terms of reactor core design aspects, though the rigorous safeguards and the 
physical protection of nuclear materials essentially keep the nonproliferation at a high level. By 
means of loading the fertile blanket with plutonium (Pu) or minor actinide (MA), it is possible to 
reduce the proportion of fissile isotopes to total Pu and the attractiveness of the Pu produced in 
the blanket. Moreover, a radial blanket-free core is also possible. The merits and demerits of each 
method are described for the practical optimization of a core concept. 


 
 


I. INTRODUCTION 
 
Plutonium (Pu), used as the core fuel of a fast breeder 


reactor (FBR), consists of around sixty to seventy percent 
fissile isotopes (239Pu, 241Pu), and the remainder are fertile 
isotopes (240Pu, 242Pu, 238Pu); this kind of Pu is often called 
“reactor grade.” At the same time, in the blanket 
surrounding the core fuel, uranium is converted into higher 
grade Pu than reactor grade, in which the proportion of 
fissile isotopes to total Pu is more than ninety percent. 


As measures in response to concerns about nuclear 
proliferation due to higher grade Pu, the rigorous 
safeguards by the International Atomic Energy Agency 
(IAEA) for example and the physical protection of nuclear 
materials essentially keep the nonproliferation at a high 
level. Moreover, it is possible to keep the Pu products in 
the fuel cycle system at reactor grade by reprocessing the 
blanket together with the core fuel. Nevertheless, in a 
future when a number of FBRs are deployed, society may 
request a more enhanced proliferation resistance level. As 
an example of a way to cope with that situation from the 
material barrier aspect, we have investigated possible core 
design that reduces the attractiveness of Pu (that is, which 
prevents the production of higher grade Pu) while avoiding 
serious deterioration in core performance, fuel fabrication, 
fuel handling, and so on. 


 
II. METHODS TO ENHANCE THE 


PROLIFERATION RESISTANCE CHARACTERISTICS 
 
Several proposals have been made as proliferation 


resistance criteria which assess the attractiveness of the 


nuclear materials for use in a nuclear weapon. The primary 
factors of material attractiveness include the bare critical 
mass, the internal heat generation, the spontaneous-fission 
neutron generation rate, and the radiation dose rate. 
Denaturing the plutonium isotopic vector leads to higher 
contents of 238Pu and/or 240Pu, which reduce the 
attractiveness of the plutonium due to the large decay heat 
of 238Pu and the high spontaneous-fission neutron 
generation rate of 238Pu and 240Pu. Focusing on the 240Pu 
content, the plutonium can be classified as reactor grade 
with more than 18% 240Pu content, where the usability of 
the reactor grade Pu is evaluated as conceivably usable by 
Pellaud.1 On the other hand, focusing on the 238Pu content, 
Kessler has proposed that the plutonium could be 
unattractive with more than 9% 238Pu content for a reactor 
grade Pu.2  


Some other proposals can be found in the literature; 
however, the definitive criteria authorized as the world 
standard have not been established yet. In the present work, 
the above-mentioned conditions, these are Pellaud’s 
reactor grade and the Kessler’s proposal, were applied to 
our FBR core design study as provisional design targets for 
the proliferation resistance of the plutonium collected from 
the discharged fuel including UO2 blanket.  


As an actual measure, the following three methods (1) 
to (3) were nominated: 
(1) Blanket loaded with Pu,  
(2) Blanket loaded with minor actinide (MA), 
(3) Radial blanket-free core. 


Method (1) is to load the blanket with Pu (or TRU) in 
order to satisfy the Pellaud’s reactor-grade Pu condition, 
that is, the blanket becomes low-enriched MOX fuel. No 
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higher grade Pu emerges all over of an FBR cycle system 
because the generated Pu is naturally mixed with the 
reactor grade Pu added initially.3 


In method (2), 238Pu which is needed to meet the 
Kessler’s proposal can be effectively produced by the 
neutron capture reaction of MA (especially 237Np and 
241Am) and the succeeding radioactive decays.4, 5 


Instead of Pu or MA doping to the blanket, method (3) 
uses a radial blanket-free core that is made possible by 
modifications of the core fuel specifications to maintain 
breeding performance.6 Method (1) and/or (2) can be 
applied to the axial blanket in Method (3) if necessary. 


The feasibility of each method has been investigated 
and evaluated from the viewpoints of core and fuel design. 
The results are described in the later sections. 
 


III. THE REFERENCE FBR CORE 
 
III.1. Design Requirements and Conditions 
 


The reference FBR core in this study is based on the 
representative core concept obtained in the Fast Reactor 
Cycle Development Project (FaCT) in Japan.7 Design 
requirements and conditions of the reference core are 
summarized in Table I. 
 
Plant conditions 


A large-size reactor of 1500 MWe / 3530 MWt is 
considered. The core outlet and inlet temperatures are 550 
oC and 395 oC, respectively. 
 
Core performance targets 


A breeding ratio plays an important role to keep the 
efficient utilization of nuclear fuel resources. The breeding 
ratio of 1.1 is targeted for the FaCT reference core (low-
breeding core), which is needed for smooth transition from 
LWR to FBR and for sustainability after the transition. The 
target of total average discharge burnup (including 
blanket) is 80 GWd/t, while the average driver core fuel 
burnup is 150 GWd/t. The higher total average discharge 
burnup contributes to the reduction of fuel cycle cost. The 
design target of the operation cycle length is set over 24 
months. 


 
Safety requirement 


The MOX fuel core design aims for the sodium void 
reactivity about 6 $ or less, the core height 100 cm or less, 
and the average core specific heat about 40 kW/kg-MOX 
or more. These are preliminary target values to prevent the 
super-prompt criticality in the initiating phase of the core 
disruptive accident (CDA) based on the experience of 
sodium-cooled reactor core safety evaluation.8 In addition, 
an innovative fuel subassembly called FAIDUS (Fuel 
Assembly with Inner Duct Structure) is introduced in 
FaCT core subassembly design. As illustrated in Fig. 1, an 


inner duct is installed at a corner of the subassembly duct, 
substituting the 16 fuel pins and a part of upper shield.  
FAIDUS type subassembly is designed as a measure of 
early discharge of molten fuel to prevent re-criticality in 
the transition phase of the postulated CDA. Molten fuel 
enters the inner duct channel and goes out of the core 
through the upper shield.9 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 1. FAIDUS type fuel subassembly concept. 
 


Fuel specifications 
Low-decontaminated TRU fuel is applied from the 


economical and nonproliferation viewpoints.  The core fuel 
contains certain amount of MA for the uranium resource 
utilization and the environmental burden reduction, in 
which the MA content could range from 1 to about 5 wt% 
of the heavy metal mass. A homogeneous MA loading is 
assumed. The TRU fuel isotope composition in the FBR 
equilibrium period is used as the reference one. Residual 
fission products (FPs) are contained in a fresh fuel 
corresponding to the decontamination factor for an applied 
reprocessing system.  The estimated content of residual 
FPs is 0.2% in volume for MOX fuel in the FBR 
equilibrium period. The ODS (Oxide Dispersion 
Strengthened) steel, which is under development, is 
selected as a fuel cladding material, because it can 
withstand a high neutron fluence and has excellent high 
temperature strength.10, 11 


 
Thermal hydraulic conditions 


The maximum cladding mid-wall temperature is 
limited to 700°C or less in accordance with the 
development target of the ODS steel. Fuel pin bundle 
pressure drop is as low as about 0.2 MPa, which facilitates 
the natural circulation capability of the plant primary 
coolant system. 
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Fuel integrity limits 
The design limit of linear heat rate is about 430 W/cm.  


The current target of fast neutron fluence of the ODS steel 
is about 5×1023 n/cm2. 
 
Fuel-cycle related conditions 


From the viewpoints of fuel fabrication and handling, 
the design limit of decay heat of a subassembly is 
preliminary decided as 2.6 kW and 4 kW for fresh fuel and 
spent fuel cooled for 4 years, respectively. The former one 
is corresponding to the decay heat limit of 20 W/kg for 
heavy metal parts of the core fuel. 
 
III.2. Reference Core Configuration and Characteristics 
 
Core configuration 


The reference core configuration is illustrated in Fig. 2. 
The reference core is a high internal conversion concept 
core. This advanced concept has an economical advantage 
by achieving high total average discharge burnup and 
sufficient breeding ratio with small amount of blanket, 
which leads to reduce fuel cycle cost. 


A large diameter fuel pin (10.4 mm) is applied to 
increase the internal conversion ratio. Moreover, the core 
enables to extend the operation cycle length due to its high 
internal conversion ratio, which is also an economical 
advantage. 


The core contains 562 fuel subassemblies and 57 
control rods and is surrounded by the axial blanket fuel 
and the 96 radial blanket subassemblies. The core height is 
100 cm, and the upper and lower axial blanket lengths 
are 20 cm each. 


Core neutronics analysis methods are the followings: 
The adjusted 70-group cross section set ADJ2000R12 is 
used. Diffusion calculations are performed in three-
dimensional TriZ core geometry with a 7-group cross 
section for criticality and burnup calculations and with an 
18 group cross section for EOEC reactivity coefficient 
calculations. The design values are evaluated by 
considering neutron transport correction, spatial mesh 
correction, heterogeneity correction, energy group 
correction, and design margin. 


 
Core characteristics 


Main core specifications and neutronics performance 
characteristics of the reference core are shown in Table II. 
The reference core is fed in nature with the multi-recycled 
TRU fuel in the FBR equilibrium period. The plutonium 
isotope composition of the core fuel is 


Pu-238 / Pu-239 / Pu-240 / Pu-241 / Pu-242 
 = 1.7 / 55.9 / 30.5 / 3.4 / 3.3 (in wt%). 


The MA fraction in the loading TRU fuel is about 1 wt%. 
It is shown that the calculated core performance 
characteristics satisfies the core performance targets and 


fuel integrity limits. The sodium void reactivity is 5.4 
dollars, which well satisfies the safety requirement. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 2. The 1500-MWe reference core configuration. 
 
 


IV. NONPROLIFERATION CORE DESIGN 
CONSIDERATIONS 


 
The three methods to enhance the nonproliferation 


characteristics explained in Sec. 2 have been investigated 
from the viewpoint of core design aspects.6, 7, 13 In each 
method, the core specifications have been changed in order 
to satisfy the design requirements and conditions. It is 
reasonable to keep the condition that the nonproliferation 
cores can be replaced with the reference core in the same 
reactor plant. Isotope compositions of the available TRU 
used for Pu and MA loading approaches are listed in Table 
III. 
 
IV.1. Method (1): Blanket Loaded with Pu 
 


The axial and radial blankets in the reference core 
have been replaced with the Pu-loaded blankets. In the 
core design effort, the necessary enrichment of the 
blankets to meet the proliferation resistance target is firstly 
determined, and then the core is configured to achieve the 
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design requirements and conditions.  Figure 3 shows the 
240Pu content of the plutonium collected from the 
discharged blanket fuel as a function of the enrichment and 
with their dependence on the plutonium origin. The 
available plutonium used to make up the Pu-loaded blanket 
is assumed to come from the spent fuels of LWR-UOX, 
LWR-MOX, and FBR-MOX (multi-recycled). Table III 
includes the typical TRU isotope compositions in the 
respective spent fuels used in the present design study. The 
plutonium from the LWR-UOX spent fuel has the lowest 
240Pu content among them. It can be seen that the required 
enrichment is about 3 wt% to 4 wt% depending the origin 
of plutonium added to the blanket. Then, the 240Pu content 
of the plutonium is kept well above the 18% target 
throughout the burnup cycle. 
 
 
 
 


 
 
 
 


 
 
 
 
 
 
 
 
 


(a) Radial blanket 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


(b) Axial blanket 
 


Fig. 3. 240Pu isotope fraction in discharged blanket as a function 
of the enrichment. 


 


The necessary changes in core specifications are as 
follows: 
- a reduction of core height by 10 cm in order to satisfy the 
safety requirement for the average core specific power, 
- an extension of axial blanket thickness by 20 cm to 
obtain a breeding ratio of 1.1. 
 
The reduction of core height is also necessary to conserve 
the fuel pin length and to meet the limit of pin bundle 
pressure drop. 


Core neutronic characteristics are summarized in 
Table II. Any of them satisfy the design requirements and 
conditions. As a result of core height reduction and axial 
blanket extension, the total average discharge burnup 
decreases from 89 GWd/t to 81 GWd/t, which slightly 
deteriorates the economics. The Pu fissile inventory 
increases by 7%, but it is still in an allowable level from 
the viewpoint of an FBR deployment scenario evaluation.14 
 
IV.2. Method (2): Blanket Loaded with MA 
 


The core with MA-loaded blanket is featured by 
applying the provisional constraint that 238Pu isotope 
fraction in discharged blanket fuel is more than 9%. Since 
almost all the neptunium follows the plutonium in an 
advanced aqueous reprocessing with MA extraction 
process proposed as the reference reprocessing scheme in 
the FaCT project, only the americium and the curium can 
be separated and considered as the practical doping 
materials in the present study. A fraction of 241Am is 
important as 241Am plays the major role in building up 
238Pu. 


Figure 4 shows the 238Pu content of the plutonium 
collected from the discharged blanket fuel as a function of 
the MA (Am+Cm) fraction in the fresh blanket fuel. The 
required MA fraction is found to be 3-5 wt% depending on 
the MA origin. 


Core design result is summarized in Table II. The 
necessary changes in core specifications are as follows: 
- an extension of axial blanket thickness by 10 cm to 
obtain a breeding ratio of 1.1, 
- a reduction of core height by 5 cm in order to conserve 
the fuel pin length.  
 


Core neutronic characteristics are summarized in Table 
II. Any of them satisfy the design requirements and 
conditions. The total average discharge burnup decreases 
from 89 GWd/t to 85 GWd/t, which is rather mitigated 
than in the case of Method (1). As a result of the reduction 
of core height, the maximum linear heat has increased, but 
it is still in an allowable level. 
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 (a) Radial blanket 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 


(b) Axial blanket 
 
Fig. 4. 238Pu isotope fraction in discharged blanket as a function 


of the MA (Am+Cm) fraction in fresh blanket fuel. 
 
 


However, we have to pay attention to the decay heat 
constraints especially for the radial blanket subassembly. 
As shown in Fig.5, the decay heat of a radial blanket 
subassembly with 4 wt% of MA from LWR-UOX is within 
the design range of both fresh and spent fuel. On the 
contrary, in the case of MA from FBR-MOX, the MA 
fraction is restricted up to about 2 wt% by the limitation of 
fresh fuel decay heat. This is due to the accumulation of a 
significant heat source nuclide 244Cm. The decay heat of 
MA-loaded blanket tends to increase along with multi-
recycling in FBR fuel cycle. Therefore, it is pointed out 
that the accumulation of heat source nuclide in multi-
recycled MA interferes in an attempt on the enhancement 
of proliferation resistance. 


Recent scenario evaluation shows that one may come 
across the shortage of MA with low decay heat in the final 
stage of FBR deployment if both the axial and the radial 
blanket are loaded with MA.14 It is also reported that both 
the nonproliferation criterion and the decay heat 
constraints can be satisfied in case that only the radial 
blanket is loaded with MA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Fig. 5. Decay heat of fresh and spent fuel subassembly. 


(RB: radial blanket, AB: axial blanket) 
 
 


IV.3. Method (3): Radial Blanket-Free Core 
 


The radial blanket-free core is featured by the 
replacement of the radial blanket in the reference core with 
the stainless steel reflector. Since the integrated-type core 
fuel pin is used and it consists of both the core fuel and the 
axial UO2 blanket at the both ends of the core fuel, the 
discharged axial blanket is usually reprocessed together 
with the core fuel which contains higher 240Pu content. 
Therefore, the provisional proliferation resistance criterion 
(240Pu isotope fraction > 18%) is applied to the whole 
plutonium collected from the discharged core fuel and 
axial blanket. If the axial blanket has to satisfy the criteria 
itself, Method (1) and/or (2) can be applied. 


The necessary changes in core specifications are as 
follows: 
- an extension of axial blanket thickness to obtain a 
breeding ratio of 1.1, 
- a reduction of core height in order to conserve the fuel 
pin length and to meet the limit of pin bundle pressure 
drop, 
- an increase of the number of fuel pins per fuel 
subassembly (i.e., using a thinner fuel pin) to keep the 
maximum linear heat rate within the design limit. 
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The results of core design are listed in Table II. It was 
found that the 85 cm height core with the axial blanket of 
70 cm length is selected as the best balanced radial 
blanket-free core which almost satisfies the design 
requirements and conditions listed in Table I. 


Plutonium-240 isotopic fraction of the mixture of core 
and axial blanket fuel is about 30% when using the FBR 
multi-recycled TRU composition, which has an enough 
allowance to the proliferation resistance criterion of 240Pu 
content > 18%. 


There are slight influences on the economical 
characteristics. The reduction of core height results in the 
shortened operation cycle length of 22.3 month, which 
does not meet the required 24 month. Moreover, the total 
average discharge burnup decreases from 89 GWd/t to 83 
GWd/t. 


The number of pin per subassembly has been 
increased from 255 to 315. In the viewpoints of fuel 
subassembly development, we have less experience for a 
315 fuel pin bundle compared to that for a 255 fuel pin 
bundle. A consideration will be needed to choose the radial 
blanket-free core as a representative nonproliferation core 
concept. 


 
V. EVALUATION OF NONPROLIFERATION 


CHARACTERISTICS 
 


Several proposals have been made to assess the 
attractiveness of nuclear material in terms of usability for 
nuclear explosion devises. Using the figure of merit 
(FOM) proposed by Bathke et al.15, 16 as an example, we 
have evaluated the attractiveness of plutonium produced in 
the nonproliferation enhanced FBR cores in this study. 


The basic concept of Bathke’s FOM is to relate the 
nuclear material to the following accepted standards: the 
threshold critical mass for low enriched uranium (235U 
enrichment < 20%), the heat content (238Pu isotope fraction 
> 80%), the self-protecting dose rate (500 rad/h at 1 m), 
and the spontaneous fission neutron generation rate of 
reactor-grade plutonium (240Pu isotopic fraction > 20%). 
There are following two formula for Bathke’s FOM: 
 
FOM1 = 1 – log [M/800 + Mh/4500 + (M/50)(D/500)1/log2], 
 
FOM2 = 1 – log [M/800 + Mh/4500 + MS/(6.8x106) 


 + (M/50)(D/500)1/log2],  
 
where M is the bare critical mass of the metal in kg, h is 
the heat content in W/kg, S is the spontaneous fission 
neutron generation rate in n/s kg, and D is the dose rate of 
0.2M evaluated at 1 m from the surface in rad/h. FOM1 
does not contain the term of spontaneous fission neutron 
generation rate. The nuclear material is considered to be 
unattractive if the FOM is less than unity. 


Figure 6 summarizes the plutonium isotope 
compositions appearing in the present nonproliferation 
core design considerations. The vertical and horizontal 
axes represent the 240Pu and 238Pu isotope fraction, 
respectively. The former axis corresponds to the “reactor 
grade” approach regarding Methods (1) and (3) as well as 
the core fuel. The latter axis corresponds to the MA doping 
approach, i.e., Method (2). 


 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 6. Denature of plutonium isotope vector. 
(RB: radial blanket, AB: axial blanket) 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig. 7. Bathke’s attractiveness (FOM1 and FOM2) for the 
plutonium isotope compositions in this study. 


(RB: radial blanket, AB: axial blanket) 
 
 


Using the above-mentioned formula, FOM1 and FOM2 
of these plutonium compositions were calculated. The 
results are shown in Fig. 7.  Since FOM1 for plutonium is 
mainly dominated by the decay heat of 238Pu, FOM1 tends 
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to decrease by applying Method (2). On the other hand, 
FOM2 considers not only the decay heat term but also the 
spontaneous fission neutron generation rate term, therefore 
the effect of 240Pu in Methods (1) and (3) plays an 
important role to the decreasing of FOM2. Note that 
Method (2) can also decrease FOM2 effectively, because 
238Pu also has a high spontaneous fission neutron 
generation rate. 


In order to satisfy FOM1 < 1, more than 30-40 wt% of 
MA fraction is needed in the cases of MA from LWR-UOX 
and FBR-MOX. It can be said that it is extremely difficult 
to satisfy FOM1 < 1 within the use of available MA 
compositions for nuclear power generation. 


On the contrary, there is an enough possibility to 
satisfy FOM2 < 1 by an individual or combination of 
Methods (1) to (3). Nevertheless, the required level is still 
higher than the provisional nonproliferation targets in this 
study, which causes a certain influence on core design. 


Saito et al. proposed another definition of the 
attractiveness of nuclear material that combines the 
characteristics of explosive energy, the decay heat, and the 
spontaneous fission neutron generation rate.17 For an 
evaluation of plutonium attractiveness, Saito’s formula 
shows a similar trend as the Bathke’s FOM2.18  The 
unattractive criterion proposed by Saito coincides with the 
combination of MOX grade plutonium (240Pu isotope 
fraction > 30%) and the Kessler’s proposal (238Pu isotope 
fraction > 9%). The difficulty to meet the criterion is the 
same level as that of FOM2, or somewhat lower. 


 
VI. CONCLUSIONS 


 
As measures in response to potential concerns about 


nuclear proliferation due to higher grade Pu for 
commercial FBRs, we investigated a core design that 
reduces the attractiveness of nuclear material while 
avoiding serious deterioration in core performance, fuel 
fabrication, fuel handling, and so on. The following three 
methods (1) to (3) were investigated: (1) blanket loaded 
with Pu, (2) blanket loaded with MA, and (3) radial 
blanket-free core. 


Method (1) is to load the blanket with Pu, that is, the 
blanket becomes low-enriched fuel with Pu enrichment of 
3-4%. No higher grade Pu emerges because the generated 
Pu is naturally mixed with the reactor grade Pu added 
initially. This method is the most practical among the three 
methods as it can be developed easily on the basis of 
current technologies. 


In Method (2), MA on the order of 3-5% produces 
238Pu, the decay heat of which is considered to make a 
large contribution to nonproliferation characteristics. It 
should be noted that this method is subject to limitations in 
terms of the MA supply, because MA with low decay heat 
is necessary from the viewpoint of fuel fabrication and 
handling. 


Method (3) uses a radial blanket-free core that is made 
possible by modifications of the core fuel specifications to 
maintain breeding performance. 


Any of these methods can be expected to enhance the 
nonproliferation characteristics with respect to the isotope 
composition of Pu while satisfying the performance 
requirements of a commercial FBR. We are continuing our 
efforts to optimize the core concept in consideration of the 
merits and demerits of each method, as well as the progress 
in the development of an assessment method for nuclear 
material attractiveness. 
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TABLE I  


Design Requirements and Conditions for the Reference FBR Core 


Item Value 
Plant conditions 


Power output [MWe/MWt]  
Coolant temp. [oC] (outlet/inlet) 


 
1500 / 3530 
550 / 395 


Core performance targets 
Breeding ratio 
Discharge burnup [GWd/t] 
     core fuel 
     total a  
Operation cycle length [month] 


 
 1.1 


 
150 
> 80 
> 24 


Safety requirements 
Sodium void reactivity [$] 
Core height [cm] 
Average core specific power [kW/kg-MOX] 
Subassembly concept for re-criticality free 


 
< 6 


< 100 
> 40 


FAIDUSb 
Fuel specifications 


Fuel composition 
Fuel smear density [%TD] 
Cladding material 


 
Multi-recycled TRU in fast reactor fuel systems  


82 
ODS steel 


Thermal hydraulics condition 
Cladding midwall temp. [oC] 
Bundle pressure drop [MPa] 


 
< 700 
< 0.2 


Fuel integrity limits 
Linear heat rate [W/cm] 
Fast neutron fluence [1023/cm2] 


 
< 430 
< 5 


Fuel-cycle related condition 
Decay heat of a fuel subassembly [kW] 


fresh fuel 
spent fuel cooled for 4 years 


 
 


< 2.6 
< 4 


a  including blanket 
b Fuel assembly with internal duct structure 
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TABLE II  


Major Core Specifications and Neutronics Characteristics 


  Reference core
Method (1): 


Blanket loaded 
with Pu 


Method (2): 
Blanket loaded 


with MA 


Method (3): 
Radial blanket-


free core 
Core height [cm] 100 90 95 85 
Axial blanket thickness (upper / lower) [cm] 20 / 20 30 / 30 25 / 25 35 / 35 
Number of fuel subassembly 
(core / radial blanket) 562 / 96 562 / 96 562 / 96 562 / 0 


Fuel pin diameter [mm] / Number of pins per 
subassembly 10.4 / 255 10.4 / 255 10.4 / 255 9.3 / 315 


Refueling batch 4 4 4 4 
Operation cycle length [month] 26.3 26.0 26.0 22.3 
Core fuel enrichment (IC/OC) [wt%] 18.2 / 20.6 18.5 / 21.1 18.9 / 21.5 19.8 / 22.3 
Blanket TRU enrichment [wt%] 0 3.0 - 0 
Blanket MA fraction [wt%] 0 - 4.0 (Am+Cm) 0 
Breeding ratio 1.1 1.1 1.1 1.1 
Burnup reactivity [%Δk/k] 2.5 2.5 2.8 3.0 
Average discharge burnup (core / total) 
[GWd/t] 146 / 89 150 / 81 149 / 85 145 / 83 


Initial Pu-fissile inventory [t/GWe] 5.8 6.2 5.7 5.3 
Average core specific power [kW/kg-MOX] 40 42 42 47 
Maximum linear heat rate [W/cm] 403 410 417 377 


Maximum fast neutron fluence [1023/cm2] 5 5 5 5 
 
 


TABLE III 


Isotope Compositions of TRU used for Pu and MA Loading Method 


   (wt%) 


Nuclide TRU from LWR-UOX 
（25-yr cooling time）


TRU from FBR-MOX 
(milti-recycled) 


TRU from LWR-MOX 
（20-yr cooling time） 


Np-237 6.0 0.3 0.7 
Pu-238 2.0 1.7 3.1 
Pu-239 46.5 55.9 28.5 
Pu-240 23.5 30.5 31.7 
Pu-241 4.0 3.4 6.3 
Pu-242 6.7 3.3 13.0 
Am-241 9.7 3.0 11.8 
Am-242m 0.0 0.1 0.0 
Am-243 1.4 1.0 3.7 
Cm-242 0.0 0.0 0.0 
Cm-243 0.0 0.0 0.0 
Cm-244 0.2 0.6 1.0 
Cm-245 0.0 0.2 0.2 
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Abstract – For the analysis of transient two-phase flows in nuclear reactor components such as a 
reactor vessel, steam generator, containment, etc., KAERI (Korea Atomic Energy Research 
Institute) has developed a three-dimensional thermal hydraulics code, CUPID. It adopts three-
dimensional, transient, two-phase and three-field model, and includes various physical models 
and correlations of the interfacial mass, momentum and energy transfer for the closure. In the 
present paper, the DOBO (DOwncomer BOiling) test was simulated using the CUPID code; the 
test was designed to examine the downcomer boiling phenomena. The main purpose of the 
numerical simulation was to evaluate the two-phase flow models of the CUPID code and verify 
whether the downcomer boiling can be reproduced by the code. The effects of the non-drag 
interfacial force models were examined, which play crucial roles for the distribution of the void 
fraction. The simulation results showed that typical characteristics of the downcomer boiling flow, 
such as the recirculation of the liquid flow driven by the wall boiling and the flow pattern change 
from a bubbly flow to a churn flow can be reproduced by the CUPID code reasonably well. 
However, there existed considerable discrepancies of the void fraction distributions; especially, the 
core peaking of the bubbles was not captured with the present non-drag interfacial force models. A 
further improvement of the physical models of the two-phases seems to be required in order to 
enhance the performance of the CUPID with respect to the multi-dimensional downcomer boiling 
phenomena. 


 
 
 


I. INTRODUCTION 
 
The need for a multi-dimensional analysis of the 


thermal hydraulic phenomena in a component of a nuclear 
reactor is increasing with the advanced design features, 
such as a direct vessel injection system, a gravity-driven 
safety injection system, and a passive secondary cooling 
system. In an advanced pressurized water reactor, multi-
dimensional phenomena inside the reactor vessel during a 
postulated loss of coolant accident have become major 
technical issues for consideration [1]. These include the 
ECC (Emergency Core Coolant) bypass of a DVI (Direct 
Vessel Injection) system and a downcomer boiling during 
the LBLOCA (Large Break Loss of Coolant Accident) 
reflood phase. These phenomena are characterized by the 
combination of a boiling due to a downcomer wall heat 
transfer, multi-dimensional counter-current flow, lateral 
motion of bubbles and droplets, flow regime change, bulk 


condensation, phase separation, etc. These features require 
more detailed analysis with enhanced accuracy because of 
the complicated multi-dimensional effects. Motivated by 
these issues, the development of a numerical solver for a 
multi-dimensional thermal hydraulic analysis code, named 
CUPID [2], is in progress at KAERI (Korea Atomic Energy 
Research Institute). The objective of the development is to 
support a resolution for the thermal hydraulic issues 
regarding the transient multi-dimensional two-phase flow 
which can arise in a component of an advanced light water 
reactor. In our previous papers [2,3,4], the numerical 
schemes of the CUPID code were described and various 
conceptual problems have been solved for the verification 
of the solvers.  


Various models and correlations of the interfacial mass, 
momentum and energy transfer for the closure relations 
were implemented into the solver. In a bid to evaluate the 
models, the two-phase flow phenomena in the DOBO 
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(Downcomer Boiling) test facility were simulated with the 
CUPID code, which had been constructed to investigate the 
downcomer boiling phenomena. They may happen in the 
downcomer of a nuclear reactor vessel during the reflood 
phase of a postulated loss of coolant accident. The stored 
energy release from the reactor vessel to the liquid inside 
the downcomer causes the boiling on the wall, and it can 
reduce the hydraulic head of the accumulated water, which 
is the driving force of water reflooding to the reactor core. 
These phenomena have been considered as a technical 
issue of an advanced light water reactor because it is 
concerned with the core cooling capability of the safety 
injection system. According to the experimental 
observation of the DOBO test, there appear a flow pattern 
change from the bubbly flow to the churn flow and a 
natural circulation of the liquid flow accelerated by the 
wall boiling and these are unique features of the two-phase 
flow happened in a large hydraulic diameter channel with a 
low forced convective flow.  


The present study aimed to validate the applicability of 
the CUPID code and its two-phase flow models to the 
downcomer boiling analysis. The reproduction of the 
typical characteristics of the boiling phenomena in a large 
duct using the code was of special interest.  In this paper, 
the physical models and correlations of the code were 
introduced and the numerical simulation results using it 
against the DOBO experiment were reported.  


 
II. TWO-PHASE FLOW MODELS 


 
In the two-fluid model [5] for the two-phase flow 


analysis, the mass, energy, and momentum equations for 
each field are established separately, and then, they are 
linked by the interfacial mass, momentum, and energy 
transfer models. For a mathematical closure, the 
constitutive relations for the interfacial drag force, the 
interfacial heat transfer and the wall heat partitioning are 
necessary and these are summarized in this chapter. 
 
- Inter-phase topology map 


 
Due to the characteristics of a two-phase flow that the 


mass, momentum and energy transfers between phases 
depend on the shape of their interface, the conventional 
system and component analysis codes use flow regime 
maps. The traditional flow regime concept, however, is not 
applicable to open medium analyses because, in the 
traditional concept, every cell needs to include a wall 
boundary for the cross sectional average of a flow 
parameter. To address this issue, CFD-BWR code [6], built 
on the foundation of STAR-CD [7], proposed an inter-
phase surface topology map recently. Their works have 
attempted simulations of not only dispersed flows but also 
flows involving a local sharp interface such as slug and 


annular mist flows. According to their approach, the three 
main types of local inter-phase surface topologies and the 
transitional regions are distinguished. Three main 
topologies are a bubbly flow topology, a mist flow 
topology and a sharp interface topology as shown in Fig. 1. 
The transitional topologies are the overlapping regions of 
two or three main topologies. The topology in each mesh 


cell is determined by two parameters, a void fraction (gα ) 


and a void fraction difference ( || gαδγ ∇⋅= ). Tentner et 


al. [8, 9], Ioilev et al. [10] and Ustinenko et al. [11] have 
established significant progress to verify and validate this 
approach. The inter-phase topology concept proposed by 
Tentner et al. [9] was employed to the present numerical 
solver in order to reproduce the flow pattern change from 
the bubbly flow to the churn flow.  


The transition criteria of the void fraction and the void 
fraction difference and the definition of the characteristic 
length (δ ) are 


3.0, =bcgα , 


95.0, =cmgα , 


2.01 =γ ,                                                                            


4.02 =γ ,                                                                        (1) 
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Once the local topology is determined for each cell, 


the interfacial area and interfacial transfer models, 
thereafter, are defined depending on the topology of each 
cell. 


 


      
 
 


Fig. 1 Inter-phase surface topology concept [6] 
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- Interfacial area 
 
The following interfacial area concentration models 


are used: 
for bubble topology [12,13], 
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g
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for interface topology [15], 
|| giA α∇= .                                                                   (5) 


 
- Interfacial momentum transfer 


 
The interfacial momentum transfer term, ikM  includes 


the interfacial drag, the momentum exchange due to the 
phase change at the interface and wall, and various non-
drag forces such as the virtual mass force, lift force, wall 
lubrication force and turbulent dispersion force. ikM  is 
written as: 


ilndgiwallgivglig MFuuFM −=+Γ+Γ+−=                (6) 


The interfacial drag force terms in the momentum 
equations can be expressed as;  
for dispersed topology, 


)(||
8


1
lglgDcigl uuuuCAF −−= ρ  ,                         (7) 


for interface topology, 


)(||)(
2


1
lglgigigl uuuuCAF −−= ϕρ .                     (8) 


Interfacial drag coefficients DC  and )(ϕiC are defined by 
the following correlations: 
for bubble topology [7], 


( )687.0Re15.01
Re


24
b


b
bC +=    for 1000Re0 ≤< b ,      


44.0=bC                               for 1000Re >b ,            (9) 


for mist topology [7], 
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44.0=dC                               for 1000Re >d ,          (10)  


for interface topology [8], 
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where 005.0tan, =iC  and 1, =ortiC , 
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The interfacial drag force in the transition topology was 
calculated from the following linear interpolation. 


)( lgigl uuF −= χ , 
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The current CUPID code has four non-drag forces; the 
virtual mass force, lift force, wall lubrication force and 
turbulent dispersion force, 


tdwlliftvmnd FFFFF +++= .                                (13) 


The following virtual mass force model was applied [16], 
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Different from the virtual mass force which was applied for 
all topologies, the other forces were considered when either 
bubble topology or churn topology was identified. The lift 
force is given in terms for the slip velocity and the curl of 
the continuous phase velocity by: 
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For the lift force coefficient, liftC , Tomiyama’s model [17] 


was applied as follows,  
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The wall lubrication force applied in the current solver is 
Antal et al.’s model [18].  
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with 01.01 −=C , 05.02 =C . The wall lubrication force is 


inherently limited within bubblewall dy 5<  in this 
formulation. Finally, the implemented turbulent dispersion 
model was proposed by Ishii and Hibiki [5],   


lllTDtd kCF αρ ∇−= ,                                                (18) 


where 1.0=TDC .  
 


- Interfacial mass and heat transfer 
 


The interfacial mass and heat transfer terms are written 
as;  


lwallvg Ω−=Γ+Γ=Ω  ,                                            (19) 
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where ),(),( , lsatgligi hhhh =  if 0≥Γ , 
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Because the sum of igQ  and ilQ  is zero, the volumetric 


vapor generation rate is represented as 
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The interfacial heat transfer coefficients for each 
topology adopted for the present solver are listed below. 
For bubble topology [7], 
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for mist topology [7], 
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for interface topology [7], 
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The interfacial heat transfer term in the transition topology 
was calculated from the following linear interpolation. 


( ) ( ) ( )21 )1( iikiiktransitioniik AHwAHwAH ⋅−+⋅=     (26) 


During flashing, where satl TT > , the liquid-side heat 
transfer factor is calculated using the following 
approximate model: 


),10max( 6
iiliil AHAH = .                                         (27) 


The basis for this model is its high magnitude in order to 
quickly decrease the liquid temperature to saturation 
temperature. The value, 610  was referred to in [19].   


The wall boiling on a heated surface can be considered 
by a wall heat flux partitioning model. The mechanisms of 
a heat transfer from the wall to a two-phase flow consist of 


the surface quenching (qq ), evaporation ( eq ) and single 


phase convections (wlcq  and wgcq ). The wall-to-liquid heat 


transfer ( wlq ) is the sum of the qq  and wlcq . It is assumed 


that the direct contact heat transfer between droplets and 
the wall is negligible so that a gas phase convective heat 
transfer is merely considered for the mist topology 


( )wgwgc qq = . Then, an equation of the heat flux 


conservation on a heated surface is 
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The applied models and correlations for the heat 
partitioning model are based on Ref. [20] and they are 
listed in Table 1. With the correlations of the wall heat 
transfer, Eq. (28) becomes a non-linear equation for the 
wall temperature. The equation can be solved by the 
Newton-Rhapson method and then, the wall vapor 
generation rate is calculated by 


 
)( , lsatg


e
wall hh


q


−
=Γ .                                                  (29) 


 
- Turbulence modeling 
 


The CUPID code incorporates two models for the 
turbulent shear stress; one is the mixing length model and 
the other the k-ε model. For this calculation, the mixing 
length model was used with the bubble induced turbulence 
terms, which were proposed by Michiyochi and Serizawa 
[21]. Meanwhile, in a two-phase flow, it was reported that 
the existence of bubbles on the wall boundary layer has a 
significant influence on the velocity profile nearby the wall. 
The two-phase wall function proposed by Yun et al. [22], 
therefore, was implemented for the boiling flow simulation 
accounting for this effect.  
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Table 1. Wall boiling models 
 


Variables Models 
Active nucleate 
site density [23] 
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III. DOBO FACILITY AND TEST RESULT 


 
The DOBO test facility was designed to simulate the 


downcomer boiling phenomena that may occur in the lower 
downcomer region below a cold leg during the reflood 
phase of a postulated LBLOCA [27]. The DOBO facility 
consists of a test section, a steam–water separator, a 
condenser, a heat exchanger, a drain pump, a storage tank, 
an air injection and ventilation system, a pre-heater and an 
injection pump, as shown in Fig. 2.  


Among these, the test section was simulated by the 
CUPID code for the present calculation. It has rectangular 
duct geometry and its dimensions are 6.4 m high, 0.25 m 
wide and 0.30 m deep. The height and width are the same 
with the APR1400 downcomer, but the circumference is 
reduced to 47.08-fold. One among four side walls of the 
test section incorporates 207 cartridge heaters inside it to 
simulate the stored energy release from the reactor vessel 
wall. The maximum available heat flux is 100 kW/m2, 
which covers the maximum anticipated value when the 
reflood phase starts. The heated region starts 0.3 m above 
the inlet, and ends 1.0 m below the outlet. Fig. 3 indicates 
the schematic diagram of the test section. The DOBO test 
was performed with four different heat fluxes and among 
them, DOBO-R2-1 test case conducted with 70.8 kW/m2 
was selected for the current simulation because it is the 
closest value to the heat flux of the reflood phase of 
LBLOCA. 


 
 
 
 
 


 
 


Fig. 2 Schematic diagram of the DOBO facility [27] 
 


  


 
Fig. 3 Schematic diagram of the DOBO Test Section [27] 
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In an accident condition, the emergency core cooling 
water flows down in the downcomer from the elevation of 
the ECC injection nozzle to the lower plenum. Thus, the 
downcomer boiling happens with the downward liquid 
flow, and then the counter-current flow appears between 
the liquid and upward bubbles on the reactor vessel wall. 
The liquid inlet, therefore, was located at the upper region 
of the test section as indicated in Fig. 3. The injected liquid 
impinges on the test section wall and flows downward 
forming a liquid film. The inlet flow rate was 1.33 kg/s in 
DOBO-R2-1 test. Due to the heat released from the heated 
wall, boiling occurs in the test section. The generated steam 
flows out the test section through the outlet, where the 
pressure was maintained at 1.6 bars. The accumulated 
liquid formed a free surface inside the channel and the 
water level was maintained at 5.4 m by controlling the 
liquid outlet flow rate located at the bottom of the test 
section.  


Fig. 4 shows the experimental results of the local void 
fraction measured with five-conductance probes. The void 
fraction distributions at the elevations, 1.53 m and 2.53 m, 
indicate typical wall peaking profiles that the maxima of 
the void fraction appeared at the corner made by the heated 
wall and a side wall. Then, the void fraction decreases 
gradually as the distance from the heated wall increases. 
Above the elevation 3.53 m, however, bubbles began to 
move to the center region of the channel and the void 
fraction profiles of a core peaking were obtained. The 
maximum value of the void fraction at a horizontal cross-
section appeared at the center of the channel. The area 
averaged void fractions along the axial elevation were 0.16 
and 0.22 at the elevations of 3.53 m and 4.53 m, 
respectively.  


 


 


 
Fig. 4 Void fraction                      Fig. 5 Liquid velocity 
        measurement result [27]        measurement result [27] 


Fig. 5 shows the experimental results of the local liquid 
velocity measured with local bi-directional flow tubes. In 
the measurement, the liquid velocity was positive nearby 
the heated wall where higher void fraction appeared and 
negative in the other part. This result shows that the liquid 
was accelerated by the bubbles resided on the heated wall 
and then, liquid moved downward in the other region 
where no bubble existed for the conservation of the mass at 
the horizontal cross-section. Since the liquid flow rate of 
the DOBO test is very small, approximately 0.0254 m/s in 
the cross-sectional average, the natural circulation 
accelerated by the wall boiling was found to be dominant 
in the test section.  


Fig. 6 shows the experimental observation result of the 
downcomer boiling phenomena. Consistent with the 
experimental measurement results, the bubbles mainly 
appeared on the heated wall at low elevation, but they 
began to move toward the center region along the elevation 
and finally, the flow pattern change from the bubbly flow 
to the churn flow started at the higher elevation than 4.5 m. 
Based on the visual observation, the overall flow behavior 
of the boiling phenomenon was briefly illustrated in Fig. 7.   


 
 


                  


Fig. 6 Experimental               Fig. 7 Flow behavior 
                    Observation                           in the DOBO test 
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IV. DOBO SIMULATION RESULT 
 
Fig. 8 shows the boundary conditions of the calculation 


and the computation mesh, respectively. The half of the test 
section was modeled by imposing the symmetric boundary 
condition. As same with the experimental procedure, the 
constant heat flux for the heated wall, the constant pressure 
for the steam outlet, constant velocity for the liquid inlet 
conditions were imposed. The liquid outlet flow rate was 
controlled to maintain the collapsed water level in the test 
section at 5.4 m. For this calculation, total 11524 
(10�18�64 for the duct) cells were used and during the 
calculation, the y+ values of the wall cells were maintained 
lower than 300 in the bubbly flow region and 500 in the 
churn flow region.  


Fig. 9 shows the calculation result of the void fraction 
with the aforementioned two-phase flow models. The 
cross-sectional distributions of void fraction at three 
different elevations (2.53 m, 3.53m and 4.53 m) in the 
experimental data and the numerical simulation results are 
compared in Fig. 10. With the default models, the CUPID 
code failed to reproduce the core peaking profile of the 
void fraction. In the calculation results at 2.53 m and 3.53 
m, the maxima of the void fraction was about 0.25 at the 
corner and it decreased steeply along the distance from the 
heated wall. At 4.53 m, the void fraction increased abruptly 
and the maximum void fraction reached 0.65 but the 
location of the void fraction peak was still observed at the 
corner. In the experiment, as indicated in Fig. 10, the void 
fraction dispersed more widely at 2.53 m than the 
simulation and then, its profile changed to the core peaking 
at 3.53 m.  


 


              


 
Fig. 8 Computational domain and mesh 


 


 
Fig. 9 Calculation result: void fraction  


 
     


z=2.53 m 
       


z=3.53 m 
      


z=4.53 m 
Fig. 10 Calculation result: void fraction 


(Left: DOBO test, Right: CUPID calculation) 
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These discrepancies are presumed to be caused mainly 
by the weak turbulent dispersion and lift forces. At 2.53 m, 
the calculation result has much steeper void fraction profile 
compared to the experiment and the turbulent dispersion 
force plays a critical role for reducing the gradient of the 
void fraction. Meanwhile, in our two-phase flow models, 
the force pushing bubbles toward the center region is the 
lift force. Both these two forces are modeled with the 
spatial gradients, one is the gradient of the void fraction 
and the other that of the liquid velocity. Since the DOBO 
test has a large hydraulic diameter (Dh=0.273 m), the 
applicability of these models to the DOBO test should be 
carefully evaluated, which were derived and have been 
validated in the various tests mainly with much smaller 
hydraulic diameters.  


In order to reproduce the less steep gradient and the 
core peaking of the void fraction profile at the low and high 
elevations, respectively, in the simulation, a numerical test 
was performed with the ten-time enlarged turbulent 
dispersion and lift coefficients. Fig. 11 and Fig. 12 show 
the void fraction profile of the test section and its cross-
sectional views at four different elevations of 2.53 m, 3.53 
m, 4.53 m and 4.81 m. Compared to the default model 
simulation result, the void fraction was diffused markedly 
in the numerical test due to the enlarged turbulent 
dispersion force. Moreover, the void fraction peak began to 
move toward to center line even though the location of the 
peak did not reach the center of the symmetric boundary. 
This result shows that the core peaking of the void fraction 
profile in the DOBO test can be reproduced with the 
CUPID code if applicable turbulent dispersion and lift 
force models to a large duct are implemented.  


  


  


 
Fig. 11 Numerical test result: void fraction  


The liquid velocity fields at three different elevations of 
2.53 m, 3.53 m and 4.53 m were presented in Fig. 13. As 
same with the experimental results the upward liquid 
velocities were observed in the region where void fraction 
is high, but the downward ones in the other region. This 
result shows that the circulation of the liquid flow inside 
the test channel can be reproduced qualitatively by the 
CUPID code. However, as shown in Fig. 14, the CUPID 
code result predicted faster liquid velocities in both 
positive and negative velocity regions. The improvement of 
the turbulence model for the two-phase flow in the CUPID 
code seems to be required to capture the liquid velocity 
profile of the experiment.   


 
 


               


z=2.53 m                  z=3.53 m 
 


                 


z=4.53 m                  z=4.83 m 
 
Fig. 12 Cross-sectional views of the void fraction  


 


  
 


Fig. 13 Numerical test result: liquid velocity  
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z=2.53 m 
      


z=3.53 m 
 


Fig. 14 Cross-sectional views of the liquid velocity 
(Left: DOBO test, Right: CUPID calculation) 


 
V. CONCLUSION 


 
The three-dimensional thermal hydraulics code, CUPID, 


has been developed for realistic simulation of transient 
two-phase flows in nuclear reactor components. In the 
present paper, the physical models and correlations that 
were incorporated into the code were introduced and a 
computational analysis result performed with the DOBO 
test facility in order to assess the two-phase flow models 
was reported. The analysis result showed that the overall 
two-phase flow phenomena in a large duct, characterized 
with the flow pattern change and natural circulation of the 
liquid flow can be reproduced with the enlarged non-drag 
force models even though there are discrepancies between 
the calculation result and the experimental data. A careful 
consideration for the scale effect of the turbulent dispersion 
and lift forces is required in order to reproduce the core 
peaking of the void fraction profile, which are modeled 
with the spatial derivatives of the void fraction and liquid 
velocity. In the future, the applicability of the models will 
be evaluated and the improvement for the two-phase 
turbulence model will be attempted to enhance the 
simulation results.  
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NOMENCLATURE 
 


iA    Interfacial area concentration 


C    Drag coefficient 
D    Diameter 


oE   Eotvos number 


F    Interfacial force term 
g    Gravity acceleration 
H    Interfacial heat transfer coefficient 
k     Conductivity 
M   Interfacial momentum transfer term 
m&    Mass flow rate 


Nu  Nusselt number 
u     Velocity 
P    Pressure 
Pr    Prandtl number 
Q    Interfacial heat transfer term 


Re  Reynolds number 
q     Wall heat transfer term 
"q    Wall heat flux 


St   Stanton number 
T    Temperature 
w    Weighting factor 
 
Greek Letter 
α    Volume fraction 
χ    Interface drag factor 
γ    Void fraction difference 
δ    Characteristic length 
Γ    Vapor generation rate 
µ    Viscosity 
ϕ     Angle 
ρ    Density 
σ   Surface tension 
τ    Shear stress 
Ω    Total mass transfer rate 
 
Subscripts 
b    Bubble 
bc  Bubble-churn transition 
cm Churn-mist transition 
c     Continuous phase 
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d      Droplet  
D     Dispersed phase 
g     Gas 
i       Interface 
in     Inlet 
k     Gas, liquid or droplet 
l       Liquid 
lift   Lift 
m    Mixture 
nd  Non-drag 
ort   Orthogonal 
sat  Saturation 
tan   Tangential 
td    Turbulent dispersion 
τ     Tangential 
v      Vapor 
vm   Virtual mass 
wg   Wall-to-gas heat transfer 
wgc Wall-to-gas convective heat transfer 
wl     Wall lubrication  
wl     Wall-to-liquid heat transfer 
wlc    Wall-to-liquid convective heat transfer 
wall  Wall 
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Abstract – A study of a measurement method of erbia content in uranium fuel has been conducted 
for Erbia (Erbium oxide) Bearing Super-High-Burnup (Er-SHB) Fuel. Erbia density is evaluated 
by means of prompt gamma activation analysis (PGAA) in this study. An accelerator-based 
compact D-T neutron source is employed in contrast to a research reactor which is employed in a 
general PGAA measurement. A compact neutron source will expand applications of PGAA, 
however its characteristics are far different from neutron beam extracted from a research reactor 
in the viewpoint of neutron energy and neutron directivity. Neutrons from a D-T neutron source 
are radially-emitted and have very high energy of 14 MeV. Therefore, some special radiation field 
geometry is required for a D-T neutron source in order to moderate neutrons and focus neutrons 
on a sample. Furthermore, a mixture of bismuth oxide and neodymium oxide powders is used as 
uranium oxide stimulant, so that the sample reproduces neutron absorption of uranium. A small 
plate of uranium metal is also used as another sample to evaluate how uranium's decay gamma-
rays affect PGAA measurement. As a result, density of erbia contained in the high-neutron-
absorption sample is successfully measured. However, it is also found that decay gamma-rays 
interrupts prompt gamma-rays and PGAA signal are hardly observed in the case of a real 
uranium sample. To cope with this problem, improvements of the irradiation field with source-
sample neighbor geometry and pulse synchronized measurement are discussed. Monte-Carlo 
calculations estimate significant improvements with these configurations. Finally, erbia content in 
a uranium sample is successfully measured in experiments. Accuracy of the measurement is 
estimated 0.09g in erbia weight with measurement time of 3,000 sec, which is equivalent to 0.2% 
in erbia density accuracy. 


 
 


I. INTRODUCTION 
 
Recently, the studies on high burnup fuels for light 


water reactors are carried out in various research fields to 
reduce the number of spent fuel assemblies. Research and 
development of Erbia (Er2O3) Bearing Super-High-Burnup 
(Er-SHB) Fuel is one of such studies. By adding low 
content of erbia in all uranium oxide powder, the reactivity 
of high enriched (more than 5 wt%) fuels is suppressed 
under that of conventional 5wt% enriched fuels. Such Er-
SHB fuels could be handled by conventional equipments 
without a modification in the front-end stream. Various 
feasibility studies on the Er-SHB fuel have being 
conducted such as critical experiments, fabrication tests, 
fuel and core design, and so on.[1-3] A measurement 
method of erbia content in uranium fuel is another 
essential issue need to be addressed.  


Prompt gamma activation analysis (PGAA) is a non-
destructive nuclear analytical method. Density of particular 
nuclide in a sample can be evaluated through a 
measurement of prompt gamma rays which are emitted 
from the irradiated nuclide. PGAA method can be 
potentially applied to erbia content measurement. However, 
it generally requires a research reactor as a neutron source 
to irradiate nuclides in a sample. A research reactor is so 
large and expensive that it is not reasonable to build the 
facility only for a PGAA application such as the erbia 
content measurement in nuclear fuels at a fuel fabrication 
facility. 


In present study, an accelerator-based compact D-T 
neutron source was employed in a PGAA experiment, in 
which fusion reaction of T(d,n)4He is utilized to produce 
neutrons with energy of 14 MeV. A D-T neutron source is 
compact enough to use in online applications, however its 
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characteristics are far different from neutron beam 
extracted from a research reactor in the viewpoint of 
neutron energy and neutron directivity. A thermal neutron 
beam extracted from a research reactor is useful for PGAA 
irradiation source since it is easy to focus the neutron beam 
on a sample and thermal neutrons are efficient for 
generation of prompt gamma-rays. On the other hand, 
neutrons from a D-T neutron source are radially-emitted 
and have very high energy of 14 MeV. Therefore, some 
special radiation field geometry is required for a D-T 
neutron source in order to moderate neutrons and focus 
neutrons on a sample. 


Furthermore, erbia density contained in uranium fuel 
should be measured by means of PGAA in this study. It 
must be considered that uranium has relatively high 
neutron absorption cross section. High neutron absorption 
of uranium sample could cause reduction of prompt 
gamma-rays from erbium contained a sample. In this study, 
a dummy sample is used as uranium oxide stimulant in 
order to evaluate how the neutron absorption in a sample 
affects PGAA measurements. In addition to that, decay and 
FP gamma-ray produced by uranium could cause a 
problem. These gamma-rays could interrupt prompt 
gamma-ray signal from erbia. A small plate of uranium 
metal was used as another sample to evaluate effect of 
gamma-rays from uranium. 


In the section II, experimental result of erbia content 
measurement with the high-neutron-absorption sample by 
means of PGAA is discussed, and accordingly, accuracy of 
the measurement is evaluated. A material in which neutron 
absorption is similar to that of uranium and erbia were 
homogeneously mixed and the erbia density was measured 
by using PGAA. In the section III, optimized radiation 
field geometry was investigated for a uranium sample. It is 
necessary to reduce affection of decay gamma-ray from 
uranium sample in PGAA experiments. Moreover, a 
gamma-ray count method to improve accuracy was also 
investigated. In the section IV, experiments using the 
improved radiation field and uranium samples are 
discussed. Finally, in the section V, present study is 
summarized and a conclusion is discussed. 


 
 
II. STUDY ON HIGH-NEUTRON-ABSORPTION 


SAMPLE 
 


II.A. Dummy Sample 
 


In this section, a dummy sample is discussed which is 
employed in the PGAA measurement instead of uranium 
sample as a first step of the study. A composition of the 
dummy sample is carefully examined so that neutron 
absorption of the sample is equivalent to that of a uranium 
sample.  
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Fig. 1  Neutron capture reaction rates of Er-167 as a 


function of erbia density and sample thickness (left; 
uranium sample, right; BiNd dummy sample) 


 
Monte-Carlo calculations using MVP code[4] revealed 


that a mixture of bismuth oxide (84.6 wt%) and 
neodymium oxide (15.4 wt%) powders will meet such 
requirement. A neutron capture reaction rates of Er-167 
which are doped in uranium and dummy (BiNd) samples 
are shown in Fig.1 as a function of erbia density and 
sample thickness. The characteristic is well reproduced, so 
that the dummy sample can be used instead of uranium 
sample to simulate the neutron self-shielding. 


 


Bi2O3 


NdO2 


Dummy sample 
 


Fig. 2. A mixture of bismuth oxide (84.6 wt%) and 
neodymium oxide (15.4 wt%) powders. 


 
 


II.B. Setup of Irradiation Field 
 
A PGAA experiment is conducted at KUCA, a facility 


of Kyoto university research reactor institute.[5] An 
experimental setup is shown in Fig. 3. This setup consists 
of a neutron source (D-T), moderator (PE with a thickness 
of 40 cm), shielding (Pb with a thickness of 15 cm), a 
sample case made of aluminum, and a HP-Ge detector 
(ORTEC GEM10P4-70). Neutrons generated at the source 
are decelerated when they pass through the moderator, so 
that they can easily captured by Er-167 in the sample. Lead 
is installed to shield HP-Ge detector form gamma rays 
emitted from hydrogen in the moderator. The aluminum 
sample case can contain about 24 grams of sample powder.  
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In this setup, a deuterium beam is first injected from 
an accelerator to tritium target and then energetic neutrons 
are generated by fusion reactions. Neutrons irradiate atoms 
in the sample after they are moderated by the PE 
moderator, so that atoms emit prompt gamma rays. Gamma 
ray spectrums are obtained by using an HP-Ge detector 
which was installed at the back of a sample case.  


 


PE moderatorHP-Ge detector Neutron source
Lead shielding


Sample


Accelerator


 
Fig. 3.  A schematic view of experimental setup 


 
 


II.C. Preliminary Experimental Results 
 
Samples with different eriba content of 0.00 g, 0.12 g, 


0.23 g, 1.20 g, and 2.41 g (equivalent to densities of 0.0 %, 
0.5%, 1.0%, 5.0%, and 10%, respectively) are used for 
comparison. Fig. 4 shows gamma-ray spectrums obtained 
from each sample. Notice that specific peak of 184 keV 
increases with increasing Er content, which shows prompt 
gamma ray emitted from Er-167 was successfully 
measured in the experiment. 
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Fig. 4. Erbia content dependency of gamma ray 


spectrum around Er-167 signal region of 184 keV  
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Fig. 5. Prompt gamma ray counts of Er-167 increase 


linearly with increasing erbia content. 
 
Fig. 5 shows Gamma ray count rates of specific 


energy regions as a function of erbia content. The three 
specific energy regions of 184 keV, 285 keV, and 816 keV 
(which are most significant prompt gamma rays of Er-167) 
are compared.  Data indicates that gamma ray count rate 
increase linearly with increasing erbia content. Taking into 
this relationship, one can estimate erbia content of 
unknown sample from gamma ray count rate.  


It is shown that erbia content can be measured by 
means of PGAA with a compact neutron source. Then let 
us evaluate experimental error, which is mainly caused by 
statistical error. The statistical error of 1σ is shown in table 
I. It is found that accuracy of the erbia content 
measurement of this experiment is about 0.2 grams when 
the energy region of 184keV is used for estimation.  


 
TABLE I 


Accuracy of the erbia measurement 


 184keV 
region 


285keV 
region 


816keV 
region 


Statistical 
error(1σ) 0.20g 1.43g 0.38g 


 
 


III. IMPROVED SETUP FOR URANIUM SAMPLE 
 


III.A. Improvement of Irradiation Field Setup 
 
In the experiment discussed in the previous section, it 


is successfully demonstrated that erbia content in dummy 
fuel sample can be measured by means of PGAA with a 
compact neutron source. Next step of the study should 
treat a real uranium sample since the dummy sample and a 
uranium sample are different from the viewpoint of 
emitting gamma-ray. A uranium sample emits decay 
gamma-rays as well as FP (fission product) gamma-rays 
when it is irradiated by neutrons. Especially, in the case of 
PGAA, decay gamma-rays should be addressed because of 
relatively low neutron flux resulting in low FP yield.  
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An example of gamma-ray spectrum of uranium 
sample is shown in Fig. 6. Strong peaks of decay gamma-
rays from uranium are observed even when it is not 
irradiated. These strong gamma-rays interrupt prompt 
gamma-rays and accordingly PGAA signals can not be 
recognized. Improvements to cope with this problem are 
shown in the following discussion. 
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Fig. 6. A gamma-ray spectrum of uranium sample 


showing strong peaks of decay gamma-rays. 
 
The preliminary study demonstrates that erbia content 


in the dummy sample can be measured by means of PGAA 
using a compact neutron source. However, it is also found 
that uranium sample causes much noise for PGAA 
measurement because of its decay gamma-rays.  
Improvement of irradiation field is desired for accurate 
measurement. 


A schematic view of an improved setup what we call 
“source-sample neighbor setup” is shown in Fig. 7. In the 
previous setup, a sample is installed in the vicinity of 
detector so that probability of prompt gamma-ray detection 
is maximized, which also causes increased noise of decay 
gamma-ray from a sample. On the other hand, in the 
improved setup, a sample is installed nearby a neutron 
source and away from a detector. The source-sample 
neighbor setup will reduce decay gamma-ray noise as well 
as prompt gamma-ray signal, however, the reduction of 
signal could be minimized because of increased neutron 
flux at a sample. 


Monte-Carlo calculations are carried out to evaluate 
how the improved geometry of source-sample neighbor 
setup would work. Fig. 8 shows calculated intensities of 
prompt gamma signal of Er-167, noise due to neutron, 
noise due to gamma-ray, and noise due to uranium’s decay 
gamma-ray in arbitrary unit. It is found that noise due to 
uranium is decreased and signal of Er-167 is maintained to 
similar value as original geometry when a sample is 
positioned near by a neutron source in improved geometry. 
Therefore, signal (Er-167 prompt gamma-ray) to noise 
(uranium decay gamma-ray) will be improved as expected. 
However, noise due to neutron and 2nd gamma-ray are 


increased to 7-9 times of original geometry since a 
collimator hole reduces shielding for both of neutron and 
2nd gamma-ray. 


 


Neutron sourceSampleDetector


(b) Improved geometry


(a) Original geometry


Pb PE


Pb PE


Collimator hole


 
Fig. 7. A comparison of original and improved 


geometries of PGAA irradiation field. 
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Fig. 8. Calculated signal and noise intensities as a 
function of sample position.  


 
 


III.B. Reduction of Delayed Gamma-Ray Noise  
 
The D-T neutron source used in the experiment 


generates pulsed neutrons as shown in Fig. 9. Prompt 
gamma-rays are emitted just with neutron irradiation. On 
the other hand, delayed gamma-rays are emitted 
independently to neutron irradiation since irradiated atoms 
generally have life time of more than a few micro seconds. 
Therefore, if one measure gamma-rays with proper timing, 
signal to noise ratio can be improved. This is what we call 
“pulse synchronized measurement”. 
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Fig. 9. Principal of pulse synchronized measurement. 
 
Time-dependent Monte-Carlo calculations are carried 


out to examine how the pulse synchronized measurement 
method improve an S/N ratio. Only signal and noise which 
are counted in specific timing are considered in these 
calculations. Fig. 10 shows one example of calculated Er-
167 signal, neutron noise, and gamma-ray noise in same 
configuration as that of previous section. Absolute 
intensities of signal and noises are reduced however noise 
reductions are much larger than signal. Consequently, 
significant improvement in S/N ratio can be estimated by 
using pulse synchronized measurement method. 
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Fig. 10. Calculated signal and noise intensities with 


pulse synchronized measurement method. 
 
 


III.C. Uranium Sample 
 
In the previous section, dummy fuel samples are 


employed it is found that erbia density can be measured 
even in the high-neutron-absorption sample. However, it is 
not clear yet how uranium sample affect PGAA 
measurement in the view point of decay and FP gamma-
rays. Then, a real uranium sample is prepared in order to 
evaluate these issues. A sample consists of a metal 
uranium plate with size of 5×5×0.1 cm and weight of 48 
grams. Graphite plates are also prepared for experiments. 
Some of graphite plates are coated with 0.3 grams of erbia. 
Combination of these plates is used as a uranium sample in 


experiments. An erbia/uranium density can be varied from 
0% to 11% by changing combination of graphite plates and 
erbia-coated graphite plates when 20 graphite plates 
(including erbia-coated graphite plates) and 1 uranium 
plate are combined. 


 


(a) Graphite plates
5 cm 5 cm


(b) Uranium plate  
Fig. 11. Twenty graphite plates with a uranium plate 


were used as a sample, in which erbia density is equivalent 
to 0-11 wt% depending on number of erbia-coated graphite 
plate.  
 
 


IV. EXPERIMENTAL WITH URANIUM SAMPLE 
 


IV.A. Experimental Setup 
 
A PGAA experiment was conducted at KUCA same 


as preliminary study. According to the study regarding 
improvement of irradiation field described in the previous 
section, improved irradiation field is designed as shown in 
Fig. 12. The source-sample neighbor geometry is 
employed in the setup. Iron (Fe) is used as a moderator for 
fast neutrons and thin cadmium (Cd) plate is installed 
between lead (Pb) shield and polyethylene (PE) moderator 
to shield neutrons. The center line of detector is offset to 
D-T neutron source to avoid gamma and X-ray from D-T 
source. 


 


FePEPb
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Detector


D-T source


20 20 20


1540
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Fig. 12.  A schematic (upper) and actual (lower) view 


of the improved experimental setup employing source-
sample neighbor geometry 
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A HP-Ge detector and other instruments listed in table 
II were used for data acquisition.  


 
TABLE II 


List of instruments for gamma-ray detection 


Ge detector ORTEC GEM104P4-70 
Amplifier OKEN 704 
H.V supply ORTEC 659 
MCA Laboratory Equipment 2100C 
Dual channel MCA Laboratory Equipment DUALNTW 


 
 


IV.B. Source-Sample Neighbor Geometry 
 
As previous described, the source-sample neighbor 


geometry is employed in the improved setup to reduce a 
noise due to decay gamma-rays from uranium. Before 
irradiation experiments, decay gamma-rays from uranium 
sample are measured without neutron irradiation to 
examine noise level of a uranium sample. Fig. 13 shows an 
energy spectrum obtained with a uranium sample (it 
contains of 1 uranium plate and 20 erbia-coated graphite 
plate). Some specific energy peaks of uranium appears in 
the spectrum and it is found that count rate of the 185 keV 
peak which would affect 184 keV peak of Er-167 is less 
than 1 count/sec. 


After the evaluation of uranium noise level, D-T 
neutron source is turned on and the sample was irradiated. 
PGAA gamma-ray spectrum is shown in Fig. 14. The peak 
height of Er-167 gamma-ray in 184 keV region is about 7 
counts/sec. It is found that Er-167 signal of 184 keV is 
larger than U-235 noise of 185 keV in the improved setup. 


The source-sample neighbor geometry reduces 
uranium noise so that Er-167 signal is successfully 
measured in the experiment. 
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Fig. 13. Uranium noise of about 1 count/sec is much 


lower than background count rate of when a sample was 
irradiated. 
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Fig. 14. PGAA spectrum of the sample which contains 


48 grams of uranium and 6g of erbia. 
 
 


IV.C. Pulse Synchronized Measurement 
 
Time-dependent gamma-ray count data is obtained by 


the MCA. Fig. 15 shows a comparison of energy 
spectrums which were obtained in different count timing of 
0-20 μsec, 20-40 μsec, 40-60 μsec, and 60-80 μsec. In the 
early timing of 0-20 μsec, background noise level is very 
high but this noise disappeared after 60 μsec. After 60 
μsec, Er-167 signal can be recognized in 184 keV and 285 
keV regions. An appropriate synchronized timing for Er-
167 gamma-ray measurement should start from 60 μsec. 
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Fig. 15. Time evolution of gamma-ray spectrum. 
 
A comparison of four gamma-ray energy spectrums is 


shown in Fig. 16, in which conditions of with or without 
pulse synchronized and erbia content of 0 or 6 grams are 
compared. It is found that peak height of Er-167 increased 
with pulse synchronized measurement.    
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Fig. 16. Signal of Er-167 in 184 keV region is 


increased by synchronized measurement 
 
Count rates of 184keV region obtained in the 


experiment are summarized in table III. Net erbia counts 
which is a difference of count rate with erbia-containing 
sample and no-erbia sample are evaluated in the table. The 
net erbia count is increased to 15.1 counts/sec with pulse 
synchronized measurement from 7.9 counts/sec of 
conventional measurement. 


 
TABLE III 


Improved erbia count by synchronized measurement 
 No synchronized Synchronized 
Erbia 6g 40.3 count/sec 49.4 count/sec 
Erbia 0g (back) 32.4 count/sec 34.3 count/sec 
Net erbia count 7.9 count/sec 15.1 count/sec 


 
 


IV.D. Accuracy of Erbia Content Measurement 
 
Two improvement of source-sample neighbor 


geometry and pulse synchronized measurement are 
examined in experiments and both of them work very well 
as described in the previous section. Then, accuracy of 
erbia content measurement in uranium sample is evaluated.  
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Fig. 17. Gamma-ray count rate in specific energy regions 
of 184, 816, and 285 keV as a function of eriba content in 
a sample. 


 
TABLE IV 


Accuracy of the erbia measurement in uranium sample 


 184keV 
region 


285keV 
region 


816keV 
region 


Measurement 
error(1σ) 0.39g 0.92g 0.97g 


Count time: 300sec 
 
 


Another combination of a graphite plate and a 
uranium plate are also examined in PGAA experiments. 
This combination of samples contains 48 grams of uranium 
and 0 – 0.3 grams of erbia which are equivalent to the 
erbia density of 0 - 0.6 %. In this setup, gamma-rays are 
counted for 3,000 seconds. A comparison of spectrum of 
these samples is shown in Fig. 18, in which an Er-167 peak 
clearly appeared in 184 keV region.   
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Fig. 18. A gammra-ray spectrums of two samples, one 


contains 0.3g of erbia and the other has no eriba. 
 
 
Accuracy of this measurement is summarized in table 


V in which statistical errors estimated from gamma-ray 
counts are evaluated. The accuracy of 0.09 grams which is  
equivalent to  0.2 % in erbia density is achieved with this 
setup.  
 


TABLE V 


Accuracy of the erbia measurement in uranium sample 


 184keV 
region 


285keV 
region 


816keV 
region 


Statistical 
error(1σ) 0.09g 2.54g 0.38g 


Count time: 3,000sec 
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V. CONCLUSION 
 
The present work is intended to apply PGAA to erbia 


content measurement for Er-SHB fuel. From the view 
point of online application, a D-T neutron source was 
employed, in opposed to general PGAA using a research 
reactor.  


In the preliminary study, prompt gamma rays from Er-
167 are measured in the experiment with dummy uranium 
sample and accuracy of the measurement is estimated 0.2 
grams. However, it is also found that decay gamma-rays 
would interrupt prompt gamma and PGAA signal could 
hardly observed in the case of a real uranium sample. 


To cope with this problem, improvements of the 
irradiation field with source-sample neighbor geometry 
and pulse synchronized measurement are discussed. 
Monte-Carlo calculations estimate significant 
improvements with these configurations. 


Finally, erbia content in a uranium sample is 
successfully measured in an experiment. Both of the two 
improvements are found to be effective for reduced noise 
and enhanced accuracy. Accuracy of the measurement is 
estimated 0.09 grams in erbia weight with measurement 
time of 3,000 sec, which is equivalent to 0.2% in erbia 
density. 
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Abstract –The sodium cooled fast reactor is selected by France as the most mature GEN IV 
concept to be industrially developed by the year 2040. A collaborative research program has been 
established together with EDF and Areva NP. In this program, different innovations are being 
considered in the design of the reactor leading to the use of various environments apart from 
liquid sodium and water vapor encountered in the "classical" sodium fast reactors. As a matter of 
fact, considerations on the suppression of the water-sodium reaction risk led to the proposal of the 
use of alternative coolants such as Pb-Bi involving an intermediate circuit between the primary 
sodium and the steam generator. Other concepts involve the use of supercritical CO2 instead of 
water vapor in the energy conversion system. In all cases, structural materials encounter severe 
conditions regarding corrosion concerns: high temperatures and possibly aggressive chemical 
environments.  
In this paper, status of the research performed in CEA on the corrosion behavior of the structural 
material and especially Fe-9Cr steels  is presented in the various environments: sodium (see paper 
by JL Courouau), Pb-Bi, water vapor and CO2. The materials studied are metallic materials: 
austenitic and ferrito-martensitic steels as well as ODS steels as an option for the cladding 
material.  
In the different environments studied, the scientific approach is identical, the objective being in all 
cases the understanding of the corrosion processes to establish recommendations on the chemistry 
control of the coolant and to predict the long term behavior of the materials by the development of 
corrosion models.  
First, the corrosion mechanisms are analyzed using dedicated experimental devices. As a matter 
of fact, the complex environments require also controlled, safe and precise experimental systems to 
perform long duration corrosion tests (several thousands of hours). Therefore, specific 
experiments, adapted to each corrosive medium, are carried out in the laboratory. For example: 
- laboratory scale loops are used for liquid metals corrosion studies (use of rotating cylinders 


to simulate high turbulent conditions) 
- thermogravimetric analyses are also used to perform gas corrosion studies in representative 


temperature and environmental conditions,… 
Then, multi scale characterization of the materials studied is performed (FEG-SEM, EDX, XRD, 
GD-OES…), together with precise analyses of the environments tested (in situ measurements with 
specific probes, gas chromatography…). Corrosion mechanisms are then proposed and models 
developed, depending on the advancement and the maturity of the program. 


 
 


I. INTRODUCTION 
 
The sodium cooled fast reactor is selected by France as 


the most mature GEN IV concept to be industrially 
developed by the year 2040. A collaborative research 
program has therefore been established with EDF and 
Areva NP. In this program different innovations are 
considered in order to suppress the water-sodium reaction 


risk. One of the options considers the use of another liquid 
metal instead of sodium between the primary sodium and 
the steam generator. The reference candidate for this liquid 
metal is liquid lead-bismuth which has been studied in the 
development of accelerator driven systems to ensure the 
transmutation of long-lived nuclear wastes. Another option 
is the use of a gas turbine using a Brayton cycle with 
supercritical CO2 (SC-CO2) instead of a classical Rankine 
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cycle involving steam generators. In these different options, 
the relatively high temperatures involved, the aggressive 
media and the long life durations considered (at least 
twenty years for the energy conversion systems and sixty 
years for the SFR) require an adequate choice of the 
structural materials, considering also the other solicitations 
undergone by these materials (mechanical, thermal, 
irradiation…). After the selection of the potential materials, 
specific experiments in dedicated devices, associated with 
fine characterizations, have to be performed in order to 
understand the interaction mechanism between the 
materials and the medium and develop the associated 
modeling to guarantee the lifetime required. 


 
II. THE SODIUM FAST REACTOR MATERIALS  


 
In France, the candidate materials for SFRs have been 


either experienced or investigated during past successive 
projects: Phénix, Superphénix, Superphénix2 and European 
Fast Reactor. Table 1 synthesizes the main components 
used in the past and those envisaged for the new reactors 
[1].  


TABLE 1 [1] 


Main components and materials used in the past and envisaged 
for new reactors 


Component Specificities Materials used 
in the past 
(SPX) 


Materials for 
new SFRs 


Clad T = 395-620 
°C 
> 150 dpa 


Austenitic 
steels: 316Ti, 
15-15Ti 


ODS F/M 
steels, 
advanced 
austenitic 
steels 


Structures in 
contact with 
sodium 


Internals and 
hot circuits T 
≤ 550 °C 


Z2CND17-2 
with 
controlled 
nitrogen or 
316L with 
controlled 
nitrogen 


Same 
Austenitic 
steels  Main vessel T 


~ 400 °C 
Intermediate 
heat 
exchanger T ≤ 
550 °C 


Same 
Austenitic 
steels or 
9Cr1Mo 
steel 


Steam 
generator and 
vapor pipes 


Helicoidal 
tubes vapor 
collector T < 
490 °C 


Z5NCTA33-
21 or alloy 
800 
2.25Cr1Mo 


Same or 
9Cr1Mo if 
straight 
tubes design 


Pb-Bi 
integrated 
component 


T = 350-550 
°C 
In contact 
with Na and 
steam 


- F/M steels  
Austenitic 
steels 
Coated 
materials 


Energy 
conversion 
system with 
sc CO2 


T = 350-550 
°C 
P = 250 bars 


- F/M steels 
Austenitic 
steels 


In this paper, the focus will be made on F/M steels 
which are evaluated as structural materials in all the 
environments studied (Na, Pb-Bi, H2O and scCO2). 
Dedicated devices will be presented with experimental 
results and mechanisms proposed depending on the 
maturity of the research program. 


 
III. EXPERIMENTAL DEVICES 


 
Depending on the media tested, liquid metals or gas, 


different kinds of experimental corrosion devices have been 
designed and developed. In liquid metals, sodium or lead-
bismuth, the parameters tested are the same: temperature, 
chemistry of the liquid metal (mainly oxygen concentration 
in both media) and hydrodynamics of the liquid. In order to 
achieve high equivalent fluid velocities without having to 
implant important pumping capacities (especially for Pb-Bi 
which is a heavy liquid alloy) and also to minimize both the 
size of the device and the volumes needed, the choice was 
made to work with rotating cylinder systems and small 
purification loops. This kind of system was first tested in 
Pb-Li for fusion applications [2] and then set up for Pb-Bi 
with the CICLAD device [3]. The CICLAD device (Fig. 1) 
was started in 2001 to achieve corrosion tests in liquid Pb-
Bi. It contains around 9L Pb-Bi, its main part consists in a 
rotating cylinder which allows analyzing the effect of the 
Pb-Bi hydrodynamics on the corrosion of steels. All the 
parts of the facility in contact with the liquid alloy have 
been aluminized in order to protect them from dissolution. 
The efficiency of this coating has been proven in Pb-Bi for 
temperatures up to 550 °C whatever the oxygen 
concentration [4]. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The CICLAD device. 
 
Tests can be performed either at low oxygen 


concentrations, in that case the low oxygen concentration is 
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maintained by imposing a constant pressure of 1 bar of an 
Ar-4%H2 mixture, or at higher oxygen concentrations with 
an oxygen control system involving Ar/H2/H2O mixture. 
The oxygen concentration was then continuously measured 
with an oxygen sensor [5] made of yttria stabilized zirconia 
with a Bi/Bi2O3 intern reference. The other device used for 
Pb-Bi corrosion testing is the COLIMESTA device. It 
consists of two aluminized 316L heated pots filled with 7L 
of Pb-Bi and linked to a glove box. In the same way as in 
the CICLAD device, the oxygen concentration can be 
controlled with a gas control system and measured with an 
electrochemical sensor.  


The same kind of device was built and started in the 
laboratory in 2010 to study the behaviour of materials in 
liquid sodium. The CORRONA device (Fig. 2) [6] relies on 
the same principle as the CICLAD device: it involves a 
rotating cylinder sample to achieve high equivalent fluid 
velocities and a "miniaturized" (in order to be inside the 
glove box) purification circuit to control the sodium 
chemistry, especially the oxygen concentration which can 
be adjusted between 0.7 and 38 wppm. A research program 
is being performed to develop electrochemical sensors to 
measure the oxygen concentration in liquid sodium on the 
same basis as those used in Pb-Bi. The problem is to find a 
sensor material compatible with sodium, which is not the 
case of the standard yttria stabilized zirconia. 


 
 


A 


 
  


B 


Purification Cylindrical 
sample 


Loop 


Motor  


LIBS 


Cold trap + 
EM pump 


 
Fig. 2. The CORRONA device [6]. 
 
Concerning the tests performed in gas atmospheres, 


different kind of experimental devices are used: 
- The CORALLINE device [7] which consists of two 


quartz test sections, heated up to 1050 °C via electric 
furnaces. The temperature can be measured in the 
vicinity of the samples. Prepared gas mixtures are used 
with a maximum flow rate of 4 mL.s-1. A capacitive-
probe hygrometer can continuously monitor moisture 
in the incoming gas and a chilled-mirror dew point 
analyzer coupled to a gas phase chromatograph can 
periodically analyze the gas at inlet and outlet of the 
test section. 


- The CORINTH test loop [7] allows the individual 
control of impurities in the gas to be studied by the use 
of mass flow controllers. Two different gas mixtures 
can be distributed to 4 test sections with a gas flow rate 
of 50 to 280 L.h-1 (expressed in normal conditions for 
temperature and pressure): an alumina tube (Tmax = 
1500 °C) and 3 quartz tubes (Tmax = 1050 °C). The 
composition of the gas is automatically checked at the 
test-section inlet and outlet by gas chromatograph, 
capacitive-probe hygrometer and high-sensitivity 
chilled-mirror dew point analyzer. 


- Thermogravimetric analyses are performed in 
symmetrical themobalances allowing in situ acquisition 
of the weight evolution in controlled conditions of 
temperature and environment. 


- Concerning supercritical CO2, specific tests were 
performed in CEA/Marcoule in an autoclave at 550 °C 
and 250 bars to evaluate the pressure influence on the 
materials behaviour compared to the corrosion tests 
performed at atmospheric pressure in CO2 in 
CEA/Saclay [8].  
 


IV. CORROSION MECHANISMS AND MODELLING 
 


What has to be noted is that even if the media studied: 
(liquid sodium, liquid lead-bismuth, steam and supercritical 
CO2) appear very different, the interaction mechanisms, 
depending on the chemistry of the medium, can be similar. 
For dissolution process, the corrosion mechanism similarity 
between Pb-Bi and Na media will be underlined in chapter 
IV.B. For oxidation process, the oxidation similarity 
between Pb-Bi, CO2, and H2/H2O media will be detailed in 
chapter IV.C. 


 
IV.A. Thermodynamics considerations 


 
In fact, depending on the oxidizing potential of the 


medium, either dissolution or oxidation of the materials can 
occur. Other phenomena like carburization/decarburization 
also occur if the carbon activity difference between the 
medium and the material is sufficient. One of the main data 
that has thus to be known to have an anticipated view of 
what will occur in the material is thus the chemistry of the 
medium: mainly oxygen concentration and carbon 
concentration. Then to master the behaviour of the 
materials in the different media, the control of this 
chemistry will be an essential parameter. 


If we observe the Ellingham diagram (Fig. 3) 
representing the equilibrium oxygen partial pressure of 
pure metal oxidation reactions (or in some cases metallic 
oxide oxidation reaction), we can see that unlike sodium, 
lead and bismuth (the BiO/Bi equilibrium is not 
represented on the figure as it is above PbO/Pb) are 
oxidized for oxygen partial pressures above the formation 
of metallic oxides (Fe, Cr and Ni). Therefore, according to 
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thermodynamics, it is possible to form an oxide layer at the 
surface of a steel in contact with liquid lead and lead-
bismuth. In the case of sodium, sodium oxide, Na2O, is 
more stable than magnetite, iron-spinel oxide, FeCr2O4, and 
even Cr2O3 (at least for temperatures below approximately 
500 °C), which shows that none of theses oxides will be 
able to form in liquid sodium. However, other compounds 
are susceptible to form in liquid sodium: ternary metallic 
oxides, like NaCrO2, which is more stable than Na2O as 
well as chromium oxide, Cr2O3. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Ellingham diagram representing the equilibrium 


oxygen partial pressures of the MxOy/M equilibrium as 
function of temperature (the dotted lines represent lines of 
constant oxygen concentration in Pb-Bi eutectic alloy) [9, 
10]. 


 
On the Ellingham diagram, three curves are 


represented for NaCrO2 showing the discrepancy of the 
thermodynamic data found to calculate the oxide free 
energy of formation of this compound. Other metallic 
compounds constituted of Na and another metallic element 
have also been cited in the literature like Na2O.FeO 
compounds [11]. These thermodynamics data show in any 
case that NaCrO2 is more stable than sodium oxide, 
showing the possibility to form this compound in liquid 
sodium depending on the oxygen concentration at a given 
temperature. Fig. 4 shows the stability of NaCrO2 as 
function of temperature and oxygen concentration in 
sodium [12]. 


 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Stability of sodium chromium oxide as a 


function of temperature and oxygen concentration [12]. 
 
At 500 °C, NaCrO2 is stable for oxygen concentrations 


higher than approximately 3 wppm. At 600 °C, NaCrO2 is 
stable for oxygen concentrations higher than 8 wppm. 
Therefore ensuring very low oxygen concentrations in 
liquid sodium (< 3 wppm in SFR) will permit to avoid the 
formation of this ternary oxide leading to dissolution of the 
classical steels which remains (depending on the type of 
steel) slow in liquid sodium for temperatures up to 600-650 
°C. 


In fact, in both liquid metals (Na and Pb-Bi), if the 
oxygen concentration is below a given limit, corresponding 
in the case of Pb-Bi approximately to the formation of 
Fe3O4 (around 10-4 wppm at 500 °C) and in the case of Na 
(around 2-3 wppm at 500 °C), Fe-9Cr steels undergo direct 
dissolution form the metallic state. 


What has to be noted is that the oxygen solubility is 
much higher in liquid Na than in Pb-Bi. Indeed, at 500 °C, 
the solubility of oxygen in Pb-Bi is around 6 wppm [13] 
whereas it is around 1000 wppm in liquid sodium [14]. 


 
IV.B. Dissolution phenomenon: Na and Pb-Bi – Influence 


of the fluid velocity 
 
In Pb-Bi, the dissolution process of Fe-9Cr steels is 


homogeneous, iron and chromium have the same 
dissolution rate, with intergranular penetrations on the 
surface of the steel (Fig. 5) [3, 15]. 
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Fig. 5. SEM picture of polished cross section of T91 


(Fe-9Cr-1Mo steel) immersed 500h in oxygen free Pb-Bi at 
470 °C at a rotating speed of 107 rad.s-1 [15]. 


 
In liquid sodium, dissolution of the steel is also 


observed, and first tests performed in the CORRONA 
device showed, for T91 (Fig. 6), selective dissolution of 
chromium from the steel together with formation of a 
superficial layer rich in Na, Cr and O. Analyses are being 
performed to precisely identify the composition of the layer 
(presumably NaCrO2). What has to be precised is that 
during this first test in CORRONA, the oxygen 
concentration at the beginning of the test was certainly 
higher than the expected concentration (below 3 wppm). 
This low concentration was achieved at the end of the test 
and confirmed by a punctual measurement using an 
electrochemical sensor. Therefore the oxidation observed 
could be due to a higher oxygen concentration at the 
beginning of the test, around 10 wppm. 


 


 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Fig. 6. SEM observation and X ray images of T91 steel 


immersed in stagnant liquid sodium at 550 °C for 1600h 
([O] = 1-10 wppm). 


 
These results are in agreement with literature data 


which are less numerous in the case of F/M steels than for 
austenitic steels [16-18]. In fact, for low oxygen 
concentrations ferritic-martensitic steels show similar 
corrosion rates to austenitic steels (not taking into account 
any carburization/decarburization phenomena) in sodium. 
However, F/M steels appear more sensitive to the increase 
of the oxygen concentration than austenitic steels [19]: 
- For low oxygen concentrations, F/M steels dissolve in 


liquid sodium with a selective dissolution of Cr and 
Mn from the matrix. At 500 °C, corrosion rates below 
1 µm.yr-1 should be expected. 


- For higher oxygen concentrations (20-30 wppm), a 
NaCrO2 layer forms at the surface of the steel and 
internal oxidation of the steels occurs. The affected 
thickness of the material is more important for lower 
chromium concentrations in the steel. Corrosion rates 
around 10 µm.yr-1 can be obtained at 500 °C. 


- For higher oxygen concentrations (> 30 wppm), 
intergranular corrosion can occur with possible grain 
removal. Corrosion rates up to 75 µm.yr-1 can be 
obtained at 500 °C for 1000 wppm of oxygen. 


 
Our objective in the CORRONA device is to perform 


tests in order to precise, in different experimental 
conditions of controlled chemistry (oxygen, carbon) and 
hydrodynamics, the corrosion mechanism including 
dissolution, oxidation, carburization /decarburization 
phenomena. For all materials the objective is the 
development of corrosion models to guarantee the 20 to 60 
years lifetime of the different SFR components. 


 
Results concerning the fluid velocity effect were 


obtained in liquid Pb-Bi [20]. Modelling of the dissolution 


10µm T91 


Bi 


T91 


5 µm 5 µm 


5 µm 5 µm 


2396







Proceedings of ICAPP 2011 
 Nice, France, May 2-5, 2011 


Paper 11368 


  


flux was performed assuming that dissolution of T91 steel 
was equal to iron dissolution (which was confirmed by 
corrosion tests in the CICLAD device [3]).  


The following expression was obtained for the 
dissolution flux for a mixed control corrosion process that 
is a process for which neither diffusion in the liquid metal 
nor interface reaction can be neglected (expressed in g.m-


2.s-1) (Eq. (1)): 
 


( )bFe
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pr
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Fe CS
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Kk
J


t
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S
−


+
==


∂
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With mFe, the weight loss of the steel (g), S the steel/Pb-Bi 
surface area (m²), K, the mass transfer coefficient (which is 
function of the rotating speed of the cylinder, the cylinder 
diameter, the iron diffusion coefficient in Pb-Bi and the Pb-
Bi kinematic viscosity) (m.s-1), kpr the precipitation rate 
constant (m.s-1) of the iron dissolution reaction, SFe the iron 
solubility (g.m-3), and Cb the iron bulk concentration (g.m-


3) in the liquid alloy. 
When compared to experimental results obtained with 


the rotating cylinder system of CICLAD, the mixed control 
corrosion process was confirmed (Fig. 7) showing also that 
the diffusion controlled process, which was initially 
assumed for T91 steel, was not in agreement with the 
experimental results. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Ratio between the corrosion rate of T91 and 


(SFe-Cb) factor at 400 °C and 470 °C as a function of the 
angular velocity of the rotating cylinder: experimental 
points and modelling (Eq. (1)) [20]. 


 
In this modelling all the data concerning K are 


provided by literature or by the experimental conditions, 
SFe is given by [35] and kpr is obtained by fitting the 
modelling on the experimental points. 


However numerous parameters remain unreliable in 
the calculation: the iron diffusion coefficient in Pb-Bi, the 


iron solubility in Pb-Bi and also the experimental data of 
the iron bulk concentration which remains quite uncertain. 
Other specific determinations should be performed to 
validate these data. 


Few data are available on the effect of the fluid 
velocity on the corrosion of Fe-9Cr steels in liquid sodium. 
If we consider data obtained on austenitic stainless steels 
(Fig. 8) [19], we observe curves very close to what was 
observed in the case of Pb-Bi showing different zones of 
controlled corrosion process depending on the 
hydrodynamics of the system. For low fluid velocities, a 
quasi linear variation of the corrosion rate is observed 
corresponding to a diffusion controlled corrosion process, 
then for higher velocities, a stabilisation of the corrosion 
rate with the fluid velocity is observed corresponding to the 
mixed controlled process zone (as in Pb-Bi), then for 
higher velocities, the corrosion rate becomes independent 
of the fluid velocities corresponding to an interfacial 
reaction controlled process. 


 


 
Fig. 8. Corrosion rate of stainless steels as function of 


fluid velocity at 700 °C for oxygen concentrations lower 
than 10 wppm [19]. 


 
Finally, what can be said is that even if the media 


appear different, similar approaches can be used to 
understand and model the corrosion processes. Of course, 
specificities of the systems have to be considered but the 
progressive comprehension of the system using (i) 
thermodynamics for the anticipation of the species to be 
formed, (ii) experimental corrosion tests and fine 
characterization of the samples for the acquisition of 
kinetic data, (iii) modelling of the results and of the 
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phenomena to identify the controlling steps of the corrosion 
processes. 


 
IV.C. Oxidation phenomenon: Pb-Bi, H2O and CO2 


 
For higher oxygen concentrations in Pb-Bi, oxidation 


of Fe-9Cr steels occurs. This phenomenon has been 
extensively studied [20-23] and an oxidation mechanism 
has been developed and a model established based on this 
mechanism. The main results of this work are the 
following.  


The oxidation of Fe-9Cr steels in Pb-Bi is 
characterized by the growth of a duplex Fe-(Cr) spinel 
oxide scale for the temperature range from 400 °C to 620 
°C in oxygen saturated Pb-Bi (Fig. 9) [22]. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. FEG-SEM picture of a polished cross-section of 


a T91 sample immersed 3700 hours in oxygen saturated 
Pb-Bi at 470 °C [22]. 


 
This duplex scale is constituted of a Fe-Cr spinel layer 


(stoichiometry Fe2.3Cr0.7O4) in contact of the steel and a 
magnetite (Fe3O4) layer in contact with liquid Pb-Bi. In 
oxygen saturated conditions, these two scales have 
approximately the same thickness. In the two layers, lead 
penetrations were observed on microprobe profiles and 
SEM observations and confirmed by SIMS analyses. The 
oxidation mechanism proposed is the following. The Fe-Cr 
spinel scale grows at the oxide/steel interface (this was 
shown by oxidation experiments performed on T91 with 
18O tracer in 18O -16O saturated Pb-Bi at 470 °C [21]) 
involving the oxygen transport from Pb-Bi to the steel 
through the oxide scale. The magnetite layer grows at the 
magnetite/environment interface. The oxygen transport is 
supposed to be achieved through nanoscale lead 
penetrations. However, due to the great oxygen diffusion 
coefficient in Pb or Pb-Bi, the oxygen transport through the 
nano-channels cannot be the limiting step of the oxidation 
process. In fact, the proposed mechanism considers the iron 
diffusion in the oxide scale as the limiting step. The 


proposed model is close to the "available space model" 
[22, 24-26]. 


According to the "available space model", the 
outwards iron diffusion (for the magnetite formation) leads 
to vacancies accumulation in the Fe-Cr steel. These 
vacancies can segregate at the steel/oxide interface to form 
nanometric cavities. Oxygen, which diffusion is fast in the 
penetrations, can oxidize metallic atoms to form new Fe-Cr 
spinel oxide filling the nano-cavities. According to this 
mechanism and to a complex mechanism for oxygen supply 
[21], the Fe-Cr spinel oxide growth is limited in a fixed 
volume. In this mechanism, the limiting step is the iron 
diffusion. The oxidation process is controlled by iron 
diffusion in both oxide scales. However, the iron flux is just 
used for the formation of the magnetite layer as the Fe-Cr 
spinel growth is limited by the fixed available volume. 
According to these proposals, the Fe-Cr spinel layer 
thickness depends on the magnetite layer thickness. The 
Fe-Cr spinel layer thickness is thus calculated as a function 
of the magnetite layer thickness assuming the following 
hypotheses: 
- The magnetite growth is controlled by lattice iron 


diffusion. 
- The Fe-Cr spinel growth is limited in the T91 


consumed volume. 
- No matter accumulation occurs in the scale. 
- Local chemical equilibrium is assumed inside the 


oxide scale. 
- Constant concentrations are assumed at the interfaces. 
 


Before considering the modelling of this oxidation 
process, what is interesting to observe are the features of 
the oxidation of T91 in other oxidizing environments of 
interest for the SFR: steam and CO2. Indeed, if we observe 
oxide scales formed in steam and CO2 (Fig. 10 and 11) we 
can see that the scales are very close to the scale observed 
in Pb-Bi [27, 28]. 


 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. SEM picture of polished cross-section of T91 
sample oxidized 110 hours under pure CO2 flow (2.5 L.h-1) 
at 550 °C [27, 28]. 
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Fig. 11. SEM picture of polished cross-section of T91 
oxidized 450 hours under H2/H2O flow (1.5 L.h-1) at 540 
°C [27]. 
 
To summarize, in the three environments, the experimental 
oxidation tests showed that: 
- The oxide scale formed on T91 is a duplex oxide scale 


constituted of an external magnetite layer and an intern 
Fe-Cr spinel oxide layer which in all environments has 
the same stoichiometry: Fe2.3Cr0.7O4. 


- The ratio of the spinel oxide thickness over the 
magnetite thickness is around 0.9. 


- The volumic chromium concentration in the spinel 
oxide is equal to the volumic chromium concentration 
in T91 (mol.cm-3). 


- Pb is found at the T91/oxide interface in Pb-Bi tests, C 
is found at the T91/oxide interface in CO2 tests [28-30] 
and H is produced at the T91/oxide interface in 
H2/H2O oxidation tests [31]. 


- Tracer experiments using 18O showed in the three 
environments that the spinel oxide grows at the 
metal/oxide interface and the magnetite layer grows at 
the oxide/medium interface [21, 24, 32]. 


 
Moreover, if we observe the oxidation kinetics in the 
different environments for different equivalent oxygen 
pressures (Fig. 12) [27], we can see that we obtain the same 
order of magnitude for the different kinetics. Moreover, the 
different oxidation kinetics can be fitted with a parabolic 
law. In all cases, the oxidation process is thus controlled by 
diffusion. What can be assumed from these different results 
is that the same mechanism governs the oxidation process 
that is the mechanism which was proposed in the case of 
Pb-Bi oxidation. 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Oxide growth kinetics of T91 in various oxidizing 
environments (equivalent oxygen partial pressure given) at 
temperatures between 520-550 °C [27]. 
 


As it was said before, a model was established in the 
case of Pb-Bi to represent and predict for long durations 
the oxidation behavior of the material. The model 
established allowed the determination of the magnetite 
layer thickness (Eq. 2) [21-23]. 
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With: 
- DV, DI, the diffusion coefficients of vacancies and 


interstitials in the magnetite lattice and in the Fe-Cr 
spinel lattice, 


- KV and KI the thermodynamic constant for formation 
of vacancies and interstitials in magnetite 


- aO2: oxygen activities at the three interfaces (int = 
metal/spinel, ox/ox = spinel/magnetite, ext = 
magnetite/Pb-Bi). 


 
Detailed calculations of this equation are presented in [23, 
33]. 
 
In order to validate the model proposed in Pb-Bi in the 
other environments, modelling of the results obtained in 
CO2 and steam was performed using Eq. 2. 
Using Eq.2, the modelled kinetics overestimates the 
experimental kinetics in case of CO2 and H2O. 
Consequently, a apparent diffusion coefficient, taking into 
account diffusion in the oxide lattice plus diffusion in grain 
boundaries, is used instead of the pure lattice diffusion 
coefficient [30]. This apparent diffusion coefficient is 
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obtained by fitting the modelling on the experimental 
points in CO2 [30]. The modelling, considering both 
diffusion in the lattice and in the grain boundaries of the 
oxide, is compared to the experimental points in Fig. 13 
and Fig. 14 [27]. 
 


 
 
Fig. 13. Comparison between experimental data obtained 
for oxidation of T91 in CO2 and Pb-Bi (points) and 
modelling (curves) [27]. 
 
We observe on Fig. 13 that we have a very good agreement 
between the experimental points and the modelling 
obtained in Pb-Bi and in CO2. This result confirms that the 
oxidation mechanism proposed seems to be valid in both 
environments. Concerning CO2, carburization phenomena 
that are observed in CO2 are not taken into account here 
and need to be examined as well as they strongly impact 
the mechanical behaviour of the material [29]. What should 
be noted here is the important oxidation kinetics obtained 
in both environments for T91. Indeed after 1000 hours of 
oxidation, oxide layers about 20 to 50 µm thick are 
obtained which is a very important thickness for this short 
duration. This important thickness can have different 
impacts on the material: (i) the base material consumption 
is important leading to a decrease of the thickness of the 
material, (ii) the oxide layer can be spalled from the 
material, this spalling releases solid particles in the circuit, 
and finally the oxide layer has lower heat transfer 
capacities which may decrease the efficiency of the heat 
exchanging component. 
 
Fig. 14 shows the results obtained in H2/H2O mixtures, the 
experimental results are close to the oxidation results in 
CO2 (and in Pb-Bi) showing again that T91 is oxidized in a 
quite important way in these oxidizing environments for 
this level of temperature (530-550 °C). However, we can 
see on Fig. 14 that in the case of H2/H2O the modelling 
(dotted lines) underestimates the experimental results 
which is not the case in the other environments. Two main 
hypotheses can be made to explain this result: the real 
oxygen partial pressure at the surface of the oxide layer is 


different from the external oxygen partial pressure. Specific 
measurements of the oxygen partial pressure at the surface 
of the oxide are thus planned in CEA using a dedicated 
electrochemical probe as proposed in [34]. The second 
hypothesis that can be made is that the protons present in 
the oxide layer could play a specific role on the diffusion 
process in the oxide layer by changing the concentration of 
the defects which are responsible for the diffusion in the 
layer. Other experiments are planned in order to evaluate 
the protons concentration in the oxide layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. Comparison between experimental data and 
simulation obtained for oxidation of T91 in CO2 and 
H2O/H2 mixtures (for H2O/H2, dotted lines: simulation, 
continuous lines: experimental results) [27]. 
 
What appears from these results is that the mechanism 
proposed in the case of oxidation in Pb-Bi seems 
applicable in the case of CO2 and H2/H2O mixture. 
However, for this last environment, specificities appear, by 
using the modelling developed for Pb-Bi, due presumably 
to the presence of protons in the oxide layer. Indeed, 
whereas in CO2 and Pb-Bi the modelling represents very 
well the experimental results, it underestimates the results 
obtained in H2/H2O environments. 
 
Finally, the use of T91 in these oxidizing environments at 
high temperatures (530-550 °C) appear quite critical as 
important oxidation kinetics are obtained. Therefore, either 
these materials should be modified by addition of oxidation 
resistant elements like Si, Al which will decrease the 
oxidation kinetics or by the use of surface modification 
treatments: for example using laser or electron beam in 
addition to surface alloying with an oxidation resistant 
element (Cr, Si, Al). Otherwise, other materials should be 
considered (austenitic materials) for use in these oxidizing 
environments. 
 


IV. CONCLUSIONS 
 


Even if the different media considered for the SFR appear 
quite different in a first approach, common corrosion 
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features are observed, mainly due to the chemistry of the 
medium. First, the oxidizing power of the medium will 
control the corrosion process by generating either 
dissolution or oxidation phenomena in case of corrosion in 
liquid alloys. Even if these phenomena have not necessarily 
the same mechanisms, similar fundamental approaches of 
characterizing, understanding and modelling can be used. 
In some cases (Pb-Bi, CO2), the mechanisms are even 
similar and the same oxidization model can be used in the 
different environments. 
Another parameter which was not presented in this paper is 
the carbon activity difference between the structural 
materials and the medium which leads to 
carburization/decarburization phenomena. In a same way as 
it was performed in the case of oxygen, similar features are 
also observed in the different environments: for example 
liquid sodium and CO2. 
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Abstract –One of the most important features in future SCWRs will be the coolant purification system, which 
removes impurities, particles, and radioactive materials as well as aids in the control of water chemistry. Several different 
options have been explored as ways to provide the high temperature and pressure purification that may be required. 
Different filter materials (stainless steel, chromium oxide, Ni-based alloys) have been tested in a dead-end configuration. 
This paper describes the preliminary results with SS316L ultrafiltration membranes. The mechanical integrity and particle 
removal efficiency of these different materials were examined and the results are presented here. 


 
 


 
I. INTRODUCTION 


 
The current worldwide nuclear power renaissance 


has resulted in a quest to develop a new generation of 
nuclear reactors (GEN IV) that are cheaper, safer, more 
efficient, and more resistant to proliferation. One of the 
proposed designs uses water in the supercritical state as the 
coolant, and is called the Supercritical Water Reactor 
(SCWR). This reactor would have a single phase 
(supercritical water) in the coolant loop with temperatures 
between 285-625°C and a pressure of 25.0 MPa as opposed 
to the two phases, water and steam, present in Boiling 
Water Reactors (BWRs) and Pressurized Light Water or 
Heavy Water Reactors (PWRs, PHWRs - notably 
CANDU reactors). The proposed SCWR employs a direct 
SCW cycle for transporting heat and driving turbines for 
the generation of electricity. 


The detailed water chemistry parameters for 
maintaining the integrity of the reactor materials and 
reactor safety have yet to be specified under the above 
conditions. As expected, the characteristics of soluble and 
insoluble corrosion products resulting from interactions 
between the coolant and the reactor equipment are not 
available. The lack of water chemistry reference and 
corrosion product characteristics could make it more 
challenging to develop purification systems that effectively 
control the required chemical parameters. The removal of 
particulates and ionic species (impurities, particles, and 


radioactive materials) to maintain optimized chemistry 
parameters of the coolant is an essential part of control 
protocols for operating a nuclear power reactor.  


Currently, most reactor coolant purification 
systems use liquid cartridge filters and ion-exchange resins 
working at temperatures around 50~60 °C for the heat 
transport system (HTS) or simply by boiler blow-down 
water for the secondary side of steam generators. There is 
an expectation that low-temperature purification might not 
be efficient enough to meet the purification challenges such 
as preventing radioactivity from being transported to other 
interfacing equipment in a single phase, direct cycle SCW 
system. The use of ion-exchange resins is also expected to 
generate large volumes of spent resin because corrosion 
products have a higher solubility at sub-critical conditions 
than in SCW. In addition, energy loss is inevitable during 
the process of lowering the coolant to a 50-60 °C operating 
temperature.  


Thus, there is a need to determine the feasibility of 
developing a high temperature-pressure purification system 
for SCWR operation. Supercritical water presents a host of 
challenges to purification system designers because of its 
extremely high temperature, low solubility of inorganic 
materials, lack of high density liquid phase to entrain 
particles, and its ability to dissolve radioactive gases. 
Several different methods have been proposed as ways to 
provide the high temperature and pressure purification 
needed. These methods include both metal and ceramic 
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membranes, stainless-steel supported ceramic membranes, 
stainless-steel hydro cyclones, and nozzle SCW 
techniques.[1-4] For example, Goemans has used a cross 
flow micro-filter made of austenitic stainless steel SS316L 
and has achieved good results at 455°C.[5] However, 
SS316L may not be useful at the high temperatures 
expected in a SCWR due to the high level of corrosion in 
these anticipated conditions.[6] The objective of this project 
is to find an effective system for filtration at high 
temperature and pressure.  


New systems need to be designed with new 
materials. Some recent publications show the corrosion 
properties of candidate materials.[6-12] Based on these 
results, we decided to test materials with a high corrosion 
resistance and compare the results with a common and 
cheaper material, SS316L. In the first phase, several 
materials are tested in a dead-end configuration. This 
method is used for several reasons: the cost is cheaper, the 
system is simpler, and it is easier to characterize the 
material both before and after the experiment. The second 
phase is to develop and optimize a practical method for 
SCW filtration. 
 


II. EXPERIMENT 
 


II.A. Apparatus 
 


Figure 1 shows a schematic diagram of the 
experimental apparatus used in this study. This system 
consists of a high-pressure pump (Gilson 305 HPLC 
pump), a preheater (two cable heater, Watlom), an electric 
furnace (3210 split tube furnace, 18” long., ATS), the test 
membrane, a heat exchanger, an in-line filter, and a back 
pressure regulator (Tescom). The connectors and the tubing 
are made of SS316L (Swagelok) with a ¼” OD. 


This system is designed to simulate a SCWR. The 
HPLC pump injects water into the system, the preheater 
mimics the nuclear reactor core, the furnace recreates the 
environment in the tubing between the reactor core and 
turbine, and the heat exchanger replaces the turbine. For 
the moment, the system is not a closed cycle so that the 
final solution can be characterized. The test membrane 
rests at the end of the furnace. The membrane has an outer 
diameter of ¼” and a thickness of about 0.062”. A pressure 
drop of 0.2 MPa can be observed between P1 and P2, 
where P1 is always higher than P2. 
 


II.B. Procedure 
 


Initially, metal oxides were injected into the system to 
simulate the corrosion products expected in a SCWR. This 
method did not work because the oxides are insoluble in 
water and did not move due to the weak flow rate so the 
particles stuck to the walls of the tubing. Thus, metal salts 
were used instead of oxides and led to precipitates of metal  


 
Figure 1. Schematic diagram of the experimental apparatus. 


(1) feedstock of aqueous Al(NO3)3 solution; (2) high-
pressure pump; (3) valve; (4) relief valve; (5) check valve; 
(6) preheater; (7) electric furnace; (8) membrane; (9) heat 
exchanger;(10) in-line filter; (11) back-pressure regulator; 


(12) reservoir. 
 


oxides in order to simulate particulate corrosion products 
expected in a SCWR. 


Aluminum nitrate (salt) is used because its 
reaction in supercritical water has already been studied.[13-


17] The aluminum cation was chosen because this ion is not 
present in the system materials (SS316L), so the true 
efficiency of the filter can be characterized. In addition, 
aluminum oxides are white which allows us to see the 
presence of the corrosion product. Nitrate salt was chosen 
over chloride or bromide salts because it is less oxidizing 
than either chloride or bromide, making it ideal for a 
SCWR. Moreover, nitrate salt was used in almost all 
publications about the syntheses of oxide particles in 
supercritical water, and no problems of corrosion have 
been reported.[13, 14, 16-18]  


The aluminum nitrate solution was injected into 
the system (after pressurization to 25 MPa at ambient 
temperature) at a flow rate of 2 g.min-1. The solution was 
heated above the critical point in the preheater and the 
aluminum was precipitated as AlOOH and Al2O3 


particles.[14, 15, 19].The aluminum oxide particles then passed 
through the furnace where the temperature was stabilized at 
550°C. The temperatures of the preheater and the furnace 
were monitored by K-type thermocouples and controlled by 
a Variac controller. The test membrane (inside the furnace) 
collected the particles and the remainder of the solution 
continued through the heat exchanger and was collected in 
a reservoir. An in-line filter of 2-µm pore size was used to 
protect the back pressure regulator in case the membrane 
was destroyed. The pore size was large enough that it did 
not block any particles that bypass the test membrane, and 
therefore should not affect our data. The system pressure 
was set using a back pressure regulator at the exit of the 
system. The fluctuation of the system pressure was around 
0.2 MPa due to the pump. In the future, a new pump will be 
used (Lab Alliance Prep24) to reduce the fluctuation to 
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0.05 MPa. All of the parameters (pressure and temperature) 
were collected with an Omega-4718 module. 


 
II.C. Analyse 


 
The concentration of aluminum, iron, and 


chromium atoms in the final solution was determined by 
Inductively Coupled Plasma Mass Spectrometry analysis 
(Perkin Elmer Elan 5000 ICP-MS). We assume that at 
550°C all the aluminum atoms were precipitated.[15, 19] So, 
the ICP data showed the quantity of aluminum oxides not 
captured by the membrane. Iron and chromium 
concentrations were measured to observe the natural 
corrosion of the system. 


The membrane was dried in an oven and then 
weighed, both before and after the experiment, in order to 
measure the weight loss or gain due to corrosion and oxide 
layer deposition. The first visual characterization used a 
microscope with a camera to take pictures. The membrane 
and the powder were characterized by powder X-ray 
diffraction (XRD) (Rigaku D/MAX-B with Co Kα 
radiation). 


Finally, the membrane and the powder layer were 
observed using a Scanning Electron Microscope (SEM) 
(Philips 505). The non-metallic samples (powder and 
ceramic membrane) had to be gold coated to increase 
electrical conductivity and reduce charging effects. 
 


III. RESULTS AND DISCUSSION 
 
III.A. Size and morphology of aluminum oxide particles 
 


After experiments when aluminum nitrate was 
injected, a layer of white powder was observed on the 
membrane. Figure 2a shows a photograph of the powder. 
The SEM pictures (Figure 2b) show different morphologies 
of the particles. The size distribution of the powder is 
between 0.1 µm and 20 µm, the same size expected to be 
found in the SCWR.[20-22] The characterization by XRD 
(Figure 3) shows peaks of AlOOH and α-Al2O3 oxides.[14, 


15, 23] 
 


III.B. Austenitic stainless steel SS316 
 


The first phase of this project was to test a 
common and inexpensive material, the austenitic stainless 
steel SS316L. The membrane filters were from Mott 
Corporation. Each filter was pressed separately for 
consistent size and porosity. The average pore size was 0.2 
µm and the initial weight varied from 315.3 to 317.8 mg. 


Several pictures of the membranes are shown in 
Figure 4. Picture 4a shows an unused membrane. Picture 
4b shows a membrane used for 2h without the injection of 
aluminum nitrate, and 4c a membrane used for 2h with 
injection of aluminum nitrate. The corrosion of the material  


 


 
               a)                                       b)  


Figure 2. Pictures of the white powder obtained after 
injection of aluminum nitrate, a) by microscope and b) by 


SEM. 
 


0


50


100


10 20 30 40 50 60 70 80 90


*
*


*
*


+
+


+
+


++


2θ (°)
In


te
ns


ity


0


50


100


10 20 30 40 50 60 70 80 90


*
*


*
*


+
+


+
+


++


2θ (°)
In


te
ns


ity


0


50


100


10 20 30 40 50 60 70 80 90


*
*


*
*


+
+


+
+


++


0


50


100


10 20 30 40 50 60 70 80 90


*
*


*
*


+
+


+
+


++


2θ (°)
In


te
ns


ity
 


Figure 3. Diffractograms of the white powder. (*) for 
AlOOH and (+) for α-Al2O3. 


 


    
a)                 b)  


 
c)                   d) 


Figure 4. Pictures by camera of a) unused membrane, b) 
used membrane without injection of nitrate, c) used 


membrane with injection of nitrate and d) membrane c with 
powder removed. 


 
(Figure 4b) can be seen with the naked eye 


indicating a strong oxidation by the supercritical water. The 
powder layer on the used membrane (Figure 4c) is white 
and contains different metal oxides. Between the white 
powder and the membrane, an orange layer can be seen (d). 
This layer is due to the corrosion of the membrane by the 
supercritical water (see Figure 4b). 


SEM pictures of the membranes after nitrate 
injection are shown in Figure 5. The surface of the 
membrane is not uniform and the holes near the surface are 
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bigger than 0.2 µm. These pictures show that a lot of 
powder is deposited on the surface of the membrane.  


The characterization by XRD is shown in Figure 
6. SS316L (a) shows three peaks between 10 and 90° which 
represent the α Fe structure. The used membrane (b) shows 
the same peaks along with very small peaks at different 
values. The membrane (c) shows several peaks, which 
represent the combination of the used membrane, (b), and 
the white powder (d) which contains different aluminum 
oxides.  


During the experiments, a trans-membrane 
pressure drop occurred due to the formation of the oxide 
layer (cake) on the surface of the filter. The pressure after 
the membrane (P2) was stable at 25 MPa (controlled by the 
back pressure regulator) and the pressure before, P1, varied 
between 25 and 27 MPa (depending to the duration of the 
experiment and the concentration of the aluminum nitrate 
injected). Regardless of pressure fluctuations, the water in 
the system remained supercritical so its properties did not 
change significantly. 


The weighing of the membrane permitted to know 
the mass loss Upon weighing the membrane, a mass gain 
due to corrosion could be observed as well as the formation 
of an oxide layer. The experimental conditions were 550°C 
and 25 MPa with an injection time of 2h. In experiments 
without injection of aluminum nitrate, the weight of the 
membrane increased by about 3 mg (1 %) due to the 
oxidation of the surface. In experiments with injection of 
aluminum nitrate, the weight of the membrane increased by 
around 6 mg (2 %) due to corrosion and the powder layer, 
thus the aluminum oxide layer contributed around 3 mg 
(Table 1). 


ICP results are shown in Table 1. The 
experimental conditions were 550°C and 25 MPa with an 
injection time of 2h. The data show that the mass of 
aluminum ions captured by the membrane was around 1 mg 
in all of experiments. Based on the XRD results, we 
consider that aluminum nitrate was precipitated in a 
mixture of AlOOH and Al2O3. The weight ratio of 
M(AlOOH)/M(Al) and M(Al2O3)/M(Al) are 2.22 and 3.78, 
respectively. Thus, the mass of the captured aluminum can 
be multiplied by 3 to get an average value of the mass of 
aluminum oxides stuck on the membrane. In these 
experiments, the average mass of aluminum ions captured 
by the membrane is 1mg which agrees with an observed 
mass increase of 3 mg due to the oxide layer.  


We calculate that the SS316L membrane removes 
between 85 and 95% of aluminum oxide particles, which is 
a good standard with which to compare future results. It 
appears that some chromium is released from the system 
materials when heating is stopped, likely during the 
transition from supercritical to subcritical conditions.  


 
 


  
Figure 5. SEM pictures of the surface of used membranes 


after injection of aluminum nitrate. 
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Figure 6. Diffractograms of a) unused membrane, b) used 
membrane without injection of aluminum nitrate, c) used 
membrane with injection of aluminum nitrate, d) white 


powder on membrane with injection of aluminum nitrate. 
 


Exp # 1 2 3 4 5 


Membrane 
weight 
(mg) 


before 316.2 316.3 315.9 315.4 315.5 


after 323.0 321.9 321.7 320.6 321.6 


∆w 6.8 5.6 5.8 5.2 6.1 


Ion weight 
(mg) by 
ICP-MS 


Al Injected 1.031 1.126 1.108 1.1 1.145 


Final 
solution 


Al  0.091 0.162 0.059 0.109 0.075 


Cr 0.077 0.115 0.132 0.106 0.152 


Fe 0 0.004 0 0 0 


Al Captured 0.94 0.964 1.049 0.991 1.07 


Efficiency (%) 91.2 85.6 94.7 90 93.4 
 


Table 1. Results from membrane weighing and ICP 
measurements. 


 
IV. CONCLUSIONS 


 
Our results demonstrate that SS316L is an efficient 


filter, but this material is not good for the high temperatures 
employed due to the high degree of corrosion. Regarding 
the system, SS316L has a recommended temperature limit 
of 537°C, so tubing of Alloy 625 will replace those of 
SS316L for the preheater and the furnace. New membranes 
made of Ni-Alloy (Alloy C-276 and Alloy 625) will be 
tested in future work. Moreover, some studies will be 
conducted on ceramic and ceramic/metal filters. 
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Abstract – In this paper, the status of the research performed in CEA on the corrosion behavior 
of the structural material in liquid sodium is briefly recalled. The literature review identified the 
lack of corrosion data either for long term corrosion modeling or for new materials. Based on 
the most recent development performed in the laboratory on other liquid metals, such as lead 
alloys, the decision was taken to design, build and validate a new kind of testing device for liquid 
sodium. As the test duration exceed often months, a twin device was designed, called CORRONa, 
as CORROsion in liquid Na, which allows performing corrosion testing with accurately 
controlled corrosion parameters. The temperature is controlled up to possibly 650°C on the long 
term, when the chemistry of the liquid metal is controlled by the use of inert material to avoid 
any contamination from the structure (Molybdenum) and by the use of a mini sodium loop to 
control the oxygen in a way identical to any large sodium loop and reactor circuit (0.7 – 40 
wppm according to the Noden relation). The use of rotating cylinders allows simulating the 
hydrodynamic at the specimen interface thanks to internal component set into the liquid metal to 
allow for simulating highly turbulent conditions (up to a few m/s). The twin device in set in an 
argon purified gloves box, which is positioned in a standard chemistry laboratory thanks to the 
design choices that allowed alleviating the sodium fire risk. The design, construction, and start-
up will be briefly presented in this paper, as well as its state of partial validation (static sodium 
with no rotation of specimen, or mini sodium loop in operation). The first corrosion test 
performed with known materials is presented as well as a validation of the device. 


 
 


I. INTRODUCTION 
 


The Sodium Fast Reactors (SFR) are being evaluated 
by CEA as a generation IV system, as they benefit from the 
largest technological experience and are considered as one 
of the most promising systems. The roadmap is set in for 
the design, construction and operation of prototype reactor, 
called ASTRID, by the years 2020. 


Due to the severe in-core conditions (prolonged 
neutron irradiation, thermal and mechanical solicitations), 
innovative materials are being developed to extent the 
service life-time, particularly for the fuel cladding: ferritic 
steels strengthened with nano-dispersion of oxide (carbide 
or nitride) particles. These innovative materials have to be 
evaluated concerning their corrosion resistance in sodium 
environment. Other classes of materials are also being 
studied, some of them already benefiting from an 
important technological feedback, for different components 
of the reactor: 316L(N) as structural material of the 
primary circuit of the reactor, including the primary vessel, 
which is planned for 60 years service life-time, 9Cr steels 


for the components of the secondary circuit, first of all the 
steam generators. The operating conditions expected 
during service life time of the core are as follows: 
temperature ranging from 370°C to 650°C for the hot peak, 
hydrodynamic expressed in velocity at the cladding 
interface in the geometry of former core as 8 to 12 m/s 
which represent highly turbulent conditions, oxygen 
concentration in liquid sodium kept below the 3 wppm 
threshold. The service life time is expected to last 4 years 
at least for the thin cladding component (about 500 µm) 
under high neutron irradiation (up to 200 dpa). The off-
normal conditions include the temperature transients 
ranging from minutes to hours at boiling sodium 
temperature at the most, as well as the chemical transients. 
These latter’s are here proposed to be taken into account, 
because of the analysis of the various issues raised by the 
Nuclear Safety Authorities during the service life time of 
both Phenix and Superphenix reactors. Indeed, during the 
1990 air contamination incident of Superphenix, the 
chemical transient for which the assessment of the 
corrosion had been requested was duration of 100 hours at 
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15 wppm in dissolved oxygen. This is viewed as a 
preceding issue that must be taken into account as a 
chemical transient for the primary sodium of the next 
generation SFR. The conditions for the fixed primary 
structure are less stringent and the component are thick 
when compared to the fuel claddings: 400-450°C, a 
velocity of a few m/s, oxygen being less than 3 wppm, low 
irradiation damage in normal operating conditions for 60 
years of service life time. The transients are defined 
similarly to the core. The normal operating conditions of 
the steam generators of the secondary sodium circuits are 
almost the same, except for the temperature range, 300-
550°C, and the chemical transient, now defined by the 
sodium/water reaction to 200 wppm in oxygen during 2000 
h according to the preceding issues raised by the Nuclear 
Safety Authorities after the Phenix occurrences. This thin 
component of about 1-3 mm in thickness is expected to last 
more than 10 years and ideally 60 years too [1] [2]. 


The excellent compatibility of steel with pure liquid 
sodium must be emphasized, specifically for the austenitic 
steels used in the reactors built up to today in their given 
operating conditions. As a matter of fact, the operating 
rules of the French operated reactors specified a threshold 
for the oxygen as regards the issue of the contamination by 
the radio-activated corrosion products (Co-60, Mn-54, 
mainly). The oxygen is controlled at a concentration as low 
as reasonably achievable to minimize the corrosion 
kinetics of the materials, and then the level of radio-
contamination of the primary sodium and primary 
components (pumps, heat exchangers) by these activated 
corrosion products. In addition, the operating experience, 
associated with a rather extensive studies on this issue, 
although dated of about 25 years for most, allow 
considering that the corrosion in pure liquid sodium should 
not be a critical parameter for the design and operation of 
the materials and operating conditions of ASTRID and 
SFR. However, because of the new operating conditions 
and materials, there is a need to ascertain this affirmation 
for the designer or the Nuclear Safety Authorities. 


The R&D program, set in 2007 in the laboratory 
defined 2 complementary axes of research: the 
development of robust predictive models based on physical 
or/and chemical mechanisms for determining the 
maximum service life time and limits of uses, and the 
acquisition of corrosion data for the ‘new’ materials in the 
prospect of comparison for the selections of materials or 
grades of materials. The former axis concerns the austenitic 
steels such as 316 L(N) for structural materials for which 
there is a larger set of data, while the latter concerns more 
the fuel claddings such as oxide dispersed strengthened or 
not ferritic/martensitic steels, advanced austenitic steels, as 
well as other class of materials such as composite 
ceramics, hard facing materials, etc., for which the 
corrosion data are scarce. 


Both axes, however, require experimental data from a 
facility able to perform corrosion experiments in 


controlled, safe and accurate conditions over long duration 
of test in the range of thousands of hours. Based on the 
experience of the laboratory in the studies of the corrosion 
in complex environments such as liquid lead alloys [2], 
lead-lithium and lead-bismuth eutectics, the design and 
assembly of a sodium lab-scale corrosion testing device 
was engaged. 


 
II. LIQUID SODIUM CORROSION 


 
The corrosion by liquid sodium is considered as a 


complex process that include uniform dissolution and 
selective leaching of alloying elements of the steel, 
penetration of the liquid metal through defects and grain 
boundaries, and attacks by impurities such as oxygen and 
carbon. All of these corrosion modes cause changes in the 
mechanical properties of the alloys at the sodium/metal 
interface, by loss of material, restructuration, oxidation, 
carburization/decarburization. The various depths affected 
by these corrosion modes are of interest in the design of 
components for determining the limits of use of a material 
as well as their service lifetime, especially for the thin 
walled components, such as fuel cladding and heat 
exchanger working in the most severe conditions of 
temperature and hydrodynamics. 


Sodium used as coolant in a nuclear system is 
considered as pure, meaning the usual contaminants such 
as the dissolved oxygen and hydrogen are controlled at 
very low concentrations: < 3 wppm for oxygen and < 0,1 
wppm for hydrogen. It is assumed that carbon is set by the 
equilibrium in between the materials and the liquid 
sodium, although no clear indication of the dissolved 
carbon level is available. In these chemistry controlled 
conditions, which characterize the normal operating 
conditions, steels present an excellent compatibility with 
pure sodium, and particularly steels used up to now as the 
structural materials of built and operated sodium cooled 
fast reactors, the 300 steels series and 316L(N) among 
others used in the operating conditions of these reactors. 
However, this very good behavior has to be confirmed for 
very long term (> 100 000 h) exposure to pure sodium [3] 
as well as for the number of potential transients.  


Some known restrictions of the compatibility of steels 
in pure sodium concerns, for instance, low alloyed steels 
such as the 2,25Cr-1Mo, which service temperature is 
limited to 475°C to avoid its decarburization [4]. Indeed, as 
the diffusion driving force is governed by an Arrhenius-
type relation, if the temperature is low enough, diffusion 
becomes negligible, and the use is then possible as was the 
case for instance in the evaporating section of Phenix 
steam generators (435°C max.). Small additions of alloying 
elements such as Nb, V, or Ti stabilize the carbide in the 
microstructure and allow higher operating temperature. 
Other known restrictions concern nickel base alloys or 
even ferritic steels for use at high temperatures such as 
650°C. Indeed, nickel presents a pure dissolution 
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mechanism, at a relatively higher rate when compared to 
other alloying elements (Fe or Cr). Some ferritic steels, 
when used at temperatures around 650°C, present a 
diffusion depth largely higher than austenitic steel 316L, in 
the range of 50-100µm, although the total weight loss is 
equal or even lower when compared to 316L(N) [5]. Such 
depth may exceed the 10% of the typical thickness of a 
fuel cladding (350-550 µm). In addition, the chemical 
transients could present a greater detrimental effect on the 
ferrritic steels for which higher oxygen concentrations 
change the mechanism from a relatively uniform 
dissolution to an intergranular oxidation, followed by 
partial dissolution of the sodium chromite formed and 
eventually grain decohesion increasing greatly the 
corrosion rate [6]. 


The review of the literature indicates that the main 
mechanisms governing corrosion is related to the diffusion 
of the constituents of the alloys to or from the liquid 
sodium, including the diffusion mechanism through the 
solid/liquid interface, as well as the diffusion in the steel 
matrix [7-16]. The other mechanism involved in the 
corrosion process is the mass transfer of the alloys 
constituents in the non isothermal liquid sodium leading to 
weight losses in the hotter parts of the loop and deposits in 
the colder parts. It explains as well the ‘downstream effect’ 
along an isothermal test section, as the activity gradient is 
decreased due to the release of the corrosion products up-
stream. Lastly, chemical reactions at the liquid/solid 
interface or within the liquid sodium affect the dissolution 
process by lowering the diffusion rates with the formation 
of nodules of intermetallic compounds such as the χ phase 
(FeCrxMoy), or increasing the corrosion rates by promoting 
short-circuits in the diffusion route via the grains 
boundaries, or by affecting the solubilities of the dissolved 
alloys constituents in the liquid sodium by the formation of 
ternary oxides. These oxides increase the apparent 
solubility of the constituent, then the activity gradient, and 
thus the driving force of the dissolution. Oxygen reacting 
with chromium for the formation of sodium chromite, 
NaCrO2, or, oxygen reacting with iron, for the formation of 
the Na-Fe-O compound known as Na3FeO4 (2Na2O, FeO) 
could explain the dependence of the corrosion rate with the 
dissolved oxygen in liquid sodium. If sodium chromite is 
observed and thermodynamically characterized [10, 12], 
the Na-Fe-O compound is still to be clearly confirmed. 
Moreover, the exact role played by carbides when the 
dissolved oxygen in sodium is very low has to be 
thoroughly explained, as they may represent the main 
mechanism at play during normal operations of any reactor 
circuit. 


Existing corrosion models in sodium are based on 
relations either fitted from a number of experiments, then 
valid only for a specific material in a limited operating 
range, or based on semi-phenomenological model of the 
diffusion of the alloying constituents of 316 grade steels 
towards the sodium, but limited to the first year of 


operation. Then, the rate of corrosion is assumed constant 
for the next operating years, which assumption led to a 
systematic underestimation of the corrosion rate when 
compared to the actual corrosion rate observed for longer 
exposure duration [3]. Diffusion of interstitials elements 
such as carbon are not taken into account although the 
change in the mechanical properties of the metal could 
affect a comparatively larger depth. 


 
 


A 
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Fig. 1: The CORRONA liquid sodium corrosion 


testing facility (2 combined gloves boxes).  
 
From these few elements of corrosion, the governing 


parameters of liquid sodium corrosion are then, apart from 
the temperature and hydrodynamics, the chemistry of the 
liquid metal. From the observation of the studies 
performed on other liquid metal and on sodium loops, it 
appeared that the choice of thermal well positioned at the 
bottom of an inert gas gloves box might be the best 
solution to control the chemistry of the liquid metal at the 
laboratory scale. Indeed, all operations related to the start 
up, stop for liquid metal sampling or extraction of 
corrosion samples would be done without contamination of 
the liquid, and all of the operation to control the chemistry 
would be fast and efficient, due to the reduced inventory of 
the liquid metal (3 kg). However, a few but major 
adaptations were required to meet all the wanted criteria to 
achieve lab-scale liquid sodium corrosion experiments 
foreseen for several thousands of hours of operation. 


 
III. EXPERIMENTAL CORRONA SETUP 


 
The experimental setup (Fig. 1) consists in a thermal 


well containing the sodium crucible whose temperature is 
controlled, with a system of rotating cylinders to simulate 
the hydrodynamics and a mini-sodium loop to control the 
chemistry. The design, fabrication and in-service validation 
is made step by step for these 3 main function, 
temperature, rotation, and chemistry control. A combined 
gloves box connected by a central air-lock integrates 2 
identical setups to perform long duration testing at the 
same time. The thermal well is set at the gloves box floor 
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level, so that the lower outside part is heated by a high 
temperature oven while the upper part is cooled by a 
specific organic oil loop. The external oven consists in 2 
half shell moulded ceramic heater band equipped with 
insulation that operates up to 850°C in steady state 
operations (6 kW). The heating height corresponds to the 
maximum sodium height in the internal crucible: 200 mm. 
The well is made from a rod of high temperature material: 
Incoloy 825 grade 2 (21% in weight of Cr, 9% Mo, 4%Nb, 
Nickel balanced). Dimensions of the well is 172 mm in 
outside diameter and 415 mm in height, not including the 
covers set inside the gloves box, which height is 123 mm. 
The wall thickness is 8 mm on the sides, and 15 mm at the 
bottom. The well is made seamless, so as to avoid any 
weak point that could eventually fail during the high 
temperature cycle.  


 


  
Fig. 2: Thermal modeling at 700°C and photos of Mo 


crucible with reflux condenser. 
 
The channels for the organic oil coolant are drilled 


from the outside of the well so that no welding separates 
the coolant from the inner of the well, thus minimizing the 
risk of oil leaks into the well. The channel are shaped in 
square of 10 mm side and distributed over the last quarter 
of the thermal well, as well as in the flange (well to floor), 
in the upper part of the cover and along the rotation axis. 
The design of the cooling height of the well is derived 
from thermal simulation with the code I-DEAS to ensure 
the requested cooling performance at a sodium temperature 
of 700°C (Fig 2). The need for cooling the upper cover and 
rotation axis appeared as necessary because of the 
conduction heat flux coming from the component 
immersed in liquid sodium (rotating cylinders axis, sodium 
pipes for the loop, etc.) that would otherwise lead to the 
formation of hot spots. Then, a design margin of 40% was 
taken. Initially, 4 thermal barriers were set above the 
sodium crucible, at the level of the coolant channels, to 
stop the heat radiating from the sodium: these were 
replaced after the first sodium test by a reflux condenser, 
316L wool packing mesh packed cylinder, which is cooled 
down by the side of the well. Its size is 164 mm in height 
for 146 mm in external diameter (Fig. 2) [16]. A circular 
frame of 154 mm in external diameter, 1 mm in thickness, 


is welded to the shell of the condenser at 40 mm, to put in 
position the condenser over the crucible. The tightness in 
between the crucible and the condenser is approximately 
ensured by contact, forcing most of sodium vapors to get 
through the condenser and to return liquid to the sodium 
bulk. At the upper cooled part of the well, but still outside 
the gloves box, 3 openings are found: 2 of 28 mm in 
diameter connected to low pressure bursting disks (5-6 
Bars), and one for the connection of a 1.5 mm in diameter 
inconel K-type thermocouple, which act as a sodium leak 
detection. All 3 seals are made by metal to metal contact, 
either by SPGTM flange or by thermolockTM seal for the 
thermocouple. The latter thermocouple is cut at the end: a 
sodium leak will short circuit the 2 thermocouple leads and 
drives the safety systems. This system is simply used as it 
provided 2 electrically insulated leads with a metallic 
system for metal to metal seal. Downstream the bursting 
disks, a discharge line made of pipes of 33 mm OD collect 
the eventual bursting gas and materials to sodium vapor 
trap, which is made of a 316L steel wool packing mesh and 
baffles.  


The cover system is made of two components, vertical 
and horizontal, in order to get the available space of the 
required connections: on the sides, 2 pipes for the sodium 
loop and 2 for the argon gas (inlet and outlet), while on the 
top is found the feedthrough seals for the rotating cylinders 
axis, the thermocouple thimble, the 2 ceramics thimbles for 
oxygen measurements (10 mm and 8.9 mm), and the 25 
mm ID opening for liquid sodium sample or LASER beam 
measurement (Fig. 1). All seal are made of O-rings, as the 
maximum temperature is lower than 200°C, except for the 
sodium pipes, in between the pipe and covers which are 
made of high temperature plastic materials (lava) because 
of the possible hotspot. The material used for these parts is 
316L steel. When in operation, the well is leak tight from 
the argon atmosphere gloves box, so that the sodium 
system is considered as a closed system. The argon cover 
gas trapped in the well will get in equilibrium with the 
liquid sodium system very fast, at an oxygen partial 
pressure well below the one found in the purified argon 
gloves box (1 ppm in volume). The connection to the argon 
gas is used prior the liquid sodium operation to outgas the 
structure by flowing pure argon gas while increasing 
temperature (>200°C) and monitoring the outlet flow by a 
specific gas oxygen sensor (ZiroxTM). The latter consist of 
a zirconia doped yttria ceramic tube heated at 750°C, the 
measuring gas flow inside, while the outside air plays the 
reference system. The voltage output is related to the 
oxygen partial pressure with the Nernst relation. On top of 
the gloves box, a sight window (melted SiO2) was 
positioned so as to provide the possibility to achieve 
measure of the liquid sodium with the technique of Laser 
Induced Breakdown spectroscopy (LIBS) or Laser induced 
Fluorescence (LIF), which is viewed as an innovative 
technique for in situ liquid metal monitoring. LIBS 
operates by focusing a laser onto a small area at the 
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surface: when the laser is discharged, it ablates a very 
small amount of material, in the range of nanograms to 
picograms, which generates a plasma plume and which 
atomizes and excites the sample. The light of the elements 
present is then analyzed by atomic emission spectroscopy 
(LIBS), or excited by a second laser for a defined species 
that will de-excite after a few nano seconds and emit light, 
which is measured. The alignment in between the Laser 
source that will be set at the roof level, the roof window, 
the cover window and the sodium level was done at the 
design stage of the setup. Although its implementation 
requires preliminary testing, currently done in another 
setup operated by another Saclay laboratory, as well as the 
design of an internal gas circuit to promote a small blowing 
at the liquid metal surface to get rid of sodium aerosols, the 
possibility of such a measurement was considered as 
important enough to consider its potential implementation 
in the setup for the in situ monitoring of the sodium 
chemistry. 


Inside the well, the liquid is entirely contained in a 
crucible made of molybdenum, which present low 
solubility as regards sodium and could be considered as 
inert material. Even if a low but significant solubility of 
Mo into sodium would be observed, the interpretation of 
the corrosion specimens will be eased as the structure 
contamination would be restricted to molybdenum only. 
This is why molybdenum made a material of choice for the 
realization of former corrosion testing [17]. However, this 
material is extremely difficult to machine and weld. It is 
sensitive to oxidation and to high temperature phase 
transformation (800-1200°C). Based on the capabilities of 
the Plansee AG Company, seamless crucible made by the 
powder metallurgy and stabilized by lanthanum oxide 
dispersion (0.7% in weight) were defined and produced 
especially for the setup. Dimensions are 150 mm OD, 250 
mm in height and 1.5 mm in thickness. The so-called MLR 
grade molybdenum presents a re-crystallization 
temperature above 1400°C, well above the designed 
temperature of the setup (750°C), which preclude any 
embrittlement of the crucible with the operating time. The 
oxidation of the molybdenum is prevented by its use in 
argon purified gloves box. The seamless shape is obtained 
by specific process and tool made on purpose: its 
maximum size defined the diameter of the crucible, and 
then of the thermal well of the setup. In addition, it 
presents no weakness to rupture as would be the case with 
the typical weld for such crucible (side to bottom) as it is 
often observed. This latter feature was eagerly wanted in 
the design of the setup as the crucible is the first sodium 
barrier, while the well is the second, and then an important 
safety system. Additionally, the internal crucible presents 
another advantage, apart from the contamination free 
structure and the second barrier of confinement: the liquid 
metal handling is eased. Renewal by new and clean sodium 
is made possible at convenience, which is the best way to 
control the impurities buildup usually observed in loop 


system where the metal is filled once and used for several 
tenths of years. However, it is recognized that at the 
beginning, this combination of the 2 materials, 
molybdenum for the crucible and nickel based alloy for the 
thermal well, was derived from the 2 opposites constraints 
– a temperature as high as possible, ideally up to 750°C, 
and a structure promoting as low liquid sodium 
contamination as possible. The target design temperature 
was however set to 625°C for initial corrosion experiment. 
Higher temperatures could be in principle achieved, 
depending on the efficiency of the sodium vapors reflux 
condenser and of the cooling system that will be 
experimentally assessed. 


 


 
Fig.3 : Rotating cylinders implementation in the setup 


(thermal well, crucible, anti vortex component, axis 
supporting the samples).  


 
The cooling system consists in closed circulation loops 


that connect the various cooling sections of the twin setup 
(well flanges, cover and rotation axes set in serial), making 
4 different sections altogether, to thermo cryostats that 
provide a constant temperature flow of specific organic oil. 
As for the start-up of the mini sodium loop, the cover must 
be heated to 150-200°C to promote the liquid metal 
circulation while the well flange is still cooled, 2 thermo 
cryostats were required for joint operation: one for the 
steady state cooling (5.3 kW heating power – 6.7 kW 
cooling power) and the other for the heating during loop 
start up (3.5 kW heat – 1.5 kW cool). The oil circuits are 
composed of tubes, temperatures measurement (8 in 
numbers), flow meters (2), relief valves (2), pressures 
meters (2), and a set of 2-ways valves (5) and three-ways 
vales (8). They consist in closed oil circuits with a low 
total inventory (3-5 L) that further reduce the impact of the 
potential reactive fluid in case of incident, such as reaction 
with sodium or fire in the open air in case of leakage. The 
cooling fluid chosen is terphenic oil basis, which is close in 
composition to the oil previously used for SFR in cold trap 
units (NaK thermal jacket), and which presents the lowest 
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chemical reaction with sodium when compared to others. 
However, the main risk of sodium – oil reaction is the high 
pressure vapor of the organic oil that will first vaporize in 
case of contact with hot liquid sodium and structure 
leading to the increase in pressure. Then, the reactions 
products, most of them being gas (H2, CH4, C2H6, CnH2n+2, 
etc), will further increase the pressure with kinetics not 
negligible although not clearly known. This is why the 
discharge line was designed and, from our point of view 
largely overdesigned, to forbid any significant increase in 
pressure in the setup deriving from such an incident. 
Another design choice was to avoid any weak point in the 
design of the well and oil channel, such as welding, so that 
all of the setup is viewed as really robust. All of this 
system was conceived specifically for the setup as the use 
of the available cooling water of the building was 
forbidden, because of sodium/water reaction that presents 
faster kinetics associated with a large production of 
hydrogen and heat. To our knowledge, this is the first time 
that such a combination is used for sodium setups. 


 


 
Fig. 4 : Mini sodium loop implementation in the setup 


and gloves box (cold trap, pump, and siphon valve).  
 
The rotation system is implemented but not yet 


validated (Fig. 3). It consists in a synchronous brushless 
motor coupled to permanent magnet coupler and a rotation 
axis that hold the corrosion cylinders. The motor is 
oversized in torque and speed in order to allow for 
continuous operation at an accurate speed: 8 kW, 500-
20000 rotations/min. The speed is controlled with 0.1 % 
accuracy. This kind of motor is usually used for high speed 
machining, which means low operating time at the highest 
speed available, thus requiring specific cooling of the 
motor. For the setup, operation is planned in the low speed 
range that uses a fraction of the total power and allow in 
principle for continuous operation. This mode of use was 
tested and did not require any cooling of the engine. 
However, connection to the cooling oil circuit can be made 
in case of need. A magnetic coupling system is then used to 
connect the rotation axis of the setup with a perfectly tight 


connection: the same system as the one developed and 
validated for the CICLAD lead-bismuth eutectic loop is 
used [18]. It speed limit is 10000 rotations/min, which 
exceeds the CORRONa setup requirements. Then, a set of 
2 bearings is implemented in the setup to provide both 
guidance and alignment of the axis supporting the 
corrosion cylinders’. The dimension is 165 mm inside the 
setup, which means that the lower bearing need to support 
a rather high temperature for usual bearings and was then 
specifically designed and supplied (up to 400°C). Thanks 
to these different couplings and rotation systems, a 
comparatively short axis is hooked with a typical system to 
ensure axial centrality. The total length is then reduced to 
309 mm. However, the tolerance for the axis machining are 
really tight, so as to limit the unbalance to the minimum. 
Finally, this latter parameter is the critical one that defines 
the maximum rotation speed, which could be ensured by 
the setup. The rotating cylinders present dimensions of 15 
mm in diameter with 10 mm in height. They have a square 
footprint of 8 mm that forbid any rotation of the specimen 
with the supporting axis. Up to 5 specimens would be 
implemented at the same time. In addition, a specific 
system was designed and modeled in order to provide 
symmetric conditions at the surface of the cylinders [19]: 
this internal component will be immersed inside the 
sodium crucible and hooked to the crucible. It consists in 
an internal cylinder of 142 mm in diameter for a height of 
100 mm, closed with 2 central drilled out tapes (25 mm in 
diameter) for the axis passage. The lower tape is set at 15 
mm from the bottom thanks to 3 feet mounted with a 120° 
symmetry, in order to allow for the axis to slightly overtake 
on the outside of this component. This component was 
modeled by computational flow dynamics to ensure a 
volume of controlled liquid metal flow. In addition, the 
conditions of formation of surface vortex and cavitations 
were assessed as negligible. This is why this component is 
called the anti vortex component. This rotation system, 
when validated in sodium (max. rotation speed and 
molybdenum axis), will allow experimenting in various 
hydrodynamics conditions, working on the corrosion 
mechanism identification and understandings, as well as on 
the modeling of the cylinders/pipes corrosion correlations. 
This system is also the one that permitted the reduction in 
the volume of liquid metal strickly required to perform 
corrosion experiments. 


As for the chemistry control of the liquid sodium, the 
contamination of the structure is one on the key parameter, 
all parts designed to be immersed in the hot liquid sodium 
are machined specifically in molybdenum, which required 
specific designing to comply with the constraints of this 
material. 


The chemistry control and monitoring strategy 
combines the implementation of various systems, the most 
important one being the mini sodium loop that will allow a 
continuous but small liquid sodium flow in a purification 
unit (Fig.4). Thanks to the sodium properties, the 
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possibilities of construction of mini sodium loop for this 
purpose is well documented in the literature, as it was, and 
is still in use, for the calibration of electrochemical meters, 
both oxygen and hydrogen sensors [20] [21]. The 
technique used is to provide a circulation of liquid sodium 
in a cold trap, where the cold temperature is accurately 
controlled. As the liquid recirculation flow rate is 
comparatively high when compared to the total sodium 
volume (about 3 L), a few litters’ per hours, the kinetics of 
control of the chemistry will be fast. After a few hours in 
the change of the cold trap temperature, the sodium would 
be assumed in equilibrium with the crystallized sodium 
oxide and sodium hydride in the metallic packing of the 
trap, to the condition that the nucleation and crystal growth 
was properly made. This operation is similar to any liquid 
sodium loop used for R&D or reactor plants, so that the 
information of the chemistry of the corrosion tests will be 
comparable to prior corrosion experiments or reactor 
operation available in the literature. To derive the oxygen 
thermodynamic activity, assumptions are required for the 
reference state and the choice of the solubility relation, so 
that the comparison by using the cold trap temperature is 
thought as more reliable. As the flow rate is small, the heat 
to remove to control the cold trap temperature is in the 
order of hundredth of watts, so that it will be managed by 
controlling the thermal insulation, the preheating of the 
pipes and the liquid sodium flow rate. However, the design 
and fabrication was not straightforward as several issues 
had to be solved: the supply of the lab’s scale 
electromagnetic pump, the design of specific seals for the 
well cover feedthrough, as well as fill and drain system and 
operating procedure. The electromagnetic pump is operated 
by stabilized low voltage direct current (1-10V; 0-70A) 
that will provide flow ranging from 0-10 L/hours at a 
maximum pressure head of 0.14 bars, thanks to 2 
permanent magnets (SmCo) positioned in a ferrous yoke 
and delivering an average magnetic field strength in the 10 
mm gap for the sodium channel of 0.825 T (Fig. 4).  


Because of the small dimension of the system, it can 
be implemented inside the argon gloves box which 
presents a clear advantage in terms of safety and operation: 
the total inventory of liquid sodium is about 3 kg, all of 
which is included in the crucible. The pipes of the loop 
represent the first confinement barrier. In case of leak, it 
can be detected with typical leak detection system (pearls) 
to put the setup into safety, so that the sodium fire risk 
becomes negligible. The second barrier is the gloves box 
and the gloves metallic lockers that are always set during 
steady state operations. The dimensions of the cold trap are 
160 mm in length for 60 mm OD, filled with 316L wool 
packing in between to perforated plates to ensure the 
relative homogeneity of the flow in the packing. A central 
thimble will allow the thermal profile measurement to 
adjust the conditions of operation if necessary. The size is 
considered are large enough for the setup.  


This principle of 2 barriers monitored with specific 
leak detections in combination of the very low sodium 
inventory is the key of the agreement for operation in a 
standard chemical laboratory. Indeed, the assessment of the 
worst case incident, total leakage of the hot sodium outside 
the gloves box after the rupture of the 2 barriers, led to the 
conclusion that it can be assumed as classical laboratory 
fire by the local fire department as the small volume of 
sodium will burn in a matter of seconds or minutes, but 
putting fire because of the radiation heat to typical 
materials found in the lab (plastics, paintings, etc.). 
However, some specific procedures for intervention were 
jointly defined as well as specific information’s was given 
to the fire brigades. In case of presence of operating people 
or fire people, some MarcalinaTM powder (Li carbonate and 
graphite) is available inside the gloves box, as well as 
outside, in the form of plastic bags that can be thrown to 
any sodium spillage. 2 MarcalinaTM extinguishers are also 
available in the laboratory and immediately outside. Fast 
cover is also available inside the gloves box to cover the 
well in case of air ingress during the low temperature 
operation for startup of shutdown, where the well’s cover is 
not present. All operating procedures were detailed and 
reviewed.  


From the safety point of view, another important 
design option is related to the sodium handling. It is 
forbidden as much as possible outside the gloves box: new 
sodium is supplied in metallic cans opened inside the 
gloves box. Used sodium is load out in glass recipient 
filled with paraffin oil to access to the local wastes route. 
The only sodium handled outside the gloves box concerns 
the small quantities remaining on corrosion samples or on 
components. A specific procedure describes how to clean 
the small amount of sodium with a large excess of water 
under a dynamic cover of argon gas. This procedure avoids 
any occurrences of small Na/O2 reaction (sodium burning), 
or H2/O2 reaction (explosions). This is done in the same 
laboratory as the CORRONa setup in the fume cupboard. 
After each cleaning operation, the working place is washed 
with water to avoid any potential reaction with small 
amount of metallic sodium that could have remained. 
Indeed, this can react with the oxygen and moisture of the 
atmosphere, all reactions being exothermic, and can be the 
origin of a fire, as indicated from various available 
feedback issued from chemical laboratories.  


 
IV. IN SERVICE VALIDATION AND 


IMPROVEMENTS 
 


The first step of validation in sodium involved the 
static operation without rotation or recirculation of the 
sodium. In that case, the sodium chemistry is set by using 
new highly purified sodium supplied by Metaux Speciaux 
SA (99.95%) and by applying the purification procedure by 
sedimentation which consists in a low temperature stay: 
110°C for 48 h followed by careful skimming of surface 
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oxides, so as to obtain a mirror-like free surface. In 
addition, the structures are out gassed in order to limit the 
initial contamination to the minimum. The oxygen 
concentration expected should then be in the range of 1-20 
ppm in weight, which is closed to the conditions required. 
Then, in situ measurements with prototype oxygen meters 
made of high purity grade yttria doped zirconia ceramic 
thimble [22], as well as sodium sample to be measured by 
Glow discharge mass spectrometry for oxygen 
measurement are planned. 


 


 
 


  
Fig. 5: SEM observation and X ray images of T91 


steel immersed in stagnant liquid sodium at 550 °C for 
1600h ([O] = 1-10 wppm).  


 
The first test in liquid sodium performed early in 2010 


last only for about 50h at a liquid sodium temperature of 


550°C. In fact, the designed component positioned on top 
of molybdenum crucible consisted in thermal barriers. The 
sodium pressure vapors, not negligible à 550°C, led to the 
formation of aerosols. They deposited on the thermal 
barriers and gradually built up, while the level of liquid 
sodium decreased with time, as sodium was transferred to 
the upper part of the thermal well. Operators observed the 
odd behavior of the liquid sodium temperature. This one 
was measured with the thermocouple set in the thimble and 
was only immersed by about 2 cm in the liquid sodium. 
When the level reached the bottom of the thimble, the 
temperature measured decreased by 20°C overnight. In the 
morning, probably because of small vibrations caused by 
operators, the meniscus remaining in contact with the 
thimble broke down and the temperature fell by 150°C in a 
matter of minute. As it was interpreted as the rupture of the 
crucible with no detection of the sodium leak in between 
the crucible and the well, the test was stopped. At the 
opening, the effect of the larger pressure vapor when 
compared to liquid lead alloys was understood and acted 
for: the thermal barriers were replaced by the sodium vapor 
condenser. It consists in metallic mesh packing that help to 
cool and condense the sodium vapors and their downward 
flow back to the liquid sodium. This component was tested 
in order to measure its temperature profiles for various 
temperature, up to the maximum temperature 550°C and 
for about one week test duration. The profiles are all linear: 
the inlet temperature depends on the liquid sodium bulk 
temperature, 50 mm below, but the outlet temperature is 
roughly equal to 100°C, meaning that the condenser 
present a constant operating point at the outlet, which is 
slightly higher than the sodium melting point. If the vapor 
pressure is in equilibrium with the liquid sodium at the 
outlet of the condenser, should then be negligible for long 
term operations. Indeed, at 110°C, the sodium vapor 
pressure is assessed to 3.5 10-5 Pa, while at 550°C it is 
evaluated to 1380 Pa. Based on the lead-bismuth eutectic 
feedback, the 110°C sodium pressure vapor is then well 
beyond the one of the lead alloy at 550°C, estimated to 1.4 
10-2 Pa, for which aerosols formations were never observed 
in similar corrosion setups. Indeed, the visual observations 
of the setup and condenser confirmed the absence of any 
aerosols deposits and validated the component. Potential 
ways of improvements were identified for improved 
downward liquid flow and reduced liquid inventory by the 
use of structured packing in quotation marks shape (built, 
test planned). 


Based on the validation of the components in liquid 
sodium, a short corrosion test was performed at 500°C 
during 150 hours, which fully validated the operation in 
static conditions [23]. Then, a representative corrosion test 
was launched in order to get a further validation over a 
significant duration in static conditions, as well as 
checking the capabilities of the setup to reproduce the 
corrosion mechanisms’ on known materials. 
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V. CORROSION TEST VALIDATION 
 


The test was performed in static conditions at a mean 
temperature of 550°C for 1600 hours (April-June 2010). 
New ingots of sodium were used and cleaned by 
sedimentation and skimming of oxides. Reference 
materials were immersed in the sodium: 316L(N) (18.4% 
in weight Cr, 13.2 Ni, 2.25 Mo, 1.55 Mn, 0.55 Si, 0.005 V, 
0.048 P), T91 (8.94 Cr, 0.11 Ni, 0.84 Mo, 0.39 Mn, 0.39 
Si, 0.24 V, 0.09 Nb), and 15-15Ti grade AIM1 (14.95 Cr, 
14.45 Ni, 1.27 Mo, 1.75 Mn, 0.63 Si, 0.18 V). 4 flat 
specimens of each grade were immersed (20-10-1 mm) and 
one was extracted every 400 hours. Specimens were 
immediately washed in water and thoroughly rinsed. The 
characterization included the weight variation, optical 
microscopy, scanning electron microscopy on cross section 
with X-rays analysis and glow discharge – atomic emission 
spectroscopy. 


All corrosion specimens were attached by using 
molybdenum wire, so that no contamination from the 
structure is expected. Sodium was sampled at every stop. 2 
prototypes oxygen sensor using extra high purity yttria 
doped zirconia with an In/In2O3 – Mo internal reference 
system were tested during the lower temperature stop for 
the measurement of the dissolved oxygen concentration. At 
the start up, 13 ppm in weight was measured. Then, the 
sensor broke down and contaminated the sodium by 1600 
ppm of indium and 20 ppm in oxygen, assuming the total 
dissolution of the indium oxide, which is 
thermodynamically less stable than the sodium oxide 
(Na2O). At 800 hours, 2.5 ppm was measured, 6.4 ppm at 
1200 hours. Sample of liquid sodium were made with a 
large sampling spoon (5-10 cL). Small fraction of the metal 
sample taken from the bulk was then analyzed after 
hydrolysis by using the ICP-AES system. No variation of 
the corrosion products is observed: iron, chromium, nickel 
and molybdenum. This means that this corrosion test was 
not limited by dissolution of the alloying elements of the 
specimen. For indium, an increasing concentration with 
time is observed: <0.2 ppm in weigh initially, 35 ppm at 
400h, 65 ppm at 800h, 120 ppm at 1200h and 550 ppm at 
160 hours. 


A weight gain is observed for all materials: it 
happened in between the 400-800 hours of test, and is in 
the range of 15 mg/dm² for T91 and 15-15Ti and 20 
mg/dm² for the 316L(N), but provision must be taken as 
one side was mirror polished only. This point is still under 
investigations, as the corrosion depth seems to increase 
linearly with time during this test. 


Based on the observations with the FEG-SEM (Fig. 5-
7) on the machined side (non-polished), all materials 
present selective dissolution of chromium and the 
formation of a layer rich in sodium, oxygen, and 
chromium. Analyses are still in progress to identify the 
nature of the oxide, but at the relatively low temperature of 
the test as well as with the comparatively high oxygen 


content (1-10 ppm), the sodium chromium et iron oxides 
are thermodynamically stable (Na4FeO3- NaCrO2), so that 
it might well explained the oxide layer observed on all 
materials. The oxide layer is in the range of the micrometer 
for the 3 grades of materials. It is thicker and more 
homogeneous for the non-polished side, so that it suggests 
a delay in the corrosion process in relation with nucleation 
sites available. This can also explain why the weight gain 
happened during the second 400 hours duration. After the 
oxygen consumption, the concentration decreased to the 5 
ppm range in the liquid sodium, but the mechanisms 
involving the dissolved oxygen were still in action as the 
depth affected by the oxide layer continued to increase 
with time. This might be related to contamination in 
oxygen at every opening for specimen removal. 


 


 
 


  


  


 
Fig. 6: SEM observation and X ray images of 15-15Ti 


steel immersed in stagnant liquid sodium at 550 °C for 
1600h ([O] = 1-10 wppm).  
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The oxidation involved internal oxidation, which 
present a line of spots rich in oxygen chromium and 
silicon. It is observed on all materials and is preceding the 
boundary in between the oxide and the metal matrix. This 
could be put in relation with the cavities usually reported 
for such materials for conditions where the formation of 
sodium chromite or ferrate is not possible, for higher 
temperature and slightly lower oxygen (650°C – 1 ppm). 


 


 
 


  


 
Fig. 7: SEM observation and X ray images of 316L(N) 


steel immersed in stagnant liquid sodium at 550°C for 
1600h ([O] = 1-10 wppm).  


 
Although the characterization of the specimens is still 


in progress, a first assessment of the corrosion rate can be 
given for liquid sodium at 550°C: about 15 µm/y for both 
316L(N) and 15-15Ti and 27 µm/y for T91. This is based 
on the total depth affected by the corrosion, both oxidation 
layer and the chromium depletion layer measured by GD-


AES, whose accurate interface and rate of ablation are still 
under assessment. The higher susceptibility to oxygen of 
the ferritic steel is in agreement with the literature review. 
In addition, the Mo rich nodules, which could be the Chi 
phase, seem to be observed on both 316L(N) and 15-15Ti, 
which present another agreement with the literature. The 
corrosion rates are not comparable with those expected in 
actual operating plant where the dissolved oxygen would 
be controlled to a lower level, giving lower corrosion rates. 
The role of carbon is under investigation as well, as the 
sodium appeared as carburizing during the test due to an 
initial external contamination. Lastly, the chemical 
composition in both dissolved oxygen and carbon is 
awaited from the analysis by the glow discharge mass 
spectrometry apparatus of Saclay, when the contamination 
procedure for the sample analysis would be mastered so as 
to decrease the detection threshold to the ppm value. 


The up-to-date interpretation of the corrosion 
specimen is then in agreement with the literature: it 
confirms the capabilities of the setup to perform corrosion 
experiments in liquid sodium. 


 
III. CONCLUSION 


 
Starting up step by step in 2009 – 2010 firstly in static, 


together with the construction of second twin setup (beta), 
the next step involves the validation of the sodium mini-
loop for the chemistry control and of the rotation system 
for the hydrodynamics simulation. However, the setup 
demonstrated its capabilities to perform corrosion test of 
interest for identifying the corrosion mechanisms’ and 
measuring the various depths affected by the corrosion. 
The chemistry is one of the key parameter as expected, still 
not fully mastered in the static conditions, but, it is thought 
that the conditions of control would be shortly identified 
thanks to the choice in the design: contamination free 
structure, and easiness for sampling, monitoring or even 
chemical gettering. These techniques would be 
complementary to the mini sodium loop to offer a wide 
range of testing conditions. 


The latest techniques of characterizations (FEG-SEM, 
GD-AES) proved efficient to the micrometer scale, so that 
the duration of test could range in between 1000 to 3000 
hours to get a homogeneous interface affected by the 
corrosion. 


The validating corrosion test on reference materials, 
besides being in agreement with literature, presented 
already results of interest such as the effect of the interface 
conditions in the time lag for the corrosion initiation, 
internal oxidation for oxygen in the range of 1-10 ppm in 
weight, and oxidation layer for intermediate temperature 
and oxygen concentration, which will be further 
investigated. 
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Abstract – Both the traditional deterministic fire protection regulatory approach and the newer 
risk-informed performance-based approach provide adequate protection of public health and 
safety.  About half of the U.S. operating nuclear power plants are transitioning to the risk-
informed performance-based alternative rule, 10 CFR 50.48(c), “National Fire Protection 
Association Standard NFPA 805.”  The risk-informed performance-based approach requires a 
reassessment of plant fire protection using state-of-the-art methods.  A vigorous application of 
these methods at two US nuclear power plants piloting the transition to NFPA 805 has led to 
opportunities for the enhancement of fire safety.  Furthermore, the approach will provide greater 
regulatory consistency and clarity, and provide more flexibility for licensees to address very low 
risk issues without prior NRC staff approval. 


 
 


I. INTRODUCTION 
 
In June 2004, the United States (U.S.) Nuclear 


Regulatory Commission (NRC) amended its regulations to 
provide nuclear plant licensees a new option for complying 
with fire protection requirements.  U.S. nuclear plants 
currently have fire protection programs based on 
deterministic regulations.  With the publishing of the new 
rule, licensees may voluntarily choose to change to a risk-
informed performance-based fire protection program based 
on the National Fire Protection Association (NFPA) 
standard NFPA 805, “Performance-Based Standard for Fire 
Protection for Light-Water Reactor Electric Generating 
Plants” (2001 edition).1 
 


Title 10, Section 50.48, of the Code of Federal 
Regulations (10 CFR 50.48), “Fire Protection,”2 requires 


each licensee to have a fire protection plan that satisfies the 
following: 
 


“Structures, systems, and components important 
to safety shall be designed and located to 
minimize, consistent with other safety 
requirements, the probability and effect of fires 
… Fire detection and fighting systems of 
appropriate capacity and capability shall be 
provided and designed to minimize the adverse 
effects of fires on structures, systems, and 
components important to safety.  …”3 


 
The deterministic means for meeting these 


requirements come from 10 CFR 50, Appendix R, “Fire 
Protection Program for Nuclear Power Facilities Operating 
Prior to January 1, 1979,”4 or from plant-specific 
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requirements incorporated into the operating license of 
plants licensed after that date.  For simplicity, this paper 
refers to the NRC’s deterministic fire protection 
requirements as the “Appendix R” approach, because the 
same technical requirements are applied to the newer 
plants as well. 
 


Paragraph (c) of 10 CFR 50.48, “National Fire 
Protection Association Standard NFPA 805,” incorporates 
the 2001 edition of NFPA 805 into the NRC regulations, 
with certain exceptions, and allows licensees to adopt and 
maintain a fire protection program that meets the 
requirements of NFPA 805 as an alternative to the 
Appendix R requirements.  Licensees who choose to 
comply with 10 CFR 50.48(c) must submit a license 
amendment application to the NRC and receive approval to 
implement the new fire protection program.  Also for 
simplicity, when this paper refers to an NFPA 805 fire 
protection program, it means one that meets the 
requirements of 10 CFR 50.48(c) and the applicable 
portions of NFPA 805. 
 


Although the requirements of NFPA 805 differ from 
those in Appendix R in a number of areas, most notably in 
the allowance of performance-based alternatives to 
deterministic compliance, the NRC determined that either 
approach satisfies the requirements of 10 CFR 50.48(a).  
The statements of consideration for 10 CFR 50.48(c)5 
noted that the new regulations are acceptable because 
achieving the nuclear safety goals, objectives, and 
performance criteria of NFPA 805 provide controls for 
maintenance of the reactor fuel and the plant condition that 
ensure adequate protection of public health and safety.  
The NRC concluded that the criteria and methodologies 
contained in NFPA 805 provide acceptable alternatives to 
the requirements in Appendix R. 
 


Issuing 10 CFR 50.48(c) is consistent with the NRC’s 
ongoing transition to risk-informed, performance-based 
regulation, which began in the early 1990’s.  Also, the new 
rule addressed comments from the nuclear industry and 
some members of the public that the prescriptive, 
deterministic fire protection regulations represented a 
significant regulatory burden that was unnecessary to 
achieve an acceptable level of safety.  The rulemaking 
effort was aided by NFPA publishing, in 2001, its 
consensus standard on performance-base fire protection, 
NFPA 805. 
 


There are several benefits to licensees that choose to 
implement the performance-based fire protection program 
as allowed by 10 CFR 50.48(c).  NFPA 805 provides 
flexibility in meeting its requirements while providing 
adequate protection of the public from nuclear plant fires.  
Where the deterministic requirements are not met, the 


licensee may use performance-based methods to 
demonstrate that the risk of the alternative is acceptable.  
This flexibility allows licensees to optimize their allocation 
of resources by focusing on risk-significant fire areas when 
making changes to their fire protection program.  
NFPA 805 also has criteria for assessing the acceptability 
of changes to a licensee’s approved fire protection program 
– the plant change evaluation discussed later in this paper.  
The NRC intends to allow licensees to “self-approve” 
certain fire protection changes using the plant change 
evaluation approach.  This means that, provided specified 
acceptance criteria are met, the licensee may implement the 
change to its fire protection program without prior review 
and approval by the NRC.  One additional benefit is that, 
as a result of implementing NFPA 805, the plant has a clear 
and well-understood fire protection licensing basis. 
 


At the time this paper was written, 50 of the 104 
operating U.S. nuclear units had committed to change their 
existing fire protection program to a risk-informed 
performance-based program using NFPA 805.  Two plant 
sites (representing four operating nuclear units) 
volunteered to pilot the implementation of NFPA 805 at 
their plant.  Both pilot plants have been granted a license 
amendment to implement the NFPA 805 fire protection 
program.    Lessons learned throughout the pilot process 
have been shared with the industry on an ongoing basis.  
The NRC staff expects that subsequent license amendment 
requests will incorporate these lessons, resulting in a more 
efficient NRC review and approval. 


 
II. PERFORMANCE-BASED FIRE PROTECTION 
 
NFPA 805 is a performance-based standard, as 


contrasted with approaches that prescribe requirements that 
are assumed or deemed to provide an acceptable level of 
fire protection.  Before proceeding further, it is useful to 
describe exactly what is meant by a “performance-based” 
approach to regulation. 
 


A regulation can be either prescriptive or 
performance-based.  A prescriptive requirement specifies 
particular features, actions, or programmatic elements to be 
included in the design or process, as the means for 
achieving a desired objective.  The traditional, prescriptive 
approach to regulating nuclear power plants in the U.S. has 
been referred to as “deterministic” or the “traditional 
engineering” approach; the term deterministic is used in 
this paper.  The deterministic approach to regulation 
establishes requirements for engineering margin and for 
quality assurance in design, manufacture, and construction.  
In addition, it assumes that adverse conditions can exist, 
establishes a specific set of design basis events, and 
requires that the design include safety systems capable of 
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preventing or mitigating the consequences of those design 
basis events in order to protect public health and safety.  
 


As mentioned in the introduction, Appendix R to 10 
CFR 50 is the NRC’s deterministic fire protection 
regulation.  NFPA 805 includes both deterministic 
requirements and performance-based methods.  The 
deterministic requirements in NFPA 805 related to barriers, 
separation, detection and suppression are almost identical 
to those in Appendix R.   The NFPA 805 performance-
based methods allow evaluation of alternatives to the 
deterministic requirements.  The primary differences 
between Appendix R and NFPA 805 are as follows.  The 
performance-based rule allows the licensee to choose the 
“safe and stable” end state that must be achieved and 
maintained following a fire, whereas Appendix R specifies 
hot shutdown initially and cold shutdown within three 
days.  Also, Appendix R does not allow operator manual 
actions in lieu of barriers, separation, detection and 
suppression requirements without prior approval by the 
NRC.  NFPA 805 allows feasible operator actions as part 
of the performance-based approach, provided the 
acceptance criteria for the chosen approach are met (e.g., 
as demonstrated by an assessment of risk using a fire 
probabilistic risk assessment (PRA) model of acceptable 
quality). 
 


NFPA 805 defines a performance-based approach as 
one that “… relies upon measurable (or calculable) 
outcomes (i.e., performance results) to be met but provides 
more flexibility as to the means of meeting those 
outcomes.  A performance-based approach is one that 
establishes performance and results as the primary basis 
for decision-making and incorporates the following 
attributes: (1) Measurable or calculable parameters exist to 
monitor the system, including facility performance; (2) 
Objective criteria to assess performance are established 
based on risk insights, deterministic analyses, and/or 
performance history; (3) Plant operators have the 
flexibility to determine how to meet established 
performance criteria in ways that will encourage and 
reward improved outcomes; and (4) A framework exists in 
which the failure to meet a performance criteria, while 
undesirable, will not in and of itself constitute or result in 
an immediate safety concern.  The NRC uses identical 
attributes for defining performance-based regulation.6  
 


A licensee that chooses to implement the requirements 
in NFPA 805 may use the deterministic approach in that 
standard or a performance-based approach to demonstrate 
that the appropriate performance criteria are met.  The 
steps that a licensee takes to implement a fire protection 
program under NFPA 805 are discussed in the next section. 
 


In both NFPA 805 and Appendix R, the deterministic 
approach utilizes barriers, separation, detection and 
suppression to protect one success path of required cables 
and equipment to achieve and maintain the nuclear safety 
performance criteria.  Operator actions are not allowed for 
the protection of this equipment and cables.  For each fire 
area where the deterministic approach is used, the licensee 
must demonstrate that the physical conditions (e.g., 
barriers, separation) exist such that the success path 
equipment and cables are free from fire damage.  The 
deterministic approach is deemed to meet the nuclear 
safety performance criteria by virtue of the physical 
protection of the necessary hardware. 
 


The performance-based approach uses engineering 
analyses to demonstrate that nuclear safety performance 
criteria are satisfied.  There are two performance-based 
methods in NFPA 805:  fire modeling and fire risk 
evaluation.  The NRC regulation, 10 CFR 50.48(c), allows 
licensees to propose additional risk-informed or 
performance-based methods and, upon approval by the 
NRC, to use these methods to demonstrate compliance 
with NFPA 805. 
 


The fire modeling performance-based approach 
determines the maximum expected fire scenarios for a 
given fire area and demonstrates that there is sufficient 
margin to the limiting fire scenario.  The “maximum 
expected fire scenarios” represent the most challenging 
fires that could be reasonably anticipated for the given fire 
area.  The “limiting fire scenarios” are postulated fires in 
the fire area that would be just severe enough to preclude 
meeting the performance criteria.  The fire modeling 
approach is to demonstrate adequate margin between the 
maximum expected fire and the limiting fire scenario.  
Ensuring that there is adequate margin between these two 
fires provides reasonable assurance that the nuclear safety 
performance criteria will be met for any fires in that fire 
area. 
 


The fire risk evaluation is an integrated assessment of 
the acceptability of risk, defense-in-depth, and safety 
margins.  It compares the risk from fires of a configuration 
in a fire area that does not meet the NFPA 805 
deterministic criteria with what the risk would be if the 
deterministic criteria were met.  The difference in risk 
between the deterministically compliant fire area and the 
alternative, in terms of both core damage frequency (CDF) 
and large early release frequency (LERF), must meet 
published NRC acceptance guidelines.  For a plant with 
total CDF below 1 x 10-4 per year and total LERF below 
1 x 10-5 per year, the total increase in risk for all fire areas 
that use the fire risk evaluation performance-based method 
should be less than 1 x 10-5 per year CDF and less than 
1 x 10-6 per year LERF. 
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NFPA 805 defines fire protection defense-in-depth as 


maintaining an adequate balance among:  (1) preventing 
fires from starting; (2) rapidly detecting any fires that do 
occur and extinguish them promptly; and, (3) providing an 
adequate level of fire protection for structures, systems, 
and components important to safety, so that a fire that is 
not promptly extinguished will not prevent essential plant 
safety functions from being performed.  Sufficient safety 
margins are deemed to exist when the existing calculated 
margin between the analysis results and the performance 
criteria compensates for the uncertainties associated with 
the analysis and data.  Another way that safety margins are 
maintained is through the application of codes and 
standards, which are typically written to ensure adequate 
margins exist. 


 
In summary, NFPA 805 provides deterministic 


requirements that are very similar to those in Appendix R, 
but also includes performance-based methods for 
evaluating plant configurations that may not meet those 
deterministic requirements.  The performance-based 
methods use engineering analyses to demonstrate that the 
risk of these plant configurations is acceptably small 
compared to meeting the deterministic requirements and 
that fire protection defense-in-depth and adequate safety 
margins are maintained.  This provides the licensee a great 
deal of flexibility regarding how to implement its fire 
protection program while maintaining an acceptable level 
of fire safety. 


 
III. IMPLEMENTING A PERFORMANCE-BASED 


FIRE PROTECTION PROGRAM 
 
NFPA 805 specifies the process for establishing a fire 


protection program at a light water nuclear reactor; this 
process is shown in Fig. 1.  (The Chapter references in the 
figure refer to NFPA 805, 2001 edition.)  The first step is 
to establish the fundamental fire protection program.  The 
fundamental fire protection program includes development 
of a fire protection plan, establishing a fire brigade, and 
providing a water supply, pumps, standpipes, hose stations, 
and fire extinguishers.  The requirements applicable to fire 
alarm and detection systems, suppression systems, and 
passive fire protection features (e.g., fire barriers) are also 
included in this part of the NFPA 805 standard. 
 


The next step is to identify fire areas and associated 
fire hazards within the plant, and then to identify the 
performance criteria that apply to each fire area.  For U.S. 
reactors, these are the nuclear safety and the radiation 
release performance criteria.  (The NRC regulation did not 
incorporate the life safety or plant damage/business 
interruption goals that are also part of NFPA 805.)  The 
nuclear safety performance criteria involve maintaining 


reactivity control, inventory and pressure control, decay 
heat removal, and vital auxiliaries to support these 
functions.  The radiation performance criterion restricts 
radiation release to any unrestricted area due to the direct 
effects of fire suppression activities. 
 


Once this step is complete, the licensee must identify 
systems, structures, and components in each fire area to 
which the performance criteria apply.  In other words, for 
any fires that could occur within a fire area, the licensee 
must identify the equipment that will be relied upon to 
meet the performance criteria.  For each of the fire areas, 
the licensee must then select the NFPA 805 deterministic 
approach or a performance-based approach for 
demonstrating that the performance criteria are met.  (The 
deterministic and performance-based methods were 
discussed in the preceding section.)  A combination of 
these approaches may be used in a given fire area, and the 
standard allows the performance-based approach to utilize 
deterministic methods for simplifying assumptions within 
the fire area.  For example, if a particular fire area meets 
the deterministic requirements with one minor exception, a 
performance-based approach may be applied to just the 
exception. 
 


The next step in implementing NFPA 805 is to 
perform a plant change evaluation to demonstrate that 
changes in risk, defense-in-depth, and safety margins are 
acceptable.  The plant change evaluation is similar to the 
fire risk evaluation performance-based method described 
in the preceding section.  The difference is that the plant 
change evaluation compares the proposed change to the 
previously-approved fire protection program, whereas the 
fire risk evaluation compares a configuration to the 
deterministic criteria.  If the risk, defense-in-depth, or 
safety margins are not acceptable, NFPA 805 requires 
additional fire protection features or other alternatives to 
be implemented to provide acceptable levels of each 
attribute.  For initial implementation of NFPA 805, since 
the licensee does not yet have a fire protection program 
that has been approved under NFPA 805, the NRC staff 
considers the results of the fire risk evaluations to bound 
the plant change evaluation requirement. 
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Fig. 1. NFPA 805 Methodology (reproduced from NFPA 805 figure 2.2) 
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The final two steps for NFPA 805 implementation are to 
develop a monitoring program and configuration control 
process.  The purpose of the former is to monitor plant 
performance as it applies to fire risk and provide feedback 
for adjusting the fire protection program as necessary.  The 
monitoring program is to ensure that the assumptions in 
the engineering analysis remain valid.  Configuration 
control includes adequate levels of documentation of the 
fire protection program, a formal process for maintaining 
that documentation up-to-date, and requirements for 
quality of the engineering analyses that support the fire 
protection program. 
 


By the end of the process, the licensee will have 
reviewed its entire fire protection program and 
documented its compliance with NRC fire protection 
regulations.  The licensee also has a much better 
understanding of the fire risk at the facility and, if it has 
made plant modifications as a result of this understanding, 
is a safer plant from a fire perspective.  The licensee will 
have implemented a monitoring program to ensure that the 
fire protection program remains effective over time, and 
will typically have the ability to self-approve certain fire 
protection program changes that meet specified criteria. 


 
IV. SAFETY IMPROVEMENTS FROM 


IMPLEMENTING THE PERFORMANCE-BASED 
APPROACH 


 
Each NFPA 805 pilot plant performed an assessment 


of its existing fire protection program using the methods 
discussed above.  This assessment was an in-depth review 
of all aspects of the fire protection program using state-of-
the art methods and information.  In addition, both 
licensees developed fire PRA models of the entire plant.  
As a result of these reviews and analyses, each licensee 
identified instances where safety improvements could be 
made to reduce plant risk from fires. 
 


The pilot plant licensees committed to make 
modifications to their plants to improve safety.  As a result 
of these modifications, implementation of NFPA 805 will 
result in a net risk decrease for these plants.  The scope of 
the modifications ranged from protecting certain electrical 
cables to installation of new systems for mitigating plant 
events resulting from a fire.  The modifications include: 
 


• Moving or wrapping electrical cables or installing 
fireproof cables; 


• Improving electrical raceway fire barrier systems; 
• Adding very early warning fire detection systems 


(“incipient detection”) to critical instrumentation 
cabinets; 


• Providing new or additional fire detectors in key 
fire areas; 


• Installing an additional control on the alternate 
shutdown panel; 


• Adding a new pump and related engine-driven 
generator to provide alternate source of injection 
to reactor coolant pump seals; and, 


• Adding a new high-pressure pump to provide 
make-up water to the steam generators. 


 
The pilot plants also improved their fire plans and 


procedures in order to implement NFPA 805.  The fire 
protection programs were extended to include shut down 
conditions and to comply with the NFPA 805 requirements 
for controlling radiological releases.   
 


The net results of all the hardware and procedure 
changes, coupled with verification by the licensee that its 
fire protection program is in compliance with NFPA 805, 
are enhanced safety and reduced risk.  Both pilot plants 
demonstrated that implementation of NFPA 805 can be a 
net safety benefit as well as establishing regulatory 
compliance. 
 


V. INSIGHTS FROM TWO PILOT PLANTS 
 


One purpose for piloting a new method or approach is 
to test out how well it works in practice and learn what 
enhancements can be made.  At the time the two licensees 
volunteered their plants as NFPA 805 pilots, the NRC 
regulations had been revised to permit plants to adopt a 
performance-based fire protection program and initial 
guidance documents had been written.  An NRC 
Regulatory Guide7 had been issued that endorsed an 
industry document telling licensees how to systematically 
review their existing fire protection licensing basis and 
transition into one based on NFPA 805.  NRC and industry 
had jointly published a document on how to perform a fire 
PRA.8  The pilot plants would be the first to apply the 
performance-based fire protection approach and the first 
users of those guidance documents. 
 


Numerous meetings were held among the pilot plant 
licensees, the NRC, and interested stakeholders to discuss 
issues that surfaced as the pilot plants went through the 
transition to their new fire protection program.  The issues 
included both regulatory and technical aspects of the rule 
and the associated guidance documents.  NRC staff 
participated in several industry conferences and made 
presentations on regulatory and technical aspects 
associated with implementing the new rule at the pilot 
plants.  A number of insights were gleaned from resolving 
the issues and working through the pilot process. 
 


One insight is that the performance-based fire 
protection program set forth in NFPA 805 can be 
successfully implemented and can result in improvements 
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to plant safety.  The in-depth review of a licensee’s existing 
fire protection program as part of implementing NFPA 805 
provides confidence that any conditions adverse to safety 
were identified.  Where a licensee chooses to use a 
performance-based approach instead of the deterministic 
requirements of NFPA 805, the level of risk associated 
with the alternative is quantified and must be acceptably 
small.  As discussed in the preceding section, both pilot 
plants identified plant modifications to improve plant 
safety as part of their implementation of the performance-
based fire protection program. 
 


Another insight is that fire PRA methods are sufficient 
to support the NFPA 805 fire risk evaluation performance-
based method.  Both pilot plant licensees developed fire 
PRA models for their plants that were capable of 
estimating CDF and LERF from internal fire events.  In 
both cases, the NRC staff was able to conclude that the 
licensee had reasonably estimated the risks associated with 
fires at their plants and had appropriately used fire risk 
evaluations when the NFPA 805 performance-based 
approach was used.  However, the fire PRA methods are 
still maturing and new methods being developed in order 
to address new analysis needs arising from implementing 
NFPA 805.  For example, one pilot plant committed to 
install incipient fire detectors in critical instrumentation 
cabinets.  The existing guidance on fire PRA methods did 
not include modeling incipient fire detectors, so an 
approach had to be developed.  As another example, the 
published assumptions for treating spurious circuit 
actuations in the fire PRA may be overly conservative; i.e., 
not realistic.  Additional research is being performed in this 
area and others in order to refine the methods and improve 
realism. 
 


A third insight is that a large amount of resources must 
be expended to transition from an existing fire protection 
program to the NFPA 805 performance-based program.  
Both pilot plants underestimated the resources required.  
For example, the pilot plants had to update and extend the 
scope of their cable routing databases.  Analysis of circuits 
to identify potential spurious actuations requires a great 
deal of analysis time.  The fire PRA development required 
analysis of thousands of fire scenarios.  The plants 
performed fire modeling of selected ignition sources and 
targets, which is also resource-intensive.  Two licensees 
provided to the NRC cost estimates for their 
implementation of NFPA 805: around $15 million for a 
two-unit nuclear reactor site and $80 million for a licensee 
having five reactors.9 
 


The pilot approach to implementing the performance-
based fire protection program was extremely beneficial.  A 
number of technical and regulatory questions arose during 
the pilot process.  In addition to holding frequent meetings 


with interested stakeholders as discussed above, the NRC 
instituted a “frequently asked questions” (FAQ) process to 
provide a formal means to capture the questions, work 
through their resolution, and document the resulting NRC 
answer to the FAQ.  The answers to these questions 
represented interim staff positions, which were 
incorporated into the regulatory guide when it was later 
revised.  The FAQ approach allowed licensees to proceed 
with some degree of certainty without waiting for the 
regulatory guide to be changed, which is a longer lead-time 
process.  


 
IV. CONCLUSIONS 


 
NFPA 805 provides deterministic requirements that 


are very similar to those in the NRC’s traditional fire 
protection regulations (Appendix R), but also includes 
performance-based methods for evaluating plant 
configurations that may not meet those deterministic 
requirements. The performance-based methods use 
engineering analyses to demonstrate that the risk of these 
plant configurations is acceptably small compared to 
meeting the deterministic requirements and that fire 
protection defense-in-depth and adequate safety margins 
are maintained.  This provides the licensee a great deal of 
flexibility regarding how to implement its fire protection 
program while maintaining an acceptable level of fire 
safety.  As of this writing, 50 of the 104 operating U.S. 
nuclear units had committed to implement NFPA 805. 


 
Two licensees participated in a piloting of NFPA 805 


implementation at their plants.  As a result of the detailed 
review of their fire protection programs, each pilot plant 
identified plant modifications to reduce fire risk.  The 
scope of the modifications ranged from protecting certain 
electrical cables to installation of new systems for 
mitigating plant events resulting from a fire.  The pilot 
plants also improved their fire plans and procedures and 
extended their fire protection programs to include shut 
down conditions.  The modifications and programmatic 
changes will result in substantial safety improvements at 
each plant. 


 
There were several key insights that came out of the 


piloting of NFPA 805 implementation at the two sites.  One 
insight is that the performance-based fire protection 
program set forth in NFPA 805 can be successfully 
implemented and can result in improvements to plant 
safety.  Another insight is that fire PRA methods are 
sufficient to support the NFPA 805 fire risk evaluation 
performance-based method.    A third insight is that a large 
amount of resources must be expended to transition from 
an existing fire protection program to the NFPA 805 
performance-based program.  Throughout the pilot 
process, all stakeholders benefited from frequent 
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communications in the form of public meetings, 
presentations at industry conferences, and the FAQ 
process. 
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NOMENCLATURE 
 
The following definitions are adapted from references 


1 and 6: 
 


Core Damage Frequency (CDF) is the frequency of the 
combinations of initiating events, hardware failures, and 
human errors leading to core uncovery with reflooding of 
the core not imminent. 


 
Defense-in-Depth (fire protection) is providing an 
adequate balance among: (1) preventing fires from 
starting; (2) rapidly detecting, controlling, and 
extinguishing promptly any fires that do occur; and, (3) 
providing an adequate level of fire protection for 
structures, systems, and components important to safety, so 
that a fire that is not promptly extinguished will not 
prevent essential plant safety functions from being 
performed. 


 
Deterministic Approach is a regulatory approach that 
establishes requirements for engineering margin and 
quality assurance in design, manufacture, and construction. 
It involves implied, but unquantified, elements of 
probability in the selection of the specific accidents to be 
analyzed as design basis events. 


 
Fire Area is an area that is physically separated from other 
areas by space, barriers, walls, or other means in order to 
contain fire within that area. 


 
Fire Model is a mathematical prediction of fire growth, 
environmental conditions, and potential effects on 
structures, systems, or components based on the 
conservation equations or empirical data. 


 
Large Early Release Frequency (LERF) is the frequency of 
core damage events leading to a significant, unmitigated 


release from containment in a time frame prior to effective 
evacuation of the close-in population such that there is a 
potential for early health effects. 


 
Performance-Based Approach is an approach that 
establishes performance and results as the primary basis 
for decision-making and incorporates the following 
attributes: (1) Measurable or calculable parameters exist to 
monitor the system, including facility performance; (2) 
Objective criteria to assess performance are established 
based on risk insights, deterministic analyses, and/or 
performance history; (3) Plant operators have the 
flexibility to determine how to meet established 
performance criteria in ways that will encourage and 
reward improved outcomes; and (4) A framework exists in 
which the failure to meet a performance criteria, while 
undesirable, will not in and of itself constitute or result in 
an immediate safety concern. 


 
Probabilistic Risk Assessment (PRA) is a comprehensive 
evaluation of the risk of a facility or process; also referred 
to as a probabilistic safety assessment (PSA) 


 
Risk is the set of probabilities and consequences for all 
possible accident scenarios associated with a given plant or 
process. 


 
Risk Informed Approach is a philosophy whereby risk 
insights are considered together with other factors to 
establish performance requirements that better focus 
attention on design and operational issues commensurate 
with their importance to public health and safety. 
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